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Abstract

Human health has been adversely affected by air pollution. Ambient (outdoor) air
pollution causes 4.2 million deaths every year. Moreover, each year, 3.8 million people
die from indoor air pollution. Air pollution is considered as a silent killer which
threatens human lives around the world by its invisible weapons called air particulate
matter. Among the various air particulate matter, nano-sized pollutants with diverse
qualities can easily enter the respiratory system of the human and cause respiratory
diseases. They can also penetrate the blood circulation and affect other organs such as
liver, kidneys, and spleen. Understanding the mechanism of interactions of
nanoparticles with pulmonary surfactant is crucial to predict the fate of nanoparticles
based on their characteristics such as concentration, size, shape,
hydrophilicity/hydrophobicity, and surface charge.

This thesis has explored these mechanisms of interactions between a single-
component model of pulmonary surfactant, i.e., Dipalmitoylphosphatidylcholine, and
three types of nanoparticles (i.e., anatase form of titanium dioxide, rutile form of
titanium dioxide, and carbon nanotube) with different surface properties. To establish
a reasonable understanding of the systems containing surfactants and nanoparticles,
this research starts with investigating the systems containing nanosized pollutants in
contact with the industrial surfactants applicable in many fields such as formulations
of detergents, foams, and emulsions. Accordingly, the interactions of single-type
nanoparticles with different types of surfactants including the industrial surfactants
(Cetyltrimethylammonium Bromide and Sodium Dodecyl Sulfate) and a model of
pulmonary surfactant have been investigated and the mechanisms of the interactions
have been proposed.

For the industrial surfactants such as CTAB and SDS, their types and concentrations
affect their interactions with nanoparticles such as titanium dioxide. In case of the
model of pulmonary surfactant, i.e., DPPC, different surface properties of
nanoparticles result in various types of interactions between DPPC and nanoparticles.
The interactions between DPPC and titanium dioxide nanoparticles are affected by the
crystal form and concentration of nanoparticles. At the similar concentration of

nanoparticles, different crystal forms of titanium dioxide, i.e., anatase and rutile, show



different interfacial tension and zeta potential values in the solutions with constant
concentration of DPPC. It means that these two crystal forms of the same chemical
formula result in different interfacial properties of the air-liquid interface and various
types of interactions with DPPC molecules. These results related to industrial
surfactants are useful for industrial applications. Moreover, the findings about the
nanosized pollutants and pulmonary surfactant are clear evidence about the effects of
nanomaterials on the interfacial behaviour of the pulmonary surfactant. The different
concentrations of nanoparticles used in this study are the representative of the time of
the exposure to nano-pollutants. These results combined with toxicity studies are
helpful in revising the environmental regulations. Moreover, the outcomes about the
interactions between pulmonary surfactant and nanoparticles can be used in the
applications such as drug delivery to lungs.

This thesis has also established and developed a robust systematic method of
measuring the physicochemical effects of the mixtures of nanoparticles on DPPC as a
model of pulmonary surfactant. This innovative approach simulates the real conditions
when a mixture of nanosized pollutants reach the lungs. The composition of the
mixture and the mixing method are the factors that affect the behaviour of these
mixture of nanoparticles in contact with DPPC. The stability of the colloidal phase and
the interfacial tension of the air-liquid interface for the mixture of nanoparticles
interacting with DPPC depends on the composition of the mixture and the mixing
method. The results of this part of study related to the mixture of nanoparticles has
identified which nanoparticles can have the most dominant effect in interactions with
pulmonary surfactant.

Finally, this thesis has used a nonlinear interfacial rheology approach as a
complementary tool to understand the microstructures of the pulmonary surfactant-
nanoparticles at the air-liquid interface under dynamic conditions such as the breathing
cycles. All types of nanoparticles affect the interfacial performance of DPPC as a
model of pulmonary surfactant. However, based on the surface properties of
nanoparticles, their effect on the interfacial properties of DPPC under dynamic
conditions are different. For nanoparticles with the same size and chemical formula,
the shape and surface charge are the most important surface properties affecting the

interfacial behaviours.
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Chapter 1

Introduction and Scope of the Thesis

1.1 Research Motivation

Human health has been adversely affected by air pollution, which is now
regarded as the most serious environmental challenge. In the UK, public health
is at high risk of the poor air quality. The long-term exposure to air pollution
causes chronic conditions such as lung cancer. Therefore, it reduces the life
expectancy. Short-term exposure to air pollution also causes various health
impacts such as increasing the cardiovascular and respiratory hospital
admissions and mortality. The effects of the air pollution throughout people’s

lifetime have been shown in Figure 1.1 [1].

Figure 1.1 Air pollution effects throughout the lifetime [1].



In 2010, it was estimated that the cost of health impacts of the air pollution
was £8 to 20 billion [1]. In 2019, in the UK, the mortality burden attributed to
long-term exposure to air pollution was estimated to be 29,000 to 43,000 deaths
for adults aged 30 and over [2]. On a global scale, ambient (or outdoor) air
pollution causes 4.2 million deaths every year. Moreover, each year, 3.8 million
people die from indoor air pollution caused by household exposure to smoke
from fuels and dirty cook stoves [3].
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Figure 1.2 Estimations of the global deaths from the air pollution published in recent
studies of authentic resources. ‘All sources’ means natural and anthropogenic sources
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As shown in Figure 1.2, the number of deaths related to the air pollution
overtakes that of obesity, HIVV/AIDS, road accidents, homicides, and war. In fact,
air pollution is regarded as a silent killer which kills many human beings around
the world by its invisible weapons called air particulate matter.

It has been proven that air pollution causes and/or exacerbates many diseases
including skin, heart, neurological, and lung ones. Some associated
noncommunicable diseases such as ischaemic heart disease, stroke, pneumonia,
chronic obstructive pulmonary disease, and lung cancer are examples of these

diseases which affect the people’s lives and/or result in premature deaths [5].
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Among the air particulate matter, nano-sized pollutants with diverse qualities
are being emitted into the environment. These nano-pollutants are originated
from combustion sources (such as engines and power generation plants) or non-
exhaust sources (such as brake wear) [6]. The other source of the emission of
nanoparticles into the environment is the increased manufacturing, processing,
and handling of nanomaterials due to the popularity and potential applications of
nanotechnology as a useful scientific discipline. Despite unique properties and
applications of nanomaterials in different fields such as pharmaceuticals,
cosmetics, healthcare, agriculture, and food processing, these materials present
risks toward the environmental issues and human health. These risks arise from
the nanoparticles’ eventual fate and toxicity [7]. Therefore, evaluating the toxic
effects of these nanoparticles on human health is a key issue for health and
environmental regulatory authorities to put more strict regulations on the nano-
sized pollutants in place [8].

Upon inhalation, the air with nano-pollutants dispersed in it enters the human
body through the respiratory system. These nano-sized pollutants enter the
respiratory system of a person, pass the airways, and change into a danger for
the human health. These nanoparticles may cause respiratory diseases, or they
can penetrate the blood circulation and affect other organs such as liver, kidneys,
and spleen. For example, accumulation of the nanoparticles in kidneys, liver,
spleen and central nervous system through the penetration of the epithelial
barrier of the alveolar region of the lungs has been observed [9, 10].

The lungs are the responsible organs for gas exchange with blood. This
function is performed in the alveolar sacs called alveoli located in the deepest
region of the lung. There are almost 500 million alveoli in the human lungs.
Because of the liquid film on the alveoli’s walls, this great number of alveoli
sacs can be considered as a network of 500 million bubbles in the lungs. Due to
the interfacial tension effects arising from the mentioned liquid film, this great
number of bubbles which possesses large air-liquid interfaces are potential to
collapse. Therefore, the structure of the alveoli’s network is intrinsically
unstable.

To prevent this problem, some cells in the alveolar region secrete a material

called pulmonary surfactant or lung surfactant which decreases the interfacial
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tension and prevents the possibility of collapse of bubbles by being adsorbed at
the air-liquid interfaces in the alveoli. This means that the air-liquid interface
existing in the alveoli is the last barrier against the inhaled nanosized pollutants
before penetrating the lung barrier into the blood circulation. Investigating the
interactions of these nano-pollutants with pulmonary surfactant is crucial to
understand the fate of the inhaled nanosized pollutants, whether it is about their
retention time in the lungs or it is about penetrating the blood circulation. The
results of such studies can be used either in the context of environmental
toxicology or pulmonary drug delivery [11, 12]. Moreover, the mechanics of the
breathing is critically affected by the interactions of nanoparticles with the
pulmonary surfactant. The irreversible attachment of particles (such as asbestos
fibres) to the air-liquid interface of the lung surfactant means that these particles
remain in the lungs due to their physicochemical properties. During the breathing
cycle, these particles cause the rigidity of the air-liquid interface in the alveoli
sacs as the area of gas exchange. Consequently, the mechanics of breathing
during the expansion and compression is affected by these particles. The real
particles (such as dust) entering the lungs, are not homogeneous in their size,
shape, and concentration. This non-homogeneity in the physicochemical
properties makes these particles more complicated in terms of their interactions
with the lung surfactant and their adverse effects on the human health. It has been
proven that the exposure to dust causes the change of the pulmonary function
parameters. Asbestos also causes diseases such as lung fibrosis (asbestosis),
malignant mesothelioma cancer, and lung cancer [13, 14].

In brief, the adverse effects of nanoparticles inhaled through the respiratory
system on human health is the main motivation of this study. Investigation of the
interactions of nanoparticles with pulmonary surfactant will result in
understanding the mechanisms behind these interactions. These results can be
used to predict the fate of nanoparticles based on their characteristics such as
concentration, size, shape, hydrophilicity/hydrophobicity, and surface charge.

To establish a reasonable understanding of the systems containing surfactants
and nanoparticles in the context of interfacial science, this study starts with
investigation of the nanosized pollutants in contact with the industrial surfactants

applicable in many fields. In the following work, one of the main constituents of
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the lung surfactant, i.e., dipalmitoylphosphatidylcholine (DPPC), is chosen as a
single-component model of the lung surfactant to study the effects of three
different types of nanosized pollutants on the air-liquid interfaces containing
DPPC [15, 16].

1.2 Research Aims and Objectives

In systems consisting of two fluids (air and liquid) and a solid material of the
nanometric dimension, partial wettability properties of particles give a
nonhomogeneous character to interfacial layers due to the formation of three
interfaces among solid, liquid, and air. It is important to define appropriate
quantities of mechanical characteristics of these microscopic layers so that it can
be useful to describe such characteristics at a macroscopic scale. Effective
interfacial tension is one of these properties which can be measured by
tensiometric methods based on the Laplace equation [17]. This study also uses
an axisymmetric drop shape analysis technique in which the shape analysis of
the droplets is conducted to measure the interfacial tension. The instrument
applied in this study is called the profile analysis tensiometer (PAT). For the
systems containing surfactants and nanoparticles, measuring the interfacial
properties such as interfacial tension and rheology can be an effective tool to
understand the effects of the nanoparticles on these systems.

In general, the main aim of this research is to investigate the interactions
between the surfactants and nanosized materials at air-liquid interface and in the
bulk of the solution. The main topics based on this aim are as follows:

The first topic of the aim is to investigate the interactions of single-type
nanoparticles with different types of surfactants including the industrial
surfactants and a model of pulmonary surfactant. The design of the experiments
is directly based on the applications of each type of surfactant. Therefore, the
first part of results related to the industrial surfactants can be used for the
industrial applications such as formulation of cleaning products. The second part
of results related to the pulmonary surfactant model can be used by linking them
with in vivo toxicology. The experimental set-up used in this study, i.e., PAT, is
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a reliable device especially in simulating the air-liquid interface in the alveoli
sacs and its dynamic condition during the breathing cycle. Therefore, the
outcomes of this part of research are useful in finding the physical chemistry
principles behind the results of the in vitro and in vivo studies focused on the
interactions of particles and lung.

The second topic of the key aim is to establish and develop a robust systematic
method of measuring the physicochemical effects of the mixtures of
nanoparticles on the DPPC as a model of pulmonary surfactant. This is an area
that has been overlooked even in terms of the toxicity measurements. The results
coupled with the toxicity can be a good reference for the regulatory authorities
to revise the regulations in case that the mixture of nanoparticles is elevating the
hazards toward the human health.

The third topic of the key aim is to apply the nonlinear interfacial rheology
approach for the DPPC systems with and without nanoparticles under dynamic
conditions. The nonlinear interfacial rheology can be used as a complementary
tool to understand the microstructure of the surfactant-nanoparticles at the
interface under dynamic conditions applied to the real case studies such as the
human breathing cycles.

To achieve the mentioned key aim, the detailed objectives of this thesis are
listed as follows:

e Characterisation of the nanoparticles and their agglomerates in the dried
state and at the air-water interfaces using a three-phase contact angle
measurement method to establish highly possible backup information
about the properties of nanoparticles. Identification of some complicated
positions of nanoparticles at the air-water interfaces based on the
microscopic observations.

e Investigation of the most applicable industrial surfactants and one type of
nanoparticles comprehensively used in the industrial/commercial
formulations and processes. Design of the experiments based on the
challenges that might be faced in the industries. Measurement of the
effects for a specific nanoparticle on two different surfactants using

interfacial tension, zeta potential, and foaming properties measurements.



Understanding of the mechanism of interactions between nanoparticles
and each type of surfactant.

Proposing a potential method based on the optical fibre for measuring the
critical micelle concentration as one of the important features of the
surfactants. Comparing the results of the previously approved methods
with the new technique. Suggesting the modifications of the hypotheses
and designs of the experiments for the next phase of the method
development.

The below objectives are focused on the mimicking of the real impact of the

nanosized pollutants on the respiratory system using lung surfactant. The real

conditions are simulated using (a) different concentrations of nanoparticles

(which  mimic the time of the exposure to pollutants), (b) mixture of

nanoparticles (which mimics the real status of the pollutants entering the lung

upon each inhalation), and (c) oscillation studies of the rheological parameters

(which mimic the dynamic conditions of lungs). These objectives are listed as

follows:

Studying the interactions of three different nanoparticles with DPPC in
the bulk of the solution.

Investigating the interfacial behaviour of the solutions of DPPC without
and with nanoparticles at different concentrations as a representative of
the time of the exposure to the nanosized pollutants in real case scenario.
Integrating the results related to the air-liquid interfaces with the data
acquired from bulk studies. Understanding the mechanism of interactions
of nanoparticles with DPPC.

Analysing the effects of the shape and surface properties of nanoparticles
with the same chemical compositions on their interactions with DPPC
molecules. In the real life, nanoparticles with the same chemical formula
and different surface properties (such as size, shape, and surface
functionalisation) are inhaled. It is important to study the effect of
different physicochemical factors and understand the most dominant

factors.



e Evaluating the behaviour of the mixture of nanoparticles in contact with
the DPPC in both colloidal phase and air-liquid interface. Studying the
effects of the composition of the mixture and mixing method.

e Analysing the interfacial rheology of the air-liquid interfaces containing
DPPC and a single-type nanoparticle using the linear method. Discussing
the insufficiency of this method for the specific systems in this study. The
linear method using the Fourier transform does not necessarily make
realistic results for all systems. Based on the composition of the system
(chemical composition and concentration of particles and surfactants) and
the dynamic conditions (frequency and amplitude), various systems such
as the systems in this study might be deviated from the linear regime in
which a harmonic multi-frequency change in the surface area results in
the similar harmonic multi-frequency composition for the system’s
response, i.e., interfacial tension.

e Investigating the interfacial rheology of the air-liquid interfaces
containing DPPC and nanoparticles using the nonlinear method which
applies Lissajous plots to understand the behaviour of the interfaces and
their microstructure at the regimes beyond the linear ranges. Providing
qualitative arguments about the effects of the nanoparticles at the air-
liquid interface of the DPPC under the dynamic condition of the breathing

cycle at different frequencies and amplitudes.

1.3 Distinctiveness and Novelty of the Thesis

In this thesis, the studies of the interfacial behaviour of the DPPC-
nanoparticle systems have been conducted in conditions that simulate the real
operating conditions of lung and the states of the nanoparticles as much as
possible. To achieve that, the real operating state (working regime) of the lungs
has been simulated using the harmonic oscillation. The device used in this study
has been set up to work in appropriate ranges of the frequencies and amplitudes,

which in turn, simulates the breathing cycle in the human lungs.



When it comes to the effects of the nanosized pollutants, most of the previous
studies have been only focused on one single-type nanoparticle in each set of
measurement. However, this is not what happens in the real world. Upon every
inhalation, a mixture of particles (differentiated in size, shape, and surface
functionalisation) enters the respiratory system and meet the DPPC or lung
surfactant. Majority of the previous studies are focused on a model of airborne
particulate matter, usually known as diesel particulate matter, to investigate their
interactions with the pulmonary surfactant [18, 19]. However, due to the very
complex composition and heterogeneity of these models of the airborne
particulate matter, it is difficult to understand the mechanisms for the interactions
of particles with DPPC molecules. This means that it is a very complex and
multi-layered process to clarify which types of particles have the most dominant
effects on the lung surfactant.

In this thesis, for the first time, a robust systematic way has been used to
understand the effects of the mixture of nanoparticles on the DPPC in the bulk
of the solution and at the air-liquid interface. Moreover, to mimic the different
possible ways of mixing of the nanoparticles, three methods of mixing have been
used to show the interfacial effects they might have on the lung surfactant.
Results of this investigation are extremely important for environmental
regulations and can provide a guidance on pulmonary drug delivery mechanisms.

The other novelty of this research is related to taking the nonlinear approach
in the interfacial rheology measurements of the DPPC-nanoparticle systems.
This method has been previously used for some other surfactant-containing
systems [20, 21]. To our knowledge, this is the first time that a nonlinear method
is used for DPPC systems. Using this method, some valuable qualitative results
have been achieved that can distinguish the effect of nanoparticles at each part
of the breathing cycle, i.e., expansion and compression.

This thesis also introduces a potential method based on the optical fibre for
measuring the critical micelle concentration of surfactant. The preliminary
outcomes represent a compliance between the optical fibre method and profile
analysis tensiometry (PAT) technique. To develop an optical fibre-based sensor

able to measure the critical micelle concentration of the surfactants, the



suggestions for future designs of experiments and controlling the effective
factors have been provided.

1.4 Outline of the Thesis

This thesis includes eight chapters as follows:

Chapter 1 introduces the motivation and scope of the research, as well as the
aims and objectives that have been targeted. Moreover, the novelty and
distinctiveness of the thesis as the contribution to the research field are
mentioned in this chapter.

Chapter 2 reviews the literature to highlight the scientific gaps in the field and
the necessity of this research. Due to the main application of this research in the
biological field and specifically in human respiratory system, an overview of the
respiratory system and its structure are provided to establish the required
fundamentals for understanding the research. In the next step, the literature
related to the interactions of surfactants and nanoparticles and the effective
factors on these interactions are reviewed. The pulmonary surfactant under the
dynamic conditions and the reasons of using the current experimental device are
discussed based on the literature review. The importance of considering the
mixture of nanoparticles in the toxicological studies and the lack of
physicochemical studies in this area are mentioned. Finally, the interfacial
rheology as a tool to understand the microstructure of the interfaces is reviewed.

Chapter 3 focuses on the details of the experimental work and the analytical
methods used in this research. In this chapter, the methods of preparation of the
solutions of surfactants and dispersions of nanoparticles in the surfactant
solutions are explained precisely due to the importance of the effects of
preparation methods on the obtained results. Moreover, the characterisation of
nanoparticles and foams are described. The experimental methods (such as gel
trapping technique) used in understanding the interactions of surfactant and
nanoparticles are also introduced. A comprehensive explanation about the profile
analysis  tensiometer, its principles, related equations, and the
limitations/considerations of this device is provided. At the end, the design of
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experiments for the interfacial rheology measurements based on the dynamic
conditions of lung are explained. To avoid any confusion, the details of the
methods of analysis are described in the related chapter, i.e., Chapter 7.

Chapter 4 presents the results related to the characterisation of the
nanoparticles and their agglomerates. The shape, surface charge, and
hydrophilicity/hydrophobicity of these particles are discussed through analysing
the results of related experimental work.

Chapter 5 covers the interactions of industrial surfactants and nanoparticles.
The adsorption isotherms of two ionic surfactants including a cationic and an
anionic surfactant are derived. A potential method based on the optical fibre for
measuring the critical micelle concentrations (CMC) of these surfactants is
proposed and the results are compared to those obtained using a tensiometry
method. The effects of one type of nanoparticle with a fixed concentration on the
solutions of each surfactant at different concentrations are evaluated using
interfacial tension measurement and analysing their foaming properties. As a
result, the probable mechanisms of interactions of each surfactant with that
specific nanoparticle are suggested.

Chapter 6 investigates the interactions of three different nanosized materials
with the DPPC in the bulk of solution and at the air-liquid interface. Because of
the method of preparing the dispersions of nanoparticles in the DPPC solution,
the interactions of the DPPC and each type of nanoparticles in the bulk should
not be ignored. Therefore, this chapter starts with the analysis of the results
related to the DPPC and nanoparticles in the bulk. Then, the interfacial tension
of the mentioned samples is measured to propose the possible mechanism of
interactions of each single type of nanoparticle with DPPC. In this chapter, to
mimic the real situation related to the time of exposure to the nanoparticles, the
concentration of nanoparticles is varied and the concentration of DPPC is
maintained constant. The main part of this chapter analyses the mixture of
nanoparticles and their interactions with DPPC to reveal the effects of the
composition of the mixture and mixing method on the interfacial behaviour of
these systems and their colloidal phase. The mixture of particles mimics the real
situation in which the nanosized pollutants are inhaled in real life. The

nanoparticles might mix and interact with each other before reaching the
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pulmonary system or after it. The different mixing methods used in this study
simulate the various states of mixing of nano-pollutants in the real life.

Chapter 7 uses the interfacial rheology to understand the mechanisms of
interactions between nanoparticles and DPPC under the dynamic conditions
representing the breathing cycle. The presence of nanoparticles and their
interactions with pulmonary surfactant increase the rigidity of the system and
cause anomalies in the breathing cycles. As a consequence, part of the normal
respiratory mechanics of breathing related to the liquid layer containing the lung
surfactant [22] is adversely affected. Interfacial rheology is used to understand
the possible anomalies, caused by nanoparticles, in the mechanical properties of
the lung surfactant system. In this chapter, the analysis of the data starts with
conducting the linear approach in the interfacial rheology. However, based on
the logic reasoning, it is concluded that the special systems of this study are not
in the linear regime. Therefore, the nonlinear approach for the interfacial
rheology measurements is conducted to describe these systems under the
dynamic conditions. As this research is one of the first studies using this method
for DPPC-nanoparticle systems, the details of this nonlinear approach have been
described precisely.

Chapter 8 presents the conclusions of this research and suggests the future

directions to extend this research.
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Chapter 2

Literature Review

2.1 Introduction

This chapter firstly introduces the air pollution (which is now becoming a
serious environmental challenge) and some environmental terms and concepts.
Then, the nanomaterials as one of the most important air pollutants are
introduced. The effect of the air pollution on human health, and specifically on
human respiratory system, will be discussed. To clarify the reasons behind the
design of the experiments and applying a specific device in this research, i.e.,
profile analysis tensiometer, the anatomy of the respiratory system and the
deposition of nano-sized pollutants in the deepest areas of this system are
explained. The composition of the pulmonary surfactant in the alveolar region is
also expressed in detail to highlight the reason of choosing one of its components
as the model of lung surfactant.

As this research includes both industrial surfactants (Chapter 5) and
pulmonary surfactant (Chapter 6 and Chapter 7), the previous studies focused on
the measurements of the interfacial properties of the systems containing any
industrial or pulmonary surfactant and nanoscale materials/pollutants are
reviewed in order to find out the main effective characteristics of such systems
on the interfacial tension of the air-liquid interface. In the next step, the
pulmonary surfactant under the dynamic conditions is scrutinised to explore the
reason of using profile analysis tensiometer in this study. Finally, the literature
review is finished by introducing the importance of studying the mixture of
nanoparticle-lung surfactant system in a systematic way. Moreover, the
nonlinear interfacial rheology approach which has been previously studied for

the systems other than nanoparticle-lung surfactant is introduced as a potential
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method to be used for studying the microstructure of the lung surfactant under
the dynamic conditions.

It should be noted that this chapter is a combination of the literature review
and the explanations of importance for the great concerns leading to this study.
The basic concepts and principles of the experimental methods and the novel
approaches have been explained in more details in the following chapters.
Moreover, each result chapter (Chapters 4-7) contains an introduction which

reviews specific literature only closely related to that chapter.

2.2 Air pollution

Air pollution has become one of serious environmental issues. Every year, 3.8
million deaths occur because of people’s exposure to the smoke from fuels and
dirty cookstoves. Moreover, 4.2 million deaths occur annually due to the
exposure to outdoor air pollution [3]. The ambient or outdoor air pollution
mainly arises from anthropogenic activities such as combustion of fossil fuels,
power generation, usages of vehicles, and industrial contaminations [23-25]. In
fact, air pollution is the result of extensively environmental emissions discharged
into the air. The pollutants can be categorised into four groups as below:

e Gaseous pollutants (such as carbon monoxide, nitrogen oxides, sulphur

dioxide, and volatile organic compounds),

e Heavy metals (such as chromium, lead, mercury, vanadium),

e Persistent organic pollutants (such as dioxins and pesticides), and

e Particulate matter (PM) [5, 26].

The PM is the collection of solid and/or liquid substances classified based on
their aerodynamic diameters [27]. By definition, the particles with diameters less
than or equal to 10, 2.5, and 0.1 um are categorised as PM1o, PM25, and PMo 1,
respectively [28]. The focus of this study is on PM.s and particularly
nanoparticles, because these particles have a high deposition fraction in the

deeper sections of the lung [29].
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2.3 Nano-Pollutants

Emission of different nanoparticles with diverse qualities into the
environment is also due to the consequences of the fast-growing
nanotechnologies. These nanoparticles can be classified into organic and
inorganic nanoparticles based on their chemical compositions. They can also be
natural or synthetic ones. In addition, they can be generated from different
sources. For example, in traffic-influenced environments, nano-pollutants can be
emitted from combustion sources (such as engines and power generation plants)
or they can be originated from non-exhaust sources (such as brake wear) [6].

Nano-pollution as an invisible pollution is the most serious one to be
controlled and managed. The nano-pollutants are easily released into soil, water,
and air. The nanoparticles transported into the soil can be accumulated in the
plants and enter the human body through the food chain. Drinking water,
breathing the air, and contacting skins are also the other ways that the nano-
pollutants can enter the human body. The small size of the nano-pollutants leads
to their easy penetration into the cells of plants, animals, and human beings.
Therefore, assessing the toxic effects of nanoparticles and adverse effects of
nano-pollutants on human health is crucial for environmental and health

regulators to put more strict regulations on the nano-pollutants in place [8].

2.4 Effects of Air pollution on Human Health

There are huge risks of skin, heart, and neurological diseases as well as lung
diseases or even cancers resulted from the air pollution. These pollutants affect
our brain, heart and lungs using its invisible weapons named particulate matter
(PM), especially the nano-pollutants. Our exposure to the air pollutants could
cause Central Nervous System (CNS) [30], cardiovascular [31], and lung
diseases [32].

Skin as the largest organ in human body is one of the first barriers against
these nano-sized pollutants. However, several types of diseases such as eczema,

psoriasis, acne, and atopic dermatitis may happen to skin if it is exposed to nano-
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pollutants for a long time [33]. Studies on specific populations , such as workers
for chimney sweeps, asphalt-roofing, coke oven, and asphalt-paving show that
the air pollutants directly affect their skins [34].

The main morbidity and mortality related to the air pollution are because of
the severe effects of these pollutants on the cardiovascular system. Based on the
Global Burden of Diseases (GBD) study, in 2015, the air pollution caused 19 %
of all cardiovascular deaths [35]. Moreover, if the exposure to PM is increased,
the relative risk of the cardiovascular diseases will be significantly increased.
The direct translocation of PM and their penetration into the systemic circulation
is one of the primary pathways which initiate the secondary pathways through
which the air pollution leads to the cardiovascular diseases [31]. The short-term
exposure to PM affects the acute cardiovascular diseases such as myocardial
infarction and cardiac arrhythmia whereas the long-term exposure to the air
pollutants results in the coronary events [36].

Air pollution also affects the central nervous system (CNS) and exacerbate
the neurodegenerative conditions such as Alzheimer’s and Parkinson’s diseases.
There is an apparent link between air pollution and the incidence of dementia,
white matter injury, and cognitive impairment [30]. The traffic-related air
pollution with an increased concentration enhances the Attention Deficit
Hyperactivity Disorder (ADHD) and autism [37].

The risk of stroke which can be categorised as both neurological and
cardiovascular disorders is elevated by exposure to air pollution [38, 39]. Due to
the high danger of air pollutants in the case of stroke, the air pollution is often
regarded as silent Killer. Therefore, serious actions related to environmental
regulations and public health policies should be taken [40, 41].

The incidence of the lung cancer is also associated with air pollution.
Moreover, Chronic Obstructive Pulmonary Disease (COPD) and asthma are the
other examples of the lung diseases caused by the air pollution [32, 42-44].

It is well-agreed that one of the most important pathways through which the
air pollutants cause a danger for human health is the respiratory system. The PM
can either stay in the lungs and/or diffuse through the lung barrier and enter the
blood circulation. This will result in the disturbance to normal functions of the

human body. For example, these particles can block the vessels, which in turn,
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causes blood clotting and stroke. Titanium dioxide and carbonate compounds in
submicron and micron sizes were found in the mucosa of the patients diagnosed
with hypertrophic rhinitis [45].

Among the air pollutants, nano-pollutants are of a great importance due to
their large surface areas, high alveolar deposition fractions, and strong ability to
enter the bloodstream [46, 47]. Due to the high rate of the nanoparticles’
emission into the environment, the studies on the nanotoxicity are becoming
more crucial [48, 49].

The accumulation of the nanoparticles in various human organs such as liver,
spleen, kidneys, and CNS has been previously observed. These nanoparticles
were the ones which had previously penetrated through the epithelial barrier of
the alveolar region in the lungs [5, 9, 10].

These observations demand a comprehensive study of the fate of the air
pollutants, especially nano-sized ones, reaching to the respiratory system and the
deepest areas of the human lungs. Therefore, the next section focuses on the
human respiratory system, its details related to the context of this research, and

the deposition of nano-pollutants in this system.

2.5 Air Pollution and Human Respiratory System

As mentioned before, the air pollutants can enter the respiratory system, pass
the airways, and change into a danger for the human health. To clarify the whole
journey of the air PM in the respiratory system, some fundamental knowledge
about the unique anatomy and physiology of the respiratory system is required.

Therefore, in the next section, the anatomy of the respiratory system is explained.

2.5.1 Anatomy of Respiratory System

The respiratory system procures the necessary oxygen to provide energy for
body and removes carbon dioxide produced by the metabolism. When we

breathe, air enters the mouth or nose, where it is filtered, humidified, and warmed
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to 37°C. Then, the conditioned air travels through the airways. The main air

passage is trachea subdividing to the two bronchi. Each one of these bronchi

leads to one lung. To si
be considered as a coll

mplify the general image of the respiratory system, it can
ection of branching tubes. As these tubes penetrate deep

into the lungs, they are divided more, become narrower and shorter. The final

divisions of the respiratory tubes are alveolar ducts consisting of alveoli, the

small air sacs with an enormous number about 500 million in the human lungs

(Figure 2.1). The gas exchange as the cardinal function of the lungs takes place

in alveoli [50]. Therefore, the alveolar region of the lungs is called the

respiratory zone.
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atory system [51]. The alveolar region exists at the end of the

branches of the airways [5].

The diameter of each alveolus located in the alveolated region is about 0.3

mm. When the inhaled

air with its components and particles flows down toward

the alveoli, its velocity becomes small. Hence, the dominant mechanism of

ventilation in the alveolar region is gas diffusion [52].
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2.5.2 Deposition of Air Particulate Matter and Nano-Pollutants in
Respiratory System

Upon inhalation (inspiration), a lot of particles with different size enter our
respiratory system. The deposition of these particles in different areas of the
respiratory system depends on the size of the particles. Figure 2.2 shows that the
deposition fractions of the particles at extra-thoracic (head), tracheobronchial
(TB), and alveolar regions (P) of the respiratory system depend on the particle

size.
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Figure 2.2 Deposition fraction of particles in different regions of the respiratory system
according to the particle size. Head, TB, and P are the representatives of extra-thoracic,
tracheobronchial, and alveolar regions, respectively. Total means the overall deposition
in the three regions [53, 54].

The smallest and largest particles deposited in the respiratory tract are of the
size of ~1 nm and ~10 um. These particles are mostly deposited in extra-thoracic
region as the first line of defence against the inhaled particles. This region
includes the nasal and oral passages, pharynx, and larynx. The highest deposition

in the alveolar region is related to the particles with the diameter of 20-30 nm
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and 2-3 um [54]. This shows that PM.s and, particularly, nano-pollutants will
reach the alveolar region and deposit there.

2.5.3 Stability of Alveolar Region

The structure of the inter-alveolar septum has been designed in a specific form
for an efficient gas diffusion between the air and blood compartments. It provides
a large surface area, for example approximately 140 m? in the human lungs, and
a thin layer considered as the diffusion barrier with a thickness of about 2 pm in
the human lungs [55]. The alveoli’s walls, surface on which gas exchange takes
place, are covered by liquid. Therefore, the lungs can be considered as a network
of 500 million bubbles with a prodigious surface area. This structure is
intrinsically unstable. The liquid lining the inside surface of the alveoli creates
the surface tension which results in the development of large forces tending to
collapse the alveoli. To prevent this problem, alveolar type II cells lining the
alveoli secrete a lipoprotein material called pulmonary surfactant or lung

surfactant (the thin green layer in Figure 2.3).
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Figure 2.3 The structure of alveoli [56]. The tissue barrier consists of two layers of
cells: the endothelium layer faces the capillary lumen and the epithelium faces the
alveolar lumen [55]. The first barrier that inspired air meets is the alveolar lining fluid
called pulmonary surfactant (green layer).
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In fact, the primary function of this surfactant is to lower the surface tension
in the alveoli. Therefore, the stability of the alveolar region is enhanced [15].

2.5.4 Pulmonary Surfactant: Composition and Function

Pulmonary surfactant or lung surfactant comprises phospholipid and protein
components. The thin lipid-protein film of the lung surfactant consists of 90%
lipids and 10% proteins. The surfactant proteins (SP) can be divided to the
hydrophilic proteins, SP-A and SP-D, and hydrophobic proteins, SP-B and SP-
C. The main lipid components of the lung surfactant are phospholipids, and
saturated Dipalmitoylphosphatidylcholine (DPPC) constitutes 40% of the mass.
It has been reported that the biophysical properties of the models with 40%
DPPC were close to the calf lung surfactant extract.

This surfactant is responsible for reducing the surface tension to values below
2 mN/m at the alveoli air-liquid interface considered as the first barrier that
inspired air meets before entering the blood circulation. Decreasing the surface
tension in the aqueous hypophase lining the alveoli results in the reduction of
total work related to the inspiration in the breathing cycle [16, 57]. Due to the
periodic expansion-compression of the air-liquid interface arising from the
breathing cycle, the surface tension of this interface never reaches the
equilibrium state. Sequential inspiration-expiration phases result in the air-liquid
interface deformation, and, in turn, the continuous perturbations in the surface
tension. Upon inspiration, the area expands due to the lung inflation (expansion).
This causes a local decrease of the surfactant molecules at the interface.
Consequently, a driving force for the mass transfer of the molecules of the
pulmonary surfactant from the aqueous subphase to the air-liquid interface is
created and surfactant adsorption at the interface occurs. During expiration, the
interface contracts and becomes oversaturated with the pulmonary surfactant
molecules. This oversaturation leads to the desorption of surfactant at the
interface. These changes in the adsorption of surfactant molecules at the interface
results in the continuous variation of surface tension. In fact, there is a surface
tension hysteresis in this system which manifests its viscoelastic behaviour
(Figure 2.4).
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Figure 2.4 Breathing cycle consisting of inspiration and expiration. (a) The plot of
surface tension (y) vs. surface area (4) which shows surface tension hysteresis, and (b)
adsorption/desorption of the surfactant at the air-liquid interface [58].

The kinetics of the adsorption/desorption of the surfactant molecules at the
air-liquid interface must be preserved within a certain regime. This surface
tension can be altered by different reasons, such as lung diseases or inhaled
materials. These materials change the surface concentration of the surfactant
and/or cause inactivation of the pulmonary surfactant which, in turn, affect the
surface tension and its hysteresis shape [58]. In fact, the mechanics of breathing
and the lifetime/fate of the air particulate matter are critically affected by the

interactions of these particles with the layer of the pulmonary surfactant.

2.5.5 Proposed Model of Pulmonary Surfactant: DPPC

To investigate the effects of nano-pollutants on the interface covered by lung
surfactant, DPPC monolayers are used as a model [16, 59-63]. DPPC, mostly
known as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, is a type of lecithin. It
is a zwitterionic surfactant with phosphocholine as the hydrophilic head group

located in the position 3 of the backbone of glycerol (Figure 2.5).
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Figure 2.5 Chemical structure of DPPC.

As Figure 2.5 shows, this glycerophospholipid possesses two straight
saturated acyl chains or fatty acid residues in the positions 1 and 2. Therefore,
during the compression of the air-liquid interface, it can form a highly lateral
packed monolayer to achieve the near-zero surface tension [64, 65].

Table 2.1 The summary of the characteristics of the alveolar region, pulmonary
surfactant, and DPPC molecule.

Thickness of
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Table 2.1 summarises the properties of the alveolar region, pulmonary

surfactant, and DPPC molecule.
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2.6 Effects of Nanoscale Materials/Pollutants on the Interfacial
Properties of the Systems of Pulmonary Surfactant and
Industrial Surfactants

It is important to define appropriate quantities of characteristics for the
microscopic layers consisting of nanoparticles and air-liquid interfaces, so that
the description of such characteristics at a macroscopic scale can be useful.
Interfacial tension is one of these properties which can be measured (using
methods described in Section 2.7) after inducing nanoparticles onto the air-liquid
interfaces of a system containing surfactant. These properties, considered as the
indicators of the system’s behaviour after stresses caused by nanoparticles
entrance, are dependent on different factors, which will be discussed in this
section.

In systems consisting of two fluids and solid particles, partial wettability
properties of particles give a nonhomogeneous character to interfacial layers due
to the formation of three interfaces. The behaviour of nanoparticles and their
toxicity are influenced by their physical and chemical properties [68]. When they
enter the respiratory system, these nanoparticles affect the physicochemical
properties of the air-liquid interface of the lung surfactant. Therefore, evaluation
of the interactions between nanoparticles and lung surfactant provides a
fundamental basis of the mechanism for the adverse effects of nano-pollutants
on the respiratory system and their toxicity. These interactions affected by the
particles’ surface characteristics play an important role in nanomedicine and
nano-safety issues [69, 70]. It has been demonstrated that surface properties of
engineered nanoparticles change their aggregation, which in turn, alters their
toxicity and their environmental impact [71, 72]. To assess these types of
interactions, the DPPC as a component of the lung surfactant has been frequently
used in the context of both nano-safety and physicochemical studies [73, 74].

In addition to the pulmonary surfactant, the interactions of industrial
surfactants with nanoparticles have been studied comprehensively. A wide range
of technologies and industries are dependent on comprehending and harnessing
the interfacial behaviour of the gas and liquid in the structure of the foams.
Enhanced oil recovery (EOR) [75, 76], wastewater treatment [77, 78], food [79],
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cosmetic [80], and pharmaceutical [81] industries are benefiting from the foams
in their operation plants and/or product formulations.

In many of these applications, nanoparticles are often used, and often
accompany with a surfactant known as the main foaming agent. In fact, this
combination is used to produce foams of intended strength and stability [82-85].
Silica (SiO.) [83, 86-94], iron oxide (Fe203) [83], gliadin [84], and aluminium
oxide (Al.O3) [86] nanoparticles, as well as multi-walled carbon nanotubes
(MWCNTS) [95] and nano-clay [82] are the examples of nanomaterials which
have been used in this field of research.

In the systems where only surfactants are used as the agent for producing
foams, the type of surfactant and its concentration are two important factors
which control the foaming and interfacial properties of the solution [96]. The
alteration of surfactant concentrations affects its adsorption at the interface, and
in turn, the interfacial tension. When solid nanoparticles are utilised in the
dispersions of two immiscible fluids such as foams, there are changes in
interfacial characteristics of the system. These changes are due to not only the
existence of the surfactant, but also the result of surfactant/nanoparticles
interactions at the gas-liquid interface [97-100]. Besides the concentration and
type of the surfactants [101], the concentration [17, 102], size [103], surface
charge [104], and hydrophilicity/hydrophobicity [63] of the nanoparticles will
also affect the interfacial interactions of particles and surfactants such as
pulmonary surfactant and industrial surfactants.

In this section, the reported studies related to the nanoparticles’ characteristics
effective on the interactions between nanoparticles and surfactants such as
pulmonary surfactant and industrial surfactants at the air-liquid interface are

presented.

2.6.1 Surface Charge

The surface charge of nanoparticles can be considered as a characteristic of
nanoparticles’ surface which is linked to their interfacial behaviour at the air-
liquid interface. It has been shown that the translocation of nanoparticles across

25



the monolayer of the pulmonary surfactant is regulated by the particles’ surface
charge [105]. Based on models of pulmonary surfactant, it has been observed
that the nanoparticle—vesicle aggregates are resulted from electrostatic
interactions [104].

In a study which evaluated the effects of surface charge of particles on a lipid
bilayer as the biomimetic lung surfactant, adsorption of negatively charged
particles onto the bilayer was observed whereas positively charged ones were
not adsorbed onto this bilayer [106]. In other studies, the effect of the surface
charge density on the translocation of nanoparticles across the pulmonary
surfactant was investigated using molecular dynamics simulations [107, 108].

2.6.2 Hydrophilicity/Hydrophobicity

The procedure through which the complexes of surfactant-solid particles are
formed and positioned at the air-liquid interface strongly depends on the
hydrophilicity or hydrophobicity of the particles. The value of the three-phase
contact angle varies between 0° and 180°. The angles of 0° and 180° are related
to absolutely hydrophilic and hydrophobic solid particles, respectively. In these
two extreme cases, the particle is immersed only in one of the fluidic phases, i.e.,
the hydrophilic and hydrophobic phases. The only particles which may be
located at the interface are those ones classified as partially hydrophobic or
hydrophilic particles with contact angles of 0° < 6 < 180°. Therefore, the surface
nature of the particle affects the degree of wettability because it influences the
contact angle [109]. It means that the hydrophilicity and hydrophobicity of
particles affect their adsorption and agglomeration onto the interfacial layer
which affect the toxicity of particles when it comes to the biological systems.

It should be noted that hydrophilicity/hydrophobicity can also be changed
through interactions with a surfactant. Figure 2.6 shows that the hydrophobicity
of a negatively charged colloidal particle is altered due to the interactions with
the molecules of a cationic surfactant. At higher concentrations of the surfactant,
another layer of surfactant molecules can be adsorbed onto the previous layer.
This new layer will result in the formation of hydrophilic particles.
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Figure 2.6 (a) Positioning of a particle in a fluid-fluid interface according to the contact
angle, 6, and (b) change of the hydrophobicity of a negatively charged particle due to
the interactions with a cationic surfactant [109].

In the systems containing pulmonary surfactant, increasing the
hydrophobicity of nanoparticles intensifies the particles’ retention at the
surfactant monolayer, which in turn, causes deterioration in the surface activity
of pulmonary surfactant [110]. It has also been reported that different
nanoparticles with various hydrophilicity/hydrophobicity features change the
structures of the monolayer of the DPPC in different ways (Figure 2.7).

Figure 2.7 Different types of the structure at the air-liquid interface for pure DPPC
monolayer (a-c), mixed monolayer of DPPC and hydrophilic silica nanoparticles (d-f),
and mixed monolayer of DPPC and hydrophobic silica nanoparticles (g-i) [63].
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As shown in Figure 2.7 in [63], both types of hydrophilic silica nanoparticles
are in water and covered by the DPPC molecules. However, the hydrophobic
nanoparticles can be arranged into different ways (Figure 2.7, g-i). Some of them
can stay partially in water (see type 1 and type 2 in Figure 2.7, h-i) and some
tend to stay on the top of the DPPC monolayer (see type 3 in Figure 2.7, h-i)
[63]. The reason is due to the squeezing effects among particles and also the
interactions between the hydrophobic groups of silica nanoparticles and
hydrophobic tails of DPPC [63].

2.6.3 Size

The size of nanoparticles is a significant factor in the study of the interactions
between particles and pulmonary surfactant. Studies have shown that the phase
transition behaviour of the pulmonary surfactant under compression depends on
the size of the particles [9, 111]. The effects of different sizes of nanoparticles
on surface activity, line tension, and domain morphology of both pure DPPC
monolayers and pulmonary surfactant model systems have been studied. The
functional and structural behaviour of the pure DPPC system depends on the size
of nanoparticles. For the nanoparticles of small size (~12 nm), the phase
transition is not visibly disturbed whereas a drastic disruption of the domain
structures were observed for larger nanoparticles (~136 nm) [103]. Effects of the
size of nanoparticles on the interactions between particles and air-liquid
interfaces have been investigated through molecular dynamics simulations. The
hydrophobic nanoparticles with the size of 3 nm were immerged into the aqueous

phase deeper than those nanoparticles with the size of 5 nm [112].

2.6.4 Concentration

The interfacial tension of a three-phase system consisting of the air-liquid
interface and silica nanoparticles from equilibrium and dynamic points of view

has been investigated [17]. Results indicated that the equilibrium surface tension
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is a function of particle’s concentration, and there is a critical quantity of particle
concentration, beyond which all the surfactant (CTAB) content is removed from
the bulk due to the interactions of surfactant molecules with nanoparticles [17].

Effects of different concentrations of polyorganosiloxane (AmorSil20) on a
model of lung surfactant monolayer have been investigated [102]. It was
assumed that nanoparticles were coated with surfactant molecules in a self-
assembly manner, remained at the air-liquid interface and showed hydrophobic
surface characteristics [102].

The impact of different concentrations of polystyrene particles on DPPC in
terms of surface pressure, the structure of surfactant and its topology has been
evaluated [60]. Moreover, the particle placement after interaction with surfactant
was visualised in this paper. It was shown that in the presence of particles,
smaller condensed domains of DPPC with a larger quantity form. The particles
also remained closely associated with the condensed domains [60].

2.6.5 Shape

The role of the particles’ shape has been overlooked in many of the previous
studies that investigate the interactions between the particles and air-liquid
interface of pulmonary surfactant. There were a few studies in which the
researchers have used coarse-grained molecular dynamics (CGMD) simulation
(Figure 2.8) to find out effects of different shapes of nanoparticles on their
translocation across the surfactant monolayer during breathing cycle simulated
by compression and expansion [10, 113-115]. They reported that shape
anisotropy, initial orientation and rotation processes are important parameters in

the interactions between particles and lipid bilayers.
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Figure 2.8 The perturbation of the pulmonary surfactant by hydrophobic particles
including (a) cuboid nanoparticles with different lengths and the same width and (b)
nanoparticles of various shapes [114].

However, it should be addressed that despite the acceptable number of
simulation-based studies on the effect of the shape of particles, it is difficult to
find sufficient experimental studies for verifying the accuracy of these

simulations.

2.7 Pulmonary Surfactant under Dynamic Conditions

In the interfacial system of the pulmonary surfactant, the kinetics play an
important role. Many of the previous studies have used Langmuir trough to
simulate the lung conditions and/or study the interactions of particles with
pulmonary surfactant at its air-liquid interfaces [116-119]. The Langmuir trough
is mainly used to understand the quasi-static mechanical function and structure
of the pulmonary surfactant or the lipid films [120]. The rate of the expansions
and compressions in the Langmuir trough are as slow as 8 minutes per cycle
[121]. This slow speed in the Langmuir trough makes it a suitable instrument to
characterise the surfactant films under the quasi-equilibrium conditions.
However, it can also be considered as a drawback when it comes to the studies
related to the breathing cycles. The real physiological rates of expansion and

compression of the lung surfactant are considerably faster than the rates
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occurring in the Langmuir trough [122]. As mentioned before, due to this
continuously periodic expansion-compression of the interface, the interfacial
tension of the air-liquid interface in the alveolar region of the lungs never reaches
the equilibrium state [58]. Therefore, using the methods that simulate the
dynamic conditions of the lungs becomes of a great importance. The drop/bubble
tensiometers are the effective techniques to investigate the pulmonary surfactant
under the dynamic conditions because these instruments can make oscillations
at a much higher speed and being much closer to the actual physiological rates
[120].

2.7.1 Dynamic Conditions versus Static Assumptions

The static interfacial tension refers to the value of interfacial tension in the
thermodynamic equilibrium. This interfacial tension is independent of time. The
dynamic interfacial tension depends on the time of surface age. The surface age
is the time from the start of the formation of an interface to the time when the
measurement is conducted [123]. Although the Langmuir trough with the
Wilhelmy plate is a popular and convenient method for measuring dynamic
interfacial tension over time [124], its low speed of the expansion-compression
is not perfectly simulating the dynamic conditions of lungs and the interfacial
changes happening during the breathing cycle. This characteristic depends on the
type of the testing device. Some Langmuir trough devices are working at the
frequencies from 0.005 Hz to 0.03 Hz whereas some other Langmuir troughs can
work in the range of frequencies as high as 4 Hz [125-127].

In the studies related to the pulmonary surfactant or its models, the best
instruments are the ones that can simulate the expansion-compression cycles of
the breathing cycles in terms of both area perturbation and frequency. The profile
analysis tensiometer used in this study is suitable to simulate the frequencies of
the breathing cycles related to different age groups. These frequencies including
0.1 Hz, 0.125 Hz, 0.25 Hz, and 0.5 Hz, can simulate the range of breathing

frequencies from adults to 5-year-old age group. Therefore, the dynamic
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oscillatory conditions of the air-liquid interface of the pulmonary surfactant are
fulfilled using the profile analysis tensiometer.

In the Langmuir trough device, the monolayer consists of only one lipid
leaflet [128]. Moreover, during the oscillation in the Langmuir trough device,
this monolayer is the target of perturbation and surface area deformation.
Therefore, this method may not perfectly reflect the complex phenomena
happening between the subphase and the interface during the oscillation. In
contrast, when the drop profile analysis tensiometer is used, the oscillation of the
whole droplet containing the pulmonary surfactant and/or nanoparticles and the
subphase is conducted. This oscillatory-related way of operation is another
reason to use tensiometers to simulate the dynamic conditions of the lung in this
study.

Overall, it is difficult to state which method of the interfacial tension
measurement is the best technique. In fact, choosing the method is dependent on
the nature of the interface, rheology of the liquid, range of the temperature, range
of the interfacial tension, requirements of precision, accuracy, speed, and cost,
as well as the practical considerations of the convenience of the technique [124].
It should also be noted that the combination of the different methods can provide
the complementary possibilities of studying the air-liquid interface of the
pulmonary surfactant and/or DPPC as a representative model of the pulmonary
surfactant [129].

2.7.2 Mixture of Nanoparticles versus Single-Type Nanoparticles

Most of the previous studies evaluating the effects of the nanoparticles on the
pulmonary surfactant or DPPC monolayers are only considering a single-type
nanoparticle at a time. It means that these studies consider only one or more types
of nanoparticles. Then, using different interfacial tension measurement
techniques, they often measured the effect of each type of nanoparticle on the
structure and the interfacial tension of the interface [61, 74, 125, 130, 131].

There are also some studies using a model of airborne particulate matter to
investigate their interactions with the pulmonary surfactant or DPPC as a model
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of this surfactant [18]. These studies show that the PM. s affects the morphology
and phase behaviour of the DPPC monolayer. The model of the PM2s used in
these studies was usually diesel particulate matter. The average size of these
particles was between 200 nm to 951 nm which makes them to be considered as
PMas. The investigation of the elemental composition of these model airborne
particulate matter shows the presence of many elements including carbon,
nitrogen, hydrogen, sulphur, oxygen, magnesium, aluminium, silicon,
potassium, calcium, phosphorus, zinc, lead, copper, nickel, iron, manganese,
calcium, and chromium [18, 19]. Due to the complex composition and
heterogeneity of these models, it is difficult to understand the mechanism for the
interactions of particles with the DPPC molecules. Moreover, the surface
properties of each type of particles in these mixture models are different.
Therefore, it is impossible to understand which types of particles have the most
dominant effect on the lung surfactant or the DPPC.

It is important to understand the effects of the mixture of nanoparticles on the
DPPC as a model of lung surfactant. However, it is more critical to build a
fundamental understanding and a methodology about these effects. These studies
and the obtained results should help the prediction of the most dangerous
nanoparticles in the mixtures in terms of toxicity and adverse effects on the lung
surfactant. Moreover, these studies should be a good indicator for the actual
compositions of the mixed nanoparticles that have the most adverse effect on the
lung surfactant due to the interparticle interactions and nanoparticle-surfactant
interactions. To achieve this aim, effects of the mixture of nanoparticles on the
DPPC in the bulk of the solution and at the air-liquid interface should be studied
systematically. Although the toxicity of these mixtures in the lungs has been
studied in some previous research [132], the interfacial properties of the mixed

nanoparticles interacting with DPPC have not been investigated before.
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2.7.3 Interfacial Rheology: A Potential Method for Investigation of
Pulmonary Surfactant under Real Conditions

Using a profile analysis tensiometer, the surface area of a drop can be
oscillated. The advantage of this method over the Langmuir trough is the more
homogeneous distribution of the expansion and compression of the monolayer
over the whole area. The studies related to the drop oscillation are used to
measure the dilatational rheology parameters of the fluid-fluid interfaces. These
parameters include elasticity and viscosity [133, 134]. The physiology of
breathing highlights the importance of studying the rheological properties of the
DPPC monolayers at the air-liquid interface.

The normal respiratory mechanics of the lungs is determined by different
factors including the liquid layer containing the lung surfactant. Therefore,
measuring the rheological properties of the air-liquid interface covered by the
lung surfactant is of a great importance. The interfacial tension and rheology of
this interface are all clinically important in different aspects such as lung diseases
and drug/gene delivery to the respiratory system [22].

For the cholesterol and other phospholipid monolayers such as DPPC, the
dependence of the dilatational elasticity and viscosity on the dynamic parameters
such as the amplitude of the surface area oscillation and frequency has been
studied using the tensiometer and linear approach [135]. Moreover, the
rheological properties for the monolayers of the mixed cholesterol and
phospholipids have been investigated for their comprehensive applications in
preparing liposomes used in medicine [136].

To simulate the real conditions of lungs, these types of oscillatory studies
should also be done when it comes to the interactions of nanoparticles and DPPC
molecules. These studies are important from two main aspects. The first is
related to the nano-sized pollutants and their interactions with the lung surfactant
during the breathing cycles. The second aspect is attributed to the drug delivery
to the lungs in which the drug deposition and retention under the dynamic
breathing cycles are important [137].

Upon inhalation of nanosized pollutants, these particles meet the lung
surfactant as the first contact line. The interactions of these particles with the

lung surfactant change the normal interfacial rheology of the lung surfactant
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which, in turn, affects the respiratory performance [135]. Therefore, the study of
interfacial rheology of the lung surfactant in the presence of nanoparticles not
only reveals the diverse effects of these particles on the lung surfactant, but also
clarifies the significant characteristics of these particles that mainly affect the
normal performance of the lung surfactant. The major characteristics can be their
concentrations, sizes, shapes, and surface properties [138]. It has been reported
that nanocarbons with different wettability properties and surface areas affect the
rheological properties of the lung surfactant in different ways [129].

Most of previous studies on the interactions of the nanoparticles and lung
surfactant or DPPC as a model of the lung surfactant have used the linear
approach of the Fourier transform to measure and interpret the rheological
parameters [74]. Some studies have shown that the linearity or nonlinearity of
the system are dependent on the composition of the system in terms of the
presence and absence of nanoparticles. For example, it has been shown that
incorporating the silica nanoparticles into the lipid monolayers results in
deviation from the linearity even at the amplitudes as low as 5% [139].

It should be mentioned that the linearity and nonlinearity of these interfacial
systems must be checked before the studies. The chemical composition of the
system and the operational conditions such as frequency and amplitudes affect
the degree of nonlinearity of system. In the case of nonlinearity, the use of a
linear approach related to the Fourier transform will not lead to any accurate
results. Therefore, nonlinear approaches for these interfacial systems should be
applied. In fact, the nonlinear interfacial dilatational rheology can be used as a

useful tool to understand the microstructure of the air-liquid interfaces [20].
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Figure 2.9 Lissajous plot obtained during the amplitude sweep of the air-water interface
stabilized by the oligofructose ester with the mono-unsaturated fatty acidcis-9-
hexadecenoic acid as the hydrophobic group at 25 °C [20].

Figure 2.9 shows that Lissajous plots are used in the nonlinear interfacial
dilatational rheology approach. Using this method, the behaviour of the
interfaces and their microstructure can be understood even at the regimes beyond
the linear ranges [21]. The details of this approach will be described in Chapter
7.

2.8 Summary

This chapter has demonstrated the serious environmental concerns about the
air pollution and, specifically nano-sized pollutants which can adversely affect
the human health. Based on the fundamental knowledge provided on the
anatomy of the respiratory system, it has been shown that the fate of the air
pollutants, especially nano-sized ones, is dependent on their interactions with the
lung surfactant. It has also been shown that the interactions of the nanoparticles
and different types of surfactants are dependent on different factors such as
surface charge, hydrophilicity/hydrophobicity, size, concentration, and shape of
the nanoparticles.

The reasons behind choosing the profile analysis tensiometer for this study
have also been discussed. The novelty aspects of this research study in

comparisons to the previous studies have also been discussed. In this study, the
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evaluation of the mixture of nanoparticles in contact with DPPC has been done
in a systematic way. Moreover, the nonlinear interfacial rheology approach has
been suggested to use for the interfacial systems of nanoparticles-DPPC.
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Chapter 3

Experimental Work and Analytical Methods

3.1 Preparation of Solutions / Dispersions

3.1.1 Solutions of lonic Surfactants

The ionic surfactants were cetyltrimethylammonium bromide (CTAB) and

sodium dodecyl sulfate (SDS) as cationic and anionic surfactants, respectively.
CTAB (Figure 3.1, a) with the chemical formula of [CH3(CH2)15] (CH3)3NBr, a
molecular weight of 364.46 g/mol, and a purity of 99%, under the brand name
of AnalaR was supplied by BDH Chemical Ltd., United Kingdom. SDS (Figure

3.1, b), with CH3(CH2)1:SO4Na as its chemical formula, a molecular weight of

288.38 g/mol, and the minimum assay of 99% was purchased from SIGMA-

ALDRICH CHEMIE GmbH, China.

(a)
AN
VAR
(b) 0
ANANNAN, L o
g

Figure 3.1 Molecular structures of (a) CTAB and (b) SDS.
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Due to the reliable solubility of both these ionic surfactants in water, the
aqueous solutions of them were prepared. The water purification system was
PURELAB® Option-Q7 (ELGA LabWater, United Kingdom). This machine
provides ultrapure water or deionised (DI) water. The bulk resistivity of the
produced water was greater than 18 MQ.cm. This DI water was the one used in
all the following sections.

According to the molecular weight of CTAB, a certain amount of its powder
was weighed and dissolved in the ultrapure water to achieve the main stock
solution with a concentration of 1x10* M. The mixing operation was performed
on a magnet stirrer at the room temperature and under the fume hood. Then,
using the dilution method, other aqueous CTAB solutions with concentrations of
1x102, 5x107%, 2.5x1073, 1x107%, 5x10*, 1x10™%, 5x10°, 1x107°, 5x10°%, and
1x10® M were prepared. Because of the nature of CTAB as the surfactant, the
bubbles were formed during adding water and mixing process. Therefore, after
preparing each solution, specially at high concentrations, it was required to put
the sealed container of the sample in the ultrasonic bath to make sure of
degasification. An ultrasonic bath of Fisher brand (FB15053, Fisher Scientific,
United Kingdom) was utilised for mixing, homogenising, and degassing of the
bubble-contained solutions. To check the complete elimination of the bubbles in
solutions, a visual test was done. Then, the degassed sample of the desired
concentration was diluted to prepare the next solution. The same procedure was

applied for SDS solutions.

3.1.2 Dispersions of Nanoparticles in lonic Surfactants

To prepare the dispersions of nanoparticles in ionic surfactants, i.e., CTAB
and SDS, titanium dioxide (TiO2) nanoparticles, known as Titanium (V) Oxide
nanoparticles, with anatase crystal form were chosen. This choice is based on the
comprehensive applications of this crystal form of TiO, nanoparticles in the
industries (Section Error! Reference source not found.). The anatase form of T
i02 has a lower surface energy in comparison with the other crystal form called
rutile [140].
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These nanoparticles were purchased from lonic Liquids Technologies GmbH
(loLiTec), Germany. The purity of this white powder and the size of
nanoparticles were 99.5% and 20 nm, respectively. Based on the supplier’s
confirmation, the particle was spherical. The specific surface area of the particles
was more than 120 m?/g (Table 3.2).

The dispersions of TiO2 nanoparticles with anatase form in the ionic
surfactants (CTAB and SDS) were prepared by adding the aqueous matrix
(surfactant solution) to the dry powder of the nanoparticles upon continuous
stirring on the magnet stirrer in the glovebox at room temperature. This
procedure was done in a volumetric flask. Therefore, the amount of aqueous
solution added to the dry powder was based on the level line of the flask. To
ensure the proper homogenisation of the mixture and avoid any nanoparticle
agglomeration, the samples were left to be stirred overnight at room temperature.
The concentration of TiO2 nanoparticles at the solutions was fixed at 0.1 wt %,
in both CTAB and SDS solutions with variable concentrations of the surfactants.

Each solution and dispersion described in sections 3.1.1 and 3.1.2 were put
in an ultrasonic bath at room temperature for 30 minutes. Then, the interfacial
tension of each sample was measured and repeated three times to obtain the
average amount and calculate the standard deviation. The results related to the
ionic surfactant solutions and the dispersions of TiO. (anatase) have been

reported in Chapter 5.

3.1.3 Solutions of DPPC as a Single-Component Model of Lung
Surfactant

DPPC, introduced in section 2.5.5, was purchased from Avanti® POLAR
LIPIDS Inc., USA. The physical state of this phospholipid was powder. Its
chemical formula and molecular weight are CaHgoNOgP and 734.039 g/mol,
respectively. Based on the certificate of analysis for this product, its purity was
more than 99%. The critical micelle concentration (CMC) of DPPC is equal to
0.46x10° M [141].
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The DPPC was dissolved in ethanol (99.8% purity, Fisher Scientific, United
Kingdom) with a concentration of 1 mg/ml or 1.4x10° M using the ultrasonic
bath. A 25 ml volumetric flask was used for this purpose. To measure the
interfacial tension, 400 pL (0.4 ml) of the mentioned DPPC in ethanol solution
was added into 10 ml of DI water. This means that 5.6x10” mol of the DPPC
was put into a total amount of 10.4 ml of solution consisting of both DI water
and DPPC in an ethanol solution. Therefore, the final concentration of the DPPC
in the aqueous solution was 5.38x108 M.

The procedures of selecting the solvent for DPPC have been discussed as
below:

This phospholipid (DPPC) is only slightly soluble in water. Therefore,
organic solvents such as chloroform is normally used for dissolving this powder.

At first, chloroform was chosen as the solvent. According to the previous
studies on DPPC monolayers used in the Langmuir-Blodgett Trough method, the
concentrations of DPPC in chloroform, as the stock solution, can be varied from
0.10 mg/ml to 1.22 mg/ml [60, 116, 131, 142-144]. In the cases of microfilm
based techniques such as pendant drop and captive bubble methods, the DPPC
concentrations in chloroform have been reported to be in the range of 0.09 mg/mi
to 0.15 mg/ml [135, 145]. Therefore, this study also used the DPPC
concentration of 0.1 mg/ml in the chloroform. It should be noted that the
concentration of DPPC in the lung is more than 15 mg/L [146].

40 uL of the mentioned solution of the DPPC in chloroform was added to 10
mL DI water. This solution was put in an ultrasonic bath at room temperature for
15 minutes before measuring the interfacial tension using a profile analysis
tensiometer. Upon the preparation of samples, it was observed that the organic
phase was separated from the aqueous phase. In fact, due to the higher density
of chloroform (1.49 g/cm3) in comparison with water, this phase separation
easily happens, which results in the formation of a non-homogeneous solution.
When this solution is pumped into the tensiometer’s chamber, the composition
of the droplet at the tip of the capillary is variable and dependent on the specific
point of sample where the solution was pumped using the tubes and syringe of

the equipment.
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Another way to use the DPPC in chloroform in the tensiometer was to inject
the chloroform solution to the water droplet formed at the tip of the capillary.
Figure 3.2 shows injection of the chloroform solution and withdrawal of the
micro-syringe afterwards. It has been stated that a time of 15 min was required
for the evaporation of the solvent, i.e., chloroform, which resulted in the
formation of lipid monolayer on the droplet [135, 145].

|
(b) ©) (d ©

(a)

Figure 3.2 The deposition of the DPPC from the chloroform solution on the surface of
the water droplet [135].

To conduct this method, an orifice in the chamber of the tensiometer is
required. This orifice is used to put the needle of the micro-syringe inside the
chamber and deposit the DPPC solution into the droplet as shown in Figure 3.2.
This type of measurement chamber was normally performed using a home-made
one. As the chamber in the tensiometer used in this study did not contain any
orifice (Figure 3.3), it was not possible to use this method of the DPPC

deposition.

42



Figure 3.3 The specific home-made chamber in the tensiometer set-up. The different
parts include (a) camera, (b) pendant drop in the chamber, (c) light source, (d) chamber,
(e) specific optical glass, and (f) micro-syringe which enters the measurement chamber
through the orifice [135].

In the tensiometer of this study, the chamber does not contain any orifice.
Therefore, the capillary was taken out of the chamber before the start of the
experiment. Then, it was attempted to deposit DPPC in chloroform solution on
the droplet. However, the movement of capillary and locating it in the chamber
after the deposition resulted in the falling and failure of the droplet. Therefore,
the methods such as using the chloroform in the procedure of preparing the
DPPC solution were not suitable for profile analysis tensiometer set-up. This is
because of the phase separation of the organic phase, when the bulk of the
solution was prepared, and/or lack of the orifice in the tensiometer set-up when
the deposition was supposed to be used.

To avoid these drawbacks, a substitution of the chloroform as the solvent of
DPPC was considered. Ethanol was chosen because it is a polar solvent which is
miscible with water. Moreover, the DPPC was dissolved well in this organic
solvent, therefore, there was no phase separation between organic and aqueous

phase.
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3.1.4 Dispersions of Nanoparticles in DPPC Solutions

Two categories of nanoparticle dispersions in DPPC solutions were prepared
and studied in this work. The first category was the dispersion of each individual
type of nanoparticles with its different concentrations in the DPPC solution, and
the second one was the mixture of different types of nanoparticles in the DPPC
solution. For the second category, only one concentration of nanoparticles was
considered whereas the mixing methods and types of nanoparticles were varied
in the dispersions. The details of the preparation methods are described in
Sections 3.1.4.1 and 3.1.4.2.

3.1.4.1 Individual Nanoparticles in DPPC Solutions

Three types of nanoparticles (purchased from lonic Liquids Technologies
GmbH-IloLiTec), Germany with their detailed specifications in Table 3.2) were
used in this study. The dispersions of each type of nanoparticles, i.e., anatase
form of TiOz, rutile form of TiOz, and carbon nanotubes, with their
concentrations of 0.01, 0.02, 0.03, 0.04, and 0.05 wt % were prepared in DI
water. The mixing was done by dropwise addition of water to the powder under
a continuous stirring. To avoid the formation of particles agglomerates, the
magnet-stirring process was continued for overnight (with a total time of 24
hours). All the above-mentioned samples were prepared at room temperature.

To prepare the samples for measurements using tensiometer, 400 pl (0.4 ml)
of DPPC in ethanol solution with a concentration of 1 mg/ml (Section 3.1.3) was
added to 10 ml of each individual dispersion of nanoparticles in DI water using
a Hamilton micro-syringe. These samples were ultrasonically agitated for 15 min

prior to the interfacial tension and interfacial rheology measurements.

3.1.4.2 Mixture of Nanoparticles in DPPC Solutions

The mixtures of dispersed nanoparticles with a concentration of 0.01 wt %
were prepared using three different methods as following:
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I. The separated dispersions of each individual nanoparticle with a
concentration of 0.01 wt % in water were prepared. Then, 400 pL of
the DPPC in ethanol solution (1 mg/ml) was added to each one of them
(see Section 3.1.4.1). 5 mL of each prepared sample of nanoparticle-
DPPC was collected and mixed with each other. Using the same
portion of each dispersion, the final concentration of nanoparticles
was maintained at 0.01 wt %.

ii. The separated dispersions of each individual nanoparticle with a
concentration of 0.01 wt % in DI water were prepared. 5 mL of each
sample was collected and mixed with each other. The concentration
of nanoparticles in the final sample was 0.01 wt %. Finally, 400 pL of
the DPPC in ethanol solution (1 mg/ml) was added to this mixture of
nanoparticles.

iii. The nanoparticles were weighed and mixed firstly. Then, the DI water
was added to this mixture so that the final concentration of the mixture
of nanoparticles in DI water was maintained at 0.01 wt %. Finally, 400
puL of the DPPC in ethanol solution (1 mg/ml) was added to this
mixture.

It should be noted that the process of water addition was done drop-by-drop
and under a constant stirring for all three methods. These samples were further
put inside the ultrasonic bath for 15 min before interfacial tension measurements.
The composition of the various mixtures of nanoparticles and the related mixing

methods used for each one of them have been listed in Table 3.1.

Table 3.1 The composition of the different mixtures of nanoparticles and the mixing
methods used for their preparation. The final concentration of the nanoparticles in the
solution before adding the DPPC was 0.01 wt % in all cases.

o ) Mixing Method
Composition of the Mixture i _
() (i) (i)
TiO, (Anatase) + Carbon Nanotubes N N N
TiO; (Rutile) + Carbon Nanotubes N N
TiO, (Anatase) + TiO, (Rutile) + Carbon Nanotubes N N
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It should be noted that the mentioned methods of mixing of nanoparticles are
actually the simulation of possible ways of the interaction of nanoparticles which
happens in the real life. The nanoparticles can be inhaled individually, interact
with the lung surfactant, and then become mixed with each other in the alveoli
(method i). The nanoparticles can also adsorb the humidity from the environment
or respiratory tract, interact with each other, become mixed, then reach the
alveoli, and finally interact with the lung surfactant (method ii). Or the solid
nanoparticles can interact firstly while they are suspended in the air, then be
inhaled into lung, and finally interact with the lung surfactant (method iii).

These mixtures were used to measure their interfacial tension using a
tensiometer (Chapter 6). Moreover, one droplet of each sample was put on the
SEM stub and dried, before putting into SEM for morphology observation. The
SEM images of all the samples were obtained and compared.

3.2 Characterisation of Nanoparticles

Three types of nanoparticles including anatase crystal form of TiO. (spherical
shape), rutile crystal form of TiO; (rod-like shape), and carbon nanotubes were
purchased from lonic Liquids Technologies GmbH (loLiTec), Germany. The
details and characteristics of nanoparticles based on the certificates of analysis,
safety data sheet, and product packages provided by the supplier are listed in
Table 3.2. In this table, for multi-walled carbon nanotubes, the OD and L show

the outside diameter and length, respectively.

Table 3.2 Nanoparticles’ characteristics provided by the supplier.

Crystal Size Specific Purity
Nanoparticles Shape (nm) Surface Area (%)
Form (m?/g)
Titanium Dioxide
) Anatase Sphere 20 >120 99.5
(TIOz)
Titanium Dioxide ) )
) Rutile Rod-like 10-30 50-150 99.5
(TIOz)
Not Multi-walled - 10-
Carbon ) OP' 10-30 40-300 >05
Applicable | Nanotube |(L:1-2pm)
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The name of the nanoparticles in this thesis will be abbreviated as below:
e ATD for Anatase form of Titanium Dioxide (TiO2),
e RTD for Rutile form of Titanium Dioxide (TiO2), and
e CNT for Carbon Nanotubes.
To characterise the nanoparticles and obtain more detailed information, both
in dried (powder) form and at the air-liquid interface, various procedures were

conducted as described in sections 3.2.1 t0 3.2.3.

3.2.1 Dried Nanoparticles

The dispersions of the nanoparticles with a concentration of 0.1 wt % in
isopropyl alcohol (IPA) were prepared. To decrease the chance of
agglomerations, the IPA (Fisher Scientific, United Kingdom) was added to the
weighed nanoparticles drop-by-drop while the stirring was done at room
temperature. The samples were left to be stirred overnight at room temperature.

Then, using a glass Pasteur pipette, one droplet of each sample was transferred
onto each individual stub of Scanning Electron Microscope (SEM) (Figure 3.4).
Then, the samples were left under fume hood for 30 minutes so that the IPA was
evaporated.

The stubs containing the particles were observed under SEM (TESCAN
MIRAJ) directly and without any further coating.
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Figure 3.4 Scanning Electron Microscope (SEM) TESCAN, MIRA3.

It should be noted that the images from SEM were analysed using ImageJ
Software [147].

3.2.2 Bulk Characterisation_Surface Charge of Nanoparticles

The dispersions of the nanoparticles in surfactant solutions mentioned in
Section 3.1 as well as the dispersions with a concentration of 0.1 wt % in DI
water were prepared. The surface charge of nanoparticles was measured using
SZ-100 Nano Partica Analyser (Horiba, Japan). Therefore, the zeta potential of
nanoparticles and/or their agglomerates before interaction with surfactants at

different concentrations and after it were measured and reported.

3.2.3 Hydrophilicity/Hydrophobicity of Nanoparticles

The hydrophilicity/hydrophobicity of particles at fluid-fluid interfaces affects
the position of particles at interface. The position of particles at interface is
describe by the contact angle of particles at fluid-fluid interface. Therefore, the
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hydrophilicity/hydrophobicity of particles can be described by measuring the
contact angle of particles at interface.

Young’s equation (EQ. 3-1) is used to measure the contact angle of particles,
0, at interfaces:

Vsg — Vst
Ygl

where Y4, Y51, and y g; are the interfacial tensions of solid-gas, solid-liquid, and

cosf = Eq. 3-1

gas-liquid phases, respectively [148].

Based on Young’s equation, changes in interfacial tension indicates the
change in the contact of particles at interface which, in turn, shows the
hydrophilicity/hydrophobicity of particles.

Therefore, measuring the three-phase contact angle of particles at air-liquid
interface as well as investigating the effects of particles on the air-liquid
interfacial tension of pure water can be reliable indicators of
hydrophilicity/hydrophobicity of particles. The experimental methods for these

measurements have been described in sections 3.2.3.1 and 3.2.3.2.

3.2.3.1 Three-Phase Contact Angle of Nanoparticles at Air-Water
Interface: Gel Trapping Technique (GTT)

The Gel Trapping Technique (GTT) developed to measure the three-phase
contact angle of microparticles and nanoparticles at fluid-fluid interfaces was
used in this study. The three-phase contact angle of particles at fluid-fluid
interface describes the particle hydrophobicity [149].

The schematic diagram of the GTT has been shown and summarised step-by-
step in Figure 3.5 [150]. This method can be used for measuring the three-phase

contact angle of particles at both air-water and oil-water interfaces.
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Figure 3.5 Schematic diagram of GTT for (A) air-water and (B) oil-water interfaces
[150].

To use this method, the gellan gum as a gift sample was supplied from
CPKelco US Inc., USA. The brand name and type of the gellan gum was
KELCOGEL® F which is a fine mesh gelling agent and polysaccharide secreted
by the microorganism Sphingomonas elodea. KELCOGEL® F is a low acyl
gellan gum with heat stability and the molecular weight of 2x10° to 3x10°
Daltons. Based on the data sheet provided by the supplier, this gellan gum has a
high level of stability, gel strength, and clarity. The clarity and gel strength were

checked and approved during the experiments (Figure 3.6).

Figure 3.6 The upside-down vial containing the gel based on KELCOGEL® F gellan
gum. The gel strength and its clarity are visible.
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To prepare the gel, gellan gum was dispersed in DI water with a concentration
of 2.00 wt %. The dispersion was heated to 65-70 °C in the ultrasonic bath
mentioned in section 3.1.1 for 15 minutes. At this temperature, the gellan gum
was fully dissolved and hydrated in DI water and a clear aqueous solution was
obtained. This aqueous solution was transferred to the Petri dish.

A suspension of each type of nanoparticles with a concentration of 0.5 wt %
in an aqueous solution containing 35% v/v isopropyl alcohol (IPA) was prepared.
IPA was used as the spreading agent. 10 pL of each suspension of nanoparticles
was injected onto the hot surface of gellan gum solution in the Petri dish [151].

To set the gel, the system was cooled within 30 minutes at room temperature.
To avoid any evaporation at the gel surface, the Petri dish was sealed during the
mentioned time.

Polydimethylsiloxane (PDMS) under the brand name of SYLGARD™ 184
Silicone Elastomer (Dow Europe GmbH, Germany) was mixed with the curing
agent with a ratio of 10:1. Then, degassing was done suing a vacuum pump So
that the bubbles are removed. This curable silicon elastomer was poured over the
surface of the cooled gel with the entrapped particles at the air-liquid interface.
The role of PDMS is to mould this interface. The samples in sealed Petri dishes

were kept at room temperature for 48 hours to cure the PDMS layer (Figure 3.7).

VA VAR NN
PEERRY R

Figure 3.7 Samples prepared with Gel Trapping Technique (GTT). Each Petri dish is
related to a single type of nanoparticle including ATD, RTD, and CNT.

After 48 hours, the cured PDMS layer was peeled off the gel together with
the entrapped nanoparticles. Then, the PDMS was washed with hot DI water
with a temperature of 65-70 °C to remove any possible traces of gel. As the
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gellan gum had shown complete solubility in the mentioned range of
temperature, we did not use any other solvents such as ethylenediamine
tetraacetic acid (EDTA) to remove the gel residues. The other reason was to
avoid any possible interactions between EDTA and entrapped nanoparticles at
the surface of PDMS, especially titanium dioxide nanoparticles [152]. There are
also studies that do not use EDTA in GTT [153].

The PDMS layer with particles was dried and observed under SEM by coating
with platinum nanolayer (5 nm thickness) in a rotary pumped coating system
(Q150R, Quorum Technologies Ltd., United Kingdom).

It should be noted that, in GTT, the SEM imaging method has been used when
the entrapped particles were micro sized. The Atomic Force Microscopy (AFM)
has been suggested and used for the nanoparticles. However, there are some
drawbacks of using AFM in GTT. For example, for polydisperse samples, the
contact angle cannot be calculated directly from AFM method as this method
cannot measure the protrusion of particle and its radius simultaneously. In this
case, particles should be spread on a solid surface, e.g., silicon wafer, to
determine their radius by AFM scanning. Using AFM and supplier’s information
about the radius and size of the particles cannot be considered a suitable option
as the data are not necessarily corresponding to each other [150].

Although the particles in this study were nanosized particles, the preliminary
results from AFM (Nanoscope 1V, Veeco Metrology Group, Dimension™ 3100
Controller, Digital Instruments, USA) in contact mode were showing a lot of
noises. Therefore, SEM was used, and it showed better results for our samples.

In some cases, the detection of particles on PDMS were difficult. Therefore,
the samples were prepared in two positions for SEM. First, the samples which
could be observed under SEM from the top view (Figure 3.8, a). Second, the
samples that had been cut so that the side view of them would be possible (Figure
3.8, b).
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Figure 3.8 Samples of nanoparticles entrapped on the surface of PDMS for SEM
imaging in two positions: (a) top view, and (b) side view.

Using the second set of samples, it was possible to image the nanoparticles
and/or their agglomerates at the edges of PDMS and measure their height of
protrusion. To our knowledge, cutting the samples and observing the edges in

GTT have not been studied extensively in these conditions.

3.2.3.2 Interfacial Tension Measurement

The dispersions of nanoparticles with a concentration of 0.01 wt % in DI
water were prepared. The interfacial tension of these dispersions at 37+£0.2 °C
was measured during 4,000 s according to the method described in Section 3.5

in details.

3.3 Preparation and Characterisation of Foams

The wet foams of the aqueous solutions of CTAB and SDS, as well as the
dispersions of anatase form of TiO> nanoparticles were prepared using manual
shaking. Before foaming, all surfactant solutions at given concentration and
nanoparticles-surfactant dispersions with a concentration of 0.1 wt % were

transferred into separated glass containers and put into ultrasonic bath for 10
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minutes. Then, the containers were shaken up and down vigorously for one
minute and at a rate of 180+4 shake.min%, at room temperature.

Afterwards, created wet foams, one by one, were transferred onto microscope
glass slides to be observed under optical microscope.

The 3*2 stage optical microscope ECLIPS LV 100, Nikon, Japan was used to
observe the shapes and sizes of the created bubbles and foams.

ImageJ Software [147] was used as an image processing programme to

analyse the images obtained from optical microscopy method.

3.4 Nanoparticles-DPPC Interactions

Upon the interactions of DPPC and nanoparticles (Section 3.1.4), the surface
properties of nanoparticles will change. To investigate these interactions, NMR
analysis and zeta potential measurements were conducted as described in Section
3.4.1 and Section 3.4.2.

3.4.1 Adsorption of DPPC onto the Surface of Nanoparticles

Mechanism of the interactions between the nanoparticles and DPPC was
investigated using a JEOL 400 MHz NMR Spectrometer. The proton spectra of
nanoparticle dispersions containing DPPC (mentioned in Section 3.1.4.1) were
recorded at the operating frequency of 399.78 MHz for *H NMR. 3!P-NMR was
also done at an operating frequency of 161.83 MHz. Using NMR spectroscopy,
it is possible to assess the molecular interactions between DPPC molecules (with
a fixed concentration), and nanoparticles (with different concentrations).

After doing the preliminary tests on the samples, the peaks on the NMR
spectra were not clear and recognisable. Therefore, the samples were prepared
with the same procedure as explained in Section 3.1.4.1 whereas the deuterated
DPPC-dg; (Avanti® POLAR LIPIDS Inc., USA) was used instead of DPPC in

the solutions and dispersions.
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In the structure of DPPC-de2 (1,2-dipalmitoyl-d62-sn-glycero-3-
phosphocholine), deuteriums are on the alpha carbon attached to the carbonyl
group (Figure 3.9). Therefore, the DPPC-d62 is deuterated at alpha positions.

D, D, D, D, D, D, D, O
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Figure 3.9 The deuterated structure of DPPC-dg, [154].

This deuterated structure (Figure 3.9) helps the simplification of *H NMR
spectroscopy and convenient detection of the peaks and signals [155].
It should be noted that the data obtained from *H NMR spectroscopy were

analysed using Delta 6.1.0 software to evaluate the peaks and integrals [156].

3.4.2 Surface Charge of the Nanoparticles Interacted with DPPC

The surface charges of nanoparticles in the dispersions mentioned in Section
3.1.4.1 were measured using SZ-100 Nano Partica Analyser (Horiba, Japan).
Accordingly, the zeta potentials of nanoparticle values with different
concentrations after their interactions with the same amount of DPPC were

measured and reported.

3.5 Dynamic Interfacial Tension Measurement
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3.5.1 Profile Analysis Tensiometer (PAT)

The Profile Analysis Tensiometer (PAT) is the high end full-automatic
instrument utilised for surface / interfacial tension measurement. Moreover, this
instrument can be used for studying the interfacial rheology. The PAT system
used in this research was PAT1M, SINTERFACE Technologies, Germany
(Figure 3.10).

Figure 3.10 The set-up of the PAT1M, SINTERFACE Technologies, Germany.

The principle used in PAT is based on the shape analysis of droplets and
bubbles. The technique is called Axisymmetric Drop Shape Analysis (ADSA)
[135]. This instrument has a capacity to work in any of these four modes: (a)
pendant drop, (b) sessile drop, (c) buoyant bubble, and (d) captive bubble modes.
A schematic diagram of its set-up has been depicted in Figure 3.11. The liquid
sample is pumped into the syringe of the instrument and pumped out of it to pass
through the tube and reach the steel capillary. Then, the drop is formed at the tip
of this capillary. Using the automatic dosing system of this instrument, it is
possible to keep either the area or volume of the drop constant. An external
thermostatic water bath is used to control the inside temperature of the measuring
cell. To visualise and obtain the images of the drop, a light source and a charge-

coupled device (CCD) camera are used in opposite sides of the measuring cell.
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Figure 3.11 A schematic diagram of the profile analysis tensiometer (PAT) set-up.

The efficient and highly accurate software connected to the PAT specifies the
coordinates of the drop and fits the Gauss-Laplace equation to the formed profile
drop. The Gauss-Laplace equation (Eq. 3-2) describes the relationship between

the curvature of the liquid meniscus and the surface tension [157, 158]:

Ap = (1 + 1) Eq. 3-2
p - y Rl RZ q' -
where Ap is the pressure difference across the interfacial layer, y is the

surface/interfacial tension, and R, and R, are the principal radii of the curvature

1
(Figure 3.12). The meridional and azimuthal curvatures are defined as I and
1

1
I respectively, and are given by Eq. 3-3 and Eq. 3-4 [157, 158]:
2

1 _dé Eq. 3-3
R, ~dS A
i_sin¢ Eq. 3-4
R, x

where ¢ and S are the angle of tangent to the profile and the arc length along the
profile, respectively. Considering the effect of gravity as an external field, the

weight of the column of the liquid with a height of z is added to Eq. 3-2.
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Therefore, under the constant density of both phases, the equation will be
demonstrated as below [157, 158]:

2y __(d¢  sing
b 09 =r (g5 )

where b is the radius of the curvature at the drop apex, Ap is the density

Eq. 3-5

difference between the drop and the medium surrounding it, and g is the
gravitational acceleration constant. For axisymmetric profiles, the two principal
radii become equal at the drop apex where z = 0. Therefore, the parameter 2y

comes into the equation.
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dx

ds\_|dz
¢

> X

Figure 3.12 Coordinate system for a drop.

If we divide both sides of Eq. 3-5 by % the starting point for the calculation

algorithm will be obtained:
dp ) Apgb?z*  sin¢
as y x*

Eq. 3-6

where S$*, z*, and x* are the dimensionless arc length, vertical and horizontal

coordinates, respectively, and are shown as below:

S

s =3 Eq. 3-7
. Z

2= Eq. 3-8
. X

x'=3 Eq. 3-9

58



The Eq. 3-6 can also be rewritten as:
d¢ sin
=2—Bo.z* —
ds* 0z x*

in which, Bo. is the dimensionless Bond number (E6tvds number). This number

Eq. 3-10

which compares the gravitational and surface tension forces is defined as below:

Apgb?
Bo.= P9
14
When the drop is formed at the tip of the capillary, the extracted profile

Eq. 3-11

coordinates will be compared with the theoretical profiles obtained from the
Gauss-Laplace equation (Figure 3.13). Then, the best fitting curve for the
experimental points corresponds to the optimal surface tension and it is
calculated as the only free parameter [157, 158].

e e e .

Figure 3.13 A pendant drop and a family of the theoretical curvatures fitting the
experimental points (red points) in the PAT [159].

Using PAT, the dynamic interfacial tension is measured continuously as a
function of time (Figure 3.14). When the adsorption equilibrium is reached, the
surface tension plot vs. time gets plateau, and the quantity of the surface tension
can be attributed to the solution or dispersion.

As it is demonstrated in Figure 3.14, the software installed on the system also
plots the volume of drop during time if we keep the surface area of the drop as

one of the constant parameters.
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Figure 3.14 An example of typical plot of the dynamic interfacial tension vs. time for
the aqueous solution of SDS with the concentration of 1e-5 M at 25 °C.

3.5.2 Method of Analysis

In PAT, there are some general parameters that must be defined by the user.
The mode of the equipment, the second phase in which the drop or bubble is
formed, i.e., the surrounding medium, and the density difference between these
two phases are defined by the user. Moreover, the temperature inside the
measuring cell, the diameter of the steel capillary (e.g., 2 mm in this study), and
the controlled parameter which can be either the volume or the surface area of
the drop and/or bubble are other parameters that must be defined by the user.

As it is demonstrated in Table 3.3, we worked on two categories of
experiments. The first one was the ionic surfactants, i.e., CTAB and SDS, with
and without particles. Based on the applications of these surfactants which
mainly included the products used in room temperature, the working temperature
was set at 25+0.2 °C. For the second category of the experiments related to the
lung surfactant model, the temperature was kept constant at 37+0.2 °C which
simulates the lung temperature [160]. Other parameters were equal in both

categories of the experiments.
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Table 3.3 The general settings of PAT and the quantity of the parameters for two
categories of experiments, i.e. ionic surfactants and lung surfactant model.

Parameters . Density Capillary |Constant
Surrounding| Temperature
Mode ) Difference Diameter | Area
Medium (°C)
Category of (g/cm?®) (mm) (mm?)

Experiments

lonic Surfactants | Pendant
(CTAB and SDS) drop

Air 0.997 25+0.2 2 25

Lung Surfactant | Pendant
Model (DPPC) drop

Air 0.997 37+0.2 2 25

The internal density related to the liquid phase was assumed as equal to the
density of water. Therefore, the density difference was the difference between
water density and the density of air as the external phase. To avoid the
complexities related to the relationships between the temperature, vapor
pressure, and density, the density difference in all cases in the experiments was
considered the same and equal to the quantity mentioned in Table 3.3.

As mentioned in section 2.5.1, if we consider the diameter of the alveoli as
0.3 mm with a spherical shape, its surface area is calculated using the below
equation:

A = 4nr? Eqg. 3-12
where 7 is the radius of the sphere, and A is the surface area of the sphere.

Therefore, the surface area of one single alveoli will be:
2

A=4%x314+« (02—3> = 0.28 mm?

The surface area of the real alveoli is very small. Because of the instrumental
limitations, we had to use the optimum quantity of surface area. This quantity
must be as large as it does not cause any failure during the experiment time. The
examples of the failure are the evaporation of the drop because of its extremely
small size and the difficult visualisation of that drop by the software. Therefore,

the constant surface area of 25 mm? was considered in our experiments.
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This magnitude is almost 100 times more than the real scale for the
experiments on the lung surfactant model. In addition, the interfacial tension,
I.e., the surface tension at the interface, is one of the macroscopic mechanical
properties of the fluid-fluid interfaces. However, the effective interfacial tension,
which can be measured by PAT, is one of the operationally valid properties for
description of interfacial layers at smaller scales, even microscopic interfaces
which have been changed to non-homogeneous interfacial layers by the
adsorption of nanoparticle onto them [17].

Before starting the experiments with surfactant-contained solutions and
dispersions, all parts of the tensiometer in contact with the liquid samples were
cleaned using isopropyl alcohol (IPA) and ultrapure water. To avoid any
contamination, the PAT was run with the ultrapure water for at least one day, at
different intervals.

Surface tension of water is a function of temperature. Using the experimental
data in scientific literature [161], we plotted the surface tension of water against
temperature over the range of 5-100 °C (Figure 3.15). Over this range, there is
a linear relationship between the surface tension and temperature. Therefore, the
linear equation will be:

y = —=0.1691T + 76.183 Eqg. 3-13
where T represents the temperature. The coefficient of determination, also called
R-squared, was greater than 0.99. It shows that the linear model in this range of
temperature is an appropriate fit. Using interpolation, the surface tensions of
water at the temperatures of 25°C and 37°C were calculated as 71.99 mN.m™

and 69.93 mN.m™, respectively.
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When PAT is used for tests of DI water, it must show two features to make

sure that there is no contamination or impurity in the system, and the instrument
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Figure 3.15 Surface tension of water against temperature.

is calibrated:

To avoid the evaporation of the drop during the experiments which took more
than 2500 s, based on the category of the experiments, the surrounding air in the
measuring cell should be saturated with water vapor. So, at the start of each
experiment, we assured that there is a layer of water with a thickness of at least
3 mm at the bottom of the measuring cell (glass chamber).

It should be noted that the time interval, i.e., the time between measured
points, was 1 s in all experiments (Figure 3.14). Minitab® 18 Statistical Software
as well as Microsoft Excel Software were utilised for data analysis and statistical
studies of the data [162]. For fitting the best adsorption isotherm model to

experimental data, the IsoFit programme was applied [163].

The surface tension must be equal to the standard quantity for each

temperature (Figure 3.15).

The surface tension must show no significant kinetics over several

hours.
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3.5.3 Limitations of Profile Analysis Tensiometer (PAT)

The PAT instrument has been widely used for measuring the interfacial

tension of the air-liquid and liquid-liquid systems containing solid particles.

However, this instrument has its own limitations that should be considered

during its operation and data interpretation. Some of these limitations

encountered in this study are mentioned here:

This instrument is significantly sensitive to the surrounding noises, such
as light, movement, and sounds. The best place to put this instrument in
the laboratory would be on the vibration control tables and, possibly, in
the dark rooms or areas. Otherwise, the calibration must be done every
time before starting a new series of tests. Moreover, the chamber, camera,
and light source should be carefully insulated using aluminium foils.
The over-sensitivity of the PAT instrument to the noise will result in the
out-of-range data whilst measuring the interfacial tension. If those out-of-
range individual points are seen in the interfacial tension graph, they must
be removed by the software such as MATLAB or Minitab before
analysing the data. This means that, based on the user and analyser, the
accuracy of data obtained from PAT may be changed.

Using liquid systems that contain two or more different immiscible
solvents, such as water and chloroform, should be considered
precautionarily. Putting the sample in its testing position (Figure 3.11)
even immediately after the mixing procedure will probably result in the
separation of the immiscible phases. This means that the tip of the tube
may suck the solution from either phase in each experiment. Therefore,
the variation of the results happens, and the obtained results are not
reproducible or accurate. Even if someone puts the sample on a stirrer
next to the PAT set-up, the sample will still be pumped in the syringe
(Figure 3.11) which has a static position. This means that the phase
separation will happen in this case as well.

The temperature is another important factor that should be monitored

carefully in this device. Although the external thermostatic bath (Figure
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3.11) is used to control the temperature in the chamber, the final
temperature in the chamber is not the one set on the thermostatic bath. The
temperature shown on the control screen of the bath should normally be
slightly (2-3 °C) higher than the desired temperature in the chamber. This
is a normal calibration between the temperature inside the chamber and
the bath temperature. However, it should be considered when the PAT
equipment is used. The higher temperature of the bath might also depend
on the temperature of the room where the bath is located. Therefore, this
temperature must be controlled every time before the start of the
experiments on each specific day. The temperature recorded by the
software of the device is the one measured in the chamber and probed by
the sensor.

The next limitation of the PAT is also related to the temperature control.
When the sample is located at the sample testing place (Figure 3.11), the
temperature is the room temperature. Therefore, the droplet formed at the
tip of the capillary is not initially at the desired operating temperature in
the chamber unless the operating temperature is the room temperature.
This means that, in case of interpreting the data before reaching the
equilibrium, the effect of temperature and equilibrium of the droplet must
always be considered as a variable. To avoid this problem or to minimise
this effect, before starting each measurement in PAT, the first sample
should be put in the ultrasonic bath in the temperature equal to the
operating temperature in the chamber. It should be noted that the effect of
temperature changes before reaching to the equilibrium conditions cannot
be totally removed as the sample will be pumped in and out of the syringe.
Therefore, the initial droplet is hardly at the desired temperature. It is
noteworthy to consider the length of the metal capillary as an appropriate
solution to this issue. This metallic capillary helps the liquid inside the
capillary reach the desired temperature faster.

In PAT, whenever a measurement is done, the tubes and the pumping
syringe must be emptied before the start of the next test. Generally, to
avoid any contamination in the stock of the first sample, all the liquid in
the tubes and syringe will be disposed in the glass cell in the chamber.
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That means that there is always sample waste in this instrument.
Therefore, if someone needs to do experiments other than interfacial
tension measurement on the same sample (for example, NMR and zeta
potential measurement), a larger amount of stock solution of the samples
is required for the sake of consistency among the results.

e When working with the dispersed solid particles in a liquid, the cleaning
of the PAT instrument should be considered carefully. The internal
diameter of the tubes of this instrument is 1.6 mm. This small size of tube
and careless cleaning of the tubes will result in cross-contamination. To
avoid such possible contaminations, especially when working with
different nanoparticles, it is better to change those polytetrafluoroethylene
(PTFE) tubes after each set of experiments on a specific particle.

Despite all the above-mentioned limitations, if they are seriously considered,
the PAT could still provide accurate results at higher temperatures. Therefore, it
can be a good choice specially when the dynamic interfacial tension and
rheology measurements are required [145].

3.6 Spectrum Width Measurement

Optical fibre method will be used as an alternative method for measuring the
critical micelle concentration (CMC) of surfactants in this work. The optical
fibre sensor was a single mode-no core-single mode (SNCS) fibre structure. In
this structure, a short section of silica no core was fusion spliced between two
traditional single mode fibres [164]. The diameter of the silica no core was 125
um. The length of the sensing region was 5 cm.

One of the equipment used for this purpose was super luminescent diode
(SLD) as the light source of a class 1M laser working in the range of 1450-1660
nm. The optical spectrum analyser (OSA), model AQ6370C, Yokogawa Test &
Measurement Corporation, Japan, was the other machine applied in this study.
The working range of the OSA was 600-1700 nm.

An aluminium cell with one open facet to air was used as the container of the

surfactant solutions in direct contact with the optical fibre (Figure 3.16). The
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response of this set-up was spectrum width centre, 4. The 4, was measured four

times for each solution at room temperature.

Figure 3.16 The set-up for aluminium cell and the optical fibre sensor sunk in the
surfactant solution.

3.7 Interfacial Rheology Measurement

Interfacial rheology of the monolayers of DPPC was studied using the same
device for interfacial tension measurement, i.e. PAT (section 3.5.1). In fact, the
perturbation of the interfacial area for the systems containing surfactants affects
the adsorption of these molecules onto the interface, and this will result in a
change of the interfacial tension measured as a function of time. As discussed
before, the option of controlling the surface area and/or the volume of the drop
allows the investigation of the dynamic interfacial tension and interfacial
responses to the perturbations in the surface area of the drop. These studies,
known as drop oscillation methods or perturbation-response methods, are used
to measure the viscoelastic properties of the adsorption layers. This means that
the PAT allows the measurement of dilatational elasticity and viscosity.

The viscoelastic parameters are calculated via Fourier analysis. In
mathematical point of view, the linear viscoelasticity is defined either in the time
domain (Eqg. 3-14) or in the frequency domain (Eg. 3-15).
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t

Ay(t) =y(t) —y, = f F 1 {e(w), T}AA(t — 1) /ApdT Eq. 3-14

0

Ay(w) = e(w)AA(w) /A, Eqg. 3-15
where t and t are the real time and dummy time in the convolution integral,
respectively. F is the Fourier transform operator, € is the interfacial dilatational
modulus, AA/A, is the relative area change, and w is the angular frequency. It

should be noted that:
Ay(w) = F{Ay(t)} Eqg. 3-16
AA(w) = F{AA(t)} Eq. 3-17
When the perturbations of the interfacial area are small and not far from the
equilibrium state, Eq. 3-14 and Eq. 3-15 provide this possibility to express the
periodic or transient processes by a linear time-invariant distributed-parameter
dissipative system. This assumption can be taken into consideration when the
response amplitude is directly proportional to the amplitude of the perturbation.
In such a linear model, £(w), interfacial dilatational modulus, is an intrinsic
characteristic of the system which describes the dynamic of the adsorption layers
by making the relationship between the surface area changes and the interface
response obtained as the changes in surface tension within time. If a system is
within the linear regime, a harmonic multi-frequency change in the surface area,
AA(t)/Ay, results in the similar harmonic multi-frequency composition for the
system’s response, Ay(t). In fact, in a linear system, it is important to assume
that all the perturbations are small enough. As quantitative criteria, the below

conditions are considered:

A KAy and Ay Ky, Eq. 3-18
where AA is the amplitude of the surface area oscillation, A, is the equilibrium
surface area, and y, is the equilibrium interfacial tension [165].

In real interfacial systems, a nonlinear dynamic behaviour is observed by
increasing the time scale and amplitude of the interfacial strain. This behaviour
depends on the chemical composition of the system. In fact, there is the memory
resulted from the relaxation processes in these systems. One of the mathematical

resources to describe the behaviour of these systems is Volterra series (Eq. 3-19).
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Eq. 3-19

where k,, is the mathematical n-th order Volterra kernel. This equation includes
the terms for the memory, linearity, and nonlinearity. However, because of the
lack of the efficient numerical algorithm and experimental techniques for the
kernel measurement, simplifying approaches are sought to describe the
behaviour of such systems.

One of these approaches is to consider the system as a weakly nonlinear case
with memory. In this system, the nonlinearity extent is described by the Total
Harmonic Distortion (THD) parameter. This parameter can be used as an index
to assess either the validity of linearity assumption or quantitative assessment of
nonlinearity of the interfacial systems.

As mentioned before, in studies conducted by PAT, Fourier series (Eq. 3-14
and Eq. 3-15) is usually used to analyse the viscoelastic parameters in a weakly
nonlinear interfacial system. Based on the specific assumptions mentioned above
for Eq. 3-18, the systems in this study could also be potentially considered as
linear ones. Using Eq. 3-15 from Fourier analysis, the dilatational modulus or

viscoelastic modulus is obtained as below:

e(@)] = ) £q, 3-20
AA(w)/ Ao
in which, w is defined by the below equation:
w = 2mv Eqg. 3-21

where v is the frequency. Two parts of the dilatational modulus, i.e., the real and
imaginary parts, are defined from below equations:
¢ = |e(w)| cosb Eqg. 3-22
¢ = |e(w)|sinb Eqg. 3-23
where 0 is defined as the phase difference between Ay and AA. The schematic
diagram of the mentioned parameters has been shown in Figure 3.17. The phase
difference or the loss angle, 0, between the interfacial tension and surface area

can be defined as below:
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6 = tan‘l(i—’,’) Eqg. 3-24
where €' and &’ are the real and imaginary parts of the viscoelastic modulus,
respectively. The real part accounts for the dilatational surface elasticity, and the
imaginary part can be defined as below:

" = wu Eg. 3-25
where u is the dilatational surface viscosity.
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Figure 3.17 Example of the augmented image of the oscillation at the frequency of 0.1
Hz and amplitude of 1% area deformation. Red and blue dots correspond to the surface
area and interfacial tension, respectively.

The THD is another parameter in such interfacial systems, and it is defined as
the ratio of the amplitude values of higher harmonics (a,, as, ..., a, in Eq. 3-26)
to the amplitude related to the measured fundamental frequency (a4 in Eq. 3-26).

THD = (a5 +a% + -+ a,21)1/2/a1 Eq. 3-26

The THD is also stated as a percentage of the amplitude of the fundamental

frequency. For linear systems, when there are small-amplitude disturbances, the

THD values are small and less than 5%. The THD values more than 5% show

the nonlinearity.
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To propose a reliable model that can distinguish between significant signals
and noises, it is assumed that the response signal is the result of the fundamental
oscillation and higher harmonics up to the fifth order. So, the remainder terms
are considered as noise [133].

Based on the above-mentioned principles, the rheology experiments were
conducted using the PAT. It should be noted that the range of the smooth
oscillation provided by the piezo system of this device (PAT1M, SINTERFACE
Technologies, Germany) was 0.001 to 1 Hz [166]. The details about the design
of the rheology experiments have been described in Section 3.7.1.

3.7.1 Design of Experiments based on Breathing Patterns
(Amplitude and Frequency)

The interfacial tension of the air-liquid interface of the solutions and
dispersions containing DPPC (Section 3.1.3 and Section 3.1.4.1) was determined
using PAT with the details mentioned in Section 3.5.2. The measurement of
interfacial tension and dilatational rheology for each sample was repeated three
times based on the following protocol:

After the equilibration condition was achieved at 37+0.2 °C, the sinusoidal
oscillations were applied at 2500 s using the piezo system of PAT. For some of
the samples that did not reach the equilibrium condition within 2500 s, the
experiments were performed at 4000 s, when it becomes an equilibrium
condition.

In PAT, the option of controlling the surface area of the drop allows the
investigation of the dynamic interfacial tension and interfacial responses to the
perturbations in the surface area of the drop. To do this study, the amplitude
sweeps were performed at amplitudes of 1%, 2%, 5%, and 10%, where the
frequency was increased step-by-step from 0.1 Hz to 0.125 Hz, 0.25 Hz, and 0.5
Hz. At any defined frequency and amplitude, five compression-expansion cycles
were performed.

It should be noted that the frequencies were chosen based on the details of

breathing patterns of healthy human beings with different gender and age groups
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[167, 168]. The breathing frequency related to the various age groups has been
listed in Table 3.4. The frequencies selected in this study, i.e., 0.1 Hz to 0.125
Hz, 0.25 Hz, and 0.5 Hz, simulate the range of breathing frequencies from adults

(both normal and deep breathing) to 5-year-old age group.

Table 3.4 Breathing frequency in quiet and deep breathing at different age groups.

Age Group

Breathing Pattern Frequency
1 year | 5years |15 years| Adult

Quiet or Normal Breathing Frequency (Hz) 0.72 0.5 0.31 0.24

Deep Breathing Frequency (Hz) 0.12"

*With 0.002 Hz difference between women and men.

The quantities of amplitudes were selected based on the lung parameters, such
as tidal volume and functional residual capacity [169]. Figure 3.18 shows that
the tidal volume, defined as the volume that is inhaled and exhaled during normal
or quiet breathing, is 8-10% of the total lung capacity. However, this amount can
be increased to more than the tidal volume, i.e., to the inspiratory reserve volume
during inhalation (expansion) and to the expiratory reserve volume during

exhalation (compression) [170].
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Figure 3.18 Static lung volumes and capacities [170].
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Based on the above-mentioned lung volumes and other experimental factors
such as instrument maintenance, the maximum perturbations, reliability, and
validity of the results, the amplitudes of 1%, 2%, 5%, and 10% were selected in

this study.

3.7.2 Methods of Analysis

The data analysis for the rheology measurements was done based on the
Fourier transform analysis with a linear approach. However, the analysis of the
total harmonic distortion and the curve fitting method to measure the first
harmonic Fourier moduli showed that the linear approach did not produce
realistic results for calculating the viscoelasticity parameters including the
complex viscoelastic modulus and the phase difference between interfacial
tension and surface area signals [21, 134]. Therefore, a nonlinear and more
realistic approach was considered to re-analyse the data. To our knowledge, it is
the first time that this method for the DPPC systems has been applied. Both linear

and nonlinear methods of analysis have been described in details in Chapter 7.
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Chapter 4

Surface Properties of the Agglomerates of Nano-

Pollutants

Nanoparticles possess a large surface area to volume ratio. This characteristic
results in tremendously reactive interfaces among nanoparticles, or with other
components in the local environment. The high surface energy of nanoparticles
results in the strong tendency of these particles to form agglomerates [171].
Therefore, sizes and surface properties of nanoparticles determine their
agglomeration states and interactions with the surrounding medium, especially
those living matters under physiological conditions.

The agglomerates of nanoparticles are important for the biological media and
environment. The assembly of nanoparticles with different geometries at fluid-
fluid interfaces could have many applications in different fields such as
detergents, coatings, pharmaceuticals, and oil refining [172]. Therefore,
characterisation of surface properties of nanoparticles and their agglomerates is
essential to understand the nature of these agglomerates and elucidate fluid-fluid
interfacial behaviours of those agglomerates.

In this chapter, three types of nanoparticles including anatase form of titanium
dioxide (ATD), rutile form of titanium dioxide (RTD) and multi-walled carbon
nanotube (CNT) were characterised. In addition to the shape characterisation of
these nanoparticles’ agglomerates, their surface charges were also measured and
reported.

The Gel Trapping Technique (GTT) was primarily used to calculate the three-
phase contact angle of nanoparticles at air-water interfaces. Therefore, the
geometry and attachment of some of the agglomerates of nanoparticles at air-
water interface were investigated using GTT. Furthermore, understanding the

details of the agglomerates of nanoparticles at air-water interface is critical in
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elaborating their behaviour in more sophisticated systems containing surfactants.
For this purpose, the interfacial tension of the aqueous dispersions of

nanoparticles was also measured in this chapter.

4.1 Results and Discussion

4.1.1 Shapes of Nanoparticles and Agglomerates

The shapes of the nanoparticles and/or their agglomerates have been analysed
in two different ways.

The first one is to check the shape in their dried states, and it was conducted
to understand the shapes of the particles or their agglomerates before they were
put in aqueous solutions. The method for this dried state was mentioned in the
Section 3.2.1.

The second one is to check the shapes of the agglomerates for the
nanoparticles at air-water interfaces. Based on the principles of GTT for
measuring the three-phase contact angle, the specified method (in the Section
3.2.3.1) results in a replica of air-water interface [151]. Any individual particles
and/or agglomerates observed on the PDMS replica will be the reliable
representatives of the shapes of that particle and/or agglomerates at the air-water
interfaces.

In this section, results of the shape analysis are reported for both the dried
agglomerates and the entrapped agglomerates at air-water interfaces obtained
from the PDMS replica using the GTT.

4.1.1.1 Dried Agglomerates of Nanoparticles

Based on the method mentioned in the Section 3.2.1, the SEM images of the
nanoparticles after the evaporation of IPA from the surface of the stubs were
obtained and analysed. The obtained results of the image analysis are shown in

Figure 4.1, Figure 4.2, and Figure 4.4. Moreover, the sizes of nanoparticles
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provided by the supplier were compared with those measured from the SEM

images in the laboratory. The comparative data are summarised in Table 4.1.

Table 4.1 Comparisons between the dried nanoparticles’ characteristics provided by

the supplier and analysed in the laboratory using SEM.

Size by Shape by Size by Internal
Nanoparticles Ssﬁapeiigg Supplier Internal Analysis
bp (nm) Analysis (nm)
ATD Sphere 20 Sphere” 38-68"
] Sphere and RodH .
RTD Rod-like 10-30 . 40-73
like
CNT Multi-walled | op: 10-30 Entwined OD: 45-103
Nanotube (L:1-2 pm) Nanotubes | (L: Not Reliable)

* Due to the limitations of SEM analysis, these results cannot be considered with
100% certainty for individual nanoparticles.

Using SEM, the shape of the agglomerates of ATD nanoparticles was detected

(Figure 4.1). The agglomerates are clearly porous. The shapes of individual

nanoparticles appear spherical as shown in Figure 4.1, a. However, the exact size

of these particles is difficult to obtain due to their agglomeration. These

nanoparticles were reported to be of the size of 20 nm by the supplier (Table

4.1).

500 nm

(b)

200 nm

Figure 4.1 SEM images of ATD after the evaporation of IPA at different resolutions.
The dashed square in image (a) has been magnified in image (b).
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Figure 4.1, b shows a higher magnification of part of the agglomerate of ATD
nanoparticles. Due to the limitations of SEM, the shape of individual
nanoparticles was unclear. However, for some detectable particles, the diameter
of those particles measured using ImageJ software was estimated as 38-68 nm.
As those particles might not be necessarily the individual nanoparticles, this size
range in Table 4.1 has been shown by an asterisk sign.

SEM images of the agglomerates of RTD nanoparticles are shown in Figure
4.2. The structure of the agglomerates was bi-porous or fractal. As shown in
Figure 4.2, a, the agglomerate of RTD nanoparticles seems to be more dense than
that of ATD nanoparticles (Figure 4.1, a).

500 nm

Figure 4.2 SEM images of RTD after the evaporation of IPA at different resolutions.
The dashed square in image (a) has been magnified in image (b). These images remind
either bi-porous or fractal structures.

According to Figure 4.2, the shape of the individual nanoparticles is varied
between spheres and rods. However, it seems that the rod shape is more dominant
because there are more particles with angular shapes. This can also be seen from
the Transmission Electron Microscopy (TEM) image provided by the supplier
(Figure 4.3).
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Figure 4.3 TEM image of RTD nanoparticles provided by the supplier.

To measure the size of the individual RTD nanoparticles, the equivalent
diameter method was used. The equivalent diameter is defined as the diameter
of a circle with an equal surface area of the measured area of a particle obtained
using the ImageJ software [173]. Based on this method, the size range of RTD
particles was obtained as 40-73 nm. As mentioned before, due to the limitations
of the resolution in SEM, this size range should not be considered accurate for
individual nanoparticles, as the particles can be either a single nanoparticle or
agglomerate of 2-3 nanoparticles.

SEM image analysis was also done for CNT agglomerates (Figure 4.4).
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200 nm

Figure 4.4 SEM image of CNTSs after the evaporation of IPA.

Images of CNT particles show that the nanotubes are entwined among each
other, and the agglomerates of CNT have shown irregular structures with
nanopores (Figure 4.4). The outside diameters (ODs) of the nanotubes were
measured at randomly selected points as shown in Figure 4.4. The range of the
OD obtained using SEM images was 45-103 nm, which is approximately 3.4-4.5
times larger than those of ODs provided by supplier (Table 4.1). This difference
might be due to either the actual size deviation from supplier’s information or
lateral agglomeration of the cylindrical shells of multi-walled carbon nanotubes.
These types of agglomerates are formed due to m—= interactions and van der
Waals interactions between nanotubes [174]. This hypothesis can be confirmed
using a high-resolution microscopy methods such as TEM, but unfortunately this
is not currently available in our laboratories.

Apart from the ODs for the agglomerates of CNT particles, the lengths of the
nanotubes were also measured. The obtained length range was between 0.73-
1.11 um which is smaller than the one reported by the supplier (1-2 um). The
reason of the smaller length obtained by image analysis could be that the
entwined (tangled) nanotubes penetrated the core of the agglomerates, which, in

turn, were difficult to be observed from the SEM analysis. For this reason, the
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obtained lengths of CNTs listed in Table 4.1 which were obtained internally in
the laboratory might not be reliable.

It should be noted that the sonication of the dispersions containing CNTs may
also cause the shortening of the nanotubes from the cap (i.e., the end-defect).
Therefore, the shorter length of the CNT particles observed from the SEM is not
necessarily due to the penetration of the nanotubes into the core of the
agglomerates. These sorts of defects can also happen at the surface of the
sidewall of CNT particles. The holes in the sidewall and open ends are
considered as the defect sites on the CNTs [174, 175].

4.1.1.2 Agglomerates at Air-Water Interface: PDMS Replica

Observation of the top views of PDMS replica obtained from GTT using the
SEM revealed the shapes of agglomerates of nanoparticles at air-water
interfaces. The SEM images of the agglomerates of the nanoparticles of ATD,
RTD, and CNT are shown in Figure 4.5, Figure 4.6, and Figure 4.8, respectively.
These images clearly show that for the ATD and RTD nanoparticles, it was
difficult to find the agglomerates of nanoparticles on the surface of PDMS. This
indicates that a large fraction of ATD and RTD nanoparticles has not been
attached to the air-water interface and could be remained in the aqueous phase.
Therefore, there were only some agglomerates detected (Figure 4.5 and Figure
4.6).
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200 nm 200 nm

Figure 4.5 SEM images of the top view of surface of the PDMS prepared by GTT for
the agglomerates of ATD nanoparticles. Both images are related to ATD nanoparticles
on the surface of PDMS.

As shown in Figure 4.5, the agglomerates of ATD nanoparticles have
irregular structures with a significant surface roughness, as the brightness of the
detected agglomerates is changed significantly from one position to another.
This can be a representative of their porous structures as well. The analysis of
the images related to the agglomerates of ATD nanoparticles at the air-water
interface on the PDMS replica show that the sizes of the agglomerates are in the
range of 99-509 nm at different locations. Although this size range is much larger
than those of raw nanoparticles of ATD, the size range is still less than 2.5 um,
which is the size range of particles that can arrive to the alveolar region of the
human lungs. That means that these agglomerates of ATD nanoparticles are the
appropriate representatives of nano-pollutants that can reach the alveolar region

of the human lungs [54].
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200 nm 200 nm

Figure 4.6 SEM images of the top view of surface of the PDMS prepared by GTT for
the agglomerates of RTD nanoparticles. Both images are related to RTD nanoparticles
on the surface of PDMS.

Figure 4.6 shows the SEM images of the agglomerated RTD nanoparticles
casted with PDMS. The structure of the RTD agglomerates is irregular and also
appears porous. The size of the agglomerates of RTD nanoparticles is in the

range of 69-512 nm at different locations.

(b)

20 um

Figure 4.7 SEM images of the top view of surface of the PDMS prepared by GTT for
(@) ATD and (b) RTD nanoparticles.
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As mentioned before, finding a single nanoparticle or even agglomerates of
ATD and RTD on the surface of PDMS is difficult. Instead, there were a notable
number of holes on the surface of the PDMS in both cases of ATD and RTD
(Figure 4.7, a and b).

The considerable numbers of holes for both the ATD and RTD cases and the
difficulties in finding their agglomerates on the PDMS can be associated with
the hydrophilicity of these particles and/or their agglomerates. The contact
angles of these agglomerates of ATD and RTD nanoparticles at the air-liquid
interface might have been small. Therefore, the hydrophilic agglomerates have
not been sufficiently protruded from the air-liquid interface. This has resulted in
much less entrapped agglomerates of ATD and RTD nanoparticles in the casted
PDMS.

The other reason for the presence of these holes might be associated with the
mechanical stretching during the preparation of the PDMS in GTT. It has been
reported that local stretching of the PDMS in GTT resulted in the formation of
microcavities on the surface of PDMS because some of the particles are pulled
out. It is also a method of preparing microporous surfaces [153, 176, 177].

Based on the above discussions about the presence of the holes in PDMS
replica of ATD and RTD, the average size of the holes can be used as a non-
direct indicator of the size of the agglomerates of ATD and RTD nanoparticles.

Based on the analysis of the diameters of the observed holes, the size range
of the agglomerates for the ATD and RTD nanoparticles are 1,022-2,030 nm and
850-1,686 nm, respectively. Although this magnitude of size of the holes is
considerably larger than those obtained by finding the real agglomerates
entrapped in the PDMS, the values obtained using the holes analysis might be
more statistically reliable because the number of analysed holes was more than
the number of real agglomerates of ATD and RTD found on PDMS.

Apart from the agglomerates of titanium dioxide nanoparticles, i.e., ATD and
RTD, the agglomerates of CNT particles on the surface of PDMS were also
observed using SEM to determine the structure and size of the agglomerates at
the air-water interface.

In the case of CNT particles, some individual carbon nanotubes on the surface

of PDMS (Figure 4.8) were detected when the SEM’s magnification was
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increased significantly with its high resolutions. However, the number of these

individual nanotubes protruded from the surface of PDMS is negligible.

100 nm

Figure 4.8 SEM images of the top view of surface of the PDMS prepared by GTT for
an individual CNT particle. Both images are related to CNT particles on the surface of
PDMS.

By measuring the diameter of different axial planes, the outer diameter of the
individual nanotubes was estimated. The size range of ODs for these
agglomerates of CNTs at air-water interface was 44-64 nm. This OD value is
approximately within the size range for the dried agglomerates of CNTs as listed
in Table 4.1.

It is impossible to measure the length of the nanotubes from the tope view of
PDMS because a large section of nanotubes has been trapped inside the PDMS.

Although finding individual nanotubes was difficult, the agglomerates of
CNTs were clearly observed on the surface of PDMS (Figure 4.9). It was
interesting to see that, despite ATD and RTD cases, there were no holes observed
on the surface of PDMS for the CNT agglomerates. Instead, many protrusions
from the surface of PDMS were found. The protruded areas in Figure 4.9 were

related to the agglomerates of CNT particles.
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200 nm

Figure 4.9 SEM images of the top view of surface of the PDMS prepared by GTT for
the agglomerates of CNT particles. Both images are related to CNT particles on the
surface of PDMS.

Figure 4.9 shows that the agglomerates of CNT particles are entrapped on the
surface of the PDMS. The structure of the agglomerates is irregular. These
agglomerates of CNT particles are formed due to van der Waals forces as

mentioned in Section 4.1.1.1.

4.1.2 Surface Charge

As mentioned in Section 3.2.2, zeta potential measurement was used to
measure the surface charges of nanoparticles (Table 4.2). The zeta potential or
electrokinetic potential is the potential of a charged particle. This potential is not
exactly a phase boundary potential. It is developed within the surrounding
solution region. For a surface charged particle, the zeta potential is the potential
difference between a point in the fluid medium at some distance from the surface
of particle and one point at the plane of shear [178, 179]. In fact, each particle is
surrounded by oppositely charged ions in a fixed layer called stern layer. Beyond
this fixed layer, there is a cloud-like layer in which there are both positive and

negative ions. The shear plane or slipping plane (under the diffusion layer) is the
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plane defined by the distance at which the colloidal structure with its chemically
bound ions move in the bulk through the solution.

Table 4.2 Zeta potential of nanoparticles or their agglomerates.

Nanoparticles Zeta Potential (mV)
ATD -31.46+7.11
RTD -0.11+0.11
CNT -49.02+8.21

Results of zeta potential measurement in Table 4.2 show that the ATD and
CNT particles are negatively charged. The zeta potential values for these ATD
and CNT particles are -31.46 mV and -49.02 mV, respectively.

The standard deviations of zeta potential of ATD and CNT particles are
considerably high. This can be attributed to the different sizes of agglomerates
which result in various surface areas. These varied surface areas of agglomerates
cause different values of surface charge densities, defined as the quantity of
charge per unit area. Based on a derivation from the Gouy-Chapman equation
(Eq. 4-1), there is a direct relationship between zeta potential, ¢, and effective
charge density, a.¢f [180, 181]:

e

Ocrf = +/8cNepgokpT sinh(ZkiT) Eqg. 4-1

where c is the ion concentration, N is the Avogadro constant, &, is the dielectric

constant, and &, is the vacuum permittivity. The kg and T stand for Boltzmann’s
constant and temperature, respectively.

In addition to the charge density, the porosity of the agglomerates affects the
measured zeta potential known as effective zeta potential. The real zeta potential
of the individual nanoparticles () can be estimated using the below equation:

lerr =C¢(1—p) Eq. 4-2
where ¢ is the effective zeta potential of the agglomerates which is measured
during the experiment. In this equation, p is the porosity. If the porosity is

known, the real zeta potential of nanoparticles can be calculated. Due to the lack
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of equipment, the measurement of the porosity was not possible. Moreover, the
equations developed for the zeta potential of the porous materials are more
complex than Eq. 4-2 suggested above [182]. It should be noted that zeta
potential values measured in this study are the effective zeta potential values of
the agglomerates of nanoparticles. For the sake of the brevity, the zeta potential
term is used for these values.

Therefore, the size variation and shape nonuniformity, in case of ATD and
CNT agglomerates, can be the sources of higher standard deviations of zeta
potentials, arising from non-uniform effective charge densities for particles of
the same composition in the dispersion.

In case of RTD particles, their values of zeta potential are negative. However,
the standard deviation shows that the surface charge of RTD nanoparticles or
their agglomerates has also been zero. This indicates that RTD nanoparticles do
not contain surface charges, or else, some particles are carrying a very small

amount of surface charges corresponding to the zeta potential of -0.11 mV.

4.1.3 Hydrophilicity/Hydrophobicity

4.1.3.1 Three-Phase Contact Angle at Air-Water Interface

The samples prepared for the top view under SEM (Figure 3.8, a) were not
suitable to detect the ATD and RTD agglomerates and measure the three-phase
contact angles of them at air-water interface (Figure 4.5, Figure 4.6, and Figure
4.7). Therefore, the samples were prepared for the side-view observations under
SEM (Figure 3.8, b) to observe if there were nanoparticles or their agglomerates
at the edges of the PDMS.

For the cases of the ATD and RTD, no nanoparticles or agglomerates were
found at the edges of PDMS. Only by focusing on the top surface of the samples,

one individual agglomerate of ATD nanoparticles could be found (Figure 4.10).
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Figure 4.10 SEM images of the side view of surface of the PDMS prepared by GTT for
the agglomerates of ATD nanoparticles when the top surface is observed.

The same observation method by focusing on the top surface of samples was
used for RTD samples. In this case, individual agglomerates of nanoparticles

were found (Figure 4.11).

Figure 4.11 SEM images of the side view of surface of the PDMS prepared by GTT
for the agglomerates of RTD nanoparticles when the top surface is observed. Both
images are related to RTD nanoparticles on the surface of PDMS.

Using the data from only one or two nanoparticles and/or agglomerates of

nanoparticles cannot be a reliable method to find and calculate the average value
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of the contact angles of particles at the air-water interface from the statistical
point of view. The difficulties in finding the agglomerates of the ATD and RTD
nanoparticles on the surface of different samples of the PDMS and the presence
of the holes on the surface of PDMS for ATD and RTD samples (Figure 4.7
discussed in Section 4.1.1.2) could be associated with the hydrophilicity of ATD
and RTD nanoparticles.

In case of CNT particles and their agglomerates, the situation was different
from those for ATD and RTD. Finding the aggregates of CNT particles at the
edges of PDMS was more convenient (Figure 4.12 and Figure 4.13). By focusing
on the top surface of the same samples and using stage tilting option in SEM,
CNT particles were easily detected.

Figure 4.12 SEM images of the side view of surface of the PDMS prepared by GTT
for the agglomerates of CNT particles when (a) the top surface is observed and (b) the
tilting angle is -14°.

As shown in Figure 4.12, the agglomerates of CNT particles were detectable
on the surface of the sample (Figure 4.12, a) which confirms what was observed
in Figure 4.9. By tilting the stage and focusing on the surface of these samples,
the protrusions of the CNT agglomerates from the surface of the PDMS can be

recognised (Figure 4.12, b).
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Figure 4.12, b clearly shows the differences in the shape and size of the
agglomerated CNT particles at the surface of PDMS, which, in turn,
demonstrates the diversity of the shapes and sizes of the CNT agglomerates at
the air-water interface.

The other interesting point related to Figure 4.12, b is about the orientation of
one nanotube or probably an agglomerate of nanotubes at the surface of PDMS.
As it can be seen in this figure, there is a ring-like structure on the surface of
PDMS. This nanostructure shows that how the CNTs can be bent into different
curved shapes. The agglomerates with different shapes and sizes can affect the
kinetics of the adsorption of particles at fluid-fluid interfaces even if the nature
of nanoparticles is the same, i.e., CNT particles [183].

In addition to the surface of the samples of PDMS entrapping CNT
agglomerates, their edges were also observed using the SEM (Figure 4.13).

It should be emphasized that, in Figure 4.13, the surface of PDMS is a replica
of the air-water interface containing the agglomerates of CNT particles. In
details, any protrusion from the surface of the PDMS represents those parts of
the CNT agglomerates which tend to be at the air-water interface or even in the
water phase.

Figure 4.13 a shows the agglomerates of CNT particles at the surface of
PDMS, which was cut on its surface. There are several randomised shapes of the
agglomerates, whereas finding single nanotubes and calculating their contact
angle at the interface is not possible. Some places in Figure 4.13, a show the
protrusion of the single nanotubes from the surface of PDMS (Figure 4.13, b and
Figure 4.13, ).
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Figure 4.13 SEM images of the edge of surface of the PDMS prepared by GTT for the
agglomerates of CNT particles when the tilting angle is (a) -7°, (b) 0°, and (c) -7°.

In Figure 4.13, b, the nanotube at the edge of the surface of PDMS is observed.
This shows the tendency of some parts of the surface of the nanotubes toward
the aqueous phase. It is seen that the nanotube has been tangentially located on
the surface of the PDMS, meaning that the nanotubes are lying down on the plane
of interface, and the end part of the nanotube has been protruded from the surface
of PDMS. Behind that nanotube, a ring-like agglomerate such as the one
observed in Figure 4.12, b is also seen.

This sort of protrusion from the surface cannot be the effect of cutting the

surface of the PDMS and damaging the structure of the agglomerates at the edge.
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Figure 4.13, ¢ shows that the protrusion of the end part of nanotubes has also
happened on the top surface which is far from the cutting edge.

As mentioned before, the measurements of the contact angles of CNT, ATD,
and RTD nanoparticles or their agglomerates at the air-water interface were not
successful. For calculating the contact angle, both height of the protrusion and
average diameter (or radius) of the particles were required.

In cases of the ATD and RTD, the number of the agglomerates of particles
entrapped and found at the surface of PDMS was not enough. Therefore,
measuring the contact angle only based on one or two protrusions is not
statistically reliable.

For the CNT particles, different shapes of the agglomerated CNTs of micron
size were detected. These various shapes indicate the polydispersity of the CNT
particles and non-uniformity of the system containing these nanoparticles. The
range of the size of CNT particles provided by the supplier (Table 4.1) also
confirms that the samples of CNT particles are naturally polydispersed. This
polydispersity is in both diameter and length of the CNT particles. However, the
larger polydispersity is expected to be related to the length of CNT particles as
listed in Table 4.1, which was also previously confirmed in reference [184]. Due
to the polydispersity of the CNT particles and the various shapes of their
agglomerates at the interface, the estimation and calculation of the contact angle
were not practical.

Despite the obstacles in measuring the contact angles of the aggregations of
CNT particles using the GTT, it is possible to elaborate the attachment and
orientation of these shape-anisotropic agglomerates at air-water interface using
the robust method of GTT [177]. The visualisation of the microstructures on the
PDMS surface elucidate the adsorption behaviour of the agglomerates at the air-
water interface.

Based on the configurations distinguished for CNT agglomerates on the SEM
images (Figure 4.12 and Figure 4.13), the possible orientations and attachment

situations of CNT agglomerates are summarised in Figure 4.14.
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Figure 4.14 The possible positions of CNT particles or agglomerates at air-water
interface. The positions include (a) nanotubes lying down on the plane of interface, (b)
nanotubes crossing each other and forming agglomerates, (c) bent nanotubes in the
aqueous phase, and (d) nanotubes along the interface with their end sticking to the
aqueous phase.

As mentioned before, many nanotubes and their agglomerates tend to be
orientated along the air-water interface (Figure 4.14, a). The protrusions from
the surface of PDMS also show a possibility that nanotubes are crossing each
other at the air-water interface (Figure 4.14, b). Moreover, some random ring-
like shapes were found on the surface of PDMS. These rings represent the bent
nanotubes in the water phase (Figure 4.14, c). In addition to these types of
attachment at the interface, the end parts of some of the nanotubes tend to stick
into the aqueous phase whilst their length is still along the air-water interface
(Figure 4.14, d).

The types of the attachment of multi-walled CNT particles mentioned in
Figure 4.14, b-d, are related to bend buckling behaviour of the multi-walled CNT
particles. To the best of my knowledge, this type of configuration of CNT

particles, i.e., bend buckling, at the air-water interface has not been reported
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before. However, it has been proved that the multi-walled CNT particles show
bend buckling behaviour under stress [185].

One might think that only the effect of the weight of the PDMS on the CNT
particles or their agglomerates causes such an effect. However, there are other
possible sources of the compressive stress on the CNT particles. For examples,
this compressive force can arise from either the weight of the other nanotubes
crossing the buckling bent nanotube or the weight of the trapped water in the
holes formed by the CNT agglomerates.

The suggested ways of attachment and orientation of the CNT particles at air-
water interface are based on the SEM images taken in this study. It should be
noted that there might be other types of configurations. The surface properties
such as surface charges and functional groups of the particles also strongly affect
the shape of the agglomerates and their configurations at the interface [177].

4.1.3.2 Interfacial Tension

The interfacial tension at air-water interface of the dispersions of 0.01 wt %
of nanoparticles in DI water was measured. The method was described in Section
3.2.3.2. To show the estimated equilibrium time, the examples of measurement
results for each dispersion of nanoparticles are shown in the logarithmic scale in
Figure 4.15. For clarity of data points, the out-of-range points obtained due to

the noises in the laboratory were removed.
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Figure 4.15 Dynamic interfacial tension of the dispersions of nanoparticles with the
concentration of 0.01 wt % in DI water at 37°C in log-log coordinates. The dashed line
is the representative of the interfacial tension of DI water at 37°C. The hollow purple
dots were used for data related to RTD so that the green data points related to ATD can
be recognised.

As shown in Figure 4.15, the equilibrium interfacial tension of the dispersions
of the ATD and RTD nanoparticles are in the same range. Therefore, the data
points for ATD and RTD are overlapping in the graph. After measuring the
dynamic interfacial tension for three times, the average values of interfacial
tensions for the dispersions of ATD and RTD nanoparticles are 69.96 mN.m
and 69.91 mN.m, respectively. These values are corresponded to 1.8448 and
1.8445 of the log interfacial tension on Figure 4.15. The interfacial tension of DI
water at the same temperature, i.e., 37 °C, is equal to 69.93 mN.m™ (1.8447 in
the logarithmic scale). Therefore, the interfacial tension of ATD dispersions is
slightly higher than that of DI water, whereas the interfacial tension of RTD
nanoparticles is slightly lower than that of DI water. Therefore, the deviation of
interfacial tension of DI water upon adding ATD and RTD nanoparticles is from
hundredths order of magnitude.

In case of the dispersions of the CNT particles, the equilibrium interfacial

tension was considerably higher than that of DI water. The obtained average
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value of the interfacial tension of CNT dispersion was 70.66 mN.m (1.8492 on
the log interfacial tension axis in Figure 4.15).

The first difference between the interfacial tension values of the dispersions
of CNT and those of both crystal forms of TiO. nanoparticles was the order of
magnitude of deviation from the interfacial tension of DI water. The deviation
of the interfacial tension of CNT dispersion from that of DI water was from
tenths order of magnitude, whereas it was of hundredths order of magnitude for
the dispersions of ATD and RTD nanoparticles. The second difference was the
time that it took for the dispersions to reach the equilibrium interfacial tension
and plateau position of graph. As shown in Figure 4.15, the dispersions of ATD
and RTD reached their plateau within 150 s (2.1761 on the log time axis),
whereas it took 350 s (2.5441 on the log time axis) for the CNT dispersion to
reach its plateau.

Table 4.3 Interfacial tension of the dispersions of nanoparticles with the concentration
of 0.01 wt % in DI water at 37°C.

Nanoparticles Interfacial Tension (MN.m™)
ATD 69.96+0.005
RTD 69.91+0.03
CNT 70.66+0.06

The results of the interfacial tension measurement of the dispersions of
nanoparticles in DI water have been summarised in Table 4.3. This table also
shows the value of standard deviation obtained from the multiple measurements.
The largest standard deviation is associated to CNT dispersion in DI water. This
can be due to the various shapes of the agglomerates of CNT particles at the air-
water interface (Section 4.1.3.1) which cause more deviation in multiple

measurements for the same sample.
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4.2 Summary

In this chapter, characterisation of three different nanoparticles including
anatase form of titanium dioxide (ATD), rutile form of titanium dioxide (RTD)
and multi-walled carbon nanotube (CNT) was performed.

Analysis of the shapes of the above-mentioned nanoparticles and/or their
agglomerates in the dried state showed the porous nature of the agglomerates of
titanium dioxide nanoparticles either with anatase or rutile crystal forms.
However, the agglomerates of the RTD nanoparticles were denser than those of
ATD nanoparticles. This was consistent with the less surface charges of the RTD
nanoparticles compared to those of ATD nanoparticles. As the surface charges
of RTD nanoparticles were small, the repulsion forces between these particles
were also small, which in turn, caused the denser agglomerates. No accurate
information was obtained for the sizes of the individual nanoparticles due to the
instrumental limitations. The shapes of the individual ATD and RTD
nanoparticles were consistent with the information provided by the supplier,
meaning that the ATD and RTD nanoparticles had spherical and rod-like shapes,
respectively.

The CNT nanoparticles were entwined among each other resulting in the
agglomerates with irregular structures containing nanopores. These structures of
the agglomerates of CNT particles were not as dense as those of titanium dioxide
nanoparticles. This was also consistent with the higher surface charges of the
CNT particles, if compared with those of ATD and RTD. Therefore, the surface
charges of the nanoparticles were the indicator of the porosity and/or the
compactness of the final structure of their agglomerates.

The three-phase contact angle measurement at air-water interface using the
GTT was not successful for the nanoparticles and/or their agglomerates in this
study. However, useful qualitative information was provided using this
technique. The hydrophilic features of the agglomerates of ATD and RTD
nanoparticles and hydrophobic characteristic of the agglomerates of CNT
particles were clearly proved based on the holes or entrapped nanoparticles on
the surfaces of the PDMS used in GTT.
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It was also revealed that the possible configurations for CNT agglomerates at
the air-water interface are not limited to simple positions of nanotubes lying
down on the plane of interface. More positions including nanotubes crossing
each other, bent nanotubes in the aqueous phase, and nanotubes along the
interfaces with their ends sticking to the aqueous phase were found. These
structures at the air-water interface are arising from the bend buckling behaviour
of the multi-walled CNT particles. These structures which have not been
considered in the studies of air-liquid interfaces containing CNT particles,
should be treated carefully in these interfacial studies because these structures
are one of the sources of complexity in the interfacial systems.

Finally, the hydrophobic CNT particles with a concentration of 0.01 wt % in
DI water showed a higher interfacial tension in comparison with hydrophilic
ATD and RTD nanoparticles with the same concentration in DI water.

The results of this chapter can also be used as a reference of the potential
characterisation methods for the studies investigating the nanoparticles at the

fluid-fluid interfaces.
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Chapter 5

Nano-Pollutants in Contact with Industrial Surfactants

Foams are defined as an aggregation of gas bubbles separated from each other
by a thin layer of liquid called a liquid film [186]. The separated bubbles are
connected through Plateau borders and nods [187]. Different types of
nanoparticles are used to improve the stability and characteristics of the foams.

Titanium dioxide (TiO2) nanoparticle is one of the most ubiquitous nanoscale
substances which have been widely applied in various fields including, but not
limited to, paint, pigment, plastics, coating, cosmetics, food, paper and
pharmaceutical industries [188, 189]. The nanoparticles of TiO2 can be used to
improve the stability of foams in the EOR techniques [190-193]. Moreover, TiO>
is a cost-effective photocatalyst material for decomposition of wastes in liquid
and gas phases. The wet foams stabilised by TiO, nanomaterials are potential
options for the fabrication of photoactive macroporous/mesoporous structured
TiO2 foams which can be utilised for overcoming the environmental challenges
such as air filtration [194-196]. Despite a lot of applications of TiO;
nanoparticles in the dispersed systems, to our knowledge, the studies focused on
the interfacial properties and foamability of such systems are relatively
inadequate [197].

In this chapter, the adsorption isotherms and models of two commonly used
industrial surfactants were obtained. The surfactants were CTAB and SDS,
which are classified as cationic and anionic surfactants, respectively. The Critical
Micelle Concentration (CMC) as a unique parameter for each surfactant was
obtained from interfacial tension measurement. The CMC values of these two
surfactants are well-documented in the literature. However, it has been proven
that CTAB and SDS purchased from different suppliers show different CMC

values [198]. Therefore, it was beneficial to measure the CMC values of these
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two surfactants. The CMC affects interfacial phenomena such as interfacial
tension and bulk properties, e.g., the detergency. Therefore, to measure the
CMC, a potential method based on optical fibre was suggested and studied.

The adsorption of TiO2 nanoparticles at the air-liquid interfaces of the
aqueous solutions of the mentioned ionic surfactants was further studied. The
crystal structure of the TiO2 nanoparticles is anatase because this polymorph has
shown a better photocatalytic activity in comparison to the other forms of TiOo,
e.g., rutile [199]. The concentration of nanoparticles was fixed, whereas the
surfactants’ concentrations were varied. The interactions between TiO>
nanoparticles and each type of surfactant with varying concentrations were also
investigated. Their foamability and foam properties were analysed through the
foam formation and bubble size distribution in the foams. The outcome of this
study will be promising for the industries in which amphiphilic systems of

nanoparticles-surfactants and foam formation are used.

5.1 Results and Discussion

5.1.1 Adsorption Isotherms and Models

To investigate the performance of the surfactants at the air-liquid interface
and, in turn, the related foaming properties, it is crucial to understand the
adsorption behaviour of the surfactants. Using adsorption isotherms and their
models is a well-known method to elaborate this behaviour. In this study, we
applied Frumkin model as the adsorption isotherm and the equation of state for
the adsorption layer. This model is suitable for the systems slightly deviated from
ideal systems which can be described by the Langmuir adsorption isotherm
[200].

The adsorption model proposed by Frumkin [201] can be used for individual
ionic surfactant solutions such as CTAB and SDS. In the Frumkin model, the
interactions between the adsorbed molecules of the surfactants at the interface

have been considered. When this model is used for ionic surfactants without any
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inorganic salt in the system, the equation of state and adsorption isotherm are
[201]:

2RT
Y=Yo+t—~ [In(1 - 6) + ab?] Eq.5-1

bef = exp (—2a0b) Eq. 5-2

1-6
where yo, R, T, and c are the surface tension of the pure solvent, gas law
constant, absolute temperature, and the bulk concentration of the ionic
surfactant, respectively. The Frumkin interaction parameter and the adsorption
equilibrium constant have also been shown as the parameters a and b.
Moreover, w is the partial molar area of the surfactant. The surface coverage, 0,
is:

0=rTw Eq. 5-3
where T is the actual adsorption of the surfactant molecules at the interface [202].
The average activity coefficient, f, can be calculated by the Debye-Hiickel

equation which has been corrected for short-range interactions:

0.5115v7
logf =——————— +0.055] Eq. 5-4
9f 1+ 1.316V1

where I is the ionic strength expressed in M and can be calculated as the sum of
the surfactant concentration and inorganic salt concentration. Therefore, when
there is no salt in the system, I = ¢ [203]. In our studies, there was no salt used
in the system.

As it was mentioned in Chapter 3, the dynamic interfacial tension was
measured by the PAT and plotted as a function of time for each concentration of
CTAB and SDS individually. The equilibrium interfacial tension was considered
as the interfacial tension attributed to the special concentration of the surfactant
in the solution.

By plotting the interfacial tension versus concentration for each type of pure
surfactant, two main regions can be recognised (Figure 5.1 and Figure 5.2).
These regions are concave-shaped curve zone (solid line) and plateau-shaped
zone (dashed line).

The first region with a concave-shaped curve is the zone in which an

adsorption isotherm model can be suggested. In this region, when the
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concentration of the surfactant in the solution is increased, more surfactant
molecules are adsorbed at the interface, and thus interfacial tension decreases.
By adding more surfactant molecules to the system, the interface coverage is
increased until it gets saturated by the surfactant molecules. At the
concentrations above this amount, the remained surfactant molecules at the
solution interact with each other and form clusters called micelles. The
concentration at which these colloidal structures are formed in the solution is the

critical micelle concentration (CMC).
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Figure 5.1 Equilibrium interfacial tension against concentration of the CTAB in
aqueous solutions at 25°C. The standard deviation for each point has been shown on the
graph, but it is not clearly visible due to the small amount. The solid line is the best
fitted curve of the Frumkin model for the experimental results in this study. Dashed line
is the representative of reaching CMC point. The arrow shows the CMC value equal to
1.30x10° M.

The surface tension will not decrease by increasing the concentration beyond
CMC point. This is where the graph of interfacial tension versus concentration
becomes a plateau shape. In Figure 5.1 and Figure 5.2, the concentration at which
the solid line and dashed line cross each other is reported as the CMC. The arrow
shows the CMC point.
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Figure 5.2 Equilibrium interfacial tension against concentration of the SDS in aqueous
solutions at 25°C. The standard deviation for each point has been shown on the graph,
but it is not clearly visible due to the small amount. The solid line is the best fitted curve
of the Frumkin model for the experimental results in this study. Dashed line is the
representative of reaching CMC point. The arrow shows the CMC value equal to

4.23x10° M.

Using the Frumkin model for ionic surfactants and IsoFit software, the related

parameters of the model, i.e. ®, a, and b were derived and are summarised in
Table 5.1. This table also shows the CMC amount for each surfactant at 25°C.

Table 5.1 Adsorption isotherm parameters obtained as best fit values from the
Frumkin model and CMC at 25°C obtained by the tensiometry and optical fibre

methods.
 (m>.mol™) CMC (M) by | CMC (M) by
Surfactant a b (m®.mol™) _ o
[204] Tensiometry | Optical Fibre
CTAB 1.00x10" | 3.00x10% 7.35x10 1.30x1073 1.60x10°
SDS 5.00x10*° | 1.00x10* 1.26x10" 4.23x1073 6.50x107
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Positive values of a for both the CTAB and SDS show that intermolecular
attraction exists between surfactant molecules at the surface monolayer. This
non-negligible amount of a represents that the attraction forces at the interface
are mostly related to the hydrophobic tails of the surfactant molecules which
cause a closer packing of the molecules. This can be attributed to the long-chain
alkyl groups of both CTAB and SDS molecules. As it can be seen in Figure 5.3,
the numbers of carbon atoms of the hydrophobic groups in the CTAB and SDS
are 16 and 12, respectively, and thus they are categorised as the surfactants with
a straight long-chain hydrophobic tail [205, 206].

(a) ‘
7N NAN N NN N NG g
7N\
(b) 0
/\/\/\A/\/\o_ﬂ_o_ NaT
(|)\

Figure 5.3 Molecular structure of (a) CTAB and (b) SDS.

The amount of molar area, o, for the SDS is larger than that for the CTAB.
The larger molar area of SDS molecules leads to a situation where, at a given
concentration, SDS preferentially decreases the value of interfacial tension,
compared with the CTAB. For example, at the concentration of 1.00x10* M, the
value of interfacial tension for CTAB is 68.58 mN.m™ (Figure 5.1), whereas at
the same concentration, this value is 61.89 mN.m for SDS (Figure 5.2).

Based on obtained results, the CMC for CTAB is 1.30x10° M at 25°C and
the interfacial tension at this concentration is 35.55 mN.m™. Likewise, at 25°C,

the CMC for SDS is 4.23x10% M at which the interfacial tension is 32.09 mN.m-
1
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In this study, we have used the tensiometry as one of the conventional and
common methods of CMC measurement. Although this is a well-known method
and a concise technique for measuring the CMC of surfactants, it demands a long
time to complete the experiments using the PAT and obtain the results [17].

In addition to the tensiometry, analytical chemistry techniques such as
titration [207], electrochemical methods such as conductometry, voltammetry,
potentiometry, and electromigration techniques, have also been used to measure
the CMC of surfactants [208]. However, most of the mentioned techniques are
sample-consuming or their related experiments need a long time to be completed.

Therefore, in the next section, the details of a potential method based on
optical fibre for measuring the CMC of surfactants have been presented and

discussed.

5.1.2 Alternative Method of CMC Measurement: Optical Fibre

Optical fibre sensors have been comprehensively studied because of their
small size, low cost, low amount of required sample for measurement, rugged
construction, and possibility of in-situ measurements of chemical parameters
[209-211]. Because of such advantages, optical fibre sensors can be an
alternative method in measuring the CMC of surfactants.

The set-up details were explained in Chapter 3. Figure 5.4 shows a schematic

diagram of the optical fibre set-up.

. Sensing
Optical Spectrum Analyzer Region

Light
J Source
\\

Surfactant
— Solution

Aluminium Bed

Figure 5.4 Schematic diagram of the optical fibre set-up [212].
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The output of the optical spectrum analyser is a spectrum typically shown in
Figure 5.5. The spectrum width centre, 4., is the quantified response of the
optical spectrum analyser system using notch width measurement. A waveform
of a filter with U-character or V-character type wavelength characteristics is
measured. In the algorithm of notch width measurement when the type is bottom
(Figure 5.5), a bottom level is obtained. Then, the notch width for this level and
its centre wavelength (4.) is measured. As Figure 5.5 (horizontal axis) shows,
A. isthe average of 44 and Ag [213]. The value of A, is specific for each solution,
and it can depend on different parameters such as temperature, concentration,

and pH of the solution.
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Figure 5.5 A typical spectrum as the output of the optical spectrum analyser.

The CMCs of both the CTAB and SDS were measured using the optical fibre
method. Then, as a verification procedure, the results measured by the optical
fibre sensor were compared with the results obtained by the PAT. This

comparative approach was taken to evaluate the potential of optical fibre sensor
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as a promising technique for measuring the CMC of surfactants in different
industries.

To achieve this purpose, the spectrum width centre, 4., was plotted against
the concentration of surfactant (Figure 5.6 and Figure 5.7). These figures show
that the trend in the behaviour of spectrum width centre suddenly changes in the
vicinity of a particular concentration (the arrows shown in Figure 5.6 and Figure
5.7). This sudden alteration was observed in both CTAB and SDS cases. It can
be seen that at the concentrations lower than this particular concentration, there
is a linear trend in the behaviour of 4.. At higher concentrations, the relationship

between 4, and concentration is nonlinear and more of a logarithmic trend.
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Figure 5.6 Spectrum width centre against concentration of the CTAB in aqueous
solutions at room temperature. The black and red dashed lines are the linear and
logarithmic trends, respectively. The arrow shows the CMC value.

If we intercept the linear and logarithmic trendlines, the concentration
attributed to the interception point is very close to the value of CMC obtained by
the tensiometry for each surfactant. The amounts of CMC attained by the optical
fibre method were 1.60x10° M for CTAB and 6.50x107 M for SDS. The CMCs
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for CTAB and SDS calculated from the profile analysis tensiometry were
1.30x10° M and 4.23x10°® M, respectively (Table 5.1).
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Figure 5.7 Spectrum width centre against concentration of the SDS in aqueous solutions
at room temperature. The black and red dashed lines are the linear and logarithmic
trends, respectively. The arrow shows the CMC value.

The similarity of the CMC values obtained by the tensiometry and optical
fibre shows that the point of sudden change in the trendlines can be an indicator
of CMC for both the CTAB and SDS. However, there are some differences
between the results of CTAB and SDS when the optical fibre method is used. At
the concentrations below CMC, when the concentration is increased, the A, is
increasing for CTAB while it is decreasing for SDS.

This difference between CTAB and SDS might be due to the various
mechanisms of adsorption of surfactant molecules onto the optical fibre. The
mechanism of adsorption affects the refractive index and the effective diameter
of fibre. Therefore, it will result in various wavelength shifts for each surfactant.
Based on the materials constructing the solid surface of optical fibre, there might
be electrostatic and/or hydrophobic interactions between surfactant molecules

and the outer layer of the sensing region of optical fibre. Accordingly, the
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mechanism of action depends on the functional groups of the solid surface of
fibre.

The silica fibre used in this study can be either hydrophilic or hydrophobic. If
the surface of silica is hydrophobic, the discrepancies between the CTAB and
SDS can be attributed to the difference between the length of the hydrophobic
group and size of the surfactant’s head. These differences between the CTAB
and SDS lead to different packing of surfactant molecules on the surface of the
optical fibre. If the surface of optical fibre is hydrophilic or it contains
electrostatic charges, they will affect its interactions with ionic surfactant
molecules. At higher concentrations of surfactant, there is also a possibility of
formation of the bilayer of surfactant molecules on the surface of the optical
fibre.

To address the reason of opposite trends for the two surfactants at the
concentrations below CMC, further studies are required. The design of the future
studies should be based on the below considerations so that any possible
mechanism of action and/or source of error can be detected:

1. The attachment of surfactant molecules on the surface of optical fibre
results in changes in the refractive index and effective diameter of the
sensor which, in turn, alters the measured wavelength shift [214-217].
Therefore, future studies should be focused on measuring the following
factors and parameters:

e The hydrophilicity / hydrophobicity of the surface of optical fibre
using contact angle measurements,

e The surface charge of the solid optical fibre using zeta potential
measurements,

e The thickness of the fibre after interactions with the molecules of
each type of surfactant,

e The refractive index differences between the surfactants, and,

e The amount of the adsorbed surfactant molecules onto the surface of
the fibre.

2. When we use the optical fibre technique, two different interfaces can be
recognised. The first one is the solid-liquid interface between the optical

fibre and solution of surfactant, and the second interface is the air-liquid
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interface between air and surfactant solution. There might be an
adsorption competition between these two interfaces due to the tendency
of surfactant molecules toward them. In the future studies, air-liquid
interface can be eliminated by introducing a closed volume as the cell of
optical fibre and the liquid. Therefore, the aluminium bed in Figure 3.16
will not have an open facet on its top side. Moreover, the optical fibre will
be immersed in the solution and the temperature can be controlled.

3. The opposite wavelength shifts before CMC can also be a result of a
measurement error as the wavelength shifts before CMC are limited. To
find out more about this hypothesis, a tapered SNCS fibre sensor with 10
times higher sensitivity than the previously used sensor can be utilised.
This method can improve the measurement accuracy and minimise

measurement errors [212].

Accordingly, the future studies can be summarised in Figure 5.8.

Considerations for Future Studies
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Figure 5.8 The main considerations for the future studies on CMC measurement using
optical fibre [212].

The development of these optical fibre sensors for in-situ measurement of the

CMC in the industries which require the CMC measurement during the
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manufacturing process is helpful because these sensors have a small size and can
be portable whereas the profile analysis tensiometer is a large equipment which
needs to be put on a vibration control table. Moreover, most of the other methods
of CMC measurement such as tensiometry are sample-consuming or take a long
time to be performed [212]. The CMC measurement using optical fibre is a
suitable method for the applications dealing with samples with small size.

Based on the results shown in Sections 5.1.1 and 5.1.2, we understood the
effects of the nature and concentration of each surfactant on the interfacial
tension. Moreover, a clear view on the CMC of each surfactant, i.e., CTAB and
SDS, was achieved.

In the next section, the effect of a fixed concentration of TiO2 nanoparticles
with anatase crystal form on the surfactant solutions will be investigated. The
importance of this part of the study is related to (a) the industrial formulations
and processes containing surfactants and nanoparticles specifically TiO2, and (b)
industrial processes working with surfactants and struggling with the

introduction of air suspended nano-pollutants in their processes.

5.1.3 Effects of Nano-Pollutants on the Solutions of Different
Industrial Surfactants

5.1.3.1 Effects of the Type of Surfactant and its Concentration

The graphs related to the interfacial tension and zeta potential versus the
concentration of surfactant at a fixed concentration of anatase TiO2 nanoparticles
(0.1 wt %) are shown in Figure 5.9 and Figure 5.11. The ATD is the abbreviation
for anatase form of titanium dioxide (TiO2) nanoparticles. To understand the
mechanism of adsorption, the Frumkin isotherm related to the interfacial tension
of bare surfactants and interfacial tension in presence of nanoparticles have been
combined into asingle graph. The graph of the zeta potential has been also shown

in Figure 5.9 and Figure 5.11.
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Figure 5.9 Equilibrium interfacial tension (a) and zeta potential (b) of the dispersions
of ATD nanoparticles against concentration of the CTAB in aqueous solutions at
25°C. The concentration of ATD nanoparticles is constant and 0.1 wt % in all
experiments. The solid line in (a) is the best fitted curve of the Frumkin model for the
interfacial tension results for bare surfactant solutions. Dashed line is the
representative of reaching CMC point. The green line is the representative of the
surface charge of ATD nanoparticles in water. The grey line indicates the zero surface
charge.
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These two graphs (Figure 5.9 and Figure 5.11) show that the effects of
nanoparticles on the interfacial tension of the solution depend on the types of the
surfactants. In general, the ATD nanoparticles cause a reduction of interfacial
tension of the solutions of CTAB (Figure 5.9) while this effect is reverse in case
of SDS because the presence of nanoparticles results in the increase of the value
of interfacial tension (Figure 5.11).

The green line in Figure 5.9, b represents the zeta potential of ATD
nanoparticles in water which is equal to -31.46+7.11 mV. It means that the ATD
nanoparticles are negatively charged. When CTAB is used in the solution, the
surface charge is changed due to the interactions between the CTAB molecules
and the surface of the nanoparticles. Due to these interactions, the interfacial
tension at the air-liquid interface is also affected.

When the concentration of CTAB is increased from 1.00x10° M to 5.00x10°
®> M, the interfacial tension of the dispersions of ATD in the surfactant solution
is slightly higher than the bare surfactant solutions. At the same range of
concentration change, the zeta potential is changed from -26.78 mV to -20.08
mV. It is probable that the ATD nanoparticles are electrostatically interacting
with the surfactant molecules. However, as the changes of zeta potential are
mostly in the range of that of ATD in water (-31.46+7.11 mV) and the interfacial
tension is not changed significantly, the surfactant-nanoparticles interactions are

not significant (Figure 5.10, a).
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Figure 5.10 Schematic likely mechanism of interactions between ATD nanoparticles
and surfactant molecules of CTAB. The bromide ions shown by yellow circles are
released into the solution after dissolving CTAB in water.

At the concentration of 1.00x10“ M of CTAB, the zeta potential of the ATD
nanoparticles is -1.2+1.46 mV which can be considered very close to the point
of zero surface charge. It shows that, at this concentration, the surface of the
negatively charged ATD nanoparticles has been slightly covered by the
surfactant molecules. In fact, the positively charged heads of the molecules of
the CTAB have interacted with the ATD nanoparticles. The surface charge has
been reduced to almost zero. This type of interaction will produce hydrophobic
ATD nanoparticles because the hydrophilic heads of the surfactant molecules are
adsorbed onto their surface and the hydrophobic tails of surfactant molecules are
still in the solution. Therefore, these surfactant-decorated nanoparticles are
hydrophobic, tending to migrate to the air-liquid interface and acting as surface
active agents (Figure 5.10, b). Due to the larger sizes of these nanoparticles in
comparisons to surfactant molecules, they decrease the interfacial tension to
53.05 mN.m™ which is below the Frumkin isotherm for the bare surfactant
solution at the concentration of 1.00x10* M (Figure 5.9, a).

This change trend of surface charges continues when the concentration is
increased to 5.00x10% M. At this point and also beyond that, the ATD
nanoparticles are adsorbing more surfactant molecules. Therefore, the charge

inversion phenomenon happens, the surface charges of nanoparticles become
114



positive, and increase continuously with increasing the concentration of
surfactant. Moreover, the interfacial tension of the nanoparticle dispersions is
still less than the interfacial tension of the bare surfactant solution. It means that
the ATD nanoparticles adsorb more surfactant molecules, become hydrophilic,
and are then adsorbed at the air-liquid interfaces. It can be concluded that, in the
case of CTAB solutions in the range of the concentrations used in this study, the
probability of formation of bilayers of the surfactant molecules on the surface of
nanoparticles is low. Otherwise, the nanoparticles would stay in the bulk of the
solution and the interfacial tension would be higher than that of the bare
surfactant solutions.

At the highest concentrations, e.g., 1.00x10™" M, the zeta potential is highly
positive (48.08 mV), which can also be attributed to the formation of CTAB
micelles in the bulk of the solutions. The colloidal structures of micelles show a
positive charge. The large standard deviation at this point, i.e., £15.59 mV, can
be justified by this hypothesis. In fact, at the highest concentration of CTAB,
there might be two types of structures in the solution. The first one is the ATD
nanoparticles decorated with surfactant molecules with a tendency to go to the
interface. The second structure is the micelles of surfactant molecules that show
the positive charge and tend to stay in the bulk of the solution (Figure 5.10, c).

Figure 5.11 shows the interfacial tension and zeta potential for the system
containing ATD nanoparticles at the fixed concentration of 0.1 wt % and the
SDS at different concentrations.

At the lowest concentrations of SDS, i.e., 1.00x10° M and 5.00x10° M, the
interfacial tension is almost equal to the interfacial tension of the bare surfactant
solutions. This means that there is no significant depletion of surfactant
molecules from the air-liquid interface. At these two concentrations, the zeta
potential of ATD nanoparticles is increasing from -13.28 mV to -3.88 mV.
Results show that the ATD nanoparticles, which show negative surface charges
in water (-31.46+7.11 mV; green line in Figure 5.11, b), have lost their surface
charges. They are also getting close to the zero surface charge point when the
concentration of SDS is increased from 1.00x10°® M to 5.00x10° M.
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Figure 5.11 Equilibrium interfacial tension (a) and zeta potential (b) of the
dispersions of ATD nanoparticles against concentration of the SDS in agueous
solutions at 25°C. The concentration of ATD nanoparticles is constant and 0.1 wt %
in all experiments. The solid line in (a) is the best fitted curve of the Frumkin model
for the interfacial tension results for bare surfactant solutions. Dashed line is the
representative of reaching CMC point. The green line is the representative of the
surface charge of ATD nanoparticles in water. The grey line indicates the zero surface
charge.
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As it has been mentioned above, there are no significant interactions between
surfactant molecules and ATD nanoparticles, therefore, this amount of surface
charges can be attributed to the interactions of sodium ions (Na*) with ATD
nanoparticles (Figure 5.12, a). The Na* ions in the structure of SDS have been
released in the solution when the SDS is dissolved in water. The Na* ions act as
the same function as the salts of sodium chloride in the surfactant solutions [218].
The ions of sodium with positive charges interact with the ATD nanoparticles
and cause the reduction of negative charges on the surfaces of ATD
nanoparticles. Accordingly, the electrostatic forces between the surfactant
molecules and ATD nanoparticles are reduced.

By increasing the concentration of SDS from 5.00x10°® M to 5.00x10° M,
the zeta potential is decreased from -3.88 mV to -11.63 mV. It shows that the
negative charges on the surface of nanoparticles are increasing. At the same
concentration range, the interfacial tension is increasing. This means that the
surfactant molecules are interacting with the ATD nanoparticles. Based on the
reduction of electrostatic forces between nanoparticles and surfactant molecules
due to the adsorption of Na* ions, it can be concluded that the interactions
between SDS molecules and ATD nanoparticles are hydrophobic interactions.
Therefore, the hydrophobic tail of SDS is adsorbed onto the solid surfaces of the
ATD nanoparticles (Figure 5.12, b). Therefore, the hydrophilic heads of SDS
will be exposed into aqueous solution. As a result, the nanoparticles will stay in

the solution and are not adsorbed onto the air-liquid interfaces.
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Figure 5.12 Schematic likely mechanism of interactions between ATD nanoparticles
and surfactant molecules of SDS. The sodium ions shown by blue circles are released
into the solution after dissolving SDS in water.

The zeta potential continues to decrease until reaching a concentration of
1.00x10** M of SDS. At concentrations higher than this value, the changes in the
zeta potentials are not significant and the zeta potential is almost constant. It can
be due to the full coverage of the solid surface of ATD nanoparticles with
surfactant molecules (Figure 5.12, c). Therefore, the surface charges of particles
are not significantly changed. There is also a possibility of the formation of
micelles which results in the larger negative values of zeta potentials. The zeta
potential measurement is about measuring the surface charge of particles and any
colloidal structures in the solution. Therefore, the measuring system treat any
sort of structure in the solution as a single particle. The formation of the micelles

of SDS in the solution can be one of the origins of larger negative zeta potentials.

5.1.3.2 Foaming Properties

The foam formation or foamability of CTAB (Figure 5.13, a and b) and SDS

(Figure 5.14, a and b) solutions without nanoparticles are quite similar.
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In the CTAB solutions with the concentration magnitude of 10 M, no foam
and bubbles were formed by manual shaking (method mentioned in Section 3.3).
At the concentration of 1.00x10° M of the CTAB, unstable bubbles were formed
and observed in the glass vial (Figure 5.13, a). However, due to the instability of
the bubble, they were disappeared upon transferring onto the glass slide.

Therefore, it was impossible to observe them under optical microscope.
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Figure 5.13 Foam formation in CTAB solutions (a, b) and dispersions with a fixed
concentration of ATD nanoparticles equal to 0.1 wt % in CTAB (c, d).

At the concentration of 5.00x10° M, small amount of foam was formed.
Some stable foams were observed from the CTAB concentrations of 1.00x10*
M and higher (Figure 5.13, aand b). The larger amount of compressed and stable
foams is related to the concentrations of 1.00x10"* M which is very close to the
CMC point of CTAB solutions (1.30x10 M).

In comparison with that of the bare CTAB solutions, the dispersions of 0.1 wt
% of ATD nanoparticles were not able to form any foam at the concentrations
less than or equal to 1.00x10* M (Figure 5.13, c). Although the stable foams
were produced at the concentration of 5.00x10* M, the compressed and more
stabilised ones were related to the concentration of 2.50x10 M (Figure 5.13, d)
as the closest point to the CMC of CTAB.

Figure 5.14 shows that SDS solutions did not form any foam at the

concentrations of 1.00x10° M and less than it. At the concentration of 5.00x10"
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® M, an unstable foam was formed. The stability of this foam was as much as it
could be transferred onto the glass slide. Above this concentration, foams were
formed and the foamability was increased with increasing the concentration of
SDS (Figure 5.14, b).

-v---’ vvi"

Figure 5.14 Foam formation in SDS solutions (a, b) and dispersions with a fixed
concentration of ATD nanoparticles equal to 0.1 wt % in SDS (c, d).

The dispersions of 0.1 wt % of ATD nanoparticles in the SDS did not cause
formation of any bubble at the concentrations less than 1.00x10° M. At this
concentration of 1.00x10° M, foam began to form. The most stable foams were
formed at those conditions associated with concentrations equal to 5.00x10° M
and above it (Figure 5.14, ¢ and d). This point is very close to the CMC point of
SDS (4.23x103 M).

In the presence of ATD nanoparticles, there were quite large differences
between CTAB and SDS solutions. The visual inspection of the ATD dispersions
in the SDS solutions showed that they were more homogeneous than those in the
CTAB solutions. This non-homogeneity in the CTAB-contained dispersions was
much more apparent in the concentrations of 5.00x10° M and 1.00x10* M.

The other noteworthy difference between the foamability of the ATD
dispersions in the CTAB and SDS was the foaming concentration. The first foam

was formed at a concentration of 5.00x10* M of CTAB, whereas the first foam
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of the ATD dispersion in the SDS solutions was formed at a concentration of
1.00x10 M of SDS.

Based on the results presented in Figure 5.9 and the proposed mechanism of
interactions between ATD nanoparticles and CTAB molecules in Figure 5.10, it
can be concluded that the foam formation for CTAB solutions with ATD
nanoparticles happened at the concentration of 5.00x10* M where the surface
charges of nanoparticles were positive and zeta potential value was 37.53 mV.
At this point, enough numbers of nanoparticles are adsorbed at the air-liquid
interface, and they act as the solid surface active agents.

For the dispersions of ATD nanoparticles in the SDS solutions, as the
interfacial tension of the dispersions was higher than that of the bare surfactant
solutions (Figure 5.11), it was expected that the foams would be formed at higher
concentrations of SDS in the ATD dispersions. As the surfactant molecules are
hydrophobically interacted with solid nanoparticles (Figure 5.12, b and c), higher
concentrations of SDS were required for decreasing the interfacial tension for

the foam formation.

le-4M  S5e-4M  1e3M  25e3M  5e-3M  1e2M  le-lM
: l !

Figure 5.15 The bubbles observed at the initial time after formation at different
concentrations of surfactants for (a) CTAB, (b) ATD-CTAB, (c) SDS, and (d) ATD-
SDS. All the scale bars are representing a length of 100 um. Blank spaces are related to
the situations where no foams were formed.
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Immediately after the formation of foams by manual shaking, the bubbles of
the foams were observed under the optical microscope. Figure 5.15 shows the
bubbles of the foams for both the CTAB and SDS with and without ATD
nanoparticles. These images were taken immediately after the formation of the
bubbles.

Upon analysis of the images using the ImageJ software, the bubble size
distributions, in terms of the bubble diameter for each concentration of every
solution and dispersion, were analysed, measured, and plotted (Figure 5.16 and
Figure 5.17). For the sake of visual considerations, the data range for the
horizontal axis also contains the negative values. However, the amounts under

zero were not considered in the interpretation of the diameter distribution.
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Figure 5.16 Normal distribution of bubble size based on the diameter of the bubbles for (a)
CTAB solutions and (b) ATD-CTAB dispersions at different concentrations of CTAB and a fixed
concentration of ATD nanoparticles (0.1 wt %).

As shown in Figure 5.16, for both CTAB solutions and ATD-CTAB
dispersions, the diameter of the bubbles is generally less than 200 um. However,
the presence of nanoparticles resulted in a wider distribution of sizes even

slightly more than 200 pum, especially in both concentrations of 5.00x10* M and
1.00x10° M (Figure 5.16, b).
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In the cases of SDS solutions and ATD-SDS dispersions, the dimensions of
the bubbles were larger than those of CTAB-based solutions. The approximate
ranges of diameter were 0 — 600 pum and 0 — 500 pum for SDS solutions and ATD-
SDS dispersions, respectively (Figure 5.17). Considering SDS solution, the size
distribution became narrower by adding ATD nanoparticles to the system,
whereas the size distribution became wider upon adding ATD nanoparticles.
Figure 5.17, b shows that, with the SDS concentrations of 1.00x10° M and

2.50x10° M, ATD nanoparticles caused more homogeneous size distribution of
the bubbles in the system.
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Figure 5.17 Normal distribution of bubble size based on the diameter of the bubbles for (a) SDS
solutions and (b) ATD-SDS dispersions at different concentrations of SDS and a fixed
concentration of ATD nanoparticles (0.1 wt %).

As the ATD nanoparticles are adsorbed onto the air-liquid interface of bubble
in case of CTAB solutions, they would prevent bubbles’ coalescence. These
hydrophobic solid nanoparticles exist at the air-liquid interface of CTAB
solutions, decrease the interfacial tension, and result in formation of foams with
smaller bubble sizes in comparison with those of SDS solutions in which
nanoparticles have no participation in adsorption process at the air-liquid

interfaces [186]. Therefore, it can be concluded that the ATD nanoparticles affect
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the size distribution of the bubbles based on their performance both in the bulk
solution and at air-liquid interface.

5.2 Summary

In this chapter, the interfacial behaviour of two industrial surfactants, i.e.,
CTAB and SDS, were investigated. Moreover, the interactions between ATD
nanoparticles with these two ionic surfactants were studied.

Firstly, to understand the adsorption behaviour of these surfactants at the air-
liquid interface, the Frumkin model as the adsorption isotherm was applied. The
Frumkin interaction parameter, adsorption equilibrium constant, and the partial
molar area of both surfactants were obtained. For both cases of CTAB and SDS,
there were attraction forces among the hydrophobic tails at the air-liquid
interface. This means that the molecules of these surfactants are closely packed
at the air-liquid interface. At a given concentration of the surfactant, due to the
larger molar area, SDS decreases the interfacial tension more than the CTAB
does. This can be a key point in selecting the surfactant for different
formulations.

Using the tensiometry and adsorption isotherms, the CMC values of both
CTAB and SDS were obtained. The CMC of SDS was more than that of CTAB
meaning that, for the formulations requiring the micelle formation, using the
CTAB could result in the micellar formulations at lower concentrations of
surfactant.

Moreover, another potential method based on optical fibre was proposed to
measure the CMC of the surfactants. In this method which plots the spectrum
width centre, 4., against the concentration of surfactant, the point, at which the
trend in the behaviour of spectrum width centre suddenly changes, is attributed
to the CMC. The results of the CMC for CTAB and SDS using tensiometry were
comparable with those of optical fibre technique. This potential method can be
optimised in the future studies. This chapter has provided the considerations for

the design of the experiments in the future.
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The study of the interactions between negatively charged ATD nanoparticles
and surfactants resulted in proposing two different mechanisms of the
interactions. It was shown that the mechanism of the interaction of ATD with
surfactants depends on the characteristics of the surfactant (in terms of the charge
of the hydrophilic head) and the surfactant concentration.

The hydrophilic ATD nanoparticles which carry negative charge interact with
CTAB molecules due to the electrostatic interactions between the positively
charged head group of CTAB and negatively charged surface of the ATD
nanoparticles. These interactions decrease the hydrophilicity of the ATD
nanoparticles, which in turn, result in their adsorption at the air-liquid interface.
In contrast, the interactions between SDS molecules and ATD nanoparticles are
mostly hydrophobic interactions. As the hydrophilic heads of SDS molecules
adsorbed onto the surface of ATD nanoparticles are exposed into agueous
solution, the nanoparticles remained in the solution are not adsorbed onto the air-
liquid interfaces. These results are useful for different applications including the
encapsulation of nanoparticles in the formulations and/or controlling the
adsorption of nanoparticles at the air-liquid interfaces of foams.

It was also found out, in general, the foam formation depends on the type and
concentration of the surfactant. However, the presence of the ATD nanoparticles
extremely affects the concentration of surfactants at which the foams are formed.
ATD nanoparticles inhibit the formation of the foams in the SDS solution more
than CTAB solutions. Moreover, ATD nanoparticles affect the size distribution
of the bubbles in the foam. In case of the CTAB solutions containing ATD
nanoparticles, the adsorption of the ATD nanoparticles at the air-liquid interface
prevents bubbles’ coalescence which results in the formation of foams with
smaller bubble sizes in comparison with those of SDS solutions. These
conclusions about the foaming properties are helpful for the formulations of
detergents and also for the industrial processes where the foaming characteristics

need to be controlled.
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Chapter 6

Interactions of Nano-Pollutants with DPPC in the Bulk

of Solution and at the Air-Liquid Interface

In this chapter, the interactions between the single-type nano-pollutants and
DPPC in the bulk of the solution have been initially investigated using *H NMR
analysis. These nanoparticles include anatase form of titanium dioxide (ATD),
rutile form of titanium dioxide (RTD), and multi-walled carbon nanotube (CNT).
This investigation has been conducted based on the preparation methods of the
solutions. As the nanoparticles and DPPC have been mixed, the 'H NMR
analysis of the solution of DPPC with and without nanoparticles can be an
indicator of the possible interactions of DPPC molecules with the nanoparticles.

In the next step, the interfacial tension and zeta potential of the solutions of
single-type nanoparticles and DPPC have been studied. Based on these results,
the possible mechanisms of interactions between the nanoparticles and DPPC
molecules have been discussed. Two different shapes of titanium dioxide
nanoparticles have been investigated, and the obtained results can be applied as
an indicator of effects of shape and surface properties of the nanoparticles on
their behaviour in the interfacial system.

Finally, as the most innovative part of this chapter, effects of the mixture of
nano-pollutants on the DPPC are investigated using visual inspection, optical
microscopy, SEM analysis, and interfacial tension measurements. To our
knowledge, this is the first time that the effects of the mixture of nanoparticles
on the DPPC in the bulk of the solution and at the air-liquid interface have been
studied in a systematic way. This approach in the study of the lung surfactant
system is important and has often been overlooked. The interactions among

nanoparticles and between nanoparticles and other contaminants extremely
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influence the final toxicity effects [132]. Therefore, the physicochemical
investigation of these systems is also of a great importance to provide
fundamental information about the mechanisms of the interactions of the
mixtures of nanoparticles with the lung surfactant. For this part of study, three
types of mixtures have been used. Moreover, to simulate the real-life scenarios
of the mixing procedure of the nano-pollutants, three different methods of
mixing have been used to address the effects of the mixing methods.

6.1 Results and Discussion

6.1.1 Adsorption and Structure of DPPC onto the Surface of
Nanoparticles

In this study, the method used in preparing the solutions and dispersions is
similar to the first step of ethanol injection method, which is one of the
conventional methods of liposome preparation [219]. In the ethanol injection
method, the lipid is dissolved in ethanol as the organic solvent. Then, it is diluted
by injection into an aqueous solution. Upon injection of the phospholipid
dissolved in ethanol into the aqueous phase, the bilayer planar fragments are
formed. The middle layer in this bilayer structure is the hydrophobic tails of the
phospholipid molecules. In this structure, the hydrophilic heads are directed
outwards (Figure 6.1). To form different types of vesicles such as liposomes
from the individual bilayer fragments, external energy is required [220], e.g.,
heating to 60 °C and evaporation of the ethanol have been used to form the

liposomes with fusion of those individual bilayer fragments.
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Figure 6.1 Self-assembly of the phospholipid molecules and formation of the bilayer
upon using the ethanol injection method.

At the operational temperature of this study, i.e., 37 °C, the formation of the
vesicles due to heating is less possible. As the sonication is used at different
steps, there might be a probability of using it to supply the demanding energy for
the formation of some vesicles. For the DPPC molecules with the final
concentration of 5.38x10® M in the solutions and/or dispersions at 37 °C, the
formation of the micelles is the most reasonable hypothesis [221].

It should be noted that the micelles of DPPC are not the same as simple
spherical ones normally observed in some surfactants such as SDS and CTAB.
The shape of the DPPC micelles is cylindrical, and its structure is related to its

critical packing parameter (CPP), which is defined as below:

CPP = Eq. 6-1

apl,
where v, ay, and 1, are the volume of hydrocarbon chain, the surface area of the
polar headgroup, and the length of hydrocarbon chain, respectively. As shown
in Figure 6.2, the shape of the aggregate of lipids depends on the value of CPP
[222].
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Figure 6.2 The Critical Packing Parameter (CPP) and structure of the aggregates of the
surfactant and lipid molecules [222].

For DPPC, the value of the CPP is 0.57. Therefore, DPPC molecules will
form cylindrical micelles or flexible bilayers (vesicles) [221, 223, 224]. Figure
6.3 shows two suggested structures, and for both the cases of cylindrical micelles
and flexible bilayers, the hydrophobic tails are inside the structure. Moreover,
both these structures are potential to induce aggregates with varied sizes inside

the solutions.
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Figure 6.3 Self-assembly of the DPPC molecules into the structure of (a) cylindrical
micelle and (b) flexible bilayer.

Based on the discussions about the most probable structure of the DPPC
molecules and also the NMR analysis, the status of the DPPC molecules in both
those solutions without nanoparticles and dispersions containing nanoparticles
can be obtained. It should be noted that, due to the large number of peaks and
noises, the spectra related to 3P-NMR analysis were not convincing to be used
for data analysis.

Figure 6.4 shows the *H NMR spectrum for the aqueous solution of DPPC-
ds2 without nanoparticles. In this case, five main peaks (a, b, c, d, and e) were
detected. Peak (a) at 5.03-5.34 ppm is the representative of the singular tertiary
proton at the sn-2 position on the glycerol backbone [225]. This hydrogen has
been labelled as (a) in Figure 6.5. The next peak (b) in Figure 6.4 is between 4.54
ppm and 4.96 ppm, which can be attributed to the water existing in the solution
[226]. In Figure 6.4, there are some small peaks between 4.04 ppm and 4.40 ppm
labelled as (c), which are related to the protons positioned between the
quaternary amine and the phosphate group. These peaks can also be related to
the protons at the sn-1 and sn-3 positions on the glycerol backbone [225]. These

hydrogens have been labelled as (c) Figure 6.5.
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Figure 6.4 M NMR spectrum of agueous solution of the DPPC-d62 without
nanoparticles. The sample was prepared in the laboratory and the *H NMR analysis was
done on the sample. The labels (a) to (e) on the spectrum are the representative of
singular tertiary proton at the sn-2 position on the glycerol backbone (a), protons of
water (b), protons positioned between the gquaternary amine and the phosphate group
(c), protons of the three methyl groups in the quaternary amine part of the hydrophilic
head of DPPC (d), and protons of the methyl groups at the endpoints of the tail groups
in the structure of the DPPC (), respectively. Due to the size of peaks, the regions of
(a) and (c) have been zoomed.

The next identified peaks in the *H NMR spectrum of aqueous solution of
DPPC-de2 were between 3.45 ppm and 3.52 ppm, as labelled as (d) in Figure 6.4.
These peaks correspond to the nine protons of the three methyl groups in the
quaternary amine part of the hydrophilic head of DPPC [225]. These hydrogens
have been labelled as (d) in Figure 6.5.

The last identified peaks labelled as () in Figure 6.4 fall between 0.84 ppm
and 1.16 ppm. These peaks represent the methyl groups at the endpoints of the
tail groups in the structure of the DPPC. The related hydrogens in the structure
have been labelled as (e) in Figure 6.5 [225]. These detected hydrogens in the
tails can also be a representative of the presence of either the individual

molecules of DPPC in the solution or the open-ended bilayers of the DPPC.
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Figure 6.5 The labelled hydrogens in the structure of DPPC.

The detection of these four types of protons (i.e., a, ¢, d, and e in Figure 6.5)
using *H NMR analysis of the DPPC solution proves that, at the operational
concentration of DPPC, i.e., 5.38x10® M, the DPPC molecules are in the
micellar or bilayer forms. Therefore, it is less likely that the liposomes have also
been formed. If the system is a liposomal one, most of the signals related to the
DPPC would be disappeared due to the restricted motions of the buried protons
in the liposomes. In this case, only the signals related to the three methyl groups
of the quaternary amine would be detected [227].

After investigating the *H NMR spectrum of the aqueous solution of DPPC-
ds2 Without adding nanoparticles, the *H NMR spectra of the aqueous solution of
DPPC-de. containing the dispersions of individual nanoparticles with different
concentrations were also analysed. The results associated to the ATD, RTD, and

CNT particles are shown in Figure 6.6, Figure 6.7, and Figure 6.8, respectively.
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Figure 6.6 '"H NMR spectra of DPPC-ds; with different concentrations of ATD
nanoparticles (right vertical axis). The concentration of the DPPC is constant at 5.38x10"
8 M in all solutions and dispersions.

The *H NMR spectra related to the dispersions of ATD nanoparticles (Figure
6.6) shows that the number of peaks decreases by increasing the concentration
of nanoparticles. However, the integration of the spectra for each region of peaks
reveals that the number of detected protons related to each functional group of
DPPC in presence of nanoparticles is more than that of DPPC solution without
nanoparticles. This might be due to the interactions of the bilayers with
nanoparticles which results in the local deformation of the bilayers of DPPC,
formation of the pores in the structure of the bilayers, leakage in the bilayers,
and release of some more individual molecules of DPPC to the solution [228].
These molecules can be either individual molecules in the solution or the
molecules interacted with the ATD nanoparticles.
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Figure 6.7 '"H NMR spectra of DPPC-ds with different concentrations of RTD
nanoparticles (right vertical axis). The concentration of the DPPC is constant at 5.38x10"
8 M in all solutions and dispersions.

The *H NMR spectra of the dispersions of RTD nanoparticles (shown in
Figure 6.7) were analysed. The obtained results show that the number of peaks
decreases by adding the RTD nanoparticles to the system that only contains
DPPC. However, the changes in the number of peaks do not have a clear
relationship with the concentration of RTD nanoparticles. Integration of the
spectra for each region of peaks shows the same results as the ATD
nanoparticles. It means that the number of detected protons related to each
functional group of DPPC in presence of RTD nanoparticles is more than that of
DPPC solution without adding nanoparticles.

However, there are some differences between the cases of ATD and RTD.
The integral values related to the methyl groups of the endpoint of the tails in the
samples related to RTD nanoparticles are much higher than those of ATD
nanoparticles. The only exceptional case is related to the concentration of 0.05
wt % of nanoparticle. At this concentration, the integral value of the peaks related
to the methyl groups of the tails for the ATD sample is 5.564 whereas this value
is 5.406 for those for the RTD sample (the peaks between 3.45 ppm and 3.52

134




ppm of the 0.05 wt % in Figure 6.6 and Figure 6.7). In other concentrations, this
specific integral value of RTD samples is higher than that of ATD samples, and
the difference is in the range of 0.887-14.515. This higher number of protons
related to the tails might be due to the higher number of individual DPPC
molecules released to the solution because of their interactions with RTD
nanoparticles.
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Figure 6.8 1H NMR spectra of DPPC-d62 with different concentrations of CNT
particles (right vertical axis). The concentration of the DPPC is constant at 5.38x10®% M
in all solutions and dispersions.

The 'H NMR spectra of the dispersions of CNT particles at different
concentrations are shown in Figure 6.8. The number of peaks is less than the
DPPC systems without nanoparticles and the samples of ATD and RTD
nanoparticles described before. Moreover, there is no clear relationship between
the concentration of CNT particles and changes of the number of peaks. Similar
to those of the ATD and RTD samples, the integral values of the CNT-related
spectra show that the number of detected protons related to each individual

functional group of DPPC in the presence of CNT nanoparticles is more than
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that of DPPC solution without particles. In the case of the CNT samples, the
behaviour of the peaks related to the protons between the quaternary amine and
the phosphate group and the hydrogens at the sn-1 and sn-3 positions on the
glycerol backbone was different from the samples with ATD and RTD
nanoparticles (the peaks between 4.04 ppm and 4.40 ppm in Figure 6.8). At the
concentrations of 0.01 wt % and 0.02 wt % of CNT particles, the integral values
were 83.162 and 80.019, respectively. However, these large amounts might be
due to the signal shift related to the water. For the concentrations of 0.04 wt %
and 0.05 wt % of CNT particles, the peaks related to those mentioned protons,
i.e., the protons labelled (C) in Figure 6.5, disappeared. It is difficult to make a
hypothesis behind this phenomenon. However, the changes in the integral values
in case of CNT particles clearly show that there are interactions between CNT
particles and the bilayers of DPPC. It should be noted that the mentioned peaks
are not clearly visible on the spectrum, but the analysis software, i.e., Delta 6.1.0
can detect those peaks and report them.

The analysis of the integral list and peaks list of Figure 6.6, Figure 6.7, and
Figure 6.8 shows that for all three types of nanoparticles, i.e., ATD, RTD, and
CNT, the presence of nanoparticles decreases the number of peaks in the DPPC
system. These number of peaks were calculated using Delta 6.1.0 software.
However, these peaks cannot be recognised on the spectra shown in Figure 6.6,

Figure 6.7, and Figure 6.8.

6.1.2 Effects of the Single-Type Nano-Pollutants on the DPPC

The dynamic interfacial tension and zeta potential of the DPPC solution and
the dispersions containing DPPC and nanoparticles at different concentrations
were measured. For the DPPC solution without nanoparticles, it has been shown
that the surface pressure curve (defined as the difference between the current
interfacial tension of the systems and the interfacial tension of pure water at a
constant temperature) reaches a plateau within 10 min at the surface pressures
less than 25 mN.m? [145]. However, the time frames of reaching this
equilibrium for the DPPC systems is varied based on the method of
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measurement. Some studies have started their rheology measurements after 20
min [129]. Another study using a micropipette technique mentioned that the
equilibrium interfacial tension has been reached within less than 4 min [229]. In
general, the rule of thumb for reaching the equilibrium is when the interfacial
tension changes is smaller than or equal to 0.1 mN.m™* within 5 min [136]. In
this study, the equilibrium time for the DPPC solution without particles was 2500
s equivalent to 42 min. As the red curve in Figure 6.9 shows, the equilibrium
interfacial tension of the DPPC solution without nanoparticles was 65.51 mN.m"
11t should be noted that the zeta potential for the DPPC solution without

nanoparticles was also measured and reported as -0.76+0.64 mV.

ATD Nanoparticles

Figure 6.9 also represents the dynamic interfacial tension of the dispersions
of ATD nanoparticles at different concentrations. These experiments were done
three times for each concentration, and the curves shown in Figure 6.9 are the
examples for each concentration. The average values of three experiments for
each concentration and the related error bars have been shown in Figure 6.10, a.
Figure 6.9 shows that the equilibrium interfacial tension values related to the
dispersions containing ATD nanoparticles are higher than that of DPPC solution
without nanoparticles. This shows that adding the ATD nanoparticles to the

system of DPPC causes the depletion of the DPPC from the air-liquid interface.
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Figure 6.9 Dynamic interfacial tension of the dispersions of ATD nanoparticles with
different concentrations in the DPPC solutions at 37°C. The concentration of the DPPC
is constant at 5.38x10® M in all solutions and dispersions. The red dots, as a reference,
are related to the DPPC solution without nanoparticles.

To understand the effect of the concentration of ATD nanoparticles and the
real mechanism of interactions between ATD nanoparticles and DPPC
molecules, the equilibrium interfacial tension and zeta potential of the
dispersions of ATD nanoparticles are plotted against the concentration of ATD
nanoparticles, and the results are shown in Figure 6.10. It should be reminded
that, in this study, the nanoparticles have been in the mixture of DPPC solution
before the start of the interfacial tension measurements. Therefore, the
monolayer formed at the air-liquid interface of the droplet in the PAT system is
the result of the nanoparticle-DPPC interactions and complex formation. In fact,
different structures including DPPC molecules, nanoparticles, and/or
nanoparticles interacted with the DPPC molecules can be adsorbed at the air-

liquid interface.
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Figure 6.10 Equilibrium interfacial tension (a) and zeta potential (b) of the
dispersions of ATD nanoparticles in the DPPC solutions against the concentration of
nanoparticles at 37°C. The concentration of the DPPC is constant at 5.38x10® M in
all solutions and dispersions. The blue and red dashed lines in (a) are the
representative of the interfacial tension of DI water without DPPC and with DPPC,
respectively. The green line and the triangle on it in (b) are the representative of the
surface charge of ATD nanoparticles in water.
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Figure 6.10, a shows that the interfacial tension of the dispersions containing
hydrophilic ATD nanoparticles is higher than that of DPPC solution without
nanoparticles (red dashed line). This might be due to the electrostatic interactions
between the negatively charged ATD nanoparticles (zeta potential equal to -
31.46 mV) and the amine group of the hydrophilic head of the DPPC molecules
[74]. Moreover, attractive van der Waals interactions and hydrophobic
interactions between the functional groups on the structure of the DPPC and
nanoparticles might also be the possible mechanisms of the interactions between
DPPC molecules and ATD particles [230].

As shown in Figure 6.10, a, at the concentration of 0.01 wt % of ATD
nanoparticles, the interfacial tension is 68.01 mN.m™. This is higher than the
interfacial tension of aqueous solution of DPPC (65.51 mN.m™) and far less than
the interfacial tension of pure DI water (69.93 mN.m) at the temperature of 37
°C. It indicates that the ATD nanoparticles are interacting with the DPPC
molecules and the depletion of surfactant is occurring.

By increasing the concentration of ATD nanoparticles to 0.02 wt %, the
interfacial tension is decreased to 66.29 mN.m™, It might be due to the adsorption
of ATD nanoparticles and/or their aggregates at the air-liquid interface, meaning
that these particles are acting like surface active agents.

At the concentrations of 0.03, 0.04, and 0.05 wt % of ATD nanopatrticles, the
interfacial tension values increase to 69.39, 69.72, and 69.54 mN.m*,
respectively. These interfacial tension values are close to that of DI water at the
same temperature. It means that the air-liquid interface is similar to the air-water
interface without using any surface-active agents. Explaining the precise
mechanism behind the interactions of ATD nanoparticles and DPPC molecules
needs more characterisation methods including chemical and surface analysis
techniques. The interactions in the solution can be complicated. For example,
some nanoparticles might penetrate the fragments of the flexible bilayers of
DPPC in the bulk, and then accumulated in the bilayer cores. This phenomenon
depends on the thickness of the bilayer and the size of the nanoparticles and/or
their agglomerates [231, 232]. Some nanoparticles might penetrate across the
DPPC bilayers and disrupt it [233, 234].
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Regarding the zeta potential of the ATD nanoparticles (Figure 6.10, b), it can
be seen that the zeta potential of the ATD nanoparticles (-31.46 mV) has become
more negative (between -40.28 mV to -43.54 mV) after interactions with DPP
molecules. Within the experimental error, the zeta potential has remained
constant for different concentrations of ATD nanoparticles. The larger negative
value of zeta potential upon interactions with DPPC molecules means that the
repulsion between the particles has become significant. Therefore, the ATD
nanoparticles in presence of DPPC molecules form a more stable colloidal
dispersion [235].

To explain the reason, the effect of DPPC should be considered. As mentioned
before, the zeta potential for the DPPC solution without nanoparticles was -
0.76x0.64 mV. The electrostatic interactions between DPPC molecules and ATD
nanoparticles might be the reason of negative charge increase of ATD
nanoparticles after these interactions. The effect of the aggregation of some of
ATD nanoparticles should also be considered. For more in-detail description of
the zeta potential changes, the zeta potential data should be coupled with
dynamic light scattering (DLS) which determines the size distribution profile in
the solution [236].

RTD Nanoparticles

As well as the ATD, the dynamic interfacial tension of the dispersions of RTD
nanoparticles at different concentrations were measured three times for each
concentration. Figure 6.11 shows the examples for each concentration. The
average values of three experiments for each concentration and the related error
bars have been shown in Figure 6.12, a. Figure 6.11 shows that the equilibrium
interfacial tensions related to the dispersions of RTD nanoparticles are lower and
higher than that of DPPC solution without nanoparticles (i.e., the red curve in
Figure 6.11). This means that the interfacial behaviour of the system containing

RTD nanoparticles is extremely dependent on the concentration of nanoparticle.
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Figure 6.11 Dynamic interfacial tension of the dispersions of RTD nanoparticles with
different concentrations in the DPPC solutions at 37°C. The concentration of the DPPC
is constant at 5.38x10® M in all solutions and dispersions. The red dots, as a reference,
are related to the DPPC solution without nanoparticles. The scratched part on the graph
of RTD 0.01 wt % is because this experiment was done for 4000 s to reach the
equilibrium. Therefore, the data of the last 1000 s has been shifted from the interval of
3000-4000 s in the main experiment.

The interfacial tension and zeta potential of the dispersions containing the
hydrophilic RTD nanoparticles and DPPC against the concentration of the
nanoparticles are shown in Figure 6.12, a and b. At the concentrations between
0.01 wt % and 0.03 wt %, the depletion of the DPPC is obvious because the
interfacial tension of the nanoparticle-contained samples is higher than that of
DPPC solution without nanoparticles (red dashed line in Figure 6.12, a).

At the concentration of 0.01 wt % of RTD nanoparticles, the interfacial
tension is 69.18 mN.m™ (Figure 6.11). This is almost close to the interfacial
tension of DI water (69.93 mN.m™) at the temperature of 37 °C. This can be
attributed to the electrostatic interactions of individual DPPC molecules with
RTD nanoparticle. The zeta potential of the RTD nanoparticles in DI water was
-0.11+0.11 mV. Although this is a very small value of negative charge, it can
still be the key reason of electrostatic interactions between the amine part of the
headgroup of the DPPC molecules and slightly negatively charged RTD
nanoparticles [237, 238].
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Figure 6.12 Equilibrium interfacial tension (a) and zeta potential (b) of the
dispersions of RTD nanoparticles in the DPPC solutions against the concentration of
nanoparticles at 37°C. The concentration of the DPPC is constant at 5.38x10® M in
all solutions and dispersions. The blue and red dashed lines in (a) are the
representative of the interfacial tension of DI water without DPPC and with DPPC,

respectively. The purple line and the triangle on it in (b) are the representative of the
surface charge of RTD nanoparticles in water.
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By increasing the concentration of RTD nanoparticles to 0.02 wt % and 0.03
wt %, the interfacial tension decreases to 68.23 mN.m™ and 66.57 mN.m™,
respectively. At these concentrations, the air-liquid interface of the system might
be a combination of some DPPC molecules and some RTD nanoparticles.

At the concentrations of 0.04 wt % and 0.05 wt % of the RTD nanoparticles,
the interfacial tension values are dramatically decreased to 63.06 mN.m™ and
63.23 mN.m™%, respectively. Following the mentioned mechanism of interactions
between RTD nanoparticles and DPPC bilayers, it is probable that at higher
concentrations of nanoparticles, more nanoparticles are adsorbed onto the air-
liquid interface causing a decreased interfacial tension in comparison with the
situation where only DPPC is existed in the system (i.e., the red dashed line in
Figure 6.12, a) [239].

Figure 6.12, b shows the zeta potential of the nanoparticles. As mentioned
before, the zeta potential value of the RTD nanoparticles in DI water was -
0.11+0.11 mV. In presence of DPPC in the dispersions, the zeta potential
becomes more negative from -19.15 mV at the concentration of 0.01 wt % to -
57.95 mV at the concentration of 0.05 wt %. It should be noted that, at a
concentration of 0.05 wt %, three populations with three major values of the zeta
potentials were found as clearly shown in Figure 6.12, b. The values of the zeta
potential of the RTD nanoparticles at the concentration of 0.05 wt % are -33.02,
-40.69, and -57.95 mV. These three different values of zeta potential show that
there are three major populations of RTD particles interacted with DPPC, and
these interactions are not necessarily similar for all RTD nanoparticles. Some of
these RTD particles have adsorbed more DPPC molecules on their surface and
some particles have been decorated with less DPPC molecules. This is because
of the constant concentration of the DPPC and the variable concentration of
nanoparticles. Therefore, at the concentration of 0.05 wt % of RTD
nanoparticles, the number of free DPPC molecules to interact with all RTD
nanoparticles in the same way is not enough.

The changes in the zeta potential of the RTD nanoparticles in contact with
DPPC further proved the interactions between the nanoparticles and DPPC
molecules. It should also be noted that the amount of changes in zeta potential

values in case of RTD samples is extremely larger than that of ATD samples.
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This can be an indicator of the larger driving force for the RTD-DPPC
electrostatic interactions in comparison with ATD-DPPC electrostatic
interactions [240]. More detailed explanation on the results of the zeta potential
measurement can be done if the DLS results are combined with them (which
have not been done in this study).

CNT Particles

Measurements of the interfacial tension of the dispersions of CNT particles
containing DPPC were also conducted. Although these measurements were also
conducted three times for each concentration of the CNT particles, the results
were not reproducible and repeatable. In fact, only about one-thirds of the
interfacial tension experiments on the CNT particles resulted in the equilibrium
interfacial tension. Even repeating the experiments with a longer equilibrium
time, i.e., 4000 s, did not improve the reproducibility of the data. Due to the lack
of reproducibility, the data related to CNT particles are not presented in this
chapter. However, as a comparative point for any future research on carbon
nanoparticles, the access to the current results on CNT particles would be
beneficial. Therefore, these results have been shown and explained in Appendix
A.

After measuring the interfacial tension and zeta potential for the individual
nanoparticles and understanding more about the effect of the single-type nano
pollutant on the DPPC, effect of the mixture of nano-pollutants on the DPPC was
investigated. The experimental methods related to this part have been explained
in Section 3.1.4.2. The results related to the mixture of nanoparticles are

described in the next section.

6.1.3 Effects of the Mixture of Nano-Pollutants on the DPPC

Effects of the mixture of nanoparticles as the representatives of the nano-
pollutants on the DPPC were evaluated due to the importance of this approach
in the real life. In fact, when the air is inhaled into the lung, a mixture of

145



nanoparticles with different physicochemical properties and various amounts
enters the respiratory system. The physicochemical properties such as surface
charge, size, and shape of these nanoparticles can significantly affect the
interparticle interactions with other nanoparticles with different features.

To simulate some of the real-life scenarios for the mixture of nanoparticles
reaching the lung surfactant, three different mixing methods were used (Section
3.1.4.2) which are:

I. Mixing the individual nanoparticles with DPPC and then mixing the

DPPC-interacted nanoparticles with each other.

ii. Mixing the aqueous dispersions of nanoparticles with each other and

then adding the DPPC to this mixture.

iii. Mixing the solid nanoparticles with each other, preparing the aqueous

dispersions, and then adding the DPPC to this mixture.

For the sake of time management, all three methods were done on ATD+CNT
mixture whereas the RTD+CNT and ATD+RTD+CNT mixtures were prepared
only by the first and second methods (summary in Table 3.1). The visual
inspection, optical microscopy, and SEM analysis were conducted to collect the
most possible data about the stability of the colloids, the size and shape of the
agglomerates (Section 6.1.3.1and section 6.1.3.2). Then, the interfacial tension
of the air-liquid interface of these mixtures was measured (Section 6.1.3.3). The

results have been presented in the following sections.

6.1.3.1 Visual Inspection and Optical Microscopy

Figure 6.13 shows the colloids and the structures of sediments for the
mixtures of ATD+CNT nanoparticles with the concentration of 0.01 wt % in
DPPC solution prepared by all three mixing methods. These images have been
taken one week after the preparation of the samples. The turbidity can be
considered as a preliminary indicator of the stability of the colloids [129]. After
checking both side view and bottom view of the vials, the turbidity of the mixture
prepared using the second mixing method (Figure 6.13, b) is much more
significant than the one prepared using the first method (Figure 6.13, a).
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Figure 6.13 Visual inspection of the colloids (side view) and the
structure of the sediments (bottom view) for the mixture of
ATD+CNT nanoparticles with the concentration of 0.01 wt % in
DPPC solution prepared using (a) method i, (b) method ii, and (c)
method iii.

Moreover, the side view of the vials indicates that the ATD+CNT mixture

prepared using the third method (Figure 6.13, c) shows the highest turbidity. It
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can be concluded that the mixture prepared using the third method (Figure 6.13,
c) is more stable than the samples prepared using the other two methods (Figure
6.13, a and b). However, it is difficult to compare the stability of the mixture
prepared using the first method (Figure 6.13, a) and second one (Figure 6.13, b).
The size of the agglomerates for the sediments of the mixture prepared using the
first method (Figure 6.13, a) is smaller than that of the mixture prepared using
the second method (Figure 6.13, b). On the other hand, the turbidity of the
mixture prepared using the second method is higher (Figure 6.13, a and b). Based
on the turbidity analysis, the colloid of the second method is more stable, but the
size of the sediments of this sample is also larger. This contrast results in
difficulties in providing a consolidated conclusion about comparing the
stabilities of the mixtures prepared using the first and second methods.

To precisely analyse these colloids, the sizes of the particles in the colloidal
phases and the structures of the sediments were observed using the optical
microscopy. The results are shown in Figure 6.14.

As it can be seen, the structure of sediments for the sample prepared using the
first mixing method (Figure 6.14, a-2) is less dense than that of the second
mixing method (Figure 6.14, b-2). There were no apparent solid agglomerates

from the sediments of the ATD+CNT mixture prepared using the third method.
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Figure 6.14 Optical microscopy images of the solid agglomerates in the colloid
phase (left column including a-1, b-1, and c-1) and the structure of the sediments
(right column including a-2, b-2, and c-2) for the mixture of ATD+CNT
nanoparticles with the concentration of 0.01 wt % in DPPC solution prepared using
(@) method i, (b) method ii, and (c) method iii. There were no visible solid
agglomerates in the sediments prepared using mixing method iii under optical
microscope.
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Based on analysis of the images shown in Figure 6.14 (a-1, b-1, and c-1), the

size distribution of the agglomerates in the colloidal phase is plotted in Figure
6.15. For the sake of the better visibility, in Figure 6.15, b, the histogram and

normal distribution of the surface area related to the sample prepared by the third

method have been added to Figure 6.15, a. These analysis results show that the
average size of the particles in the colloidal phase of the ATD+CNT mixture
prepared using the first, second, and third methods are ~73.67, ~27.87, and

~26.85 um?, respectively. The sample prepared using the third method has the
colloidal phase with the smallest size of the agglomerates or the possibly highest

stability. Based on these results, the first mixing method results in the poorest

stability of the colloids due the larger size of the agglomerates in the colloidal
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Figure 6.15 Histogram and normal distribution of the surface area of solid
agglomerates in the colloid phase for the mixture of ATD+CNT nanoparticles with
the concentration of 0.01 wt% in DPPC solution prepared using (a) mixing method i
and method ii, and (b) methods i, ii, and iii. The results for method iii have been
excluded from part (a) to obtain a better view in the part (b).

Based on the results from Figure 6.13, Figure 6.14, and Figure 6.15 for the

mixture of ATD+CNT, it can be concluded that the mixing method directly

affects the stability of the agglomerates for the nanoparticles in the colloidal

phase. The third method of mixing shows the best stability. This method is
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related to the mixing of the dried nanoparticles and then adding the aqueous
matrix and DPPC afterwards. This improved stability can be attributed to the
negative surface charges of both ATD and CNT particles. There are electrostatic
repulsion forces among these particles, which might be the reason for the smaller
agglomerates of particles and more stabilised mixtures prepared using this
method. For the other two methods, as the nanoparticles have been in contact
and are interacted with the DPPC molecules and water molecules in advance,
surface properties of these particles have been changed in a way that the
repulsive interactions have been apparently decreased among the nanoparticles
or among their agglomerates. This could result in the generation of larger sizes
of the agglomerates, sedimentation, and thus the less stabilised colloids.

Visual observation and optical microscopy inspections of the colloids
containing RTD+CNT nanoparticles were also done and the results are shown in
Figure 6.16, Figure 6.17, and Figure 6.18, respectively.

From the side views of the vials in Figure 6.16, the turbidity of the RTD+CNT
mixture prepared using the second method (Figure 6.16, b) is more apparent than
that of the RTD+CNT mixture prepared using the first method (Figure 6.16, a).
However, it is difficult to compare the stability of these two mixtures, by simply
comparing their turbidity, as their turbidity differences are not that much
significant.

Regarding those sediments at the bottom of the vials for the RTD+CNT
mixtures, the visible white spot at the bottom reveals the sedimentation of the
RTD nanoparticles and their significant segregation of the CNT particles at the
centre of the vial’s bottom. This aggregation of RTD nanoparticles can be
attributed to the small surface charges of these nanoparticles, i.e., -0.11+0.11
mV.
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(b)

Figure 6.16 Visual inspection of the colloids (side view) and the
structure of the sediments (bottom view) for the mixture of
RTD+CNT nanoparticles with the concentration of 0.01 wt % in
DPPC solution prepared using (a) method i and (b) method ii.

The colloidal phase and the aggregates at the bottom of the vials were
observed using the optical microscope. The obtained images are shown in Figure
6.17. The structure of the agglomerates at the bottom of the vials does not show
apparent differences (see Figure 6.17, a-2 and b-2). There are no apparent
agglomerates of the nanoparticles for the mixture of RTD+CNT prepared using
the first mixing method (Figure 6.17, a-1). Therefore, the size distribution
analysis and measurements were done only for the colloidal phase of the
RTD+CNT mixture prepared using the second method (Figure 6.17, b-1). The

obtained results are plotted in Figure 6.18.
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Figure 6.17 Optical microscopy images of the solid agglomerates in the colloid
phase (left column including a-1 and b-1) and the structure of the sediments (right
column including a-2 and b-2) for the mixture of RTD+CNT nanoparticles with the
concentration of 0.01 wt % in DPPC solution prepared using (a) method i and (b)
method ii. There were no visible solid agglomerates in the colloid phase prepared
using mixing method i under optical microscope.

Data analysis represented in Figure 6.18 shows that the average surface area
of the agglomerates in the colloidal phase of the RTD+CNT mixture prepared
using the second mixing method is ~5.02 pm?. The size of the agglomerates is
significantly smaller than that of ATD+CNT mixtures prepared using all three
different methods (see Figure 6.15).
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Figure 6.18 Histogram and normal distribution of the surface area of solid agglomerates
in the colloid phase for the mixture of RTD+CNT nanoparticles with the concentration
of 0.01 wt% in DPPC solution prepared using mixing method ii. There were no visible
solid agglomerates in the colloid phase prepared using mixing method i under optical
microscope.

The obtained results for the RTD+CNT mixtures prepared using the first and
second mixing methods show the significant segregation of the RTD
nanoparticles from CNT particles and the sedimentation of RTD nanoparticles.
These results can be attributed to the surface charges of these nanoparticles. The
surface charges of RTD nanoparticles are very small and they are in a nearly
neutral state. Therefore, there is no significant repulsion among these
nanoparticles when they move within the colloids. Therefore, they easily form
larger agglomerates that can be readily sedimented. On the other hand, there is a
significant repulsion force among the CNT particles which carry larger surface
charges (-49.02+8.21 mV). Therefore, it is probable that the smaller
agglomerates of CNT particles are formed and then remain in the colloidal phase.
However, we should address that the stabilities of these colloids prepared using
the different mixing methods are difficult to compare and obtain a consolidate
conclusion because measuring the particle size distribution using the optical

microscope images for the first method was impossible.
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The obtained results related to the visual inspection and optical microscopy
analysis of the mixtures of ATD+RTD+CNT particles prepared using the first

and second mixing methods are shown in Figure 6.19 and Figure 6.20.

(b)

Figure 6.19 Visual inspection of the colloids (side view) and the
structure of the sediments (bottom view) for the mixture of
ATD+RTD+CNT nanoparticles with the concentration of 0.01 wt %
in DPPC solution prepared using (a) method i and (b) method ii.

From both side views of the ATD+RTD+CNT mixtures in Figure 6.19, a and
b, the turbidity of the sample prepared using the second method is more apparent
than that of the mixture prepared using the first method. This indicates the better
stability of the colloid prepared using the second mixing method. From their
bottom views, the white spots are visible for both the samples prepared using the
first and second methods. These white spots are most probably associated to the
aggregated RTD nanoparticles. These white spots were also observed in

RTD+CNT mixtures (Figure 6.16). As mentioned before, this type of
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agglomeration and sedimentation of RTD nanoparticles is attributed to the small
amount of surface charges of these nanoparticles.

(a-1) (a-2)

No visible solid agglomerates.

4

Figure 6.20 Optical microscopy images of the solid agglomerates in the colloid
phase (left column including a-1 and b-1) and the structure of the sediments (right
column including a-2 and b-2) for the mixture of ATD+RTD+CNT nanoparticles
with the concentration of 0.01 wt % in DPPC solution prepared using (a) method i
and (b) method ii. There were no visible solid agglomerates in the colloid phase
prepared using mixing method ii under optical microscope.

Figure 6.20 shows the optical microscopy images for both the colloidal phases
and the sediments of the ATD+RTD+CNT mixtures prepared using the first and

second methods. There are not significant differences in the structures of the
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sedimented aggregates of the samples prepared using these two methods (Figure
6.20, a-2 and b-2). There are not visible solid agglomerates of ATD+RTD+CNT
mixture prepared using the second method. Therefore, only the size distribution
of the agglomerates in the colloidal phase of the ATD+RTD+CNT mixture
prepared using the first method was analysed and the results are shown in Figure
6.21.
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Figure 6.21 Histogram and normal distribution of the surface area of solid agglomerates
in the colloid phase for the mixture of ATD+RTD+CNT nanoparticles with the
concentration of 0.01 wt% in DPPC solution prepared using mixing method i. There
were no visible solid agglomerates in the colloid phase prepared using mixing method
ii under optical microscope.

Figure 6.21 shows that the average surface area of the agglomerates of
nanoparticles in the colloidal phase of ATD+RTD+CNT mixtures prepared
using the first method is ~39.86 pm?. As the size distribution measurement for
the sample prepared using the second method was impossible, it is thus difficult
to conclude which method can result in a better stability of the colloids.
However, the significant higher turbidity of the sample prepared using the
second method (Figure 6.19) is a reliable reason for the higher stability of this
sample. Therefore, it can be concluded that the mixing method affects the

stability of the colloids of the ATD+RTD+CNT mixtures.
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6.1.3.2 SEM Image Analysis

SEM images of the ATD+CNT mixtures prepared using the first, second, and
third mixing methods are shown in Figure 6.22, Figure 6.23, and Figure 6.24,
respectively. All these figures show that the ATD nanoparticles have been
effectively interacted with CNT particles, causing the agglomeration of
ATD+CNT.

200 nm i

-~ L \ '7. ~ o Gl ”
Figure 6.22 SEM images of the droplet of the mixture of ATD+CNT nanoparticles
with the concentration of 0.01 wt % in DPPC solution prepared using mixing method
i.

Comparisons of Figure 6.22, Figure 6.23, and Figure 6.24 at the scales of both
500 nm and 200 nm do not show strong evidences of structural differences. All
these figures show that the ATD nanoparticles have been adsorbed onto the outer

surfaces of the CNT particles. Some of the ATD nanoparticles have also been
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entrapped inside the porous structures of the CNT agglomerates (see Figure 6.22,
Figure 6.23, and Figure 6.24 at the scale of 200 nm).

00 nm . 1 200 nm

Figure 6.23 SEM images of the droplet of the mixture of ATD+CNT nanoparticles
with the concentration of 0.01 wt % in DPPC solution prepared using mixing method
ii.

Comparing Figure 6.22, Figure 6.23, and Figure 6.24 at the scale of 1 um, the
ATD nanoparticles appear more evenly distributed and interacted with the CNT
particles in the ATD+CNT mixture prepared using the third method (Figure
6.24). This type of evenly distributed ATD nanoparticles on the surface of the
CNTs (Figure 6.24 with the scale of 1 um) might result in enhanced stability of
the ATD+CNT colloids prepared using the third mixing method (Figure 6.13, c).
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Figure 6.24 SEM images of the droplet of the mixture of ATD+CNT nanoparticles
with the concentration of 0.01 wt % in DPPC solution prepared using mixing method
iii.

Figure 6.25 and Figure 6.26 show the SEM images of RTD+CNT mixtures
prepared using the first and second mixing methods, respectively. Together with
ATD+CNT mixtures, the RTD nanoparticles have also been interacted with CNT
particles. The evenly distributed RTD nanoparticles on the surfaces of the CNT
particles in the RTD+CNT mixture prepared using the second method (see
Figure 6.26 with the scale of 1 um) are quite apparent compared with that of the
mixture prepared using the first method (Figure 6.25 with the scale of 1 um).

However, the difference is not significant.

160



Figure 6.25 SEM images of the droplet of the mixture of RTD+CNT nanoparticles
with the concentration of 0.01 wt % in DPPC solution prepared using mixing method
i.

Comparing Figure 6.25 and Figure 6.26 (at the two different scales of 500 nm
and 200 nm) does not provide any evidence of significant differences between
the structures of the RTD+CNT agglomerates prepared using the first and second

mixing methods.
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500 nm

Figure 6.26 SEM images of the droplet of the mixture of RTD+CNT nanoparticles
with the concentration of 0.01 wt % in DPPC solution prepared using mixing method
ii.

SEM images of the agglomerates of the ATD+RTD+CNT mixtures prepared
using the first and second mixing methods are shown in Figure 6.27 and Figure
6.28, respectively. For all the cases with different scales of 200 nm, 500 nm, and
1 um, there are no significant differences between the samples prepared using
the first and second methods. However, these samples show more evenly
distributed ATD and/or RTD nanoparticles on the surfaces of the CNTSs, in
comparison to the ATD+CNT and RTD+CNT mixtures which have been
discussed before.

One surprisingly observed phenomenon is that the ATD+RTD+CNT
mixtures prepared using both first and second methods show the needle-like

structures on the samples (Figure 6.27 and Figure 6.28 with the scale of 10 um).
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Figure 6.27 SEM images of the droplet of the mixture of ATD+RTD+CNT
nanoparticles with the concentration of 0.01 wt % in DPPC solution prepared using
mixing method i.

To check whether these structures are random structures generated only at

some specifically located areas of the samples or not, different images at
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different areas of the sample (e.g., centre, edge, between the centre and edge)
were taken. From the obtained results, these structures are visible at all different
areas of ATD+RTD+CNT mixture samples prepared using the first and second
methods.

F 500 nm ; . » 200 nm

Figure 6.28 SEM images of the droplet of the mixture of ATD+RTD+CNT
nanoparticles with the concentration of 0.01 wt % in DPPC solution prepared using
mixing method ii.
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The types of needle-like structures can be easily attributed to the
contamination. If the contamination was due to the storage stage of the samples,
it should have happened in the other samples of the mixtures as well, simply
because all the samples were stored in the same way. However, the other
mixtures did not show needle-like structures. The other potential source of
contamination might be the operational procedures conducted to prepare the
samples. It should be noted that all the samples of mixtures were prepared using
the same procedures and also from the same stock solutions / dispersions of
nanoparticles. Therefore, if there was any contamination, it should have been
seen in the previous mixtures as well. However, there are no such needle-like
structures (as shown in Figure 6.29) observed in the previous mixtures. There
might be a possibility of the presence of straight type CNTs among the tangled
type CNTs because these structures (Figure 6.29) are similar to the structures of
straight type multi-walled CNTs previously observed in the macrophage
cytoplasm of rat lungs [241].

Figure 6.29 SEM image of the needle-shaped structure in the mixture of
ATD+RTD+CNT nanoparticles with the concentration of 0.01 wt % in DPPC solution
prepared using mixing method i.

To obtain more information about these needle-shaped structures, the Energy
Dispersive X-Ray Analysis (EDX) analysis was performed to obtain the
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chemical information of those structures. Figure 6.30 shows a typical example
of the EDX analysis.

Figure 6.30 SEM image of the needle-shaped structure in the mixture of
ATD+RTD+CNT nanoparticles with the concentration of 0.01 wt % in DPPC solution.

The EDX spectra related to those spots on Figure 6.30 are shown in Figure
6.31. The highest peak related to Al is due to the aluminium stub of the SEM.
The presence of carbon and oxygen in these structures can be attributed to the
CNT particles and the oxygen in the structure of the titanium dioxide (ATD and
RTD). The presence of sodium (Na), copper (Cu), and silicon (Si) needs to be

discussed carefully.
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Figure 6.31 EDX analysis of the spectrum 1 (a) and spectrum 3 (b) of the SEM image
in Figure 6.30 for the mixture of ATD+RTD+CNT nanoparticles with the
concentration of 0.01 wt % in DPPC solution. There were no visible solid
agglomerates in the colloid phase prepared using mixing method ii under optical

microscope.

Atomic numbers of sodium and silicon are 11 and 14, respectively. As the
atomic number of aluminium is 13 and very close to those of sodium and silicon,
these two elements might have been read due to the identification error of the

software (which is assumed to reasonably occur). The atomic number of copper
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is 29 which is not close to aluminium. However, the evidence is not strong
enough to trace the source of the copper in these needle-shaped structures which
have only occurred in case of ATD+RTD+CNT mixtures. It is better to use the
other techniques such as X-ray Photoelectron Spectroscopy (XPS) for analysing
the surface chemistry of materials. As we did not have this equipment, it was
impossible to do this type of analysis.

6.1.3.3 Interfacial Tension Measurement

The interfacial tension values obtained at the air-liquid interface of all
mixtures (including ATD+CNT prepared with three mixing methods, and
RTD+CNT and ATD+RTD+CNT mixtures prepared with two mixing methods)
were measured and the results are shown in Figure 6.32. As expected, Figure
6.32 clearly depicts that the composition of the mixtures affects the interfacial
tension. Moreover, this figure shows that there are differences between two
crystal forms of titanium dioxide when they were mixed with CNT particles. For
the ATD+CNT mixture prepared using the first method, the interfacial tension
is 65.34 mN.m™ which is less than that of the DPPC without nanoparticles (red
dashed line), DPPC+ATD dispersions (green dashed line), and DPPC+CNT
dispersions (grey dashed line). This can be attributed to the adsorption of the
agglomerates of ATD+CNT particles at the interface, whereas each of these
nanoparticles, at the same concentration, was not being adsorbed at the air-liquid
interface when they were in the single-type nanoparticle dispersions. However,
the interfacial tension of the RTD+CNT mixture prepared using the first method
was 66.26 mN.m* which is higher than the interfacial tension of DPPC without
nanoparticles (red dashed line) and DPPC+CNT dispersion (grey dashed line)
and is less than the interfacial tension of the DPPC+RTD dispersion (magenta
dashed line). This means that mixing the nanoparticle of CNT with RTD using
the first method will decrease the interactions of the individual RTD
nanoparticles with DPPC molecules in comparison with the situation when there

are no CNT particles in the system.
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There is also a difference between the behaviours of the ATD+CNT and
RTD+CNT mixtures when the second mixing method is used. In this situation,
the behaviour is quite opposite compared to those using the first mixing method.
This shows that, in cases of ATD+CNT and RTD+CNT mixtures, the mixing
method directly affects the interactions of particles among each other and
between them and the DPPC molecules. In the second method of mixing, the
interfacial tension of ATD+CNT mixture is 66.50 mN.m™ whereas the interfacial
tension of RTD+CNT mixture is 65.28 mN.m™.
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Figure 6.32 Equilibrium interfacial tension for the mixture of nanoparticles with the
concentration of 0.01 wt % in DPPC solution using mixing methods i, ii, and iii
describes in Section 3.1.4.2. The dashed lines are the representative of the interfacial
tension of DPPC solution without nanoparticles and with single-type nanoparticles at
37+0.2 °C.

As mentioned above, the mixing method affects the interfacial tension of the
mixtures. For the ATD+CNT mixture, an additional third mixing method was
used. This method includes the mixing of the dried nanoparticles firstly and then
adding of the aqueous matrix and DPPC afterwards. Figure 6.32 shows that the
dispersion prepared using this method shows an extremely lower interfacial
tension (62.94 mN.m™), if compared to the other two mixing methods used for
preparing ATD+CNT mixture. This means that the agglomerates existed in the

mixture of ATD+CNT have been adsorbed onto the air-liquid interface. To make
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a more detailed discussion about the status of the agglomerates in all these
mixtures and the mechanisms of the actions, the zeta potential and DLS
measurements would be very helpful. However, due to the limitations in
accessing the related equipment, these measurements were impossible to do on
the samples of the mixture.

In case of the mixture of ATD+RTD+CNT, Figure 6.32 shows that the mixing
method does not have a significant effect on the interfacial tension. The
interfacial tension of the ATD+RTD+CNT mixtures prepared using the first and
second methods are 64.86 mN.m™ and 64.79 mN.m™, respectively. This
observation in combination with the previously discussed results for ATD+CNT
and RTD+CNT mixtures shows that the mixing method can be an effective factor
depending on the composition of the system.

The results from Figure 6.32 clearly show that there are considerable
differences between the effects of the individual nanoparticles and mixture of
nanoparticles on the interfacial tension of the solutions containing DPPC. This
means that the mixed nanoparticles inhaled in real life can affect the lung
surfactant in a way which totally differs from single-type inhaled nanoparticles.
Only measuring the effect of single-type nanoparticles on the DPPC or lung
surfactant could oversimplify the real-life situation. Therefore, it is suggested to
combine the data related to the single-type nanoparticles with their mixture. The
results can be helpful in many fields including the regulations related to the
environmental pollution, and the distance between the industrial plants
(factories) emitting nanoparticles into the air. Moreover, the mixture of
nanoparticles with different surface properties can also be a potential option for

more efficient and controlled drug delivery to the lungs as well.

6.2 Summary

In this chapter, the interactions among the DPPC molecules, single-type nano-
pollutants and the mixture of nanosized pollutants were investigated to
understand the mechanisms of the interactions and effects of the nanomaterials

on the DPPC in the bulk of the solution and at the air-liquid interface.
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The initial structure of the DPPC molecules in the aqueous solution was
established based on the applied method of preparation. In this study, the DPPC
molecules in the solutions were in three forms including individual molecules,
cylindrical micelles, and open-ended flexible bilayers. These structures induce
aggregates with varied sizes inside the aqueous solutions of DPPC which is
considered as one of the reasons of the complexity of these systems.

It was experimentally proved that the interactions of nanoparticles with DPPC
strongly depends on the surface properties including their shapes and surface
charges. Two shapes of titanium dioxide nanoparticle, i.e., ATD and RTD, with
different surface charges showed completely different behaviours in interactions
with DPPC although both of these nanoparticles were hydrophilic and with the
same average size of 20 nm.

Both ATD and RTD nanoparticles interact with individual DPPC molecules
and their bilayers, which in turn, cause the depletion of DPPC as the surfactant.
However, the types of these interactions are different. Comparing to the DPPC
solution without nanoparticles, the negatively charged ATD nanoparticles cause
an increase in the interfacial tension at all concentrations whereas RTD
nanoparticles decrease the interfacial tension at the concentrations of 0.04 and
0.05 wt %. Although the interfacial behaviour of RTD nanoparticles against their
concentrations appeared to follow an order, it was proved that the non-
homogeneity of the RTD+DPPC system at the highest concentration, i.e., 0.05
wt %, was increased and the particles and/or their agglomerates were at various
states in terms of surface charges.

The predictable behaviours of the ATD and RTD nanoparticles arising from
their surface properties can be used as a key solution for designing the nanosized
drug delivery carriers for pulmonary drug delivery, when the target is to control
the medicine in the bulk and/or at the air-liquid interface of the lung surfactant.

Despite the ordered behaviour of hydrophilic titanium dioxide nanoparticles
interacting with DPPC molecules, the CNT particles did not show any
reproducibility in terms of the interfacial experiments. This behaviour, which
was an obstacle in finding the mechanism of interactions between DPPC

molecules and CNTSs, indicates the variety of the complex and random structures
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of CNT particles at the air-liquid interface. This means that these particles in
interactions with the lung surfactant cause unpredictable consequences.

Although it has been proved that CNT particles can be inhaled and might play
an important role in the diseases related to air pollution [242], the anthropogenic
CNT particles in air are still rare [243]. Therefore, other types of carbon
nanoparticles might lead to more reproducible results in interfacial studies.

Investigating effects of the mixture of nano-pollutants on the DPPC was the
most innovative part of this chapter which revealed that not only the chemical
composition of the mixture of nanoparticles affects the interfacial behaviour of
the DPPC solution, but also the method of mixing changes this behaviour. This
means that, in the real-life scenarios, the effect of the mixture of nano-sized
pollutants on the lung surfactant depends on the type of the pollutants and the
way that these nano-pollutants have interacted at the first place.
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Chapter 7

Dynamic Responses of DPPC Monolayers to Nano-

Pollutants Impact Studied using Interfacial Rheology

In the interfacial systems, such as emulsions, foams, and lung alveoli, the
dilatational rheology is focused more than the shear rheology. This is because,
in such systems, effect of the dilatational deformation on the liquid motion are
more significant [244]. Moreover, the dilatational rheology is beneficial in the
DPPC-nanoparticles systems investigated in this study. In this research, the
dynamic conditions of the breathing cycle in the respiratory system is simulated,
and dilatational rheology is a powerful tool for studying the dynamic properties
[245].

In this chapter, firstly the interfacial dilatational rheology of the DPPC
solution without particles is investigated using a linear (traditional) approach.
The same approach is used for TiO2 nanoparticles with the least concentration
(0.01 wt %) in DPPC solution. After careful investigation of data, the
nonlinearity of the mentioned systems (i.e., DPPC solution without particles,
ATD 0.01 wt%+DPPC, and RTD 0.01 wt %+DPPC) is proved. Therefore, the
interfacial rheology of these systems and the systems containing higher
concentrations of nanoparticles is studied using a nonlinear approach. In this
approach, the Lissajous plots [20] are used to understand the microstructures of
the air-liquid interfaces in the presence and absence of nanoparticles. To our
knowledge, it is the first time that the nonlinear surface dilatational rheology
approach is used for the DPPC system containing nanoparticles in which the data

have been obtained from a PAT equipment.
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7.1 Results and Discussion

Rheological experiments or oscillations were conducted after the samples
(including DPPC solution without particles, dispersions of DPPC and single-type
nanoparticle, and mixture of nanoparticles with DPPC) reached the equilibrium
interfacial tension, i.e., after 2500 s. For those samples that did not reach an
equilibrium within 2500 s, the oscillation was done after 4000 s when the
equilibrium was finally reached. A typical plot of the interfacial tension and
surface area as a function of time during oscillation (i.e., after reaching an
equilibrium) is shown in Figure 7.1. As this figure shows, the measurements
were conducted at four amplitudes (i.e., 1%, 2%, 5%, and 10%). At each
amplitude, four frequencies (i.e., 0.1, 0.125, 0.25, and 0.5 Hz) were applied for
tests. For every single amplitude at a defined frequency, the number of repeated
cycles was five.
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Figure 7.1 A typical plot of the dynamic interfacial tension and surface area vs. time
during oscillation. Red and blue dots correspond to the surface area and interfacial
tension, respectively. The sample is related to DPPC solution without nanoparticles.

Each oscillation at a defined amplitude and frequency was extracted
individually for further analysis using both linear and nonlinear approaches

which will be explained in the following sections.
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7.1.1 Linear (Traditional) Approach: Fourier Analysis

using a curve fitting method for the dispersions of titanium dioxide (both anatase
and rutile crystal forms) with the least concentration of the nanoparticles in
DPPC solutions. The data were extracted from the PAT software in the “.dpa”

format and were saved in an Excel format file. Then, this file was used for curve

fitting performed using the MATLAB.

complex viscoelastic (dilatational) modulus based on the first harmonic of the

Fourier transform, i.e., number of terms were equal to one [246].

shown in Figure 7.2.

A linear approach based on the Fourier transform analysis was conducted by

The curve fitting toolbox (cftool) in MATLAB was used to measure the

An example of the fitted curve for both surface area and interfacial tension is
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Figure 7.2 An example of the Fourier curve fitting

area, and (b) interfacial tension, versus time.
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Finding the best fit was not straightforward meaning that it was impossible to
choose the Fourier transform in MATLAB and obtain the best fit immediately.
In fact, the quality of the fitted curves was not enough for many samples.
Therefore, based on the known parameter in the Fourier transform equation, the
data exclusion method (i.e., red dots shown in Figure 7.2) was applied to obtain
the best possible fit. In this study, the angular frequency, w, was defined as the
known parameter.

The curve fitting method not only is a data analysis technique, but also reveals
the suitability of the fitting model and proves the hypotheses behind it by
measuring the statistical parameters of the fitted curve. Therefore, the statistical
parameters of the fitted curves for each individual sample of DPPC solution
without particles, DPPC+ATD, and DPPC+RTD nanoparticles with the
concentration of 0.01 wt % of nanoparticles were obtained. The statistical
parameters used to assess the standard of the fitting include R-squared, the sum
of squares due to error (SSE), and the root mean square error (RMSE). These
parameters were used as the first indications of the nonlinearity of the systems.
In fact, the higher R-squared (> 0.9) and lower SSE / RMSE (closer to zero)
values indicate the better fitting.

The R-squared values of these fitted curves for both interfacial tension, y(t),
and surface area, A(t), as the functions of time have been summarised and listed
in Table 7.1.

Table 7.1 shows that the R-squared values of surface areas as a function of
time are >0.95 for all the samples regardless of the frequencies and amplitudes.
This shows the accuracy of the fitted curves. Moreover, it indicates the precision
of the input signals, i.e., changes in the surface areas in the PAT set-up. Despite
the acceptable R-squared values of the fitted curves on the surface area data, the
fitted curves on the interfacial tension shown in Table 7.1 must be considered

carefully and case-by-case.
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Table 7.1 The R-squared values of the fitted curves of interfacial tension and surface
area as functions of time.

R-Squared R-Squared R-Squared R-Squared

s Frequency | Amplitude = 1% | Amplitude = 2% | Amplitude =5% | Amplitude = 10%
ample (H2)

vy A [ v@®)  AQ® | y@® A | y® AQ®

DPPC 0.1 0.707 | 0.984 | 0.821 | 0.995 | 0.924 | 0.990 | 0.950 | 0.999

Solution 0.125 0.668 | 0.960 | 0.836 | 0.989 | 0.939 | 0.996 | 0.943 | 0.997

without 0.25 0.289 | 0.986 | 0.788 | 0.965 | 0.961 | 0.997 | 0.926 | 0.998

Particles 0.5 0.486 | 0.991 | 0.851 | 0.994 | 0.849 | 0.994 | 0.812 | 0.995

0.1 0.316 | 0.983 | 0.675 | 0.992 | 0.860 | 0.998 | 0.927 | 0.996

ATD 0.01 0.125 0.205 | 0.971 | 0.617 | 0.994 | 0.849 | 0.987 | 0.929 | 0.995

wt%+DPPC 0.25 0.435 | 0.993 | 0.453 | 0.986 | 0.783 | 0.991 | 0.846 | 0.998

0.5 0.415 | 0.990 | 0.546 | 0.993 | 0.632 | 0.988 | 0.361 | 0.992

0.1 0.089 | 0.984 | 0.259 | 0.996 | 0.304 | 0.986 | 0.584 | 0.999

RTD 0.01 0.125 0.201 | 0.954 | 0.223 | 0.982 | 0.269 | 1.000 | 0.491 | 1.000

wt%+DPPC 0.25 0.137 | 0.988 | 0.044 | 0.994 | 0.091 | 0.998 | 0.396 | 0.998

0.5 0.120 | 0.990 | 0.103 | 0.993 | 0.297 | 0.994 | 0.335 | 0.993

For the DPPC solution without particles, the R-squared values of the
interfacial tension, y(t), is less than 0.9 at the lowest amplitudes, i.e., 1% and
2%. By increasing the amplitude to 5% and 10%, the R-squared values of the
interfacial tension is increasing meaning that the fitted curve becomes reliable.
As mentioned above, the higher R-squared values indicate the better fitting. At
these high amplitudes, i.e., 5% and 10%, the lower R-squared values are related
to the highest frequency of 0.5 Hz. For example, at the amplitude of 5%, the R-
squared value is 0.849, and at the amplitude of 10%, the value of R-squared is
0.812. Overall, in case of DPPC solution without particles, the fitted curves with
higher R-squared values are related to higher amplitudes and lower frequencies.
It should be noted that the source of the higher R-squared value for the interfacial
tension is not necessarily related to the higher accuracy of the fitted curve. It
might be due to the data brushing and exclusion of outlier data in the curve fitting
technique (i.e., red dots shown in Figure 7.2, b).

Table 7.1 clearly shows that the R-squared values for interfacial tension of
ATD 0.01 wt %+DPPC are less than that of DPPC solutions without
nanoparticles. This can be seen at all amplitudes and frequencies except the case
of the amplitude of 1% and frequency of 0.25 Hz. In this case, the R-squared
value of ATD 0.01 wt %+DPPC is 0.435 whereas the R-squared value of DPPC

177




solution without nanoparticles is 0.289. Similar to the DPPC solution without
nanoparticles, it is shown that the R-squared value of ATD 0.01 wt %+DPPC is
increasing with the increase of amplitude. The only exception can be observed
at the highest frequency. This might be due to the number of data obtained during
the experiment at the highest frequency, 0.5 Hz. In the PAT set-up, the number
of recorded data points is 12-14 points per second during oscillation. At the
highest frequency of 0.5 Hz for 5 cycles, the oscillation takes 10 seconds.
Therefore, the number of acquired data points will be 120-140 points which is
less than the number of data points used for curve fitting at lower frequencies of
0.1, 0.125, and 0.25 Hz.

Table 7.1 also shows that, in case of the RTD 0.01 wt %+DPPC, the R-
squared values of interfacial tension are extremely low at all amplitudes. It can
be attributed to the higher nonlinearity of RTD 0.01 wt %+DPPC system in
comparison with DPPC without nanoparticles and ATD 0.01 wt %+DPPC
systems. This means that, for the RTD+DPPC system, the curve fitting method
to measure the first harmonic Fourier moduli will not give realistic results for
calculating the viscoelasticity parameters including the viscoelastic modulus and
the phase difference between interfacial tension and surface area signals.

In the calculation of R-squared values, both the SSE and the total sum of

squares (SST) are considered (Eq. 7-1).

SSE
_ = 1-——" Eqg. 7-1
R — squared 1 SST q

The total sum of squares (Eqg. 7-2) is defined by the difference between each
individual data points, y;, and the mean value of the data points, y. The total

number of data is n.

n
SST = ) (3= 3)? Eq. 7-2
i=1

Due to the presence of the mean value of data points in the SST part of R-squared
formula, there might be a possibility of misleading R-squared values.
Therefore, it is suggested to calculate one or two other statistical errors to
check the suitability of the curve fitting. The advantage of SSE and RMSE is that
these two errors show the differences between the predicted data points, y,, and

the observed data points, y;. The predicted data points are the ones obtained by
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the suggested model. Eq. 7-3 and Eq. 7-4 show the formula for SSE and RMSE,
respectively.

SSE = Z(yi — 52 Eq. 7-3
i=1

SSE

RMSE = Eq. 7-4

Due to the advantage of these errors, SSE and RMSE were all measured in this
study (which are listed in Table 7.2 and Table 7.3).

Table 7.2 The SSE values of the fitted curves of interfacial tension and surface area as
functions of time.

SSE SSE SSE SSE
sample Frequency | Amplitude = 1% | Amplitude =2% | Amplitude =5% | Amplitude = 10%
(H2)

y(®) A@) | yv(@© A(t) | v(®) A(t) | y(®) A(t)
DPPC 0.1 4,162 | 0.104 9.681 | 0.160 | 19.460 | 2.398 | 33.320 | 0.624
Solution 0.125 6.402 | 0.410 8.898 | 0.431 | 12.780 | 0.739 | 31.110 | 2.283
without 0.25 2.691 | 0.034 1.328 | 0.238 | 2.102 | 0.148 | 22,570 | 0.449
Particles 0.5 1.305 | 0.013 1554 | 0.049 | 7.968 | 0.268 | 31.150 | 0.787
0.1 2.890 | 0.126 5.628 | 0.396 | 7.529 | 0.317 | 15.800 | 2.933
ATD 0.01 0.125 2.599 | 0.272 4184 | 0.212 | 5.300 | 2.853 | 15.770 | 3.242
wt%+DPPC 0.25 0.609 | 0.012 1283 | 0.116 | 2.136 | 0.579 | 10.610 | 0.515
0.5 0.847 | 0.022 0.769 | 0.065| 7.062 | 0.697 | 38.770 | 1.774
0.1 57.230 | 0.200 | 53.450 | 0.201 | 144.200 | 4.488 | 77.800 | 1.310
RTD 0.01 0.125 11.430 | 0.595 | 103.900 | 0.858 | 147.200 | 0.163 | 131.700 | 0.456
wt%+DPPC 0.25 15.370 | 0.078 | 26.160 | 0.073 | 25.710 | 0.262 | 42.590 | 0.879
0.5 20.280 | 0.016 | 37.170 | 0.054 | 40.290 | 0.379 | 20.290 | 1.191

Table 7.2 shows that the SSE values for the surface areas in all systems are in
the range of 0-1. There are only some cases that at the higher amplitudes, i.e.,
5% and 10%, the SSE values of the surface area are more than 1. The highest
SSE of the surface area, 4.488, was reported for the RTD 0.01 wt %+DPPC
sample at the amplitude of 5% and the frequency of 0.1 Hz.

Regarding the SSE for the interfacial tension, Table 7.2 shows that the SSE

values are very high and deviated from the range of 0-1. These deviations are not
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only related to the systems containing ATD and RTD nanoparticles, but they are
also obvious in the DPPC solution without nanoparticles. This means that the
goodness-of-fit is not enough, which in turn, proves that the Fourier transform
does not give the realistic results for these systems. To elaborate the reason why
the numbers for SSE are so large, Figure 7.3 has been drawn. When a model such
as the Fourier transform one is fitted to the highly scattered data, based on the
Eq. 7-3 for SSE, the value of SSE will be very high as the differences between
the fitted model and scattered data are quite large. This is quite clear for the case
of RTD 0.01 wt %+DPPC as shown in Figure 7.3 where the scattered data have
been shown using the double-headed black arrows.
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Figure 7.3 The dynamic interfacial tension against time during oscillation at the
amplitude of 1% and frequency of 0.1 Hz for DPPC without nanoparticles, ATD 0.01
wt %+DPPC, and RTD 0.01 wt %+DPPC. The double-headed arrows on the data points
related to RTD 0.01 wt %+DPPC show the range of data scattering.

The RMSE values of the fitted curves for DPPC solution without particles,
ATD 0.01 wt %+DPPC, and RTD 0.01 wt %+DPPC have been summarised in
Table 7.3. The values of RMSE for the surface area in all three systems are in

the order of 1x102 order whereas the RMSE values for the interfacial tension
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are in the order of 1x10?. As Eq. 7-3 and Eq. 7-4 show, the RMSE is the square
root of SSE divided by the number of data points.

One important point which has been obtained from RMSE values is about the
adequacy of the data points at higher frequencies. For examples, in the case of
the DPPC solution without nanoparticles, at the amplitude of 10%, the SSE
values of the interfacial tension at the frequency of 0.125 Hz and 0.5 Hz are
31.110 and 31.150, respectively (Table 7.2). These values are approximately the
same. However, Table 7.3 shows that for this system, at the same amplitude, the
RMSE values at the frequency of 0.125 Hz and 0.5 Hz are 0.407 and 0.797. This
large difference shows that the number of acquired data points at the frequency
of 0.5 Hz is less than the number of data points at the frequency of 0.125 Hz.
Therefore, in this case, the higher RMSE at the frequency of 0.5 Hz arise from
the number of a smaller number of data points. This is consistent with the low
number of acquired data points (i.e., 120-140 points) at the frequency of 0.5 Hz
in PAT set-up.

Table 7.3 The RMSE values of the fitted curves of interfacial tension and surface area
as functions of time.

RMSE RMSE RMSE RMSE

Sam Frequency | Amplitude = 1% | Amplitude = 2% | Amplitude =5% | Amplitude = 10%
ple (H2)

y@® A@®) | y@®)  AQ®) | v(@©) A) | v(®)  A(D)
DPPC 0.1 0.122 | 0.023 | 0.154 | 0.024 | 0.241 | 0.086 | 0.371 | 0.052
Solution 0.125 0.147 | 0.035 | 0.152 | 0.034 | 0.205 | 0.052 | 0.407 | 0.093
without 0.25 0.187 | 0.018 | 0.131 | 0.056 | 0.152 | 0.040 | 0.495 | 0.070
Particles 0.5 0.160 | 0.014 | 0.142 | 0.025 | 0.322 | 0.058 | 0.797 | 0.127
0.1 0.094 | 0.021 | 0.120 | 0.032 | 0.138 | 0.034 | 0.234 | 0.101
ATD 0.01 0.125 0.104 | 0.033 | 0.119 | 0.026 | 0.134 | 0.095 | 0.233 | 0.112
wt%+DPPC 0.25 0.100 | 0.014 | 0.128 | 0.039 | 0.155 | 0.075 | 0.338 | 0.074
0.5 0.106 | 0.017 | 0.124 | 0.030 | 0.244 | 0.094 | 0.785 | 0.156
0.1 0.432 | 0.023 | 0.380 | 0.023 | 0.632 | 0.105 | 0.496 | 0.064
RTD 0.01 0.125 0.213 | 0.040 | 0.594 | 0.048 | 0.682 | 0.020 | 0.589 | 0.035
wt%+DPPC 0.25 0.549 | 0.019 | 0.497 | 0.026 | 0.717 | 0.037 | 0.734 | 0.071
0.5 0.637 | 0.018 | 0.686 | 0.029 | 0.781 | 0.064 | 0.960 | 0.154

After the curve fitting is done using MATLAB, the viscoelastic modulus can
be calculated as described in the following section.
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7.1.1.1 Viscoelastic Modulus

The complex interfacial dilatational modulus or viscoelastic modulus of the
air-liquid interface of each sample at a specific frequency and amplitude were
measured using the Fourier transform curve fitting as the standard/traditional
method.

Using the curve fitting and Eq. 7-5 (previously mentioned as Eqg. 3-20 in
Chapter 3), the viscoelastic modulus can be calculated.

Ay
AA/A,

le| = Eq. 7-5

where g is the interfacial dilatational modulus or viscoelastic modulus, AA/A,
is the relative area change, and Ay is the change of interfacial tension as the
response to the change in the surface area.

The plots of the complex viscoelastic modulus of DPPC solution without
particles, ATD 0.01 wt %+DPPC, RTD 0.01 wt%+DPPC versus amplitude at
different frequencies have been illustrated in Figure 7.4. To avoid any confusion
due to the overcrowded plots, the error bars related to the standard deviations
have not been shown and the related standard deviation (SD) values have been
reported in Table C.1 in Appendix C.

Results in Figure 7.4 show that regardless of frequency and amplitude, the
complex viscoelastic modulus of the DPPC system decreases when the
nanoparticles are added to the system. For the DPPC system without
nanoparticles, the viscoelastic modulus is in the range of 34.34 mN.m*
(amplitude 2%, frequency 0.25 Hz) to 39.82 mN.m™* (amplitude 1%, frequency
0.125 Hz). For the ATD 0.01 wt %+DPPC, the viscoelastic modulus varies
between 6.92 mN.m* (amplitude 1%, frequency 0.125 Hz) and 13.70 mN.m*
(amplitude 10%, frequency 0.25 Hz). This data range for the RTD 0.01 wt
%-+DPPC is between 7.96 mN.m™ (amplitude 10%, frequency 0.1 Hz) and 24.11
mN.m* (amplitude 1%, frequency 0.25 Hz). The low values of the viscoelastic
modulus in the systems containing nanoparticles indicates that, by adding the
nanoparticles into the DPPC system, the interfacial tension as the response of the
system to the constant deformation is not as much as it should be in the normal

situation.
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Figure 7.4 Complex viscoelastic (dilatational) modulus of air-liquid interface of (a)
DPPC solution without particles, (b) ATD 0.01 wt%+DPPC, and (c) RTD 0.01

wt%+DPPC.
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This result can be linked to the physiological conditions of lungs. By
breathing the ATD and RTD nanoparticles, the DPPC molecules interact with
these particles. The adsorption of these particles at the air-liquid interface of the
lung surfactant in the alveoli will result in weak response of interfacial tension
to the compression-expansion process of the breathing cycle. This means that the
titanium dioxide nanoparticles with the anatase and rutile crystal forms can make
the disturbance in mechanical function of the lungs even at the concentrations as
low as 0.01 wt %.

To achieve a better understanding of the trend in the behaviour of viscoelastic
modulus whilst changing amplitude and frequency, the Analysis of Variance
(ANOVA) in Minitab® Software was used. After using the General Linear
Model, the factorial plots for each system were obtained by introducing the
amplitude and frequency as the variable factors and the viscoelastic modulus as
the response.

The factorial plots showed that there were no valid interactions between these
two factors, i.e., amplitude and frequency, that could be plotted. The main effects
plots for the mean of the complex viscoelastic modulus versus each factor were
obtained and the results are shown in Figure 7.5. The main effects plot shows the
effect of each defined factor on the system’s response by measuring the mean
value of the responses at the condition where the other factors are maintained as
constants. It is noteworthy to mention that the Mixed Effects Model should not
be used for this set of data as there is no random factor, and it may mislead the
data interpretation.

As shown in Figure 7.5, a and b, the main effects of the amplitude and
frequency on the DPPC solution without particles and ATD 0.01 wt %+DPPC
are not straightforward. This means that there is no firm and constant qualitative
relationship between the effect of frequency or amplitude on the complex
viscoelastic modulus for DPPC system without particles and the ATD 0.01 wt
%+DPPC system. It can only be assumed that, for the DPPC solution without
particles, at the amplitude of 2% and higher, increasing the amplitudes results in

the increase of the viscoelastic modulus on an average basis.
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Figure 7.5 The main effects plots for the mean of complex viscoelastic modulus versus
frequency and amplitude as the effective factors for (a) DPPC solution without particles,

(b) ATD 0.01 wt%-+DPPC, and (c) RTD 0.01 wt%-+DPPC.
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In the case of the RTD 0.01 wt %+DPPC, the main effect plots are showing a
meaningful relationship between each factor and response (Figure 7.5, c). It can
be concluded that, in the RTD 0.01 wt %+DPPC system, increasing frequency
enhances the viscoelastic modulus whereas increasing amplitude decreases the
viscoelastic modulus on an average basis. Moreover, the effect of the amplitude

is more significant than that of frequency.

7.1.1.2 Phase Difference

Measuring the phase difference in the rheology studies of the lung surfactant
during the dynamic conditions of the breathing cycle is advantageous because

the phase difference shows the interfacial tension hysteresis in the lung.

— Expiration
Inspiration
10 P =
£
305
S
0 I 1 1
0 -10 -20 -30
Lung transmural pressure

Figure 7.6 The volume versus pressure known as pressure-volume curve of lung during
inspiration (expansion) and expiration (compression) in the breathing cycle. Reprinted
by permission from Springer Nature Customer Service Centre GmbH: Springer, Cham,
Basic Sciences in Anesthesia. © 2018 Springer International Publishing AG [247].

As shown in Figure 7.6, from a physiological point of view, the pressure-
volume curves of the inspiration (expansion) and expiration (compression)

during the breathing cycle are different. The difference between these two curves
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is called hysteresis. In fact, the applied energy of the human body to the lung
during its expansion will not be recovered in the compression process. Therefore,
there is an energy dissipation called hysteresis in the lung. The hysteresis of the
pressure-volume curve in lungs is affected by three factors including tidal re-
expansion/collapse, stress relaxation, and the interfacial tension hysteresis due
to the presence of the lung surfactant [129, 248, 249].

In the oscillation studies, this hysteresis can be obtained by measuring the
phase difference or loss angle which shows the ratio of viscosity to elasticity. In
this study, to determine the phase difference between the interfacial tension and
surface area signals, a MATLAB function based on Discrete Fourier Transform
(DFT) was applied [250-252]. This code provides a highly noise resistive method
for the signals in the time domain. The original code entitled Phase Difference
Measurement with MATLAB Implementation has been provided in Appendix
B [250]. In fact, each oscillation with the defined amplitude and frequency was
separated. Then, the phase differences between the interfacial tension and
surface area signals were obtained. An example of the signals obtained in
MATLAB interface has been shown in Figure 7.7.
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Figure 7.7 The example of the surface area and interfacial tension signals in MATLAB
interface during the oscillation at the amplitude of 1% and frequency of 0.1 Hz. The
sample is related to the DPPC solution without particle.
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Figure 7.8 illustrates the results of the phase differences between interfacial
tension and surface area signals. As the values of phase difference are very close
to each other at some points, the error bars have not been reported in these plots.
The standard deviation values have been reported in Table C.2 in Appendix C.

As shown in Figure 7.8, in case of the DPPC solution without adding the
particles, the phase difference values are in the range of 0.21-8.20 deg. This
range becomes wider when the nanoparticles of ATD and RTD are added to the
system. The phase difference values of ATD 0.01 wt %+DPPC are between -
15.03 deg and 73.35 deg. There is only one negative phase difference in the ATD
0.01 wt %+DPPC which is related to the amplitude of 10% and the frequency of
0.5 Hz. This number cannot be shown in Figure 7.8 as it is a logarithmic plot.
The phase difference values for RTD 0.01 wt %+DPPC system are in the range
of 1.63-100.54 deg.

The increase of phase differences or loss angle value upon adding the
nanoparticles to the DPPC system shows that the energy dissipation is increased.
This effect is more visible at the low amplitudes, i.e., 1% and 2%. For example,
for the DPPC solution without particle, the phase difference is 2.98 deg at the
amplitude of 1% and the frequency of 0.1 Hz. At the same condition, the phase
difference values of ATD 0.01 wt %+DPPC and RTD 0.01 wt %+DPPC are
53.52 deg and 35.56 deg, respectively. Therefore, the presence of titanium
dioxide nanoparticles in the DPPC system results in increased loss of energy
(deformation energy) at the mentioned amplitude and frequency. This effect of
nanoparticles becomes less significant at higher amplitudes as the phase
difference values of the nanoparticle-containing systems become closer to those

of the DPPC systems without nanoparticles.
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Figure 7.8 Phase difference between interfacial tension and surface area signals for (a)
DPPC solution without particles, (b) ATD 0.01 wt%+DPPC, and (c) RTD 0.01

wt%+DPPC.
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To further scrutinize the effects of frequency and amplitude on the phase
differences, ANOVA and General Linear Models in Minitab® Software were
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Figure 7.9 The main effects plots for the mean of phase difference versus frequency
and amplitude as the effective factors for (a) DPPC solution without particles, (b) ATD
0.01 wt%+DPPC, and (c) RTD 0.01 wt%+DPPC.
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The factorial plots are not obtained by the software because there are no valid
interactions between the amplitude and frequency as the effective factors on the
phase differences. Therefore, only main effects plots for the mean values of the
phase differences versus amplitude and frequency were obtained and are shown
in Figure 7.9.

As shown in Figure 7.9, effects of the amplitude on the phase differences for
samples of DPPC solution without particles, ATD 0.01 wt %+DPPC system, and
RTD 0.01 wt %+DPPC are more significant than the effects of frequency. In
general, increasing the amplitude results in the decreasing of the mean of the
phase difference. Regarding the value of frequency, for the DPPC solution
without particles (Figure 7.9, a), all the points are on an approximately horizontal
line in the vicinity of the baseline of the mean of the phase difference. These
frequency-related points become more scattered in cases of adding ATD and
RTD nanoparticles in the system (Figure 7.9, b-c). This means that adding
nanoparticles to the DPPC system intensifies the effect of the frequency on the

mean of phase difference.

7.1.2 Total Harmonic Distortion (THD) Measurement

To clarify the linearity or nonlinearity of the system, the THD for both surface
area and interfacial tension signals was measured using the signal processing
toolbox in MATLAB. Based on this MATLAB syntax, six harmonics were used
to calculate the THD, thus the response signals were the results of the
fundamental oscillation and higher harmonics up to the sixth order. The
remainder terms are all considered as noise [253]. Typical outputs of the THD
measurements for the surface area signals in MATLAB are shown in Figure 7.10.
The THD value can be expressed in both dB unit and percentage. In this example,
the THD value is -19.60 dB which is equal to 10.47 %.
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Figure 7.10 The example of the THD measurement for the surface area signal in
MATLARB interface. The output of the code is in both dB unit and percentage. This
example is related to the oscillation at the amplitude of 1% and frequency of 0.1 Hz.
The sample is related to the DPPC solution without particle.

It should be noted that the THD values of both interfacial tension and surface
area signals were measured for samples of DPPC solution without particles,
ATD 0.01 wt %+DPPC, and RTD 0.01 wt %+DPPC at different frequencies and
amplitudes. The results of the THD measurement in percentage are plotted in
Figure 7.11.

As shown in Figure 7.11, left column shows that the values of THD
percentages of the surface areas are in the ranges of 9.84%-17.71%, 8.15%-
18.37%, and 11.11%-17.82%, for DPPC solution without particles, ATD 0.01
wt %+DPPC, RTD 0.01 wt %+DPPC, respectively. These similar ranges of the
THD values for the input signals, i.e., surface area, can be applied as an

indication of the precision and efficiency of the PAT equipment.
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The THD values for the interfacial tension signals are regarded as the
quantitative indicator of the nonlinearity of system. The obtained THD values
are shown in the right column of Figure 7.11. The measurement results show that
even the DPPC solution without particles is a nonlinear system (Figure 7.11, b)
because its THD values at all frequencies and amplitudes are more than 5%,
which is considered as the limit of linearity [254]. The range of the THD values
for the interfacial tension for DPPC solution without particles was 15.47%-
50.20%.

The presence of ATD and RTD nanoparticles in the DPPC system (Figure
7.11, d and f) increases the THD values of the interfacial tension at all
frequencies and amplitudes. The THD values for interfacial tension are in the
range of 22.99%-113.45% and 30.18%-111.75% for ATD 0.01 wt %+DPPC and
RTD 0.01 wt %+DPPC, respectively. These results clearly show that these
nanoparticle-containing systems are also nonlinear because they do not fulfil the
condition of THD < 5%.

Based on the statistical parameters of the curve fitting mentioned in Section
7.1.1 (Table 7.1, Table 7.2, and Table 7.3) and the percentage of THD (more
than 5%) for the DPPC solution without particles and the least concentration of
the titanium dioxide nanoparticles, i.e., ATD and RTD, in the DPPC solutions,
the systems in this study were considered as nonlinear systems. Therefore, the
nonlinear approach was applied for these systems as well as higher
concentrations of titanium dioxide nanoparticles in the DPPC. The details of the
nonlinear approach and the methods of analysis will be provided in the next

section.

7.1.3 Interfacial Rheology of Nanoparticles-DPPC Systems: Non-
Linear Approach

For the nonlinear interfacial systems, measuring the viscoelastic (dilatational)
modulus using only the first harmonic of Fourier transform would not be reliable.
In fact, the first harmonic of Fourier transform is not advantageous, and it is

incomprehensive to analyse the behaviour of viscoelastic interfacial systems
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with nonlinearities. Therefore, other approaches, such as Lissajous plots [20],
are used to describe the behaviour of such systems.

The Lissajous plots or Lissajous-Bowditch curves are used to represent the
surface pressure (stress) against the deformation (strain) for studying the
dilatational rheology, and for this purpose, the surface pressure versus
deformation is plotted. The analysis of these plots can show intracycle strain
thickening and thinning [20, 21, 255].

The surface pressure, mt, of the air-liquid interface is defined as below:

T =Y = Yeq Eqg. 7-6
where y and y,q are interfacial tension as the response of system to the
oscillation and equilibrium interfacial tension of the sample before oscillation,
respectively.

The deformation of the surface area is defined as below:

Deformation = AA/A, Eq. 7-7
where AA is the changes of the surface area from the initial surface area during
the oscillation, and A, is the equilibrium surface area.

This method can be used for higher amplitudes. In this study, the first and the
last cycles of each individual oscillation were removed. Then, the Lissajous plots
were obtained for the samples including DPPC without nanoparticles and DPPC
with the dispersed titanium dioxide nanoparticles (both anatase and rutile crystal
forms). The concentrations of nanoparticles were 0.01-0.05 wt %.

In each oscillation at a specific amplitude and frequency, the data related to
the expansion (inhalation) and the compression (exhalation) were separated for
each cycle. Then, the expansion data for all cycles were combined to obtain the
best fitted curve. The same procedure was done for the compression data. An
example of the Lissajous plot with the separated data for expansion and

compression is shown in Figure 7.12.
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Figure 7.12 An example of the Lissajous plot for DPPC solution without particles at
the amplitude of 10% and the frequency of 0.5 Hz. The hollow dots and filled dots are
related to the expansion and compression, respectively.

It is noteworthy that there is no special rule about the locations of compression
and expansion data around the minor and major axes of the proposed ellipse
shape of the Lissajous plot. For example, in the interfaces covered by triterpenoid
saponin Escin, the data above the major axis of the ellipse represents the
compression and the data under this axis show the expansion [21]. In another
system such as interfacial layers containing oligofructose fatty acid esters, the
locations of compression and expansion data are in contrast to the previous case,
i.e., expansion data are above and compression data are below the major axis
[20]. In this study, the general trend was the same as the latter one for the lowest
amplitude and frequency. However, the behaviours of the samples at various
conditions were quite different from each other.

The raw data shown in Figure 7.12 need more processing for further analysis
of the viscoelastic behaviours. To quantify the degree of the nonlinearity of the
systems, a dimensionless index called strain-stiffening ratio, S, is defined as
below [255]:

G, — Gy

Gy

S Eq. 7-8
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where G, is the large strain modulus and G, is the minimum strain modulus. It
should be noted that, in a Lissajous plot, G, is calculated as the slope of the
secant at the maximum strain. G, is calculated as the tangent slope at the zero
strain [255]. In Eq. 7-8, the case of § = 0 represents the linear elastic response,
S > 0 can be interpreted as intracycle strain stiffening, and § < 0 indicates the
intracycle strain softening.

To measure the parameters in Eq. 7-8, a curve fitting for the raw data in the
Lissajous plot (Figure 7.12) is required. This curve fitting was done for both the
expansion and compression data, separately. Using the programme in the
Microsoft Excel, a fourth order polynomial regression fit was performed for each
expansion and compression part of the cycles. Examples of these fitted curves
are shown in Figure 7.13. It should be noted that the fourth order polynomial
curves fitted on expansion and compression parts of the cycles are not the
representative of a physical or chemical model for the cycle and its
viscoelasticity. These fourth order polynomial curves were only used to measure
the strain-stiffening ratio which requires the large strain modulus (at the
maximum strain at the end point of the curves) and the minimum strain modulus
(at the zero-strain point) in each expansion and compression part of the cycle. In
fact, the fourth order polynomial curves have been used only as a mathematical

tool to measure the secant and tangent at the critical points of the cycle.
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Figure 7.13 The fourth order polynomial curve fitted on the data of Lissajous plots for
DPPC solution without particles at the amplitude of 10% and the frequency of 0.5 Hz.
The blue and red dashed lines are related to the expansion and compression,
respectively.

Using these two curves in Figure 7.13, the parameters in Eg. 7-8 can be
calculated.

For the interfacial systems in this study, the expansion and compression
responses are different (Figure 7.13). Therefore, two strain-stiffening ratios are

defined as below:

Eip—E
Sexp = B L Eq. 7-9
EL,E
E,c—E
Scom = L,CEL c e Eqg. 7-10

where S.,, and S, are the strain-stiffening ratios for expansion and
compression, respectively. In Eq. 7-9, E; g is the large strain modulus in
expansion and Ej g is the minimum strain modulus in expansion. In Eq. 7-10,
E| ¢ is the large strain modulus in compression and Ey ¢ is the minimum strain
modulus in compression. Based on the amount of S,,,, and S, the responses

of the system during expansion and compression can be quantitatively analysed
[20].
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In this study, the strain-stiffening ratios of expansion and compression were
obtained for the DPPC solutions without particles and with titanium dioxide
nanoparticles (both anatase and rutile crystal forms) at different concentrations.
The results of the quantitative and qualitative analysis of the interfacial rheology
of these systems will be discussed in the next sections.

7.1.4 Interfacial Rheology of DPPC Solution without Nanoparticles

The raw data of the Lissajous plots for the DPPC solution without particles
are shown in Figure 7.14 (Part 1 and Part 2). Each row represents a constant
amplitude at various frequencies and each column shows a constant frequency
at variable amplitudes.

At the lowest amplitudes, i.e., 1% and 2%, the scattered raw data cause some
difficulties to strongly conclude the status of the system in terms of the linearity
or nonlinearity. However, at higher amplitudes, i.e., 5% and 10%, the
asymmetric shape of the data distribution clearly shows significantly nonlinear
behaviours of the systems. For example, at the amplitude of 10% and frequency
of 0.1 Hz (Figure 7.14, m), when the deformation (x-axis) is changed from -
0.098 to 0.094, the surface pressure is changed from -3.148 mN.m™ to 2.418
mN.m* which is an asymmetric range considering the point of (0, 0) as the centre
of symmetry.

Figure 7.14 also shows that at higher amplitudes, i.e., 5% and 10%, the data
points become less scattered. This statement cannot be obtained in the highest
frequency of 0.5 Hz (Figure 7.14, | and p). As mentioned before, it might be
because of lack of enough data points recorded by PAT for 5 cycles at higher
frequencies. The raw data presented in Figure 7.14 show that the surface pressure
versus deformation data for expansion (hollow dots) and compression (filled
dots) become closer and more like each other at higher amplitudes, i.e., 5% and
10%. This confirms the less phase differences at higher amplitudes, as previously

mentioned in Figure 7.8, a.
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Figure 7.14_Part 1 Lissajous plots for DPPC solution without particles at the amplitudes
of 1% (a-b), 2% (e-f), 5% (i-j), and 10% (m-n). The data were obtained for all frequencies
including 0.1 Hz (left column) and 0.125 Hz (right column). The hollow dots and filled
dots are related to the expansion and compression, respectively.
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Figure 7.14_Part 2 Lissajous plots for DPPC solution without particles at the amplitudes
of 1% (c-d), 2% (g-h), 5% (k-1), and 10% (o-p). The data were obtained for all frequencies
including 0.25 Hz (left column) and 0.5 Hz (right column). The hollow dots and filled
dots are related to the expansion and compression, respectively.

201



To measure the strain-stiffening ratio, i.e., S-factor, and to analyse the
intracycle behaviour of the DPPC system without particles, the curve fitting of
the raw data points was conducted, and the results are shown in Figure 7.15.

In Figure 7.15, the blue and red dashed lines are corresponding to the
expansion and compression results, respectively. These fourth order polynomial
curves fitted for the raw data of the Lissajous plots for the DPPC solution without
particles show the interfacial behaviours of these systems. The values of the R-
squared of these fitted curves are all larger than or equal to 0.8 for both expansion
and compression cases at most amplitudes and frequencies. The only exceptions
are related to the fitted curves for expansion and compression related to the least
amplitude, i.e., 1%, in which the R-squared values were in the range of 0.4-0.6.

Figure 7.15 shows that the system becomes more elastic by increasing the
amplitude. Figure 7.15 also depicts that the expansion is more sensitive toward
frequency sweeps at a constant amplitude because the shape of the expansion
curve changes significantly upon changes of frequency (Figure 7.15, a-d and e-
h). This frequency dependence behaviour indicates that the migration of the
DPPC molecules from the bulk to the interface and vice a versa is not slow,
meaning that the system with all its constituents quickly respond to the changes
of frequency [20]. This frequency dependence decreases at the higher
amplitudes, i.e., 5% and 10% (Figure 7.15, i-l and m-p).

From Figure 7.15, at all amplitudes, the slope of the expansion plots decreases
which indicates the strain softening at each specific frequency for the samples of
DPPC solution without nanoparticles. There is no clear trend of the intracycle
behaviour of the expansion curve at the frequency of 0.5 Hz, especially at the
lowest amplitudes, i.e., 1% and 2% (Figure 7.15, d and h). In fact, the slopes of
the expansion curve could be increased and decreased at different points which

means that the strain softening, and strain stiffening are happening constantly.
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Figure 7.15 Part 1 The fourth order polynomial curve fitted on the data of Lissajous
plots for DPPC solution without particles at the amplitudes of 1% (a-b), 2% (e-f), 5% (i-
i), and 10% (m-n). The data were obtained for all frequencies including 0.1 Hz (left
column) and 0.125 Hz (right column). The blue and red dashed lines are related to the
expansion and compression, respectively.
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Figure 7.15 Part 2 The fourth order polynomial curve fitted on the data of Lissajous
plots for DPPC solution without particles at the amplitudes of 1% (c-d), 2% (g-h), 5% (k-
1), and 10% (o-p). The data were obtained for all frequencies including 0.25 Hz (left
column) and 0.5 Hz (right column). The blue and red dashed lines are related to the
expansion and compression, respectively.
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For compression results, the frequency dependence is less apparent than that
for the expansion ones. Except for the case for the amplitude of 1% (Figure 7.15,
a-d), the compression curves have much weaker frequency dependence.
Moreover, in most cases, the slope of the compression curve is increasing
meaning that the strain stiffening is happening in each individual amplitude and
frequency. The weak frequency dependence and strain stiffening can be
attributed to that liquid condensed (LC) domains are formed upon the
compression of the DPPC monolayer at the air-liquid interface [127].

In addition to the qualitative descriptions of the fitting curves on the data of
Lissajous plots for DPPC solution without particles, the strain-stiffening ratios
(or often called S-factor) of this solution at different amplitudes and frequencies
were measured, and the results are shown in Figure 7.16. The the S-factor for
expansion is mostly negative which indicates that the strain softening occurs,
whereas that for the compression case is mostly positive which indicates the

strain stiffening occurs.
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After studying the microstructures of the air-liquid interface for the presence
of DPPC molecules under oscillation, the same procedure of data analysis was
done for DPPC solution with nanoparticles. The results (shown in the next
section) will be used to explain the mechanism of the interactions between

nanoparticles and DPPC under oscillation.
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7.1.5 Mechanism of the Interactions between Nanoparticles and
DPPC under Sinusoidal Perturbations

Previous studies have shown that the shape of the pressure-volume loop in the
lung can be altered because of the different diseases such as acute respiratory
distress syndrome (ARDS), fibrosis, emphysema as one of the chronic
obstructive pulmonary diseases (COPD), and asthma [169, 256-258]. The
respiratory failures caused by COVID-19 virus can also be considered as ARDS
which changes the pressure-volume curves [259]. As shown in Figure 7.17, the
hysteresis area for the healthy lungs is different from those of emphysematous
and fibrotic lungs.
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Figure 7.17 Pressure-volume curve for healthy lungs, emphysematous, and fibrotic
lungs [257].

Some of the mentioned diseases such as emphysema which cause the change
in the pressure-volume hysteresis are developed or worsened by long-term
exposure to air pollution and PM. 5 [44, 260, 261]. Because of the effects of air
pollutants and particulate matter (PM) on the development of these diseases and
the impact of these diseases on the hysteresis of pressure-volume curves, it
becomes important to study the effects of air pollutants on the hysteresis of the

pressure-volume curves. As mentioned in Section 7.1.1.2, one of the factors
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affecting the hysteresis of the pressure-volume curve (Figure 7.6) is the
interfacial tension hysteresis induced by the lung surfactant. Therefore, the study
of the interfacial tension hysteresis of the lung surfactant in presence of air
pollutants is of a great importance.

This interfacial tension hysteresis was clearly observed in the Lissajous plots
related to the DPPC - one of the most significant components of the lung
surfactant - solution without particles (Figure 7.14 and Figure 7.15). To
understand the effect of nanosized pollutants, the oscillation experiments were
conducted on the dispersions of ATD+DPPC, RTD+DPPC, and CNT+DPPC
with five different concentrations. The oscillation experiments were also

conducted on the mixtures of nanoparticles at the concentration of 0.01 wt %.

7.1.5.1 Titanium Dioxide Nanoparticles: ATD and RTD

The Lissajous plots and the fitted curves for the samples of ATD+DPPC and
RTD+DPPC are presented in Appendix C. Due to the presence of nanoparticles
in the systems, it was observed that the reproducibility of the curve fitting and,
consequently, obtaining the exact values of S-factor, were not simple. Therefore,
to define a general method of analysis, the R-squared values of the fitted curves
were considered as the criteria of the reliability of the curve fitting. For each
individual cycle at a specific amplitude and frequency, the R-squared values of
the fitted curves for both expansion and compression cases were measured.
Based on the data of the R-squared values, the reliability of the fitted curves was

ranked in the form of a colour mapping (as shown in Figure 7.18).

208



(@) (b)

el =
| PN
s :
—
s = | @
Lol 1S LT e
E =" s E@
v, =.s =
S Bl £ &8
= - - | &
\‘ Gl
z S
4 -
. £
: N
of= L
- |
T ES :Es
; =i E | =
B ol | =
2 88 T |E
4 | > =
S |« = - o
e
B &
Lond —_—
& 2
S e
=
S " { | '
s = S (B
- Z2 & 22
: £ : (g%
3 |
2 g8 3 g
d
S e
- —
I
S s i
= )
G i . —
s B2 B Jé\'
353
=V £ (Ew
& B =1
S |§s g |8
- "
S <™ =) | &
- - e
S e

3 T :
g BE
J - { o=
< B B “E‘\-
E | S|
= F L e
S Bl& S £ ‘
<| < < w
& 2
|
fz‘% z ‘ %-5 [
= o . w. =
1588558 |o880 L E5-8%e 854
g E F=T==s= =z==°= ?5 gaecaa sz3de
&= | 28 =
o | | s |
s | B || B s TE[[¢E
. B = s a a
e : - 3
B & é &
& = % = (=]
= = < [

Figure 7.18 Colour maps related to the R-squared values of the fourth order polynomial
curve fitted on the data of Lissajous plots for ATD+DPPC and RTD+DPPC with different
concentrations during expansion (a) and compression (b). The red, yellow, blue, and green
colours are the representative of the R-squared values in the ranges of 0-0.4, 0.4-0.6, 0.6-
0.8, and 0.8-1, respectively.

For the R-squared values > 0.8, the fitted curves were presented as green. For
0.6 < R-squared < 0.8, the assigned colour was blue. For 0.4 < R-squared < 0.6

and R-squared < 0.4, the colours were yellow and red, respectively. Figure 7.18
209



summarises the measured and coded colour for the R-squared values of all the
oscillation cycles at different concentrations of nanoparticles in the system.

Figure 7.18 clearly shows that the R-squared values of the fitted curves
depend on the operational factors such as amplitude, frequency, and the status of
compression or expansion during oscillations. In addition to these operational
factors, the composition of the system also affects the R-squared values of the
fitted curves. For example, at the same frequency and amplitude, the values of
R-squared for the system containing ATD nanoparticles are different from those
of RTD nanoparticles. Although both of ATD and RTD nanoparticle are known
as the inorganic compounds called titanium dioxide, Figure 7.18 shows that,
even at equal concentration of nanoparticles, there are differences between them
in the interfacial systems containing DPPC. This is mainly attributed to the
differences between these two types of titanium dioxide nanoparticles in the
stabilisation of the air-liquid interface.

At the amplitude of 1%, regardless of the frequency values, all the systems
show small R-squared values. This might be due to noises and scattered data. In
case of ATD+DPPC system, the R-squared values of expansion and compression
are almost the same. At the lowest concentration of ATD nanoparticles, i.e., 0.01
wt %, the R-squared values of both expansion and compression cases are very
low. With increasing the concentration of nanoparticles by 0.03 wt %, the
reliability of the R-squared values for both expansion and compression cases is
improved (e.g., showing more green and blue colours). At the concentration of
0.04 wt %, the number of the green colour cells as the indicator of the reliable
R-squared values decreases. Reaching the concentration of 0.05 wt %, the
ATD+DPPC system shows the worst behaviour in terms of the R-squared values
of the fitted curves because all the R-squared values are very small and mostly
less than 0.4 (red colour in Figure 7.18).

For the RTD+DPPC system, there are noticeable differences between
expansion and compression cases. The R-squared values for fitted curves on the
compression data are more reliable (more green and blue cells). Figure 7.18 also
shows that, with the increase of the concentration of RTD nanoparticles from
0.02 wt % to 0.04 wt %, the R-squared values are increased. Moreover, for the

RTD+DPPC system, the number of reliable R-squared values (higher than 0.6
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shown as green and blue colours) at the highest concentration, i.e., 0.05 wt %, is
more than that of ATD+DPPC system.
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Figure 7.19 Equilibrium interfacial tension of the dispersions of ATD nanoparticles
(@) and RTD nanoparticles (b) in the DPPC solutions against the concentration of
nanoparticles at 37°C. The concentration of DPPC in the solution is constant. The
blue and red dashed lines are the representative of the interfacial tension of DI water
without DPPC and with DPPC, respectively.
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The different behaviours of the ATD and RTD nanoparticles can be attributed
to their different mechanism of interactions with DPPC which, in turn, results in
diverse structures of the air-liquid interfaces and different values of equilibrium
interfacial tension. Figure 7.19, which is a repeated figure from Chapter 6, has
been used here, in order to compare the differences. Based on Figure 7.19, it can
be assumed that the RTD nanoparticles are adsorbed at the air-liquid interface
and thus decrease the interfacial tension. Therefore, these particles are stabilising
the air-liquid interface. This might be the reason why the oscillation data related
to RTD+DPPC system show more reliable R-squared values at higher
concentrations.

Based on the R-squared values of the fitted curves, the most representative
and reliable results related to the systems containing nanoparticles are then
compared to those of without using nanoparticles, i.e., the DPPC solution. Figure
7.20 compares the Lissajous plots and fitted curves of the DPPC solution without
particles (a-b) with the least concentration (0.01 wt %) of ATD (c-d) and RTD
nanoparticles (e-f) at the amplitude of 1% and the frequency of 0.1 Hz. As can
be seen from the colour maps shown in Figure 7.18, the curve fitting and S-factor
measurement for this concentration of nanoparticles are not correct. However,
the data points represent the changes of DPPC system in presence of
nanoparticles. A shown in Figure 7.20, ¢, adding the ATD nanoparticles with a
concentration of 0.01 wt % to the DPPC solution significantly affects the
expansion part of the cycle as the expansion data are becoming more scattered.
However, the RTD nanoparticles affect both expansion and compression parts.
Although the shape of the system disturbance is not reproducible, this data
scattering phenomenon clearly shows that the normal interfacial hysteresis of the
DPPC system (Figure 7.20, b) is changed when the nanoparticles are present in
the system (Figure 7.20, d and f). In the presence of nanoparticles, the loss angle
or the phase difference is increasing which indicates that the interfacial system
becomes more viscous. This means that the system with nanoparticles becomes
more dissipative and irreversible during the oscillation which simulates the
breathing cycle [129].

212



3
< 1 -
o (b)
% 0.8
o 06
+— - —_
= = 04
3 E g os .
< z Z -2 ZEEETT
= E E P
= = = - - —5 - - )
c q‘é r g—o.ms ~Q.01 _;g,oer’oz [ 0.005 0.01 0.015
S| 7 7 e
5 & &~ 0.4 4
= o -
3 & & 0.6 -
= =)
@ @ -0.8 4
8 = =
o o -1 4
o Deformation (-) Deformation (-)
14 17
O (c) (d)
a 0.8 4 0.8 -
% 056 06 -
- 04 o 04 = "~--__
{° : 02 2 : : 02 )
A . » 0.2 1 . » A ’
OE g o "'y '--..1' $gnidt E K B ~
—ﬁ—-—-—e— e o r T === T T d
o . s, w 7 -
4 2 -0.015 ’h ld'bos o0p §° 000 8.01 0.015 2 -0.015 Qe 0005 0.005 0.01 0.015
o| £ ' g ‘ '
- [-» " i ] ~ ‘ i
() o 0.4 p | 0.4
a) *S 0.6 E 0.6
:: Z 08 Z 08
EE EE
Deformation (-) Deformation (-)
14
O () 08
o
~ -~ ’ N
¥ T T ;! 0.4 4 -
< i > ' 0.2 =~
P Z Z . .
E E E 7 e S
— 7 2 -0015  -0.01 ows, 37 0.005 0.01 0.015
ol i 5 Ve
d nl: ~ rL - -0.4 4
] 8
N £ 06 1
=
E :53 ° .08 2 -0.8
-1 4 -1 -
Deformation (-) Deformation (-)

Figure 7.20 Lissajous plots and the fourth order polynomial curve fitted on the data of
Lissajous plots for DPPC solution without particles (a-b), ATD 0.01 wt%+DPPC (c-d),
and RTD 0.01 wt%+DPPC (e-f) at the amplitude of 1% and the frequency of 0.1 Hz. The
hollow dots and filled dots are related to the expansion and compression, respectively.
The blue and red dashed lines are related to the expansion and compression, respectively.

At the concentration of 0.01 wt % of nanoparticles, the values of S-factor are
not reliable due to the low values of R-squared of the fitted curves. For the ATD
and RTD samples with concentrations of 0.02, 0.03, and 0.04 wt %, only the S-
factors related to the amplitudes of 5% and 10% are compared because the R-
squared values of the fitted curves are considered acceptable at these amplitudes

(i.e., the blue and green cells in Figure 7.18). The results of the S-factor
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measurements for both the ATD+DPPC and RTD+DPPC systems at the three

different concentrations are shown in Figure 7.21 and Figure 7.22, respectively.
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Figure 7.21 The S-factor of Lissajous plots for ATD+DPPC dispersion with the
nanoparticle concentrations of (a) 0.02 wt%, (b) 0.03 wt%, and (c) 0.04 wt% at
various amplitudes. Blue, orange, grey, and yellow colours represent the frequencies
of 0.1, 0.125, 0.25, and 0.5 Hz, respectively. The patterned and non-patterned
columns are related to the expansion and compression at each frequency,
respectively.
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As shown in Figure 7.21, the S-factor related to the expansion at the amplitude
of 5% is mainly negative except for the concentration of 0.03 wt % of the
nanoparticles at the frequencies of 0.125 Hz and 0.25 Hz. A general conclusion
is that, for the ATD+DPPC dispersions with the concentration of nanoparticles
between 0.02 wt % and 0.04 wt %, the strain softening occurs during the
expansion case at the amplitude of 5%. At the same amplitude, the S-factors for
the compression cases are mainly positive, although there are some exceptions
such as the frequency of 0.125 Hz for both ATD 0.03 wt % and ATD 0.04 wt %.
These positive values of the S-factors indicate the strain stiffening occurred
during the compression.

The values of the S-factor at the amplitude of 10% are mainly positive for
both expansion and compression cases. This means that the strain stiffening
occurs during both expansion and compression parts of the oscillation. This
might be due to the higher gradient of concentration caused by larger changes of
surface areas during the oscillation at the amplitude of 10%. Due to this larger
gradient (based on the Fick’s First Law of diffusion), the diffusion flux of the
nanoparticles to different areas such as air-liquid interface may increase. This
results in the accumulation of the particles at the interface, thus causing the
rigidness and stiffening.

It should be noted that the Lissajous plots of these medium concentrations of
ATD nanoparticles also show that these systems are more viscous than the DPPC
solution without particles. This means that these systems are dissipative and
irreversible in terms of the energy. Moreover, regardless of amplitude and
frequency, the domains of stress or surface pressure of the systems containing
ATD nanoparticles are much less than those of DPPC solutions without
nanoparticles (See figures of Lissajous plots and fitted curves in Appendix C).
Moreover, this more viscous behaviour of the system of ATD+DPPC can be
attributed to the DPPC depletion in the systems containing ATD nanoparticles
at the concentrations of 0.02 wt %, 0.03 wt %, and 0.04 wt %, which was
previously explained in Chapter 6 and shown in Figure 7.19, a.

Figure 7.22 shows the S-factor measurements for RTD+DPPC systems at the
concentrations of 0.02 wt %, 0.03 wt %, and 0.04 wt %.
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Figure 7.22 The S-factor of Lissajous plots for RTD+DPPC dispersion with the
nanoparticle concentrations of (a) 0.02 wt%, (b) 0.03 wt%, and (c) 0.04 wt% at
various amplitudes. Blue, orange, grey, and yellow colours represent the frequencies
of 0.1, 0.125, 0.25, and 0.5 Hz, respectively. The patterned and non-patterned
columns are related to the expansion and compression at each frequency,
respectively.

The results of the S-factors for RTD+DPPC system with the concentrations
of 0.02 wt % (Figure 7.22, a) and 0.03 wt % (Figure 7.22, b) are approximately
similar to those of ATD+DPPC (Figure 7.21, a and b). At the amplitude of 5%,
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the S-factor values of expansion stage are mainly negative showing the strain
softening effect, whereas the S-factor values for compression are normally
positive indicating the strain stiffening effect. However, there are some
exceptions such as positive S-factor of expansion at the frequencies of 0.125 Hz
and 0.25 Hz at the concentration of 0.03 wt %, or negative S-factor of
compression at the frequency of 0.125 Hz for the concentration of 0.02 wt %.

For the concentrations of 0.02 wt % and 0.03 wt %, the S-factor of the
RTD+DPPC at the amplitude of 10% is similar to that of ATD+DPPC system.
As shown in Figure 7.22, a and b, the S-factor values for both expansion and
compression are mostly positive showing the strain stiffening occurred. This can
also be attributed to the large gradient of the concentration of nanoparticles
between the bulk and the air-liquid interface at higher amplitudes. There is a flux
of particles from the bulk to the interface which causes the accumulation of
nanoparticles at the interface and thus its stiffening effects during both expansion
and compression stages.

At the concentration of 0.04 wt % of RTD nanoparticles, the situation is
totally different. At this concentration and the amplitude of 5%, all the S-factor
values related to expansion and compression stages are positive which indicates
the occurrence of strain stiffening. Comparing with Figure 7.19, the equilibrium
interfacial tension of the RTD 0.04 wt %+DPPC shows that the nanoparticles
previously interacted with DPPC molecules are being adsorbed onto the air-
liquid interface. Therefore, the strain stiffening is attributed to the presence of
solid RTD nanoparticles decorated with DPPC at the air-liquid interface.

At the amplitude of 10%, the S-factor during the expansion of RTD 0.04 wt
%+DPPC system is slightly negative. These small negative values can either be
considered as an indication of linear system or attributed to the flux of those
previously adsorbed nanoparticles at the air-liquid interface to the bulk during
the expansion.

The Lissajous plots of the RTD 0.04 wt %+DPPC also shows that this system
is as elastic as DPPC system at the amplitude of 10% as shown in Figures C.17
and C.18 in Appendix C. Moreover, the loss angle of the RTD 0.04 wt %+DPPC
system at the amplitude of 5% is less than that of DPPC solution at the same

amplitude which means that the air-liquid interface stabilised by RTD
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nanoparticles (previously interacted with DPPC) is more elastic than the air-
liquid interface covered only by DPPC molecules. However, the domain of the
stress or surface pressure for the RTD 0.04 wt %+DPPC systems is still less than
DPPC solution without nanoparticles.

Combining the results from Figure 7.21 and Figure 7.22, as well as the
equilibrium interfacial tension of the related systems (Figure 7.19), it can be
concluded that the configuration of the air-liquid interface affects the surface
oscillation responses. In fact, the air-liquid interfaces stabilised by nanoparticles
show a completely different behaviour of the air-liquid interfaces without
nanoparticles where only DPPC molecules are present in the system. These
results are all related to one inorganic compound, TiO», with two different crystal
forms, i.e., anatase and rutile. This also indicates that different shapes and surface
characteristics of nanoparticles lead to diverse effects on the DPPC solution at
dynamic conditions of oscillation. Both types of TiO2 nanoparticles cause
disturbances in the normal performance of DPPC system. They change the loss
angle which means that interfacial tension hysteresis is changed. The change of
the interfacial tension hysteresis pattern in human lung is one of the signs
attributed to different diseases such as emphysema and fibrotic lungs (Figure
7.17). Therefore, presence of TiO2 nanoparticles in the system containing the
lung surfactant under the dynamic conditions of breathing cycle have the similar
effects as lung diseases. More in vivo and in vitro studies are required to conclude

which crystal forms of TiO2 nanoparticles are more dangerous.

7.1.5.2 Carbon Nanotubes

The oscillation experiments for the CNT 0.01 wt %+DPPC were not
successful. Figure 7.23 shows that the collapse of the surface area occurs
immediately when the oscillation starts at the time of 2500 s. At higher
amplitudes, the PAT system is still not able to cope with the proper compression
as the lower limit of surface area does not reach the correct lower limit in the

oscillation.
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Figure 7.23 The dynamic interfacial tension and surface area vs. time for CNT 0.01
wt%+DPPC during oscillation. Red and grey dots correspond to the surface area and
interfacial tension, respectively.

In the data recorder with PAT, it was seen that the total injection of the CNT
0.01 wt %+DPPC from the syringe of the equipment becomes more negative
until the value of the total injection reaches - 471 mm? by the start of oscillation.
This might be due the weight of nanoparticle and their agglomerates which
results in their accumulation at the interface and also a constant change of the
profile of the system. Moreover, these agglomerates of particles are carried with
the liquid due to their partial wettability and porous structure. This can also
change the profile of the system. Therefore, to avoid any change in the surface
area before oscillation, the system was operated in negative injection condition
(based on the recorded data from the PAT equipment). These negative injection
values do not show any problem during equilibrium. However, this negative
injection causes the failure of PAT system, especially during compression stage.
It should be noted that the average profile error of this system (recorded by the
PAT equipment’s software) during the whole duration of measurement was 3.18
microns whereas the average of this error was 1.72 microns and 1.46 microns for
ATD 0.01 wt %+DPPC and RTD 0.01 wt %+DPPC systems, respectively.
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According to this unusual behaviour of the system for CNT 0.01 wt %+DPPC,
the analysis of the Lissajous plots was not conducted for this system as the results
could not be interpreted correctly.

At higher concentrations of CNT particles, i.e., 0.02-0.05 wt %, this error of
the surface area change was not observed. However, as mentioned in Chapter 6,
the results were not reproducible, and only one out of three repeats of the

experiments could reach the equilibrium.

7.1.5.3 Mixture of Nanoparticles

In case of the mixture of nanoparticles with the concentration of 0.01 wt % of
nanoparticles in the DPPC solutions, the behaviour of the systems was similar to
that of CNT 0.01 wt %+DPPC. In fact, for all mixtures, regardless of
composition and mixing method, the total injection before the oscillation (4000
s) becomes highly negative, and it affects the proper oscillation and deformation

of the system.
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Figure 7.24 The dynamic interfacial tension and surface area vs. time for
ATD+RTD+CNT 0.01 wt%+DPPC (mixing method i) during oscillation. Red and blue
dots correspond to the surface area and interfacial tension, respectively.
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An example of the failure of the proper oscillation is shown in Figure 7.24,
which is associated to the mixture of ATD+RTD+CNT 0.01 wt %+DPPC
prepared by the first method of mixing.

As shown in Figure 7.24, the oscillation and deformation of the surface areas
are not satisfied to derive the Lissajous plots from the raw data because the
system inputs (surface area signals) do not show any proper oscillation. This
means that the oscillation option in PAT is not essentially suitable for all
interfacial systems. Based on the observations and results in this study, the
presence of the hydrophobic carbon nanotubes, either individually or in
combination with other nanoparticles, causes the high degrees of disturbances in
the system.

7.2 Summary

In this chapter, interfacial rheology was applied to investigate the interactions
of DPPC monolayers with nano-sized pollutants under dynamic conditions
which simulate the dynamic circumstances during the breathing cycles in human
lungs.

It was proved that the DPPC systems without nanoparticles and DPPC
solutions containing titanium dioxide nanoparticles (either anatase or rutile
forms) with concentration as low as 0.01 wt % cannot be treated as linear systems
for measuring their interfacial rheology parameters. In fact, the principles of the
linear approach based on Fourier transform cannot cover the characteristics of
these systems. The data related to the oscillation experiments were not fitted
perfectly on the model based on Fourier transform. Moreover, the total harmonic
distortion values of these systems were higher than 5% which means that these
systems were working in a nonlinear regime. These observations and
calculations prove that the linear approach cannot be applied for the rheology
studies of all interfacial systems without limitations. Therefore, careful
considerations must be taken to understand the linearity and nonlinearity of the

interfacial systems.
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DPPC solutions without nanoparticles are nonlinear interfacial systems. It
was confirmed that increasing the amplitudes of the oscillation (deformation of
the surface area) makes this system more elastic. At lower amplitudes, the
expansion part of the cycle in DPPC solution is more dependent on frequency, if
compared to the compression part of the cycle. During expansion and
compression, strain softening and strain stiffening occurred, respectively.

For the DPPC systems containing ATD and RTD nanoparticles with
concentrations between 0.01 wt % and 0.05 wt %, nonlinear approach and
Lissajous plots result in valuable qualitative conclusions about the
microstructures of the air-liquid interfaces. Both the ATD and RTD particles
affect the normal interfacial behaviour of DPPC solution under dynamic
conditions, meaning that these nanosized pollutants affect the interfacial tension
hysteresis and normal operating procedures in human lungs. In the presence of
ATD and RTD nanoparticles, interfacial system becomes more viscous, meaning
that the DPPC system with nanoparticles becomes more dissipative and
irreversible during the oscillation which simulated the breathing cycle. These
results can be combined with toxicity and pressure-volume curve studies in the
lungs.

At equal concentrations of ATD and RTD nanoparticles in DPPC solutions,
there are differences between these two types of titanium dioxides in the
interfacial systems under dynamic conditions because these particles behave
differently in the stabilisation of the air-liquid interfaces. At the least
concentration, i.e., 0.01 wt %, the ATD nanoparticles significantly affected the
expansion part of the cycle, whereas RTD nanoparticles affected both expansion
and compression parts of the cycle. For the RTD+DPPC systems, the adsorption
of the RTD nanoparticles at the air-liquid interface results in stabilisation of the
interface. In case of ATD nanoparticles, these particles are mostly in the bulk of
the solution. This difference in the location of the nanoparticles in the system
results in different gradient of the concentration of nanoparticles during
oscillation, which causes different strain softening and stiffening behaviours
between ATD and RTD nanoparticles, especially at higher concentrations.

The oscillation experiments for the CNT+DPPC were not successful.

Moreover, the behaviour of the mixture of nanoparticles containing CNTs was
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similar to that of CNT+DPPC, meaning that CNT particles could predominantly
affect the interfacial characteristics of the DPPC systems containing CNT and

titanium dioxide nanoparticles even with the equal concentrations.

223



Chapter 8

Conclusions and Future Work

8.1 Conclusions

This research has investigated the interactions between the surfactants and

nanosized materials at the air-liquid interface to address the challenges faced in

both industrial applications and human pulmonary system. Therefore, three main

topics have been studied based on:

Investigating the interactions of single-type nanoparticles with the
industrial surfactants and a model of pulmonary surfactant by designing
the experiments in accordance with the applications of each type of
surfactant.

Establishing and developing a robust systematic method for measuring
the physicochemical effects of the mixtures of nanoparticles on the DPPC
as a model of pulmonary surfactant.

Applying a nonlinear interfacial rheology approach for the DPPC systems
with and without nanoparticles under the dynamic conditions simulating

the breathing cycles in the human lungs.

The novelty and distinctiveness of this research include:

Using a robust systematic way to understand the effects of the mixture of
nanoparticles and using the method of the mixing on the DPPC to address
the important challenge of simulating the real conditions of nanosized
pollutants reaching the lung surfactant.

Investigating the interfacial rheology of the DPPC-nanoparticle systems
using the nonlinear approach.

Introducing a potential method based on the optical fibre for measuring

the critical micelle concentration of surfactant.
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These experimental studies which have put the real conditions of the case

studies have led to the following conclusions:

The structure and porosity of the agglomerates of nanoparticles at the air-
liquid interface strongly depended on their surface properties including
size, shape, and surface charges. These surface properties also affected
the configuration of the agglomerates of nanoparticles at the air-liquid
interfaces. The higher surface charge of nanoparticles with the similar size
range resulted in more porous and less dense structures of the
agglomerates. CNTs formed complicated configurations at the air-liquid
interface. These structures obtained using GTT, are one of the sources of
complexity of CNT particles in the interfacial systems.

The interfacial behaviours of two industrial surfactants, i.e., CTAB and
SDS, without nanoparticles provided useful results for industrial
formulations and processes. At a given concentration of the surfactant,
SDS reduced the interfacial tension more than CTAB. This is a key point
in selecting the surfactant for different formulations and in cost-
effectiveness studies. The CMC of SDS is more than that of CTAB.
Therefore, using CTAB for the formulations requiring the micelle
formation will result in the micellar formulations at lower concentrations
of surfactant. The summary of the experimental results and main
conclusions related to CTAB and SDS interacting with ATD

nanoparticles have been shown in Table 8.1.
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Table 8.1 Summary of experimental results, findings and conclusions related to
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A potential method based on optical fibre has been developed to measure
the CMC of surfactants. The calculated results from the optical fibre
method were comparable with those of traditional method based on
tensiometry and adsorption isotherms. The considerations and
suggestions for the design of the experiments in the future to develop
CMC measurement sensors based on optical fibre were provided. The
sensors based on the optical fibre will be helpful for in-situ measurement
of the CMC in the industries which require the CMC measurement during
the manufacturing process or need the CMC of the samples with small
size.

The mechanism of the interaction of ATD nanoparticles (as one of the
widely used nanoparticles in various industries) with ionic surfactants and
the foaming properties of these systems depended on the type of the
surfactant and its concentration. The hydrophilic ATD nanoparticles with
negative charge interact with CTAB molecules due to the electrostatic
interactions. In contrast, the interactions between SDS molecules and
ATD nanoparticles are the most probably hydrophobic interactions.
Because of different mechanisms of interactions, the ATD nanoparticles
were adsorbed at the air-liquid interface in case of the CTAB solution,
whereas the ATD nanoparticles remain in the solution of the SDS and are
not adsorbed onto the interface. These results are important in designing
and optimising new formulations and industrial processes such as
wastewater treatment and enhanced oil recovery. The interfacial systems
such as foams and emulsions comprehensively used in industries are
required to be fully controlled to achieve the most stable products and
efficient processes. For these applications, understanding the physical
chemistry principles behind the interactions of nanoparticles with the
industrial surfactants is a key.

The interactions of nanosized materials with DPPC depends on the
surface properties including shape and surface charges of nanoparticles.
Two shapes of titanium dioxide nanoparticle, i.e., ATD and RTD, with
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the same size and different surface charges showed completely different
behaviours in interactions with DPPC. Both ATD and RTD nanoparticles
caused the depletion of DPPC due to their interactions with individual
DPPC molecules and DPPC bilayers. However, there is a possibility that
at higher concentrations of nanoparticles, RTD nanoparticles are adsorbed
onto the air-liquid interface whereas ATD nanoparticles remained in the
bulk of the solution. At the highest concentrations of RTD nanoparticles,
i.e., 0.05 wt %, different types of particles with various surface charges
resulted in a higher non-homogeneity of the system. This means that the
higher concentration of nanoparticles such as RTD in the lung (i.e., long-
term exposure to air pollution) causes different populations of
nanoparticles in the lungs. As well as the environmental concept, the
proposed mechanism of the interactions between DPPC and ATD/RTD
nanoparticles is an important finding for designing the nanosized drug
delivery carriers for pulmonary drug delivery. The summary of the
experimental results and most important findings about the interactions of
DPPC molecules and single-type nanoparticles including ATD, RTD, and
CNT have been shown in Table 8.2.
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Table 8.2 Summary of experimental results, findings and conclusions related to DPPC
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The study on the mixture of nanoparticles in contact with the DPPC in
both colloidal phase and air-liquid interface showed that not only the
chemical composition of the mixture of nanoparticles affects the
interfacial behaviour of the DPPC solution, but also the mixing method
significantly changes this behaviour. It was concluded that the effects of
the mixture of nano-pollu