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Lay Summary

Nanobubbles or ultrafine bubbles are invisible to the naked eye, with an average
size typically in the range of 100 - 200 nanometres which is approximately 100 times
smaller than a human hair. Ordinary bubbles (diameter > 1um) quickly rise to
the liquid surface and collapse but these nanoscale bubbles are neutrally buoyant
and survived for several weeks and even months. They act as an oxygen carrier
sustaining the level of dissolved oxygen during wastewater treatment and promoting
the growth of animals and plants which is inhibited by anaerobic bacteria. These
tiny bubbles are distinct owing to their peculiar properties which have magnetized a
wide spectrum of applications. The following objectives have been addressed during
my Ph.D. work:

e The decrease in gas solubility in an aqueous salt solution is termed the
“salting-out effect”. Does this parameter play an important role in nanobubble

dynamics?

o To investigate the long-term stability of nanobubbles in the presence of strong

surface charge.

o To differentiate between a bubble and a particle by estimating the refractive

index.

e To unravel the effect of physicochemical properties on nanobubble formation

during fluctuating pressure field.

e The presence of detergents and nanoscale particles governs how these nanoscale

bubbles behave.

e To examine the role of these small bubbles causing a drop in surface tension

in the presence of salt solution.
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Abstract

Nanobubbles are nanoscale bubble swarms with several peculiar properties that
have been demonstrated to have a widespread application in the engineering and
medical sectors. Surface nanobubbles are bubbles that are confined on a solid
surface, whereas bulk nanobubbles are bubbles that are dispersed in the bulk
liquid. Bulk nanobubbles have gained more attention in recent years owing to their
long-term stability. Despite the several overwhelming applications, the fundamental
research questions, for instance, driving force for nanobubble nucleation, interfacial
properties in the presence of nanobubble, bubble dynamics under ultrasound and
oscillating pressure field, differentiating nanobubbles and nanoparticles, etc. are
still unanswered The present work aims to fill the gap in the literature and thus
delineates to understand the nanobubble nucleation during salting-out effect,
nanobubble dynamics under oscillating pressure fields, the effect of nanobubbles on

Ray-Jones effect, etc.

Based on the refractive index calculation, the excess dissolved gas does definitely
nucleate in the form of nanobubbles during the salting-out process. As a result, we
intend to present evidence of nanobubbles that were supported by the freezing and
thawing process. Based on Mie theory calculations, a novel approach for estimating
the refractive index of nanobubbles is presented. When the salt concentration
increases, so does the differential in solubility, and bubble number density exhibits

a positive correlation with the salt concentration .

The influence of an oscillating pressure field on nanobubble dynamics during
salting-out effects has been extensively discussed. The refractive index calculation
and the electrical conductivity confirmed the evidence for the gas-filed nanobubbles.
The screening of the electric double layer decreases the surface potential of the
nanobubbles depending on the valency of the salt. Therefore, the equilibrium size
of nanobubbles was observed to be higher in the presence of salts. The mean
diameter of nanobubbles exhibits the inverse dependence on the surface potential.
Our experimental findings agree well with the theoretical prediction based on the

mechanical stability model.

Altogether, this thesis presents a novel mechanical stability model for nanobubbles
which has been constructed by considering the ion cloud pressure, and it is
shown to be twice the electrostatic pressure. The present nanobubble stability
model not only predicts the existence of stable nanobubbles but is also in line
with the experimental results obtained in this work. We also aim to explore
further the surface tension of the salt solution that exhibits minima in the low
salt concentration regime, which is widely known as the Jones-Ray effect. The
nanobubble may be one of the contributing factors to the Jones-Ray effects.

The size of the nanobubbles in the low salt regime is smaller than that in the



high salt concentration regime, and therefore, the activity of the nanobubbles
is expected more in the low salt concentration regime. In a further study,
the coupling effect of nanobubbles and nanoparticles determines the refractive

index and behavior of the suspension, concluding the existence of bulk nanobubbles.

Keywords: Nanobubbles; Refractive index; Zeta potential; Jones-Ray effect;

Oscillating pressure field; Surfactants; Nanoparticle tracking analysis; Surfactant
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Chapter 1

Introduction

1.1 What are nanobubbles?

Nanobubbles are gas-filled pockets in the liquid phase with diameters ranging from
50 to 200 nm. Simply described, these tiny bubbles are approximately 2,500 times
smaller than a grain of salt. Their macro and micron-scale counterparts have sizes
in the range from 100 to 2500 pm [6]. Besides this, the term micro and nanobubble
alludes to a fine bubble with a mean size of less than 100 pm that appears milky
in solution [7, 8]. It is perceived that nanoscale gas bubbles primarily consist of
surface nanobubbles and bulk nanobubbles [9]. Surface nanobubbles (SNBs) [10]
and bulk nanobubbles (BNBs) [11], as well as nano pancakes [12] and multilayer
structures, are now categorized based on whether they are adhered to a surface or
dispersed in the bulk liquid as shown in Figure. 1.1. Both the research background
and the approaches employed to examine the two types of nanobubbles are rather
distinct systems. Why do nanobubbles magnetize interest? There are primarily
two grounds for this. First, they are prospective contenders in the study of micro
and nanofluidics, explaining multiple phenomena associated with the liquid-solid
interface, including the anomalous attraction of hydrophobic surfaces or the stability
of colloidal systems [13, 14]. Second, and more significantly, according to the
Epstein-Plesset hypothesis [15], nanobubbles should not exist; these bubbles have a
radius of curvature lower than 1xm and should dissolve on a timeframe considerably
below microseconds due to high laplace pressure inside the bubbles. In contrast,
the investigations show that nanobubbles can remain stable for several hours or
even days and months [16, 17, 18, 19]. Presently, science and technology involving
nano-scale materials have emerged coupled with tremendous potential to deliver
numerous benefits, giving substantial contributions in real-life applications including
various sectors, such as food [20, 21], agricultural [22, 23], wastewater treatment
[24, 25], and medicinal domains [26, 27, 28].

1.2 Surface nanobubbles

As per research findings on the interactions involving hydrophobic surfaces
and aqueous solutions, spherical cap-shaped bubbles develop and adhere to the
hydrophobic surface at the solid-liquid interface [29, 30]. These nanoscale bubbles
are termed surface nanobubbles, which have drawn intensive attention. The

studies roughly 20 years ago, were based on stepwise patterns in force curves
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Figure 1.1: Schematic illustration of the formation of nanobubbles [1].

between two hydrophobic surfaces, and eventually resulted in the first atomic force
microscopy (AFM) image [31, 32]. The pinning force was assumed to restrict
the triple-phase contact line [33, 25], resulting in a difference in contact angles
of surface bubbles at macro- and nanoscale [34]. Simultaneously, contact line
pinning contributed to surface nanobubble stability by reducing inner pressure and
preventing nanobubbles from dissolving into liquids [35]. The three-phase contact
line is unpinned and modified when a surface nanobubble merges with another;
as a result, the morphology and inner pressure of surface nanobubbles may vary,
exposing some unique phenomena or significant information about the inherent
features of nanobubbles. Although the majority of the research used AFM in
tapping mode [36], nanobubbles were also analyzed using infrared spectroscopy
[37, 38], neutron reflectometry [39, 40], quartz crystal microbalance [41, 42], and
rapid shock-freeze cryofixation [43]. Among various methods for inducing surface
nanobubbles summarized under investigations, the most commonly used protocol is
the solvent exchange process [44]. In this method, alcohol that has been saturated
(or even supersaturated) with air or a particular gas is replaced by water, a poor
solvent. As a result, a local transient gas supersaturation is created. Supersaturation
is caused by (a) the lower solubility of air in water than in the initial solvent, and
(b) the drop in solubility caused by the temperature rise caused by the exothermic
mixing of water and the first solvent [45, 37]. Surface nanobubbles could also
be employed for fine particle separation via air bubble flotation [46], adsorption

manipulation on hydrophobic surfaces [47], wall slip enhancement to achieve drag
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reduction in microfluidic devices, and as soft nano templates for the production of

hollow nanomaterials [48], among other proposed applications.

1.3 Introduction to bulk nanobubbles

Bulk nanobubbles are a unique nanoscale bubble system with unusual features that
provide a challenge to our understanding of bubble behavior [49, 50]. The area of
bulk nanobubbles is gaining more attention from a wide range of sectors. This is
mirrored in the ISO standard (ISO/T(C281) [51] for fine bubble technologies, which
is working on standardization for bubbles with an average size of less than 100
pm. This includes ultrafine bubbles of diameter less than 1 ym. According to the
Epstein-Plesset hypothesis, a bubble with a radius of 100 nm has an internal pressure
that is 14.4 times that of the surrounding atmosphere and cannot persist for even
less than 1 us [52, 53]. This tends to have dismissed the stable presence of nanoscale
gas bubbles in liquids and allowed them to remain for hours, days, or even months,
thus reducing their ability to agglomerate [17, 54, 55]. The expanding prominence
of nanotechnology, as well as the unique characteristics of nanobubbles, has sparked
intense interest in a diverse range of industries, including mining [56, 57], medicine
[58, 59, 60], agriculture [61, 62|, wastewater treatment [63, 64], and surface cleaning
[5, 65].

1.3.1 Milestones of bulk nanobubbles

Conceivably, the first direct evidence of bulk NBs (nanobubbles), with a mean
diameter less than 1 ym was reported by Johnson and Cooke in 1981 [66]. They
stated that bubbles created by shear in seawater remained stable for a longer period
(t > 22 h) due to the formation of films on the bubble-water interface from naturally
occurring surfactants. Merely just a few investigations on bulk NBs were reported
until almost a decade later when Bunkin et al., discovered stable microbubbles in
dilute electrolyte solutions [67]. Following the year 2000, a substantial number
of papers focused on bubble creation and its features, as well as their extensive
applications [68, 69, 70, 71, 72].

1.3.2 Generation techniques

Acoustic cavitation, microfluidics, electrolysis, water solvent mixing, pressure-driven
supersaturation, and the periodic pressure change approach have all been used to

create bulk nanobubbles.

1.3.2.1 Hydrodynamic cavitation

When supersaturated water with air is driven via a venturi, orifice, or needle valve,

the flow velocity increases and the pressure drops below the liquid’s vapor pressure.
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Figure 1.2: Generation of nanobubbles using hydrodynamic cavitation [2].

Besides, while gas mass transfers from the liquid to the gas phase, cavities (gas
nuclei or nanobubbles) appear and evolve into microbubbles as shown in Figure.
1.2. Thus according to Henry’s Law, the amount of gas accessible for the formation
mechanism of gas nuclei relies on the saturation pressure. Consequently, the
formation of nanobubbles by hydrodynamic cavitation appears to be dependent
on operating parameters including the minimum “energy” AF required for bubble

formation:

1673

AF =21
3(Psat - P0)2

(1.1)

where v is the surface tension of the liquid, P,y is the air-in-liquid saturation
pressure, and P, is the atmospheric pressure. As a result, a specific amount of
energy must be transmitted to the liquid phase via a cavity phenomenon in order

for bubbles to develop [73, 74, 75].

1.3.2.2 Acoustic cavitation

Acoustic cavitation [76, 77] may be induced by propagating ultrasonic radiation
[71] through a liquid, causing pressure changes and the generation of bubbles.
Ultrasonic waves can form gas bubbles via local compression-expansion cycles that
aid to separate dissolved gases by substantially lowering the pressure below the

value of saturated vapor pressure. Nirmalkar et al.[17] investigated the properties of
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nanobubble suspension (i.e., ultrasound energy input, 20 kHz, and 750 W power
of ultrasound probe). The bubble density rose dramatically as sonication time
increased, indicating that the mean diameter of bulk nanobubbles produced by

ultrasound varied from 10 to 600 nm.

1.3.2.3 Electrolysis

Chemical processes, such as electrolysis, can produce nanobubbles. During
electrolysis, the breakdown of water into hydrogen and oxygen gases occurs as a
result of the electric potential, and gas production happens at electrodes [78, 79, 80].
NBs can be formed if the concentration of the produced gas exceeds super-saturation
in the anodic and cathodic streams of the bulk water. NBs having an average
diameter of 100 nm, were stable for 24 hours, and successfully generated by the

electrolysis method in the liquid supersaturated with O, and H, gases.

1.3.2.4 Porous membrane

The gas phase is forced through the pores of the applied membrane into a flowing
aqueous phase by NBs as the medium for liquid and gas dispersion. The porous
material might act as an array of orifices with varying diameters, releasing a
cloud of nanobubbles of various sizes into the liquid phase [81, 82]. The forced
flow of gas through a porous medium, such as a membrane, into a flowing
aqueous/liquid, is an effective approach for the formation of bulk nanobubbles.
Porous membranes, primarily ceramic, are already utilized in wastewater and sludge
treatment operations as gaseous, bubble diffusers. surfactant. Monodispersed
nanobubbles/microbubbles might be produced utilizing shirasu-porous-glass (SPG)
membranes [83] with uniform pores in a system constituted of dispersed gaseous and

continuous water phases containing a surfactant, according to Kukizaki and Goto.

1.3.3 Pecuilar properties

Nanobubbles have unique characteristics owing to their size and structure, making
them particularly efficient in improving water quality, enhancing water treatment
operations, and increasing productivity in industrial and agricultural applications

84].

« Nanobubbles have a significant negative surface charge [85, 86] that keeps them
stable in liquid and allows them to partake in and promote physical, biological,

and chemical interactions continually.

e They are neutrally buoyant and can remain in liquid for weeks before rising to

the liquid surface [87, 88].
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Figure 1.3: Working principle of nanoparticle tracking analysis (NTA) [3].

e Nanobubbles are unstable and disintegrate when agitated, producing the
hydroxyl radical. The hydroxyl radical (HO) is one of the most powerful
known oxidizers, and it is widely employed to eliminate difficult-to-treat and
kill pollutants in water [89].

o Longer residence periods with superior stability against coalescence, greater
specific surface areas, and better gas solubility in water are some of the notable

features of NBs in bulk aqueous solution.

1.3.4 Characterization

Given the vast range of applications for NBs, it is critical to design a mechanism
for demonstrating the presence of NBs as well as their size distribution in the
applicable samples. At the moment, powerful tools such as nanoparticle tracking
analysis (NTA), dynamic light scattering (DLS), atomic force microscope (AFM),
transmission electron (TEM), and scanning electron microscopy (SEM) can be used
to confirm the presence of gaseous nanoscale bubbles in bulk aqueous media as well

as on boundaries between liquid and hydrophobic surfaces.

1.3.4.1 Nanoparticle Tracking Analysis

It combines the use of both light scattering and Brownian motion to determine the
nanoparticle size distribution of materials in liquid suspension as shown in Figure.
1.3. The particle tracking equipment incorporates Brownian motion to characterize
nano- and micron-size particles in liquid samples. The lighting of a laser beam
reveals the particles in the sample [90, 91]. The scattered light of the particles is
captured with a light-sensitive sSCMOS camera, and the size of each individually
monitored particle is determined, allowing the calculation of their size distribution

and concentration to be done at the same time.
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1.3.4.2 Dynamic Light Scattering

When a laser is irradiated on the surface of a microscopic particle, it is not
only absorbed and refracted but also dispersed, a phenomenon known as Rayleigh
scattering. The intensity of Rayleigh scattering is related to the inverse of the
fourth power of wavelength. To track the passage of the particles, the dispersed
light is observed over a predetermined amount of time. Over time, the dispersed
light intensity will change as smaller particles exhibit more oscillations than bigger
particles. However, the amplitudes between the highest and minimum scattering
intensities are increased for larger-sized particles. The second-order auto-correlation
function of light intensity may be generated by making the adjustments. The radius
of the observed particle may be calculated using the Einstein equation of Brownian
motion in diffusion theory. Dynamic light scattering, on the other hand, necessitates
that the particles in the system are spread evenly and at low concentrations, resulting
in a test result [92, 93].

1.3.4.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is a promising surface examination method for
micro/nanostructured coatings. This adaptable technology may be used to acquire
high-resolution nanoscale pictures and investigate local areas in the presence of air
(conventional AFM) or liquid (electrochemical AFM). It is done with a cantilever
and a sharp tip of 10-20 nm in diameter. Si or SizNy is used to microfabricate AFM
tips and cantilevers.

The tip moves in response to tip-surface interactions, and this movement is
monitored using a photodiode to concentrate a laser beam on the tip [94]. AFM may
be used in two modes: contact and tapping. In the contact mode, the AFM tip is
continually in touch with the surface, but in the tapping mode, the AFM cantilever
is vibrated above the sample surface, allowing the tip to make intermittent contact
with the surface. Imaging in the tapping mode helps to lessen shear pressures caused
by tip movement. The tapping mode is the most frequent for imaging, whereas the
contact mode is normally kept for specialist applications like force measurements
[95, 96]. Furthermore, phase imaging can be performed in tapping mode with lower
interaction forces and the AFM tip touches the end of the sample surface considering

lateral friction forces to be negligible.

1.3.4.4 Transmission Electron Microscopy

TEM is a very useful instrument for determining the form, size, and distribution
pattern. Its examination employs a high-intensity electron beam passed through
a very thin specimen layer on a copper grid, causing an interaction between the

atoms of the specimen and the electron beam [97]. To be thin, a specimen must be
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Figure 1.4: Water treatment processes enhanced by nanobubble technology [4].

electron transparent, which implies that enough electrons must be transferred such
that the intensity falling on the screen of a cathode ray tube (CRT) or appropriate
electron detector, such as a semiconductor detector, produces an interpretable image
[98]. This however is determined by the electron energy as well as the specimen’s
average atomic number and thickness. For instance, biological specimens disappear
within seconds in traditional TEM due to the high vacuum, whereas liquid cell TEM
enables the study of processes that cannot be captured with conventional TEM or
other methods. TEM provides a significantly better resolution (0.0001 pm), roughly
one to two orders of magnitude higher than the SEM (Scanning electron microscope)
[99].

1.4 Applications

NBs are used in a wide variety of applications across various sectors, and they may
be used in the future. Nanobubbles serve as an essential component in wastewater
treatment, surface cleaning, boosting animal and plant growth, and in biomedical
as a nano medication loaded ultrasound contrast agent because of their extended

residence duration and high specific surface area.
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Figure 1.5: Nanobubbles capacity for fouling prevention [5].

1.4.1 Water treatment technologies

NBs are crucial for improving the efficacy of drinking water and wastewater
treatment (refer Figure. 1.4) because they act in the oxidation of persistent organic
pollutants (POPs) (e.g. phenolic halogenated chemicals) and in the disinfection
of pathogens. This technique provides a low-cost non-agent method that creates
a variety of reactive oxygen species (ROSs), including hydroxyl radicals (e OH),
superoxide anion radicals (O3 ), and singlet oxygen (105), mostly during the NB
collapse process [100, 101, 102, 103].

1.4.2 Flotation technique

Flotation is a useful approach for separating minerals, phosphates, or coal from
gangue. Flotation is also practiced in the recovery of recycled paper and the
treatment of wastewater. The key mechanism that occurs in this technique is a
decrease in the effective specific gravity of the oil droplets in Stokes’ Law, which
increases their rising velocity. This is accomplished by existing small gas bubbles
attaching themselves to the oil droplets as they rise. The particle size and surface
hydrophobicity of the treated materials are two major characteristics that influence
three essential processes in the froth flotation process: particle-bubble collision,
adhesion, and detachment [104, 105, 106].
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1.4.3 Surface cleaning

Nanobubbles may clean formerly fouled hydrophilic surfaces as well as prevent
fouling of both hydrophilic and hydrophobic surfaces as shown in Figure. 1.5.
This ability for fouling avoidance is overcome when the contaminant concentration
and the contamination’s attraction to the surface rise [5, 107]. In situations where
mechanical agitation is required for quick cleaning, detergents play the most essential
function in increasing cleaning by preventing the redeposition of soil that has been

mechanically removed from the surface [108].

1.4.4 Agriculture

Nanobubbles reduce the size of nutrient clusters while increasing ionic mobility,
resulting in greater nutrient availability and absorption efficiency. Plants produced
using nanobubble irrigation water are more resistant to stress conditions, which
improves crop quality and reduces crop loss for farmers. Irrigation water treated
with nanobubbles promotes soil flocculation, which causes individual clay particles
to combine into bigger aggregates. This minimizes soil compaction, allowing for

improved water penetration and root growth [109, 110, 111].

1.4.5 Aquaculture

In aquaculture, dissolved oxygen is one of the most important aspects limiting
stocking density and production yields. Low oxygen levels harm the health
and survival of agricultural animals while preventing nitrifying bacteria from
decomposing organic waste [112, 113]. Nanobubble technology is rapidly growing
in aquaculture, significantly improving water quality, lowering energy costs, and
boosting fish biomass as compared to traditional techniques of oxygenation [114,
115, 116].

1.4.6 Biomedical

The growing usage of bulk nanobubbles in biomedicine is due to the variety
of therapeutic and diagnostic tools provided by emerging bulk nanobubble
technology. The possible applications range from cancer treatment administration
and ultrasound contrast enhancement to malaria detection and the diagnosis of
acute donor tissue rejection. Ultrasound image contrast enhancement is one of the
most often described biological uses of bulk nanobubbles [47, 117, 118]. Due to
the compressibility of the encapsulated gas, gas bubbles within tissues can behave
as harmonic oscillators and oscillate/resonate in response to ultrasonic excitation.
Because of their increased permeability and retention, nano-scale medicines can
extravasate from the leaky tumor vasculature [119, 120, 121]. Functionalized

nanobubbles can also be employed in molecular imaging in combination with
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ultrasound or photoacoustic imaging modalities. Nanobubbles can be loaded with

chemicals that bind to markers on tissues or cells of interest [122, 123, 124].

1.5 Research Objectives

The primary objective of this research is to focus on understanding the
unusual characteristics of bulk nanobubbles generated in contaminated media
(aqueous solutions, surfactants) and providing evidence for differentiating between
nanobubbles and nanoparticles. The rationale for the research objectives and the

tasks associated with them were approached as outlined below:

e Rationale: Salt dissociation and subsequent ion solvation with water molecules
occur during salt dissolution in water which decreases the affinity of gaseous
molecules.

Task 1: To investigate what happens to the excess gas released during the
salting-out effect.
Task 2: Provide the evidence for nanobubbles by estimating the refractive

index.

e Rationale: Gas solubility varies linearly with pressure by Henry’s law.
Task 3: To unravel the origin, stability, and nanobubble dynamics under an
oscillating pressure field followed by the salting-out effects.
Task 4: Mechanical stability model predicts the existence of stable

nanobubbles.

e Rationale: Jones-Ray effect is debated for the past ~ 80 years on the existence
of the minima in surface tension vs. salt concentration curve.
Task 5: The Jones-Ray effect might be attributed to nanobubble nucleation
during the salting-out action and the evidence of nanobubbles is supported in
terms of refractive index measurement.
Task 6: Ultrasound waves affecting the stability of the nanoscale gaseous

cavities.

e Rationale: Impurities that actively adsorb at the gas-liquid interface of micro
and nanobubbles impair the stability.
Task 7: Study the dynamics of nanobubbles in surfactant solution.
Task 8: Differentiating nanobubbles and nanoparticles by observing the light

scattering behavior.

1.6 Organization of the Dissertation

A brief introduction leading toward the objectives is given in Chapter 1. In Chapter

2, the nucleation of nanobubbles during the salting-out effect and its evidence are
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discussed in detail. Chapter 3 describes the experimental and predictive modeling
approaches for the bulk nanobubbles generated under the effect of an oscillating
pressure field. Chapter 4 details the experiment for the Jones-Ray effect and the
stability of nanobubbles influenced owing to ultrasound irradiations. In Chapter 5,
the dynamics of nanobubbles in surfactant solution have been discussed. Lastly, the
summary of all the chapters, the implication, and recommendations of this study
are given in Chapter 6.

Chapter 2 is the extended version of the paper published previously by the author
in Ultrasonics Sonochemistry (Kalyani et al., 2022), which is reprinted in part here.
Chapter 3 and 4 is the submitted manuscript for publication. Chapter 5 needs to
be submitted for publication.



Chapter 2

Does Salting-out Effect Nucleate Nanobubbles in Water:

Spontaneous Nucleation?

The previous chapter summarised the current scenario in fundamental study
and applications of nanobubbles. We anticipate that effectively incorporating
nanobubble technology into environmental engineering will result in a technical
revolution by considerably enhancing pollutant removal efficiency, reducing
treatment facilities, and lowering operating times and costs. The solubility of
gases in an aqueous salt solution decreases with the salt concentration, often
termed the “salting-out effect.” Now it is interesting to know what happens to
the excess gas released during salting-out. Since it is imperative to note that the
transfer of the dissolved gas in the bulk liquid may often occur in the form of
nanobubbles. In this work, we have answered this question by investigating the
nano-entities nucleation during the salting-out effect. With this hypothesis, we have
experimentally investigated whether the salting-out effect nucleates nanobubble or
not. What is the strong scientific evidence to prove that they are nanobubbles?
Does the salting-out parameter affect the number density? The answers to such
questions are essential for the fundamental understanding of the origin and driving

force of nanobubble generation.

2.1 Introduction

Nanobubbles in bulk liquid has received significant attention over the past decades.
They are gas-filled bubbles with a mean diameter ranging from 100 to 200 nm.

Bulk nanobubbles possess distinct features such as extraordinary longevity, high

surface-to-volume ratio (z g), high mass transfer coefficient and Laplace pressure,
and ability to generate reactive oxygen species. Owing to such peculiar properties,
nanobubbles have a wide range of applications in the field of wastewater treatment
[4, 8], medical application [125], food processing [20], environmental sectors [100],
bio-engineering sectors [126], flotation [127], therapeutic delivery [128]. Despite
such overwhelming applications, the fundamental understanding of nanobubble
generation [16] and a unique characterization technique to distinguish nanobubbles
from the particle and nanodroplets [129] are still in infancy. Broadly, nanobubble
generation methods include acoustic cavitation [77], porous membrane [82], repeated
compression and decompression [130, 131], electrolysis [5], external electric field
[132], and alternating magnetic field [133]. Several characterization techniques

have been employed to detect nanobubbles. For instance, optical methods such
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as dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), flow
cytometry, etc., provide a measurement of the size and concentration of nanobubbles
but do not distinguish nanoparticles and nanodroplets from the nanobubbles
[5, 132, 134]. Freezing and thawing, vacuum, and centrifugation is the class
of techniques based on physical perturbation [129], phase contrast microscopy
techniques are based on the estimation of the refractive index of nanobubbles which
may lie between air (RI = 1.00) and water (1.33). On the other hand, the refractive
index of solid particles and droplets is supposed to be greater than 1.33 [135]. The
off-axis digital holographic microscopy (DHM) enables the estimation of both the
refractive index and the size of nanobubbles [136].

We are interested to understand what happens to the excess released gas during the
salting-out effect. In general, the gas transfer in the liquid often occurs in the form
of bubbles. Therefore, it can be speculated that excess dissolved gas may nucleate in
the form of nanobubbles. Does the salting-out parameter play a role in nanobubble
nucleation? The solubility of gas decreases in a salt solution with reference to pure
water, the so-called salting-out effect. The quantitative study on the solubility of
a gas in the electrolyte was reported by Setchenov where he proposed an empirical

relation between electrolyte concentration and gas solubility as follows [137]:

(%

log(—) = KC, (2.1)

&%)

where ap, a, and C, are the oxygen solubility in pure water, and oxygen solubility
in salt solution of the concentration, C.,. K is the salting out parameter that
depends on the gas type, temperature, and valency of the salt. For a low electrolyte

concentration, Eq. 2.1 can be modified using ionic strength as follows:

«

log(a—o) = hl (2.2)

where [ is the ionic concentration as follows [138]:

I= (%) Zczzf (2.3)

For a mixed electrolyte system, Eq. 2.2 can be modified as follows [139]:

log((%) = Z H;I; (2.4)

where H; is the specific salting-out constant for ions and the gas. Thus, the
solubility of the gas in a mixed salt can be predicted by Eq. 2.4.

It is readily clear from Eq. 2.4 that the higher the salting-out parameter value
lowers the gas solubility in a given salt solution. It is also to be noted that the

solubility of gas increases with the valency of the salt. In other words, the solubility
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difference (ap - «) decreases with salt valency. Several interesting questions can
be posted here. For instance, does excess dissolved gas nucleate in the form of
nanobubbles? What is the evidence that they are nanobubbles? What is bubble
number density in mono-, di- and tri-valent salt solutions during the salting-out
effect? How stable are these nanobubbles? What is the mean diameter of the
nanobubbles in mono-, di- and tri-valent salt solutions? Does bubble number
density increase with salt concentration as the solubility difference increases from
Eq. 2.17 Are these bubbles stable in the acidic medium? Are these bubbles
charged

Nanobubbles

==k

Figure 2.1: Schematic illustration of the generation of nanobubble suspension.

From a fundamental research viewpoint, Bunkin et al.[135] performed the
experiments on an aqueous NaCl solution and characterized it by phase microscopy,
DLS, and polarimetric scatterometry. The refractive index of micron-sized bubbles
was estimated to be 1.26. The mechanism of charging the bubble essentially depends
on the ion present in the solution. Bunkin et al.[67] reported that anions play a
major role than the cations in the stabilization of bubbles. Due to the surface
charge on the nanobubble, the colloidal stability has been investigated by DLVO
theory, and the energy barrier was found to vary from 20 xkgT to 60 kgT [134]
depending upon the pH of the solution. Such a positive energy barrier warrants the
colloidal system to be stable. More recently, the ion adsorption at the interface
is explained by solving the modified Poisson-Boltzmann equation. The surface
charge calculation by modified Langmuir adsorption expressions has been seen in
good agreement with the experimental results over a wide range of pH [140]. The

accumulation of surface charge density stabilizes the bubbles as the electrostatic

1
pressure (P, ~ —) diverges must faster than the Laplace pressure ( Pp ~ — )

[134, 87, 141, 127]. Interestingly, the nanobubbles are observed to be stable against
temperature. The mean diameter of the nanobubble decreases with temperature
but restores its original size upon cooling the nanobubble sample. Evidently, the
temperature may enhance the self-ionization of water and the mobility of ions, and
nanobubble stabilization may occur by charge redistribution [142].

The applicability of the Young—Laplace equation and Henry’s law for nanobubbles
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are recently validated with experimental results [143]. The validity of the
Young-Laplace equation facilitates the estimation of the internal gas pressure of
nanobubbles. Shi et al. [144] compared the internal pressure by the two methods,
namely, by contact mechanics approach and by using the Young—Laplace equation.
The contact mechanics model utilizes the force between the bubble and the probing
tip measured by atomic force microscopy. Both models reported consistent internal
pressure in the range of (8-16 bar) for 200 to 400 nm nanobubbles. One of the
distinctive properties of nanobubbles is the formation of OH™ radicals.

The recent measurement based on the electron paramagnetic resonance spectrum
suggests the existence of OH™ radicals [49]. Perhaps this is one of the promising
properties of nanobubbles, as free radicals are responsible for the degradation of
many organic matters. More recently, nanobubbles in salt solution were generated
by the hydrodynamic cavitation (external energy devices) method by Hewage et al.
[145] and concluded that as the valency of the salt increases the surface charge on
the bubble neutralizes and it further leads to the charge reversal. The co-ions and
counter-ions have been shown to have a negligible effect on the surface potential or

the surface charge 7
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Figure 2.2: (a) Cryo-TEM micrograph of nanobubbles in 1 mM of NaCl solution (b) 3D
histogram of bubble count, size, and light scattering intensity in nanobubble sample of 1
mM NaCl.

In a nutshell, it is reasonably clear that most of the literature is devoted to
understanding the properties and colloidal stability of the nanobubbles. There
are no prior studies investigating the origin and generation mechanism of the
nanobubbles during the salting-out effect. We have presented a novel method
to estimate the refractive index of nanobubbles based on the scattering power
measurement. The effect of the valency of salt on nanobubble density, size, and
charge at the surface of the nanobubbles has been studied extensively. The evidence
for nanobubbles is provided by estimating the refractive index of nanobubbles
using the Mie scattering theory based on the experimental data on scattering

intensity. Cryo-TEM imaging of nanobubbles further supported the characterization
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of nanobubbles. The different storage conditions also play an essential role in the

long-term stability of nanobubbles.

2.2 Experimental methods

2.2.1 Materials

A double distilled water having an electrical conductivity of 1.695 uScm™! and pH
of 7.1 at a temperature of 25°C has been used in all the experiments. Aluminium
chloride (AICl3, 99.9%), sodium sulphate (NaySO,), sodium chloride (NaCl, 99.5%)
and calcium chloride (CaCly, 99%) were purchased from Merck Chemicals. Double
distilled water is used to prepare all the stock solutions required for the experiments.
A magnetic stirrer is used for 45 min to mix the powder chemicals into the water. The
water used for the experiments and a stock solution was examined using NanoSight
before the experiments. This is to make sure that there is no contamination at the
nanoscale present a prior. Additional precautions during the cleaning and handling
of the experimental rig have been taken care of. The disposable latex-free syringes,

vials, and pipettes were used to avoid any form of contamination.

2.2.2 Preparation of nanobubble sample

Nanobubble samples were prepared by dissolving salts in pure water at room
temperature as shown in Figure. 2.1. A magnetic stirrer is employed for dissolving
salt at 1100 RPM for 45 min. The nanobubble formed during salt dissolution was
stored at room temperature in 15 mL air-tight vials for further analysis. From a
thermodynamic viewpoint, the change in free energy during the bubble generation

is given as follows:

4
AG = gngGv + 4Ry (2.5)

where R is the radius of the bubble. G, is the energy associated with the per
unit volume of gas and it is a negative number. Therefore, increasing the value
of G, favors bubble generation. On the other hand, the surface tension, v of the
liquid is always positive, and increasing the value of surface tension hinders bubble
generation. During salting-out effects, the Gibbs free energy of mixing tends to
enhance the value G, and therefore facilitates the nanobubble generation. The
nanobubble generation by physical methods exploits the reduction in the pressure
which reduces the solubility of the gas and therefore it tends to nucleate nanobubble.
In the present technique, the reduction in the solubility of the gas is achieved by the
dissolution of the salt which leads to the supersaturation of dissolved gas and forms

nanobubble.
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2.2.3 Refractive index estimation

Measuring the maximum scattering power, Pg(AU) using NanoSight NS300 we
have determined the refractive index of the nanobubble sample. The measured
scattering power of a standard polystyrene nanosphere of known size and refractive
index is used to calculate the scattering cross-section og (nm?) from the Mie theory
[146]. MieConScat calculator v1.1.8 [147] has been used to calculate the scattering
cross-section of the known size and refractive index of the particle. The MieConScat
utilizes [147] the particle size, and refractive index of both particle and medium and
the wavelength of the light source as the input parameter for the calculation of
theoretical scattering cross-section. Mie theory is based on the analytical solution
of Maxwell’s equations describing the scattering of electromagnetic waves around
spherical objects. The solutions of Maxwell’s equations are expressed in terms of
infinite series of vector spherical harmonics. MieConScat [147] is the software based
on Mie scattering theory and the details of the calculation procedure are described
elsewhere [146]. NanoSight NS300 is calibrated by standard polystyrene nanospheres
of the known size (four sizes of polystyrene beads, namely 50 nm, 100 nm, 150
nm, and 200 nm, and concentration 10® particlemL™!. The refractive index of
polystyrene nanosphere is 1.633 [148]. The measured Pg value has been correlated
with the corresponding value of ojie calculated from Mie theory using MieConScat
[147]. A scaling factor oyie/Pg = 0.0673 is obtained by least-square fitting of the
data points. This scaling factor is specific to the tracking instrument (i.e., NS300).

All the measurements were performed at 22°C and 0.95 cP.

2.2.4 Sample preparation for Cryo-TEM imaging

Nanobubbles in salt solution were visualized using an FEI-Tecnai G2 12 Twin TEM
120 kV equipped with a low-temperature Gatan unit. The nanobubble samples
were prepared for Cryo-TEM analysis by placing 1 uL of nanobubble solution onto
the holey carbon-coated gold grid, and it is further vitrified into liquid ethane by
using Vitrobot (FEI Company). Subsequently, the grid containing the vitrified
nanobubbles has been placed onto the Cryo holder, and images were taken at an
acceleration voltage of 120 kV at a temperature -174°C. Nanobubbles generated
during the dissolution of NaCl with 1 mM salt concentration have been characterized
by Cryo-TEM as shown in Figure. 2.2a. Evidently, the spherical nanobubbles are
visualized by Cryo-TEM; however, the size of nanobubbles is larger than that of the

NTA measurement as shown in the 3-D histogram in Figure. 2.2b.
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Figure 2.3: Freezing and thawing experiments on nanobubble sample generated by
dissolution of NaCl (a) bubble size distribution before freezing and after thawing (b)
bubble number density before freezing and after thawing (¢) NTA micrograph before
freezing (d) NTA micrograph after thawing.

2.3 Results and discussion

2.3.1 Physical perturbation of nanobubbles

The evidence of the gas-filled nano-objects has been a challenge. The sizing by
optical techniques relies on the Brownian motion of the nano-entities; thus, it does
not distinguish between bubbles and particles. In this work, we have provided
multiple evidence of the nanobubble nucleated during the salting-out effect. The first
approach is the so-called physical perturbations to the nanobubble suspension. The
disappearance of nanobubbles during freezing and thawing provides an indication of
a soft interface. However, this may also lead to the formation of aggregates during
freezing and thawing. This has been verified by performing freezing and thawing of
polystyrene nanospheres in water. Particle counts and mean diameter were observed
to be more or less invariant of freezing and thawing. This observation strengthens
the lower probability of particle aggregation during freezing and thawing. However,
it does not rule out the possibility of coalescence of oil nanodroplets if a small
fraction of oil entered the system. Three nanobubble samples, namely 0.1 mM,
10 mM, and 100 mM were prepared and characterized by NTA. A representative
bubble size distribution for a 100 mM sample is shown in Figure. 2.3a. 10 mL of
each nanobubble sample were frozen at a temperature of —18°C for 12 h which is
significantly lower than that of the freezing point of the 1 M salt solution (~ —3.72

°C). Nanobubble samples were further defrosted at room temperature for about 2h
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Figure 2.4: Effect of ultrasound amplitude on (a) zeta potential (b) bubble size distribution
(c) mean bubble diameter of nanobubble sample generated by dissolution of NaCl.

before characterization by NTA. Typical results on the bubble number density are
shown in Figure. 2.3b. At low salt concentrations, for instance, at 0.1 mM of salt,
most of the nanobubble disappears; however, the remaining entities after thawing
increase with the salt concentration. The corresponding NTA micrograph before
freezing and after thawing are shown in Figure. 2.3c and d. The bubble count
per frame was reduced from 17 to 3 bubbles per frame which is &~ 82% decrease in
the bubble count. Other physical perturbation techniques, such as pressurization,
vacuum, and centrifugation, have also been employed in the nanobubble sample in
the recent past. The size of the nanobubble increases and the bubble number density
decreases by pressurization of the nanobubble sample. Such a compressible behavior
of the suspension indicates the gas-filled nano-entities. In contrast, employing a
vacuum to the nanobubble sample, mixing degassed water with the nanobubble
sample exhibit disappearance of nanobubbles. The amplitude is varied from 25%
to 98%. 60 ml of nanobubble sample is exposed to a titanium ultrasound probe
with varying amplitude. From a theoretical standpoint, the pressure generated by
ultrasound, the so-called acoustic pressure wave, gives rise to compression and the
rarefaction cycle. During the rarefaction cycle, pressure in the liquid falls below
the vapor pressure of the liquid and thus results in the nucleation of micro and
nanobubbles. The bubble generation during the rarefaction cycle is only possible
if there are gas sources present. If the system contains bubbles a priori, then
the acoustic cycles tend to disintegrate the bubble, and therefore, we observe a
significant reduction in the nanobubble population if the irradiated nanobubble

solution is subjected to ultrasound. The surface charge in Figure. 2.4a on the
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NagSOy, and AICl3 solution versus mean bubble diameter (b) Refractive index of
nanobubble sample of 0.001 mM and 1 mM of NaCl.

nanobubble significantly increases with ultrasound, but the mean diameter was
found to be unaffected as shown in Figure. 2.4c. It is readily apparent that nano
drops may also behave similarly to the nanobubbles by the physical perturbation
mentioned above. Therefore, the evidence for nanobubbles is further strengthened
by estimating the refractive index of the nano-entities in various salt solutions, as

discussed in the next section.

2.3.2 Refractive index of nanobubbles

The refractive index is related to the chemical composition of the suspended
material, and it is often used to differentiate different constituents in the medium.
For instance, extracellular vesicles in biological samples (RI < 1.42) can be
distinguished from lipoproteins (RI > 1.42) of similar size based on refractive index
[149]. The refractive index of oil drops in water [150] and nanoparticles [151] was
reported to be higher than 1.33. In this work, we have estimated the refractive index
of nano-entities formed during the salting-out effect for mono-, di- and tri-valent
salts as shown in Figure. 2.5a and b. As noted earlier, the scattering power of
the known size and refractive index of polystyrene nanospheres have been used to
calibrate the NTA. The instrument scaling factor is used to compare the measured
scattering cross-section and theoretical from Mie theory calculations to estimate the
refractive index of the nanobubble suspension. Figure. 2.5a demonstrates the
overlap of the measured scattering cross-section and theoretical value from the Mie
theory. For nanobubbles in mono and divalent salts, the refractive index value
was estimated to be in the range of 1.011-1.023, whilst the refractive index of
1.305. Such a higher

value of the refractive index of nanobubbles in trivalent salt is plausibly due to the

~
~

the nanobubbles in tri-valent salt was calculated to be

absorption of AI** around the nanobubble interface leading to a slight increase in
the opacity. Interestingly, it is to be noted that the refractive index of nanobubbles
in all the mono-, di, and tri-valent salt is less than that of 1.33. Evidently, this
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Figure 2.6: Nanobubbles in NaCl solution of varying concentration (a) zeta potential (b)
mean bubble diameter (c) bubble number density. The pure water is analyzed using NTA

before adding the salt, and no nano-entities were observed.

is within the range of gas bubbles. We have estimated the refractive index of the
nanobubbles generated in 0.1 and 1 mM of NaCl salt by varying the ultrasound
amplitude as shown in Figure. 2.5b. It is to be noted that the refractive index
is estimated after the ultrasound as it requires reducing the temperature for NTA
analysis. For ultrasound experiments, 50 mL of nanobubble sample were placed in a
beaker. The ultrasound probe was dipped in the solution and irradiated for 5 mins
in a continuous mode. The estimated values of the refractive index were shown to
be invariant with the amplitude used. This effect probably suggests that ultrasound
is not introducing any contamination even at a higher amplitude. In a nutshell, we

have provided evidence for nanobubble generation during salting-out effects.

2.3.3 Influence of salt valency

Nanobubble generation during the salting-out effect is characterized by NTA in
terms of bubble size distribution, bubble number density, and mean size. Surface
charge is measured by zeta potential. The concentration of various salts has been
varied up to 5 mM to understand the effect of salt concentration on nanobubble
generation. Both Bubble number density and size of the nanobubbles increase with
the concentration of the salt, and it is observed to be irrespective of the valency
of the salt as shown in Figure. 2.6 and 2.7. However, the surface charge was
observed to be more or less invariant with the salt concentration. Nanobubbles
in NaCl, CaCly, and NaySO, were measured to be negatively charged while the
nanobubbles in AICI3 possess a positive charge. The comparison of bubble number
density for various salts is performed after concentrating the nanobubble sample

using a Rotary evaporator. 250 mL of nanobubble suspension was reduced to 20 mL
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Figure 2.7: Nanobubbles in NaySO, solution of varying concentration (a) zeta potential
(b) mean bubble diameter (c¢) bubble number density.

by evaporating the solvent. A typical comparison of bubble number density, bubble
size distribution, and zeta potential of different salts is shown in Fig. 6. Evidently,
bubble number density in mono-valent salt is observed significantly higher than in
the di- and tri-valent salt. The mean diameter of the nanobubble was observed to be
slightly increased for di-valent salts (CaCly and NaySO,) in comparison with NaCl,
as shown in Figure. 2.8. However, further, the mean diameter of nanobubble
decreases in the tri-valent salt (AlICl3). Interestingly, the surface charge on the
nanobubbles in the AICI3 solution is measured to be positive. The zeta potential of
nanobubbles in deionized water provides the speculation of the negatively charged
air—water interface [134]. Such charged nano-entities form an electric double layer
around the objects. The strong positive ions such as AlI** may absorb in the
interface, and therefore nanobubbles may exhibit a positive value of zeta potential.

The salting-out parameter denotes the slope of the solubility plot. A higher
value of the salting-out parameter results in the low solubility of the gas. Table
1 shows the typical value of the salting-out parameters for the salts used in this
work. Clearly, the value of the salting-out parameter is significantly higher in the
case of NaCl than the other di- and trivalent salts. For a fixed value of the salting-out
parameter (K), the ratio of solubility expressed in terms of Bunsen coefficient varies
proportionally with the concentration of the salt as shown in Eq. 2.1. For a
fixed temperature and pressure, the solubility of the gas in pure water is constant;
therefore, the solubility of the gas in the salt solution decreases with increased

concentration. This correlates reasonably well with the increasing bubble number
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Table 2.1: Salting out parameters of electrolytes for oxygen at 298.2 K

Salt K (dm?/mol) Molar concentration range (M)
NaCl 1.145 0-5

CaCly 0.226 0-4.5

NasSOy 0.376 0-1.2

AlCI3 0.274 0-1.7

density with the salt concentration, as shown in Figure. 2.8. In other words, the
solubility difference (o - ) increases with salt concentration which is the available
gas for nanobubble nucleation. The salting-out parameter also explains the higher
bubble number density in mono-valent salt compared to di- and tri-valent salt. The
salting-out parameter for monovalent salt is significantly higher than that of the di-

and tri-valent as shown in Table. 2.1.

2.3.4 Temporal stability of nanobubbles in salt solution

Nanobubbles in pure water have been seen to be extraordinarily stable for days
and months [144, 17, 152]. Bubble number density decreases monotonically while
mean diameter increases 30-40% over the period of time. Since nanobubbles in
pure water are negatively charged, bubble coalescence and dissolution can possibly
be ruled out. Therefore, the disappearance of the nanobubbles is expected from
the air—water interface at the top and by collision with the storage container wall.
It is also to be noted that the mean square displacement of the smaller bubble is
higher with respect to the larger bubble from the Einstein-Stokes equation. In other
words, the probability of collision for smaller nanobubbles is more than the larger
bubbles. Thus, the smaller bubble may disappear faster than the larger bubble.
This might be the possible justification for the increasing mean bubble diameter
over a period of time as a smaller bubble is expected to disappear earlier. In this
work, we have examined the so-called long-term stability of nanobubbles in NaCl
solution. The bubble number density was significantly higher in the NaCl solution,
and therefore the sample is chosen for long-term stability. The nanobubbles in salt
solution are seen to disappear much faster than in pure water, as shown in Figure.
2.9. Nanobubbles are observed to be stable for no more than three days. The mean
diameter of the nanobubble increases by ~ 37% in three days. This is in line with
the nanobubbles in a pure water system [144, 152]. The faster decay of the bubble
number distribution in salt solution may be attributed to the presence of salt that
leads to an electric double layer screening around nanobubbles. A weak surface
charge on the nanobubbles gives rise to lower colloidal stability of the system, and

therefore, nanobubble disappears must faster in a salt solution.

Two 15 mL vials, namely, the glass and polypropylene material, have been used.
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Figure 2.8: Nanobubbles in salt solution (1 mM) of different valency (a) zeta potential (b)
mean bubble diameter (c) bubble number density.

The volume of stored nanobubble samples is kept to be equal. Evidently, the bubble
number density decays faster in polypropylene vials than that in glass vials. The
plausible reason could be the absorption of nanobubble inside the polypropylene
vial. Indeed, it is difficult to claim the exact mechanism of nanobubble absorption
in polypropylene containers, but the hypothesis on the nanobubble disappearance
by striking the container wall seems possible. In addition, temperature and pressure
conditions may also influence the stability of the nanobubbles. Brownian motion of
nanobubbles is expected to be higher at high temperatures; therefore, the probability
of collision with the container wall is expected to be enhanced. This, in turn, leads

to a high rate of disappearance of nanobubbles at a higher temperature.

2.3.5 Nanobubbles in acidic and alkaline medium

Nanobubbles in pure water (at neutral pH) are extraordinarily stable. It is also
known that nanobubbles are more stable in an alkaline medium [134, 5]. Bubble
number density drops in the acidic medium, whereas the mean diameter increases.
Surface charge approaches an isoelectric point in the acidic medium. It is also
interesting to note that nanobubbles can be further charged negatively by adjusting
the pH of the sample to the alkaline limit. This is plausibly due to the absorption
of OH™ at the air-water interface. This behavior is qualitatively similar to that
of any charged nano-suspension. In this work, nanobubbles in NaCl solution are
concentrated using a rotary evaporator for pH adjustment. Hydrochloric acid and

sodium hydroxide are used to adjust the pH of the sample. Nanobubbles in the
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Figure 2.9: Effect of a storage container on the long-term stability of nanobubbles
generated in NaCl (a) bubble size distribution (b) bubble number density and mean bubble
diameter.

salt solution behave qualitatively similar to that in the pure water, as shown in
Figure. 2.10. Bubble number density decreased by a~ 30 — 50% from pH = 10
to pH = 3.5. Similarly, the mean bubble diameter of the nanobubble increases by
30-40%. On the other hand, zeta potential approaches toward =~ —32 mV at pH
= 10. The higher mean bubble diameter at lower pH may be due to the screening
of the electric double layer. The addition of H* ion is expected to neutralize the
air—-water interface. The smaller size fraction of nanobubbles may be dissolved or
shrink much faster than that of the larger bubble due to the screening of the electric
double layer. Therefore, the measured diameter of nanobubbles at low pH exhibits
a relatively larger mean. In summary, nanobubbles in salt solution behave similarly
to that in pure water. Surface charge decreases in the acidic medium due to the
screen of the electric double layer by HT ion. On the other hand, nanobubbles are
expected to be more stable in the alkaline medium due to the strong electrostatic

interaction that gives rise to the higher total interaction potential.

2.4 Conclusion

Finally, we conclude that the excess dissolved gas indeed nucleates in the form of
nanobubbles during the salting-out effect based on the refractive index calculation.

Further evidence of nanobubbles was supported by the freezing and thawing
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process. A novel method for the estimation of the refractive index of nanobubble
is proposed based on Mie theory calculations. The measured scattering power
by NTA is utilized to calibrate the NTA using standard latex nanospheres and
to estimate the refractive index of an unknown sample. The refractive index of
nanobubble samples was calculated to be 1.012 for mono and di-valent salt and
1.302 for the tri-valent salt. The absorption of AI** ion in the electric double layer
around the nanobubble is the expected reason for the increase in the refractive
index of tri-valent salt. The bubble number density was observed to increase with
the salt concentration, which is explained by the Setchenov solubility relation
for electrolytes. The solubility difference increases with the salt concentration,
and therefore, bubble number density exhibits a positive correlation with the salt
concentration. We also conclude that bubble number density depletes with the salt
valency. This is explained by using a salting-out parameter; the higher the value of
the salting-out parameter lower the solubility of the gas in the solution. Therefore,
the solubility difference yields a positive dependence on the salting-out parameter.
The reported values of the salting-out parameter [138] corroborate the observed

experimental trends.

We also conclude that nanobubbles during salting-out effects are only stable for up
to three days, which is much shorter than nanobubbles in pure water. NaCl, CaCls,,
and NaySO,4 nucleate negatively charged nanobubbles whereas AlCl3 salt generates

a positive charge nanobubble. We also hypothesize that the nanobubble disappears
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by the collision of nanobubbles with the container wall. Polypropylene and glass
containers were used to store the nanobubble sample in controlled conditions.
Nanobubble decays relatively faster in polypropylene than that in glass vials.
This confirms that nanobubble disappears by colliding with the storage container.
Nanobubbles in salt solution respond similarly to pure water to the pH adjustment.
Surface charge decreases in the acidic medium due to the screening of the electric
double layer. On the other hand, nanobubbles are more stable in the alkaline
medium due to the strong electrostatic interaction that gives rise to a higher total

interaction potential.



Chapter 3

On Nanobubble Dynamics under an Oscillating Pressure
Field during Salting-out Effects and its DLVO Potential

We have investigated the origin, stability, and nanobubble dynamics under an
oscillating pressure field followed by the salting-out effects. The higher solubility
ratio (salting-out parameter) of the dissolved gases and pure solvent nucleates
nanobubbles during the salting-out effect and the oscillating pressure field enhances
the nanobubble density further as solubility varies linearly with gas pressure by
Henry’s law. The novel method for refractive index estimation is employed to
differentiate nanobubbles and nanoparticles based on the scattering intensity of
light. The electromagnetic wave equations have been numerically solved and
compared with the Mie scattering theory. The DLVO potentials of the nanobubbles
predict the stable colloidal system. The zeta potential of nanobubbles varied by
generating nanobubbles in different salt solutions, and it is characterized by particle
tracking, dynamic light scattering, and Cryo-TEM. The novel mechanical stability
model is proposed by considering both ionic cloud and electrostatic pressure at the
charged interface. The ionic cloud pressure is derived by electric flux balance, and
it is found to be twice the electrostatic pressure. The mechanical stability model
for a single nanobubble predicts the existence of stable nanobubbles in the stability

map.

3.1 Introduction

Nanobubbles has gained significant attention from both applied and fundamental
research viewpoints in recent times [49, 153, 154]. Nanobubble encompasses a
wide range of applications, particularly towards the 215 century grand challenges
such as water technology [4, 8, 126], food sector [20, 155], health technology
[156, 157, 158, 159], energy sector, energy efficient aeration [160], surface cleaning
[5], disinfection and sanitization [161], mineral flotation [162], ultrasound contrast
agent [117], drag reduction [163], drug delivery and smart medicine [164, 165],
tumor hypoxia [166] etc. Despite numerous applications, the fundamental of the
nanobubbles is in their infancy. Broadly, the phase transition or formation of a new
phase via nucleation or mixing is essentially a departure from the thermodynamic
equilibrium. The out-of-equilibrium conditions give rise to steeper gradients,
thereby leading to interesting colloidal and interfacial phenomena. Indeed, these
non-equilibrium conditions are driven by either one or multiple influences of phase

transfer, external volumetric forces/electric, magnetic forces, mixing, chemical
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reaction-driven instabilities, non-uniform surface tension, etc. Nanobubbles are a
two-phase system that can be created by manipulating such volumetric driving
forces. In this work, we have investigated the nanobubble generation during the
salting-out effect and the influence of the oscillating pressure field. The term
“salting-out effect” is used interchangeably in salt precipitation by dissolving the
higher soluble compound in the base solution. Similarly, the gas solubility decreases
upon dissolving other more soluble components in the base solvent, also termed the
salting-out effects [167, 168]. From a thermodynamic viewpoint, the dissolved gas
in water at a fixed temperature and pressure can be considered in thermodynamic
equilibrium. The Gibbs free energy of such a multi-component system is well defined
by the Gibbs-Duhem equation (combined representation of the first and second law
of thermodynamics). At constant temperature and pressure, Gibbs free energy solely
depends on the chemical potential of the individual components. Furthermore, the
salt dissolution is expected to increase the chemical potential of the system (for an
ideal solution p; = p;o+RT In (x;)). Now, the new thermodynamic equilibrium state
can be achieved by minimizing the Gibbs free energy of the system, and, therefore,
the new interfaces may be created in the form of nanobubbles due to the dissipation
of additional free energy. In other words, salt mixing/dissolution is the volumetric
driving force for the out-of-equilibrium of the system that gives rise to heterogeneity
in the form of nanobubbles. Furthermore, the volumetric driving force can also be
expected to have a proportional relationship with the new surface creation. The free
energy of the system can also be enhanced by performing work on the system. For
instance, oscillating pressure fields and ultrasound waves are expected to enhance the
free energy of the system. Therefore, the nanobubble density should increase when
the system undergoes energy minimization. In this work, we have experimentally
verified this fact by employing the fluctuating pressure field, and our results show a
higher concentration of nanobubbles under the oscillating pressure field.

Despite the overwhelming application of nanobubbles, the extraordinary stability
of the nanobubbles is still puzzling. The early speculation was the probability of
contamination, such as active surface molecules, dust or nanoparticles, etc. For
the nanodroplet generation, diverse emulsification approaches have been utilized
which are similar to bulk nanobubble formation including high-pressure homogenizer
[13], ultrasonication [169], and light-driven mechanism enveloping porous membrane
[170]. Therefore, it is customary to provide strong scientific evidence of the gas-filled
nanobubbles which differentiate from nanoparticles or nanodroplets. Broadly, the
evidence of the gas-filled nanobubbles is reported by various methods, for instance,
optical methods [171], physical perturbation techniques [172, 173, 174], electron
microscopy [175, 176], vibrational spectroscopy [177], surface charge measurement,
etc. The advantages and disadvantages of the various techniques have been critically

examined elsewhere [129]. The physical perturbation to the nanobubble suspension
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results in the disappearance of nanobubbles during freezing and thawing which
indicates the presence of a soft interface. This may lead to the generation of
aggregates during freezing and thawing and is further confirmed by polystyrene
nanospheres in water unaffecting the particle count and mean diameter. This
finding supports the theory that particle aggregation is less likely to occur during
freezing and thawing. Furthermore, electron microscopy emerged as an important
method for determining the structure of nanoscale entities at high resolution. The
ultrahigh-resolution images of individual particles and their internal structure are
used to investigate the sample properties and behavior. The electron beam as
the imaging radiation source permits for higher spatial resolution (on the tens of
picometers scale) than photons in optical microscopy (200 nanometers). Bunkin
et al. [135] reported a phase contrast microscopy technique to estimate the refractive
index of nano-sized entities. The refractive index of the gas bubble must lie around
RI = 1.000, much lower than that of the water RI = 1.330. In addition, the refractive
index of solid particles and droplets is expected to bear a refractive index value
greater than 1.330. More recently, off-axis digital holographic microscopy (DHM)
was also utilized to estimate both the refractive index and the size of nanobubbles
[136]. In this work, we have developed a new method to estimate the refractive
index of nanobubbles by measuring the scattering power during nanobubble tracking
analysis. We have estimated the refractive index of nanobubbles generated during
salting out and oscillating pressure fluctuation to be 1.001, which indicates that
they are indeed gas-filled nanobubbles. Nanobubbles are reported to be stable for
days and months in water; however, the existence of nanobubbles in liquids other
than water is still an open question. Recently, several stability models for the
nanobubbles have been proposed, namely, the skin model, dynamic equilibrium
model, ion stabilization, etc. [87]. The most recent understanding of nanobubble
stability is the ion stabilization [87, 127]. A mechanical stability model is proposed
based on the force balance around the nanobubble. In general, the surface tension
force is expected to compress the air-water interface whilst the electrostatic force
between the ions at the interface acts opposite to the surface tension force. In
addition, the ionic cloud pressure is expected to act opposite to the electrostatic

force.
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Figure 3.1: Schematic of the experimental setup and applied pressure wave.

3.2 Experimental methods

3.2.1 Oscillating pressure field setup

Pure water and salt solution of varying concentration (8 mL) respectively were
poured into a glass U-tube manometer that was capped with one side and a 50 mL
syringe connected onto the other side of the glass U-tube. The wet part in this
setup was only the u-tube made of glass. Although the piston and syringe assembly
is not in contact with water in order to make the experimental protocol uniform, the
piston and cylinder system was also first cleaned with ethanol and water and dried
by sparging with nitrogen gas. A similar cleaning protocol was followed in each step
while transferring the sample from one to another. Silicon-free syringes were used
for the particle tracking analysis.

An MPX5700 pressure sensor by NXP, a Freescale Semiconductors, Inc. subsidiary,
is used for the pressure measurement. For better accuracy, the pressure sensor
output is interfaced with the ADS1115-based ADC (Analog-to-Digital) converter
module, and the built-in ADC converter of Arduino UNO is avoided. A DS3231
[3] based RTC (Real-Time-Clock) module calculates the sampling interval between
consecutive measurements. The internal temperature sensor of DS3231 is used to
obtain the temperature reading during the experiment.

Because of the presence of bus voltage in the sensor’s pressure equation, the bus
voltage is also interfaced with the ADS1115 through a precision resistor voltage
divider. Nanobubble generation is carried out through an oscillating pressure field
schematically illustrated in Figure. 3.1. The operating principle of the setup is
the periodic change in internal pressure in the U-tube induced by the linear motion
of the piston, which is transformed by the eccentric wheel rotating by an electric
motor. Consequently, the pressure field generates the solubility difference leading

to nanobubble generation. The motor frequency and operating time were set to 500
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rpm and 13 mins during the experiment.

3.2.2 Ultrasound irradiation

The horn-type ultrasound offers a frequency response of 20 kHz frequency with
amplitude variation from 25% to 98% and delivers 750 W of constant power. The
probe (1/2” dia ~ 13 mm) is fabricated from high-grade titanium alloy Ti-6A1-4V
due to its high tensile strength, good acoustical properties, high resistance to
corrosion, low toxicity, and excellent resistance to cavitation erosion. The 60
mL sample was subjected to ultrasound irradiation for 5 minutes and further
characterized using NTA and DLS.

3.3 Results and Discussion

3.3.1 Salting-out effects and oscillatory pressure fluctuation on

nanobubble dynamics

As noted earlier, the salting-out effect is the decrease in the solubility of gases
during salt dissolution. The dissolution of salt in water undergoes ion dissociation,
which further forms the solvate of ions with water molecules. The solvation of
the ions reduces the affinity of gaseous molecules with water molecules, and thus
the solubility of the gas decreases. Recently, it was shown that the excess gas
during the salting-out effect nucleates in the form of nanobubbles [178]. These
nanobubbles were observed to have similar characteristics, such as extraordinary
longevity, negative zeta potential, etc. The nanobubble density was reported to
correlate positively with the salting-out parameter. The following expression relates

the solubility of gas and the salting-out parameter:

So h
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where Sy, S, h, and ¢; are the gas solubility in pure water, gas solubility in the
salt solution, salting-out parameter, and salt concentration, respectively. The
salting-out parameter decreases with salt valency; therefore, the bubble number
density in di-and tri-valent salts was less than that in mono-valent salt. From the
salting-out experiments, it is reasonably clear that the solubility ratio gives rise
to the nucleation of nanobubbles. The solubility ratio can be further increased by
employing the oscillating pressure field as the partial pressure and solubility of the
gas are linearly dependent on Henry’s law (p, = Hc,). The oscillating pressure
field is applied in the pure water and salt solution filled in the u-tube geometry by
cylinder and piston system. A pressure sensor records the pressure fluctuations and
varies from 430 kPa to -30 kPa (see Figure. 3.1). The solubility difference created
by oscillating pressure is approximately 30%. The time evolution of the nanobubble
size distribution in 1 mM NaCl solution is shown in Figure. 3.2a. The bubble
distribution area increases with the cycle time in pure water and NaCl solution,
which translates into the bubble number density. In other words, the nanobubble
density significantly enhances by oscillating pressure fluctuation due to a higher
solubility ratio. On the other hand, the mean object diameter and zeta potential
remain constant with the cycle time, as shown in Figure. 3.2b. Furthermore,
the mean object diameter in pure water is always observed to be smaller than that
in the salt solution. The mean object diameter of the nanobubbles exhibits an
inverse dependence on the zeta potential (regardless of the sign). In other words, a
higher zeta potential corresponds to a smaller object diameter. In addition, the mean
object diameter during the salting-out effect was also observed to be larger than that
generated under oscillating pressure fluctuation (see Figure. 3.2b). Interestingly,
the zeta potential during the salting-out effect was significantly smaller than that

generated by the oscillating pressure field.

From the preceding discussion, it is reasonably evident that the nanobubble density
positively influences the solubility ratio. The oscillatory pressure field increases the
solubility difference by 30% in comparison with the salting-out effect. The zeta
potential of nanobubbles in pure water was higher than that in the salt solution
(see Figure. 3.2b). The decrease in the zeta potential of nanobubbles in the salt
solution is attributed to the screening of an electric double layer around nanobubbles.
The mean object diameter directly relates to the zeta potential acquired by the
bubble. The higher the zeta potential lower the size of the nanobubbles. Dynamic
light scattering and the Cryo-TEM method have further verified this claim. The
dynamic light scattering method measures the scattering light intensity in volume,
and the average hydrodynamic diameter is the volumetric average of individual
bubbles. The mean diameter measured by dynamic light scattering also confirms
that the mean diameter of objects in the salt solution is higher than in pure water.

However, the mean diameter measured by dynamical light scattering was slightly
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Figure 3.3: Cryo-TEM micrographs for nanobubble suspension generated in (a) 1 mM
NaCl (b) 0 mM NaCl (c) nanobubble size distribution (1 mM NaCl) (d) nanobubble size
distribution (0 mM NaCl).

higher than the particle tracking method. On the other hand, the Cryo-TEM method
predicts a much smaller nanobubbles size range (50.113 nm is the lowest size) 1
mM NaCl (see Figure. 3.3c) and (12.185 nm is the lowest size) in 0 mM NaCl
(see Figure. 3.3d). As expected, the Cyro-TEM method also predicts the mean
diameter of objects in pure water to be higher than in salt solution (see Figure.
3.3a and 3.3b). However, the Cyo-TEM method underestimates the bubble size
(Figure. 3.3b) with respect to the dynamic light scattering and particle tracking
method. Note that nanobubbles were frozen in liquid ethane, and the images were
taken by TEM. So the state of water during the characterization of nanobubbles by
Cryo-TEM and particle tracking method is different. Despite the different working
principles of Cryo-TEM, dynamic light scattering, and particle tracking methods,
the mean diameter of the objects in pure water is measured to be smaller than
in the salt solution. The reasoning behind the behavior of nanobubbles in the
presence of salt has been described by putting forward a new theoretical model
for nanobubble stability, discussed in the later section. We attempted to measure
the hydrodynamic size of nanobubbles in salt solution using DLS, DLS showed
an error in the measurement that the suspension is very dilute. After preparing
the stock solutions, the bubble number density is extremely low (observed in the
NTA) which is further enhanced by employing generation techniques for nanobubble

formation. The broad size distribution was scattered with a hydrodynamic diameter
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above approximately 700 nm in such polydisperse suspension of low concentration.
Furthermore, it is important to compare the bubble number density by NTA and
Cryo-TEM techniques. All else being equal, the bubble number density predicted
by NTA and Cryo-TEM was ~ 10% and ~ 10! bubbles/mL, respectively. The
Cryo-TEM not only predicts the significantly higher bubble number density but
also captures the smaller size nanobubbles that are not detected by NTA owing to

its inherent limitation.

3.3.2 Light scattering and electrical conductivity of nanobubbles

The experimental setup for oscillatory pressure fluctuation was designed to avoid
the possible source of contamination (see Figure. 3.1). We have not only followed
a strict experimental protocol but also estimated the refractive index of nanobubbles
to provide experimental evidence of gas-filled bubbles. As noted earlier, bubbles,
particles, and droplets behave significantly differently with light propagation. The
scattered light through the nonentities contains information about the phase of the
electromagnetic waves.

The light scattering from a nano-object strongly depends on its refractive index,
the scattering cross-section increases with the refractive index [179, 149]. Based on
the measured intensity of scattered light, the refractive index of the nano-suspension
can be determined by Mie scattering theory. The scattering intensity of polystyrene
nanoparticles (d = 100nm) was used as a reference material. The scattering cross
section by polystyrene nanoparticles has been compared with Mie scattering and
electromagnetic wave simulation. A close match between theory and numerical
simulation was observed. The corresponding simulation for nanobubbles in salt
solution was performed and compared with Mie scattering theory. The far-field
radiation of electromagnetic waves was gauged by the norm of the far electric
field in the x-z plane. Clearly, the scattering of electromagnetic waves (A =

405 nm) is significantly higher for polystyrene nanoparticles in comparison with
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Figure 3.5: Refractive index estimation (a) The variation of scattering cross-section with
the size of polystyrene nanoparticle (b) Refractive index of different salt valency.

Table 3.1: Refractive index variation with ultrasound amplitude.

Amplitude (%) O0mM NaCl 1mM NaCl

0 1.002 1.003
25 1.005 1.006
40 1.006 1.003
55 1.004 1.003
60 1.004 1.001
70 1.005 1.002
85 1.004 1.002
98 1.003 1.005

nanobubbles in NaCl solution (see Figure. 3.4a). The experimentally measured
scattering intensity of laser light (405 nm) confirms the finding as shown in
Figure. 3.4b. The particle tracking system is calibrated with the known refractive
index of the particles, as shown in Figure. 3.5a. Which shows the refractive
index of nanobubbles generated by oscillating pressure fluctuation in different salt
solutions after salting out (see Figure. 3.5b). In both cases, the refractive
index of nanobubbles was estimated to be close to 1. The ultrasound probe may
generate nanoparticles depending on the tip quality and total operational time
[180]. However, the ultrasound probe can be safely used at lower power and for
a shorter operational time. We have estimated the refractive index of nanobubble
treated by probe ultrasound as shown in Table. 3.1. The electric conductivity
of the nanosuspension has also been measured. For instance, the conductivity of

L and

the Milli Q water and nanobubble water was measured to be 1.639 pS.cm™
1.214 pS.cm™ !, respectively. The electrical conductivity of nanobubbles drops by
~ 25%. The drastic decrease in electric conductivity can also be considered evidence
of nanobubbles. Usually, the electrical conductivity of the nanoparticle suspension
increases with the fraction of the nanoparticle. Since nanobubbles are gas-filled
entities, the effective conductivity drops as gaseous molecules are poor conductors

of electricity. In a nutshell, the electrical conductivity of the nanosuspension can
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Figure 3.6: Nanobubbles dynamics in aqueous solutions of NaCl, CaCly, and AlCl3 of
varying concentration (a) mean bubble diameter and (b) bubble number density.

be used to differentiate nanobubbles from nanoparticles. However, the refractive
index method provides a piece of robust scientific evidence for the nanobubbles.
The presence of dissolved gas shown to have a substantial influence on electrical
conductivity at a lower salt as compared to higher concentrations. Though
ionic effects dominate in changing the electrical conductivity, removing dissolved
gases also contributes to this property. The high polarizability gas volume tends
to destabilize the water structure and reduce electrical conductivity to much
extent. Helium, for example, has the least effect on decreasing the electrical
conductivity of water while having the lowest solubility and polarizability volume
of all gases. Electrical conductivity was also shown to be temperature dependent,
with conductivity increasing with increasing temperature with a slight tapering off
at 60°C [181].

3.3.3 Nanobubble dynamics in the presence of charged ions

Indeed, nanobubbles (NBs) in bulk liquid offer enticing characteristics such as being
buoyant, but their gravitational potential is small compared to kgT and a steep rise
in mass transfer efficiency. However, the puzzling stability of the nanobubbles is
still in a paradoxical state. Despite the enormous Laplace pressure at the nano-sized
bubble, the lifetime of the nanobubble has been measured to be days and weeks.
A set of experiments were carried out in the presence of various salts in order to
understand the nanobubble dynamics. It is widely known that salt exhibits screening
of the electric double, and it is also expected that screening of the electric double
layer strengthens with salt valency. Furthermore, charge reversal is also expected in
the charged colloidal suspension, depending on the salt valency. Nanobubble in pure
water was measured to have a negative zeta potential. The magnitude of the zeta
potential on nanobubble decreases with the salt concentration (see Figure. 3.7) for

NaCl and C'aCly. This is perhaps attributed to screening an electrical double layer
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NaCl, CaCls, and AlCls of varying salt concentration.

around the nanobubbles. On the other hand, the density of nanobubbles more or less
decreases with salt concentration (see Figure. 3.6b) for NaCl and CaCl,, whereas
AlC'l3 exhibits the opposite trend. The mean size of the nanobubbles was observed
to be higher in the presence of salt (see Figure. 3.6a). The mean diameter is also
measured with dynamic light scattering, confirming this trend. In other words, the
equilibrium size of nanobubbles increases with a decrease in the magnitude of the
zeta potential. A similar set of experiments were carried out for the divalent (CaCly)
and trivalent salts (AlCl;) (see Figure. 3.6). The nanobubble behavior in di-valent
salt is typically similar to that of mono-valent. However, as expected, the drop in
zeta potential is much steeper, as shown in Figure. 3.7. In other words, lower zeta
potential nanobubbles are generated in the divalent salt. The higher mean diameter
of the nanobubbles is generated for a given salt concentration. Some experiments
were also conducted on symmetric divalent (NaySO,) salt. However, all else being
equal, the steepness of the zeta potential with salt concentration was somewhat
similar to the mono-valent salt. On the other hand, a positive charge nanobubble
was generated in the trivalent salt, even at a lower concentration. Trivalent salt
exhibits the charge reversal at a very small salt concentration (see Figure. 3.7)
with respect to the nanobubbles in pure water. It is also to be noted that AlCls
forms HCI by a hydrolysis reaction; therefore, the medium already becomes acidic for
nanobubble generation. This is similar to the zeta potential variation with pH, where
an acidic medium gives rise to the charge reversal. In addition, the proton released
during the hydrolysis reaction also enhances the polarization of water molecules.

Furthermore, the magnitude of the zeta potential is observed to decrease with AlICI3
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concentration. Interestingly, the zeta potential again exhibits an inverse correlation
with the equilibrium size of nanobubbles.

It is also seen that the maximum size of the nanobubbles monotonically increases
with the salt valency. In a nutshell, the zeta potential seems to govern the
nanobubble dynamics, and the size of nanobubbles grows in the presence of the salts.
The theoretical understanding of the behavior of nanobubbles in the salt solution is
explained in the later section. The zeta potential of the nanobubbles seems to play
a vital role in determining their stability. It is interesting to examine the charge
acquired by the nanobubbles. The property of the water at the gas-water interface
and in bulk differ significantly; the libration frequency at the gas-water interface and
in bulk was estimated by Sum-frequency vibrational spectroscopy (SFVS) to be 834
ecm™! and 670 cm™?!, respectively [182]. Although, time-averaged structure, OH~
stretch, and pico-second structural dynamics do not differ between the gas-water
interface and the bulk water. Indeed, the libration frequency has a direct correlation
with the stiffness of the rotational potential of water, the increase in the liberation
frequency may, as a result of the termination of the hydrogen bonding network at
the gas-water interface retarding rotation of water around intact hydrogen bonds
[182]. The electrical properties (dielectric permittivity, dipole moment) of the water
at the interface differ from their bulk water values within more or less a nanometer.
Similarly, the solvation and dissociation properties of the water also change at the
interface, the gas molecules prone to dissolving rather than the ions and hydrophilic
solutes. This phenomenon perhaps directly affects the surface tension, and the drop
in the surface tension is the so-called Jones-Ray effect [183]. The ions inherently
abundant in the water, such as hydrogen and hydroxide ions, also exhibit differently
at the air-water interface than the bulk water. Both OH™ and H;O" can adsorb at
the gas/water interfaces, but certainly, they can not absorb simultaneously because
of their rapid association and dissociation to form water. From the experimental zeta
potential, the gas-water interface prefers OH™ ions over the H3O" ions. In addition,
other gases, such as carbon dioxide, may form the carbonate and bicarbonate ions,
further enhancing the negative zeta potential [184]. On the other hand, strong acids

like HCI may undergo re-association at the gas-water interface [185].

3.3.4 Nanobubble charging by ultrasound waves

From the preceding discussion, it is pretty clear that the zeta potential acquired by
the nanobubbles is one contributor to the extraordinary stability of the nanobubbles.
We also examined the presence of ions on nanobubble generation and concluded that
the nanobubbles grow with the concentration of the ions. Now, it will be equally
interesting if we revert the process and if we can start charging the nanobubbles.
Hydrodynamic and ultrasound cavitating waves have been shown to form reactive

oxygen species and free radicals together with enhanced dissociation of OH™ and
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Figure 3.8: Nanobubble dynamics in terms of (a) zeta potential (b) mean bubble diameter
under the effect of ultrasound amplitude.

H3O% ions without the addition of foreign materials. Ultrasonic irradiation was
performed in the bulk nanobubble suspension both in the presence and absence
of the salt ions. The bubble number density, mean diameter, and zeta potential
were measured with increasing amplitude percentage (increasing power) for a fixed
period. The molar concentration of monovalent salt (NaCl) was chosen to be one
mM, on which the nanobubble was generated by oscillating pressure fluctuation.
The nanobubble sample of 60 mL volume was subjected to the 20 kHz ultrasound
for 5 mins. The same procedure is adopted for pure water nanobubble samples.
The bubble size distribution was observed to be shifted towards the left, leading
to the narrow bubble size distribution. This narrow size distribution is reflected in
the mean bubble diameter. This trend has been verified further by the dynamic
light scattering (DLS) method in addition to the particle tracking technique.
Furthermore, the zeta potential of the nanobubble was observed to be enhanced
with the increase in the ultrasound amplitude (see Figure. 3.8a). However, this
effect was observed to be more pronounced in pure water than in the presence of
ions. Similar experiments were performed for pure water (see Figure. 3.8b). In
summary, the mean bubble diameter of the nanobubbles decreases with the zeta

potential during the charging of the nanobubbles by ultrasound waves.

The long-term stability of the nanobubbles was measured by monitoring the bubble
size distribution over 2 to 3 weeks. The nanobubbles in the presence of salt ions
are observed to die out much faster in comparison to the nanobubbles in pure
water. Nanobubbles in pure water was observed to be survived for more than
two weeks, while nanobubbles in the presence of salt ions decay in a week. The
plausible reason is that perhaps the screening of the electric double layer may be
responsible for the rapid decay of the nanobubbles in the presence of ions. In
addition, the weak zeta potential on the nanobubbles also results in less colloidal

stability of the system, and therefore, it can also be speculated that nanobubbles
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should disappear relatively faster in the presence of salt ions rather than in pure
water. On the other hand, nanobubbles treated with ultrasound waves were observed
to have the highest stability due to the strong zeta potential. The refractive index
of the nanobubbles was also estimated during the charging of the nanobubbles by
ultrasound waves to avoid contamination. The refractive index of oil droplets in
water and nanoparticles was reported to be more than 1.330. For nanobubbles in
pure water and electrolyte solution, the refractive index value was evaluated to be in
the range of 1.020 - 1.030, which affirmed the absence of contamination during the
charging of nanobubbles. Long-term monitoring of the nanobubble suspensions over
more than two weeks shows that the bubble size distribution retains its shape, but
the peak gradually steeps down over time. There is no such substantial difference in
the mean diameter, suggesting the absence of significant bubble coalescence, bubble
breakage, or Ostwald ripening effects due to the zeta potential. In a nutshell, the
electrically charged liquid-gas interface provides a repulsive force to prevent bubble
coalescence and the high dissolved gas content in the water. This highly contributes

to nanobubble stability over a period of time.

3.3.5 Single nanobubble stability theory

Nanobubbles have various peculiar characteristics discussed in the preceding section,
extraordinary longevity, negative zeta potential, strong DLVO potential, etc.
However, the mechanical stability of the nanobubbles is still a puzzling question.

Considering the electrostatic pressure provides stability to the nanobubbles, which
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acts opposite to the surface tension force. On the other hand, the ionic forces
are expected to act against the electrostatic and Laplace pressure. Recently,
[87] considered these ionic forces derived from the solution of the spherical
Poisson-Boltzmann equation. We have adopted this term in the force balance
in the stability model. Consider a charged spherical nanobubble experiencing an
electrostatic expanding pressure due to the zeta potential. The surface tension force
acts tangential at the interface of the bubble. On the other hand, the liquid and the
gas pressure are expected to exert opposite to each other. Let us consider the ionic
pressure arising from the Coulombic force between opposite ions at the interface as
shown in Figure. 3.9. The Poisson equation around the nanobubble for potential
distribution can be written as follows:

Y pe
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where p, is the local electric charge density in C/m?, ¢, is the relative dielectric

(3.2)

constant, and ¢, is the permittivity of the free space. Based on the assumption of

axial symmetry, the Poisson equation can be written as follows:
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The boundary conditions can be written as follows:
d@b g;
k. 3.4
dn €,€0 (3:4)

where o is the surface charge density and n is normal to the surface at the sphere.
For any conservative force field, the force field can be written as follows:
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where Fj,nic = qF.
The pressure can be written as follows:
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On the other hand, the electrostatic pressure act opposite to the ionic pressure. The
electrostatic pressure can be derived by assuming two hemispheres and the force is
acting to expand these hemispheres. The following expression can be written for

electrostatic pressure:

2

O¢

Pelectrostatic -
2¢,.€9

The thickness of the first layer of the opposite ion can be assumed to be much
smaller than the radius of the nanobubble. The ions can be considered to be the
point charge. We can assume the validity of the local electro-neutrality condition

near the surface of the nanobubble. With this reasoning, the surface charge density
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can be approximated o, ~ 0; = 0. Therefore, the force balance around nanobubbles

can be given as follows:

2
Pg + Pelectrostatic - PL + % + Bonic (36)
o? 27y o?
P, £ =P+ =+ 3.7
st 2€¢,.€0 Lt R, + €,-€0 (3.7)
or
2y o?
P, =P, + — 3.8
g L+ R, + 2¢,€p (3.8)
The equation of the state for the real gas can be expressed as follows:
Ro\3
P, = PBO<R—°) (3.9)
c

where Ppo is the gas pressure at Ry. From the charge conservation, the surface

charge density can be written as follows:

oo R?
o= ‘;_220 (3.10)

Upon substitution Eq.3.7 can be re-written as follows:

R() 3 Q’YR() O'g RO 4
P (-) _p (—) 3.11
PO\ Re Lt R R 2060 \Re (3:.11)
or
¢°— (Pt —Bp—a=0 (3.12)
where
Ry P 2y od
Bo _ o Po_ _ 3 — 3.13
Rc ¢ Ppo Ry Ppo g 2¢,€0Ppo ¢ (3.13)

The inverse of the roots of the cubic equation (Eq. 3.12) for a range of value
of a, 8,( have been plotted in Figure. 3.9 for a fixed value of a and range of
values of # and £. The surface charge density is calculated by the zeta potential and
size of nanobubbles using the Debye-Huckel approximation (o = %) Sample
calculations were also performed using the complete analytical solutions of the
Possion-Boltzman equation reported by [186]. No significant differences were
observed between these two methods. The theoretical value of ¢~! was estimated
and compared with the experimental results for a given value of zeta potential and
surface tension. The difference between the two values indicates the experimental
deviation from the proposed theory. The nanobubble stability map predicts the
existence of stable nanobubbles. Our results fall in the stable regime of the
nanobubbles. However, the theoretical and experimental results deviate significantly
as we compared the stability of the single nanobubble with the nanobubble cloud
from the experiments. The present model does not predict the actual behavior
of nanobubble clouds. However, the theory is important to understand the effect
of surface charge and surface tension on nanobubble dynamics. The parameter
¢ corresponds to the zeta potential on the nanobubbles, and the critical size of

the nanobubbles increases with an increase in (, and for a fixed value of § and
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«, a decrease in charge of the nanobubble reaches towards the unstable regime of
nanobubbles. On the other hand, g corresponds to the surface tension and leads
to the collapse of the nanobubbles system in an unstable regime. In a nutshell,
nanobubbles are not stable for all values of ( and 3, but it only stable when the
zeta potential and surface tension of the nanobubbles are balanced with gas pressure
inside the bubble.

3.3.6 DLVO interaction potential of nanobubbles

In the preceding discussion, it was noted that the long-term stability of the
nanobubbles strongly depends on the zeta potential. For instance, the nanobubbles
treated with ultrasound waves acquired the highest zeta potential, and the
nanobubbles in the presence of salt ions were measured to be the lowest zeta
potential. The long-term stability was observed to be highest for the nanobubbles
with higher zeta potential. The zeta potential also contributes to the colloidal
stability of the nanosuspension. The nanobubbles suspended in the water can be
considered a nanosuspension, and the DLVO interaction potential may be used to
gain insight into the long-term stability of the nanobubbles. Undoubtedly, any
charge interface undergoes the formation of an electric double layer characterized
by the Debye length. The salt valency and the concentration determines the Debye
length. Debye length exponentially decreases with salt concentration. The classical
DLVO theory has been used to evaluate the total interaction potential of the
nanobubbles. The classical DLVO theory includes van der Waal and electrostatic
potentials. The total interaction potential (wr (D)) between nanobubbles consist of

the van der Waals and electrostatic potentials that can be written as follows:

wr(D) = wr(D) +wa(D) (3.14)
wr(D) = %RZexp(—/iD) - é—]; (3.15)

where wg(D), wa(D), R, D, and A are, respectively, the electrostatic potential,
van der Waals potential, mean radius of the nanobubbles, the interspacing
distance between nanobubbles and the Hamaker constant. s is the inverse of the
Debye—Huckel screening length. The interaction constant (Z) and is stated by the
following expression [187, 186]:

zeW, )

kgT
Z = 64mee (%) tanh? <4k‘BT

(3.16)
where 1y is the surface potential. According to Lifshitz theory, the Hamaker
constant A3 between material 1 and material 2 interacting over material 3 can
be calculated from the frequency dependence of the dielectric function e using the

following equation [188]:
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(3.17)

where kg is the Boltzmann constant, 7' is the absolute temperature, and h is Planck’s
constant. Equation 3.16 is approximated formula for eq 3.15 that is often used for
organic and inorganic materials.

3kpT o~~~ (A13093)°
Ay = 22 2/2(11—323) (3.18)

2
n=0 s=1
The prime symbol that refers to the first summation indicates that the value is

multiplied by 0.5 when n = 0 (the static contribution). Each parameter in eq 3.18
is calculated employing Eqs 3.19-3.21.

B = i) T o, 6) (319
£ = n4”2:BT (3.20)
e(i&,) =1+ Cov + Cir (3.21)

1+ (§n/wov)? 1+ (§n/wir)?
By this approach, the Hamaker constant for an air-water system is estimated based

on Lifshitz theory and is given by:
(61 — 62) 3hv, (ni —n3)?
€1+ €2 16 (n? 4 n3)3/2

A=kt

: (3.22)

where €1, €5, h, ., n; and ny, are permittivity of air and water, Planck constant,
absorption frequency of water and refractive index of air and water. The values of
these constants are as follows: ¢y = 8.854187 x 107 2m3kg=1s?A?%; kp = 1.380 x
1072m2kgs 2 K% v, = 3 x 108571, h = 6.626 x 1073* J. Based on the eq (10),
the estimated value of the Hamaker constant for bulk nanobubbles in pure water
is 3.679 x 1072 J. The total interaction potential is normalized by the microscopic
kinetic energy of the molecules (kpT') and it is plotted against the dimensionless
inter-spacing distance (kD) as shown in Figure. 3.10.

The energy barrier in the potential curve denotes the strength of the colloidal
stability. The energy barrier decreases from the monovalent ions to the trivalent
(from 785 kT to 720 kgT'). This suggests that the higher valency of the salt is more
prone to destabilize than the monovalent salts. Furthermore, the energy barrier also
decreases with ion concentration in the water (see Figure. 3.10). The lower zeta
potential may be the reason behind the reduced energy barrier. Similarly, the total
interaction potential has also been calculated for the charging of the nanobubbles by
ultrasound waves. Evidently, the energy barrier enhances with the amplitude due to
the fact that the charging of the nanobubbles gives rise to higher zeta potential on the
nanobubble interface. The colloidal behavior of the nanobubbles is also seen to have

in agreement with the long-term stability measurement. In summary, nanobubble
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Figure 3.10: DLVO interaction potentials of bulk nanobubbles generated in aqueous salt
solution of varying concentration.

in the presence of salt ions deteriorates the colloidal stability of the nanobubbles,

while nanobubble charging promotes the colloidal stability of the nanobubbles.

3.4 Conclusion

In this work, we have examined the evidence of nanobubble generation during
salting-out effects. The influence of an oscillating pressure field on nanobubble
dynamics during salting-out effects has been extensively discussed. The refractive
index calculation and the electrical conductivity of the nanobubbles confirmed
the evidence for the gas-filed nanobubbles. A novel method for the refractive
index of nanobubble is proposed based on the measured scattering power during
particle tracking, where the Mie theory of light scattering is employed for scattering
cross-section calculation. The screening of the electric double layer decreases the
zeta potential of the nanobubbles depending on the valency of the salt. Therefore,
the equilibrium size of nanobubbles was observed to be higher in the presence
of salts. The mean diameter of nanobubbles exhibits the inverse dependence
on the zeta potential. Our experimental findings agree well with the theoretical
prediction based on the mechanical stability model. The presence of an oscillating
pressure field enhances the concentration of nanobubbles compared to solely due
to salting-out effects. The behavior of nanobubble under the ultrasound field has
also been investigated, and it observed that the presence of the ultrasound field
further enhances the nanobubble concentration and zeta potential. The colloidal
stability of nanobubbles in the presence of an ultrasound field is investigated, and
it is reported that the energy barrier for colloidal stability of nanobubbles under
an ultrasound field is significantly higher than both nanobubbles by salting-out and
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oscillating pressure field. A novel mechanical stability model for nanobubbles has
been proposed by considering the ion cloud pressure, and it is shown to be twice
the electrostatic pressure. The present nanobubble stability model not only predicts
the existence of stable nanobubbles but is also in line with the experimental results

obtained in this work.



Chapter 4

Does nanobubble contribute to Jones-Ray effects in aqueous

salt solution?

The Jones-Ray effects have been debated extensively over several decades, and
explanations have been put forward to understand the minima in surface tension
versus salt concentration curve. However, there has yet to be a consensus about
the unified theory to explain the reduction in surface tension. We have tested the
hypothesis that Jones-Ray effects are due to the nucleation of nanobubbles during
the salting-out effect rather than the active surface impurities. The nano-entities
in the aqueous solutions of the mono-, di- and trivalent salts were characterized by
particle tracking and dynamic light scattering. The measured scattering intensity
is used to determine the refractive index. We find that nano-entities in the aqueous
salt solutions are nanobubbles, and the refractive index was estimated to be 1.01
in all the experiments. The nanobubble contributes to the Jones-Ray effects as the
minima in the surface tension curve correlate with the nanobubble number density.
The minima in the surface tension curve have been seen to foster by the presence
oscillatory pressure field, which also gives rise to the nucleation of nanobubbles. The
charge nanobubble is expected to be adsorbed in the gas-liquid interface, resulting

in a drop in the surface tension curve.

4.1 Introduction

Recently, the existence of nanobubbles was discovered in dilute salt solution [189]
by salting-out effects. Nanobubbles are gaseous charged nano-interface nucleates

in salt solution due to gas supersaturation. From a thermodynamic viewpoint,

Objective
Objective

I

Figure 4.1: (a) Optical configuration of the NS-300. (b) The reference frame and variables
used to determine the scattering intensity of a laser-illuminated spherical particle.



50 Chapter 4. Does nanobubble contribute to Jones-Ray effects in aqueous salt solution?

the formation of a new phase via nucleation is owing to the departure from
the equilibrium condition. The out-of-equilibrium undergoes the formation of
new interfaces and gives rise to new colloidal and interfacial phenomena. Such
non-equilibrium conditions are often driven by either one or multiple volumetric
forces. The salting-out effect is a decrease in the solubility of the gas by dissolving
the salt in water [167, 168]. The amount of dissolved gas in water at a given
temperature and pressure is expected to be decided by thermodynamic equilibrium.
The equilibrium condition for such a multi-component system is often described
by Gibbs free energy. At a given pressure and temperature, Gibbs free energy
exhibits dependence on the chemical potential of the individual components. In
the salting-out effect, the chemical potential of the system (for an ideal solution
Wi = lip + RTIn(z;)) increases by salt addition. Furthermore, the system may
be shifted to a new equilibrium state by minimizing the energy of the system.
The energy dissipation may be utilized to create new interfaces in nanobubbles.
Similarly, the system’s energy can be enhanced by work done on the system. For
instance, the presence of an oscillating pressure field and ultrasound wave is expected
to increase the free energy of the system. Therefore, the nanobubble population is
expected to foster during the energy minimization in such cases. In a nutshell,
both chemical and physical energy forms are expected to generate nanobubbles.
Nevertheless, nanobubbles have shown application in engineering and medical fields,
for instance, wastewater treatment [190], pharmaceutical industries [47], aquaculture
[191], medical applications [192], mining [193], agriculture [194], food processing
[195], etc.

Nanobubbles in the bulk liquid may also influence the interfacial properties
of the liquid, such as surface tension. Surface tension is often expressed by
Gibbs free energy per unit area at constant temperature and pressure (7 =
(OAG/0S)rp). Although the free energy at thermodynamic equilibrium will be
constant, the interfacial area of the system boundary may increase by the migration
of nanobubbles towards the interface. In addition, the nanobubble may also
facilitate the slip condition at the interface. With this reasoning, the surface tension
during the salting-out effect is expected to decrease with reference to pure water.
Coincidentally, the surface tension in salt solution has been reported extensively, and
it decreases with salt concentration and exhibits minima at a lower salt concentration
regime, widely known as the Jones-Ray effect. This effect has been debated for
the past ~ 80 years and provided several explanations on the existence of the
minima in surface tension vs. salt concentration curve, but there is no such a
consensus about the unified theory even though the experimental measurement of
surface tension has been reproduced by several researchers by the wide range of
measurement techniques [196, 197, 198, 199, 200, 31, 201]. The surface tension

of the aqueous solution is often quantified by Gibbs adsorption isotherm, which



Chapter 4. Does nanobubble contribute to Jones-Ray effects in aqueous salt solution? 51

12 1 ¥ ' 1 I 1
o Polystyrene nanoparticle (100 nm)
ol o NBs in NaCl (251.82 nm) 1
o
6 g
=Y o .
$ B oo . o
~ by o8
3 o 8 i ]
=
&3&@@ =] Dﬂa
0F i R'Ipo{vsn'rme =163
R.I\gz, =1.012
S 1 I | 1 1 i
0 200 400 600 800 1000

d (nm)

Figure 4.2: Light Scattering intensities of 100 nm mono-dispersed Polystyrene latex beads
and NBs generated by the salting-out effect.

relates the surface tension with the excess surface concentration. All else being
equal, ion repulsive forces are expected to exist within the limit of the higher salt
concentration. Therefore, the surface tension must increase with ion concentration.
Onsager and Samaras [202] considered the screened dielectric ion-surface repulsion
in their model and obtained this trend quantitatively. The increase in the surface
tension with salt concentration was shown to be ion-specific, and several models
were proposed over the decades [203, 204, 205, 206, 207, 208, 209]. However, the
minima in the surface tension curve in the limit of very low concentration have been
explained by Onsager and Samaras [202] model. From a thermodynamic viewpoint,
the increase in the surface tension is only justified when the ions are in excess, whilst
the surface tension is expected to decrease when ions are in deficit. Jones and Ray
have first reported the minima in the surface tension curve of aqueous KCI solution
at very low ionic strength [210, 211, 212, 213]. The capillary rise method for surface
tension measurement reported the minima in the surface tension curve at 1 mM.
Subsequently, the experiments were conducted for 13 different electrolyte solutions
[210, 211, 212, 213] and reported that minima in the surface tension curve occur
near 1 + 0.5 mM. Later the Jones-Ray effects were reproduced by many researchers
[214, 215, 216, 217]. Langmuir [200] blamed the surface charge at the water interface
responsible for Jones-Ray effects. Cassel [183] reported an alternative view that
perhaps the enhanced wettability or increase in wetting contact angle is responsible
for a decrease in the surface tension.

The early speculations were the experimental artifacts and presence of
surface active agents, and therefore, researchers attempted different measurement
techniques.  For instance, Dole and Swartout [218] used a surface tension
apparatus having twin-ring made of 90% Platinum and 10% Iridium. They [218§]
successfully reproduced the Jones-Ray results. Similarly, Long and Nutting [31]

utilized the bubble pressure method; however, the measurement was suspected
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of the presence of organic and atmospheric COy impurities. More recently [219]
theoretically investigated the presence of minute surfactant impurities by solving the
Poisson-Boltzmann equation for electrostatic potential with the Gibbs adsorption
isotherm. The author claimed that the low concentrations of surfactant impurity
might be sufficient for the Jones-Ray effect, and perhaps that may not fall under the
detection limit of the spectroscopic techniques. However, the recent work by Okur
et al. [220] and Bu et al. [221] ruled out the possibility of the surfactant. Okur et al.
[220] repeated the surface tension measurements with the addition of a small amount
of surfactants. The surface tension measured by the Wilhelmy plate exhibits minima,
but the values are significantly different. Petersen et al. [214] investigated the
effect of surface concentration of anions in the salt solutions to verify the Jones-Ray
effects. Petersen et al. [214] used a surface-selective second-order non-linear optical
response to measure the iodide concentration at the surface. No such physical
binding sites for anions were revealed in their experiments. To date, the Jones-Ray
effect is considered a surface phenomenon, and most researchers assume that rare or
unknown ion or ion pair binding sites are a plausible mechanism for the Jones-Ray
effect. The mechanism of the non-ion-specific binding site is difficult to believe at
very low concentrations of salts.

In this work, we have investigated the role of nanobubbles while measuring the
surface tension of water during the salting-out effect. We have tested the hypothesis
that Jones-Ray effects may be due to the nucleation of nanobubbles during the
salting-out effect. The evidence of the nanobubbles is provided in terms of refractive
index measurement of nano-object based on Mie scattering and electromagnetic
wave simulation. The nano-entities in the aqueous solutions of the mono-, di- and
trivalent salts were characterized by particle tracking and dynamic light scattering.
The measured scattering intensity is used to determine the refractive index. The
surface charge of the nanobubbles was measured by dynamic light scattering. The
nanobubbles during salting-out effects were also observed to be extraordinarily stable

in the aqueous solution.

4.2 Experimental methods

4.2.1 Materials

Milli-Q water (Merck Millipore water purification system) is characterized by a
pH of 6.9 and an electrical conductivity of 1.357 pS.cm~! at 20°C. Both salting-out
experiments and oscillating pressure fields were carried out using Milli-Q water. The
AR grades of salts were purchased from Merck chemicals (aluminum chloride (AlCls,
99.9%), calcium chloride (CaCly, 99.5%), sodium sulphate (NaxSO4, 99.5%) and
sodium chloride (NaCl, 99.5%). Stringent experimental methods were followed to
avoid contamination; disposable silicon-free syringes (HSW NORM-JECT®), glass
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Figure 4.3: Nanobubbles during salting-out effects in NaCl solution (a) bubble size
distribution (b) zeta potential.

vials, and glass pipettes were used throughout the experiments. A 20 mL vial is
used to store the sample for further analysis. Similarly, a careful characterization of
the nanobubble size distribution and the surface charge was performed and ensured

reliability by triplicating the measurements.

4.2.2 Nanobubble characterization by particle tracking and dynamic

light scattering method

The nanobubble concentration and size distribution were measured by the
nanoparticle tracking analysis. A 405 nm Violet laser is used to illuminate
the nanobubble sample. The scattered light and the Brownian motion of the
nanobubbles were captured by an sCMOS camera. Furthermore, the size and
concentration of the nanobubbles were determined by nanoparticle tracking analysis
(NTA) software (NanoSight NS300 & NTA 3.3 Analytical Software, Malvern
Instrument, United Kingdom). The mean square displacement facilitates the
calculation of the diffusion coefficient and further the mean size and concentration of
the nanobubbles via the Einstein-Stoke equation. The surface potential is estimated
by measuring the electrophoretic mobility of the nanobubbles by the dynamic light
scattering (DLS) technique (Zetasizer Nano ZSP, Malvern Instruments, UK)

4.2.3 Surface tension measurement

The Wilhelmy plate method is used to measure the surface tension of nanobubble
water by the Attension Sigma Force Tensiometer 700. All the experimental protocols
are followed to avoid errors in the measurement. After every measurement, flaming
is used to clean the surface to avoid organic impurities. The surface tension
measurement was obtained at precisely 25°C using the software provided by the

manufacturer.
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Figure 4.4: Nanobubbles during salting-out effects in NaCl solution (a) bubble number
density (b) mean bubble diameter.

4.3 Results and discussion

4.3.1 Evidence of nanobubbles

From a thermodynamic viewpoint, it is pretty clear that the system undergoes energy
minimization and attains a new equilibrium state. The salt ions now replace the
dissolved gas molecules, and one can deduce from the drop in the gas solubility.
Now the critical question is how the gaseous molecules spontaneously form the
nanobubbles. Part of the free energy may be invested in creating the nanobubbles
during the energy minimization. Thus, from thermodynamics, the formation of the
new surfaces is justified. Here we have examined if they are gas-filled nanobubbles;
they must exhibit the properties of the bubble. Before discussing the detailed
results, it is necessary to mention that additional precautions were taken to avoid
contamination in the experimental rig. The wetted part of the experimental setup
for the oscillatory pressure field is made of all glass. Although the piston and syringe
assembly is not a wetted part, the piston and cylinder system was cleaned with
ethanol and dried with nitrogen. In this work, scattered light from the nanobubbles
and nanoparticles is measured and compared. Evidently, the intensity of the
scattering from a given object depends on the refractive index of the medium and
the dispersed objects. The scattering cross-section of the dispersed object increases
with the refractive index [179, 149]. The light propagation around a dispersed object
can be modeled by solving the electromagnetic wave equations. The analytical
solutions of the electromagnetic waves around a spherical object are available in
terms of Mie scattering theory. The measured values of the scattering intensity can
be used to calculate the refractive index of the nano-suspension by Mie scattering
theory (see Figure. 4.1). Standard nanoparticles have been used to calibrate

the NS300. Polystyrene nanoparticles (d = 100nm) of refractive index 1.63 were
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Figure 4.5: Effect of oscillating pressure on nanobubble generation in NasSO,4 (a) bubble
size distribution (b) zeta potential.

used to calculate the machine constant. The distribution of scattering power of the
nanobubble sample was recorded. The maximum scattering power Ps (AU) is chosen
as a representative scattering intensity. The scattering power of the polystyrene
nanoparticles of four different sizes (50, 100, 150, and 200 nm) is correlated with the
scattering cross-section og (nm?) using the Mie theory. Open-source MieConScat
software calculates the scattering cross-section for a given particle size, the refractive
index of a given material and medium, and the light source wavelength. The
measured Pg value is matched with the scattering cross-section o, calculated
from Mie theory. The instrument constant o,/ Ps = 0.0673 is obtained by linear
regression of the data point. The light scattering intensity of the nanobubbles and
nanoparticles are shown in Figure. 4.2. The corresponding refractive index is
calculated, and the refractive index of nanobubbles is close to 1.002. This confirms

that the nano-objects during the salting-out effect is gas filled nanobubbles.

4.3.2 Nanobubbles by salting-out effects

Salting-out effects are the displacement of the dissolved gas in the liquid by adding
salt. The salting-out effects give rise to gas supersaturation, which is expected to
release the additional dissolved gas in the liquid. In this work, we have observed that
the excess dissolved gas nucleates in nanobubbles. NTA measured a wide range of
nanobubbles (50-600 nm) in the different salt solutions. The bubble size distribution
is observed to be shifted towards the left, suggesting that the mean nanobubble
diameter is expected to be higher in the limit of higher salt concentration (see
Figure. 4.3a). The nanobubbles during salting-out effects were measured to bear
a slightly negative zeta potential ranging from -3 mV to -8 mV (see Figure. 4.3b).
However, the magnitude of the zeta potential decreases with the salt concentration.
The bubble size distribution The concentration of nanobubbles was observed to vary
~ 0.5 x 108 bubbles/mL to ~ 1.55 x 10® bubbles/mL in the low salt concentration
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Figure 4.6: Mean bubble diameter of nanobubble suspension measured by DLS (a) mono-
and trivalent salts (b) divalent salts.

regime (up to lmM) to the higher salt concentration (from 1 mM to 100 mM, see
Figure. 4.4a). The mean diameter of the nanobubbles in the low salt concentration
regime (see Figure. 4.4b) was measured to be smaller than that in the higher salt

concentration regime.

From the experimental measurement, it is clear that the salting-out effect generates
nanobubbles of mean size ranging from ~ 175 — 350 nm depending on the salt
concentration. These nanobubbles also carry a negative surface charge, and the
magnitude of the surface potential decreases with increasing salt concentration. The
surface charge has an inverse correlation with the size of the nanobubbles. This
experimental behavior can be explained by considering the force balance at the
nanobubble interface [153]. The nanobubble interface carries an inherent surface
charge depending on the preferential adsorption of the OH™ or H3O" [222]. The
majority of the literature supports the adsorption of OH™; therefore, a negatively
charged air-water interface may be a reasonably good assumption. Furthermore, the
adsorbed ions OH™ are also expected to be a point charge and participate in the
Coulombic interactions. The interface may not exert any normal force as long as
they are flat. The curved interfaces will exert a force normal to the interface due to
Coulombic interaction between similar ions. Clearly, this electrostatic force is acting
to expand the interface. In addition, the charged interface also tends to form an
electric double layer, and the counter ions present in the salt solution are expected to
exert a net compressive force opposite to the normal of the interface. The magnitude
of the so-called ion pressure force directly depends on the electrostatic force acting on
the interface. When the salting-out effect occurs in the high concentration regime,
the electric double layer screens, and therefore the ion pressure force weakens in the
presence of the higher amount of salt ions in the solution. Therefore, the equilibrium

size of the nanobubble increases with the salt concentration.

The oscillating pressure field is employed during the salting-out effect. The
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Figure 4.7: Cryo-TEM micrograph for nanobubble suspension generated in (a) 0 mM NaCl
(b) nanobubble size distribution (0 mM NaCl).
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Figure 4.9: Effect of ultrasound amplitude on nanobubble stability (a) mean bubble
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oscillating pressure field is generated in the U-tube by a piston pump and recorded
the pressure fluctuation (it oscillates between -40 to + 40kPa ). For instance,
the bubble size distribution and zeta potential are measured in Figure. 4.5 in
NaySO, solution. The bubble size distribution was observed to show qualitatively
similar behavior to that of the salting-out effect alone. The distribution is observed
to be shifted towards the right. The zeta potential of the nanobubbles was
also measured, and the trends are qualitatively similar to the salting-out effect.
However, the magnitude of the concentration of the nanobubbles and zeta potential
were observed to be twice that in the salting out-effect. Some dynamic light
scattering measurements on the size of the nanobubbles were also performed, as
shown in Figure. 4.6. However, the size of the nanobubble by DLS is slightly
overestimated. Cryo-TEM imaging was also performed in the case of oscillating
pressure experiments, as shown in Figure. 4.7. The mean diameter of the

nanobubbles was estimated to be ~ 140 nm.

4.3.3 Nanobubble temporal stability

Nanobubbles during the salting-out effect carry a surface charge and therefore, the
curved interface undergoes electric double-layer formation. We have observed that
the nanobubbles generated by hydrodynamic cavitation or electrochemical methods
[153] exhibit extraordinary longevity. We also have seen that the surface charge
plays an important role in determining the equilibrium size of the nanobubble. Here
we have examined the influence of ultrasound waves on the nanobubbles during the
salting-out effect. Indeed, the shock waves during the ultrasound field produced by
ultrasonic horn have been shown to form reactive oxygen species and free radicals. It
also enhances the dissociation of OH™ and HzO™ ions. The bubble number density
(see Figure. 4.8b), mean diameter and surface charge were measured by varying

the ultrasound amplitude. 60 mL nanobubble sample was subjected to the 20 kHz
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ultrasound for 5 mins. The ultrasound field was observed to narrow the bubble size
distribution in comparison with the reference sample. This narrow size distribution
(see Figure. 4.8a) is reflected in the mean bubble diameter shown in Figure.
4.8c. In summary, the mean bubble diameter of the nanobubbles decreases with
the charging of the nanobubbles by ultrasound waves.

The temporal stability of the nanobubbles during salting-out and treated with
ultrasound was measured by monitoring the bubble size distribution over a week
time. The nanobubbles during salting-out effects are observed to disappear much
faster with respect to the nanobubbles in pure water. The plausible reason is that
perhaps the weak surface potential may be held responsible for the faster decay of
the nanobubble population during the salting-out effect. Indeed, the weak surface
potential may also result in a weak colloidal system, and therefore, it can also be
speculated that nanobubbles should disappear relatively faster in the presence of
salt ions rather than in pure water. On the other hand, nanobubbles treated with
ultrasound waves were observed to have the highest stability due to the strong
surface potential. Long-term monitoring of the nanobubble suspensions over more
than two weeks shows that the bubble size distribution retains its shape, but the
peak gradually steeps down over time. There is no such substantial difference in
the mean diameter as shown in Figure. 4.9a, suggesting the absence of significant
bubble coalescence, bubble breakage, or Ostwald ripening effects due to the surface
potential. In a nutshell, the electrically charged liquid-gas interface provides a
repulsive force to prevent bubble coalescence and the high dissolved gas content in
the water. This highly contributes to nanobubble stability over a period of time.
Additionally, the dynamic equilibrium model states the stability of bulk nanobubbles
owing to the partial hydrophobized covering that might be formed during ultrasound
irradiation. The gas diffusion occurs at the peripheral edge of the hydrophobic
material which counterbalances the outward gas diffusion from the uncovered bubble
surface. The gradient of chemical potential is the contributing factor of the dynamic
equilibrium condition assuming the no-liquid flow condition. This results in zero
change in both energy and entropy. Henceforth, the first and second principles
of thermodynamics are acceptable by this model. On the contrary, the bubble
enveloped with hydrophilic material could not be stable unless the surface coverage
fraction is 1, and for hydrophobic material ranges from approximately 0.5 to 1, as

observed numerically [53].

4.3.4 Role of nanobubbles in Jones-Ray effects

Nanobubbles are expected to reduce the apparent surface tension measured by the
Wilhelmy plate [223] or the du Noiiy ring method [224] due to the interfacial slip
on the bubble surface, while the solid nanoparticles may result in the enhanced

surface tension of the water. The first measurement of the surface tension was
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Figure 4.10: Surface tension difference (A+) measured with salt concentration for
nanobubble suspension (a) salting-out effect in aqueous NaCl and nanobubbles generated
by pressure fluctuation in aqueous (b) NaCl (c) AlCls.

carried out for the salting-out effects, as shown in Figure. 4.10a. The surface
tension drops between 1-2 mM for the NaCl, which is observed to be shifted to 1-10
mM for the AICl3. This drop in surface tension in the salt solution is the so-called
Jones-Ray effect. As noted earlier, there is no unified theory for the Ray-Jones
effect to explain the minima in the surface tension curve. We believe that the drop
in the surface tension is perhaps due to the nucleation of nanobubbles [225] upon
dissolution of the salt. The salting-out of the gas in the solvent occurs due to the
dissolution and salvation of the ion with the water molecules. Furthermore, after the
salting-out effect, the sample was treated with the oscillating pressure fluctuation
device, and the surface tension was measured as shown in Figure. 4.10b and
Figure. 4.10c. The minima in the surface tension curve are observed to shift
towards the lower concentration of the salt. This is the expected trend as the
bubble number density was highest in this limit. The nanobubble density decreases
with the salt concentration, and therefore, the surface tension recovers further with
increased salt concentration. This clearly suggests that surface tension and bubble
number density go hand in hand. Additional experiments were performed for CaCl,
and NaySOy yields similar trends (see Figure 4.11). The nanobubble generation
during salting-out effects is due to the difference in the solubility of the gas upon the
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Figure 4.11: Surface tension difference (A7) measured with salt concentration for
nanobubbles generated by pressure fluctuation in aqueous (a) NagsSOy4 (b) CaCls.

addition of salts. The refractive index measurement confirms that they are gas-filled
entities. From a thermodynamic viewpoint, salt dissolution is expected to increase
the free energy. Furthermore, the system may attain the next equilibrium state
by minimizing the free energy. The nanobubbles may form at the expense of the
additional energy to create new surfaces that undergo the out-of-equilibrium.

The decrease in the surface tension can not be explained by the Gibbs adsorption
isotherm. A decrease in the surface energy requires solute adsorption near the
interface. The Jones-Ray effect is a long-standing debate, and there is no consensus
about the proposed mechanism discussed earlier. Most investigators assume several
binding sites for ions adsorption at the air-water surface. On the other hand,
the recent arguments were complex and considered a long-range ordering of the
water structure having nuclear quantum effects [199, 226]. Since the Jones-Ray
effect strongly violates the fundamental theory, the speculation was chance of
impurities was hypothesized by theorists. However, the experimentalists were
skeptical about the possibilities of impurities [199, 226]. Here, we demonstrate
that the 1.0 x 10® nanobubbles per mL exist in the bulk liquid by dissolving a
very small salt concentration. These nanobubbles lead to the reduction of surface
tension of the air-water interface. Refractive index measurement has proved the
existence of nanobubbles in the salt solution. Now the nucleation of nanobubbles
can also be explained by Gibbs adsorption isotherm. Experimental surface tension
measurements have verified the claim by deliberately adding nanobubbles in the

system using a pressure oscillating field.

4.4 Conclusions

In this work, the nanobubbles during salting-out effects and their influence on
the surface tension of the water have been systematically investigated. The

refractive index of the nanobubbles is estimated by Mie scattering theory based
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on the measured scattering power from the nanobubbles. The nanobubbles during
salting-out effects also bear a negative surface potential; however, the magnitude is
much smaller than the nanobubbles generated by the oscillating pressure method.
The nanobubbles, during salting-out effects, are also observed to have extraordinary
longevity. The size of the nanobubbles during salting-out effects was observed to be
higher than that generated by the oscillating pressure method. The surface tension
of the salt solution exhibits minima in the low salt concentration regime, which
is widely known Jones-Ray effect. The nanobubble may be one of the contributing
factors to the Jones-Ray effects. The size of the nanobubbles in the low salt regime is
smaller than that in the high salt concentration regime, and therefore, the activity
of the nanobubbles is expected more in the low salt concentration regime. The
magnitude of the surface tension drop significantly increases upon applying the
oscillating pressure field. This perhaps indicates that nanobubbles are playing a

role in decreasing the surface tension of the salt solution.



Chapter 5

Nanobubble Dynamics in the Presence of Surfactant

Mbolecules and its Interaction with Nanoparticles

In this chapter, we have investigated how adsorbed surfactant molecules with
amphiphilic behavior influence the formation of bulk nanobubbles in a gas
supersaturation environment. The refractive index is computed by incorporating
the data of measured scattering intensity from NTA (nanoparticle tracking analysis)
using Mie theory. The surface tension of the surfactant solution was measured in the
presence of nanobubbles. With an increase in the magnitude of the surface potential,
the equilibrium size of the nanobubble decreases. This observation is found to be

consistent with the ion-stabilized model.

5.1 Introduction

Surfactants are the major pollutants in domestic and industrial wastewater [227].
Broadly, surfactants are amphiphilic molecules consisting of a hydrophobic head
and hydrophilic tail group. The source of surfactants in the wastewater stream
is often the application of surfactants as detergents and emulsifying agents. The
processing industries such as textile, gas & oil, pulp & paper, mining & mineral
processing utilize surfactants for various applications. Several methods are employed
for the removal of surfactants from the wastewater, for instance, biological treatment
[228, 229], chemical treatment [230, 231] and combined chemical & biological
treatment [232, 233], nanotechnology-based treatment [234, 235, 236|, etc. There
are two approaches to treating the surfactant: degrading chemically or biologically
and adsorption of surfactant on a dispersal medium. Aerobic digestion in an
activated sludge process [229] and advanced oxidation process [237] are used to
degrade the surfactant. On the other hand, adsorbents (zeolite, kaolin) can be
utilized to remove surfactant molecules. More recently, carbon nanotubes have been
shown to adsorb surfactants [238]. Surfactant molecules stabilize the nanomaterial
by adsorbing at the interface. Nanobubbles are expected to offer adsorption of
surfactants akin to carbon nanotubes to stabilize the interface. In addition, the
collapse of microbubble during nanobubble generation also generates reactive oxygen
species (ROS) [4, 239, 240], for instance, OH, Oy, etc. Thus, bulk nanobubbles can
degrade the surfactants by ROS generation, and they also adsorb at the interface of
nanobubble.

Despite such overwhelming applications, the extraordinary stability of nanobubbles

[241] is still a paradox; nanobubbles encompass multitudinous properties that



macro-scale bubbles do not have, such as a large specific surface area, higher
magnitude of zeta potential at the bubble surface, enhanced gas transfer coefficient
[1], and the formation of hydroxyl radicals that encompass a strong affinity
for gas-liquid interface at bubble surface [242, 4, 243]. Bulk nanobubbles are
also termed ultrafine bubbles in the ISO standardization (ISO 20480-1:2017 [51].
Macro-micro bubbles rise quickly to the liquid surface and collapse. Nanobubbles
are approximately 100-200 nm in diameter and undergo random drift due to
Brownian motion. Nanobubbles are reported to be stable for several days and
even months [244, 245]. These tiny bubbles has magnetised efficacy in medicine
[246, 247] chemistry, agriculture [248, 1], decontamination [249, 250, 251], materials
science [252], food technology [253], and other fields. It has been speculated that
the life span of bulk nanobubbles is influenced by counterions confined to the
gas-water interface, where the electrostatic interactions counteract the Laplace
pressure [17, 16]. Furthermore, surface charge restricts the coalescence, which
retains the small bubble size and hinders it from being destroyed due to buoyancy
[254, 49]. Literature suggests that the surface charge on nanobubbles is owing
to hydroxide ion adsorption, thus stabilizing the nanobubbles in alkaline medium
[134, 131, 178]. The collapse of micro and nanobubbles results in reactive oxygen
species (ROS) such as hydroxyl radicals, singlet oxygen, and superoxide [255, 256].
The free-radical generation occurs owing to the high density of ions at the gas-liquid
interface before it collapses to form reactive oxygen species (ROSs). These
characteristics prompted researchers to consider micro and nanobubbles as potential

water treatment [257, 258] and disinfection technology.

Surfactants are classified as anionic, cationic, nonionic, or amphoteric. To achieve
short-term stabilization, amphiphilic molecules (insoluble surfactants) adsorb at the
interface of microbubbles [259]. Individual bubbles are perhaps survived for a few
months if the molecules crystallize at the gas-liquid interface (condensed state).
The formation of these nanobubbles is assessed by both dissolved gas molecules
and the type of gas [260]. Few research findings have stated that the presence of
nanobubbles influences the surface tension of various surfactant solutions. Ushida
et al. [225] employed the Du Noily approach to measuring the surface tension of
nanobubble suspension in pure water (64.1 mN/m) and compared it to the surface
tension of water (about 70 mN/m). Furthermore, using classical DLVO theory,
the kinetic stability of bulk nanobubbles in surfactant is assessed. SDS-stabilized
nanobubbles have a positive energy barrier against collapse or coalescence, whereas,
in CTAB-stabilized nanobubbles, the energy barrier returns to positive only at a high
concentration of surfactant solutions [261]. The charge-stabilization model unwraps

the effect of surface charge density on the bulk surfactant concentration.

In this work, we have systemically investigated the nanobubble generation in

surfactant solutions. The adsorption of surfactant at the nanobubble interface
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Figure 5.1: Schematic diagram of the nanobubble generation in surfactant solution.

is gauged by measuring the zeta potential. The nanobubble dynamics were
investigated in terms of mean diameter with the surfactant concentration. The
effect of the nature of the surfactant (SDS, CTAB, Triton-X 100, and Tween 20)
on nanobubble generation and dynamics have been studied in terms of nanobubble
concentration, mean bubble diameter, and the magnitude of surface charge. The
nanobubble and nanoparticles have been distinguished by estimating the refractive
index method. The surface tension of the nanobubble solution has been measured
and compared without nanobubbles. The experimental trends have been explained

by applying the single nanobubble stability model.

5.2 Experimental methods

5.2.1 Materials

Water used in this study was obtained from a Milli-Q unit (Merck Millipore water
purification system, 19.5 M resistivity). All the glassware was rinsed with 10%
NaOH solution and subjected to oven drying. The tubing used in the experimental
setup was made of Teflon. Sodium dodecyl sulfate (SDS, >99%, CMC: 8.2 mM),
cetyltrimethylammonium bromide (CTAB, 99% CMC = 0.92 mM), Tween® 20
(CMC = 0.06 mM) and Triton-X 100 (CMC = 0.22mM) were procured from Sigma
Aldrich. The solution was prepared by dissolving SDS in pure water using a magnetic
stirrer at 25°C for 6 hrs to achieve complete dissolution. Furthermore, solutions
of CTAB, Triton-x 100, and Tween 20 were prepared by gentle stirring for 12
hours at room temperature. All these surfactants were investigated at different
concentrations: from lower to higher concentration regimes (0 to 10) times their
critical micellar concentration (CMC). Before the experiment, ultrapure water and
all stock solutions were screened for nanoscale impurities using NanoSight equipment

(used to characterize the nanobubble size distributions, as explained in the later
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section), and no substantial number of nanoscale entities were traced. Cleaning and
handling of the experimental setup were done with extreme caution. To minimize
further contamination in the sample, glass vials (15 mL) and silicone oil-free syringes

were deployed.

5.2.2 Generation of bulk nanobubbles

This study employed a porous membrane diffusion method for nanobubble
suspension in surfactant solutions. The generation of nanoscale bubbles was carried
out using an in-house experimental setup. The apparatus includes a gas regulator
encompassing the flow meter, enabling precise control of the gas flow rate. The
illustration of the schematic diagram (Figure. 5.1), Oy gas (purity > 99.5%), and
surfactant solutions prepared by using ultrapure water (water purification system
equipped with a reverse osmosis cartridge and modules of ion-exchange resins) were
employed as the gas and liquid phases throughout the experiments. Compressed gas
(oxygen) diffused between the tube walls at a pressure of 2 bar from the external
tube through the nanopores in the internal tubes into the liquid flow. The nanoscale
bubbles were chopped off from the surface of the tube due to sheer stress and flow
with the liquid, resulting in the formation of nanobubbles. The control set was
Oy NBs produced in ultrapure water, termed NB water. Nanobubble generated in
the different surfactant solutions along with O, injection. This assured the findings
obtained owing to the formation of NBs by injecting Oy gas via the membrane

module of the setup.

5.2.3 Characterization of bulk nanobubble suspensions

The size distribution of the nanobubble samples was investigated using NS300
based on NTA (Nanoparticle Tracking Analysis) and the surface charge by Zetasizer
NanoZSP by Malvern, UK. As electrokinetic analyzers, it accounts for the classic
streaming potential and current method for computing the surface charge density.
The zeta potential is a significant variable for interpreting surface property and aids
in developing a specialized material because of the correlation to the surface charge
at a gas-liquid interface. Despite the fact that certain limitations with concentration
measurement, DLS and NTA techniques majorly opt to provide the electrokinetic
behavior of nanobubbles and the bubble size distribution.

The surface tension is examined by conducting the Wilhelmy plate measurement
(immersion and withdrawal). The dynamic wettability approach relies on a
multi-cycle Wilhelmy plate method for measuring interfacial tension at an air-liquid
or liquid-liquid interface. The Wilhelmy plate is thin, with a few centimeters of
surface area. The plate is either made of platinum that has been roughened to ensure
complete wetting. The experimental outcomes are unaffected by the material used

as long as the liquid wets it. The plate is thoroughly cleaned before being attached
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Figure 5.2: Effect of cationic surfactant (CTAB) on nanobubble generation (a) bubble size
distribution (b) zeta potential (¢) mean bubble diameter (d) bubble number density.

to a balance with a thin metal wire. Before the analysis, pure water (y = 72.1

mN/m) is used for calibration and to ensure the reliability of the equipment.

5.2.4 Refractive index determination

The light scattering is measured during nanoparticle tracking analysis by NanoSight
NS300 and the scattering power distribution of the nanobubble sample was
measured. The average scattering power Ps (AU) is employed to estimate the
refractive index. The instrument calibration is performed using standard polystyrene
nanoparticles. The scattering intensity of polystyrene nanoparticles of four different
sizes (50, 100, 150, and 200 nm) with a refractive index of 1.63, the scattering
cross-section og (nm?) is calculated and compared with the Mie theory. The
open-source MieConScat software was incorporated to calculate the scattering
cross-section required particle size, the refractive index of a given material and
medium, and the light source wavelength needed for the theoretical scattering
cross-section (See the details of Mie theory in SI). Mie scattering solves the Maxwell
equations for scattering an electromagnetic wave with a dielectric spherical object
analytically. An infinite series of vector spherical harmonics offers the solution. The
measurable value Ps is compared to the scattering cross-section oz, computed

using Mie theory. The instrument constant o,;./Ps = 0.0673 is obtained by linear
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Figure 5.3: Bulk Nanobubbles evolution in anionic surfactant (SDS) (a) bubble size
distribution (b) zeta potential (¢) mean bubble diameter (d) bubble number density.

regression of the data point.

5.3 Results and discussion

5.3.1 Nanobubble dynamics in surfactant solutions

From a fundamental viewpoint, nanobubbles are speculated to be ion-stabilized
in the absence of the surfactant molecule [262, 263]. The gas-liquid interface
acquires a negative charge due to the absorption of hydroxyl ions [264]. The surface
charge on the nanobubbles gives rise to an electrostatic pressure (Ppectrostatic =
02 /2¢,€0), which acts towards the outward normal of the surface of the nanobubble.
Furthermore, the charged interface also tends to form the electric double layer
around the nanobubble that exerts an ionic pressure force (Poni. = 02/€,€) towards
the center of the nanobubble [153]. The surface tension force at the nanobubble
interface acts towards the center of the nanobubble. All in all, an electrostatic force
is expanding force, whilst the ionic and surface tension force is the collapsing force.
The equilibrium size of the nanobubbles is determined by the interplay of these forces
on the nanobubble interface. In this work, we have tested the hypothesis that the
adsorption of the surfactant molecule at the nanobubble interface is expected to alter

this equilibrium. Therefore, to get an insight into different surfactant behavior which
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Figure 5.4: Bulk Nanobubbles evolution in non-ionic surfactant (Triton X-100) (a) bubble
size distribution (b) zeta potential (¢) mean bubble diameter (d) bubble number density.

tends to affect nanobubble dynamics, we examined the effects of altering the nature
of surfactant (anionic, cationic, non-ionic) during the generation of nanobubbles.
Figure. 5.2 depicts the nanobubble size distribution, zeta potential, and mean
bubble diameter in the presence of cationic surfactant (CTAB). It is evident that
CTAB at higher concentration results in the charge reversal (see Figure. 5.2b).
The zeta potential varies steadily from approximately -30mV to +30mV by varying
the CTAB concentration from 0 to 10 cmc. The sign reversal occurs at the
isoelectric point close to 0.9 cmc, where the mean bubble diameter is observed to be
maximum (see Figure. 5.2c). It can be anticipated that the presence of cationic
surfactant would result in the adsorption of CTA™ at the nanobubble interface.
This, sequentially, neutralizes the negative charge, resulting in a charge reversal at
the isoelectric point. The force balance can explain the nanobubble dynamics at the
nanobubble interface. The ionic pressure force reduces upon increasing the CTAB
concentration up to the iso-electric point (~ 0.9 cmc). The size of the nanobubbles
is expected to increase as the ionic pressure is collapsing force at the nanobubble
interface. Furthermore, the surface charge density on the nanobubble will increase

beyond the iso-electric point, reducing the nanobubble’s size.

When an anionic surfactant (SDS) was added at a varying dosage from 0 to 10 cmc,

while generation of nanobubbles, as shown in Figure. 5.3, results in increase in
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Figure 5.5: Comparison of light scattering intensities of 100 nm aqueous silver nanoparticle
dispersion and NBs suspension in (a) CTAB (b) SDS.

the zeta potential from -15mV to -556mV. The increase in zeta potential is owing
to the hydrophilic ionic head group SOy, the SDS molecules oriented towards the
liquid phase whilst the hydrophobic tail is expected to orient towards the gas
phase. Furthermore, an increase in SDS concentration gradually enhances the
nanobubble concentration ~ 2 x 10® bubbles/mL to ~ 4.12 x 10% bubbles/mL.
As long as there was enough energy input, we deduced that bulk nanobubbles could
nucleate in pure water as well as various aqueous solutions containing surfactants
and electrolytes. Intuitively, there were more nanobubbles present in the solution
with anionic surfactant (SDS) than in pure water. The surface tension reduced With
an increasing concentration of SDS solution, while the surface electrostatic and ionic
forces increased due to the enhanced surface charge density. As noted earlier, the
stable equilibrium size of individual nanobubbles can be determined by the interplay
of these forces. The adsorption of surfactant ions may break the initial equilibrium
state, which may lead to an unpredictable bubble evolution (swell or shrinkage).
The bubble number concentration (see Figure. 5.3c) rose with the increasing
SDS concentration, indicating that the surfactant could facilitate the nucleation of
nanobubbles. The colloidal stability or instability of bulk nanobubbles suspension
resulting from the presence of surfactants was confirmed by the experimental results

of the zeta potential.

Non-ionic surfactants are preferred over ionic surfactants as they can be altered
to have a wide range of hydrophile-lipophile balance (HLB) by changing molecular
structures, especially the hydrophilic fraction. The mean diameter of nanobubbles
in non-ionic surfactant Triton X-100 was observed to be 120-200 nm (see Figure.
5.4c). The size of nanobubbles in non-ionic surfactants decreases with surfactant
concentration. This is due to the increase in the zeta potential of the nanobubble.
This also indicates that the surface potential governs the nanobubble dynamics

rather than the surface tension despite the fact that surface tension drops
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Figure 5.6: Differentiating bulk nanobubbles and nanoparticles based on refractive index
(a) Tween 20 (b) CTAB (c) Triton X-100 (d) SDS.

significantly with increasing concentration of surfactant. However, the drop in
surface tension facilitates the concentration of nanobubbles irrespective of the nature
of the surfactants. From a thermodynamic viewpoint, surface tension lowers the
surface energy of the fluid, and thus more surface area nucleates in the form
of nanobubbles. In a nutshell, the nanobubble dynamics governs by the surface
potential of the nanobubbles, irrespective of the nature of the surfactant. The
equilibrium size of the nanobubbles decreases with an increase in the magnitude of

the surface potential. This was seen to be in line with the ion-stabilized model.

5.3.2 Differentiating nanobubbles and nanoparticles in the presence of

surfactant molecule

From a practical viewpoint, the process water is expected to contain solid
nanoparticles.  Therefore, it is customary to differentiate nanobubbles from
nanoparticles. Understanding the interaction of nanobubbles and nanoparticles is
vital for the practical applications of nanobubbles. The Light scattering methods
are essential for studying nano-scale entities as well as identifying and characterizing
colloidal particles in routine. Although light scattering methods cannot distinguish
between bubbles, particles, and droplets, they can be used in conjunction with
other optical properties to identify bubble behavior. This is accomplished by
comparing light scattering intensity data for both particle and bubble (see Figure.
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5.5. The scattering intensity of the nanobubbles is much smaller than that
of the silver nanoparticles. It is also to be noted that the measured value of
scattering intensity ultimately results in the scattering cross-section. Surprisingly,
the scattering intensity/scattering cross-section of the nanobubble is significantly
much smaller than the silver nanoparticles. This has been verified by numerical
simulation and Mie theory calculations, which results in the same conclusion. This
trend can be explained by using approximated relations on scattering cross-section.
When the particle is smaller than the wavelength of light, the scattering cross
section varies Qs o< 1/A* and refractive index m o 1/A. This implies that
the scattering cross section should vary as Q.. o< n* [146]. This could be the
reason for predicting smaller scattering cross sections for nanobubbles compared to
silver nanoparticles. Here we also demonstrate the ability of bulk nanobubbles to
interact with silver nanoparticles. This inevitably results in the colloidal stability
of particle-bubble agglomerations, proving that bulk nanobubbles can alter colloidal
suspensions. The dispersed object’s scattering cross-section is directly correlated
with the refractive index. Before mixing the nanoparticle solutions with the
nanobubble solution, the nanoparticle solution was subjected to ultrasonication
for 5 minutes. The nanoparticle-nanobubble suspension was initiated by gently
pouring the two solutions at a specific particle-to-bubble number ratio. Given that
the optical techniques used here partially attribute data based on light scattering
intensity, the difference in the scattering intensity of Au nanoparticles and gaseous

nanobubbles may result in one population being lost in the noise of the other.

NTA employs a light scattering method based on real-time measurement for the
analysis of nanoparticles, and it estimates individual particle size independent
of refractive index. This study focuses on analyzing light scattering data from
NTA and Mie scattering theory to estimate the refractive index of nanobubble
and nanoparticle environment (see Figure. 5.6). We establish the probability
of nanobubble suspension interrelating with the Au nanoparticles by computing
the refractive index for the same. The inference can be drawn by characterizing
the pure nanobubble solution and Au nanoparticles in the nanobubble solution.
The instrument scaling factor is employed to quantify the measured scattering
cross-section and theoretical from Mie theory calculations to determine the refractive
index. As discussed, extracting the refractive index corresponds close to 1.01
in nanobubble solution of different surfactants, and distinctly, this is within the
range of gaseous bubbles. In addition, we estimated the RI by measuring the
diameter and light scattering power of individual particles with NTA independently
and the refractive index value, which corresponds to be greater than 1.1 when
coupled with bubble and particle interaction. This method differentiates between
populations in a sample of nanoparticles in suspension with nanobubbles. The

bubble and particle size probability distribution function from NTA is plotted in
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Figure 5.7: Dynamics of bulk nanobubbles in 100 nm aqueous silver nanoparticle
dispersion (a) bubble size distribution in CTAB (b) bubble size distribution in CTAB
and nanoparticle (c¢) mean bubble diameter (d) bubble number density.

Figure. 5.7. Aggregation cannot easily alter the size of the Au nanoparticles (they
are colloidal stability with a very high energy barrier). We envision nanobubble
with nanoparticles on its gas-liquid interface rather than large agglomerations of
nanoparticles linked by bridging gas layers. The correlation between nanoparticles
and nanobubbles is intriguing because it is pertinent to the potential applications
of both nanoparticles and nanobubbles. Aside from the hypothesis that bulk
nanobubbles are present as concentrated contaminated particles, or that they are
coated with contaminated skin, or a combination of the two, another particularly
intriguing aspect that is attempted to be answered here is how bulk nanobubbles
interact with nanoparticles with a variety of different properties once they are stably

generated.

5.3.3 Effect of ultrasound field on nanobubbles in surfactant solution

The ultrasound field is also used for nanobubble generation. The bubble dynamics
in the ultrasound field can be classified into three groups: oscillation, growth,
and collapse. When the magnitude of an ultrasonic wave exceeds the cavitation
threshold, tiny nuclei form internally and exhibit a variety of behavior in the

opposite/negative pressure zone. When the nuclei contract or dilate to a certain
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Figure 5.8: Effect of ultrasound amplitude on nanobubble suspension of Triton X-100 (2
cmce) (a) bubble size distribution (b) zeta potential (c¢) mean bubble diameter (d) bubble
number density.

extent, the gas molecules dissolve in the solution, transfer into a nucleus, and grow
to the size of a nanobubble. In this work, we have tested the hypothesis that
ultrasonic irradiation on nanobubble suspension should destroy the already present
nanobubble. This hypothesis was confirmed in the case of nanobubbles in pure water
[265]. In this work, we performed ultrasonic irradiation in the bulk nanobubble
suspension formed in a surfactant solution. The bubble number density, mean
diameter, and zeta potential were measured with increasing amplitude percentages
for a fixed period. The critical micellar concentration of surfactant was 2 cmc, as
shown in Figure. 5.8, on which the nanobubble was generated by the nanopore
diffusion method. The nanobubble sample of 60 mL volume was subjected to the
20 kHz ultrasound for 5 mins. The same procedure is adopted for other surfactant
nanobubble samples. The bubble size distribution was observed to be invariant with
the ultrasound amplitude. Furthermore, the zeta potential of the nanobubble was
observed to remain unchanged with the ultrasound amplitude as shown for Triton-X
100 as shown in Figure. 5.8b. In summary, the mean bubble diameter does not
change with the ultrasound amplitude during the charging of the nanobubble sample

by ultrasound waves.

The electrically charged liquid-gas interface tends to create repulsion forces that

inhibit bubble coalescence, similar to high dissolved gas concentration in water,
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Figure 5.9: Surface tension measurements using the Wilhelmy plate method (a) CTAB
(b) SDS (c) Tween 20 (d) Triton X-100.

which maintains a slight change in concentration gradient between the interface
and the bulk liquid. When ultrasound is performed on nanobubble suspension, fine
bubbles originate from bubble nuclei, grow to about resonance size under acoustic
pressure fluctuations, and collapse. The shift in bubble number concentration
and mean diameter was investigated with a constant irradiation time at different
ultrasonic amplitude and fixed frequency and power; the bubble concentration
increased and appeared to approach an equilibrium value. It was reported that
ultrasound generates and destroys nanobubbles in water simultaneously in absence
of surfactant; however, we did not observe significant destruction of the nanobubbles
in the surfactant solution. As the ultrasonic amplitude percentage increased, the

production rate coefficient of bubble concentration remained unchanged.

5.3.4 Surface tension in the presence of nanobubbles

Water has a high surface tension because of its molecules’ strong, cohesive
interactions. Surfactant molecule weakens these interactions as they dissolve in
the water. Surface tension decreases upon the addition of surfactant owing to a
decrease in the intermolecular forces between the water molecules. Nanobubble
in the water may also reduce the surface tension of the water. Surface tension is
often expressed by Gibbs free energy per unit area at constant temperature and

pressure (7 = (OAG/0S)rp). The nanobubble may decrease the surface tension
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by decreasing free energy. Similar to the surfactant molecule, nanobubble may
also weaken the intermolecular force between water molecules. For instance, [225]
reported the experimental results of the surface tension of nanobubbles generated
in pure water was around 63 mN/m, which is about 14% lesser than that of pure
water (about 72 mN/m). In this work, we have measured the surface tension of
surfactant solution with and without the presence of nanobubbles. Anionic and
non-ionic surfactant solution shows a ~ 10% (at 0.1 cmc)reduction in surface tension
estimated by the du Noiiy ring method owing to the presence of nanobubbles. On
the other hand, the presence of bulk nanobubbles reduces the surface tension by
~ 37.5% (at 0.1 cmc) in a cationic surfactant solution, as shown in Figure. 5.9.
The plausible explanation for the reduction in surface tension could be the reduced
collision frequency of a surfactant-coated nanobubble with the liquid surface. The
nanobubbles are presumed to be concentrated at a liquid surface due to their
hydrophobic nature. This may attribute to the reduction in surface tension owing to
the easy rupture of the liquid film by the presence of nanobubbles. The interaction
between dynamical gas saturation and surface tension controlled the ultimate stable
size of bulk nanobubbles throughout the shrinking process, which may be adjusted
by the concentration of the surfactant adsorbed at its surface. Nanobubbles partly
covered with hydrophobic material are concentrated at the surface of liquid water.
The presence of these bubbles on the surface of a liquid film easily ruptured. When
a nanobubble breaks and disappears at the liquid surface, the liquid film may be
broken by guiding the exposed portion of the nanobubble into the gas phase above
the liquid surface. The surface-tension-area isotherm of the nanobubbles coated with
surfactants is vital to understanding the underlying phenomena of stabilizing these
nanoscale bubbles. The inclusion of the surfactant aids in nanobubble stabilization
by bringing down surface tension and, thus, the Laplace pressure. The impact of the
surfactant limited the gas-liquid surface tension of nanobubbles, which could further

lessen the Laplace pressure inside these bubbles and, thus, enhance their stability.

5.4 Conclusions

In this work, we have investigated the nanobubbles dynamics in surfactant solution.
The effect of the nature of the surfactant (SDS, CTAB, Triton-X 100, and Tween 20)
on nanobubble generation have been studied in terms of nanobubble concentration,
mean bubble diameter, and the magnitude of surface charge. By changing the
CTAB concentration from 0 to 10 cmec, the zeta potential steadily shifts from
about -30mV to +30mV. The mean bubble diameter is observed to be at its
highest at the isoelectric point near 0.9 cmc, where the sign reversal occurs.
It is reasonable to assume that the presence of cationic surfactant will cause

CTA+ to adsorb at the nanobubble interface. As a result, the negative charge is
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successively neutralized, which causes a charge reversal at the isoelectric point. The
nanobubble and nanoparticles have been distinguished by estimating the refractive
index method. The surface tension of the nanobubble solution has been measured
and compared without nanobubbles. The surface tension of the surfactant solution
further decreases in presence of nanobubbles. The easy rupture of the liquid film
by the presence of nanobubbles at its surface may be the reason for the reduction
in the surface tension. The nanobubble dynamics observe to govern by the surface
potential of the nanobubbles, irrespective of the nature of the surfactant. The
equilibrium size of the nanobubbles decreases with an increase in the magnitude of

the surface potential. This was seen to be in line with the ion-stabilized model.



Chapter 6

Conclusions, Implications, and Recommendations

This dissertation investigated the fundamental properties of bulk nanobubbles in

aqueous solutions and surfactants. The primary objectives of this work were

1. To understand the role of the salting-out parameter during nanobubble

nucleation.

2. To investigate nanobubble dynamics under an oscillating pressure field and

elucidate the mechanical stability of the nanobubbles.

3. How the longevity of nanobubbles is affected when subjected to ultrasound

waves.

4. The Jones-Ray effects have been debated for the past 80 years to understand
the minima in surface tension versus salt concentration curve. Does nucleation

of nanobubble impart this effect?

5. To investigate the presence of surface-active agents like surfactants and

nanoparticles affecting the dynamics of nanobubbles.

These objectives were addressed with a combination of experiments performed
in contaminated media (aqueous salt solutions of variable valency), surfactants
(anionic, cationic, and non-ionic), and numerical simulation on electromagnetic
waves to confirm the scattering behavior of nanobubbles and nanoparticles.
Moreover, the dissertation assessed the novel method for estimating the refractive
index of nanobubble which aids in differentiating from nanoparticles using the Mie
Scattering theory. Here, we made one of the first attempts to investigate the
mechanical stability model by considering both ionic cloud and electrostatic pressure

at the charged interface.

6.1 Conclusions
Nucleation of nanobubbles during Salting-out effect

¢ A novel method for estimating the refractive index of nanobubble is proposed

based on Mie theory calculations.

o Excess dissolved gas nucleates in the form of nanobubbles during the

salting-out effect based on the refractive index calculation.
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o« The bubble number density was observed to increase with the salt
concentration, which is explained by the Setchenov solubility relation for

electrolytes.
Nanobubble dynamics under oscillating pressure field

e The energy barrier for colloidal stability of nanobubbles under an ultrasound
field is significantly higher than both nanobubbles by salting-out and oscillating

pressure field.

o The refractive index calculation and the electrical conductivity confirmed the

evidence for the gas-filed nanobubbles.

o The screening of the electric double layer decreases the surface potential of the

nanobubbles depending on the valency of the salt.
Nanobubbles contributing to Jones-Ray effect

o The magnitude of the surface tension drop significantly increases upon applying
the oscillating pressure field. This perhaps indicates that nanobubbles are

playing a role in decreasing the surface tension of the salt solution.

e A novel mechanical stability model for nanobubbles has been proposed by
considering the ion cloud pressure, and it is shown to be twice the electrostatic

pressure.

e Numerical simulation of electromagnetic waves around nanobubbles and
nanoparticles confirms the scattering behavior of the nanobubble and

nanoparticles.
Role of surfactant in bulk nanobubble suspension

o The presence of nanobubbles in surfactant solution allows the rupture of the

liquid film, lowering the surface tension value in the Wilhelmy plate method.

o The surface potential of the nanobubble was observed to be enhanced with the

increase in the ultrasound amplitude, as shown for non-ionic surfactant.

o The inclusion of the surfactant aids bubble stabilization by bringing down

surface tension and, thus, the Laplace pressure.
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6.2 Implications and Recommendations

The scope of this technology can be implied in real-life applications which are stated

as follows:

e During the salting-out effect, the bubble number density increases with the
salting-out parameter. In other words, the solubility difference is the driving
force for nanobubble generation. This information can be utilized to maximize
the bubble number density in the commercial nanobubble generator to enhance

performance.

o Bulk nanobubbles are stable in saltwater and thus the nanobubble generator

can be used for water treatment in coastal regions.

e A novel technique to estimate the refractive index of nanobubbles based on
the scattering power measurement provides strong scientific evidence for the
existence of nanobubbles. This technique can be used for the validation and

testing of a commercial nanobubble generator.

e The fundamental theory supports the nucleation of nanobubbles if surface
tension drops in the salt solution and can be deeply investigated on the

long-standing debate about the Jones-Ray effect.
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Chapter A

Appendix

A.1 Zeta potential measurement by DLS

A dynamic light scattering (DLS) technique (Zetasizer Nano ZSP, Malvern
Instruments) is used to measure the zeta potential of nanobubbles. The mobility of
the bubbles and charge (Zeta potential) is measured by the so-called Electrophoretic
Light Scattering (ELS). The motion of a charged particle in a solution gives rise to
the frequency shift that depends on the velocity of the particle. The expression for

frequency shift is written as follows:

Af = 2%w (A1)
and electrophoretic mobility can be defined as,
Up
e = — A.2
fe = 5 (A.2)

where v,,0, A, and E are the drift velocity of the particles, scattering angle, the
wavelength of the light beam, and applied electric field, respectively. Zeta potential
(¢), can be estimated from the following expression:

_ Bpen
- 2¢,.60f(ka) (4.3)

where €,, €9, 7 and f(ka) are the relative permittivity, the permittivity of vacuum, the
viscosity of the dispersion medium at the experimental temperature, and Henry’s

function, respectively.

A.2 Characterization of nanobubble sample by NTA

Bubble size distribution, mean diameter, and number density of the nanobubbles
were characterized using a NanoSight NS300 instrument (Malvern Instruments,
UK). The working principle of NS300 is based on the tracking of individual
nanobubbles by illuminating laser light in the nanobubble sample. A laser beam (65
mW, A\ = 405 nm) is passed through the sample chamber through a prism-edged glass
flat (optical flat). The Brownian motion of bubbles is visualized by 20x magnification
of microscope objective fitted above the liquid cell chamber. A charge-coupled device
(CCD), electron multiplied CCD, or high-sensitivity CMOS camera mounted on the
microscope objective has been used to record the Brownian motion of the bubbles.
The 2D tracking of nanobubbles can be utilized to calculate the diffusion coefficient

of Brownian motion using the following form of the well-known Einstein-Stokes

106
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equation:

3mpud
—2

where (z,y) is the mean square displacement of nanobubbles in two dimensions

measured in time t. The parameters Dy, u, kg, T, and d are respectively, diffusion
coefficient, Boltzmann constant, temperature, viscosity, and diameter of the bubble.
It is to be noted that this technique can simultaneously analyze a population of
nanobubbles on an individual basis; it is thus ideally suited for real-time analysis of

poly-disperse systems ranging from 10 to 2000 nm in size and 10° to 10° bubbles/mL.

A.3 Mie theory

Consider a plane of electromagnetic waves illuminating spherical nanobubbles
of diameter, d, and the refractive index, n,. The plane electromagnetic wave

propagates along the z-direction and polarized in the z-direction:

Ei = Eo,xei(k'z*ww éx (A5)

with FEy, the electric field amplitude, w the angular frequency, ¢ time, é, the
orthonormal basis vector oriented along the positive x axis, and k = 2wn,,/\ the
wave number, and \ is the wavelength of the incident light in vacuum. The scattering
cross-section is defined as an imaginary area illustrating the light probability per unit

incident irradiance, followed by particle scattering which is stated as

27 ™ 2
Csca = / / ‘X ‘
0 0 kQ

with 6 the polar angle, ¢ the azimuthal angle, and X the vector scattering amplitude.

sinfdfd¢ (A.6)

The Malvern Panalytical NanoSight NS300 instrument parameters including 6 and
¢ are bounded by the optical numerical aperture of the microscope objective.
Thereupon, 6 is integrated from 6, = 6y — e t0 0o = Oy + Qnas, With 6y the
angle between the optical axis of the objective and the wave propagation direction
é,. For NS300, 6y = 7/2. Since the objective has a circular geometry, ¢; is expressed
in terms of # as follows:

sin <%7r — ozmw)
o1 = arcsin( 1 ) (A7)
sin (§7r — 0y + 9>

and ¢y = m — ¢1. In total, 50 iterations are computed to integrate # and ¢. For the
study of spherical geometry, vector scattering amplitude, X is in correlation with

amplitude scattering matrix elements Sj as follows:

X = (S5c050)é)s + (Sysing)é s (A.8)
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where the vectors, €, is parallel and é,, is perpendicular to the scattering plane,

which is exemplified by the scattering direction é, and the propagation direction of

the wave €,. The parameters S; and S, rely on d, n,, ng, k and 6, and were computed

through the MieConScat. Considering é); and €, is orthogonal, the term |X?| can

be expressed as follows:

|X|? = |S,]2cos®e + | S |*sin’¢p (A.9)

A.4 Steps to estimate refractive index

1.

Calculate scattering power from intensity data from NTA using the formula

Scattering power = sum of all pixel intensities divided by shutter time.

. Calculate experimental scattering cross-section (S1) experimental scattering

cross-section = scaling factor = 0.0673 *scattering power

. Calculate theoretical scattering cross-section from Mie theory calculation.
. Input = mean diameter, the wavelength of the laser, RI of particles

. Output = theoretical scattering cross-section (S2) at expected input RI of

particles value

. If ST = 52 — expected RI is the final RI else S1 # S2 — try to match S1

and S2 by varying the RI.

Table A.1: List of parameters for Mie Scattering

S.No. Parameters Values
1 Diameter of nano entities (nm) NTA report
2 Diameter resolution 1
3 Real RI 1.633 at 405nm
4 Imaginary RI 0.002
) Minimum scattering angle 72.5379°
6 Maximum scattering angle 107.4621°
7 Wavelength (nm) 405
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