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ABSTRACT

The presence of taste and odor (T&O) compounds in drinking water has been
historically a major challenge for water utilities. They are difficult to remove using
conventional water treatment processes, a combination of coagulation, flocculation,
sedimentation, filtration, and chlorination. However, activated carbon (AC) adsorption,
advanced oxidation processes, and biofiltration can be effective. The seasonal nature of
T&O events makes it difficult to justify installing dedicated treatment technologies.
Additionally, incorporating these technologies into existing water treatment plants can be
expensive and require significant upgrades. Therefore, water utilities are always interested
in exploring new approaches to minimize the occurrence and removal of T&O compounds

in drinking water.

Nanobubbles (NBs) can provide innovative solutions to T&O problems in water
supplies and water treatment. The main objectives of this dissertation were to conduct a
comprehensive investigation to systematically examine (i) the characterization and
stability of oxygen and ozone NBs in typical freshwater and drinking water treatment
conditions and ii) the removal efficiency and mechanisms of geosmin and 2-
methylisoborneol (MIB), the major and most common T&O compounds in freshwaters, by

NBs.

First, the stability of oxygen NBs was investigated under the representative key
natural water chemistry conditions and constituents, including pH, Ca?*, Na*, natural

organic matter (NOM) and temperature. The half-lives of oxygen NBs followed the order



Ca?* <Na" < pH 3 < high SUVA5: NOM < pH 5 < 30 °C. Calcium was the most influential
parameter significantly decreasing NBs levels among all parameters investigated. The
main disappearance pathway of the negatively charged oxygen NBs in water was found to
be coalescence, which was promoted greatly by cations (i.e., Ca?*, Na* and low pH) and
adsorption of NOM with high aromaticity onto the surface of oxygen NBs. The impact of
higher temperatures became more noticeable after longer storage periods, where higher
temperatures increase the kinetic energy of oxygen NBs, making them more likely to
collide and coalesce. Therefore, when oxygen NBs are released or used in freshwater, high
calcium, high SUVA2s4 NOM, and low pH would significantly reduce their availability

and residence times.

Second, removal of geosmin and MIB from water by oxygen NBs was investigated.
Initially, comparisons of nitrogen, air, and oxygen NBs showed higher removal
percentages of geosmin and MIB as the oxygen content in NBs increased. Using oxygen
NBs, volatilization was the dominant mechanism for the removal of geosmin (~40%) and
MIB (~20%), while oxidation by reactive oxygen species (ROS) brought additional
removal of up to 15%. The formation of hydroxyl (*OH) radicals was promoted when NBs
were mixed with microbubbles (MBs). Formation of singlet oxygen and superoxide
radicals did not appear to play a role for removal of target compounds by oxygen NBs.
Alkalinity decreased the removal percentages of both geosmin and MIB by scavenging
*OH radicals and inhibiting the oxidative removal pathway, while pH in the range of 3 to
10 had no significant impact on the geosmin and MIB removal. Geosmin and MIB

removals were higher at higher temperatures due to increased volatilization and oxidative



processes, where they decreased in the presence of either NOM or hardness. Under all
tested conditions, geosmin removal efficiency was consistently higher than MIB due to the
difference in their physicochemical properties (i.e., hydrophobicity or Log Kow, Henry’s
law constant, functional groups, and steric hindrance of the MIB structure). Overall, the
use of oxygen NBs resulted in less than 15% enhancement in removal of geosmin and MIB

through the oxidative pathway.

Third, the characterization of ozone NBs, their stability and «OH radical formation
from ozone decomposition were examined under freshwater conditions. Ozone NBs were
more stable than oxygen NBs because of their higher negative surface charge (i.e., —32.0
mV and —23.6 mV, respectively). Ozone NBs generated at a higher dissolved ozone
concentration (12.5 mg/L) exhibited greater stability (and higher negative surface charge)
than those generated at a lower dissolved ozone concentration (1 mg/L) during long-term
storage, which showed that ozone NBs generation conditions affect their stability and
physicochemical properties. The stability of ozone NBs (generated at 12.5 mg/L dissolved
ozone) were investigated under different pH, NOM, alkalinity, calcium, and temperature
of freshwater conditions, for an extended storage time (i.e., 255 days). The half-lives of
ozone NBs followed the order of 3 mM Ca?* < pH 3 < high SUVA25: NOM (4.1 L/mg.m)
<pH 7 <pH 9, while the effects of carbonate (or alkalinity) and temperature on the stability
of ozone NBs were insignificant. Thus, ozone NBs would be stable for up to several months
in natural waters depending on the water hardness and aromaticity of NOM. The formation
of «OH radicals in 0zone NBs solutions was 2 — 3 times higher than conventional ozonation

during the same reaction time. A rapid disappearance of ozone NBs in the presence of 3



mM Ca?* led to almost no additional *OH radical formation and the overall concentration
of *OH radicals in that solution was comparable to conventional ozonation. The presence
of carbonate ions lowered the formation of «OH radicals, but it was not enough to stop the
continuous generation of radicals. However, NBs concentrations were not affected by the

presence of carbonate in the background water.

Fourth, the removal efficiencies of geosmin and MIB were investigated by ozone
NBs and compared side-by-side with conventional ozonation. The primary mechanism of
geosmin and MIB removal by both conventional ozonation and ozone NBs was oxidative
degradation via *OH radicals. Ozone NBs were more effective at removing geosmin and
MIB (i.e., 80% and 73%, respectively) than conventional ozonation (i.e., 69% and 54%,
respectively) in a 10-minute contact time at 20°C in distilled and deionized (DDI) water,
which was due to the higher *OH radical formation in ozone NB water. Furthermore, in
natural waters, ozone NBs maintained its performance with 85% and 74% removal of
geosmin and MIB, respectively, which is more than 10% higher than conventional ozone
at 20 °C. Increasing temperature from 20 to 30 °C enhanced the removal efficiencies of
geosmin and MIB for ozone NBs (i.e., up to 15 %) and conventional ozonation (up to 6%)
in DDI and natural waters. Reducing the initial ozone dose from 1.0 (Os/DOC= 0.43
mg/mg) to 0.5 mg/L (Os/DOC= 0.22 mg/mg) at 20 °C widened the gap in removal
efficiencies (i.e., up to 20%) between ozone NBs and conventional ozonation in natural
water, demonstrating that the effectiveness of ozone NBs was less impacted by lowering
the ozone dose. This can be explained by the presence of the same amount of 0zone NBs

in solutions for 0.5 and 1.0 mg/L ozone even though ozone level was reduced. While the



addition of calcium (300 mg/L as CaCOs) reduced the ozone NBs concentration, it did not
impact the geosmin and MIB removal by ozone NBs. On the other hand, the presence of
background alkalinity (250 mg/L as CaCO3) decreased the removal efficiencies of geosmin
and MIB, but its impact on ozone NBs (i.e., 7-10%) was less than conventional ozonation
(11-13%). Lastly, bromate formation in the presence of 250 pg/L bromide was not
significantly different between ozone NBs and conventional ozone, and the bromate level
was below the USEPA regulatory limit of 10 pug/L. The results showed that the use of
ozone NBs is more efficient and performs better than conventional ozonation during water
treatment, which will reduce the cost and the environmental impact of the treatment

process.

Overall, this research showed that oxygen NBs will be more effective for oxygen
transfer applications (e.g., aeration) especially in low hardness waters with long term
stability of oxygen NB, while the oxidative capabilities of oxygen NBs are rather much
less important due to lower amount of ROS (mainly «OH) formation. On the other hand,
ozone NBs, with their «OH formation, are more effective in the abiotic degradation of
organic compounds than conventional ozonation. Ozone NBs, depending on the generation
conditions, carry a higher negative surface charge than oxygen NBs, giving them longer

stability in water, except increasing calcium levels significantly reduce both NBs stability.
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CHAPTER 1

INTRODUCTION

1.1. Introduction and Motivation

Nanobubbles (NBs) are spherical packages of gas within liquid that are operationally
defined as having diameters less than 1000 nm, though typically, the average size is around 100
nm (Atkinson et al., 2019). Recently, superior characteristics of NBs (improving the mass transfer
in the gas-liquid interface, stability up to a couple of weeks, forming reactive oxygen species
(ROS) with high oxidative potential) have been suggested to promise great potential for addressing
a variety of challenges in water treatment (Atkinson et al., 2019; Temesgen et al., 2017).
Application of NBs in water treatment processes has gained significant attention in recent decades
(Atkinson et al., 2019). Various lab-scale studies have tested their potential for aeration in
biological water treatment, water disinfection, membrane defouling, and groundwater and
sediment remediation (Ahmed et al., 2018a; Lyu et al., 2019; Wang et al., 2021; Xue et al., 2022;
S. Zhou et al., 2022; Zhu et al., 2016). These studies aimed to downsize facilities and reduce
operational time and operational and maintenance costs of water-treatment plants, while achieving

greater contaminant removal efficiency.

The stability and reactivity of NBs depend on several factors, such as the bubble size, zeta
potential, and interfacial characteristics (Calgaroto et al., 2014; M. Chen et al., 2020; Sun et al.,
2016; Temesgen et al., 2017; Zhang et al., 2020). NBs characteristics also highly depend on
solution properties, infilled gas type, and the energy provided to the system to generate NBs
(Meegoda et al., 2018). Solution properties such as temperature, pressure, ion type, ion
concertation, pH, presence of organic matter or impurities, presence of surfactants, and saturated
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gas concentrations play an important role (Ahmed et al., 2018b; Bui et al., 2019; Guo et al., 2019;
Temesgen et al., 2017). The infilled gas type and its solubility and reactivity can also impact the

properties of NBs (Guo et al., 2019; Jadhav and Barigou, 2020; Meegoda et al., 2018).

Recently, a few studies have evaluated the possibility of scaling up from bench-scale to
full-scale and application of NBs to an industrial level. The successful integration of NBs
technology into drinking water treatment can lead to a technological revolution by significantly
improving the efficiency of micropollutant abatement and membrane fouling control, downsizing
treatment facilities, and reducing operational times and costs. However, our current knowledge of
NBs applications in drinking water treatment is very limited. The influence of complex water
composition in various types of freshwaters on the generation and stability of NBs is not well-

known.

One area of drinking water treatment that is worth considering is the removal of taste and
odor (T&O) compounds due to several factors. These factors include the increasing prevalence of
T&O compounds in natural water sources, heightened public concerns regarding drinking water
safety, and the inherent challenges associated with removing these compounds from water
(Mustapha et al., 2021a). Algal blooms are an issue for the world's water supply because they
frequently occur in freshwater and marine environments (Chapra et al., 2017; Paerl et al., 2018).
Concentrations of algae in large reservoirs in the U.S. are likely to rise due to climate change-
induced water temperature increases and nutrient loading, further intensified by population growth.
This phenomenon, known as algal growth, raises significant ecological and water quality concerns
(Botana, 2016; Chapra et al., 2017; Ger et al., 2014; Lehman et al., 2017; Lewitus et al., 2012;
Lirling et al., 2017; Mustapha et al., 2021a; Wells et al., 2015; Wickham et al., 2019). During an

algal bloom, two semi-volatile compounds, 2-methylisoborneol (MIB) and geosmin, are released



from cyanobacteria (blue-green algae) cells (Jittner and Watson, 2007; Kim and Park, 2021a;
Mustapha et al., 2021a; Watson et al., 2008; Wert et al., 2014). These compounds have a very
strong earthy taste and odor with very low odor threshold concentrations (OTCs) from 4 to 20 ng/L
(Antonopoulou et al., 2014; Watson et al., 2008). The resulting taste and odor problems in drinking

water are perceived as safety concerns by the public.

NBs technology can offer a cost-effective non-reagent approach that generates reactive
oxygen species (ROS), including hydroxyl radicals (*OH), superoxide anion radicals (O2"), and
singlet oxygen (*O2), during the process of NBs collapse (Liu et al., 2016). These reactive species
are characterized by high reaction rate constants with MIB/geosmin. For example, measured rate
constants for the reactions with hydroxyl radicals were between 3 x 10° and 10%° M-%s, while the
reaction rate constants for MIB and geosmin with ozone were 0.10 + 0.03 and 0.35 + 0.06 Ms™,
respectively (Peter and von Gunten, 2007). Oxygen and ozone delivered by NBs can generate a
higher concentration of free radicals compared to conventional methods, effectively enhancing the
removal of MIB and geosmin from water. In addition, as semi-volatile compounds, MIB and

geosmin can be removed through volatilization.

Clearly, the combination of oxidation and gas transfer processes indicates the viability of
emerging NBs technology as an alternative treatment option for removing MIB and geosmin from
drinking water. However, there is currently no research on the topic in literature. Additionally,
previous studies have reported promising results for the removal of organic contaminants (i.e.,
polyvinyl alcohol, phenol, oxytetracycline, grease etc.) using NBs or microbubbles for ROS
generation (Li et al., 2009; Takahashi et al., 2007; L. Wang et al., 2020; Wu et al., 2021). The
effectiveness has yet to be evaluated for generated ROS under the influence of various types of

freshwaters with complex matrices.



1.2.  Research Objectives

The main objective of the research is to investigate the NBs technology for water treatment
applications. The investigation is especially important to address the increasing challenges of water
scarcity and treatment technologies without high chemical demand. The hypotheses, objectives

and approaches of four phases of this study were

Hypothesis 1: The stability, size distribution, and zeta potential of oxygen NBs will exhibit
significant changes over time under varying natural water conditions. Understanding the behavior
of oxygen NBs in drinking water conditions will facilitate their application in various water

treatment processes.

Obijective 1: Systematically examine the stability of oxygen NBs under various conditions

which are closely related to a typical freshwater or drinking water treatment.

Approach 1: The change of NBs concentration, size distribution and zeta potential changes
in time was observed under various natural water conditions (e.g., soft and hard water, organic
matter with a low and high specific ultraviolet absorbance (SUVA2s4), pH, temperature, ionic
strength, and the presence of an oxidant) during the study. Also, the formation of hydroxyl radical
(*OH) was investigated using disodium terephthalate which forms fluorescent adducts with «OH

in the presence of oxygen NBs under the selected conditions.

Hypothesis 2: The removal of geosmin and MIB from drinking water using oxygen NBs
will be significantly influenced by NB generation conditions (i.e., gas types and flowrates) and

natural water background parameters (i.e., pH, DOC, SUVA2s4, etc.).

Objective 2: Investigate (i) the removal efficiency of geosmin and MIB by oxygen NBs
under various conditions (e.g., gas flowrate, gas type, pH, alkalinity, hardness, and temperature)
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in DDI water and natural water matrices, and (ii) the removal mechanisms of geosmin and MIB

from water using oxygen NBs.

Approach 2: To explore the effect of NBs’ generation conditions; oxygen, air and nitrogen
gas were used for the removal of geosmin and MIB. The effect of natural water background
parameters was tested at their low and high levels to evaluate the efficiency of oxygen NBs’
performance under various conditions. Finally, the removal mechanisms of geosmin and MIB were

examined for volatilization and oxidation with different radical scavengers.

Hypothesis 3: Water quality parameters of natural waters such as pH, hardness, alkalinity,
NOM, and temperature will impact the stability and radical formation of ozone NBs.
Understanding such phenomena will be critical for the applications of ozone NBs in natural waters

and engineered treatment systems.

Obijective 3: Investigate the characteristics and effects of key water chemistry parameters
in freshwaters (e.g., pH, natural organic matter (NOM), carbonate, calcium, and temperature) on
the stability of ozone NBs for a relatively long storage period (i.e., 255 days) and ozone

decomposition rate.

Approach 3: Various parameters and their values were carefully selected since ozone is
reactive and unstable in water. The concentration, size, size distribution and surface charge of
ozone NBs was monitored during the NBs storage time. Also, decomposition of ozone and
formation of *OH radicals were examined under different conditions and compared by
conventional ozonation.

Hypothesis 4: Ozone NBs, with their longer stability in water and higher *OH radical

formation, will be more effective than dissolved ozone to remove MIB and geosmin during water

treatment.



Obijective 4: Investigate the removal efficiency of geosmin and MIB in DDI and natural
waters under various conditions by ozone NBs and a side-by-side comparison with conventional
ozone application. Also, mass transfer of ozone was investigated and compared with conventional

ozone application.

Approach 4: To explore the effectiveness of 0zone NBs on geosmin and MIB removal in
DDI and natural water, various conditions were tested and compared side by side with
conventional ozonation. The effect of temperature, alkalinity, and hardness on the ozone
decomposition, and geosmin and MIB removal performance were evaluated. Ozone doses were
determined based on the background organic matter level in natural water experiments to further

evaluate the effect of ozone NBs and comparison with previous studies.



CHAPTER 2

LITERATURE REVIEW

2.1. Nanobubbles Generation and Characteristics

NBs are microscopic gas-filled spheres with a diameter less than 1000 nm, typically around
100 nmin size (Atkinson et al., 2019). The study of bubbles and their behavior has been ongoing
since the early 1900s, but the concept of NBs was first proposed to explain the under-predicted
attractive forces observed between hydrophobic surfaces in water in the 1990s (Alheshibri et al.,
2016; Hansen et al., 2023). However, the existence of NBs cannot be explained by the classic
Laplace pressure bubble catastrophe theory because decreasing the size of fine bubbles below the
water surface leads to high internal pressure inside the bubbles, which is directly proportional to
the bubble’s diameter (Alheshibri et al., 2016; Attard, 2014; Manning, 2020; Matsumoto and
Tanaka, 2008; Zhou et al., 2021). The relationship between pressure and diameter is expressed by

the Young-Laplace equation (Equation 2.1):
P=PL+j—° Equation 2.1
b

where P is the gas pressure, P is the liquid pressure, o is the surface tension of the liquid
and dy is the bubble diameter. According to Equation 2.1, the inside pressure of NBs would be
very high, and thus the NBs lifetime should be short. For example, a microbubble with diameter
(db) of 1 um has a AP (=P-Pr) of 1.4 bar, while a NBs with a db of 10 nm has a AP of 140 bar
(Agarwal et al., 2011; White et al., 2011). Thus, NBs should not exist. The existence of these NBs
has remained a topic of debate for several years, which creates a discrepancy with experimental

results. To further explain the NBs formation and stability, some modifications to the Young-



Laplace equation focus on the higher-order curvature terms (Equation 2.2) and electrostatic force

(Equation 2.3) (Yildirim et al., 2022).

Ap:%- % Equation 2.2

where Ap is pressure differences between inside and outside of bubbles, y is the surface
tension, R is the principal radii of curvature of the liquid—gas interface, and C is the curvature
coefficient. The equation is second order, and, as stated above, higher curvature terms can be

added. More terms can be added to the right-hand side of the equation.
3
p=2(1- %) Equation 2.3

where 8¢° = n%e?/647%¢0e

where n is the number of elementary charges (e) on the surface of the NBs, ¢ is vacuum

permittivity, ¢ is the dielectric constant of the liquid (Manning, 2020; Yildirim et al., 2022)

Tyrrell and Attard (2002) obtained the first image of nanoscale bubbles using atomic force
microscopy and proving experimentally the existence of NBs. Since then, the research about NBs
has gained gradual interest, and significant research attention has been devoted to the fundamental
characterization of NBs, including their generation processes and physicochemical surface

properties (Lyu et al., 2019).

Apart from their unique size, NBs also differ from other types of bubbles in terms of their
longevity, negative surface charge, low buoyancy, high gas solubility, and capability to generate
free radicals (Temesgen et al., 2017; Yasui et al., 2018). Indeed, the characteristics of the novel
NBs technology (i.e., an improved mass transfer in the gas-liquid interface, stability up to a month,

formation of negatively charged surface, high oxidative potential reactive oxygen species) indicate
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a great potential for applications in water treatment (Figure 2.1) (Atkinson et al., 2019; Temesgen

etal., 2017).
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Figure 2.1.Unique physicochemical characteristics of NBs (adapted from Atkinson et al., 2019).

2.2.  Application of NBs in Water Treatment
2.2.1. Production of ROS for abatement of micropollutants

NBs technology can offer a cost-effective nonreagent approach that generates numerous
reactive oxygen species (ROS), including hydroxyl radicals (*OH), superoxide anion radicals
(02), and singlet oxygen (*O), during NBs collapse. Liu et al. 2016 showed using a sensitive
fluorescent probe, 3’-p-(aminophenyl) fluorescein, that without any stimuli (such as H2O2, metals,
etc.), NBs water continually produced ROS. The collapse of NBs was used to explain the formation
of free radicals characterized by electron spin resonance (ESR) spectra (Minamikawa et al., 2015).
Various species of ROS, such as superoxide anion radical (O2¢"), hydrogen peroxide (H20>),
hydroxyl radical (*OH), and singlet oxygen (*O2) were identified in oxygenated NBs water (Liu et
al., 2016). However, in another study (Li et al., 2009), it was indicated that the concentrations of
free radicals were too low to react with some contaminant; spiking the water with H>O, and some

metal catalysts increased *OH formation in the NBs systems. For example, the collapse of oxygen



microbubbles under acidic conditions was observed to enhance both the generation of *OH and the

degradation of the refractory compound, polyvinyl alcohol (Li et al., 2009).

2.2.2. Enhanced mass transfer for aeration

Aeration plays a major role in delivering oxygen, which is an important life-sustaining
component for aquatic species and a biochemical reaction substrate in the aerobic environment
(Temesgen et al., 2017). In gas—liquid reactors, mass transfer can be characterized by measuring
the volumetric mass transfer coefficient, as it is an important parameter for evaluating the
performance of the aeration system and aeration tank (Bouaifi and Roustan, 1998). It is the product
of the liquid mass-transfer coefficient k" and the interfacial surface area "a" (Temesgen et al.,
2017). The liquid mass-transfer coefficient is a function of the turbulence and liquid parameters.
The interfacial area depends on the size distribution of the bubbles, which is a function of the gas
flow rate, sparger and nozzle design, shear rate, fluid properties (liquid viscosity and gas density),

and other design and operating parameters (Temesgen et al., 2017).

Enhanced mass transfer using air or oxygen NBs results in the improvement of biological
matter degradation and microbial growth rate. In conventional wastewater treatment systems,
mechanical aerators or diffusers, which are typically used, require high electrical input and
frequent mechanical maintenance, resulting in high operating costs. Therefore, oxygen NBs can
enhance aeration efficacy and reduce operating costs. For example, an investigation on the aeration
of groundwater by NBs showed that the mass transfer rate of oxygen to the water was 125 times

faster than the macro bubbled water (H. Li et al., 2014).
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2.2.3. Application of ozone NBs

The application of ozone for disinfection and oxidation of drinking water is used worldwide
due to its effectiveness in the inactivation of microorganisms, the removal of organic pollutants,
and taste and odor control (von Gunten, 2003a). Ozone is a selective oxidant, and reaction rate
constants between ozone and some refractory pollutants (e.g., MIB and geosmin) are relatively
low (Peter and von Gunten, 2007; Westerhoff et al., 2006). During the ozonation process, the
ozone molecule can also react with hydroxide to produce *OH radicals, which are the strongest

non-selective oxidant in water treatment (von Gunten, 2003a).

As an oxidative gas, the application of ozone into water treatment is limited by the mass
transfer from gas to liquid phase. The diffusion of gas into water depends on several factors, such
as gas solubility, temperature, gas concentration, solution pressure, and internal gas pressure. At
25 °C, ozone solubility in water is 109 mg/L, which is thirteen times greater than oxygen (von
Sonntag and von Gunten, 2012). However, when ozone gas is supplied as micro- and
macrobubbles, the bubbles can rapidly leave the solution due to high buoyancy. The result is a
short contact time for dissolution in water. In contrast, ozone NBs remain in the solution much
longer than micro- and macrobubbles due to the low buoyancy of NBs. Experimental results and
theoretical calculations show that the use of NBs leads to faster diffusion and higher ozone
concentration compared to the use of conventional bubbles (Batagoda et al., 2019). Therefore,

ozone NBs technology is expected to reduce the operational cost for ozone applications.

The enhanced mass transfer caused by ozone NBs means that the high ozone concentration
in the liquid phase may lead to elevated levels of *OH radicals formed from the decomposition of
ozone (Temesgen and Han, 2021). Ozone micro-nanobubbles/nanobubbles (MNBs/NBs) have

been investigated for the i) remediation of contaminated sediments and groundwater (Aluthgun
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Hewage et al., 2021; Batagoda et al., 2019; Hu and Xia, 2018; Meegoda et al., 2017; Meegoda and
Batagoda, 2016; Xia and Hu, 2015), ii) removal of model compounds and micropollutants in water
and wastewater (Batagoda et al., 2018; Fan et al., 2021a, 2020; Farid et al., 2022; Hashimoto et
al., 2021; Hutagalung et al., 2023; Jiang et al., 2018; Kim et al., 2021; Kwon et al., 2020; Lee et
al., 2023; Maie et al., 2022, 2020; Menendez and Flores, 2017; Pal et al., 2022; Ponce-robles et
al., 2023; Sakr et al., 2022; Salguero and Flores, 2017; Tekile et al., 2017; Wei et al., 2023; Wu et
al., 2022; Xia and Hu, 2018; Xie et al., 2023; Y. Zhou et al., 2022; Zhu et al., 2022), iii) reduction
of bacterial pathogens and disinfection in freshwater, wastewater and aquaculture system (Benazir
Abate and Flores, 2017; Cruz and Flores, 2017; Dien et al., 2022; Epelle et al., 2022; Huang et al.,
2023; Jhunkeaw et al., 2021, 2020; Linh et al., 2022, 2021; Ng et al., 2023; Nghia et al., 2022;
Saijai et al., 2019; Seridou and Kalogerakis, 2021; Yang et al., 2023), and iv) antimicrobial
effectiveness on fresh vegetables (He et al., 2015; Ushida et al., 2017). More than 50 peer-reviewed
articles on various applications of ozone MNBs or NBs were reviewed and summarized in Table
Al. NBs generation and characterization methods, stability of ozone NBs, ROS characterization
and quantification, and comparisons of conventional ozone with ozone MNBs/NBs were

summarized based on publications between 2011 and 2023 in Table Al.

The studies employed a variety of MNBS/NBs generators, including venturi-type,
ultrasonication, nozzle, orifice plate, and membrane-based generators (Agarwal et al., 2011,
Aluthgun Hewage et al., 2021, 2020; Batagoda et al., 2019; Hutagalung et al., 2023; Jhunkeaw et
al., 2021; Maie et al., 2020). Information that is missing from the literature includes Information
on the operational conditions, limitations of the technologies, commercial availability, feasibility
to apply in a full-scale treatment, and ozone resistance of generators it is crucial to have that type

of information for a comprehensive understanding of ozone NB technology.
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Additionally, NanoSight (NS300, NS500, or LM-10), Delsa™ Nano C, microscopy,
ZetaView and Zetasizer were the most commonly used instruments to characterize bubble size,
concentration, and size distribution (Agarwal et al., 2011; Aluthgun Hewage et al., 2021, 2020;
Batagoda et al., 2019; Cruz and Flores, 2017; Epelle et al., 2022; Farid et al., 2022; Hashimoto et
al., 2021; Hu and Xia, 2018; Jhunkeaw et al., 2020, 2021; Lee et al., 2023; Maie et al., 2022; Xia
and Hu, 2018; Zhu et al., 2022). While NanoSight instruments can also measure bubble
concentration, the Zetasizer used in the reviewed studies were only capable of measuring bubble
size. Another important characteristic of bubbles is their surface charge, which was monitored
using Zetasizer and Delsa™ Nano C, using the technique of dynamic light scattering (DLS), in

previous studies.

Furthermore, the concentration change in time or longer-term stability of ozone NBs was
not investigated in any of the studies reviewed. Only one study monitored the stability of ozone
NBs in ultrapure water at pH 7-7.5, and the longest storage time was 14 days (Farid et al., 2022),
suggesting that the stability of ozone NBs in natural water conditions is not well understood and

requires further research.

The most important factor to consider when studying ozone is how many *OH radicals are
created in the NBs solution. The factor is crucial because *OH radicals are highly reactive and can
be used to disinfect water and degrade organic pollutants. However, only a few studies detected
*OH radicals in ozone NBs applications. The radicals were detected using electron paramagnetic
resonance (EPR), para-chlorobenzoic acid (pCBA), fluorescent probes, or formaldehyde capture
methods. While EPR only showed the signal in the presence of radicals (without identification or
quantification), degradation of pCBA was used to calculate *OH radical exposure in some of the

studies. Additionally, formaldehyde and 7-hydroxycoumarin production was used to estimate *OH
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radicals in ozone NBs studies. However, assumptions, limitations, and the effects of environmental
and experimental conditions were not clarified for the measurement of «OH radicals. Since *OH
radicals are the most significant nonselective strong oxidant in ozone applications, their
determination and quantification should be a top priority for ozone NBs researchers. Therefore,

further investigation and development are still needed in the area.

Ozone NBs technology offers several advantages over conventional ozonation, including
higher ozone solubility, enhanced mass transfer, and improved disinfection and oxidation
efficiency, according to current theoretical information and experimental results from some
studies. However, there is no comprehensive understanding of the various effects of environmental
and operational conditions on the performance of 0zone NBs. Therefore, side-by-side comparisons
are needed to evaluate the advantages and limitations of ozone NBs over conventional ozone and
0zone with macro- or microbubbles. Although some studies in the review showed the performance
of ozone NBs, they did not compare it with conventional ozonation for the removal of target
compounds (Batagoda et al., 2019; Hu and Xia, 2018; Jhunkeaw et al., 2021, 2020; Maie et al.,
2020). For these reasons, there are knowledge gaps in the literature to comprehensively understand

and apply ozone NBs technology for various areas.

The following topics need to be investigated and addressed for a fundamental

understanding of ozone NBs:

e Characterization and stability of ozone NBs: The effect of each parameter on the
behavior of ozone NBs should be investigated individually because it will provide valuable
insights into the underlying mechanisms. For example, understanding how ozone NBs
interact with different types of organic matter and inorganic particles in water will be

crucial for optimizing their performance in natural water applications. By thoroughly
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characterizing and understanding the behavior of ozone NBs, researchers and engineers
can develop more effective and efficient ways to use them for water and wastewater
treatment. Such knowledge could lead to significant improvements in water quality and

public health.

Measurement of ozone NBs in natural water: New methods must be developed to
measure ozone NBs in real water conditions with background particles, which is essential
for assessing the efficiency and fate of ozone NBs applications in natural water and

wastewater applications.

Formation and quantification of ROS: The formation and quantification of ROS,
especially «OH radicals, should be investigated under various conditions and compared to
conventional ozone under the same experimental conditions. Since there is no direct
measurement of *OH radicals, the current methods should be assessed, and a quantitative
measurement of «OH radicals should be provided with the most accurate and appropriate

methods to further evaluate the technology and its limitations.

Ozone mass transfer and decomposition rate: Ozone mass transfer and decomposition
rates should be tested and compared for each specific NBs generation system and
conventional ozonation, as there is a lack of understanding regarding the impact of different
generator types, operating pressures, and gas flowrates on ozone NBs characteristics and
reactivity. Additionally, the effect of NBs concentration and size on ozone dissolution in

water should be specifically investigated to assess the capacity of each system.

Effect of experimental and environmental conditions: The experimental and

environmental conditions for each experiment should be clearly defined, as ozone is highly
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sensitive to changes in water parameters. The information will facilitate comparisons

between studies and generate novel ideas for future research objectives.

e Assessment of ozone NBs performance in natural water with real water pollutants:
The removal of target compounds by ozone NBs in ultrapure water is not a representative
study to assess the limitations or advantages of the technology. Testing ozone NBs in real
water with background organic matter, alkalinity, and other constituents will demonstrate
their realistic performance for further evaluation. Additionally, comparing ozone NBs to
conventional ozone under the same experimental conditions will be beneficial for

evaluating their performance.

e The accurate classification of bubbles (NBs, MBs or MNBs): NBs and MBs should be
distinguished from each other, as they have different physicochemical and chemical
properties. Compared to MBs, ozone NBs persisted in water for a long period of time and
prolonged oxidation efficiency for the remediation of both organic and inorganic

contaminants.

Fundamental understanding and application of ozone NBs technology is critical to
significantly enhancing ozonation efficiency and effectiveness, reducing cost and chemical use,

and providing opportunities for the development of innovative treatment approaches.
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2.3.  NBs Generation and Detection Techniques

Various techniques including electrolysis, ultrasonic cavitation, venturi, nozzle and
diffuser system, and membranes have been used to generate NBs of different gases such as
air, oxygen, nitrogen, carbon dioxide, hydrogen, or helium (Bu and Alheshibri, 2021;
Favvas et al., 2021; Gurung et al., 2016; Khan et al., 2020; Pourkarimi et al., 2017; Zhou
et al., 2021; Zhu et al., 2016). These systems are, in general, controlled by hydrodynamic
forces, and most NBs generators are spiral liquid-flow, diffuser-nozzle, plate diffusers or
membrane systems. The performance, evaluation and comparison of these techniques and
their applications in freshwaters and water treatment settings are still open to discussion

since most published studies have been conducted in lab-scale experiments.

One area of study that has been greatly overlooked is the ability to accurately
measure NBs in natural waters in the presence of ubiquitous background particles. NBs in
water can be detected using different methods: nanoparticle tracking analysis (NTA),
dynamic light scattering (DLS), and electrical sensing zone (ESZ) (Ulatowski et al., 2019;
Wang et al., 2019; Zhou et al., 2021). The NTA method captures the movement of all
scattering particles in the solution with a field microscopy. It analyzes and differentiates
bubbles that are moving due to Brownian motion with 10-1000 nm size. It has been shown
that the sensitivity of DLS and ESZ is less than NTA in the presence of polydisperse
particles in solution (Fan et al., 2021b; Zhou et al., 2021). Compared to DLS and ESZ,
NTA provides higher resolution and sensitivity for small particles. Also, NTA has the
capability to measure 10-1000 times less concentrated samples than DLS and ESZ (Fan et

al., 2021b; Nobbmann, 2016). While NTA provides both the number and size of particles
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in solution, DLS measures the size of particles in solution (Nobbmann, 2016). However,
all these methods have a common shortcoming, the presence of background particles limits

the sensitivity and accuracy of the analysis.
2.4. ROS Detection and Quantification Methods

NBs have been reported to generate various ROS, including hydroxyl radicals
(*OH), superoxide anion radicals (O2"), and singlet oxygen (*Oz). However, for ROS from

ozone NBs, limited studies have been conducted.

The most significant key parameter for ozone studies is the detection and
quantification of *OH radicals formed in the NBs solution. *OH radicals are highly reactive
and short-lived, making direct quantification impossible. However, there are a number of
indirect methods, with different chemical probes, that are used to characterize *OH radicals
in ozone microbubbles (MBs) or NBs solutions [e.g., disodium terephthalate (Chu et al.,
2007; Sun et al., 2020), p-chlorobenzoic acid (p-CBA) (Achar et al., 2020; John et al.,
2022; Khuntia et al., 2015; Temesgen and Han, 2021; Yang et al., 2021), tert-butyl alcohol
(TBA) (Fan et al., 2021a, 2020; Khuntia et al., 2014), and iso-propy| alcohol (IPA) (Jabesa
and Ghosh, 2016)]. However, there is no literature available to characterize other reactive
oxygen species in ozone MBs/NBs solution including superoxide anion radicals (Oz¢—),

hydrogen peroxide (H202), singlet oxygen (*O2) and carbonate radical (COss).

Disodium terephthalate (TP) was used as a probe molecule for the measurement of
*OH radicals (Chu et al., 2007; Sun et al., 2020) in 0zone MBs solutions, which resulted in

1.29 pg/L of «OH concentration. TP produces 2-hydroxy terephthalate (TPOH) with «OH
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radical which is fluorescence active. The reaction yield of TPOH has been known to be

35%, which can be used to quantify the *OH radicals in the solution (Zerjav et al., 2020).

As an indirect method, p-CBA has been used for the detection of *OH in ozone
MBs/NBs solutions (Achar et al., 2020; John et al., 2022; Khuntia et al., 2015; Temesgen
and Han, 2021; Yang et al., 2021). pCBA is used as a probe compound for hydroxyl radical
exposure calculation because it has a low reaction rate constant with ozone (ko,+pcea<0.15
M-1st) but a significantly higher reaction rate constant with *OH radicals (K-on+pca =5 X
10° M1 sy (Buxton et al., 1988; Fischbacher geb Jarocki, 2017; Khuntia et al., 2015; Neta
etal., 1988). The formation of the *OH radical was calculated by the degradation of p-CBA
in the solution. Using the p-CBA method, very low levels (i.e., nM) of *OH radicals have
been reported in ozone MBs/NBs solutions. It is a promising and widely used method for
conventional ozone studies, but water quality parameters can impact measurements, as
ozone decay is sensitive to the presence of organic matter, alkalinity, and various pH values
(Fischbacher geb Jarocki, 2017). Therefore, main conclusions should be made with caution

when using the method, especially when there are significant differences in water quality.

Other radical quenchers such as TBA and IPA have also been used to quantify the
ROS formation in ozone MBs solutions (Jabesa and Ghosh, 2016; Khuntia et al., 2014). In
addition, a colorimetric method, where formaldehyde was produced from TBA by «OH
radical oxidation, has been deployed to quantify *OH radicals in ozone MBS/NBs system
(Fan et al., 2020, 2021a). However, the presence of ozone in the solution can lead to the
formation of superoxide radicals, which can increase the yield of *OH radicals. Thus, in

the presence of ozone, formaldehyde can be formed from other reactions besides the
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reaction with *OH radicals (Fischbacher geb Jarocki, 2017; Ulanski and von Sonntag,

1999), which can lead to an overestimation of the yield of *OH radicals.

Today, there is no comprehensive study available in the literature showing the
characterization and quantification of various ROS (*OH, O, and '0,) in ozone NBs
systems. Electron spin resonance (ESR) spectra have been used as direct evidence of *OH
radical formation (Michailidi et al., 2020; Minamikawa et al., 2015; Yamaguchi et al.,
2021) but the signals of «OH radicals can be blended with other types of radicals coming
from organic contaminants, thus it may be difficult to distinguish and quantify specific
ROS concentrations by the method (Michailidi et al., 2020; Pei et al., 2020). Further, since
ESR depends on the intensity of the adduct compound during the detection of the *OH
radicals; sometimes complex reactions or false positive signals can be detected (Pei et al.,
2020). The chemical instability of spin adducts makes the ESR method weak, and the
commonly used spin trap, DMPO, is known to be a highly cytotoxic compound (Hosokawa
et al., 2002). Moreover, sometimes complex reactions or false positive signals can be
detected because of the instability of spin adducts (Pei et al., 2020). Furthermore, trapping
products are continuously formed and transformed, which may change the ESR intensity.
Therefore, the stability of the trapping product, reaction time, and the residual
concentrations of ozone and ROS in the collected sample can have an impact on the ESR
intensity. Therefore, «OH radicals’ measurement with ESR method needs to be supported

by other methods to quantify the formed radicals in the solution.
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2.5. MIB and Geosmin Removal

Significant research efforts have been directed to control the level of MIB and
geosmin in drinking water. Although conventional treatment processes, such as
coagulation, sedimentation and chlorination, are ineffective for the removal of
MIB/geosmin, activated carbon (AC) adsorption, advanced oxidation process, and
biofiltration have been shown to be effective (Beniwal et al., 2018; Kim and Park, 2021b;
Liang et al., 2007; Peter and von Gunten, 2007; Srinivasan and Sorial, 2011; Westerhoff et
al., 2006; Xie et al., 2015). The seasonal nature of taste and odor manifestations precludes
the installation of treatment technologies exclusively for treating taste and odor.
Furthermore, the incorporation of these techniques requires retrofitting the treatment train

within the water treatment facility, significantly increasing the treatment costs.

Previous studies have shown the occurrence of MIB and geosmin in surface water
reservoirs worldwide due to the seasonal algal bloom, which is due to the metabolism of
the Cyanobacteria known as blue-green algae and Cyanophyta (Westerhoff et al., 2005;
Jittner and Watson, 2007; Kim and Park, 2021; Watson et al., 2008; Wert et al., 2014).
The maximum concentration of MIB can approach 100 ng/L in reservoirs serving as the
major water supply system for Phoenix, AZ (Westerhoff et al., 2005). Another study
indicated maximum concentrations of geosmin (19 ng/L) and MIB (3 ng/L) in three Swiss
lakes due to their different nutrient levels from eutrophic to oligotrophic (Peter et al., 2009).
Another survey of 59 drinking water treatment plants in the Great Lakes region showed
that the occurrence of the two taste/odor compounds was widespread, with a significant

number (20%) of utilities reporting annual outbreaks during the summer months with even
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a higher number (27%) experiencing sporadic episodes (Watson et al., 2008). In addition
to seasonal algal blooms, reuse of wastewater effluent can increase the input of MIB and
geosmin to drinking water sources. For example, median concentrations of MIB (11 ng/L)
and geosmin (27 ng/L) were reported in municipal wastewater secondary effluent (Agus et

al., 2011). Table 2.1 summarizes physico-chemical properties of MIB and geosmin.

Table 2.1. Chemical and physical properties of MIB and geosmin

Property MIB Geosmin References
Chemical Formula C11H120 C12H220
Molecular Weight (g/mole) 168.28 182.31
. 3 (Hafuka et al., 2019;
Density (g/cm®) 0.929 0.949 Mustapha et al., 20213)
Solubility in water 194.5 150.2
Hydrophobicity (Log Kow) 3.1 3.7
Second order rate constant,
Koa(M 1 s1) 1 75
(Westerhoff et al., 2006)
Second order rate constant, 8.2 x 10° 1.4 x 101
Kon(Mts™) ' '
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CHAPTER 3

MATERIALS AND METHODS

In this chapter, an overall description of experimental materials and methods used
in the research will be provided. Since different samples and methods were involved in
different phases of the study, in each chapter there will be a short experimental materials

and methods section to list the experimental matrix conducted for a particular chapter.

3.1. NBs Generation

NBs were generated in distilled and deionized (DDI) water using a commercially
available NBs generator (Nano Bubble Technologies (NBT), Sydney, Australia). The NBT
NBs generator has a ceramic membrane for the generation of NBs (Figure 3.1). A 70-L
metal container was used for the NBs generating system filled with 65 L water while
supplying different types of gas such as oxygen, nitrogen, air and ozone. A stainless-steel
system was needed to conduct experiments with ozone. The manufacturer recommended
operational parameters for the optimum gas feed pressure of 60 psi and the gas flowrate

ranged from 1-10 L/min (LPM). The water flowrate was 87 L/min.
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Figure 3.1. Illustration of NBs generation system

For most experiments, the NBs generator was operated for 6 hours. When the pump
was turned on, a rotameter was fully closed (i.e., gas flow is zero), and suction and
discharge valves connected to the water container were opened. Before injecting gas, water
in the tank was circulated for about two minutes which allowed about 5 cycles of water
circulation, and then the background samples (i.e., control samples at time=0) were taken
from 2-3 inches below the water surface using vials rinsed with circulated water three
times. Vial caps were screwed below the water surface to ensure that there was no
headspace in the vials. The control samples were analyzed on a NanoSight NS300 for NBs,
which is described below. After collecting the control samples, the gas supply to NBs
generator was turned on. The bubble generator was run until the solution reached the gas
saturation point, then samples were collected at different time intervals. Collected NBs
solutions were analyzed on NS300 for bubble size and concentration. To distinguish NBs

in a solution from other particles in the background water, a control sample was always
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used for comparison with a sample containing NBs. In addition, to obtain a sufficient NBs
density for reproducible NanoSight results, oxygen NBs samples were collected after
dissolved oxygen reached the supersaturation level and water was circulated at least 10

more cycles.
3.2. Nanobubble Characterization: Particle Size Distribution

To quantify the bubble numbers and sizes, a NanoSight NS300 (Malvern
Instruments Ltd., UK), which was developed based on a noninvasive technique, i.e.,
nanoparticle tracking analysis (NTA), was used (Figure 3.2). To obtain particle size
distributions of samples in liquid suspension, properties of both light scattering and
Brownian motion are utilized. A laser beam is passed through a prism-edged glass flat
(optical flat) within the sample chamber. Green laser light with a 532 nm wavelength was
used to characterize NBs during the study. NBs in the path of the beam scatter light and
can be easily visualized via a long working distance (x20 magnification) microscope. A
charge-coupled device (CCD), electron multiplied CCD, or high-sensitivity CMOS camera
is mounted on the microscope and operated at 30 frames per second on the NSS300. The
CCD or CMOS captures a video file of NBs moving under Brownian motion. Therefore,
NBs can be indirectly tracked, and their Brownian motion analyzed in real time. Based on
the information, size distribution and concentration of NBs from 10 nm to 2000 nm can be
determined with the NS300. The NanoSight instrument works with particle concentrations
in the range of ~107— 10° particles/mL, which is approximately 20-100 particles in the field

of view. Camera level, focus and detection threshold are three important parameters during
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the analysis. These parameters are adjusted based on the sample’s characteristics. Mono

vs. polydisperse samples have different behavior and characteristics.

Figure 3.2. NanoSight NS 300 (Malvern Instruments Ltd., UK).

Before determining the particle size distribution of generated NBs, the NanoSight
analysis chamber was flushed with 1-2 mL of DDI water to remove any contaminants.
After the flush, the syringe was carefully removed while holding the end of the injection
line, and 2-3 drops of DDI water were added to the injection line connector to create a
water seal that is required to prevent the introduction of larger bubbles when switching
between the DDI rinse syringe and the 1 mL NBs sample syringe. If large bubbles are
introduced, they would be trapped in the analysis chamber and impact the accuracy of the
NanoSight analysis. Then the camera was turned on so that the view of the analysis
chamber was visible on the monitor. Focus and the camera level were adjusted based on
the characteristics of the sample. If the screen appeared to have significant background

noise, the analysis chamber needed to be disassembled and cleaned. Finally, after adjusting
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the quick or standard measurements parameters (number or captures and duration), the

measurement of NBs was started.

The parameters used to characterize nano-sized bubbles are given in
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Table 3.1. Longer measurements increased the accuracy and reproducibility of the
data. The particle concentration standard deviation can be used as an indication of the
accuracy of the NanoSight analysis. Typically, standard deviations that are less than 15%
of the particle concentration are acceptable for NanoSight analysis. After measuring the
samples, the analysis chamber was cleaned with DDI (or a solution of up to 10% ethanol,
if needed), and then the optical flat was wiped gently with a soft dry tissue to remove any
streaks from the optical surface and dried with compressed air. Figure 3.3 shows an
example of the particle size distribution and size/intensity data of NBs generated in DDI

water. The highest peaks were observed around a bubble size of 100 nm.
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Table 3.1. NanoSight analysis parameters

Capture Settings

Camera Level 13-16
Pump Speed 25
Camera Gain 1
Number of Captures 5
Capture Duration 60 Seconds
Focus Specifications

Camera Type CMOS
Laser Type Green
Slider Shutter 1300
Slider Gain 512
Temperature Default
Viscosity (Water)
Analysis Settings

Threshold 9- 20
Blur size Auto
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Figure 3.3. (A) Particle size distributions of NBs in the unit of million particles/mL and
(B) intensity in the unit of a.u with five measurements per sample (each color representing

one measurement).

To test and confirm the detectable range and reproducibility of NBs measurements
using a NanoSight instrument, standard calibration solutions in the range of ~10’— 10°
particles/mL were prepared with highly uniform polystyrene latex spheres (100 nm), as
recommended by the manufacturer, by diluting with DDI. Table 3.2 and Figure 3.4 show
the results of calculated and measured concentrations and particle size of the latex standard
particles. Nano-sized particle concentrations measured using NanoSight are linearly
correlated with calculated concentrations with R?=0.997. Table 3.3 shows the results of
reproducibility tests with 100 nm latex standard solution at 2.3 x 108 particles/mL.
NanoSight provided relatively consistent particle concentrations for 10 repeated
measurements of the same latex standard sample with about 2.3% relative standard

deviation.
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The background nano-sized particle level in the DDI water from the laboratory

ranged from 1.6 to 2.0 x 107 particles/mL for multiple measurements. The concentration

of NBs in my samples have always been at least 4-5 times higher than the background

levels and the NBs concentrations were always determined in the study by subtracting

background particles.

Table 3.2. NanoSight calibration test results conducted with 100 nm Latex standard

solutions.
Calculated ) ) )
) Measured concentration Mode size | Mean size
concentration )
_ (particles/mL) (nm) (nm)
(particles/mL)
2.15E+07 3.28E+07 108 138
4.30E+07 4.30E+07 119 139
8.60E+07 8.00E+07 119 135
2.15E+08 2.70E+08 107 117
4.30E+08 4.72E+08 100 107
1.08E+09 1.37E+09 97 100
2.15E+09 2.60E+09 80 83
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Figure 3.4. Calibration curve obtained with 100 nm Latex standard solutions.
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Table 3.3. Reproducibility of the NanoSight measurement with a 100 nm Latex standard
solution

Measurement| Mode size Mean size | Concentration Std. Dev.
number (nm) (nm) (particles/mL)
1 115 125 2.49E+08 3.16E+06
2 123 133 2.38E+08 3.54E+06
3 118 130 2.30E+08 3.53E+06
4 115 130 2.33E+08 3.72E+06
5 127 134 2.37E+08 3.85E+06
6 124 134 2.34E+08 3.91E+06
7 116 131 2.33E+08 3.70E+06
8 115 131 2.36E+08 3.50E+06
9 114 129 2.39E+08 5.85E+06
10 114 129 2.42E+08 5.94E+06
Average 118 131 2.37E+08
Std. dev. 4.7 2.8 5.43E+06
Coefficient of 2 29E-02
variations
Relative std. 23
dev. (%)

3.3.  NBs Characterization: Zeta Potential Measurements

To investigate the gas—water interfacial electrical charge of NBs, the zeta potential,
which is the electrical potential at the slipping plane between the bulk liquid and gas, was
measured using a Brookhaven 90Plus Particle Size Analyzer (Figure 3.5). An increase of
negative zeta potential value indicated an increase in the NBs stability (Hewage et al.,

2021; Meegoda et al., 2018). In general, NBs have a high zeta potential, meaning their
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interaction with surrounding colloidal particles is stable compared to larger bubbles (i.e.,
microbubbles and macrobubbles). A fundamental zeta potential ({) calculation method for

NBs is the application of the Smoluchowski equation (Equation 3.1) (Takahashi, 2005):
DE:47[808T§CM (1+xr) Equation 3.1

where ve is their mobility; € and ¢ are the relative dielectric constant and the
electrical permittivity of a vacuum, respectively; [ is the solution viscosity; r is the particle
radius; and k =(2noz%e%/ereoksT )2 is the Debye—Hiickel parameter; no is the bulk ionic
concentration; z is the valence of the ion; e is the charge of an electron; kg is the Boltzmann
constant; and T is the absolute temperature. The instrument detects the electrophoretic
mobility (horizontal speed in the recorded image) of the bubble at the stationary plane in

the measurement cell, and the zeta potential is then calculated from the recorded speed.

Figure 3.5. Brookhaven 90PIlus particle size analyzer.

For zeta potential measurements, 1.6 mL of NBs sample was added to the sample

cell and the electrodes were fully inserted into the cell. Any sample spilled over the surface
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of the cell was removed with a tissue. The cable terminated connector on instrument was
plugged to the connector of the electrodes and the cell was placed into the sample cell
holder. Then the sliding door was closed. After adjusting measurement parameters such as
pH, water type, viscosity, temperature, etc., the run time and cycle time were properly
selected. Before each sample measurement, a known specific zeta potential was checked
with a BI-ZR5 standard solution with a mean zeta potential value of —44 (£8) mV and

conductance of 320 uS * 10%.
3.4. Reactive Oxygen Species (ROS) Measurement

*OH radical is one of the major species that plays an important role in the
degradation mechanism of NBs solutions. However, direct measurement of *OH is very
difficult because of its high reactivity resulting in an extremely short lifetime (often 10 s)
(Ishibashi et al., 2000). Therefore, indirect methods are often used to assess the radical’s
contribution in the degradation processes. In these indirect techniques, a probe molecule is
added into the reaction medium as a radical trap that reacts with *OH radicals to form stable
hydroxyl radical adducts detectable with a well-established method. Terephthalate or
terephthalic acid (TP) is a slightly fluorescent probe molecule that yields highly fluorescent
adducts upon reacting with *OH (Hirano and Kobayashi, 2016; Ishibashi et al., 2000; Page
et al., 2010) as shown in Scheme 1. TP can selectively react with hydroxyl radicals in the

bulk solution (Song and O’Shea, 2007).
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TP TPOH

Scheme 1.TP reacts with *OH and forms fluorescent 2-hydroxyterepthalate (TPOH).

3.4.1. Measurement of *OH in liquid phase using TP trap

Disodium terephthalate was used to scavenge *OH and to produce TPOH with a
percent yield of 35 % (Fang et al., 1996; Matthews, 1980; Zerjav et al., 2020). Terephthalic
acid can be used also for the «OH radicals trap, but it has a low solubility in water (i.e.,
0.017 g/L) at acidic and neutral pH, dissolving only at pH 10-11 (Hayashi et al., 2016;
Matuszek et al., 2020). Therefore, disodium terephthalate, the dianion of terephthalic acid,
was used for experiments with its higher solubility (i.e., 130 g/L) (Hayashi et al., 2016;
Rezazadeh et al., 2021). In a typical experiment, 40 pL of 50 mM TP aqueous solution was
transferred to a centrifuge tube and mixed with a 3.96 mL aliquot of NBs solution taken at
a specific time to make 4 mL total volume for spectrofluorometric analysis. TPOH was
excited at 315 nm to emit fluorescence at 425 nm, which was measured on a Shimadzu
RF5301PC spectrofluorometer. The instrument was calibrated against a series of standard
TPOH concentrations ranging from 1 to 1000 nM (1, 10, 50, 100, 250, 500, 750, and 1000
nM). By using the fluorescence intensity of TPOH at 425 nm, a calibration curve was

plotted with a linear trendline going through the origin (Figure 3.6). The slope of the
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equation was 0.6083 with an R? value of 0.9997. The calibration curve equation was used

to calculate the concentration of *OH in the NBs solution.
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Figure 3.6. The calibration curve for TPOH, 1-1000 nM

The initial concentration at time =0 and decay of TP were measured with UV-Vis
optical spectra using a Shimadzu 1800 spectrometer. The instrument was calibrated against
a series of standard TP concentrations ranging from 1 to 100 uM (1, 10, 25, 50, and 100
uM). The spectra of TP are shown in Figure 3.7 with an absorption peak at 240 nm, which
is the characteristic peak for TP (Caire-Maurisier et al., 2019; Pirillo et al., 2021;

Ravichandran et al., 2016).
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Figure 3.7. (A) UV-Vis optical spectra of TP and (B) calibration curve for TP
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3.5.

Other Analytical Methods and Minimum Reporting Levels (MRLSs)

A summary of all other analytical methods and MRLs used in the project is

presented in Table 3.4.

Table 3.4. Other analytical methods and minimum reporting levels

. Measurement . MRL or
Parameter Unit method Equipment Accuracy?®
Dissolved
Organic Carbon | (mg/L) SM°® 5310B Sh-irn?zf(:j-z\leCHg’r 0.1
(DOC)? -
Dissolved High Temp. Shimadzu TOC-
Nitrogen (DN) (mg-NL) | combustion Vchs & TNM-1, 0.1
UV Absorbance? SM 5910 Varian Carry 50 +0.0042
CI\Br,BrOs, | .\ | USEPAMethod | ICS 2100, Dionex Cl ’ﬁgi Bros=s,
NO2", NOs 300 Corp. NO; =20
pH SM 4500-H* VWR Symphony +0.01%2
Dissolved Thermo Scientific a
Oxygen (DO) (mg/L) Sensor method Orion 5-Star Meter 0.1
Ozone (mg/L) SM 4500-03 HACH Test Kit 0.02
Residual
Free/Combined (mg/L) SM 4500-CI F N/Af 0.05
Chlorine

2 as reported by the manufacturer. : reagent grade potassium hydrogen phthalate was used to prepare
external standards. Precision ranged from 0.05 to 0.15 mg/L. ¢ Standard Methods (“5310 Total Organic
Carbon,” n.d., “5910 UV-Absorbing Organic Constituents,” n.d.; American Public Health Association,
American Water Works Association, 2023) . 9 measured at wavelengths of 254 nm using a 1 cm cell. &

Accuracy (pH units). : Not applicable
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CHAPTER 4

STABILITY OF OXYGEN NANOBUBBLES UNDER FRESHWATER

CONDITIONS

4.1. Introduction

Nanobubbles are spherical packages of gas within liquid and are operationally
defined as having diameters less than 1000 nm, though typically, the average size is around
100 nm (Atkinson et al., 2019). Superior characteristics of NBs to larger bubbles (e.g.,
improving the mass transfer in the gas-liquid interface, being stable up to a couple of
weeks, and forming reactive oxygen species (ROS) with high oxidative potential) have
been suggested to promise great potential for addressing a variety of challenges in water
treatment in recent decades (Atkinson et al., 2019). Various lab-scale studies have tested
their potential for aeration in biological water treatment, water disinfection, membrane
defouling, and groundwater and sediment remediation. These studies aimed to downsize
facilities and reduce operational time and maintenance costs of water-treatment plants,
while achieving greater contaminant removal efficiency (Agarwal et al., 2011; Batagoda
et al., 2019; Hu and Xia, 2018; Rosa and Rubio, 2018). The NBs technology has also been
examined in many other sectors such as agriculture (Wu et al., 2019) and medical science

(Hayakumo et al., 2014; Lukianova-Hleb et al., 2014; Yin et al., 2012).

Although NBs are attracting significant attention due to their unique

physiochemical characteristics, their existence and stability have been questioned since the
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pressure inside a bubble is higher than the outside liquid pressure due to surface tension.
Such excess pressure which is called Laplace pressure, can be expressed as 26/R, where ¢
is surface tension and R is a bubble radius. A bubble with R=100 nm (surface tension = 72
mN/m and atmospheric pressure in the surrounding water = 105 N/m?) would give an
internal pressure of 1.5 MPa (Attard, 2014; Millero, 2001). Thus, such a bubble is expected
to be immediately dissolved into the surrounding liquid with a driving force between the
gas interface and the liquid interface. Nevertheless, the existence of NBs has been reported
in various experimental observations with lifetimes of NBs reported to be days to months
(Duval et al., 2012; Liu et al., 2016; Nirmalkar et al., 2018a; Ushikubo et al., 2010a). The
stability of NBs has often been attributed to a high negative zeta potential (Hewage et al.,
2021; Meegoda et al., 2018). Several studies revealed that the negative surface charge on
NBs is most likely due to the preferential adsorption of hydroxide ions, and thus NBs are
more stable at higher pH (Hamamoto et al., 2018; L. Wang et al., 2020). A number of
speculative interpretations have been postulated, but neither a complete physical model nor

convincing theory on NBs stability has yet to emerge.

The most distinguishing property of NBs is their unusually long lifetime. NBs, once
formed, are highly persistent (Zimmerman et al., 2011) and stable for hours (Lou et al.,
2000), days (Liu et al., 2013; Ohgaki et al., 2010; Ushikubo et al., 2010b), and even months
(Duval et al., 2012; Nirmalkar et al., 2018a). Monitoring NBs suspensions over long
periods of time showed that the mean bubble diameter and zeta potential remained
approximately unchanged, but the bubble number density gradually decreased with time.

On the basis of molecular dynamics simulations, Weijs et al. (2012) had reported earlier

41



that diffusive shielding stabilizes bulk NBs clusters. More recently, Nirmalkar et al. (2018)
suggested the following three possible mechanisms by which NBs can disappear: i) if their
surface charge is neutralized; ii) if they contact with a hydrophilic surface such as a glass
storage vial; and iii) if they interact with the surface of the solution or near to surface of

the solution.

At this point, the impacts of several freshwater background parameters such as pH,
temperature, ionic strength, hardness, and the presence of oxidants, salts, and natural
organic matter (NOM) on the stability of NBs are still largely unknown. Tyrrell and Attard
(2002) reported that bubble size increases as pH decreases and vice versa, and the discrete
nature of the bubbles is enhanced because of the increase in surface charge and
corresponding repulsion between neighboring sites on the surface of NBs at high pH. NBs
may also stabilize themselves through ionic shielding and diffusive shielding. For instance,
Ohgaki et al. (2010) showed that the interface of NBs consists of hard hydrogen bonds,
like the ones found in ice (i.e., shorter length of hydrogen bond than water with lower
frequency O-H vibrations) that can markedly reduce the diffusivity of gas from the NBs.
Although some pieces of information are available in literature as summarized in Table
B1, a consensus has not yet been reached, and information about the impacts of the solution
properties on the stability of NBs for a long storage period under typical freshwater
conditions remains elusive. The dearth of information is partially because of the lack of
analytical techniques to measure NBs concentrations accurately in freshwaters or other

natural waters due to interferences from background particles.
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The main objective of the present study was to conduct a comprehensive
investigation to systematically examine the stability of oxygen NBs in water under various
conditions that are closely related to a typical freshwater (e.g., soft water vs. hard water,
low specific UV absorbance at 254 nm (SUVA2s4) vs. high SUVA2ss water, pH,
temperature, ionic strength, and the presence of an oxidant). Understanding the impact of
water chemistry on the stability of NBs is critical for the development of different
applications in aquatic systems. NBs stability was evaluated by monitoring the change in
the bubble concentrations and size distribution including average diameter and zeta
potential with time. In addition, the formation of hydroxyl radical (*OH) was investigated
using disodium terephthalate which forms fluorescent adducts with *OH in the presence of

oxygen NBs under the selected conditions.
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4.2.  Materials and Methods
4.2.1. NBs preparation and storage for 60 days under various conditions

Oxygen NBs were generated in distilled and deionized (DDI) water using a
commercially available NBs generator (Nano Bubble Technologies (NBT), Sydney,
Australia). Ultra-high-purity oxygen (99.994%) was used as the gas source for preparing
oxygen NBs at 4 L/min of oxygen gas flowrate at 60 psi gas pressure. After 90 minutes of
NBs generation to ensure that NBs concentration reached the maximum, NBs samples were
transferred into 40 mL amber glass vials. The transferred NBs samples were closed with
caps with no headspace in the vials. | examined if container materials affected the NBs
stability since Nirmalkar et al. (2018) reported that NBs could collapse if they come in
contact with the hydrophilic surface of the glass storage vial. However, no significant
difference was observed in the NBs concentrations between amber glass vials and

polypropylene tubes.

The initial oxygen NBs concentration and dissolved oxygen (DO) concentration
were 1.0 x 108 particles/mL and 42.9 mg/L, respectively. DO concentration was measured
by placing the probe of a dissolved oxygen meter (Thermo Scientific, Orion 5 Star) directly
into the samples. The vials were stored at room temperature except for the temperature
effect experiments (i.e., 10 and 30 °C). The initial pH of the NBs samples was 6.5. After
1,3,7,14, 21, 28, 35, 42, and 60 days, the vials were opened and the stability of NBs were

monitored by measuring NBs concentrations and size distributions along with DO levels,
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zeta potential, pH, UV absorbance at 254 nm, and dissolved organic carbon concentration

(DOC).

To examine pH effect, the solution pH was adjusted in the vials at 3, 5, 6.5, and 9
with HCl and NaOH (no buffer used). To test the effect of aromaticity of NOM on the NBs
stability, two NOM extracts which were available in our laboratory from a previous study
(Song et al., 2009) were used at 5 mg DOC/L: 1.7 L/mg.m for low SUVA24 and 4.1
L/mg.m for high SUV Azs4. SUVA2s4, Which is the ratio of UV2s4 to DOC, can be used to
estimate the percentage of aromatic carbon content of NOM. It is also an indicator of
aromaticity and chemical reactivity for aquatic organic matter samples from a wide range
of water sources (Karanfil et al., 2002). For the cation and ionic strength effects, 9 mM
CaCl, or NaCl was added to the NBs samples. Hardness was created by adding CaCl; to
achieve 300 mg/L as CaCOs. Also, the combined effect of high SUVA2s4 (4.1 L/mg.m)
NOM at 5 mg DOC/L and 3 mM Ca?* as CaCOs was investigated. Lastly, for the
temperature effect, samples were stored at 10, 20, and 30 °C. Samples for the target
temperatures of 10 and 30 °C conditions were kept in a refrigerator and a water bath,
respectively. Samples for NBs stability was also examined in the presence of chlorine, a
commonly used oxidant during water treatment. All samples and blanks/controls were
prepared and analyzed in triplicates or duplicates, and the average values are presented.
Overall, my approach was to create the key properties of freshwater by systematically
controlling them in DDI and examining the change in NBs levels and characteristics in the

water.
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4.2.2. Measurement of NBs concentration and zeta potentials

The concentration, mean and mode size, and size distribution of oxygen NBs were
measured using a nanoparticle tracking analysis (NTA) instrument (NanoSight NS300,
Malvern, UK) (Jadhav and Barigou, 2020; Nirmalkar et al., 2018a). The NanoSight
instrument works with particle concentrations in the range of ~10’—10° particles/mL, which
is approximately 20-100 particles in the field of view. Before determining the particle size
distribution of generated NBs, NanoSight analysis chamber was flushed with 1-2 mL of
DDI water to remove any residual from the analysis chamber. After the flush, the syringe
was carefully removed while holding the end of the injection line, and 2-3 drops of DDI
water were added to the injection line connector to create a water seal that is required to
prevent the introduction of larger bubbles when switching between the DDI rinse syringe
and the 1 mL NBs sample syringe. After adjusting the quick or standard measurements
parameters (e.g., number of captures (5) and duration (60 s), camera level (13-16), and
threshold (9-20)), the measurement of NBs was started (see more details in Table 3.1). The
background nano-sized particle level in the DDI water ranged from 1.6 to 2.0x10’
particles/mL. The reported NBs concentrations was adjusted by subtracting background
particles concentrations and their changes over time are plotted in Figure B1. Five captures
were taken per sample run, and the average values of these five data points are presented.
The standard deviation of NBs size and concentration for each measurement was less than

10%.
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The zeta potential was measured to characterize the NBs stability using a
Brookhaven 90Plus Particle Size Analyzer. The fundamental zeta potential ({) was
determined from electrophoretic mobility using the Smoluchowski model or equation that
depends on the viscosity, permittivity, and mobility of a solution at absolute temperature
(Takahashi, 2005). A 1.6 mL of NBs sample taken from a vial after the designated storage
time was added to the sample cell and the zeta potential was measured after measurement
parameters (e.g., pH, water type, viscosity, temperature, run time, and cycle time) were
properly entered into the software. For each sample, 10 replications were measured for
accuracy and quality with less than 5% standard error were achieved. Before measuring
each batch of NBs samples, a BI-ZR5 standard solution with the known specific zeta

potential was tested to verify the performance of the analyzer.
4.2.3. Determination of «OH radicals in NBs solution

Disodium terephthalate (TP, purchased from Alfa Aesar, > 99%) is a slightly
fluorescent probe molecule, but it yields highly fluorescent adducts upon reacting with «OH
(Hirano and Kobayashi, 2016; Ishibashi et al., 2000; Page et al., 2010). TP was chosen
because it selectively reacts with «OH. TP, a dianion in the aqueous solution, resides in the
hydrophilic area and captures only OH in the bulk solution (Song and O’Shea, 2007). It
has been known that the reaction between TP and *OH produces 2-hydroxyterephthalate
(TPOH) with a percent yield of 35 % and other adducts (Fang et al., 1996; Zerjav et al.,
2020). TPOH (purchased from Sigma Aldrich, 97%) calibration curves (1-1000 nM) were

constructed from fluorescence spectra to determine the concentrations of TPOH formed in
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NBs solutions. More details on how to determine TP and TPOH are described in Section

3.4.1.

To observe the formation of *OH under selected storage conditions, oxygen NBs
solutions were in 500 mL volumetric flasks with 50 uM TP spiked at room temperature
(20 °C) with treatments: i) oxygen NBs alone and pH 6.5, ii) NBs at pH 3 (adjusted with
HCI), and iii) NBs in the presence of 3 mM Ca?* at pH 6.5. Each solution was transferred
into eight 40 mL amber glass vials without headspace and left on the bench top to be
sampled at specific times. Vials were opened after designated storage times (i.e., 1, 3, 7,
14, 21, 28, and 35 days) to measure the concentration of oxygen NBs and TPOH. Using a
Shimadzu RF5301PC spectrofluorometer, NBs samples were exited at 315 nm and the
formation of TPOH was determined from the fluorescence intensity emitted at 425 nm. To
the best of my knowledge, this is the first study to prove the formation of *OH in DDI water

containing oxygen NBs using TP.
4.2.4. Other Analytical Methods and Minimum Reporting Levels

The measurement methods and minimum reporting limits of water quality

parameters and DO was given in the previous Chapter, in Table 3.4.
4.3. Results and Discussion
4.3.1. Disappearance of oxygen NBs in DDI water and changes of DO concentration

The disappearance of oxygen NBs in DDI water at room temperature and ambient

pH (i.e., pH 6.5) was linear with respect to storage time (Figure 4.1). The average
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concentrations of NBs in three independent replicates, which represent three distinct vials,
are plotted along with standard deviation error bars. Overall, the results showed that the
change in NBs concentrations remained within = 10% in the triplicates. DO concentrations
in the stored NBs vials decreased from 42.9 mg/L of the initial supersaturation level over
time (Figure 4.1). Although the vials were closed tightly with caps and there was no
headspace, oxygen was released from the system since DO was supersaturated in water.
Almost half of the DO escaped within 24 hours and DO reached its saturated level of 9
mg/L in about 21 days. During the entire period of storage time, the pH of the NBs solutions
remained constant. Hamamoto et al. (2018) reported no significant change of pH during
storage up to 18 days, but DO decreased from approximately 15 mg/L to 8 mg/L within 7
days and remained constant for the remaining time, which is in agreement with my

observations. The excess DO likely escaped through the caps.
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Figure 4.1. Changes in oxygen NBs concentrations in DDI water over storage time at room
temperature and pH 6.5 (average of triplicates with standard deviation error bars) along
with DO concentrations.
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4.3.2. Effect of pH

Until day 3, NBs remained relatively stable regardless of pH (Figure 4.2 and
Figure B1). The supersaturated liquid condition or high bubble density may maintain a
small concentration gradient between bubble interface and liquid that can enhance the
stability of NBs in solutions while reducing the gas transfer rate from NBs to liquid
(Meegoda et al., 2018; Ushikubo et al., 2010b). However, the oxygen NBs concentrations
at pH 3 and 5 started to drastically decrease from day 7, while those at pH 6.5 and 9
decreased very slowly with increasing storage time. These observations were attributed to
the coalescence of the NBs, and their rise in the containers with increasing bubble diameter
due to a decrease in negative value of surface charge. The terminal rising velocity (v) of a

spherical bubble can be described by the following equation (Park et al., 2017):

2
_ gpLde
12y

Equation 4.1

where g is the gravitational acceleration, p. is the density of the liquid medium, de is the
volume-equivalent diameter of the bubble, and . is the viscosity of the liquid medium.
Calculated rising velocity in the units of cm/day of bubbles with different diameters at three
different temperatures is plotted in Figure 4.3. The terminal rising velocity of NBs with a
diameter around 100 nm is only 0.08 cm/day at 20 °C. However, if NBs coalesce and form
bigger bubbles with a diameter of 300-500 nm, they will begin to rise at 0.7-2.0 cm/day.
During the rise, they will likely collide further with other bubbles and grow in size, and

eventually the bubbles would reach the top of the 9.5 cm-long vials used in the experiments
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and escape. The lower absolute values of zeta potential were observed for day 1 at pH 3 (-
8 mV) and pH 5 (-12 mV) than at pH 6 (-22 mV) and pH 9 (-35 mV), would reduce inter-
bubble repulsions, promoting successful collisions. Table 4.1 shows the changes in zeta
potential of oxygen NBs during the experiments. However, it appears that even at pH 3 and
lower zeta potential values, it takes 3-4 days for NBs to reach the size required to begin to
rise in the vials. As a result, there was no significant difference (p>0.05) in observed NBs

concentrations at different pH for the early period of storage (< 7 days).
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Figure 4.2. Changes in oxygen NBs concentrations over storage time under various pH
conditions in DDI water. The inset figure presented NBs concentration changes at different
pH values for the early storage duration (< 7 days)
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Many previous studies revealed that NBs are more stable at high pH (Hamamoto et
al., 2018; Jin et al., 2007; Meegoda et al., 2018; L. Wang et al., 2020). For instance, Jin et
al. (2007) investigated the pH influence on the formation of stable NBs in aqueous
solutions of R-cyclodextrin. They revealed that for a given ionic strength, the NBs were
more stable in alkaline solution because the adsorption of more OH" ions at the gas/water
interface enhanced the double layer repulsion, resulting in a repulsive force to prevent
bubble aggregation and coalescence. In agreement with their explanations, NBs at pH 9
were more stable than those at pH 3, which was attributed to greater negative charge on
the bubble surface, which was supported by the zeta potential measurements at different
pH values over time (Table 4.1). The absolute value of zeta potential at lower pH decreased
considerably with increasing time, while those at pH 9 were even higher than the initial

value of the main NBs stock solution at pH 6.5 (-24 mV).

Table 4.1. Changes in zeta potential (mV) of oxygen NBs over 60 days of storage time
under various pH values.

. pH
Storage time (day)
3 5 6.5 9

0 NA NA -24 NA
1 -8 -12 -22 -35
3 -6 -10 -23 -34
21 -6 -5 -23 -28
28 -2 -5 -24 -31
35 -3 -3 -21 -32
42 0 0 -19 -28
60 NA NA -21 -27

NA: Not Available.
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Figure 4.3. The calculated terminal rising velocity (cm/day) versus the diameter (nm) of

bubbles at 10, 20, and 30 °C.

The half-lives of oxygen NBs in DDI water at room temperature increased as pH
increased (e.g., 12 days at pH 3 and 80 days at pH 9) (Table 4.2). It was noted that the
bubble concentrations were substantially reduced over time at pH 3, while the diameter of
bubbles was not shifted to the range greater than 400 nm (Figure 4.4A-C). Once pH was
adjusted to 3, the mode of NBs diameter changed slightly from 90 nm to 133 nm. On day
3, an increase of NBs with 286 nm diameter which will have about 0.6 cm/day of rise
velocity (Figure 4.3) was measured. However, even in day 14, no large bubble with near

pm-level diameter was observed. These measurements suggest that oxygen NBs in DDI
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water coalesced, grew, moved up very slowly, and finally escaped before or as soon as the
vials were opened to collect samples for analysis. Unlike both thermodynamic and kinetic
arguments that indicate instability of bulk NBs where the survival time for nano-sized
bubbles is predicted to be less than 0.02 s (C. Chen et al., 2020), oxygen NBs in the current
study lasted for more than 5 weeks even at low pH. Meegoda et al. (2018) found that the
absolute value of zeta potential of bubbles decreased while the bubble size increased. Even
though bubble sizes are expected to decrease with time due to gas diffusion, their
experimental results indicated increased bubble sizes. They concluded that the increased
size was because of their observed decrease in the absolute value of zeta potential and
bubble movement due to Brownian motion which may cause bubbles to coalesce over time

to form larger bubbles.

In summary, the effect of pH on the oxygen NBs stability was insignificant for a
short storage time (3-4 days) probably due to the effects of gradual bubble growth and rise,
while the difference in oxygen NBs concentrations at different pH became more noticeable
at longer storage time. Moreover, as presented in Table 4.2, the half-life of oxygen NBs in
pH 9 solutions was almost seven times greater than that of oxygen NBs in pH 3 solutions,

highlighting the substantial impact of pH on oxygen NBs stability.
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Table 4.2. Oxygen NBs disappearance rate constants and half-lives under various storage
conditions in DDI water for 60 days.

15t order NBs
disappearance | NBs half-life R?
Oxygen NBs storage condition rate constant, (day)
k (day?)
pH 3 0.06 12 0.98
pH effect pH 5 0.04 18 0.98
(at 20 °C) pH 6.5 0.015 46 0.98
pH 9 0.009 80 0.95
No NOM added 0.015 46 0.98
NOM effect NOM with low SUVA2s4
(at pH 6.5 and 20 (1.7 Limg.m) 0.015 46 0.96
°C) NOM with high SUVAsq .
(4.1 Limg.m) 0.041 17 0.98
lonic strength, No cations added 0.015 46 0.98
hardness, and cation | 9 mM ionic strength (Na*) 0.147* 5 0.93
effect
(atpH 6.5and 20 | 9 mM ionic strength (Ca?") 0.253* 3 0.95
‘0
10 °C 0.009 77 0.98
Tem(g‘:rsmegfem 20°C 0.015 46 0.98
' 30 °C 0.023 30 0.96
%g%ﬁﬁ? 3 mM Ca?/NOM with
1 *
(at pH 6.5 and 20 hlgh SUVA254 (4.1 0.221 3 0.96
“C) L/mg.m)

* For the conditions showing two apparent (i.e., fast initially and then slow) disappearing
phases, only data points that were well fitted to the first linear regression were considered
to obtain the disappearance rate constraints and half-lives.
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Figure 4.4. Size distributions of oxygen NBs in DDI water (A-C) control at pH 6.5 and pH
3, (D-F) in the presence of and high SUVA2s4 (4.1 L/mg.m at 5 mg/L DOC) NOM, and
(G-I) in the presence of Ca?* (3 mM) for 0, 3, and 14 day of storage time. The inset graphs
provide a magnified view of the size distribution of NBs, specifically highlighting the
portion of NBs with a diameter of less than 300 nm.

4.3.3. Effect of NOM

Amphiphilic NOM macromolecules may interact with NBs surfaces through

hydrophobic interactions or adhesion and affect the stability of NBs (e.g., by imparting
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negative charge to NBs and thus increasing their overall surface potentials) (Sugano et al.,
2017). After NOM was added to the NBs samples at pH 6.5, the magnitude of zeta potential
slightly changed from -24 mV to -27 mV and -25 mV with low and high SUVA254 NOM,
respectively, and then changed in the opposite direction with increasing storage time
(Table 4.3). NOM with low SUVA2s4 (1.7 L/mg.m) did not significantly affect the oxygen
NBs concentrations (Figure 4.5), while NOM with high SUVA2s4 (4.1 L/mg.m) resulted
in a decrease in the concentration of oxygen NBs, indicating that more hydrophobic NOM
with higher aromaticity reduced the oxygen NBs stability in DDI water. The half-life for
both NBs with and without low SUVA254 NOM in DDI water was 46 days, while the NBs
half-life in the presence of high SUVA2s4 NOM dropped to 17 days (Table 4.2). One
possible explanation is that the more hydrophobic NOM formed a complex with NBs in
which NOM can serve as a bridge between NBs. A kind of aggregation of a negatively
charged colloid dispersion with an anionic polymer has been reported in a destabilization

study of colloids (Black et al., 1965; Lu et al., 2022).
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Figure 4.5. Changes in oxygen NBs concentrations in the presence low SUVA2s4 (1.7
L/mg.m) and high SUVA2s4 (4.1 L/mg.m) NOM at 5 mg/L DOC during 60 days of storage
time at room temperature.

A linear regression was not well-fitted to the disappearance of oxygen NBs in the
presence of high SUVA2s4 NOM showing two apparent decay curves (i.e., fast initially and
then slow) (Figure 4.5).Therefore, the presence of high SUVA24 NOM induced a two-
phase behavior in NBs disappearance. The behavior can be attributed to the complex
structure of NOM, a heterogeneous compound with varying properties and interactions.
Initially, these factors accelerated the disappearance of NBs, possibly due to NOM-induced
alterations in NBs properties or interfacial interactions. However, as the initial reactions
subsided, the effect of high SUVA2s4 NOM on NBs disappearance gradually diminished.

This suggests that the initial rapid decline in NBs concentration was primarily driven by
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NOM-induced effects, while the slower subsequent decline was more likely due to the
inherent disappearance process of NBs. The disappearance rate constant and half-life for
NBs in the presence of high SUVA254 NOM were determined using the initial fast decay.
It is also noteworthy that by day 21, approximately 60% of NBs disappeared from both
treatments with the pH-adjusted at 5 and high SUVA254 NOM-added NBs samples, but
their zeta potentials were very different from each other (i.e., -5 mV and -22 mV,
respectively) (Table 4.3). The contrast in zeta potential indicates that different mechanisms
were likely involved in NBs interactions in these systems, as discussed above. Although
the change of zeta potential is closely related to the stability of NBs, a simple comparison
of zeta potential values cannot predict how many NBs would disappear from a system over
time, which was also observed by Hamamoto et al. (2018). Like the case of pH 3, the
bubble concentrations in the presence of high SUV Azs4 (4.1 L/mg.m) NOM at 5 mg DOC/L
during the storage period were substantially reduced over time, while the diameter of
bubbles was not shifted to the larger range (Figure 4.4 D-F compared to A-C). The mode
of NBs diameter did not change probably because zeta potential did not change
significantly compared to the control with no NOM added. This study represents the first
systematic investigation of the effect of NOM type on NBs stability. By comprehensively
measuring size, size distribution, concentration, and zeta potential, the study provides
valuable insights into the factors governing NBs stability under varying NOM conditions.
These findings have the potential to significantly enhance the applicability of NB

technology across a wide range of applications.
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Table 4.3. Changes in zeta potential (mV) of oxygen NBs over 60 days of storage time in

the presence in NOM.

NOM
Storage time (day) DOC (5 mg/L)
Low SUVA (1.7 | High SUVA
L/mg.m) (4.1 L/mg.m)
0 NA NA
1 -27 -25
3 -22 -19
21 -24 -22
28 -24 -16
35 -22 -13
42 -19 -14
60 -17 -14

NA: not available
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4.3.4. Effect of ionic strength, hardness, and charge of cation

Negatively charged surface potentials of NBs can be affected by positively charged
neighbor ions, which was observed as NBs stability decreased with increasing ionic
strength (Figure 4.6). At 9 mM ionic strength in DDI water, oxygen NBs concentrations
decreased nearly immediately unlike the cases of low pH and high SUVA2s4 NOM in which
NBs were relatively stable for the initial 3 days of storage. The observation is likely due to
differences in the cation concentration that would greatly affect the behavior of negatively
charged NBs; the concentration of cationic species, H*, in DDI water at pH 3 was only 1
mM which is less than the concentrations of Na* or Ca*. The higher ionic strength clearly
led to the faster disappearance of oxygen NBs compared to the DDI control. Furthermore,
the increasing ionic strength of the solution induced a two-phase behavior in NBs
disappearance. This two-phase behavior can be attributed to the immediate effect of cation
addition on the negatively charged NBs surface, resulting in an initial rapid decline in NBs
concentration. However, as the initial reactions subsided, the disappearance rate of NBs
gradually slowed down. In terms of the effect of cationic charge on the NBs stability, Ca?*,
a divalent cation, destabilized oxygen NBs more than Na*, a monovalent cation. The
accelerated disappearance of NBs in the presence of Ca?* ions compared to Na* ions stem
from the distinct nature of their ionic interactions with NBs. Ca?* possess a higher charge
density than Na*, leading to stronger electrostatic interactions with the negatively charged
surface of NBs. These interactions induce the aggregation of NBs, resulting in their rapid

disappearance from the solution.

62



@DDI < Na+ ¢ Ca2+

0.0 LQ
] ‘@ Q.
L e o
_0 5 ' . e,
.l‘ . ‘--"‘---.._
—~-1.0 - ‘. ? ?
< i o
Sasd o
AS e
2.0 - e o
. ©
2.5 @
-3.0
0 10 20 30 40 50 60

Storage Time (day)

Figure 4.6. Changes in oxygen NBs concentrations in the presence Ca®* and Na* at 9 mM
during 60 days of storage time at room temperature.

The magnitude of zeta potential of NBs was reduced more by Ca?* than Na* (Table
4.4), indicating that charge density of cation affects the NBs stability. It has been known
that high valency cations have the potential to neutralize or completely reverse the bubble
charge (Hewage et al., 2021). These results show that NBs are more stable in soft waters
than hard waters. The zeta potential change by Ca?* was much faster than that by Na*, and

it was neutralized during the storage time (Table 4.4).
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Table 4.4. Changes in zeta potential (mV) of oxygen NBs in the presence Ca?* and Na* at
9 mM.

lonic Strength
Storage time (day) 9mM

Ca* Na*
0 NA NA

1 -6 -15

3 -6 -13

21 -5 -13

28 -2 -8

35 -1 -4
42 NA NA
60 NA NA

NA: Not Available.

Like the case of pH 3, the mode of NBs diameter only slightly moved from 90 nm
to 140 nm upon adding Ca?* with a spike around 510 nm (Figure 4.4G) probably because
of an abrupt change in zeta potentials caused by Ca?*. The bubble size distributions were
further investigated in the presence of Ca?* every 10 minutes within a very short (i.e., 60
minutes) period of storage time. The oxygen NBs solution always showed a mode of the
bubble diameter at around 90 nm, but the concentration of the 90 nm NBs started
decreasing nearly immediately after adding Ca?*. The mode of bubble size shifted to the
right (about 10 nm larger for every 10 minutes) and the concentrations of bubbles with
diameter ranging 200-400 nm increased (Figure 4.7), indicating that Ca®* promoted
oxygen NBs coalescing. These results also show that the main disappearance pathway of
the oxygen NBs in DDI water was due to their merging to become slightly larger bubbles,

rising, and leaving the containers. Again, a linear regression was not well-fitted to the
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disappearance of oxygen NBs in the presence of cations (Figure 4.6). The disappearance
rate constant and half-life for NBs in the presence of Na* or Ca?* were determined using
the initial fast decay. The calculated half-lives of NBs in the presence of Na* and Ca®* were

5 days and 3 days, respectively (Table 4.2).
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Figure 4.7. Bubble size distributions in the presence of Ca** (3 mM) within 60 min in DDI
water
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4.3.5. Effect of temperature

The effect of temperature on the oxygen NBs stability was insignificant for a short
storage time (i.e., 14 days) (Figure 4.8). The lack of change is probably because of the
effect of temperature in the range of 10-30 °C on the rise velocity of small-sized bubbles
(e.g., bubbles with 100-400 nm range diameter) is relatively small (Figure 4.3). The
temperature effect would be more significant as the bubble size becomes larger. There was
no dramatic difference among oxygen NBs concentrations of the samples stored at three
different temperatures until day 14, while the NBs were more stable at lower temperature
from day 21. The zeta potentials of NBs solutions stored at 10 °C and 20 °C were almost
constant for 60 days, while the absolute value of zeta potential gradually reduced at 30 °C
from 24 mV to 17 mV (Table 4.5). The half-lives decreased from 77 days at 10 °C to 30
days at 30 °C (Table 4.2). At higher temperature due to the kinetic energy, NBs would
have more chances to encounter neighbor bubbles, collide or coalesce, and become larger

bubbles which may move up and eventually escape from the vials.
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Figure 4.8. Changes in oxygen NBs concentrations during 60 days of storage time at three
different temperatures, 10, 20 and 30 °C.

Table 4.5. Changes in zeta potential (mV) of oxygen NBs at three different temperatures.

Temperature
Storage time (day) °C

10 20 30
0 NA -24 NA
1 -24 -25 -20
3 -24 -23 -21
21 -25 -22 -21
28 =27 -23 -20
35 -24 -23 -19
42 -24 -21 -17
60 -24 -23 -17

NA: Not Available.
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4.3.6. Effect of combined hardness and NOM

The change of NBs concentrations was further investigated under a mixed water
chemistry condition, which represents a hard freshwater (Figure 4.9). In the presence of
both high SUVA2s4 (4.1 L/mg.m) NOM at 5 mg DOC/L and 3 mM Ca2?*as CaCOs, NBs
started to disappear rapidly at pH 6.5, and no NBs were observed after 7 days. Moreover,
the disappearance rates for both combined and Ca?* alone conditions were very close. For
individual applications, high SUVA2s4 NOM alone showed less effect on the NBs stability
than the only Ca?* treatments. However, when they were combined, high SUVA25: NOM
made an additional contribution resulting in the complete depletion of NBs in DDI water.
Therefore, the results show that oxygen NBs in water with higher hardness and

hydrophobic NOM will start to coalesce and escape rapidly from water to atmosphere.
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Figure 4.9. Changes in oxygen NBs concentrations over storage time under combined Ca?*
(3 mM) with high SUVA2s4 (4.1 L/mg.m at 5 mg/L DOC) NOM conditions in DDI water.
It is noted that all NBs disappeared below the detection limit within 14 days of storage in
the presence of both Ca?* and high SUVAzs4 NOM.

4.3.7. Effect of chlorine

To examine the impact of oxidant on NBs stability, a set of NBs samples was spiked
with 2 mg/L chlorine, which was prepared by diluting a 5% NaOCI solution, and the
concentration of NBs were monitored. The oxygen NBs stability was not affected by the
presence of chlorine in DDI water (Figure 4.10). Although there was a low level (i.e.,
0.038 mM) of cationic species, Na* from NaOCI solution, that could have facilitated the
disappearance of oxygen NBs, the overall disappearance of oxygen NBs was almost

identical to that of the control without chlorine. The result is probably because of increasing
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pH (up to pH 7.8) by added chlorine, which would cancel out the Na* effect on the NBs

stability. When they are combined, therefore, no real effect was observed.
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Figure 4.10. Changes in oxygen NBs concentrations in the presence of chlorine (2 mg/L)
during 60 days of storage time.

4.3.8. Hydroxyl radical formation in oxygen NBs solutions

NBs have been shown to generate ROS, including *OH, superoxide anion radical
(02", and singlet oxygen (*O.) during NBs collapse (Atkinson et al., 2019; Minamikawa
et al., 2015). Liu et al. (2016) showed by using a sensitive fluorescent probe, 3’-p-
(aminophenyl) fluorescein, that without any stimuli (such as H202, metals, etc.), NBs water
continually produced ROS. The collapse of NBs was used to explain the formation of free

radicals characterized by electron spin resonance (ESR) spectra (Minamikawa et al., 2015).
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To examine the formation and presence of *OH in oxygen NBs solutions, two
extreme conditions (i.e., pH 3 and 3 mM Ca?*) where NBs disappeared more rapidly than
the other storage conditions were selected and compared to the pH 6.5 condition. During
35 days, approximately 20% and 50% of TP (50 uM of initial concentration) in the oxygen
NBs solutions reacted at pH 6.5 and pH 3, respectively (Table 4.6). In the presence of Ca?*,
about 40% of TP decayed after the same period. However, the formation of TPOH did not
correspond to the decay of TP. Only 1-9 nM of TPOH was observed at pH 6.5 and the
formation of TPOH in the presence of Ca?* was even lower (Figure 4.11). At pH 3, up to
28 nM of TPOH formed as a result of «OH radicals reaction with TP. These major
differences between degraded TP and formed TPOH concentrations indicate that collapsed
oxygen NBs produce not only produced «OH, but also other ROS which were not included
in the study. In addition, TPOH is not the only product from the hydroxylation of TP,
because TPOH can further react with ROS such as *OH, Oz, and 'O; if radicals were still
available in the vials. Nevertheless, the formation of *OH during the storage of oxygen

NBs in DDI water was confirmed by the appearance of TPOH.
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Table 4.6. TP degradation under different experiment condition

TP in NBs solution | TP in NBs solution | TP in NBs solutions
at pH 6.5 with 3 mM Ca?* at pH 3
Storage time (days) [TPI/[TP]o
0 1.00 1.00 1.00
1 1.00 0.99 0.83
3 0.93 0.79 0.95
7 0.85 0.71 0.57
14 0.81 0.63 0.64
21 0.87 0.69 0.55
28 0.81 0.62 0.55
35 Not available 0.64 0.50

BTPOH inNB atpH 6.5 BTPOH in NB with Ca2+

40

OTPOH in NB at pH 3

[TPOH] (nM)

[N
o

3 7

14 21

Storage time (day)

28 35
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Figure 4.11. The formation of 2-hydroxyterephthalate (TPOH) as a result of the reaction
between TP and hydroxyl radical in oxygen NBs solutions under selected storage
conditions for 35 days.

Unlike the pH 3 condition, Ca?* likely created more complicated chemistry in the
oxygen NBs solutions. Although the fastest disappearance of NBs occurred in the presence
of Ca?* among all storage conditions investigated, the formation of TPOH was
insignificant. The reason is probably because the collapse of NBs was greatly inhibited by
a rapid reduction in the magnitude of zeta potentials in the presence of Ca?* (Table 4.4).
Such a sudden change of zeta potential may not allow NBs collapse to form *OH. TP may
also form a coordination complex with Ca?* (Byler and Farrell, 1989). If such complex

reacts with *OH, its hydroxylation product cannot be detected as readily as TPOH.
4.4.  Conclusions

The stability of oxygen NBs was investigated under various pH, NOM, cation,
hardness, and temperature conditions for 60 days. Calcium was the most influential
parameter significantly decreasing NBs levels among all parameters investigated. In the
presence of cations (i.e., Ca?*, Na*, and H*), the half-lives of NBs in the solution were in
the order of Ca?* < Na*< H*. As a result, oxygen NBs were more stable in soft than hard
water. Oxygen NBs were relatively stable for 3 days regardless of pH due to very slow rise
velocity (<1 cm/day) of coalesced bubbles with their diameter around 200-300 nm.
However, NBs disappeared more rapidly at acidic than basic pH, as storage time increased.
The formation of hydroxyl radical at pH 3 was also observed. High SUVA24 NOM
destabilized NBs more than low SUVA2s4 NOM, indicating the impact of hydrophobicity

on the NBs stability. The temperature effect on the NBs stability was negligible for a short
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storage time; however, the effect of the higher temperature (30 °C) became more apparent
at a longer storage time. Different mechanisms, coalescence and collapse, play a role in the
NBs disappearance. At the neutral pH in freshwaters, the results obtained in the study
suggest that coalescence (growth of bubble size and rise) is the most important mechanism,
while at pH 3 NBs collapse also contributes to the disappearance of oxygen NBs from

water.

When NBs are released in water bodies, high calcium, high SUVA2s:s NOM, and
low pH would significantly reduce the availability of NBs and their residence time in
freshwater. Since such parameters can promote NBs coalescing, therefore, the location and
depth of bubble release in the treatment systems can also influence NBs concentrations and
residence time in natural waters. Furthermore, the results show the importance of
conducting NBs studies at environmentally relevant water chemistry conditions, because
studies conducted in pure water matrix (e.g., DDI) would not be able to predict the behavior
of NBs in freshwaters, because cations and NOM that are commonly present in natural

waters greatly affect the NBs fate and reactions in freshwaters.
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CHAPTER 5

REMOVAL MECHANISMS OF GEOSMIN AND MIB BY OXYGEN

NANOBUBBLES DURING WATER TREATMENT

5.1. Introduction

The presence of taste and odor (T&O) compounds in drinking water has been a
significant challenge for water utilities. Geosmin and 2-methylisoborneol (MIB) are
naturally produced from the metabolism of the Cyanobacteria known as blue-green algae
and Cyanophyta (Kim and Park, 2021a). These compounds are semivolatile in nature and
cause musty and earthy off-flavors (Greenwald et al., 2015). Odor threshold concentrations
for geosmin and MIB have been reported to range from 4 to 10 and 9 to 42 ng/L,
respectively (Cook et al., 2001; Krasner et al., 1983; Persson, 1983; Peter and von Gunten,

2007; Young et al., 1996).

T&O episodes can occur at any time of the year depending on the climate. A quarter
to half of United States (US) water treatment plants using surface water reported problems
with T&O compounds related to algae metabolites (Suffet et al., 1996). Their
concentrations in raw water ranged from 50 to 150 ng/L in warm climates (i.e., California,
Florida, etc. in US) during the summer and autumn months for a short period, while ranging
from 10 to 30 ng/L for several months during the summer and autumn, and they dropped
below detection levels in winter (Rangel-Mendez and Cannon, 2005). Based on an analysis

in Eagle Creek Reservoir (Indianapolis, IN, USA), annual average concentrations of
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geosmin and MIB were 13 and 11 ng/L, respectively (Clercin and Druschel, 2019). The
concentrations of these compounds increased from spring to summer, especially in the
hypolimnion of the reservoir (i.e., the lower layer of water) up to 77 and 112 ng/L for
geosmin and MIB, respectively. A survey of 59 drinking water treatment plants in the Great
Lakes region showed a widespread occurrence of the two T&O compounds with a number
(20%) of utilities reporting annual outbreaks during the summer months with even a higher
number (27%) experiencing sporadic episodes (Watson et al., 2008). In certain cases,
however, exceptionally high levels of T&O compounds have also been reported. For
example, in Lake Hartwell (Anderson, SC), MIB was detected around 2,000 ng/L in the
summer of 2014, and geosmin and MIB together were observed at more than 1,250 ng/L
the next summer (Huddleston et al., 2016), and they declined significantly after algaecide

applications.

Different treatment techniques such as powdered or superfine activated carbon
adsorption, membrane filtration, ozonation, electrodialysis, and heterogeneous
photocatalysis have been applied for the control of geosmin and MIB levels in drinking
water (Fotiou et al., 2016; Guo et al., 2016; Yao et al., 2017; Yaparatne et al., 2018;
Zamyadi et al., 2015). Powdered activated carbon (PAC) adsorption, advanced oxidation
processes (AOPs), and biofiltration have been effective for the removal of geosmin and
MIB (Doederer et al., 2019; Peter and von Gunten, 2007; Srinivasan and Sorial, 2011;
Westerhoff et al., 2006; Yao et al., 2017), whereas conventional treatment processes, such
as coagulation, sedimentation, filtration, and chlorination, were ineffective (Peter and von

Gunten, 2007; Srinivasan and Sorial, 2011; Westerhoff et al., 2006). Note that the removal
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of geosmin and MIB that were spiked in filtered water at an initial concentration of 100
ng/L were 40% and 62% by 10 mg/L PAC and 97% and 95% by 2.5 mg/L ozone and 0.5
mg/L H20, respectively (Kawamura, 2000). Therefore, if T&O events occur seasonally
and at low levels, PAC adsorption is one of the best options to effectively control geosmin
and MIB. However, dissolved organic matter can reduce the adsorption efficiency of PAC
and decrease the removal performance of geosmin and MIB. As a result, the operational
cost of PAC application process increases (Chestnutt et al., 2007). On the other hand, in an
area with recurring and high levels of T&O compounds, ozonation and AOP can be
effective to resolve the T&O challenges. Although AOPs (e.g., 0zone, ozone/H20;,
UV/ozone, UV/H20;, etc.) are considered a desirable technique for the removal of organic
contaminants due to fast reaction rates and unselective hydroxyl radical formation, the
required dose, the effect of background constituents, and the plant upgrades to incorporate
such processes to existing facilities increase the overall cost (Antonopoulou et al., 2014;

Yaparatne et al., 2018).

Nanobubbles have emerged in the past decade as a novel technology for
water/wastewater treatment, removal of pollutants from sediments and soils, and other
environmental and biomedical applications (Agarwal et al., 2011; Hu and Xia, 2018; Liu
et al., 2013; Lukianova-Hleb et al., 2012; Meegoda et al., 2017). However, there is still a
lack of information on the fundamentals and application of the technology for water
treatment. During the collapse of NBs, reactive oxygen species (e.g., *OH) can be produced
(Liu et al., 2016). Hydroxyl radicals have been known as one of the major oxidants for the

removal of geosmin and MIB (Xie et al., 2015; Yaparatne et al., 2018). The rate constants
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of geosmin and MIB reacting with *OH radicals were known to be 6~8 x 10° M-s™ and
4~5 x 10° M1s1, respectively (Peter and von Gunten, 2007; Xie et al., 2015). To the best
of my knowledge, the research is the first systematic study conducted to examine and
understand the removal of geosmin and MIB using oxygen NBs under drinking water

treatment conditions (Soyluoglu et al., 2022).

The main objectives were to investigate i) the removal efficiency of geosmin and
MIB by oxygen NBs under various conditions (e.g., gas flowrate, gas type, pH, alkalinity,
hardness, and temperature) in distilled and deionized (DDI) water and natural water
matrices, and ii) the removal mechanisms of geosmin and MIB from water using oxygen

NBs.
5.2.  Material and Methods
5.2.1. Chemicals and water samples

Geosmin and MIB were purchased in powder form from FUJIFILM Wako
Chemicals USA Corporation and geosmin-d3 was purchased from Sigma-Aldrich as a neat
standard. tert-Butyl alcohol (TBA, Sigma Aldrich, >99.5%), furfuryl alcohol (FFA, Sigma
Aldrich, 98%) and p-benzoquinone (PBQ, Thermo Scientific™, >98%) were used for the

exploration of oxidative removal mechanisms for geosmin and MIB.

The experiments were conducted both in DDI and natural waters. To investigate
the removal in natural waters, systematic experiments were conducted using i) Suwannee
River NOM purchased from the International Humic Substances Society, and ii) natural

waters (A-E) collected from source waters of five drinking water utilities in South Carolina

78



(SC), USA. Selected water quality parameters for natural water samples are presented in

Table 5.1.

In DDI experiments, sodium bicarbonate (NaHCO3) and calcium chloride (CaCl,)

were used to create alkalinity and hardness, respectively. All chemicals were used as

received without further purification.

Table 5.1. Selected water quality parameters of natural waters collected from intake
locations of five drinking water utilities in SC.

Parameters Water A | Water B | Water C | Water D | Water E

pH 7.6 7.3 7.2 7.3 7.4
Chloride (mg/L) 8.1 2.1 3.5 1.3 4.5
Bromide (ug/L) 22 9 10 7 12
Nitrite (ug/L) <DL

Nitrate (Hg/L) 269 200 930 260 267
Sulfate (mg/L) 35 1.2 0.7 0.9 3.6
Alkalinity (mg/L as CaCO3) 29 16 40 24 52
DOC (mg/L) 7.0 1.8 1.9 1.1 3.6
SUVA2s4 (L/mg-m) 3.9 1.4 2.4 2.3 3.2
DN (mg-N/L) 0.4 0.2 0.4 0.2 0.4
Turbidity (NTU) 45 35 7.5 1.0 3.9
Conductivity (us/cm) 97 42 46 28 60

DL: detection limit, DOC: dissolved organic carbon, SUVAs4: specific ultraviolet
absorbance at 254 nm, DN: dissolved nitrogen.
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5.2.2. NBs generation and characterization

A commercial membrane-based NBs generator (Nano Bubble Technologies,
Sydney, Australia) was used to produce NBs for the experiments. The manufacturer’s
recommended operational parameters for NBs generation were 60 psi for gas pressure and
1-10 L/min for gas flowrate. The operational water flowrate was 68 L/min. The
concentration, mean and mode size, and size distribution of oxygen NBs were measured
using a nanoparticle tracking analysis (NTA) instrument (NanoSight NS300, Malvern,
UK). The zeta potential of oxygen NBs was determined using a Brookhaven 90Plus

Particle Size Analyzer. More details can be found in the previous chapter, section 4.2.2.

5.2.3. Microbubble generation

To examine the interactions between oxygen NBs and microbubbles (MBs),
micron-sized bubbles (100 to 400 um) were generated using a flat ceramic ultrafine pore
diffuser (Pentair Aquatic Eco-Systems, Inc., Apopka, FL). The gas pressure was set to 50

psi and the flowrate was adjusted at 1-4 L/min.

5.2.4. Geosmin and MIB removal experiments

During each experiment, temperature was controlled by a cooling coil, and pH and
dissolved oxygen (DO) concentration were monitored on a real-time basis. When the pump
was turned on, a rotameter was fully closed (i.e., gas flow = 0), with the suction and
discharge valves that connected to the water container opened. Before injecting gas (e.g.,
mostly oxygen and air) to generate NBs, 100 ng/L geosmin and 100 ng/L MIB were spiked

together in a metal container filled with 65 L DDI water, and water was circulated for two

80



minutes to create a homogenous solution. Then, a control sample at time=0 was taken from
2-3 inches below the water surface using vials rinsed with circulated water three times.
After collecting a sample, a feeding gas was supplied to the NBs generator at 1, 4, or 8
L/min of gas flowrate. For the initial 30 min, water samples were collected every 10 min,
and then every 30 min until 120 min and then hourly for the rest of experiments up to six
hours. DO, pH, temperature, and NBs concentration were also monitored during the six

hours of the total experiment period.

To investigate pH effect on the removal efficiency of geosmin and MIB, HCI and
NaOH were used to adjust the pH of water to 3, 5, 6.5, and 10 prior to the addition of
geosmin and MIB. To test the effect of hardness, CaCl, (300 mg/L as CaCOs3) was added
to water in the container before addition of both geosmin and MIB. For the alkalinity effect,
NaHCO3 was used to create 15, 50 and 250 mg/L as CaCOs alkalinity in water. The water
temperature was maintained at 20 °C using a cooling coil connected to a recirculating
chiller (PolyScience, Niles, IL) for all experiments, except at 30 °C to explore the
temperature effect. Moreover, selected radical scavengers such as TBA, FFA, and PBQ

were used to examine the oxidative removal mechanisms of geosmin and MIB.

5.2.5. Geosmin and MIB removal mechanisms in DDI water

Geosmin and MIB can be removed by multiple mechanisms in the NB/DDI water
system used in the experiments: i) volatilization facilitated with water circulation plus
turbulence caused by continuous gas injection, ii) oxidation by ROS, and iii) sorption losses

in the system. Initially, I confirmed that there was no sorption loss of geosmin and MIB in
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the system (See section 5.2.7.). To further investigate the removal mechanisms, a series of

experiments were designed and conducted in DDI water at pH 6.5 and 20 °C.

First, geosmin and MIB removal were monitored without oxygen NBs generation
(i.e., no continuous gas injection into the system) while water was circulated for 6 h, which
was the water circulation (WC) treatment. In the case, geosmin and MIB would be removed

from the system only through the volatilization process.

Second, oxygen NBs were generated in the container initially, and the gas injection
was stopped. Then, geosmin and MIB were spiked, and NBs were circulated in the system.
The NBs circulation (NC) treatment allowed investigation of the effect of oxygen NBs
alone. Third, MBs were generated using a diffuser with oxygen fed continuously, where
only MBs (i.e., micron-sized bubbles (100 to 400 pum) were present, which was the MB
treatment. Fourth, NC was combined with MB where pre-generated NBs were mixed with

MBs, which was the NC+MB treatment.

Fifth, the typical NBs operation with oxygen fed continuously at 4 L/min to the
system was carried out, which was the 4 L/min Oz (or NBs regular) treatment, where both
NBs and visibly bigger bubbles (i.e., MBs) were present in the system because the

production of some MBs was inevitable during NBs generation.

Lastly, a series of experiments were conducted to suppress the oxidation process
using bicarbonate (2.5 mM HCO3™ as 250 mg/L CaCO3 alkalinity), TBA (2 mM), or NOM

(Suwannee River NOM at 3 mg/L DOC) which are known to be *OH radical scavengers
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(Donham et al., 2014; Grebel et al., 2010; Xie et al., 2015); the results were compared to

the 4 L/min Oz (NBs regular) treatments.

5.2.6. Geosmin and MIB analysis

Geosmin and MIB were quantitatively analyzed using an automated solid-phase
microextraction (SPME) method coupled with gas chromatography (GC) and tandem mass
spectrometry (GC-MS/MS) on an Agilent 7890B gas chromatograph equipped with a PAL
Automated Sample Injector and coupled to a 7000C triple quadrupole mass spectrometer.
After a designated reaction time with NBs, 10 mL of collected samples was transferred into
20 mL SPME vial (a glass headspace CTC autosampler vial), and then 3 g NaCl and 100
ng/L of geosmin-d3 as an internal standard were added. Samples were immediately capped
with metal screw caps continuing PTFE/silicone septa. All extractions were performed
using a PAL  automated SPME  system with a 50/30 pum
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMA) fiber assembly
(Supelco). All samples were measured in duplicate, and a new calibration set was analyzed
for every batch. The injector was operated at 250 °C in splitless mode. Separation was
performed ona30 m x 0.25 mm ID x 0.25 um (5%-phenyl)-methylpolysiloxane (HP-5MS)
column at 1.0 mL/min of research grade helium flow. The temperature program was 40 °C,
hold for 2 min; up to 220 °C at 20 *C/min; hold for 4 min. The transfer line temperature
was 250 °C. Tandem mass spectrometry analysis was performed in the electron ionization
(EI) mode and the quantification of target compounds was performed in the multiple
reaction monitoring (MRM) mode. Precursor and product ions of MIB, geosmin, and

geosmin-d3 are shown in Table 5.2.
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Table 5.2. Detection information of MIB and geosmin on GC/MS/MS

Compound Molecular Pre_cursor Prpduct Retenti(_)n time
Weight (g/mol) ion ion (min)
MIB 168.3 95 67, 55 7.40
Geosmin 182.3 112 97, 83 9.04
Geosmin-d3 185.3 115 97 9.02

The detection limits (DL) were estimated for MIB and geosmin by eight
consecutive analyses (i.e., one injection per vial for the prepared eight vials) of a mixed
standard solution, which included approximately 10 ng/L of MIB and geosmin compounds.

DL was calculated by using Equation 5.1.

DL= S* t(n-1, 1-0) Equation 5.1

where S = standard deviation of the replicate analyses, tn-1,1- = Student-t value for 1- a
with n-1 degrees of freedom. n= number of replicates, and a =0.01 (i.e., confidence level
1- 0. =0.99). The minimum reporting level (MRL) concentration was established as three
times the DL (Table 5.3). In practical application, it is the lowest point on the calibration
curve that can be quantified. The detection limits for geosmin and MIB were 1.0 and 1.2

ng/L, respectively.
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Table 5.3. DLs and MRLs of geosmin and MIB established at 10 ng/L in DDI water

Sample number MIB (ng/L) Geosmin (ng/L)
1 10.65 10.76
2 10.28 10.66
3 10.09 11.42
4 10.86 10.54
5 10.30 10.64
6 10.70 10.62
7 9.66 10.32
8 10.79 10.90
Average 10.42 10.73
Std. dev. 0.41 0.32
DL 1.23 0.97
MRL 3.69 2.90

5.2.7. Verification of sorption loss and homogeneity of geosmin and MIB in the NBs

generating systems

Prior to conducting any geosmin and MIB removal experiment, it was necessary to
ensure that i) there was no loss of geosmin and MIB due to sorption within the system and
i) water in the containers was homogeneously mixed while generating NBs. For the
verification, the container was filled with DDI water spiked with 100 ng/L MIB and
geosmin. The water was circulated for about 90 seconds to complete two cycles of water
circulation in the system. After five min of circulation, geosmin and MIB concentrations
at t=0 were measured in samples taken from three different locations to check the

homogeneity of the solution (Figure 5.1). The water tank was then covered with aluminum
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foil and parafilm to reduce potential volatilization of geosmin and MIB. After six hours of
holding time, the cover was removed, and water samples were taken from the same
locations (as before circulation) to check if there was any sorption loss. To determine if
any sorption loss occurred inside the system (e.g., hoses, pump, and connections), after
circulating water for 90 seconds and waiting for 5 min, samples were taken again from the

same locations to measure the final concentrations of geosmin and MIB.

Table 5.4 shows the results of the sorption and homogeneity experiments. There
were no significant differences among the geosmin and MIB concentrations collected from
3 locations in the tank, which suggested a homogeneously well-mixed system. There was
also no significant difference in geosmin and MIB concentrations before and after six hours
of holding time while minimizing geosmin and MIB by volatilization. The results verified
no loss of geosmin and MIB due to sorption and homogeneity of the system while running
the experiments. Therefore, any observed geosmin and MIB removal in the presence of

NBs could be attributed to either volatilization, or oxidation, or both.
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Figure 5.1. Sampling points for the experiments of geosmin and MIB sorption loss and

system homogeneity.

Table 5.4. Changes of MIB and geosmin concentrations in the samples collected from
three different locations in tank in the absence of NBs before and after 6 h of sitting time.

min)

Condition Sampling point | MIB (ng/L) | Geosmin (ng/L)
1 115 110
Time=0 h 2 115 108
3 111 107
After 6 h (top of tank was 1 112 111
covered to minimize 2 114 106
volatilization) 3 116 109
After 6 h (cover removed 1 112 112
and water circulated for 2 114 108

90 sec and waited for 5

3 114 109
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5.3. Results and Discussion
5.3.1. Effect of gas flowrate and type

The effect of gas flowrate on the removal efficiency of geosmin and MIB in DDI
was examined at 1, 4, and 8 L/min oxygen. The initial concentration of geosmin and MIB
was 100 ng/L, and their disappearance was monitored for 6 h. During the experiments,
temperature (20 °C) and DO (511 mg/L) remained relatively constant for the three
flowrate conditions (Figure 5.2). The average oxygen NBs concentration increased from
4.9 x 107 to 1.2 x 108 particles/mL as gas flowrates increased from 1 to 8 L/min, while the
mode of bubble size distribution remained around 100 nm regardless of the gas flowrate

(Figure 5.3).
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Figure 5.2. Changes of (A) temperature, (B) DO, and (C) pH during 6 h of NBs application
at 1, 4, and 8 L/min of oxygen flowrates.
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Figure 5.3. Box-and-whisker plots showing (A) variations and average concentrations and
(B) the mode of bubble size distribution of oxygen NBs at 1, 4, and 8 L/min of gas
flowrates.

Geosmin removal during these experiments were about 8% higher when the gas
flowrate increased from 1 to 4 L/min (Figure 5.4A). A further increase of the flowrate to
8 L/min did not make any difference in geosmin removal. Therefore, 4 L/min of gas
flowrate was selected to further explore geosmin and MIB removal by oxygen NBs.
Geosmin removal percentages (~50%) were always higher than those of MIB (~30%) from
DDI water by oxygen NBs (Figure 5.4). Others have shown that the second order rate
constant for the reaction with *OH radical is slightly higher for geosmin (6-8 x 10° Ms™)
than MIB (4-5 x 10° M1s1), leading to higher geosmin removal (Westerhoff et al., 2006).
In addition, the Henry’s law constant (6.75 x 10 atm-m*/mol) of geosmin is higher than

that (5.84 x 10° atm-m*/mol) of MIB (Mustapha et al., 2021b). The findings of the study
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indicated that geosmin was more readily removed than MIB through both oxidation and

volatilization by oxygen NBs.
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Figure 5.4. Changes in (A) geosmin and (B) MIB concentrations with oxygen NBs at 1, 4,

8 L/min. Error bars represent standard deviations (number of replicates; n=2).

To examine the effect of gas type on geosmin and MIB removal, NBs were
generated at 4 L/min with oxygen, air, and nitrogen before spiking geosmin and MIB.
While DO (8.0-9.5 mg/L) of the air NBs solution was approximately 20% of DO of the
oxygen NBs solution because of the oxygen concentration in air and DO of nitrogen NB
was <1 mg/L in solution (Figure 5.5), there was no significant difference between oxygen,
air, and nitrogen NBs in terms of the mean NBs concentration (about 7.3 x 107

particles/mL) and the mode (about 100 nm) of bubble size distribution (Figure 5.6).
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Figure 5.5. Changes of (A) temperature, (B) DO, and (C) pH during 6 h of NBs application
of oxygen, air, and nitrogen NBs at a flowrate of 4 L/min.
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Figure 5.6. Box-and-whisker plots showing (A) variations and average concentrations and
(B) the mode of bubble size distribution of oxygen, air and nitrogen NBs at a flowrate of 4
L/min.

Nitrogen and air NBs resulted in lower geosmin and MIB removal (Figures 5.7A
and 5.7B, respectively) than oxygen NBs with MIB less affected by gas type than geosmin
(Figure 5.7A and Figure 5.7B), with MIB removal less affected by gas type than geosmin.
The removal percentages of geosmin and MIB decreased as the oxygen content of the feed
gas decreased from 100% to 0%. Removal percentages of geosmin by nitrogen NBs were
19% for the initial 2 h and 28% after the total 6 h contact time. About 23% of geosmin was
removed by air NBs for the initial 2 h, and then further removal (up to 42%) was achieved
(Figure 5.7A). These removal percentages are lower than those (40% for 2 h and 52% for
6 h) by oxygen NBs, indicating a role for oxidation in the geosmin removal by NBs.
Moreover, both oxygen and air NBs achieved about 30% of the maximum MIB removal

during 6 h of contact time (Figure 5.7B).
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Figure 5.7. Changes in (A) geosmin and (B) MIB concentrations during 6 h of contact with

oxygen, air, and nitrogen NBs at 4 L/min. Error bars represent standard deviation (n=4).
5.3.2. Effect of pH

The removal of geosmin and MIB by oxygen NBs was examined at pH 3, 5, 6.5,
and 10. Temperature, DO and pH profile during the 6-h experiments are shown in Figure
C1. Oxygen NBs concentrations depended on water pH because average concentrations
increased from 1.48 x 107 to 7.21 x 107 particles/mL as pH increased from 3 to 6.5 (Figure
5.8A). The mode of bubble size distributions was around 100 nm (Figure 5.8B). Although
NBs concentrations decreased at the acidic pH, geosmin and MIB removal were not
significantly affected by pH (p > 0.05). No statistical difference (p > 0.05) in geosmin and
MIB removal under different pH conditions was observed for 6 h of contact time, while
slightly higher removal of both geosmin and MIB was achieved at pH 6.5 or 10 for the
initial 2 h (Figure 5.9). MIB removal was not determined at pH 3 due to dehydration of

MIB at acidic pH. The known products from MIB dehydration are 2-methyl-2-bornene, 2-
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methylenebornane, and 2-methylcamphene which have boiling points 196, -43, and 159
°C, respectively (Hsieh et al., 2012; Satchwill, 2001; Schumann and Pendleton, 1997).
Although dehydration of MIB is reversible, in the open reaction container used in these
experiments (Figure 5.1), the dehydration products were likely lost from the system by
aeration and circulation due to their lower boiling point and continuous reaction in the tank.
The irreversible dehydration of MIB was greatly influenced at pH 3. Hsieh et al. (2012)
also reported that only 13% of the initial MIB concentration (pH 6.3) can be measured by
GC/MS with SPME under acidic conditions. However, there was no problem with
measuring geosmin at pH 3 since geosmin is less sensitive to changes on pH and the
geosmin dehydration product, argosmin that has similar properties with geosmin [solubility
(150.2 + 4.1 g/ L), Kow (3.70 = 0.03) and Henry’s law constant (6.66x10° atm. m®. mol™)]
is much less volatile than MIB’s dehydration products (Hsieh et al., 2012; Pirbazari et al.,
1992). Therefore, it was not lost from the system, thus when pH was adjusted to 7 before

analysis, the reaction is completely reversible, making it possible to measure geosmin.
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Figure 5.8. Box-and-whisker plots showing (A) variations and average concentrations and
(B) the mode of bubble size distribution of oxygen NBs in the range of pH 3 to 10.
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Figure 5.9. Changes in (A) geosmin and (B) MIB concentrations at various pH in DDI
water during 6 h of contact with oxygen NBs at 4 L/min. Error bars represent standard
deviation (n=2).
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5.3.3. Effect of Alkalinity

The presence of alkalinity affected not only the characteristics of oxygen NBs, but
also geosmin and MIB removal percentages. NaHCO3 was used to prepare 15, 50 and 250
mg/L (as CaCOs3) alkalinity solutions. Previously, it was observed that the presence of
cations affected NBs stability (Section 4.3.4 in chapter 4). The absolute value of the zeta
potential of NBs solution decreased in the presence of Na*, and the stability of oxygen NBs
decreased. Since the surface of NBs is negatively charged, the absolute value of zeta
potential in NBs solution decreased in the presence of cations. As a result, the repulsive
force among NBs decreased, and thus the stability of NBs also decreased. Compared to the
control, which was DDI with no alkalinity, the average oxygen NBs concentrations
decreased up to 50% in the presence of background alkalinity during the NBs generation
(Figure 5.10A). The mode of bubble size distributions also decreased slightly with
increasing alkalinity because of the influence of Na* on the stability of oxygen NBs (Figure

5.10B).
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Figure 5.11. Changes in (A) geosmin and (B) MIB concentration under different alkalinity
conditions during 6 h of contact with oxygen NBs at 4 L/min.
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The presence of background alkalinity decreased geosmin (15%) and MIB (10%)
removal and the effects of 15, 50 and 250 mg/L alkalinity were similar (Figure 5.11).
Bicarbonate is a strong scavenger for «OH radicals (Hoigné and Bader, 1976; Staehelln and
Hoigné, 1985); therefore, the oxidative removal pathway of geosmin and MIB by reactive
oxygen species (ROS) would be inhibited to some extent by background alkalinity due to
reduced oxygen NBs concentrations by the presence of Na* and quenched *OH radicals by
bicarbonate in the system. The finding is critical for the applications of oxygen NBs in
freshwater since a low level (i.e., 15 mg/L) alkalinity in the experiments was sufficient to

impede the oxidative removal of geosmin and MIB.
5.3.4. Effect of hardness

To investigate the effect of hardness on geosmin and MIB removal, oxygen NBs
were applied in the presence of Ca?* (as 300 mg/L CaCOs) in DDI water to simulate a hard
water condition. Compared to the control without Ca?*, available NBs concentrations were
lowered by approximately 30%, while the mode of bubble size distributions increased
(Figure 5.12). The results indicate that NB’s negatively charged surface interacted with
cations and the absolute value of surface charge decreased. The impact of Ca?" on the

stability of oxygen NBs is discussed in Chapter 4.
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Figure 5.12. Box-and-whisker plots showing (A) variations and average concentrations
and (B) the mode of bubble size distribution of oxygen NBs generated at 4 L/min with and
without CaCOs (300 mg/L).

The hard water condition with 6 h of contact time resulted in about 7% lower
geosmin removal compared to the control (Figure 5.13). For the initial 2 h, the impact of
Ca?" was evident (i.e., about 18% less removal than the control) probably because of the
immediate influence of Ca?* on the stability of oxygen NBs. Also, the presence of chloride
ion (coming from the added CaCl.) plays a role by scavenging *OH radicals that would
inhibit the oxidation mechanism (Devi et al., 2013; Grebel et al., 2010; Kiwi et al., 2000;
Liao et al., 2001), but the back reaction is very fast. The rate constant for the oxidation of
chloride by «OH to Cl atoms is about 10° M*s™ at pH 7, which means that the reaction is
very slow. However, the rate constant increases with decreasing pH, so the reaction
becomes much faster at lower pH values. Therefore, the quenching of *OH by CI" is usually
significant for pH <3 (von Gunten, 2003b). For these reason, as compared to the effect of
alkalinity, the impact of chloride on the geosmin removal was less than bicarbonate,

because the *OH radical quenching efficiency of bicarbonate is higher than chloride
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(Grebel et al., 2010). On the other hand, MIB removal was not significantly (p-value >
0.05) affected by hardness of water, though available NBs concentrations were reduced in

the presence of Ca?* (Figure 5.13B).
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Figure 5.13. Changes in (A) geosmin and (B) MIB concentrations in soft water vs.
hardwater during 6 h of contact with oxygen NBs at 4 L/min.

5.3.5. Effect of temperature

As the occurrence of geosmin and MIB increases in summer months due to seasonal
algal blooms (Peter et al., 2009; Watson et al., 2008; Westerhoff et al., 2005), the effect of
water temperature on the removal percentages of geosmin and MIB were investigated. As
temperature increased from 20 °C to 30 °C, DO decreased from about 50 mg/L to 39 mg/L
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reflecting the impact on oxygen solubility, while pH remained relatively constant (
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Figure 5.14).
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Figure 5.14. Changes of (A) temperature, (B) DO, and (C) pH at different temperature in
DDI water during 6 h of contact with oxygen NBs at 4 L/min.

At higher temperature, higher and faster removal of geosmin and MIB was achieved
by oxygen NBs (Figure 5.15). Approximately 21% of geosmin and 12% of MIB were

additionally removed after 6 h of contact time as temperature increased from 20 °C to 30
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°C. The enhanced removal of geosmin and MIB was attributed to both increased

volatilization (Omiir-Ozbek and Dietrich, 2005) and oxidative processes caused by greater

production of ROS at higher temperature (Janus et al., 2012; Westerhoff et al., 2006).

A

1.0

0.8 A

0.6 -

Cw/Co

0.4 -

0.2 A

0.0

®4 L/min 02at20°C @4 L/min O2at30°C

",
¢
<
§ ¢ N ¢ & &
* ®
¢ L 4
® o
0 100 200 300 400
Time (min)

Cy/Co

1.0

0.8 1

0.6 1

0.4 1

0.2 1

0.0

B ©4 L/min at20°C €4 L/min at 30 °C

% o
£ 4 ¢ 9 &>
§ * Lod
® <o
0 100 200 300 400
Time (min)

Figure 5.15. Changes in (A) geosmin and (B) MIB concentrations at different temperatures
in DDI water during 6 h of contact with oxygen NBs at 4 L/min.

The temperature effect was further investigated along with other parameters such

NOM, alkalinity, and pH. In the presence of NOM (Suwannee River NOM with 4.1

L/mg.m SUVAzs4 purchased from International Humic Substances Society and adjusted to

3 mg/L DOC), the removal of geosmin achieved by oxygen NBs was slightly reduced

although the difference was not statistically significant (p > 0.05), partially because of the

radical quenching effect of NOM (Donham et al., 2014) (Figure 5.16). The geosmin

disappearance rate constants for the initial 2 h by oxygen NBs were 6.2 x 10° s at 20 °C
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and 1.0 x 10* st at 30 °C in the presence of NOM. The NOM effect was more significant

for geosmin than MIB at higher temperature and longer reaction time.
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Figure 5.16. Changes in (A) geosmin and (B) MIB concentrations at different temperatures
with/without NOM (3 mg/L DOC) in DDI water during 6 h of contact with oxygen NBs at

4 L/min.

Alkalinity significantly reduced the removal percentages of geosmin at both

temperatures (i.e., from 7.5 x 10° s t0 5.0 x 10° st at 20 °C and from 1.2 x 10“*s1t0 7.7

x 10 st at 30 °C) in the presence of oxygen NBs (Figure 5.17). Bicarbonate quenches

hydroxyl radicals and thus the oxidative removal pathway is inhibited (Hoigné and Bader,

1976; Staehelln and Hoigné, 1985). Although increasing temperature may enhance both

volatilization and oxidation as the removal pathways of geosmin, the presence of 50 mg/L

alkalinity as CaCOz would completely quench all ROS formed from oxygen NBs and thus
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stop the oxidative removal pathway. Therefore, alkalinity has a significantly higher impact

on the removal than temperature in the range of 20 to 30°C by quenching ROS.
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Figure 5.17. Changes in (A) geosmin and (B) MIB concentrations at different temperatures
with/without alkalinity (50 mg/L as CaCOs) in DDI water during 6 h of contact with
oxygen NBs at 4 L/min.

5.3.6. Rate constant of geosmin and MIB removal by oxygen NBs

First-order disappearance rate constants and half-lives of geosmin and MIB under
various conditions were determined from plots of In C/Co vs. time for the initial 2 h of
contact time with oxygen NBs (Table 5.5 and Figure 5.18). Due to the time and labor
demanding nature of the experiments, it was not feasible to run multiple experiments for
all different conditions. However, | did run triplicate experiments for some selected

conditions. For example, the rate constants for the removal of geosmin and MIB were
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calculated from three independent control experiments at 4 L/min O2 with the relative
standard deviations (RSD) less than 10% (3% and 7% for geosmin and MIB, respectively).
RSDs for the 4 L/min N2 triplicate experiments were 3% and 9% for the removal
percentages of geosmin and MIB, respectively. Thus, it was assumed that these low RSDs
apply also to the other measurements. The rate constants for 6 h experiments were also
derived and presented in Table C1. MIB removal percentages were always lower than
those of geosmin due to the differences in their physicochemical properties. Lower water
solubility (150 mg/L vs. 195 mg/L at 20 °C) and higher volatility (6.66 x 10° vs. 5.76 x
10° Henry’s Law constant and 165 °C vs. 197 °C boiling point) of geosmin (Hafuka et al.,
2019; Pirbazari et al., 1992) most likely account for higher removal of geosmin than MIB
during the oxygen NBs application. The ratio of geosmin to MIB disappearance rate
constants under various conditions in DDI water is shown Table 5.6. Further, the second
order rate constants for the reactions between *OH radical and geosmin (Ko, geosmin = 9.5 x
10° M1s) and MIB (konmie = 8.2 x 10° Mst) which were derived by Westerhoff et al.
(2006) from the time-dependent concentration profiles of residual ozone, MIB, geosmin,
and a *OH probe (i.e., p-chlorobenzoic acid) and fit to time-dependent concentration
profiles using a computer program (AQUASIM) imply a slightly higher oxidation potential
for geosmin than MIB. Under all tested conditions, the geosmin disappearance rate was

1.3-3.4 times higher than the MIB disappearance rate (Table 5.6).
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Figure 5.18. Removal rate constants (s) for (A) geosmin and (B) MIB under various pH, alkalinity, hardness, and temperature
conditions in DDI water during the initial 2 h of contact with oxygen NBs at 4 L/min.
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Table 5.5. Geosmin and MIB disappearance rate constants (k in s*) and half-lives (in h)
under various experimental conditions in DDI water for the initial 2 h of the oxygen NBs
application.

Geosmin MIB

Parameter Experimental condition Half-life Half-
i k(s?) (h) KD | it (h)

4 L/min N, 2.8E-05 6.8 1.0E-05 19.3

Gas type 4 L/min O; 7.5E-05 2.6 2.5E-05 7.7

4 L/min Air 4.2E-05 4.6 3.2E-05 6.1

1 L/min O, 3.5E-05 55 2.0E-05 9.6

flo(\B/\?rsate 4 L/min 0> 7.5E-05 2.6 2.5E-05 7.7

8 L/min O 7.5E-05 2.6 5.0E-05 3.9

4 L/min OzatpH 3 6.8E-05 2.8 Not available

oH 4 L/min Ozat pH 5 7.0E-05 2.8 3.0E-05 6.4

4 L/min O at pH 6.5 (control) | 7.5E-05 2.6 2.5E-05 7.7

4 L/min O at pH 10 8.5E-05 2.3 4.2E-05 4.6

4 L/min O (control) 7.5E-05 2.6 2.5E-05 7.7

4 L/min O at 15 mg/L 4.9E-05 3.9 27E-05 | 7.2

alkalinity

Alkalinity 4L/min O:8t50mg/l | goe o5 | 39 | 20E-05 | 96
alkalinity

ALmin O at250mg/l | 47005 | 41 | 28605 | 68
alkalinity

4 L/min Oz (control) 7.5E-05 2.6 2.5E-05 7.7

Hardness | 4L/min O at300mg/las | 47p 05| 41 | 32605 | 61

CaCO;

4 L/min O at 20 °C (control) | 7.5E-05 2.6 2.5E-05 7.7
4 L/min Oz at 30 °C 1.2E-04 1.6 5.2E-05 3.7
4 L/min Oz at NOM (3 ppm
DOC) at 20 °C 6.2E-05 3.1 1.8E-05 10.5
4 L/min Oz at NOM (3 ppm
DOC) at 30 °C
4 L/min Oz at 50 mg/L as
CaCOs Alkalinity at 20 °C
4 L/min O; at 50 mg/L as
CaCOs Alkalinity at 30 °C

Temperature 1.0E-04 19 4.8E-05 4.0

5.0E-05 3.9 2.0E-05 9.6

7.7E-05 25 4.3E-05 4.4

The gas type effect was more evident for the removal of geosmin than MIB. Half-
lives of geosmin were 2.6 h, 4.6 h, and 6.8 h at 4 L/min Oz, 4 L/min air and 4 L/min

nitrogen, respectively. Nitrogen NBs had a large effect on the half-life of MIB at 19.2 h,
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while treatment with air NBs resulted in a half-life of 6.1 h and with oxygen NBs a half-
life of 7.7 h. The effect of gas flowrate was more significant on MIB than geosmin removal.
As the gas flowrate increased from 1 L/min to 8 L/min, half-lives of MIB decreased from
9.6 h to 3.9 h, while those of geosmin decreased from 5.5 h to 2.6 h. While the pH effect
was not significant, both alkalinity and hardness increased half-lives of geosmin and MIB
in DDI water. On the other hand, increasing temperature led to decreasing half-lives of
both geosmin (from 2.6 to 1.6 h in DDI) and MIB (from 7.7 to 3.7 h in DDI). Also, a similar
trend was observed for the effect of NOM and alkalinity under various temperatures, and

increasing temperature decreased the half-lives of the compounds.

Among all parameters tested, alkalinity, hardness (added as CaCl), and low gas
flowrate (i.e., 1 L/min O2) showed the most negative impacts on both geosmin and MIB
removal. Under these conditions, half-lives of geosmin and MIB increased up to 2 times
as compared to the control condition (i.e., 4 L/min O2). HCOs™ ion in water serves as *OH
radical scavenger (Grebel et al., 2010; Liao et al., 2001), thus the overall removal of
geosmin and MIB decreased. Although there were similar concentrations of NBs in
nitrogen, air and oxygen gas at 4 L/min gas flowrate (Figure 5.6), the presence of higher
O2 level and possible ROS formation likely increased the rate constant and, as a result,

nitrogen and air NBs performances on removal efficiency were lower as compared to Oo.
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Table 5.6. The ratio of geosmin to MIB disappearance rate constants from Table 5.5 under
various experimental conditions in DDI water for the initial 2 h of the oxygen NBs

application
Geosmin/MIB
Parameter Experiment 1D dlsappearf_mce rate
ratio
k(s?)
1 L/min O 1.8
Gas flowrate 4 L/min O 3.0
8 L/min O> 1.5
4 L/min O3 3.0
Gas type 4 L/min Air 13
4 L/min O2-pH 3 -
H 4L/min Oz -pHS5 2.3
P 4 L/min O, - pH 6.5 3.0
4 L/min Oz - pH 10 2.0
Hardness 4 L/min O (control) 3.0
4 L/min O, - 300 mg/L CaCOs 1.5
4 L/min O (control) 3.0
4 L/min O - 15 mg/L as CaCOs 25
Alkalinity '
Alkalinity 4 L/min O - 50 mg/L as CaCOs o5
Alkalinity '
4 L/min O2 - 250 mg/L as CaCOz3 16
Alkalinity '
4 L/min O, at 20 °C 3.0
4 L/min O, at 30 °C 2.3
4 L/min Oz at NOM (3 ppm DOC) at 3.4
20 °C '
Temperature 4 L/min O at N?%I\({IC(C% ppm DOC) at 21
4 L/min O at 50 mg/L as CaCO3 25
Alkalinity at 20 °C '
4 L/min O at 50 mg/L as CaCO3 18

Alkalinity at 30 °C
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5.3.7. Geosmin and MIB removal mechanisms in DDI water

Table 5.7 summarizes the removal levels of geosmin and MIB under the conditions
described in Section 5.2.5. The removal rate constants for the initial 2 h of contact with
oxygen NBs are presented in Figure 5.19 to show the relative removal trends under various
experimental conditions. The difference in both geosmin and MIB removal rate constants
between Water circulation (WC) and NB circulation (NC) was statistically insignificant
(p-value > 0.05), indicating that oxygen NBs alone in the system did not produce any
additional removal due to volatilization and oxidation. Neither did microbubbles (MBs)
alone ( Figure 5.19 and Figure 5.20). | observed that about 20+1% and 10+1% of geosmin
and MIB were removed at 1.5 h by WC and MBs, respectively (Figure 5.20), which are
comparable to the result of the traditional aeration process. Doederer et al. (2019) who
conducted pilot scale aeration experiments reported that 2.5 L/min gas flowrate with coarse
bubbles decreased geosmin and MIB concentration (Co: 100 ng/L) by 18 + 7% and 16 +
6%, respectively, at 1.2 h of hydraulic retention time (HRT). However, in my study the
presence of both oxygen NBs and MBs mixed continuously resulted in higher removal of
geosmin than either WC or NC. | hypothesized that the mixture of NBs and MBs can
stimulate bubble collapse and produce ROS to promote the oxidative removal process of
geosmin and MIB. To test the hypothesis, the removal of geosmin and MIB in the NB/MB
mixture system was further examined while shutting down the oxidation pathway. To do
so, three different *OH radical scavengers were used (i.e., TBA, bicarbonate, and NOM).
In the presence of either TBA or bicarbonate (250 mg/L alkalinity as CaCQO3) with a

continuous gas injection at 4 L/min, the removal rates of geosmin were not statistically
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different (p-values > 0.05) from WC, which indicated that the oxidation process was mostly
inhibited by these radical quenchers. Although the oxidation process was also suppressed
by the presence of NOM, free radical quenching by TBA or bicarbonate was greater than
by NOM (i.e., the order of geosmin removal follows NBs regular > NOM > alkalinity >
TBA) (Figure 5.19) (Donham et al., 2014; Khare, 2016). NOM may have been less
effective because the NOM concentration (i.e., 3 mg/L) was lower than either TBA or
alkalinity. In comparison to WC (i.e., volatilization process alone), during the regular NBs
operating condition (having both volatilization and oxidation processes available),
approximately 15% of geosmin and 10% of MIB was additionally removed via the

oxidation process via ROS (Figure 5.20).
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Table 5.7. Summary of a series of experiments and observations conducted to investigate
the main removal mechanism of geosmin and MIB in DDI water.

Enhanced Oxidation
Experiment Geosmin & MIB removal Volatilization | Volatilization due due to
result . NB/MB
to NB/MB mixing -
mixing
Water
circulation Default +++ N/A N/A
(WC)
NBs
circulation NC~WC +++ N/A N/A
(NC)
MB regular MB=NC=WC +++ N/A N/A
NC+MB | \crmB)>MBNCAWC " ; +
regular
4 L/min O, NBs
(NBs Regular>(NC+MB)>MB~NC +++ - ++
Regular) ~WC
NBsWrﬁgular NBs regular>NOM et i i
S >alkalinity=xNC=WC
alkalinity
NBs regular NBs regular>NOM . i i
with TBA >TBA~alkalinity=NC~WC
NBs regular NBs regular>NOM et i +
with NOM >TBA=alkalinity=xNC=WC

+++: primary impact (geosmin up to 40% and MIB up to 20% removal achieved), ++: moderate
(geosmin up to 15% and MIB up to 10% removal achieved), +: minimal (<10% for both geosmin
and MIB), -: none, N/A: not applicable.
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Figure 5.19. Removal rate constants (s) for (A) geosmin and (B) MIB under different conditions to systematically explore
removal mechanisms during the initial 2 h of contact without (i.e., water circulation) and with oxygen NBs at 4 L/min.
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Figure 5.20. Changes in (A) geosmin and (B) MIB concentration under different conditions to systematically explore removal
mechanisms during 6 h of contact without (i.e., water circulation) and with oxygen NBs at 4 L/min. Error bars represent standard
deviations (n=2).
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TBA completely suppressed the oxidative degradation pathway of geosmin.
Although TBA quenches mostly *OH radicals, other types of ROS such as singlet oxygen,
superoxide radical, etc. may also be quenched (Monteagudo et al., 2011). Therefore, a
quenching study with FFA and PBQ was conducted to quench preferentially singlet oxygen
and superoxide radical, respectively (Appiani et al., 2017; Fénagy et al., 2021; Liu et al.,
2016; Talukdar and Dutta, 2016). To evaluate the effectiveness of various radical
scavengers in inhibiting the formation of geosmin and MIB under continuous NBs
generation, each specific radical scavenger (i.e., 2 mM TBA, 10 mM FFA, or 0.1 mM PBQ)
was individually added to the container before spiking with geosmin and MIB. The

concentration changes of geosmin and MIB were then monitored for 6 h.
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Figure 5.21. Changes in (A-C) geosmin and (D-F) MIB concentration in the presence of TBA, furfuryl alcohol (FFA), and p-
benzoquinone (PBQ), respectively, to identify responsible ROS during the oxidation removal process. Error bars represent
standard deviation (n=2).
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Figure 5.21 shows the removal of geosmin and MIB in the presence of the different
radical quenching reagents. The effect of FFA and PBQ on the oxidation removal process
of geosmin was insignificant (p-values > 0.05) compared to TBA, suggesting that there
was no oxidative impact by interactions of geosmin and MIB with those preferential ROS
(i.e., singlet oxygen and superoxide radical) in the system. Therefore, the removal of
geosmin during the oxidation process was likely promoted by *OH radicals alone. The
result was consistent with a recent study, where the generation of ROS in NBs suspensions
(i.e., Oz, N2, and CO2-NBs) was characterized using electron spin resonance spectroscopy;
the main ROS generated in the NBs water was *OH radical (Yamaguchi et al., 2021).
Overall, these findings indicated that *OH radical was the major ROS for the oxidative

degradation of geosmin and MIB by oxygen NBs.

To examine the formation of *OH radicals in my experimental system, a probe
molecule, TP, was used. TP was added into the reaction medium as a radical trap that reacts
with *OH radicals leading to the formation of stable hydroxyl radical adducts (2-
hydroxyterephthalate (TPOH)) with a typical percent yield of 35% in oxygen NBs system
(Cheng et al., 2007; Yaparatne et al., 2018). The formation of *OH radicals showed a
maximum of 10 nM and an average of 6.9 nM in the oxygen NBs solution at pH 6.5 (See
in Figure 5.22). Therefore, the additional removal (beyond volatilization) of geosmin
observed was likely attributed to the oxidative reaction with *OH radicals in the presence
of mixed NBs and MMBs. These results indicate that the presence of MMBs in the system

with NBs together induced the formation of *OH radicals. A low level of alkalinity (15
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mg/L as CaCOs3) was enough to almost completely quench *OH radicals formed from

oxygen NBs.
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Figure 5.22. The concentration of «OH radicals formed during the oxygen NBs generation
at pH 6.5 in DDI.

5.3.8. Geosmin and MIB removal in natural waters

To determine the potential for the use of oxygen NBs in practice, the removal
efficiency of geosmin and MIB by oxygen NBs was further investigated in five different
natural waters used as source waters for drinking water treatment plants in South Carolina,
USA. Unlike DDI water, natural waters contain various components that can inhibit the
oxidative removal pathway of geosmin and MIB by quenching ROS. Although the selected
natural waters cover a range of water characteristics such as 1.1-7.0 mg/L DOC, 1.4-3.9

L/mg-m SUVA2s4, 1.0-7.5 NTU turbidity, and 28-97 ps/cm conductivity as shown in Table
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5.1, the removal percentages of geosmin and MIB were not significantly different from one
another (p > 0.05) (Figure 5.23). The removal of geosmin and MIB in these natural waters
was not significantly different (p > 0.05) from WC (where volatilization is the main
removal mechanism), which suggests that the oxidative removal mechanism was
considerably inhibited by the components of the natural waters. Among the measured water
quality parameters, alkalinity was the most important parameter affecting the removal
efficiency of geosmin and MIB while applying oxygen NBs. As discussed above, the
oxidation process initiated by *OH radical was completely shut down by > 15 mg/L of
alkalinity in DDI water. Measured alkalinity of the natural water samples ranged from 16
to 52 mg/L as CaCOz (Table 5.1). Such levels of alkalinity in tested natural waters would
completely inhibit the oxidative degradation process by ROS, and thus the overall removal
of geosmin and MIB would be achieved by volatilization alone when using oxygen NBs.
In addition, the NOM present in natural waters may have radical scavenging capability to
some extent (Table 5.7). The removal of geosmin and MIB was greatly influenced by
components that can be commonly found in natural waters; the removal percentages of
geosmin and MIB in the five different natural waters were not statistically different (p-

values > 0.05) from WC since the oxidative removal pathway was completely inhibited.
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Figure 5.23. Changes in (A) geosmin and (B) MIB concentration in five different natural
waters during 6 h of contact with oxygen NBs at 4 L/min. Error bars represent standard
deviations (n=2).

Overall, these findings show that volatilization was the main mechanism for the
geosmin and MIB removal from natural waters when oxygen NBs were applied. Although
*OH radicals are formed by oxygen NB, their levels were too low and were quenched easily
by the background alkalinity and NOM, whose concentrations were orders of magnitude
higher than those of geosmin and MIB. The low level of *OH radical formation was related
to the concentration of NBs generated in water. Although NBs levels may be measured in
DDI water, their measurement in natural waters is currently not possible due to the
interference from the ubiquitous background particles in natural waters. As a result, usually

indirect measures such as dissolved oxygen or oxidation reduction potential (ORP) levels
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in water must be used to assess the performance of NBs generators, which do not represent
the level of NBs present in water. The limitation is an obstacle for the application and
monitoring of using NBs systems in practice. Additional approaches are needed to exploit
and take advantage of oxidation pathways in natural waters and drinking water treatment..
Since our NBs generators accommodated the use of ozone gas, | explored ozone NBs and

their removal efficiency of geosmin and MIB in the following chapters.

5.4. Conclusions

The removal of geosmin and MIB by NBs and their removal mechanisms were
systematically investigated under various operational and environmental conditions.
Volatilization was the major removal mechanism of geosmin (~40%) and MIB (~20%)
from DDI water, and oxidation by ROS brought additional removal up to ~15% to ~55%
for geosmin and ~35% for MIB. However, alkalinity as low as 15 mg/L as CaCO3
significantly decreased the removal of both geosmin and MIB by scavenging free *OH
radicals, due to the inhibition of the oxidative removal pathway. The removal of geosmin
and MIB was enhanced at a higher temperature because of increased volatilization and
oxidative processes, while the removal percentages of geosmin and MIB decreased in the
presence of either NOM or CaCl; in DDI. The effect of pH in the range of 3-10 was
insignificant on geosmin and MIB removal using oxygen NBs. Given the differences in
water solubility and volatility, geosmin was more readily removed by oxygen NBs than

MIB through both oxidation and volatilization removal pathways.
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Continuous generating and mixing of NBs and MBs stimulated *OH radical
formation and resulted in additional removal of geosmin (~15%) and MIB (10%), while
there was no evidence of geosmin/MIB oxidation by either NBs or MBs alone. Free *OH
radical was the responsible ROS in the geosmin removal, while no impact of other ROS
such as singlet oxygen and superoxide radicals was observed. The role of ROS was not
obvious for MIB removal because the overall removal of MIB was lower than that of

geosmin.

The removal of geosmin/MIB in natural waters by the oxidation mechanism was
considerably suppressed, which was attributed to the ambient alkalinity, NOM, and other
components which may work as radical scavengers. The scavenging resulted in lower
removal percentages than regular oxygen NBs operation in DDI water, which involved
both volatilization and oxidation removal mechanisms; the results from the natural waters
were not significantly different (p-values > 0.05) from the water circulation experiments
(only volatilization involved). Therefore, additional approaches are needed to exploit and
take advantage of oxidation pathway in NBs applications in natural waters for drinking

water treatment.
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CHAPTER 6

CHARACTERISTICS AND STABILITY OF OZONE NANOBUBBLES IN

FRESHWATER CONDITIONS

6.1. Introduction

While oxygen, nitrogen, and air are the most common types of gases studied as
NBs, research with ozone NBs is emerging. Ozone is a powerful oxidant and disinfectant
that has been widely used in water and wastewater treatment for many years (Hoigné and
Bader, 1976).. However, its application is limited by the mass transfer of ozone gas into
the liquid phase, which is slow due to the rapid buoyancy of micro- and macrobubbles
(Temesgen et al., 2017). In contrast, ozone NBs have a very small size and low buoyancy,
allowing them to remain in solution for much longer (Batagoda et al., 2019). The result is
faster diffusion and higher ozone concentration in water. Additionally, the smaller size,
greater total interfacial surface area, and lower rise velocity of ozone NBs make them
uniquely suited for water treatment (Batagoda et al., 2018; D. Li et al., 2014; Temesgen et
al., 2017). These properties provide a higher gas holdup capacity (which refers to the
volume fraction of gas that can be dispersed and retained within a liquid) and volumetric
mass transfer rate, which increases mass transfer while reducing gas consumption and

capital costs (Batagoda et al., 2018).

Ozone NBs have been investigated for a variety of applications in recent literature

such as sediment remediation, water and wastewater treatment, and agriculture, which were
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summarized for a collection of 54-peer-review articles in Table A1l. However, the majority
of ozone studies used the term "micro-nano bubbles” (MNBs), with less than half of these
studies actually investigated NBs. Findings from reviewed literature showed that proper
characterization of NBs and detailed reporting were generally lacking. Such a limitation
must be addressed to be able to document and compare different studies. Seven of the 54
papers mentioned only MBs, and 27 papers did not provide any data or observations
regarding the presence of NBs in the solution. Only 21 papers presented data for ozone
NBs (i.e., size (<1000 nm) or concentration). Only eight out of the 21 papers reported “NBs
concentrations” in the solution (Fan et al., 2021a; Farid et al., 2022; Hu and Xia, 2018;
Kim et al., 2021; Maie et al., 2022; Wu et al., 2022; Xia and Hu, 2018; Yang et al., 2023)
but without including any information about the background particle levels; therefore, the
exact number of NBs was not clear in these studies given the fact that the measurement
techniques such as NanoSight and Zetasizer cannot distinguish particles from NBs. For
these reasons, the initial solution before NBs generation should be measured and reported
as a background. NanoSight (NS300, NS500, or LM-10), Delsa™ Nano C, microscopy,
ZetaView and Zetasizer were the most commonly used instruments to characterize bubble
size, concentration, and size distribution in ozone NBs studies (Agarwal et al., 2011;
Aluthgun Hewage et al., 2021, 2020; Batagoda et al., 2019; Cruz and Flores, 2017; Epelle
etal., 2022; Farid et al., 2022; Hashimoto et al., 2021; Hu and Xia, 2018; Jhunkeaw et al.,
2020, 2021; Lee et al., 2023; Maie et al., 2022; Xia and Hu, 2018; Zhu et al., 2022).
However, less than 15% of the papers reported measurements of ozone NBs concentration

and surface charge of ozone NBs in solution, so it is not possible to understand the
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characteristics of the ozone NBs present in the experiments. Furthermore, the results of
NBs measurements depend on the setting of the instruments used (e.g., camera levels,
particle per frame counts etc.). Such details cannot be found in these publications. In
addition, only six studies measured and provided the surface charge of ozone NBs in the
21 ozone NBs studies (Aluthgun Hewage et al., 2021, 2020; Batagoda et al., 2019; Hu and
Xia, 2018; Hutagalung et al., 2023; Yang et al., 2023). Therefore, it is not possible to

distinguish the results in the current literature from O3z MNBs or NBs.

Understanding the characteristics and fate of ozone NBs in natural waters is critical
for their implementation in both natural and engineered systems. There is still limited
understanding on the long-term stability of ozone NBs under various freshwater conditions
which was shown in Appendix A (Table Al). Only one of 54-peer-reviewed studies
(Table Al) examined the stability of ozone NBs, and it was in just one condition and in
ultrapure water at pH 7 - 7.5 for 14-days storage time (Farid et al., 2022). The lack of
information suggests a need for further research on ozone NBs characterization and
stability under a variety of conditions to comprehensively understand and apply the
technology. The main objective of the study was to systematically investigate the
characteristics and effects of key water chemistry parameters in freshwaters (e.g., pH,
natural organic matter [NOM], carbonate, calcium, and temperature) on the stability of
ozone NBs for a relatively long storage period (i.e., 60 days). In addition, the formation of
hydroxyl radicals in ozone NBs solutions was examined. To the best of my knowledge,
this is the first study to investigate the comprehensive characteristics and stability of ozone

NBs in freshwater conditions.
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6.2. Material and Methods

6.2.1. Generation of ozone NBs

Oxygen gas was fed to a NANO Ozone Generator (Absolute Ozone, Canada) for
ozone generation. The pressure and flowrate of the feed gas were set at 20 psi and 1-4
L/min, respectively, which provided up to 15 g/hour or 10% by weight ozone. A higher gas
flow rate provided less dissolved Oz concentration (i.e., <1 mg/L), but when 1 L/min gas
flowrate was applied, the dissolved ozone concentration reached 12.5 mg/L at 19+1.0 °C.
As the flowrate of feed gas through the ozone generator decreases, the concentration of
dissolved ozone in the solution will be increased because more of the oxygen in the feed
gas is converted to ozone. A low gas flowrate increases the contact time of the ozone
generator’s oxygen gas, increasing ozone production. Also, ozone is being released slowly
from the ozone generator into the solution, increasing its dissolution in the water, which

increases the ozone concentration (Cuong et al., 2019; Du and Lin, 2019).

Ozone gas was delivered to an ozone resistant NBs generator to produce ozone NBs
in a stainless steel container filled with water (Figure 6.1), which was circulated while
supplying ozone gas and maintaining the water temperature at 19+1.0 °C during the ozone
NBs generation. Since ozone solubility in water is a function of water temperature, ice bags
were placed in the tank to maintain the water temperature at 19+1.0 °C during the ozone

NBs generation.
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Figure 6.1. Overview of ozone NBs generation system

Ozone concentration was measured using the ozone indigo method (HACH
AccuVac ampuls and a colorimeter (DR900)). To test the effect of NBs on the
measurement, | ran a quick experiment to test if the presence of ozone NBs influences the
measurement. To compare the results of ozone NBs to conventional ozonation side by side,
dissolved ozone solutions were also prepared by feeding ozone directly to the water in the
tank under the same experimental conditions as discussed above for Oz NBs. Ozone stock
solution was prepared in DDI at 30 mg/L initial concentration. Then, it was spiked in two
different beakers; one of them had DDI water in it, and the other one had ozone NBs
without any residual ozone after four days of NBs generation. Although there was no
measurable dissolved ozone left, the concentration (~108 particles/mL) of 4-day old ozone

NBs was the same as the concentration of freshly generated ozone NBs. After spiking the
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concentrated dissolved ozone solution in both beakers, the target concentration was 1.0
mg/L of dissolved ozone. | was able to measure 1.05 and 1.06 mg/L dissolved ozone in
DDI water and ozone NBs solution, respectively. The result confirmed that the presence of
ozone NBs did not influence dissolved ozone measurement using the HACH indigo

method.
6.2.2. Ozone NBs stability experiments

Ozone NBs were prepared in distilled and deionized (DDI) water at 1 L/min and 4
L/min of oxygen feed gas flowrates to the ozone generator, resulting in dissolved ozone
concentrations of 12.5 mg/L and 1 mg/L in water, in addition to ozone NBs, respectively.
The ozone NBs generated at the two different flowrates were characterized, and stability
experiments under various water chemistry conditions were conducted with ozone NBs

generated at 1 L/min.

The NBs generator was operated until the concentration of NBs in water reached
the target maximum level (~108 NBs/mL), which was verified using a NanoSight (NS300)
nanoparticle tracking analyzer (Malvern Instruments Ltd., UK), and then ozone NBs
solution was transferred into 40 mL amber glass vials and capped with no headspace for a
long-term stability study. More details about measuring the concentrations and size
distributions of NBs can be found in Chapter 3. The initial NBs concentration and zeta
potential was measured using a Brookhaven 90Plus Particle Size Analyzer, and dissolved

ozone was recorded at time zero. The vials were stored at room temperature (19£1.0 °C)
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and the initial pH was around 5.2 £+ 0.2. At designated times, vials were opened, and NBs

concentration, size distribution, and zeta potential were measured.

To examine pH effects, the solution pH was adjusted in the vials at 3, 5, 7, and 9
with HCI or NaOH at time zero. The effects of NOM, carbonate, calcium, and temperature
were examined at pH 7.0+0.5. The NOM effect was investigated at 5 mg/L dissolved
organic carbon (DOC) using two NOM extracts which were available in our laboratory
from a previous study: 1.7 L/mg.m for low specific ultraviolet absorbance at 254 nm
(SUVA254) obtained from a surface water (Song et al., 2009) and 4.1 L/mg.m for high
SUVA24 (Suwannee River NOM from International Humic Substances Society). For
calcium effects, calcium chloride (CaCl,) was added to the ozone NBs solution to create
0.3 and 3.0 mM Ca?* (i.e., 30 and 300 mg/L as calcium carbonate (CaCOs), respectively).
The effects of carbonate were examined after spiking 0.25 and 2.5 mM sodium bicarbonate
(NaHCO3) in pre-generated ozone NBs solutions to create 25 and 250 mg/L as CaCOs,
respectively. Finally, for temperature effects, 0ozone NBs solutions were kept at 10, 20, and
30 °C. For selected conditions (i.e., pH 5, 7 and 9, Low SUVA2: NOM, and 2.5 mM
NaHCO3), longer-term stability (i.e., 255 days) of Os NBs were also monitored. All
samples and blanks/controls were prepared and analyzed in duplicates and the average
values were reported. For the stability experiments, two independent experiments for each
condition were conducted, and the average of the results from these two experiments, along

with the standard deviation, is presented in the chapter.
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6.2.3. The effect of initial terephthalate (TP) concentration on *OH radical formation

To examine the dose of TP required to react with all *OH radicals in the system,
0.5, 1, and 2 mM of TP were applied to both conventional ozonation and ozone NBs
solutions. Conventional ozonation, with a dissolved ozone concentration of 1 mg/L, did
not show any significant increase in «OH radical formation, even with increasing TP
concentrations. On the other hand, ozone NBs enhanced the formation of radicals with
increasing initial TP concentration, indicating that more radicals were available in the
ozone NBs solution than conventional ozone (Figure 6.2A). When the ozone concentration
was increased from 1 to 12.5 mg/L, the formation of TPOH also increased with increasing
TP concentration from 0.5 to 1 mM for both conventional ozonation and ozone NBs
solutions (Figure 6.2B). Up to a 70% increase in the *OH radical formation was observed
for both conventional ozone and ozone NBs. However, as the dose of TP was further
increased to 2 mM, an additional impact on the TPOH formation was not observed for
conventional ozone, while the TPOH formation increased for ozone NBs during 30 min
contact time. The overall TPOH formation for the ozone NBs reached the same level for
the rest of storage time (i.e., 2 days), so TP concentration increase from 1 to 2 mM did not
make any additional impact on the «OH radicals quantification. However, during the initial
30 minutes, *OH radical formation showed sensitivity to TP concentration, with noticeable
differences between 1 and 2 mM TP. Therefore, 2 mM TP was selected for the
quantification of *OH radicals in the following experiments. Similar observations were
reported in a previous study for the *OH quantification with TPOH formation. After a

certain number of *OH radicals have reacted with TP, newly formed *OH radicals likely
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degraded existing TPOH instead of reacting with TP to produce new fluorescent TPOH,
especially, when the initial concentration of TP was lower than required amounts (Saran

and Summer, 1999).

It was also found that the *OH radical formation in ozone NBs solutions was
continuous over time for ozone NBs prepared at higher dissolved ozone concentration of
12.5 mg/L (Figure 6.2). Even though there was no residual ozone in the solution during
the 2 days (2880 min) of storage time, increasing TPOH formation could be attributed to
the ozone diffusion from inside of ozone NBs. Comparing conventional ozonation with
ozone NBs for the same initial dissolved ozone concentrations in solution, *OH radical
formation from ozone NBs was 1.2 - 1.7 times higher for all tested conditions (Figure 6.2).
This characteristic can be a further advantage of ozone NBs over conventional ozonation

because a longer lasting oxidation may be possible with NBs.
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Figure 6.2. The formation of *OH radicals from conventional ozonation and ozone NBs at
A) 1 mg/L and B) 12.5 mg/L of initial dissolved ozone concentrations.
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6.2.4. Ozone decomposition and «OH radical experiments

Ozone NBs were prepared with 12.5 mg/L dissolved ozone for ozone
decomposition and *OH radical formation experiments. The effects of pH (i.e., 3, 5, 7 and
9), NOM (i.e., low and high SUVA2s4 NOM at 5 mg/L), carbonate (i.e., 0.25 and 2.5 mM
NaHCO3), and calcium (i.e., 0.3 and 3.0 mM Ca?*) were investigated at 19+1.0 °C. Each
experimental condition was prepared in 1 L amber bottles with fresh Oz NBs ([Os]o = 12.5
mg/L) and then divided into 40 ml vials for the ozone decomposition and *OH radical
formation measurements. Then, ozone concentration was measured for each sample at the
time of sampling. Right after 2 mM TP was spiked into NBs solution, the solution was
shaken one time and measured immediately for *OH radical formation from the calibration
curve obtained from fluorescence spectra to determine concentrations of TPOH formed in
NBs solutions (Figure 3.6). The concentrations of *OH radicals were estimated from the
TPOH concentration divided by the yield percentage (31.5 £ 7 % ) (Fang et al., 1996;
Gonzalez et al., 2018; Zerj av et al., 2020). Oz levels and the formation of *OH radicals for

each experimental condition were recorded and compared side by side.

The generated Oz NBs were stored at room temperature in vials that were headspace
free. After one week, the dissolved ozone level in the solution was measured, and there
was no residual ozone. For some conditions, TP was spiked into the solution for 1 and 2-
week-aged Oz NBs; NBs solutions were shaken and put aside. The formation of *OH

radical was monitored after 24 and 48-h reaction times.
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6.3. Results and Discussion

6.3.1. Impact of NBs generation conditions on characteristics and stability of ozone NBs

Ozone NBs were generated at two different oxygen feed gas flowrates (i.e., 4 and
1 L/min) to the ozone generator, resulting in two different initial dissolved ozone
conditions (i.e., 1 and 12.5 mg/L, respectively) present with ozone NBs in water. These
two gas flowrates affected the characteristics and stability of ozone NBs. Ozone NBs
generated at high initial dissolved ozone concentration showed much higher brightness
during ozone NBs counting using NS300 than for the ozone NBs generated at low initial
dissolved ozone (Figure 6.3). The background dissolved ozone concentration was not a
contributing factor to the difference in ozone NBs brightness because after the complete
decomposition of dissolved ozone (Table 6.1), ozone NBs generated at a higher dissolved
ozone level still showed a significantly higher brightness than those generated at low

dissolved ozone concentration (Figure 6.3B,C and E,F).
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Figure 6.3. The screenshots taken during ozone NBs measurements on NS300 for low
dissolved ozone (1 mg/L) at A) Day 0, B) Day 7 and C) 9 months, and for high dissolved
ozone (12.5 mg/L) at D) Day 0, E) Day 7 and F) 9 months.

Table 6.1. Dissolved ozone concentration (mg/L) in NBs solutions at pH 5.

Time (min) Low dissolved ozone High dissolved ozone
0 1.07 12.50
1 1.03 9.30
5 1.00 10.60
10 0.90 10.00
15 0.85 7.40
20 0.97 7.20
60 0.81 3.70

100 0.56 3.40
140 0.69 1.40
170 0.22 1.40
200 0.05 1.24
230 <DL 0.36
250 <DL <DL

DL: Detection Limit
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Although the initial concentration of ozone NBs for both low and high dissolved
ozone conditions were similar (i.e., 1.08 x 108 and 1.10 x 108 particles/mL, respectively),
different disappearance rates (Figure 6.4A) of ozone NBs and the surface charge change
(Figure 6.4B) were observed over a long storage time. Ozone NBs generated at high
dissolved ozone conditions had more negatively surface charge and exhibited higher
stability than ozone NBs generated at low dissolved ozone conditions. The concentration
of ozone NBs in the low dissolved ozone solution started to decrease after day 1, while
ozone NBs in the high dissolved ozone solution were relatively stable for the first week,
then started to decrease slowly with increasing storage time. After 60 days of storage
period, the concentration of ozone NBs generated under the high ozone level condition was
23% higher than that of the low ozone condition (p < 0.05). The difference in the ozone
NBs stability can be attributed to the difference in the change of their surface charge. The
size distributions of ozone NBs (most bubbles with diameter < 250 nm) did not drastically
change from 0 to 60 days of storage time (Figure 6.5). At time=0, there were more NBs
ranging from 100 to 250 nm in high dissolved ozone solution, but for 60-day samples, the
size distributions under both conditions were very similar and the mode size of ozone NBs

shifted from left to right (i.e., from =100 nm to ~150 nm) (Figure 6.5).
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Figure 6.4. Changes of (A) ozone NBs concentrations and (B) surface charge during 60

days of storage time at pH 5.2+0.2 and 19+1.0 °C.
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conditions in DDI water at (A) t=0 and (B) 60-days
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Ozone NBs generated under the two different feed gas flowrate conditions had
similar initial zeta potentials (around -32 mV). A sharp decrease of zeta potential was
observed for both low and high dissolved ozone solutions during the first 24 h (i.e., -32 to
-39 mV and -32 to -42 mV, respectively). After day 1, the zeta potential of the low
dissolved ozone solution started to increase to -16 mV by day 60, while that of the high
dissolved ozone solution kept decreasing to -48 mV until day 7 and then started to increase
to -26 mV. The differences in surface charges of ozone NBs can be related to multiple
factors including the presence of dissolved ozone and its decomposition as well as a
continuous ozone diffusion from inside of NBs to the solution phase due to the high gas
holdup capacity of NBs (Batagoda et al., 2018; Temesgen et al., 2017). Dissolved ozone
levels decreased and there was no measurable dissolved ozone (< 0.02 mg/L) in both
solutions after 5 hr. Ozone decomposes in water to OH™ ions (Ho et al., 2004), which may
increase the magnitude of zeta potential of ozone NBs solutions. Higher dissolved ozone
concentration in the solution may promote more negative charges on the surface of NBs,
which is probably due to more OH" at the gas—water interface (Meegoda et al., 2018).
Furthermore, ozone can diffuse from NBs into the bulk solution, which can supply
additional OH" ions at the bubble interface. Moreover, at pH 5 less hydrated and more
polarized OH™ anions may move to the bubble surface, increasing the magnitude of surface
charge (Meegoda et al., 2018; Temesgen et al., 2017). Overall, such factors eventually can
enhance ozone NBs stability in water by inhibiting coalescence of NBs for an extended
storage period. These results showed for the first time the impact of ozone NBs preparation

conditions on their characteristics and stability in water.
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6.3.2. Effect of pH

The effect of pH on the ozone NBs stability was investigated at pH 3, 5, 7, and 9.
Ozone NBs concentrations and zeta potential changes over the storage time are shown in
Figure 6.6 and Table 6.3. Ozone NBs were more stable at higher pH (Figure 6.6) and their
concentrations decreased slowly at pH 9 with only 10% of ozone NBs disappearing after
60 days, whereas at pH 3 the concentration of 0zone NBs started to decrease immediately
and reached about 60% of the initial level after the first two weeks, and finally about 40%
after 60 days of storage period. The observed stability of ozone NBs was significantly
lower at pH 3 than pH 5, 7, or 9 (p < 0.05), while the difference between pH 5 and 7

conditions was statistically insignificant (p > 0.05).
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Figure 6.6. Changes in ozone NBs concentrations over storage time under various pH
conditions in DDI.
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The magnitude of initial surface charge (t = day 0) of ozone NBs solution at pH 3
was lower than those at pH 5, 7 or 9 (Table 6.3). Dissolved ozone decomposed
spontaneously in the solution and no measurable ozone remained at 5 h in pH 5, 7, and 9
(Table 6.2). Since the decomposition of ozone is fast at high pH and produces OH" ions
(Ho et al., 2004), the change in the surface charge of NBs solutions was immediately
observed. At pH 5, 7, and 9, ozone decomposition resulted in a prompt increase in the
magnitude of surface charge of ozone NBs (Table 6.3). The magnitude of zeta potential at
pH 3 and 5 increased significantly over the storage time, while it was relatively stable at
pH 7 and 9. The repelling forces caused by high magnitude of the negative surface charge
would promote stability of negatively charged ozone NBs during a long storage period.
Moreover, 65-70% of Os NBs were stable at pH 5, 7 and 9 after 255 days storage time
(Table 6.4). The different pH conditions did not impact the size distribution of ozone NBs
at time=0, and the diameter of most bubbles was less than 200 nm (Figure 6.7). While the
size distribution pattern was not variable with different pH at time=60 day, the mode size

of bubble shifted to the right (up to 200 nm of diameter) (Figure 6.7).
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Table 6.2. Ozone decomposition in Oz NBs solution at various pH values. DL: detection

limit.

Time (min) Dissolved ozone concentration in NBs solution (mg/L)
pH 3 pHS5 pH 7 pH9

0 12.5 12.5 12.5 12.5
1 9.1 9.3 4.5 1.3
5 9.5 10.6 4.5 0.17
10 10.4 10 3.6 0.03
15 10.7 7.4 1.7

20 9.6 7.2 1.6

60 9.6 3.7 0.03

100 7.1 3.4

140 7.0 1.4 <DL

170 6.8 1.4

200 5.0 1.24 <DL

230 4.4 0.36

250 3.9 DL

Table 6.3. Changes in zeta potential values over time under various pH conditions in DDI

water.

pH
Day pH 3 pH 5 pH 7 pH 9
0 215 32,0 354 427
1 411 419 454 479
3 36.4 455 439 44,0
7 42.0 477 441 444
14 351 36.8 441 467
21 26.4 34,6 411 454
28 252 34.1 441 437
35 231 -30.4 1396 431
50 1193 299 452 471
60 155 256 422 44,6
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Table 6.4. The long-term stability (t=255 days) of ozone NBs under various conditions.

O3 NBs (particles/mL)

Time Low SUV Az, 2.5 mM
(day) PH S pH 7 PH 9 NOM Carbonate
0 1.15x108+1.6x106 | 1.24x10%+9.7x10° | 1.18x10%+8.9x106 | 1.25x10%+8.9x106 | 1.29x10%+4.3x10°
255 | 7.45x107+7.3x108 | 7.68x107+4.7x10° | 8.02x107+2.7x108 | 7.18x107+6.4x106 | 9.26x107+7.2x10°
A pH 3 pHS B pH3 pHS
1.5E+06 — P27 pH 9 |.SE+06 ————PH7 pH 9
=) ﬂ t=0day = t= 60 day
"2 1.0E+06 - \A §1.0E+06 .
& \ 2
& &
S 5.0E+05 1 J £ 5.0E+05 - P\\
& © i
0.0E+00 HL—= | | | 0.0E+00 44—, T ;
0 200 400 600 800 1000 0 200 400 600 800 1000
Size (nm) Size (nm)

Figure 6.7. The size distributions of ozone NBs under various pH conditions in DDI at (A) t=0 and (B) 60-days.
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6.3.3. Effect of NOM

The effects of NOM (i.e., 5 mg-DOC/L) and its aromaticity (i.e., low vs. high
SUVAs4) were also investigated for effects on the stability of ozone NBs at pH 7. There
was no significant impact of NOM on the stability of ozone NBs in the presence of low
SUVA254 NOM (i.e., 1.7 L/mg.m) at 5 mg-DOC/L (p > 0.05) with > 80% of NBs remaining
after 60 days (Figure 6.8). The changes in NBs concentration and surface charge in the
presence of low SUVA2s4s NOM were similar to those in the DDI control, even for extended
storage time, 255 days (Table 6.4 and Table 6.5). The impact of high SUVA2s: NOM (i.e.,
4.1 L/mg.m) was also insignificant compared to the DDI control until day 35. However, as
the storage time increased to 60 days, the concentration of ozone NBs decreased to about
55%, and surface charge increased (Table 6.5). As aromaticity (i.e., SUVA2s1) of NOM
increased, half-lives of ozone NBs decreased during a relatively long storage period. The
more aromatic nature of higher SUVA2s2s NOM may more easily bind to ozone NBs and
consequently reduce the stability of NBs. In the previous chapter with oxygen NBs and the
same NOM extracts, | observed a clear effect of high SUVA254 NOM on the oxygen NBs
stability and the difference between low and high SUVA2s4 NOM was distinguishable even
over a short storage time (Figure 4.5). Furthermore, about 55% of ozone NBs remained in
the solution in the presence of the same high SUVA2s4 NOM, while only 20% of oxygen
NBs was observed in the solution after 60 days of storage period. The higher negative

surface charge of ozone NBs than oxygen NBs can explain the difference.

145



1.6E+08
1.4E+08
1.2E+08
1.0E+08
8.0E+07
6.0E+07
4.0E+07
2.0E+07
0.0E+00

Concentration (particles/m])

—e—DDI

Low SUVA NOM (1.7 L/mg*m)
—e—High SUVA NOM (4.1 L/mg*m)

0

10 20

40 50

Time (day)

60 70

Figure 6.8. Changes in ozone NBs concentrations in the presence low SUVA2. (1.7
L/mg.m) and high SUVA2s4 (4.1 L/mg.m) NOM at 5 mg/L DOC and pH 7 in DDI during
60 days of storage time at room temperature.

Table 6.5. Changes in zeta potential values over time under various under various NOM
at 5 mg DOC/L conditions.

Day NOM -
Low SUVA High SUVA
0 -34.0 -41.6
1 -43.2 -39.8
3 -42.7 -42.4
7 -42.3 -44.6
14 -43.1 -46.6
21 -43.5 -44 .4
28 -40.5 -41.1
35 -37.9 -41.4
50 -37.2 -34.6
60 -35.7 -32.2
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6.3.4. Effect of carbonate

The impact of carbonate on the stability of ozone NBs was insignificant compared
to pH 3 or high SUVA2s4 NOM (Figure 6.9). At 2.5 mM alkalinity (250 mg/L as CaCOs3),
ozone NBs showed slightly higher stability than at 0.25 mM alkalinity (25 mg/L as CaCO3)
and DDI, with less than 10% overall change of the NBs concentration during the storage
time. The size distributions of 0zone NBs for these three conditions were similar, and the
diameter of most bubbles was less than 200 nm at time=0 (Figure 6.10A). However, the
mode size of ozone NBs in 2.5 mM carbonate solution (i.e., 98.5 nm) was smaller than in
DDI and 0.25 mM carbonate solution at time=60 day (i.e., 146.5 and 140.5 nm,
respectively) (Figure 6.10B), which can be explained by the increase of the negatively
charged ions on the surface of the NBs, which can enhance the electrostatic repulsion

between neighbor NBs and resulting in the decrease in the size of NBs (D. Li et al., 2014).
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Figure 6.9. Changes in ozone NBs concentrations in the presence of 0.25 (25 mg/L as
CaCO0:s3), 2.5 mM (250 mg/L as CaCOs) carbonate, and DDI during 60 days of storage time
at room temperature.
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Figure 6.10. The size distributions of ozone NBs under various carbonate levels and DDI
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148



The magnitude of the surface charge of ozone NBs in 2.5 mM carbonate treatment
was also slightly higher than that of the DDI control and 0.25 mM carbonate alkalinity
treatment (Table 6.6). Ozone decomposition produces HO3™ and Ose” in addition to
hydroxyl radicals (Elovitz et al., 2000), while NaHCO3 dissociates mainly to HCO3™ at pH
7. Combinations of these negatively charged species which can affect the surface charge
of NBs based on the mobility of counter ions may help ozone NBs persist for longer times
in the presence of carbonate (Yildirim et al., 2022). Thus the bubbles become more stable
due to these ionic species' formation of a diffusive barrier against gas outflux, which
simultaneously lowers the effective value of the liquid-gas surface tension, which prevents
fast gas diffusion, and results in an increase in the stability of NBs (Hewage et al., 2021).
Table 6.4 shows that 80% of Oz NBs (i.e., 9.26x10” NBs/mL) were still present in solution
after 255 days of storage time. The finding indicates that typical carbonate levels of natural

waters will not have a significant effect on the ozone NBs stability.

Table 6.6. Changes in zeta potential values over time under various carbonate levels.

Day DDI 0.25 mM 25 mM
0 -35.4 -39.7 -44.2
1 -45.4 -44.6 -46.1
3 -43.9 -39.8 -43.3
7 -44.1 -45.6 -49.1
14 -44.1 -41.7 -39.8
21 -41.1 -43.3 -46.0
28 -44.1 -45.9 -48.6
35 -39.6 -43.7 -46.9
50 -45.2 -41.0 -46.7
60 -42.2 -44.1 -48.1
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6.3.5. Effect of calcium

To test the effect of calcium on the stability, the concentration changes of ozone
NBs were monitored over time in the presence of 0.3 mM and 3.0 mM Ca?*, which
correspond to 30 and 300 mg/L as CaCOz hardness, respectively. As shown in Figure 6.11,
the presence of 3.0 mM Ca?* (300 mg/L as CaCQOs) exhibited an immediate impact on the
ozone NBs stability. The initial ozone NBs in solution (i.e., 1.2 x 10® particles/mL) quickly
dropped to the background level of DDI water (i.e., ~ 107 particles/mL) within one day.
The presence of divalent calcium in the solution also decreased the magnitude of surface
charge toward zero, and thus directly decreased the repulsive electrostatic forces between
negatively charged NBs (Hewage et al., 2021; Nirmalkar et al., 2018b) (Table 6.7). As a
result, ozone NBs could coalesce to form bigger bubbles and then burst and disappear from
the solution in a short time period. Such a disappearance mechanism of ozone NBs in the
presence of Ca?* was supported by comparing the size distribution pattern of ozone NBs
in 3.0 mM Ca?" solution with those in DDI and 0.3 mM Ca?* solution at time=0 and 60
days. With the immediate decrease in the magnitude of surface charge (i.e., -35.4 and -19.1
mV in DDI and 3.0 mM Ca?* at time=0, respectively.), the concentration of NBs was
decreased, and the bubble size distribution shifted to the left for 3.0 mM Ca?* solution at
time=0 because larger bubbles would easily escape from the solution (Figure 6.12A). On
the other hand, 0.3 mM Ca?* (30 mg/L as CaCQs3) did not have any significant impact on
the stability of ozone NBs until day 21 compared to the DDI control (p > 0.05) and then
reduced the concentrations of NBs to about 60% remaining after 60 days of storage period.

Nevertheless, a significant decrease was observed in the magnitude of surface charge with
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the addition of 0.3 mM Ca?* at the beginning of the experiment (Table 6.7). While the size
distribution of ozone NBs in the presence of 0.3 mM Ca?* was similar to the ozone NBs in
DD, it was shifted to the left after 60 days of storage time with decreasing magnitude of
surface charge and number of NBs (Figure 6.12B). Additionally, the polydispersity of the
NBs size distribution exhibited a notable increase over the extended storage period of 60
days compared to the initial state (t=0). The half-lives of ozone NBs in the presence of 0.3
and 3.0 mM Ca?" were 87 days and 1 day, respectively (Table 6.10). Similarly, calcium
has been shown to greatly impact the stability of oxygen NBs (Hewage et al., 2021;
Soyluoglu et al., 2021). These results showed that ozone NBs stability decreased

significantly in waters with high hardness.
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Figure 6.11. Changes in ozone NBs concentrations over storage time under various
calcium levels.
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Figure 6.12. The size distributions of ozone NBs under various calcium levels in DDI at
(A) t=0 and (B) 60-days.

Table 6.7. Changes in zeta potential values over time under various calcium levels.

Day DDI 0.3 mM 3.0 mM
0 -35.4 -24.9 -19.1
1 -45.4 -27.7 -16.5
3 -43.9 -25.3 -12.0
7 -44.1 -21.0 -6.9

14 -44.1 -22.7 -55
21 -41.1 -18.9 -5.9
28 -44.1 -19.4 -2.9
35 -39.6 -18.7 -1.6
50 -45.2 -16.9 -1.9
60 -42.2 -14.3 -0.6

6.3.6. Effect of temperature

Increasing temperature can enhance the decomposition rate of ozone while

decreasing ozone solubility in water (Ershov and Morozov, 2009). With increasing
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temperature, rising velocity or the Brownian motion of NBs will increase (Table 6.9),
enhancing the encounter of neighbor bubbles resulting in collisions and coalescence, thus
ozone NBs might be less stable (Jin et al., 2020; Park et al., 2017). Also, the mobility of
ions in the solution will be higher, and it can decrease the OH" ion adsorption on the bubble
surface (Meegoda et al., 2018). The possibility of these mechanisms is more reasonable

with NBs generated with other gases since their surface charge is less than ozone NBs.

As shown in Figure 6.13, the change in ozone NBs levels was not significantly
different under three different temperature conditions (p > 0.05), and up to 90% of ozone
NBs remained after 60 days of storage time, indicating that the effect of Brownian motion
change was negligible. In addition, the insignificant temperature effect on the ozone NBs
stability was closely related to the surface charge change of ozone NBs. In the range of 10-
30 °C, the surface charge did not significantly change over time (Table 6.8). Ozone NBs
at higher temperature showed slightly higher surface charge than at lower temperature,
which is likely related to the higher ozone diffusion and decomposition from NBs and
increasing reaction rates with increasing temperature (Wang et al., 2021). The hydroxyl
anions produced from ozone decomposition could be adsorbed at the gas-water interface,
enhancing the magnitude of surface charge and the stability of NBs (Atkinson et al., 2019;
Peleg, 1976; Soyluoglu et al., 2021). Higher surface charges enhance the repulsive force

between NBs; thus, the coalescence possibility of two NBs is almost negligible in DDI.
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Figure 6.13. Changes in ozone NBs concentrations over storage time under various
temperatures.

Table 6.8. Changes in zeta potential values over time under various temperatures.

Day 10 °C 20°C 30°C
0 -35.4 -35.4 -35.4
1 -41.3 -45.4 -43.9
3 -40.0 -43.9 -40.7
7 -45.7 -44.1 -47.8
14 -42.5 -44.1 -44.6
21 -40.9 -41.1 -46.1
28 -43.7 -44.1 -45.9
35 -40.0 -41.9 -42.6
50 -42.0 -45.7 -45.0
60 -39.8 -42.5 -41.7

In addition, the size distribution of ozone NBs at the three temperatures was not

significantly different from each other during 60 days of storage time (Figure 6.14). While
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the mode sizes of the ozone NBs were 105 + 10 nm at time=0, they shifted to the right (i.e.,
180 + 40 nm) for all tested temperatures after 60 days. Therefore, the coalescence
possibility can be ignored since NBs have a similar size under all tested conditions, and the
stability and surface charge did not change significantly with increasing temperature. Also,
the rising velocity of NBs at the three temperatures was calculated, and differences were
not statistically different (p > 0.05), so NBs will not leave the solution quickly, as shown
in Table 6.9. Therefore, the combination of change on Brownian motion, and zeta potential

can affect the NBs stability, but a significant change was not observed for ozone NBs.
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Figure 6.14. The size distributions of ozone NBs under various temperatures in DDI at (A)
t=0 and (B) 60-days.
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Table 6.9. The calculated rising velocity of ozone NBs at various temperatures.

Temperature | 10°C 20 °C 300c | Rising V‘;"('frf]i/tga‘;i)ﬁere“ces
d (nm) cm/day cm/day cm/day Ts0-T1o Ts0-T20

1 54E-06 | 7.0E-06 | 8.8E-06 0.00 0.00

10 54E-04 | 7.0E-04 | 8.8E-04 0.00 0.00
100 0.05 0.07 0.09 0.03 0.02
200 0.22 0.28 0.35 0.14 0.07
300 0.49 0.63 0.79 0.31 0.16
400 0.86 1.13 1.41 0.55 0.28
500 1.35 1.76 2.20 0.85 0.44
600 1.94 253 3.17 1.23 0.64
700 2.64 3.45 4.32 1.68 0.87
800 3.45 4.50 5.64 2.19 1.14
900 4.37 5.70 7.14 2.77 1.44
1000 5.39 7.03 8.81 3.42 1.78

6.3.7. Half-lives of ozone NBs in DDI water

The disappearance rates of ozone NBs under different water background conditions
were collectively evaluated from the In Ci/Co vs. time plots (Figure 6.15). For the two
different initial dissolved ozone concentrations (i.e., 1 and 12.5 mg/L), the concentrations
of ozone NBs in the solutions at time=0 were very similar (1.08 x 108 and 1.10 x 108
particles/mL, respectively). However, their half-lives were 64 and 165 days, respectively

(Table 6.10), indicating that the initial dissolved ozone concentration can substantially
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affect the stability of ozone NBs, which was due to differences in the NBs characteristics

prepared at different ozone concentrations.

The half-lives of ozone NBs increased with increasing pH of the solution. At pH 3,
the disappearance rate constant and half-life of ozone NBs at pH 3 were determined using
the initial fast decay curve since there were two apparent (i.e., fast initially and then slow)
disappearing phases. The disappearance rate for the initial 3 weeks was faster than the rest
of the storage period. The same trend was also observed with changes in the surface charge
of ozone NBs solutions (Table 6.3). As pH increased from 3 to 9, the half-lives increased
from 20 to 693 days. (Table 6.10). At pH 9, the R? value was found to be very low because
the concentration of 0zone NBs did not change and the average of C+/Cowas 0.9987 during

the 60 days storage time.

The half-lives of ozone NBs in the presence of NOM decreased with increasing
SUVA:254 of NOM. The presence of low SUVA2:54 NOM did not make a significant impact
on the stability of ozone NBs compared to the DDI control (i.e., the half-lives of ozone
NBs in DDI and low SUVA2s4 NOM were 193 and 182 days, respectively), while ozone

NBs in the presence of high SUVA2s: NOM disappeared faster (75 day half-life).

As carbonate concentration increased, the half-life of ozone NBs increased with the
presence of charged species (i.e., HCOs", COs%, HOg', etc.) in water, which was attributed
to the increasing surface charge of ozone NBs. The half-lives of ozone NBs increased from

193 to 267 days with the addition of 0.25 mM alkalinity (Table 6.10).
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The disappearance rate of ozone NBs was greatly affected by Ca?*. Ozone NBs
disappeared very quickly, especially in the presence of 3 mM Ca?*. The half-lives of ozone
NBs in the presence of 0.3 and 3.0 mM Ca?* were 86.6 days and 0.5 days, respectively

(Table 6.10).

The half-lives of ozone NBs in different temperature conditions were not compared,
as the differences in NBs levels during the 60-day storage time were not statistically
significant (p>0.05). Additionally, the calculated half-lives may be misleading, as the

differences in NBs concentration during the storage time are less than 5%.
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Figure 6.15. Changes of ozone NBs concentrations over storage time under two different
feeding gas flowrate (A), pH (B), NOM (C), carbonate (D), calcium (E), and temperature
(F) conditions in DDI water.
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Table 6.10. Ozone NBs disappearance rate constants and half-lives under various storage
conditions for 60 days.

Ozone NBs oll isstaordezrraan?:se NBs
Conditions storage bp half-life R?
condition rate constant, (day)
k (day?)
Initial dissolved ozone Low ozone 1.08E-02 64 0.92
. (1 mg/L)
concentration effect High ozone
(at pH 5.1 £ 0.1 and 20 °C) (12.5 mg/L) 4.20E-03 165 0.97
pH 3* 3.40E-02 20 0.99
i pH 5 4.20E-03 165 0.91
H effect (at 20 °C
pH effect (a ) pH 7 3.60E-03 193 0.86
pH 9 1.00E-03 693 0.30
No NOM added 3.60E-03 193 0.86
Low SUV A5,
NOM effect at 5 mg- NOM 3.80E-03 182 0.87
DOC/L (1.7 L/mg.m)
(at pH 7 and 20 °C) High SUVA2s4
NOM 9.30E-03 75 0.98
(4.1 L/mg.m)
Carb - No carbonate 3.60E-03 193 0.86
arbonate effect 0.25 MM CO# 2.60E-03 267 0.84
(at pH 7 and 20 °C)
2.5 mM COs* N.A**
Calci froct No calcium 3.60E-03 193 0.86
alcium effec m -
(at pH 7 and 20 °C) 0.3 mM Ca 8.00E-03 87 0.90
3.0 mM Ca* 1.29E+00 1 0.92
Temperature effect o
(at pH 7) N.A.

*For the conditions showing two apparent disappearing phases (i.e., fast initially and then slow or complete
disappearance in the short time), only data points fitted with the linear regression were considered to obtain
the disappearance rate constants and half-lives calculations.

** There was less than a 5% difference between the measurements during the 60 days storage time, which is
also the variability of the measurement, so disappearance rate was not calculated.
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6.3.8. Comparison of ozone decomposition rate and <OH radical formation to

conventional ozonation

Conventional ozone delivery methods are limited by the buoyancy of large ozone
bubbles, which reduces the amount of ozone that can dissolve in the water. However, ozone
injection using NBs can improve the gas holdup capacity of water due to the superior
physiochemical properties of NBs, such as their smaller size, slower rising velocity, larger
surface area, and longer diffusivity (Agarwal et al., 2011; Chu et al., 2007; Pourkarimi et

al., 2017; Temesgen et al., 2017).

Figure 6.16 shows ozone decomposition rates in ozone NBs solution and
conventional ozonation. Although the initial dissolved ozone concentration was 12.5 mg/L
for both conditions, the ozone decomposition rate of conventional ozonation was faster
than that of ozone NBs solutions. Calculated half-lives of dissolved ozone were 41.5 and
21.2 min for ozone NBs solution and conventional ozonation, respectively (Figure 6.17
and Table 6.15). The significant difference in ozone decomposition rates between
conventional ozonation and ozone NBs ozonation is due to two factors: (1) the ability of
NBs to hold ozone gas in solution for longer periods of time, and (2) the movement of
ozone NBs through Brownian motion, which prevents them from rising to the surface of
the water and escaping (Batagoda et al., 2018; Kyzas and Mitropoulos, 2021). Given the
longer persistence time, when the dissolved ozone is delivered with NBs, the surface of
NBs is saturated with diffused gas, slowing the gas diffusion into the liquid. The gas inside
the NBs continuously diffuses from the gas-water interface into the liquid, thereby

extending the presence of ozone in water (Batagoda et al., 2018). The main drawbacks of
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using conventional ozone methods are the lower retention times associated with high
buoyancy and the quick ozone decomposition that eliminates residual ozone in water. The
limitations mean that conventional ozone treatment often requires high ozone doses to be
effective, therefore, ozone treatment may not be able to completely prevent
microorganisms from regrowing in the treated water (Batagoda et al., 2018). The longer
retention time of dissolved ozone in the ozone NBs solution is advantageous over the
conventional ozonation for water treatment purposes, which means that the water can
maintain its oxidation potential for longer periods of time. As a result, ozone NBs can
achieve higher oxidation efficiency and remove target compounds with lower ozone doses

than conventional ozone.
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Figure 6.16. Decomposition of ozone (A) and hydroxyl radical formation (B) from ozone
NBs solution and conventional ozonation ([O,]o = 12.5 mg/L and [TP] =2 mM at pH 5.2

+ 0.2 and 19+1.0 °C for both conditions).
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Figure 6.17. First order degradation rates of ozone in ozone NBs solution and conventional
ozone.

Table 6.11. The 1st order decomposition rates of Oz NBs and conventional ozone.

Conditions Slope (k, mint) Half-lives (min)
O3 NBs 0.0167 41.5
Conventional ozone 0.0327 21.2

The formation of *OH radicals for conventional ozonation and ozone NBs solution
was also investigated during these experiments (Figure 6.16B). At time zero, the formation
of *OH from dissolved ozone was ~18,000 nM, while ozone NBs produced a concentration
of *OH radicals of 27,000 nM. No more radical formation was observed after 150 min
during conventional ozonation, while the radical formation in ozone NBs solution

continued. The initial *OH radical formation was mainly caused by different decomposition
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rates of dissolved ozone, while the further formation of radicals was attributed to the
reactivity of ozone NBs. The residual ozone concentration (Figure 6.16A) and the
formation of *OH radicals (Figure 6.16B, p < 0.05) during the conventional ozonation
were always lower than in ozone NBs solutions. As a result, the yield of *OH formation
from Oz NBs was significantly higher (p < 0.05, up to 25%) than conventional ozonation
(e.g., 0.07 and 0.10 molar ratio of *OH to dissolved Oz for conventional ozone and ozone
NBs at time=0, respectively). The observed difference would lead to further oxidation
capabilities in ozone NBs solutions. After 300 min, although there was no change on ozone
NBs in water, the dissolved ozone was below the detection limits, but further *OH radical
formation was observed even after 2 weeks storage time of Oz NBs (Section 6.2.3 and
Table 6.12). The results indicate that ozone continued to diffuse from the ozone NBs and

its decomposition caused the formation of additional *OH radicals.

Table 6.12. «OH radical formation in 1 and 2 weeks stored O3z NBs, and then spiked with
TP for 24 and 48-h reaction time

24 h reaction time
Low SUVA | High SUVA
«OH radical | pDDI* sz ?< ZpH L 2pH ?( NOM NOM
formation WeeKs Weeks WEEKS 1 week 1 week
(nM) <DL** | 152.2+12 | 94.9+8.3 86.6+ 3.3 201.3+25 | 379.06+17.4
48 h reaction time
Low SUVA | High SUVA
*OH radical DDI sz 5k sz 7k ZpH ?( NOM NOM
formation weeks weeks weeks 1 week 1 week
(nM) <DL | 296.3+9.8 | 95.12+6.3 | 87.9+4.5 301.3+6.5 | 717.64+11.9

*DDI= Conventional ozone solution at pH 5.0-5.5 for comparison with ozone NBs

**DL=1nM
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6.3.9. Ozone decomposition rate in ozone NBs solution under various freshwater

conditions

The individual effects of background water quality parameters on the dissolved
ozone decomposition profile are of critical importance in the application of 0zone treatment
technologies for various objectives. Therefore, the effect of pH (3,5,7, and 9), NOM with
high SUVA2s4 (4.1 L/mg.m) and low SUVA2s4 (1.7 L/mg.m), alkalinity/carbonate (i.e.,
0.25 and 2.5 mM) and CacCl: (i.e., 0.3 and 3.0 mM) on o0zone decomposition in 0zone NBs

were investigated.

Since ozone is stable at acid pH, the ozone decomposition rate increased with
increasing pH (Table 6.13). The half-lives of dissolved ozone in 0zone NBs solutions were
1.1 2.3 times greater than conventional ozonation under all tested conditions (Table 6.14)
(Ku et al., 1996). The presence of OH™ ions at high pH promotes the formation of *OH
radicals (Elovitz et al., 2000; Gonzalez et al., 2018; Ku et al., 1996; von Gunten, 2003b).
A previous study showed that pH-dependent reactions in the ozone decomposition chain
cycle involving reaction intermediates such as HO3 and Oze™ increased the rate of ozone
consumption as pH increased (Elovitz et al., 2000). It was also reported that the ratio of
[*OH]/[O3] increased with increasing pH due to faster ozone decomposition, but the total
*OH exposure remained almost constant. In my study, although there was no residual ozone
in the solution detected after 15 min at pH 9 and after 45 min at pH 7 (Table 6.12), there
was still *OH radical formation in the 0zone NBs solutions. Even after 2 weeks storage
time, additional 300, 95 and 88 nM *OH radical formation was observed in the pH 5, 7 and

9, respectively (Table 6.12).

165



The presence of NOM enhanced the ozone decomposition rate and the impact of
high SUVA2s:2 NOM (4.1 L/mg.m) was greater than low SUVA24 NOM (1.7 L/mg.m)
(Table 6.13). Several studies found that during conventional ozonation, the ozone
decomposition rate increased with increasing SUVAzs4 or aromaticity of NOM (Croué et
al., 1999; Elovitz et al., 2000; Ho et al., 2004; Westerhoff et al., 1999). The number of
aromatic carbons was found to be positively related to the ozone consumption and *OH
radical rate constant (Liu et al., 2021). The reaction of NOM with *OH radicals may
produce carbonaceous radical species that can further react with dissolved oxygen to form
superoxide radicals. These superoxide radicals may react quickly with ozone to form *OH
radicals again (von Gunten, 2003b). Although there was no residual ozone in solution for
my study, 301 and 718 nM *OH radical formation was observed both in low and high

SUVA:254 NOM solution with Oz NBs, respectively (Table 6.12 and Table 6.13).

Carbonate ions have been shown to serve as a quencher of *OH radicals (Elovitz et
al., 2000; Elovitz and von Gunten, 1998; Hoigné and Bader, 1983, 1976; Khuntia et al.,
2013) as well as an inhibitor in the cycle of ozone oxidation (Elovitz et al., 2000).
Therefore, the 0zone decomposition rate decreased in 0zone NBs solutions in the presence
of carbonate (Table 6.13). Compared to the DDI control (i.e., dissolved ozone in DDI
water), more residual ozone was observed at both carbonate levels. However, a 10-fold
increase in the carbonate concentration did not make a huge impact on ozone

decomposition rate.

The ozone decomposition rate increased with increasing calcium levels in ozone

NBs solutions (Table 6.13). Since CaCl, was used to prepare calcium solutions, the
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increase was likely attributable to chloride rather than calcium because CI is known as an
initiator of ozone decomposition, causing a noticeable drop in the amount of ozone in the
solution (Devi et al., 2013; Hoigné and Bader, 1976; Liao et al., 2001; Razumovskii et al.,
2010). Although CI can react with *OH, the back reaction is very fast. Therefore, the
quenching of *OH by CI is usually negligible except at pH <3 (von Gunten, 2003a).
Moreover, ozone disappeared quickly in 5 and 15 min at 3.0 and 0.3 mM CaCly,

respectively (Table 6.13).

167



Table 6.13. Ozone decomposition (mg/L) in Oz NBs solution at various conditions.

Low SUVAs4 High SUV A2, 0.25 mM 2.5 mM 0.3 mM 3.0 mM
Time NOM NOM Carbonate | Carbonate Calcium Calcium
) pH3 | pH5 | pH7 | pH9
(min) (1.7 L/mg.m) | (4.1L/mg.m)at | (25 mg/L as | (250 mg/L | (30 mg/L as | (300 mg/L
at 5mg-DOC/L | 5mg-DOC/L CaCO0y) as CaCoOs) CaCOy) as CaCQ:s)
0 125 | 125 | 125 | 125 12.5 12.5 12.5 12.5 12.5 12.5
5 10.1 | 94 3.6 0.2 2.5 0.1 4.0 4.7 1.2 0.2
15 9.8 9.3 1.0 0.1 NA 2.1 2.3 0.7
30 9.3 8.5 0.9 0.1 1.2 1.3
45 8.8 7.4 0.4 0.3 0.4
75 8.4 5.0 0.1
105 7.4 3.3
<DL <DL
135 7.2 2.8 <DL <DL
<DL
180 7.1 1.2 <DL <DL
<DL
240 55 0.5
300 3.3 0.3
315 3.1 | <DL

DL.: detection limit (< 0.02 mg/L)
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Table 6.14. Half-lives of ozone in ozone NBs vs. conventional ozone solution at various

pH values.
O3 NBs

pH 3 pH5 pH 7 pH9
Slope 0.004 0.013 0.086 0.379

Half-lives (min) 173.3 55.4 8.1 1.8

Conventional ozone (Ku et al., 1996)

pH 3 pH5 pH 7 pH9
Slope 0.009 0.023 0.087 0.471

Half-lives (min) 77.0 30.1 8.0 1.5

6.3.10. Comparison of the stability ozone NBs with oxygen NBs

Ozone NBs were much more stable with 4 times larger half-lives than those of
oxygen NBs (e.g., ozone NBs (193 days) vs oxygen NBs (46 days) at pH 6.5—7 and 20 °C)
(Table 6.15). The differences in surface charge of NBs appeared to play a major role in the
behavior (e.g., zeta potentials of ozone and oxygen NBs were -32.0 and -23.6 mV,

respectively, at time=0, Table 6.3 and Table 4.1).

The stability of both ozone and oxygen NBs was greatly influenced by Ca?* and
pH. The lowest ozone and oxygen NBs stabilities were observed at high calcium and low
pH values, indicating the role of cations. The impact of calcium was greater on ozone than
oxygen NBs stability. At 3 mM Ca?*, the half-lives of oxygen and ozone NBs were 3 and
0.5 days, respectively. The results suggested that both types of NBs will be more stable in

soft than hard waters. Both ozone and oxygen NBs were less stable at acidic pH. As pH
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increased from 3 to 9, the half-lives also increased from 20 to 693 days for ozone NBs and
from 12 to 80 days for oxygen NBs. High SUVA2s4 NOM destabilized both NBs more than
low SUVAzs4 NOM; however, its impact for ozone NBs was not as significant as for
oxygen NBs. While 60% of ozone NBs were still available in the high SUVA252 NOM
solution after 60 days storage time, only 20% of oxygen NBs were. The overall comparison
of low and high SUVA2s2 NOM effects was similar in oxygen and ozone NBs. While the
half-lives of ozone NBs were 193, 182, and 75 days for DDI water, low SUVA2s4 and high
SUV A4 NOM, respectively, these values were 46, 46, and 17 days for oxygen NBs. When
the relative effect of high to low SUVA2s4s NOM was calculated for both ozone and oxygen
NBs, similar ratios were observed, 2.6 and 2.7 respectively. Therefore, it can be explained
because ozone NBs showed higher stability under all tested conditions than oxygen NBs,
and high SUVA254 NOM had more impact on NBs stability than low SUVA2s: NOM. The
temperature effect on both NBs stability was negligible for a short storage time, while the
effect of higher temperature (30 °C) became more apparent only for oxygen NBs at a longer

storage time with an adverse effect.

Abundant <OH radical formation was observed in the ozone NBs solutions, while
the formation of *OH radical was only detectable in oxygen NBs solutions at pH 3 with
very low concentrations (Figure 4.11). The findings also suggest that while coalescence
(growth of bubble size and rise) was the most important mechanism for the oxygen NBs
stability, bubble collapse appeared to play a more important role in the disappearance

mechanism of ozone NBs in water.
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Table 6.15. The half-lives comparisons of oxygen and ozone NBs under various conditions

Ozone NBs Oxygen NBs
Ozone NBs 1_St order NBs Oxygen 1_St order NBs
disappearance | NBs half- disappearance | NBs half-
storage . NBs storage .
condition rate constant, | life (day) condition rate constant, | life (day)
k (day?) k (day?)
Low ozone
(1 mg/L) 1.08E-02 64
High ozone
(125 mg/L) 4.20E-03 165
pH 3 3.40E-02 20 pH 3 6.00E-02 12
pH 5 4.20E-03 165 pH 5 4.00E-02 18
pH 7 3.60E-03 193 pH 6.5 1.50E-02 46
pH9 1.00E-03 693 pH 9 9.00E-03 80
DDI 3.60E-03 193 DDI 1.50E-02 46
Low
SUL\‘}"’A"ZM SUVAs
3.80E-03 182 NOM 1.50E-02 46
NOM
(1.7 L/mg.m) (1.7
L/mg.m)
High High
SUV A2, SUV A2
NOM (4.1 9.30E-03 75 NOM (4.1 0.041 17
L/mg.m) L/mg.m)
DDI 3.60E-03 193
0.25 mM
COs 2.60E-03 267 i
2.5 mM
COZ NA
DDI 3.60E-03 193 DDI 1.50E-02 46
9 mM ionic
0.3 mM Ca* 8.00E-03 87 strength 1.47E-01 5
(Na’)
9 mM ionic
3.0 mM Ca? 1.29E+00 0.5 strength 2.53E-01 3
(3 mM Ca?)
10 °C 10 °C 9.00E-03 77
20 °C NA 20 °C 1.50E-02 46
30 °C 30°C 2.30E-02 30
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6.4. Conclusions

Ozone NBs were very stable due to their high magnitude of surface charge during
a long-term storage period. Ozone NBs were generated under two different dissolved ozone
concentration conditions (i.e., 1 and 12.5 mg/L) and the characteristics and stability of NBs
were significantly different although their initial concentrations of NBs were very similar.
As an initial dissolved ozone concentration increased, the stability of ozone NBs also
increased. The magnitude of the surface charge of NBs solutions generated at 1 mg/L
dissolved ozone decreased faster than that at 12.5 mg/L of initial dissolved ozone, which
is likely because of ozone decomposition and continuous ozone diffusion from inside of
NBs. These findings suggest the preparation conditions of ozone NBs can make a

significant impact on the stability and characteristics of NBs.

The stability of ozone NBs which were generated at 1 L/min were investigated
under various freshwater conditions (i.e., different pH, NOM, carbonate, calcium, and
temperature conditions) for an extended storage time. The half-lives of ozone NBs follow
the order of 3 mM Ca?* < pH 3 < high SUVA2s: NOM (4.1 L/mg.m) < pH 7 < pH 9, while
the effects of carbonate (or alkalinity) and temperature on the stability of ozone NBs were
insignificant. Thus, ozone NBs would be stable for up to several months in natural waters
depending on the water hardness (i.e., 300 mg/L as CaCO3) and hydrophobicity (or
aromaticity) of NOM (i.e., 4.1. L/mg.m). The formation of «OH radicals in ozone NBs
solutions was 2 — 3 times higher than conventional ozonation during the same reaction
time. A rapid disappearance of ozone NBs in the presence of 3 mM Ca?" (i.e., 0.5 day half-

life of ozone NBs at 3.0 mM Ca?* solution while it was 193 days in DDI at pH 7) led to
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almost no additional *OH radical formation and the overall concentration of «OH radicals
in that solution was comparable to conventional ozonation. The presence of carbonate ions,
which are known as radical quenchers, lowered the formation of «OH radicals, but it was
not enough to stop the continuous generation of radicals. Also, NBs concentrations were
not affected by the presence of carbonate whether its level was low or high in the

background.

Not only *OH radicals but also other types of reactive oxygen species, which were
not measured in the present study, can also be present in the 0zone NBs solution. Therefore,
it is expected that the oxidative power of ozone can be substantially enhanced when
combined with the NBs technology. Consequently, the required dose of ozone for the
similar amount oxidation capacity with *OH radicals could be significantly reduced when
ozone NBs are applied. In addition, the presence of small bubbles inside the solution will
enhance the gas transfer efficiency with their surface area, long-term stability, and gas
holdup capacity in the water. These overall findings will enhance the ozone usage

performance with NBs in water treatment.
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CHAPTER 7

REMOVAL OF MIB AND GEOSMIN BY OZONE NANOBUBBLES

7.1. Introduction

Reducing T&O problem is an important intermittent challenge for many drinking
water treatment utilities. Geosmin and MIB are two major earthy-musty odor compounds
commonly detected in natural waters, and conventional water treatment processes are not
effective for their removal (Ho et al., 2002; Peter and von Gunten, 2007; Srinivasan and
Sorial, 2011; Westerhoff et al., 2006). Although these two compounds are not associated
with any health effects, their presence in potable waters can be thought of as unsafe by
consumers. Currently, adsorption by powdered activated carbon (PAC) is the most
effective and widely used treatment technology for managing the intermittent water quality
challenge, but the formation of excessive sludge and increase in operating costs are major
drawbacks (Kim and Park, 2021b; Mustapha et al., 2021a; Srinivasan and Sorial, 2011; Yu
et al., 2007). Granular activated carbon (GAC) filtration can be also effective (Ridal et al.,
2001) but its year around use in filters and the negative impact of NOM on geosmin and
MIB removal are some of its important disadvantages (Chen et al., 2019; Cook et al., 2001;
Kim and Park, 2021b; Matsui et al., 2013; Mustapha et al., 2021a; Pirbazari et al., 1993;
Ridal et al., 2001; Srinivasan and Sorial, 2011; Q. Wang et al., 2020). Competitive
adsorption may reduce the capacity of the activated carbon to adsorb geosmin and MIB in

the presence of other organic constituents in natural waters.
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Ozonation has been considered as a powerful method to destroy organic
contaminants in water. For example, an early study found that about 90% of geosmin and
80% of MIB were removed from a surface water with an ozonation dose of 4 mg/L (Glaze
et al., 1990). Although ozonation alone is effective in removing geosmin and MIB, a high
dosage is required for complete removal (Ho et al., 2004; Kim and Park, 2021b; Liang et
al., 2007; Westerhoff et al., 2006). In the presence of bromide in water, a high ozone dosage
may result in the formation of an excess amount of regulated bromate in water (Sohn et al.,
2006; von Gunten, 2003a; Westerhoff et al., 2006; Yao et al., 2017). Due to its toxicity and
adverse health effect on humans, USEPA established a maximum contaminant level of 10
Mg/L bromate for a safe drinking water (USEPA, 2010). Ozonation involves reactions of
both ozone (direct pathway and selective organic (i.e., mainly double bounds, activate
aromatic systems and non-protonated amines) removal) and hydroxyl radicals (*OH,
indirect pathway, nonselective organic removal) (Bruchet and Duguet, 2004; von Gunten,
2007). To enhance the ozone oxidation performance, ozone has been applied with H>O2 or
UV light, which are also known as advanced oxidation processes (Beniwal et al., 2018;
Mustapha et al., 2021b; Park et al., 2006; Westerhoff et al., 2006). The addition of H20-
can increase the hydroxyl radical yield by 50% (Fischbacher et al., 2013). The oxidation
efficiency of geosmin and MIB during Os/H202 process depended on the concentration of
O3 and H20., temperature, pH and organic matter since these parameters directly change
the 0zone decomposition and *OH radicals formation rate (Park et al., 2006; Westerhoff et
al., 2006). It has been also reported that advanced oxidation with ozone (at 1.5-3 mg/L for

2-3 min of contact time) and UV radiation (at 5,000-6,000 J/m?) resulted in complete
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removal of geosmin and MIB (Collivignarelli and Sorlini, 2004). In a pilot-scale
experiment, 200 ng/L of geosmin and MIB decreased below their threshold levels (i.e., 0.1
and 3.85 ng/L, respectively) by pre-ozonation at 1 mg/L followed by GAC filtration (Chen

etal., 2019).

Although a number of studies have been conducted on the removal of geosmin and
MIB by ozonation alone or coupled with other AOP techniques, there has been no
investigation of the application of ozone NBs to destroy the T&O compounds in water
matrices. The higher gas holdup capacity in water caused by ozone NBs may lead to
elevated levels of *OH radicals formation from the decomposition of ozone. Ozone NBs
are known to provide better remediation of groundwater and sediments than conventional
systems (Batagoda et al., 2018; Hu and Xia, 2018; Xia and Hu, 2019). More recently, ozone
MNBs/NBs were investigated for the remediation of contaminated sediments and
groundwater (Aluthgun Hewage et al., 2021; Batagoda et al., 2019; Hu and Xia, 2018),
removal of model compounds and micropollutants in water and wastewater (Fan et al.,
2021a; Hashimoto et al., 2021; Xia and Hu, 2018), reduction of bacterial pathogens and
disinfection in freshwater, wastewater and aquaculture system (Benazir Abate and Flores,
2017; Cruz and Flores, 2017; Dien et al., 2022; Epelle et al., 2022; Huang et al., 2023;
Jhunkeaw et al., 2021, 2020; Linh et al., 2022, 2021; Ng et al., 2023; Nghia et al., 2022;
Saijai et al., 2019; Seridou and Kalogerakis, 2021; Yang et al., 2023), and anti-microbial
effectiveness for fresh vegetables (He et al., 2015; Ushida et al., 2017). Details about the
target compounds, experimental conditions, NBs generators and measurements method in

these literature studies were summarized in Appendix A, Table Al. While several studies
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have been reviewed for the application of ozone NBs, there is still a need for further
research to address several issues. For example, most of these studies do not provide data
on NBs detection, making it unclear whether they are actually NBs or MBs studies.
Additionally, because ozone is highly sensitive to changes in water quality parameters such
as temperature, pH, NOM, and alkalinity, the experimental and operational conditions need
to be clearly stated. Moreover, testing ozone NBs in a side-by-side comparison with
conventional ozonation under the same experimental conditions would demonstrate the

realistic performance of the technology for further investigation.

The application of ozone NBs technology may significantly enhance the ozonation
efficiency, reduce chemical use, and provide opportunities for development of innovative
treatment approaches, especially for the removal of geosmin and MIB. The main objective
of this phase of my study was to investigate the removal efficiency of geosmin and MIB
by ozone NBs in DDI and natural waters under various conditions and compare to the use

of conventional dissolved ozone.

7.2.  Materials and Methods

7.2.1. Conventional ozone and ozone NBs generation

Ozone NBs were prepared using the membrane NBs generator system (Figure 6.1),
as described in Section 6.2.1. The dissolved ozone concentration in the solution can be
controlled by adjusting the oxygen gas flow rate to the ozone generator. The maximum
oxygen gas flow rate is 4 L/min, as specified by the manufacturer. Therefore, the gas flow

rate was initially set to 4 L/min to achieve the desired concentration of ozone NBs in the

177



solution (i.e., 108 particles/mL). Once ozone NBs number was confirmed with at least two
independent measurements using NanoSight, the gas flow rate was reduced to increase the
ozone concentration in the solution. A lower gas flow rate increased the residence time of
oxygen molecules in the ozone generator, which resulted in a higher dissolved ozone
concentration in the solution. Additionally, slowly releasing ozone from the ozone
generator into the solution can increase its dissolution in water, resulting in an even higher
ozone concentration (Cuong et al., 2019; Du and Lin, 2019). The target ozone

concentrations were 0.5 and 1.0 mg/L for geosmin and MIB removal experiments.

Conventional ozonation was concurrently conducted and used to compare to the
ozone NBs experiments. A concentrated ozone stock solution (i.e., 30 mg/L) was prepared
in DDI and spiked into bottles to achieve the desired concentrations of 0.5 and 1.0 mg/L.
The ozone concentration in each solution was measured using the ozone indigo method

(HACH AccuVac ampuls).
7.2.2. Experimental setup and conditions

Geosmin and MIB removal in DDI and natural waters were evaluated using
conventional ozone and ozone NBs solutions. The temperature of the solutions was kept at
20£1.0 °C and the initial pH was around 6.0£0.5 in DDI solutions. When the NBs and
ozone levels reached the desired levels, the NBs solution was taken from the tank with a
glass beaker and transferred to the 1 L bottle. A 1 L main stock solution was prepared for
each experiment and aliquoted into six bottles (133 mL amber bottles), one for each time

point. The total contact time for the experiments was 10 minutes, and samples were taken
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at 0, 0.25, 1, 2, 5, and 10 minutes for kinetic analysis. The initial geosmin and MIB
concentrations were set at 1000 ng/L for the removal experiments because much more
radical formation was expected in ozone NBs solutions than oxygen NBs. Therefore,
starting with a relatively higher geosmin and MIB level was also preferred to clearly

observe degradation Kinetics over time.

For natural waters experiments, water was concentrated by using a reverse 0smosis
(RO) membrane to conduct experiments at the same DOC level and eliminate the dilution
of NBs. A small volume of concentrated natural water was spiked into the ozone solutions
(i.e., 10 ml in 133 mL), and the dilution ratio was taken into consideration when
determining the volume of ozone and ozone NBs to add to the solutions. Ozone levels were
measured at least three times before starting experiments to confirm the initial ozone levels

at the beginning.

Geosmin and MIB removal, *OH radicals’ formation and ozone decomposition
experiments were all consistently conducted under the same conditions for both
conventional ozone and ozone NBs. The effect of temperature (20 and 30 °C) was tested in
both DDI and natural waters, and solutions were kept in a water bath and temperature was
monitored continuously. The effect of calcium with CacCl: (i.e., 300 mg/L as CaCO3) and
alkalinity with NaHCO3 (i.e., 250 mg/L as CaCOs) were tested for geosmin and MIB

removal efficiency.

During the kinetic analysis, initially 40 mL of the solution from each bottle was

transferred to 50 ml beaker to measure the dissolved ozone concentration at the desired
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time point. The remaining solution in the bottle was then quenched immediately for
geosmin and MIB analysis. Since the decomposition of ozone forms *OH radicals, the
removal of geosmin and MIB would depend on two main oxidants, ozone and *OH radicals
during the ozonation experiments. To stop the oxidation of geosmin and MIB caused by
ozone and *OH radicals immediately at designated contact times, sodium thiosulfate
(Na2S203.5H,0) was selected as the quenching agent, and the use of a proper dose was
investigated. The initial dose determination of sodium thiosulfate for ozone quenching was
selected based on literature data (Qi et al., 2009; Takizawa et al., 1973; Yang et al., 2020).
In a previous study, 200 uM of S,03* was used to quench 0—60 UM ozone (Yang et al.
2020), while in other studies, the molar ratio of [S,03%]:[Os] was set at greater than 10
(Vel Leitner and Roshani, 2010; Xie et al., 2023; Yang et al., 2020). When sodium
thiosulfate was added to the solution, ozone was consumed by thiosulfate forming various
reaction products such as Na>S20e, Na2SO4, NaSO3 at neutral pH (Takizawa et al., 1973).
Based on the information, geosmin and MIB samples were quenched by a dose of sodium
thiosulfate solution of 0.1-1.0 mL with a concentration of 0.1 M for 0.5 and 1.0 mg/L (i.e.,
10.4 and 20.8 uM ozone, respectively) initial dissolved ozone concentration and the
residual remaining ozone during the experiment at different time point. The selected
concentration range was tested before the experiments to ensure that it was sufficient to
completely quench the ozone in the solution. After the experiments, the quenched samples
were immediately prepared for geosmin and MIB analysis. The details of sample

preparation are described in Chapter 5.
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The *OH radical formation was quantified with 2 mM TP. To determine the
concentrations of *OH radicals, TPOH formation was measured at a designated time using
a Shimadzu RF5301PC spectrofluorometer. The concentration of *OH radicals were
determined in the solution by measuring the fluorescence intensity of TPOH at 425 nm.
More detailed information about the methods and calibration curve used to measure TP

and TPOH is provided in Chapter 3.

The bromate formation experiments were conducted in natural waters with addition
of 250 pg/L bromide. Bromide was first added to the natural waters, and then ozone
solutions for both conventional ozone and ozone NBs were injected into the solution for a
contact time of 10 minutes. After that, the solutions were quenched with Na2S>03.5H-0,
and samples were analyzed for bromate formation using ion chromatography. The details
of the analytical method and the maximum contaminant level (MCL) for bromate are given

in Table 3.4.

All experiments were performed as independent duplicates, and samples from each
data point for geosmin and MIB analysis were measured duplicate (i.e., two-independent
vials) on a GC/MS/MS. The final results were presented as the average of the two
independent experiments and two duplicate measurements for each sample, with standard
deviation. A statistical t-test was used to compare two groups of data to determine if the
differences between the results were statistically significant, with p-values (i.e., 0.05) from

the analysis.

7.2.3. Excitation emission matrix (EEM) measurements
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Excitation-emission matrix (EEM) spectroscopy was used to characterize DOM in
the natural waters. DOM is a complex mixture of organic compounds that can come from

a variety of sources, such as decaying plants, leaves, and algae (Zark and Dittmar, 2018).

EEM spectroscopy works by exciting DOM molecules with light of different
wavelengths and measuring the fluorescence emitted by the molecules. The fluorescence
spectrum of a DOM sample is unique and can be used to identify the types of organic
compounds present in the sample. It can be used to identify and quantify different DOM
components in water, such as humic acids, fulvic acids, and protein-like substances (Chen
etal., 2003; Fu et al., 2019). It can also be used to track changes in DOM composition over
time and to assess the effectiveness of water treatment processes (Rodriguez-Vidal et al.,

2021).

EEM spectra were obtained for different fractions of the DOM, and these spectra
were then divided into five different regions based on the fluorescence of the DOM
fractions (Chen et al., 2003; Fu et al., 2019). The excitation and emission wavelength
boundaries for each organic group were obtained from previous studies (Chen et al., 2003;
Fu et al., 2019), and the specific excitation and emission wavelengths of each region are

shown in Table 7.1.

The DOM fractions were measured using an EEM fluorescence spectrophotometer
(Shimadzu, RF-6000). The excitation and emission wavelengths were set to a range of 200-

500 nm and 280-550 nm, respectively. Both excitation and emission wavelengths were
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scanned simultaneously at intervals of 5 nm and 1 nm, respectively, with a scan speed of

12,000 nm/min.

Before each sample measurement, DDI was measured to establish a baseline and to

ensure that the quartz cell was clean. Additionally, EEM fluorescence spectra was

normalized to Raman units (R.U.) by using integrated Raman peak area of DDI to calibrate

the fluorescence intensity of the sample measurement (Lawaetz and Stedmon, 2009). Water

Raman spectra were captured with emission wavelengths ranging from 365 to 430 nm and

an excitation wavelength of 350 nm (Lawaetz and Stedmon, 2009). The method also makes

it possible to compare quantitative data across different runs and instruments while

eliminating signal intensity variations. The EEM results are presented in the unified scale

of Raman units.

Table 7.1. Excitation emission regions of the DOM fractions (Adapted from Fu et al.,

2019).
Region Associated DOM fractions Excitation/Emission
number wavelength (nm)

Aromatic protein |

220-250/280-330

Aromatic protein 11

220-250/330-380

Fulvic acid-like substances

220-250/380-500

v

Soluble microbial by-product-like substances

250-280/280-380

\Y

Humic acid-like substances

250-400/380-500
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7.3. Results and Discussion

7.3.1. Ozone mass transfer with ozone NBs and conventional ozone

The ozone mass transfer efficiency of ozone NBs and conventional ozone were
compared in 35 L DDI water at a gas flowrate of 1-1.5 L/min. The experimental conditions
were the same for both ozone NBs and conventional ozone, with a temperature of 20+1.0
°Cand apH of 6.5+1.0. As shown in Figure 7.1, the dissolved ozone level with ozone NBs
increased rapidly within 30 seconds and continued to increase throughout the 10-minute
reaction time, with continuous gas injection and circulation of water with a pump. The
dissolved ozone level reached 16.3 mg/L within 5 minutes, and there was no significant
increase in the remaining 5 minutes due to the limitation of the ozone generator. The ozone
profile with conventional ozone was completely different from that of ozone NBs. The
ozone delivery rate was slow using conventional ozonation, and reached 0.65 mg/L at 10
minutes reaction time under the same experimental and operation conditions as the ozone
NBs. Although the same amount of ozone gas was injected into the water, the yield of
ozone dissolution was significantly higher with ozone NBs (i.e., 2.2-4.2 mg/L.min) than

with conventional ozone (0.07-0.22 mg/L.min).

Previous studies also observed better performance of ozone NBs/MNBs than
conventional ozonation (Batagoda et al., 2018; Fan et al., 2021a; Hu and Xia, 2018; Lee et
al., 2023; Seridou and Kalogerakis, 2021). Lee et al. (2023) observed that NBs exhibited a
10-fold improvement in ozone dissolution within 30 minutes of bubble generation. While

the dissolved ozone concentration in the solution reached 10 mg/L with NBs, it was less
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than 1 mg/L with macrobubbles (Lee et al., 2023). Macrobubbles also reached a dissolved
ozone concentration of approximately 1 mg/L within 5 minutes, but then remained almost
constant at that level. In contrast, NBs showed a continuous increase in dissolved ozone
concentration until 25 minutes reaction time, then there was no further increase. In another
study, Hu and Xia (2018) showed that while dissolved ozone concentration reached 10.09
mg/L with ozone MNBs within 30 minutes of generation time, the level of ozone with
millimeter size bubbles only achieved a dissolved ozone concentration of 0.64 mg/L. The
combination of high mass transfer and reduced ozone degradation, attributed to the
increased surface area of MNBSs, contributes to improved ozonation performance. As a
result, less ozone is wasted, and ozone production is less expensive with MNBs than

conventional ozonation (Batagoda et al., 2018).
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Figure 7.1. Ozone mass transfer with ozone NBs and conventional ozone in DDI at 20+1.0
C and pH 6.5£1.0.
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7.3.2. The removal of geosmin and MIB, and *OH radical formation by ozone NBs and

conventional ozonation in DDI

The removal of geosmin and MIB by conventional ozonation and ozone NBs
((NBs)o = 1.10 x 10® particles/mL) was examined at 1 mg/L initial dissolved ozone
concentration at pH 6.5+0.5 and 20.0+0.1 °C. Geosmin and MIB removal during ozonation
is primarily driven by *OH radicals rather than ozone, because of 10° times higher reaction
rate constant of geosmin and MIB reacting with *OH radicals than ozone (ko3 geosmin = 7.5
M5t kogmis = 1.0 Mst and K.om geosmin = 9.5 X 10° M5 | koonms = 8.2 x 10° M1s?)
(Westerhoff et al., 2006). Therefore, the formation of *OH radicals was examined for the
conventional ozone and ozone NBs solutions, with 1 mg/L dissolved ozone in water. The
ozone level in the bottles and formation of *OH radicals was observed during the 10-minute
reaction time. Since there was no driving force or stimuli, such as organic matter or
continuous agitation for ozone decomposition, only a 5% ozone decrease was observed for
conventional ozone and no change in the ozone levels in ozone NBs solution (Figure

7.2A).

The yield of *OH radicals (the concentration of formed *OH radicals/dissolved
ozone concentration) observed with NBs was 1.1-1.5 times higher than conventional
ozonation under the same initial ozone levels and experimental conditions (Figure 7.2B).
The difference was attributed to *OH radicals on ozone NBs surfaces as well as the
continuous diffusion of ozone from the NBs and the gas holdup capacity of NBs (Batagoda
et al., 2018; Kyzas and Mitropoulos, 2021). Also, the movement of NBs due to Brownian

motion will keep them in the solution for a longer time. The longer time enhanced the
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surface interaction of NBs with the TP and provided continuous ozone diffusion for further
reaction opportunities of TP with *«OH radicals, which increased TPOH formation. Also,
hydroxide ions on the gas-water interfaces of ozone NBs can further enhance the formation

of *OH radicals (Yang et al., 2023).
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Figure 7.2. The concentration of dissolved ozone and «OH radicals for conventional ozone
and ozone NBs. [Os]o= 1.0 mg/L, [NBs]o = 1.0 x 108 particles/mL, pH 6.5+0.5, T: 20+1.0
°C.

The higher production of *OH radicals by ozone NBs compared to conventional
ozonation resulted in better removal of geosmin and MIB (Figure 7.3). While more than
55% of geosmin was removed by ozone NBs in a very short contact time (i.e., 0.25 min),
45% of geosmin was removed by conventional ozonation under the same experimental
conditions. The observed difference shows that ozone NBs can achieve better geosmin and
MIB removal in a much shorter contact time than conventional ozonation. The overall

removal of geosmin during the 10-minute contact time was >80 and 69% for ozone NBs
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and conventional ozonation, respectively. The loss of geosmin and MIB due to
volatilization was negligible in the study. The initial reaction with NBs, and further reaction
during the 10-minute contact time, showed better performance with higher geosmin
degradation rate with NBs. Degradation rate constants of MIB for both ozone and +OH
radicals were less than geosmin, so geosmin was more easily removed than MIB by ozone
NBs and conventional ozonation (Park et al., 2006; Westerhoff et al., 2006; Xin, 2021). In
fact, only 32% of MIB was removed in the first 0.25 min of contact time, which was 13%
less than the amount of geosmin removed by conventional ozone. However, over a 10-
minute contact time, MIB removal increased to 53%. Ozone NBs were significantly more
effective at removing MIB than conventional ozone (p < 0.05), with a removal efficiency
of 73% after 10-minutes of reaction time (Figure 7.3B). Immediate geosmin and MIB
decrease was observed in a few minutes at the initial part of the reaction time, but then the
degradation rate slowed in the previous studies as in the study. For example, a conventional
ozonation (0.75-4 mg/L) for 30 min at pH 5.7-8.1 removed 30-130 ng/L geosmin and MIB
in nano pure water (Westerhoff et al., 2006). The removal efficiency of geosmin and MIB
was more than 90% which happened in a few minutes contact time although the reaction
time was 30 minutes. In another study, 72.6% geosmin and 66.4% MIB (500 ng/L of initial
doses) in Milli-Q water was removed when 4.19 mg/L of ozone was applied for 20 min at
pH 7.3 (Yuan et al., 2013). The results of my study of conventional ozonation were

consistent with the general trend observed in the previous studies.
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Figure 7.3. Comparison of conventional ozone and ozone NBs: A) Geosmin and B) MIB
removal. [Os]o= 1.0 mg/L, [geosmin]o=1000£5.0 ng/L, [MIB]o=1000+5.0 ng/L, [NBs]o =
1.0 x 108 particles/mL, pH 6.5+0.5, T: 20+1.0 °C. Error bars represent standard deviations
(n=4).

7.3.3. The effect of temperature on «OH radical formation, geosmin and MIB removal in

DDI

Because the occurrence of geosmin and MIB increases in summer months due to
the seasonal algal blooms (Peter et al., 2009; Watson et al., 2008; Westerhoff et al., 2005),
the effect of water temperature on the removal percentages of geosmin and MIB were
investigated. As temperature increased from 20 °C to 30 °C, the dissolved ozone level
decreased from about 1.0 to 0.8 mg/L for conventional ozonation, but remained relatively
constant for ozone NBs. The result suggested that the application of ozone NBs can

suppress the negative impact of temperature that increases the decomposition of ozone

189



concentration solution (Figure 7.4A). The formation of *OH radicals increased with
increasing temperature for both conventional ozone and ozone NBs, but the increase was
significantly higher for ozone NBs (shown in Figure 7.4B). At 20°C, ozone NBs produced

1.5 times more *OH radicals than conventional ozone. At 30°C, the ratio increased to 1.8.

At 30°C, both conventional ozone and ozone NBs removed more geosmin and MIB
than at 20°C. Ozone NBs removed up to 10% geosmin and MIB more after 10 minutes of
contact time at 30°C compared to 20°C (Figure 7.5A&B). While temperature had a
positive impact on the reaction rate of geosmin and MIB removal by conventional
ozonation, it increased the removal of both compounds by 5-6%. The enhanced removal
of geosmin and MIB at higher temperatures was attributed to the increased production of
ROS at higher temperature (Janus et al., 2012; Westerhoff et al., 2006). The calculated rate
constants of the geosmin disappearance by conventional ozone and ozone NBs during
contact time were 1.3x 102 and 1.9x 102 s at 20 °C and 1.7x 10 and 4.6x 102 st at 30
°C, respectively. The removal rate constants of MIB also increased at higher temperature
from 9.4 x 10410 9.6 x 10 s and 1.4 x 10 and 3.3 x 10~ s for conventional ozone and
ozone NBs, respectively. As discussed in the previous sections, geosmin was more readily
degradable than MIB and geosmin removal rate constants were 1.4 - 1.7 times higher than
MIB for all tested conditions. The result suggests that both conventional ozone and ozone
NBs were more effective at removing geosmin and MIB from water at higher temperatures.
Although conventional ozone and ozone NBs treatments can significantly decrease
geosmin and MIB concentrations, the residual levels still exceeded the established

threshold concentrations (i.e., 4-20 ng/L). In the absence of downstream treatment
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processes capable of further reducing these compounds, extending the ozone contact time
and increasing ozone dosage can be implemented to achieve adequate removal. Ozone NBs

were also more effective at removing geosmin and MIB than conventional ozone at both

temperatures.
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Figure 7.4. The effect of temperature, 20 vs. 30°C, on ozone concentration and <OH
radicals formation for conventional ozone and ozone NBs. [Os]o= 1.0 mg/L, [NBs]o = 1.0
x 108 particles/mL, pH 6.5+0.5. Error bars represent standard deviations (n=4).
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Figure 7.5. The effect of temperature on A) geosmin and B) MIB removal by conventional
ozone and ozone NBs. [Osz]o= 1.0 mg/L, [geosmin]o=1000+5.0 ng/L, [MIB]o=1000+£5.0
ng/L, [NBs]o = 1.0 x 10® particles/mL, pH 6.5+0.5, T: 20+1.0 & 30+1.0 °C. Error bars
represent standard deviations (n=4).

7.3.4. The removal of MIB and geosmin, and *OH radical formation by ozone NBs and

conventional ozonation in natural water

The removal efficiency of geosmin and MIB by ozone NBs was further investigated

in natural water. The characteristics of the natural water selected was shown in

Table 7.2. The presence of different components in natural water such as organic
matter, alkalinity, chloride, etc. can change the efficiency of conventional ozone and ozone
NBs treatment. These components can consume ozone and reduce the formation of

radicals, which can inhibit the removal of geosmin and MIB. However, organic matter can
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also react with «OH radicals to form carbon-centered radicals. These radicals can then react
with oxygen to form superoxide radicals, which can quickly react with ozone to form «OH
radicals again (von Gunten, 2003b). It is difficult to say whether NOM fractions promote
or inhibit reactions because their effects vary depending on the specific NOM fractions and
other factors (von Gunten, 2003b). Therefore, the conventional ozone and ozone NBs were
compared for geosmin and MIB removal in natural water under the same experimental
conditions. The DOC value of water was 2.3 mg/L, and ozone level was adjusted to 1.0

mg/L (0.43 mg dissolved Os/mg DOC ratio) at pH 7.3+0.3 and temperature 20£1.0 °C.

Ozone decomposition and the formation of *OH radical in a natural water during
10-min contract time are plotted in Figure 7.6. The initial ozone concentration was the
same for both conventional ozone and ozone NBs, 1.02 mg/L. Over time, the ozone
concentration decreased in both conventional ozone and ozone NBs, but the ozone
concentration in ozone NBs decreased at a slower rate, and there was 0.01-0.16 mg/L
difference in 5-min conduct time. After 5 minutes, there was no residual ozone in either
conventional ozone or ozone NBs. As shown in Figure 7.6B, ozone NBs produced more
*OH radicals (i.e., 1.6 times) than conventional ozonation. Therefore, ozone NBs were
more effective at removing geosmin and MIB from natural water than conventional
ozonation (Figure 7.7). During a 10-minute reaction time, ozone NBs removed 70-87% of
geosmin and 54-76% of MIB, while conventional ozonation removed 50-75% of geosmin
and 40-63% of MIB. In addition, ozone NBs were faster at removing geosmin and MIB
than conventional ozonation. In the first 15 seconds of the experiment, ozone NBs removed

more than 70% of geosmin and more than 50% of MIB, while conventional ozone only
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removed 50% of geosmin and 40% of MIB, which was also observed for «OH radical

formation.

Table 7.2. Natural water characteristics which were used for experiments.

Parameters Unit Values
pH - 7.3
Dissolved Organic Carbon (DOC) mg/L 2.34
UV2s4 cm’ 0.04
Bromide pa/L 21
Geosmin ng/L
MIB ng/L
Total Hardness mg/L as CaCOs 25
Iron mg/L <0.01
Manganese mg/L <0.01
Chloride mg/L 7.7
Nitrite mg/L 0.01
Nitrate mg/L 0.16
Sulfate mg/L 3.03
Total Nitrogen (TN) mg-N/L 0.24
Turbidity NTU <1
Alkalinity mg/L as CaCOs 20

194



5
=

Conventional ozone Ozone NBs O Conventional ozone M Ozone NBs
I 5000
100 i 4500
S 2 4000
= 0.80 ~
= = 3500
= =
=] =
Z 060 g 3000
E 1 & 2500
2 = I
§ g 1500
- x
5020 i % 1000
500
0.00 T T T T £ 0
0 2 4 6 8 10
Time (min)

Figure 7.6. The effect of natural water on (A) ozone concentration and (B) <OH radicals
formation in time for conventional ozone and ozone NBs. [O3]o= 1.0 mg/L, [NBs]o = 1.0 X
108 particles/mL, pH 7.3+0.3, T: 20+1.0 °C. Error bars represent standard deviations (n=2).
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Figure 7.7. Comparison of conventional ozone and ozone NBs: A) Geosmin and B) MIB
removal in natural water. [O3]o= 1.0 mg/L, [DOC]= 2.3 mg/L, [geosmin]o=1000+5.0 ng/L,
[MIB]o=1000+5.0 ng/L, [NBs]o = 1.0 x 108 particles/mL, pH 7.3+0.3, T: 20+1.0 °C. Error
bars represent standard deviations (n=4).
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7.3.4.1.The effect of temperature on geosmin and MIB removal in natural water

The effect of temperature on geosmin and MIB removal efficiencies were also
tested in natural water. The results indicated that ozone decomposition increased with
elevated temperature, and there was no residual ozone after 5 minutes of reaction in the
natural water (Figure 7.8) (Elovitz et al., 2000; Eriksson, 2005; Ershov and Morozov,
2009; Westerhoff et al., 2006). The effect of fast ozone decay on geosmin and MIB removal
was similar to the behavior in DDI conditions. Moreover, increasing the temperature from
20 to 30°C increased geosmin and MIB removal by up to 10% for both conventional ozone
and ozone NBs (Figure 7.9.) Since the experiments were conducted in headspace-free
bottles, the volatilization in 10-min short contact time was negligible, and the difference in
removal was attributed to further oxidation of the compounds. Ozone NBs maintained their
removal advantage (i.e., 10-15% more) under both conditions. Based on these findings, it
was concluded that higher temperature provided additional benefits to both conventional

ozone and ozone NBs. Therefore, the rest of the experiments were conducted at 30°C.
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Figure 7.8. The effect of temperature on ozone decomposition by conventional ozone and
ozone NBs in natural water. [Os]o= 1.0 mg/L, [DOC]= 2.3 mg/L, [NBs]o = 1.0 x 108
particles/mL, pH 7.3+£0.3, T: 20+1.0 & 30+1.0 °C. Error bars represent standard deviations
(n=4).
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Figure 7.9. The effect of temperature on A) geosmin and B) MIB removal by conventional
ozone and ozone NBs in natural water. [Os]o= 1.0 mg/L, [DOC]= 2.3 mg/L,
[geosmin]o=1000+5.0 ng/L, [MIB]o=1000+5.0 ng/L, [NBs]o = 1.0 x 10® particles/mL, pH
7.3+£0.3, T: 20£1.0 & 30+1.0 °C. Error bars represent standard deviations (n=4).

7.3.5. The effect of different natural water sources on geosmin and MIB removal

Ozone and *OH radicals formed during the ozone decomposition can breakdown
organic contaminants (Hoigné and Bader, 1979; Staehelln and Hoigné, 1985; von Sonntag
and von Gunten, 2012). Ozone application increases the percentage of low-molecular-
weight organics (<1 kDa) and decreases the amount of high-molecular-weight organics
(>100 kDa) in organic matter (Fu et al., 2019). Although DOC mineralization is limited,
ozone can significantly change the composition of DOM and produce biodegradable

organic carbon. The most common low-molecular-weight organic byproducts are
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carboxylic acids, aldehydes, and ketones (Remucal et al., 2020; Siddique et al., 2022; von
Gunten, 2003b). These changes can be monitored by measuring the change in fluorescence
and specific UV absorbance of organic matter. Therefore, the characterization of organic
matter in natural water can further impede the removal efficiency of geosmin and MIB by
consuming the oxidant. Therefore, two natural waters were characterized, and their
properties are given in Table 7.3. Water A was a raw water source and Water B was a
treated water source, which were collected from two different natural water sources in the
South Carolina region. Although they were raw and treated water, they have similar

specific UVas4 absorbance at the same DOC level, and their inorganic content was similar.

The DOM fractions of the two waters were characterized with an EEM
fluorescence. As shown in Figure 7.10, although these two waters had the same DOC value
and similar UV2s4 absorbance, their fractions differed. Also, detailed EEM results of two
waters are shown in Table D1. The fluorescence intensity of each region and their
percentages were given to identify the main characteristics of the organic matter. While
Water A had the highest percentage for region 1 (R1), which consists of aromatic protein
(i.e., tyrosine), the fulvic acid region (R3) was the dominant fraction in Water B (Figure
7.11). The fluorescence response of these two waters after conventional ozone and ozone
NBs treatment was monitored. As shown in Figure 7.12, conventional ozone and ozone
NBs effectively broke down the organic matter in the five specific regions. The residual
organic matter compositions showed similar trends for both treatments (Figure 7.13). Both
conventional ozone and ozone NBs effectively broke down the NOM fractions with 75-

90% and 75-83% efficiency, respectively, However, the removal of humic acid-like region
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was less than other components in NOM with removal percentages of 62-65% for both
conventional ozone and ozone NBs, which is likely due to the complex, dispersed, and
heterogeneous structure of humic acid (Xie et al., 2023). The slower degradation of humic
acid than fulvic acid compounds has been observed in previous oxidation studies (Rajca

and Bodzek, 2013; Xie et al., 2023).

Table 7.3. The characteristics of natural waters which were used for experiments.

Parameters Unit Water A | Water B
pH - 7.3+0.3
Dissolved Organic Carbon (DOC) mg/L 2.3£0.1
Uv,, cm 0.040 0.041
Bromide ug/L 21 27
Chloride mg/L 7.7 4.2
Nitrite mg/L 0.01
Sulfate mg/L 3.03 19
Turbidity NTU <1
Alkalinity mg/L as CaCO3 20 25
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Figure 7.10. EEM of two natural waters, A) Water A and B) Water B (I, aromatic protein
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Figure 7.11. Comparison of organic matter fractions of two waters.
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Figure 7.12. EEM of two natural waters, (A-C) Water A and (D-F) Water B for control, conventional ozone and ozone NBs
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Figure 7.13. The change of EEM spectra of two natural waters, A) Water A and B) Water

B for control, conventional ozone and ozone NBs solutions, respectively.
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There was no significant difference (p > 0.05) in geosmin and MIB removal
between water A and water B for either conventional ozone or ozone NBs with an initial
dissolved ozone level of 1.0 mg/L at pH 7.3+0.3 and 30£1.0°C (Figure 7.14). Ozone NBs
showed higher removal performance than conventional ozonation for both waters under
the same experimental conditions. The difference in DOM characteristics did not have a
significant impact on ozone decomposition and target compound removal. While up to
87% geosmin was removed by ozone NBs in 10 minutes for Water A, it increased to 91%
for Water B. A similar trend was observed for conventional ozonation with increasing
removal from 75 to 80%. The same trend was also observed for MIB for both conventional
ozone and ozone NBs. These results showed that the difference in background chloride,
carbonate, sulfate, and aromatic regions in the two waters did not make a statistically
significant difference (p > 0.05) in geosmin and MIB removal. The lack of an observed
difference is likely because the level of DOC, SUVA2s4 and background alkalinity were
similar in these two waters. Water B was used for further experiments to test the effect of

different parameters on the treatment performance.
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Figure 7.14. The effect of natural waters’ aromatic fractions on A) geosmin and B) MIB
removal by conventional ozone and ozone NBs in natural water. [Oz]o= 1.0 mg/L, [DOC]=
2.3 mg/L, [geosmin]o=1000+5.0 ng/L, [MIB]o=1000+5.0 ng/L, [NBs]o = 1.0 x 108
particles/mL, pH 7.3+0.3, T: 30£1.0 °C. Error bars represent standard deviations (n=2).

7.3.6. The effect of ozone dose on geosmin and MIB removal in natural water

The ozone dose is one of the most important parameters for removing target
compounds by ozonation (von Gunten, 2003a; Westerhoff et al., 2006). To investigate the
removal of geosmin and MIB under limited oxidant conditions, the initial ozone dose was
set to 0.5 mg/L to compare to previous experiments with 1.0 mg/L dissolved ozone level
for conventional ozone and ozone NBs. Dissolved 0zone concentration was not detected at
a 2-minute reaction time for conventional ozone and 5 minutes for ozone NBs (Figure

7.15). Decreasing the ozone dose (i.e., 0.22 mg Os/mg DOC) significantly (p<0.05)
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reduced the removal efficiency of geosmin and MIB. While up to 80% geosmin and 69%
MIB removal were observed for conventional ozonation with 1.0 mg/L initial ozone dose,
removal were decreased to 40-46% for both compounds (Figure 7.16). On the other hand,
there were still 10-20% more geosmin (i.e., 64%) and MIB (i.e., 51%) removal with ozone
NBs than conventional ozonation. At 1.0 mg/L ozone in the solution, the difference
between geosmin removal by conventional ozone and ozone NBs was around 10%.
However, under the limited oxidant conditions, ozone NBs showed their advantages over
conventional ozone more clearly. The observed results can be attributed to the impact of
surface interaction on NBs. In the condition where the dissolved ozone level was reduced
by half, the ozone NBs level remained similar as at 1.0 mg/L dissolved ozone condition
(i.e., 1.0 * 108 particles/mL). The result suggested that the additional removal capacity
provided by NBs was maintained at different ozone levels. As a result, while the decreasing
ozone concentration had a drastic impact on the removal efficiency by conventional ozone,
the ozone NBs continued to perform well and exhibited higher removal efficiency than

conventional ozone.
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Figure 7.15. The effect of ozone dose, 0.5 and 1.0 mg/L, on ozone decomposition by
conventional ozone and ozone NBs in natural water. [DOC]= 2.3 mg/L, [NBs]o = 1.0 x 108
particles/mL, pH 7.3£0.3, T: 30+1.0 °C.
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Figure 7.16. The effect of 0zone dose on A) geosmin and B) MIB removal by conventional
ozone and ozone NBs in natural water. [DOC]= 2.3 mg/L, [geosmin]o=1000+5.0 ng/L,
[MIB]o=1000+5.0 ng/L, [NBs]o = 1.0 x 108 particles/mL, pH 7.3+0.3, T: 30+1.0 °C. Error
bars represent standard deviations (n=2&4).

7.3.7. The effect of alkalinity on the removal of geosmin and MIB in natural water

Ozone stability is significantly impacted by alkalinity. Both bicarbonate (HCO3")
and carbonate (COs%) in water can act as inhibitors of the ozone decomposition cycle by
scavenging *OH radicals to form oxidation products (Elovitz and von Gunten, 1999; Grebel
et al., 2010; Ho et al., 2004; Liao et al., 2001; Westerhoff et al., 2006). To investigate the
effect of alkalinity on ozone stability, further experiments were conducted with 2.5 mM
carbonate (as 250 mg/L CaCOs alkalinity) spiked in natural water (Water B) at a dissolved

ozone concentration of 1.0 mg/L. The addition of alkalinity slowed the ozone
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decomposition profile with 0.05-0.20 mg/L more dissolved ozone than under the regular
condition (raw water with no additional alkalinity) during the 10-min reaction time (Figure

7.17).

Adding 250 mg/L CaCOz alkalinity to natural water decreased the removal of
geosmin and MIB by both conventional ozone and ozone NBs. The removal efficiency of
geosmin by conventional ozone decreased from 82% to 71% (Figure 7.18A). The effect
was less on ozone NBs with 84% of geosmin removal (i.e., 6-7% decrease), and there was
still a significant difference between ozone NBs and conventional ozonation. Alkalinity
had the greatest impact on the first sampling points at 0.25 minutes for all tested conditions.
While there was 17-24% more removal in under the regular condition (before the addition
of alkalinity) than 250 mg/L CaCOsalkalinity condition at 0.25 min, the gap was decreased
to 8-12 % at 10-minutes reaction. The initial reaction of alkalinity with ozone slowed down
the reaction, but further ozone concentration levels in the solution enhanced the removal

performances.

A similar trend was also observed for MIB removal, but the effect of alkalinity on
MIB removal was greater than geosmin. The overall removal in the 10-minute contact time
was decreased from 69 and 81% to 56 and 71% for conventional ozone and ozone NBs,
respectively (Figure 7.18B). In a previous study, geosmin and MIB removal was decreased
with increasing alkalinity from 0 to 200 mg/L as CaCOs during conventional ozonation
(Ho et al., 2004). With a 120 ng/L initial geosmin concentration, while less than 10 ng/L
geosmin was detected in water at 2 mg/L ozone (DOC= 2 mg/L), the removal percentage

decreased and the residual geosmin was 30 ng/L at 200 mg/L alkalinity (Ho et al., 2004).
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The effect of alkalinity in water had more impact on the MIB removal, as the residual MIB
level was increased from 5-10 ng/L to 40 ng/L for the initial 94 ng/L MIB levels (Ho et al.,
2004). In another study, increasing alkalinity from 0 to 2.5 mM decreased the *OH-
exposure [it was indirectly determined by monitoring the decrease of an ozone-resistant
probe compound, p-chlorobenzoic acid] by 50% at 1 mg/L dissolved ozone with 1.3+£0.08
mg/L DOC level at pH 7.82+0.1 (Elovitz et al., 2000). Based on these findings, the overall
trends that | observed were similar to previous studies for conventional ozonation.

However, ozone NBs showed better performance than conventional ozonation under all

tested conditions.
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Figure 7.17. The effect of alkalinity at 2.5 mM carbonate (as 250 mg/L CaCOs alkalinity)
on ozone concentration in conventional ozone and ozone NBs in natural water. [DOC]=
2.3 mg/L, [geosmin]o=1000+5.0 ng/L, [MIB]o=1000+5.0 ng/L, [NBs]o = 1.0 x 108
particles/mL, pH 7.3£0.3, T: 30+1.0 °C.
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Figure 7.18. The effect of alkalinity at 2.5 mM carbonate (as 250 mg/L CaCO3 alkalinity)
on A) geosmin and B) MIB removal by conventional ozone and ozone NBs in natural
water. [DOC]= 2.3 mg/L, [geosmin]o=1000+5.0 ng/L, [MIB]o=1000+5.0 ng/L, [NBs]o =
1.0 x 108 particles/mL, pH 7.3+0.3, T: 30+1.0 °C. Error bars represent standard deviations
(n=4).

7.3.8. The effect of hardness on the removal of geosmin and MIB in natural water by

ozone NBs

Calcium was found to be the most significant parameter affecting the stability of
ozone NBs (Figure 6.11 in Chapter 6). Therefore, its effect on the geosmin and MIB
removal was also tested in natural water with the addition of 3.0 mM CaCl. (as 300 mg/L
CaCOg hardness) (Figure 7.19). Calcium decreased the concentration of ozone NBs from
1.10 x 108 particles/mL to 4.05 x 107 particles/mL. The addition of CaCl, also introduced

6.0 mM CI" to the solution. Chloride is known to be an initiator of ozone decomposition,
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which can lead to a shorter ozone lifetime in the solution, which was shown in the previous
chapter with the initial high ozone dose (12.5 mg/L ozone) decomposition profile (Table
6.13) (Devi et al., 2013; Hoigné and Bader, 1976; Liao et al., 2001; Razumovskii et al.,
2010). Since Ca?* facilitates the disappearance of NBs and CI serves as a promoter for
ozone decomposition, their combined effect on geosmin and MIB removal was
investigated. Although CI" can react with *OH radicals and consume them, the reverse
reaction happens very quickly. Therefore, unless at pH 3, the quenching of *OH by C1" is
typically insignificant (von Gunten, 2003b). Figure 7.19 showed that there was no
significant effect of both Ca?* and CI- on the removal of geosmin and MIB by ozone NBs
(p>0.05). There were only 1-3% removal differences for geosmin and MIB within the 10
minutes of reaction time. Therefore, it can be concluded that the high hardness levels had

no direct impact on the removal performance of the target compounds.
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Figure 7.19. The effect of hardness at 3.0 mM calcium (as 300 mg/L CaCOs3 hardness) on
A) geosmin and B) MIB removal by ozone NBs in natural water. [DOC]= 2.3 mg/L,
[geosmin]o=100045.0 ng/L, [MIB]o=1000+5.0 ng/L, [NBs]o = 1.0 x 108 particles/mL, pH
7.3+0.3, T: 30£1.0 °C. Error bars represent standard deviations (n=2&4).

7.3.9. Bromate formation with conventional ozone and ozone NBs

The formation of bromate in ozone application is a concern for water treatment
plants. Therefore, the effect of ozone NBs on bromate formation was tested in ambient
condition and by adding additional 250 pg/L of bromide to natural waters, A and B at 1.0
mg/L dissolved ozone (i.e., 0.43 mg ozone/mg DOC). Both waters had less than 30 pg/L
of bromide (Table 7.3), and the bromate formation was below the detection limit (5.0
Mg/L). When the initial bromide level was increased, the bromate formation for each natural
water was 8.5+1.0 pg/L, which was less than the USEPA regulation limit (10 pg/L) (Sohn

et al., 2006; USEPA, 2010; von Gunten, 2003b; Westerhoff et al., 2006). Since the ozone
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NBs solution contained more *OH radicals, their further impact on bromate formation was
considered (von Gunten, 2003a). However, the presence of organic matter in the
background and its further reaction with ozone and *OH radicals controlled the main
reaction mechanisms in these experiments, and it was also shown in the previous studies
(Jahan et al., 2021; von Gunten, 2003a). Therefore, the formation of bromate with
conventional ozone and ozone NBs with two different natural waters can be attributed to

the dissolved ozone level in this study.
[BrO;]=1.6 x 10°[DOC]"[Br]*"*[05 ] [pH]**[1]**® Equation 7.1.

In addition, Westerhoff et al. (2006) developed a model to predict bromate
formation in natural water (Equation 7.1.). The model included critical parameters such as
DOC, bromide, initial ozone dose, pH, and contact time. DOC in mg/L, bromide in pg/L,
ozone dose (Os0) mg/L, time (t) in minutes. However, the temperature in the model was
kept constant at 20 °C. When the parameters from the experiments in my study were
plugged into the model equation, the predicted bromate formation was 6.0 pg/L. The
difference of 2-3 pg/L can be attributed to the difference in temperature (i.e., 30 °C) and
organic matter composition. The model predicts that increasing the ozone dose, bromide
concentration, pH, or contact time can increase the formation of bromate for both
conventional ozone and ozone NBs. Therefore, it is important to monitor these parameters

continuously during the ozone application for water treatment.
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7.4. Conclusions

The removal of geosmin and MIB by conventional ozone and ozone NBs was
investigated under various conditions in DDI and natural waters at 1.0 mg/L dissolved
ozone. Oxidative degradation of geosmin and MIB by *OH radicals was the main
mechanism for both conventional ozonation and ozone NBs. While more than 80% of
geosmin and 73% of MIB were removed by ozone NBs in a 10-min contact time in DDI at
20 °C, only 69% of geosmin and 54% of MIB were removed by conventional ozonation.
Higher *OH radical formation from ozone NBs accounts for these removal differences. The
removal differences between conventional ozone and ozone NBs were also observed in

natural waters.

The removal efficacy of geosmin and MIB for both treatments improved as the
temperature increased in DDI and natural waters from 20 to 30 °C. At 20 °C, ozone NBs
formed 1.5 times more *OH radicals compared to conventional ozone, but the ratio
increased to 1.8 at 30 °C. Higher reductions of geosmin and MIB were achieved at 30 °C
by using ozone NBs and conventional ozone. After 10 minutes of contact time, 0zone NBs
removed an additional 15% of geosmin and 14% of MIB at 30°C. While temperature
increased the reaction rate of geosmin and MIB removal by conventional ozonation, it
resulted in only an additional 5-6% reduction for both compounds. Additionally, ozone
NBs and conventional ozonation removed 10% more geosmin and MIB from natural water

at 30°C than at 20°C.
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As the initial ozone dose was decreased from 1.0 to 0.5 mg/L dissolved ozone, the
removal of geosmin and MIB by conventional ozonation decreased from 82% for geosmin
and 69% for MIB to 45 and 39%, respectively. However, ozone NBs removed 10-20%
more geosmin and MIB than conventional ozone. The benefits of NBs over traditional
ozone became more apparent when the ozone dose was reduced, which was because the
number of NBs in the water remained constant, even when the ozone dose was reduced.
As a result, the additional removal provided by NBs remained the same although the ozone

level decreased.

The removal of geosmin and MIB was not significantly affected by the different
aromatic fractions in natural waters. Both conventional ozone and ozone NBs effectively
removed geosmin and MIB in two natural waters, and the reduction of aromatic regions
intensity in organic matter was observed for both treatments by EEM measurement. The
addition of calcium (300 mg/L as CaCOz) affected the NBs concentration but did not
decrease the geosmin and MIB removal by ozone NBs. The addition of alkalinity (250
mg/L as CaCOs) decreased the removal efficiencies of geosmin and MIB, but the impact
on ozone NBs performance was less than conventional ozonation. More geosmin removal
was observed than MIB under all tested conditions. Additionally, the formation of bromate
with a bromide level of 250 pg/L was less than the established regulatory limit by the

USEPA (i.e., 10 pg/L) for both conventional ozone and ozone NBs.

Overall, in both DDI and natural waters, ozone NBs outperformed conventional
ozonation. Ozone NBs can be more efficient than conventional ozonation at controlling

taste and odor problems during water treatment. NBs can be used to treat water with a
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lower ozone dose, which can reduce the cost and the energy requirement of the treatment

process.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

The study investigated the characteristics and stability of nanobubbles and their
efficiency and mechanisms of removing geosmin and MIB from natural waters. The results
of this study provided several important to the fundamental understanding of the new
technology for various applications. The important conclusions from different portions of

the study and the overall recommendations are summarized as follows.

Stability of oxygen nanobubbles under freshwater conditions

The concentration of oxygen NBs in the solution was 1x10% particles/mL, with a
surface charge of -24 mV at pH 6.5 in DDI. The majority of NBs had a diameter of less
than 200 nm. Calcium was the most influential parameter, significantly decreasing the NBs
levels among the other tested parameters pH, NOM, Na*, and temperature during 60 days
of storage period. Therefore, oxygen NBs would be less stable in hard than soft waters.
Oxygen NBs were stable for 3 days independent of pH, but as storage time extended, they
disappeared more quickly at acidic than at basic pH values. The presence of increasing
H* ions in solution decreased the stability of the negatively charged oxygen NBs at longer
storage times. The formation of *OH radicals by oxygen NBs was very low, with
concentrations reaching up to 9 nM at pH 6.5 and up to 28 nM at pH 3. High SUVA2s4
NOM destabilized oxygen NBs more than low SUVA24 NOM. While the effect of

temperature was insignificant for a short storage time (14 days), the impact of higher
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temperature became more noticeable at longer storage times. The findings showed that
coalescence (increase in bubble size and rise) was the most significant mechanism for the
loss of NBs from freshwaters at high hardness levels, while NBs collapse also played a role

in the disappearance of oxygen NBs from water at pH 3.

Removal of geosmin and MIB by oxygen nanobubbles during water treatment

The performance of oxygen NBs for the removal of geosmin and MIB from water
was systematically evaluated under a variety of operational and water chemistry
conditions. The major removal mechanism for geosmin (40%) and MIB (20%) was
volatilization. Mixing NBs with microbubbles (MBs) stimulated the formation of *OH
radicals, resulting in additional removal of geosmin (~55%) and MIB (30%). The result
demonstrates the impact of MBs with NBs, as there was no evidence of geosmin/MIB
oxidation by oxygen NBs alone. Singlet oxygen and superoxide radicals did not appear to

play a significant role.

Alkalinity decreased the removal percentages of both geosmin and MIB by
scavenging *OH radicals and inhibiting the oxidative removal pathway. The removal
percentages of geosmin and MIB increased at higher temperatures due to increased
volatilization and oxidative processes. However, the removal percentages decreased in the
presence of either NOM or hardness, while they were not significantly affected by pH in
the range of 3-10. Geosmin was more readily removed by oxygen NBs than MIB through

both oxidation and volatilization. In natural waters, the oxidation mechanism for the
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removal of geosmin/MIB was significantly suppressed by alkalinity, hardness, NOM, and

other components that may act as radical scavengers.

Characteristics and stability of ozone nanobubbles in freshwater conditions

Ozone NBs were significantly more stable than oxygen NBs, exhibiting a four-fold
longer half-life (193 days vs. 46 days, respectively, at pH 6.5-7.0 and 20°C), with a similar
initial NBs concentration in solution (1.0-1.1x108 particles/mL). The difference in surface
charge between the two types of NBs appeared to play a major role in this behavior. Ozone
NBs had a more negative zeta potential (—32.0 mV) than oxygen NBs (—23.6 mV) at time
zero, which makes them less likely to coalesce. Ozone NBs were generated under two
different dissolved ozone concentration conditions (i.e., 1 and 12.5 mg/L, respectively),
and the characteristics and stability of NBs were significantly different, although their
initial concentrations of NBs were very similar. Ozone NBs generated at 12.5 mg/L
dissolved ozone were more stable than those at 1 mg/L during long-term storage. The
magnitude of the surface charge of 0zone NBs solutions generated at 12.5 mg/L dissolved
ozone decreased more slowly than that at 1.0 mg/L dissolved ozone. Therefore, the
preparation conditions of ozone NBs can significantly impact their stability and

characteristics.

The half-lives of 0zone NBs decreased in the following the order: 3 mM Ca?* < pH
3 < high SUVA254 NOM (4.1 L/mg.m) < pH 7 < pH 9. The effects of carbonate (or
alkalinity) and temperature on the stability of ozone NBs were negligible. Therefore, ozone

NBs would be stable in waters for up to several months (i.e., 255 days), depending on the
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water hardness (i.e., 300 mg/L as CaCOs3) and hydrophobicity (or aromaticity) of NOM
(i.e., 4.1 L/mg-m). Also, the half-life of dissolved ozone in the solutions in 0zone NBs was
1.1 - 2.3 longer than conventional ozonation under the same experimental conditions. In
addition, the formation of *OH radicals and yield of «OH radicals at the same ozone dose
were greater with ozone NBs than conventional ozone. Although there was no residual
ozone in the solution, ozone NBs continued their reactivity and further oxidation capability

with additional *OH radical formation during the storage time (i.e., 1-2 weeks).

Removal of geosmin and MIB by o0zone nanobubbles

The application of ozone NBs for ozone delivery significantly improved the mass
transfer (2.2-4.2 mg/L.min and 0.07-0.22 mg/L.min for ozone NBs and conventional ozone
during 10 min, respectively) and half-life of ozone (i.e., more than 2 times) in water. Ozone
NBs were more effective than conventional ozonation at removing geosmin and MIB, two
compounds that can cause earthy or musty odors in water. In deionized water (DDI), ozone
NBs removed more than 80% of geosmin and 73% of MIB in 10 minutes, while
conventional ozonation only removed 69% of geosmin and 54% of MIB. The higher
removal efficiency of ozone NBs is due to the formation of more *OH radicals, which is a
non-selective strong oxidant. The removal efficiency of geosmin and MIB improved for
both treatments as the temperature increased from 20°C to 30°C, in both DDI and natural
waters. At 30°C, ozone NBs removed 91-95 % of geosmin and 79-81% of MIB in DDI and
natural water after 10 minutes of contact time, while conventional ozonation only removed

80-82% of geosmin and 60-69% of MIB.
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Ozone NBs also showed 10-20% more geosmin and MIB removal compared to
conventional ozone when the initial dissolved ozone dose was decreased from 1.0
((O3/DOC) = 0.43) to 0.5 mg/L ((03/DOC) = 0.22) in natural waters. Since the number of
ozone NBs were similar (i.e., 1.0x108 particles/mL) at 0.5 and 1.0 mg/L ozone experiments,
the additional removal capacity provided by NBs was maintained at various ozone
concentrations. Consequently, ozone NBs are more efficient and can perform better than
conventional ozonation to control taste and odor issues during water treatment, especially
when the amount of available oxidant is reduced. The differences in the composition of
NOM between the two natural waters did not significantly (p>0.05) affect the
decomposition of ozone or the removal of geosmin and MIB by either ozone NBs or
conventional ozonation. These can be attributed to the similar water background
compositions such as DOC and SUVAzs4 values of the two waters (i.e., DOC = 2.340.1
mg/L and UV2s4= 0.040-0.041 cm™), as these were two of the most important parameters
that influenced the reaction of ozone and *OH radicals with NOM. In addition to the
removal of geosmin and MIB, ozone NBs were more effective than conventional ozone at
degrading different fractions of NOM. On the other hand, the presence of alkalinity (250
mg/L as CaCOz) reduced the removal efficiencies of geosmin and MIB due to the
scavenging effect of alkalinity, but its impact on removal by ozone NBs (decreased from
91% and 81% to 84% and 71%, respectively) was less than observed for conventional
ozonation (decreased from 82% and 69% to 71% and 56%, respectively). However, the
addition of calcium (300 mg/L as CaCOs3) did not appear to reduce the effectiveness of

NBs at removing geosmin and MIB, even though it affected the NBs concentration. The
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result suggests that calcium may interfere with the formation or stability of NBs, but it does
not affect their ability to oxidize geosmin and MIB. More geosmin removal was observed
than MIB under all tested conditions. Additionally, the formation of bromate with an initial
250 pg/L bromide level was compared for ozone NBs and conventional ozone in natural
water. The formation was less than the established regulatory limit by USEPA (i.e., 10

pa/L) for both ozone NBs and conventional ozone.

Overall, ozone NBs performed better than conventional ozonation in DDI and
natural waters. The longer retention time of dissolved ozone in ozone NBs solution is a
significant advantage over conventional ozonation for water treatment purposes. Ozone
NBs solution provides higher oxidation capability while requiring a lower ozone dose to
achieve the same target compound removal. Thus, ozone NBs can be used effectively to

control taste and odor issues during water treatment.
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Recommendations for Practical Applications and Future Research

The terms "MNBs” and "NBs” are often used interchangeably in the literature, even
though they refer to different types of bubbles. Additionally, some studies start with MNBs
but end up with only MBs. It is important to distinguish between NBs and MBs, as they
have different physicochemical and chemical properties. For example, ozone NBs persist
in water for longer periods of time and have prolonged oxidation efficiency for the

remediation of both organic and inorganic contaminants compared to MBs.

More details in the description of NBs generation (method used, gas flowrate,
pressure, etc.) along with more comprehensive characterization of NBs (e.g.,
concentration, size distribution, surface charge), the presence of MBs vs. NBs should be
provided in publications to allow a better comparison of findings from different studies.
Studies should be conducted with freshwater and wastewater samples, not only in DDI
water, and the relevancy of observations and findings should be linked to representative

practical applications.

New, sensitive, NB-selective, and accurate techniques and methods are required to
measure NBs in natural waters where background particulate materials are ubiquitous.
Currently, the ability to measure NBs in natural waters is limited, and NBs applications
rely on indirect parameters such as dissolved ozone or dissolved oxygen concentrations.
New measurement methods are critical to directly monitor the concentrations and fate of

NBs, as well as the production and performance of NBs generators, in real time and in-situ.
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The effectiveness of ozone NBs should be evaluated for removing a wider range of
organic contaminants from water including emerging contaminants and deactivating
microbial pathogens. The formation and quantification of ROS, superoxide (O2"), *OH
radicals, hydrogen peroxide (H20>), singlet oxygen (*O2), especially *OH radicals, should
be investigated under a variety of conditions. The impact of ozone NBs on other water
treatment processes should be further understood. For example, the impact of 0zone NBs
on filters, biofilters, GAC adsorbers, AOPs and/or other disinfection processes should be
investigated. Oxygen NBs can be a good source of oxygen for the bottom of lakes to
mitigate anoxic conditions, or to degrade compounds that are susceptible to aerobic
degradation. NBs production from other gases (e.g., H2, CO2) should be evaluated for

different environmental applications.

Although NBs technologies can make a positive impact on water treatment, more
research is needed on the impact and fate of NBs in natural waters, through water treatment
processes and distribution systems before they can be widely adopted. Since NBs are stable
and can remain in natural waters for a long time, there is a possibility that they could pass
through treatment processes and enter distribution systems. However, given their negative
surface charge, they can be removed through conventional water treatment processes such
as coagulation, flocculation, and sedimentation when NB technology is applied at the

source waters and/or beginning of the treatment plant.

More research is needed to assess the compatibility of ozone NBs with other water
treatment processes. There is a great need to demonstrate NBs at pilot-scale and full-scale

applications for water treatment. Well documented and characterized studies are missing
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in literature. Such research will help to demonstrate the feasibility of using NBs at a large
scale and to identify any potential challenges and the long-term environmental impact of

NBs for water treatment. Life cycle assessment of NBs applications should be performed.

NBs have the potential to be a valuable novel technology for water treatment. With
more research addressing the recommendations listed above and others, the development
and commercialization of NBs can be accelerated for water treatment, which will help to

improve the quality and safety of our drinking water.
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Appendix A: Supporting information for Chapter 2

Table Al. Ozone NBs literature review

Stability
References Title Tested in Target Bubble Bubble Bl;it;tgle conce!\:l?fation fgr?ti of 0zone “OH
contaminant generator analyzer : p NBs radical
(nm) (particles/mL) | al (mV)
(days)
Laser
diffraction
Prm_ap!e and Decompression, par_tlcle
applications of size
(Agarwal microbubble and gas-water analyzer
etal., NA NA circulation, y NA NA NA NA NA
nanobubble - and
2011) technology for water venturi-type and scannin
gy ultrasonication 9
treatment electron
microscop
y (SEM)
Nanoscale smooth
interface maintained
(Nishimura metallisation of Surface A microcracked
etal., polyimide using low Water modification L NA NA NA NA NA NA
. S ceramic filter
2014) concentration ozone of Polyimide
micro—nano bubbles
dispersed in water
The Influences of
pepsin concentrations Bubble from™
(Kawara et and pH levels on the Distilled Helicobacter REO Research
al., 2014) disinfective activity of water pylori Institute, Higashi NA NA NA NA NA NA
" ozone nanobubble bacterium Matsushima,
water against Japan"

Helicobacter pylori
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Stability

Bubble NBs Zeta
References Title Tested in Targ_et Bubble Bubble size concentration | potenti of 0zone OH
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
Alternaria
Research on the solani Sorauer Micro/nano
feasibility of spraying and bubble generator
(Heetal., micro/nano bubble Cladosporium (Benzhou
2015) ozonated water for NA fulvum Technology Co. NA NA NA NA NA NA
airborne disease (tomato Ltd., Beijing,
prevention airborne China)
disease)
. Deionized Spiral liquid
Remediation of
. - . (DI) water & flow type
éﬁlagggg) S:gzr:mlc;:\jv;t()e?tﬁglggﬁg surface water | Methyl orange | combined with NA NA NA NA NA NA
' - & pressurized
micro-nano bubble groundwater dissolution type
Polycyclic
(Meegoda A new technc_)logy to aromatic
and de(_:ontamlnqte Soil/Sedimen | hydrocarbon
Batagoda sediments using ¢ (PAH) NA NA NA NA NA NA NA
900, | 1trasound with ozone .
2016) nano bubbles contaminated
sediment
NanoSight
UFB generator LMI-HS,
Japan
(Nano- Quantum
Antimicrobial Agua MN-20, Desian Co
effectiveness of ultra- TECH Ltd gJapaﬁ UFBs:
(Ushida et | fine ozone-rich bubble Chinese Corporation Co. . 110 &
al., 2017) mixtures for fresh DD water cabbage wash Ltd., Japan) & mic(r%sf:\o o FBs: 20 - NA NA NA NA
vegetables using an FB generator (VH-800% 80 x 10°
alternating flow (OM1-C200, K '
eyence
Aura Tech Co.
Ltd., Japan) Co. Ltd.,
v Japan) for
FBs
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Stability

Bubble NBs Zeta
References Title Tested in Targ_et Bubble Bubble size concentration | potenti of 0zone OH
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
Briefing: In situ
(Meegoda decontamination of Contaminated
etal., sediments using ozone Sediment river NA NA NA NA NA NA NA
2017) nanobubbles and sediments
ultrasound
applications of ozone
micro- and
(Tekile et nanol_)ub_ble Water and NA NA NA NA NA NA NA
al., 2017) technologies in water wastewater
and wastewater
treatment; review
Dissolution
enhancement and Dynamic
mathematical Soil with Light
modeling of removal Non- MNBs generator | Scattering
(Sung et of residual aqUeoUs- Trichloroethen from AS-MA (Delsa™ | <50, and NA NA NA NA
al., 2017) trichloroethene in gueous- e (TCE) I, Riverforest Nano C, 60 - 150
. phase-liquid
sands by ozonation (NAPL) Inc., USA Beckman
during flushing with ' Coulter
micro-nanobubble Inc., USA)
solution
Reduction of
(Cruz and coliforms presents in MNBs generator
Flores, domestic rf35|dual Domestic Total a_md fecal | patented by Dr. _Optlc 7%10° NA NA NA NA
waters by air-ozone wastewater coliform Eng. Jhonny microscope
2017) - ;
micro-nanobubbles in Valverde Flores
Carhuaz city, Peru.
Reduction of hospital . A
(Menendez wastewater through Hospital Organic trinocular
and Flores, . gn P g NA microscope 24 NA NA NA NA
micro-nano ozone-air wastewater matter
2017) bubbles MOD BM-
120T-LED

230




Bubble

NBs

Zeta

Stability

. . Target Bubble Bubble - . . | of ozone *OH
References Title Tested in . size concentration | potenti .
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
Reduction of the
biochemical oxygen
demand of the water
(Salguero samples from the River water M;\tlslste%egereg?r
and Flores, lower basin of the samoles BOD5 pEn Jho%/n ' NA 24 NA NA NA NA
2017) Chillon river by P Valv%rde Flo)r/es
means of air-ozone
micronanobubbles,
Ventanilla - Callao
Reduction of
Thermotolerant
(Benazir Coliforms present in MNBs generator
Abate and the sea water by Marine water | Thermotoleran | patented by Dr. 3
Flores, means of micro- samples t coliforms Eng. Jhonny NA 10 NA NA NA NA
2017) nanobubbles of air- Valverde Flores
ozone of the beach
Los Pavos, Lima, Peru
Spiral liquid It was just
Application of ozone Al?llov;la;irif;- ﬂgr\:\ggtz? ('\éCNOI? NanoSight ?gregkﬁ?
(Hu and micro-nano-bubbles to ge Methyl orange g . - LM-10, 45x10"+15 (-18) - ’
. contaminated 20, Taikohgiken 247 +9 6 not for NA
Xia, 2018) groundwater R and TCE L (Malvern, x 10 (-22)
. site in Niiza, Ltd., Nishi-ku, longer
remediation UK)
Japan Kumamoto, storage
Japan). time
Fluid oscillation
(Batagoda Nano-ozone bubbles or mechanical
etal., for drinking water NA NA vibration, NA NA NA NA NA NA
2018) treatment venturi, and
ceramic diffusers
Simultaneous
desulfurization and Desulfurizatio
(Jiang et denitrification method Yunnan Xiazhi
al, 2018) | using O; and NO NA nand XZCP-K-0.75 NA NA NA NA NA NA
denitrification

micro-nano bubbles
system
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Stability

Bubble NBs Zeta
References Title Tested in conI:ri;?iitant Enuet;g![zr aiglbtygr size concentration | potenti ofﬁéc;ne ragl)ilcial
g y (nm) (particles/mL) | al (mV)
(days)
Methylene A spiral liquid A
blue, COD, . .
flow-type micro- | Nanopartic
: Benzene, .
Treatment of Organics Chlorobenzen nano-bubble le Tracking
(Xiaand Contaminated generator Analyzer 3
Hu, 2018) | Wastewater by Ozone | “Vastewater Nitrohonzene. | (ASUPUASK3, | (NanoSight 265 2.3x10 NA NA NA
Micro-Nano-Bubbles (0)- " | Asupu Co., Ltd., LM-10,
Ni trg)chlorobe Suntogun, Malvern,
Shizuoka, Japan) UK).
nzene
Mechanism of OH
(Yasui et radical production
al., 2019) from ozone bubbles in Water NA NA NA NA NA NA NA NA
N water after stopping
cavitation
Polycyclic
aromatic Micro-nano-
Remediation of hydrocarbons,
(Batagoda heavy-metal- polychlorinate sznﬁgfer%z'lz—le Malvern
etal. c_ontamlr_1ated Soil/Sedimen d blphgnyl, 50FR, Zetasizer | 100-200 NA (-24)-(- NA NA
sediments in USA t chromium, . 27)
2019) . . - Riverforest Nano
using ultrasound and nickel (Ni), .
. Corporation,
ozone nanobubbles cadmium (Cd) USA)
and mercury
(Ho).
sterilization effects of micrsm;?l;ubbl
(Saijai et ozone fine Tap water | Escherichia e generator NA NA NA NA NA NA
al, 2019) | (micro/nano) bubble P coli (RMgLJJTL-KVM-
water 10)
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Bubble

NBs

Zeta

Stability

. . Target Bubble Bubble - . . | of ozone *OH
References Title Tested in . size concentration | potenti .
contaminant generator analyzer (nm) (particles/mL) | al (mV) NBs radical
(days)
The
. . Malvern
In S|tus£3rinr§gr|]§|on of MBs-NBs nozzle | NanoZetasi
(Aluthgun contaminated with p-Terphenyl- (Model BT- zer with (-14)(-
Hewage et oraanic pollutants contaminated p-Terphenyl 50FR; Folded 100-300 NA 25) NA NA
al., 2020) usir? ultrgsoun dand sediments Riverforest Capillary
g Corporation) Zeta Cells
ozone nanobubbles (model
DTS1070)
Removal of 1,4- NBs generator
(Maie et dioxane in A (AzNano10,
al., 2020) groundwater using Groundwater 1,4-Dioxane Anzaikantetsu NA NA NA NA NA NA
ozone nanobubbles Inc., Japan)
NanoSight
NS300
The Gram- (Malvern
Ozone nanobubble positive NBs generator Panalytical
treatment effectively Tap water bacterium (rr?o del: Ltd) for O,
(Jhunkeaw reduced pathogenic ar|10 d fish Streptococcus aQua +075MO' and air. O3
etal., Gram positive 1 and cultured agalactiae and maker: A uaPr,o NBs were NA NA NA NA NA
2020) negative bacteria in water Gram-negative Solufior?s Pte not
freshwater and safe bacterium Ltd, Singapore) measured
for tilapia Aeromonas » =INgap due to its
veronii oxidation
effect on
NS300.
Remediation of
NAPL-contaminated KET;\‘A gorea
(Kwon et porous media using Tap water n-decane Technology Co., Microscop 491 3 2.8x108 NA NA NA
al., 2020) micro-nano ozone Ltd.. Incheon e 3.3x10
bubbles: Bench-scale Cit&/ Korea

experiments
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Stability

Bubble NBs Zeta
References Title Tested in Targ_et Bubble Bubble size concentration | potenti of 0zone OH
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
Solubilization and
stabilization for
e A
prolonged reactivity .
of ozone using micro- MNBs generator Multisizer Methanol
(Fanetal., - e 4e counter 3.38+ 241 +1.45 x .
nano bubbles and DDl (Xiazhichun, 3 5 NA NA capturing
2020) chlorophenol . (Beckman | 0.73x10 10
0zone-saturated China) Coulter method
solvent: A promising '
USA)
enhancement for
ozonation
An integrated Pressurized A Coulter
approach using ozone dissolution type | Multisizer A
(Fan et al nanobubble and 4 NBs generator 4e formaldehvd
" | cyclodextrin inclusion DI water (Model XZCP- (Beckman 580 2.16 x10° NA NA ny
2021a) - chlorophenol e capturing
complexation to K-0.75, Coulter, method
enhance the removal Xiazhichun, Brea,
of micropollutants China) USA).
Assessment of ozone
micro-nano bubble
(Hui, 2021) technology for NA NA NA NA NA NA NA NA NA
freshwater cooling
towers in HVAC
systems
(Seridou Disinfection
and | applications of ozone NA NA NA NA NA NA NA NA NA
Kalogeraki micro- and
s, 2021) nanobubbles
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Stability
. . Target Bubble Bubble Bu_bble NBs . Zeta . | ofozone *OH
References Title Tested in . size concentration | potenti .
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
A particle
Free-radical chgt?gg]%t
generation from bulk MBs denerator P or for ESR (JES-
. nanobubbles in gef er I X330; JEOL
(Takahashi (AO1N; Dan- liquids -
aqueous electrolyte Ultrapure N 10 and Ltd.) with
etal., o . NA Takuma (LiQuilaz- 3 NA NA NA .
solutions: ESR spin- water . . 50 x 10 spin-trap
2021) . Technologies E20;
trap observation of Inc.) Particle reagent,
microbubble-treated i ' DMPO
Measuring
water
Systems
Inc.)
Ozone nanobubble NBs generator
modulates the innate . g )
. defense system of Nile - The bacterial (model:
(Linh etal., tilapia (Oreochromis Chlorine-free isolate _S. aQuafO?SMO, NA NA NA NA NA NA
2021) L - water agalactiae maker: AquaPro
niloticus) against 2803 Solutions Pte
Streptococcus -
. Ltd, Singapore)
agalactiae
NanoSight
NS300
Ozone nanobubble (Malvern
treatment in NBs generator Panalytical
(Jhunkeaw freshwater effectively Tap water Streptococcus (model: Ltd) for O,
reduced pathogenic and fish agalactiae or aQua+075MO; | and air. O3 not ozone, 2-3
etal., . . . . 130 7 NA NA NA
fish bacteria and is cultured Aeromonas maker: AquaPro | NBswere x 10
2021) S - .
safe for Nile tilapia water veronii Solutions Pte not
(Oreochromis Ltd, Singapore) measured
niloticus) due to its
high
reactivity.
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Stability
. . Target Bubble Bubble Bu_bble NBs . Zeta . | ofozone *OH
References Title Tested in . size concentration | potenti .
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
A spiral, liquid-
. Reduction of ozone flow-type UFB NS500,
(Hashimot dosage by using ozone Activated enerator (model Malvern
oetal., j05age by using Bacteria genere Panalytical 120 NA NA NA NA
in ultrafine bubbles to sludge Buvitas HYK-
2021) S Co., Ltd.,
reduce sludge volume 25, Ligaric Co.,
UK
Ltd.,Japan)
Remediation of
contaminated The
(Aluthgun | sediments containing Passaic River o-terphenyl The BT-50FR Malvern
Hewageet | both organic and sediment and chromium MICro-nano- Zetasizer | 20300 NA -22.11 NA NA
al., 2021) inorganic chemicals sized nozzle
: Nano ZS
using ultrasound and
ozone nanobubbles
Removal of
tetramethylammonium A custom-made
(Kim et al hydroxide (TMAH) in | Semiconduct | Tetramethyla nano-size bubble 133 -
N semiconductor or mmonium NanoSight 5.25 x 10° NA NA 4-CBA
2021) - - generator (OHR, 144
wastewater using the wastewater hydroxide Tokyo, Japan)
nano-ozone H,O, Yo, Jap
process
58x10°
and 897
Ultrafine bubbles as (measure
(Temesgen : .
and Han, an augmenting agent DI water NA NB generation NA d for O, NA NA NA 0CBA
for ozone-based system NBs
2021) L )
advanced oxidation since
ozone is
reactive)
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Bubble NBs Zeta
References Title Tested in Targ_et Bubble Bubble size concentration | potenti of 0zone OH
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
A critical review of
the recent
developments in
(Sakretal., micro-nano bubbles NA NA NA NA NA NA NA NA NA
2022) applications for
domestic and
industrial wastewater
treatment
Degradation
mechanism of micro-
NPNEOs,
(Zhou et nanobubble NA (nonionic NA NA NA NA NA NA NA
al., 2022) | technology for organic surfactant)
pollutants in aqueous
solutions
Effect of nanobubbles 168.9 + 9
(oxygen, ozone) on The gram- 73.8 (not 1.04x 10 Si 26
o . - aQua+75MO x 10
the Pacific white negative measure .
(Nghia et shrimp (Penaeus Saline water bacterium éﬁﬁuﬁ?ggs NA d, taken (r?g':trlrfelz:lssﬁ?ela NA NA NA
al., 2022) vannamei), Vibrio Vibrio - ’ from '
. . Singapore, was taken from
parahaemolyticus and parahaemolyti - manufact
: Singapore) manufacturer
water quality under cus urer website)
lab conditions website)
Hybrid nanobubk?le- Pharmaceutica aQua+75SMO NanoSight 14 days in
. forward osmosis - (AquaPro
(Farid et Ultrapure I Chemicals . LM-10HS 7 ultrapure
system for aquaculture . Solutions, . 145 7.8x10 NA NA
al., 2022) water [Oxytetracycli - (Salisbury, water at
wastewater treatment Singapore,
ne - UK) pH7-75
and reuse Singapore)
Impacts of oxygen and Aeromonas
(Dien et ozone nanobubbles on | Dechlorinate hydrophila-
al., 2022) bacteriophage in d tap water | specific phage, NA NA NA NA NA NA NA
aquaculture system pAh6.2TG
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. . Target Bubble Bubble Bu_bble NBs . Zeta . | ofozone *OH
References Title Tested in contaminant generator analyzer size concentration | potenti NBs radical
(nm) (particles/mL) | al (mV)
(days)
Interfacial mechanism
of the synergy of
biochar adsorption 2,4- MNBs generator Zetasizer
(zhuetal., ar_1d catalytic ozone DI water dlchlorgphe_no (Xingheng Nano 7S 156 NA NA NA EPR
2022) micro-nano-bubbles xyacetic acid | Technology Co. (Malvern)
for the removal of 2,4- (2,4-D) Ltd., Shanghai)
dichlorophenoxyacetic
acid in water
Escherichia
coli
NTCC1290
and
Pseudomonas
Nag.rl}gggsgaa An electrolysis
. . oxygen radical Malvern
(Epelle et Microbial Staphylococcu generator Zetasizer
inactivation: gaseous | Water and air s aureus 0.8-7000 NA -10 NA NA
al., 2022) or aqueous ozonation? ATCC25923 (EORGTM Nano
' Novus Clean ZEN5600
and
Tech Ltd)
Streptococcus
mutans, and
Candida
albicans and
Aspergillus
fumigatus
Total soluble
solids (TSS),
Nanobubble ozonation biochemical
for waterbody oxygen ANBG system
(Pal et al., rejuvenation at demand of Accelerated
2022) different locations in Water (BOD), and | Cleaning System NA <5000 NA NA NA NA
India: A holistic and chemical (The shear force)
sustainable approach oxygen
demand
(CoD)
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Bubble NBs Zeta
References Title Tested in Targ_et Bubble Bubble size concentration | potenti of 0zone OH
contaminant generator analyzer : NBs radical
(nm) (particles/mL) | al (mV)
(days)
NBs generator ZetaView
Nanobubble generator PMX 120
(Wuetal technology enhanced Artificial . (KMT, Nikuni (Particle
" . Ammonia Co., Ltd., . <200 2.2 x 107 NA NA NA
2022) ozonation process for wastewater Metrix,
. Kanagawa,
ammonia removal Meerbusch
Japan)
, Germany)
Pre-treatment of Nile
tilapia (Oreochromis
niloticus) with ozone
(Linh etal., | nanobubbles improve | Dechlorinate | Streptococcus
2022) efficacy of heat-killed d tap water agalactiae NA NA NA NA NA NA NA
Streptococcus
agalactiae immersion
vaccine
Using oxygen/ozone
nanobubbles for in Industrial NanoSight
(Maie et S itu oxidation of wastewater Hydrogen Anzai Kantetsu NS300
al., 2022) dissolved hydrogen and sewage sulfide Co., Ltd. (Japan) analyzer 106 1.93 x 10° NA NA NA
N sulfide at a residential g - - (5ap (Malvern, '
. water
tunnel-construction UK)
site
g, | e | waerioma [ Adaon | 2 27oM
g B fishpond with species, a NA NA NA NA NA NA
2023) technology to reduce iade perch Nitzschia s Solutions Pte
freshwater algae jadep P Ltd., Singapore
Full-scale os/micro-
A non-
nano bubbles system commercial
(Ponce- based advanced 12 rototve
robles et oxidation as Wastewater | pharmaceutica P yp NA NA NA NA NA NA
. - composed of an
al., 2023) alternative tertiary Is MNBs bubble
treatment in WWTP L
injector

effluents
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Stability

Bubble NBs Zeta
References Title Tested in Targ_et Bubble Bubble size concentration | potenti of 0zone OH
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)
ot oelon e | sl
(Wei etal, wastewater by micro- printing and COoD Aeration disk NA 20'3(3) X NA NA NA NA
2023) dyeing 10
nano bubble ozone
S e wastewater
catalytic oxidation
A
Mechanism for nanoparticl
enhancing the MNB generator | e tracking Fluorescenc
(Yang et ozonation process of Escherichia (OM4-MDG- video e
al 2323) micro- and DI water coli 045H, Aura Tec | microscope 151.9 1.56x% 107 -30 NA Spectrophot
B nanobubbles: bubble Co., Ltd., (ZetaView, ometry and
behavior and interface Japan) Particle EPR
reaction Metrix,
Germany)
Effect of ozone
nanobubbles on the aQua+075MO0,
(Huang et microbial ecology of Heterotrophic AquaPro
al., 2023) | pond water and safety Pond water bacteria Solutions Pte NA NA NA NA NA NA
for jade perch Ltd., Singapore
(Scortum barcoo)
Oxidative power loss . Zetasizer A
(Leeetal,, | control in 0zonation: Water Rhodamine B d'ios\s%rlistisgrrml-?de Malvern | 270-520 NA NA na | fluorescence
2023) nanobubble and yp . spectromete
. o NBs generator Panalytical :
ultrasonic cavitation UK r (coumarin)
Combination of
ozone-based advanced
(Hutagalun | oxidation process and . . Orifice Plate Zetasizer _
getal., nanobubbles w;izz(\?/;er Amm_?srga and (Nanobubbles Pro Blue, 216.9 NA +201 358 NA NA
2023) generation toward Karya Indonesia) Malvern -

textile wastewater
recovery
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Stability

Bubble NBs Zeta
References Title Tested in Targ_et Bubble Bubble size concentration | potenti of 0zone OH
contaminant generator analyzer ; NBs radical
(nm) (particles/mL) | al (mV)
(days)

Effect of dissolved

organic matter on HG-WNF-1,
(Xieetal., | selective oxidation of Tap water Toluene Han_gzhou NA NA NA NA NA 0CBA

2023) toluene by ozone Guiguan

micro-nano bubble
water

Company, China

NA= Not Available
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Appendix B: Supporting information for Chapter 4
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Figure B1. Changes in oxygen NBs concentrations over storage time under various pH
(A), NOM (B), cations (C), temperature (D), combined Ca?* (3 mM) with high SUVA2s4
(4.1 L/mg.m at 5 mg/L DOC) NOM (E), and 2 mg/L chlorine (F) conditions in DDI water.

242



Table B1. Summary of micro- and nanobubble stability in ultrapure or distilled water from the literature

Storage
References | NBs Generator NBs Analyzer Gas type P arameters conditions and Findings
investigated .
period
. bubble-size
&:arrwrelzlrgtg_rb(tgl?/:zel- a green laser (532 nm laser) distribution, DO,
Ushikubo et | © GP-040. Aura Zetasizer Nano ZS particle oxvaen zeta potential, not specified for 6 NBs were detected using a dynamic light
al., 2010 Tec Co’ Ltd size analyzer (ZEN3500, Y and proton spin— days scattering (DLS) on the 6th day after generation
T Sysmex Co., Japan) lattice relaxation
Japan) time
a micro-bubble NanoSight-LM10
Liu et al generator (OM4- (Quantum Design Inc., bubble-size not specified for 7 the total number of bubbles and size of the main
2013 N GP-040, Aura Japan), Zeta Potential nitrogen | distribution, pH, P davs bubbles decreased with storage time, and almost
Tec Co. Ltd., Analyzer (Zeecom, and DO y no NBs were observed in day 7.
Japan) Microtech Co. Ltd., Japan)
NanoSight LM10-
agas-liquid | FoDF 114 with 2405 nm bubble-size
L gas—iq blue laser (Quantum Design UDDIE=S i) 15% decreased over 24 h (3.5 E8 to 2.9 E8
(Oh and mixing method . carbon distribution, 4 mL clear glass - . - .
: . . Korea, Korea), {-potential S - particles/mL), ii) mean diameter increased from
Kim, 2017) with a linear dioxide ATR-FTIR, and vials for 24 hr
analyzer (ZetaPALS, . 89 to 110 nm
actuator zeta potential
Brookhaven Instruments,
USA)
i) For NBs at higher pH, significant changes in
the bubble-size distributions and concentrations
turbidity. pH were not observed, even 18 days from the
a pressurized resonant mass measurement Y, P, airtight 50 mL production, ii) NBs in higher pH were more
dissolution NB Archimedes, Mal DO, bubble lypropy! ble i b he surface charge of th
Hamamoto issolution NBs (Archimedes, Malvern concentration polypropylene stable in water because the surface charge of the
generator (FZIN- | Instruments Ltd.), ZetaCAD | oxygen L bottles without NBs became more negative, iii) There were no
etal., 2018 bubble-size > .
10-1, IDEC Co., (CAD distribution. and | & headspace at significant changes of pH during the stored
Ltd., Japan) Instruments, France) { poten ti,al 25 °C for 18 days periods (up to 18 days), but DO decreased to

approximately 8 mg/L, suggesting O diffusion
from the NBs water through the polypropylene
bottles.
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References

NBs Generator

NBs Analyzer

Gas type

Parameters
investigated

Storage
conditions and
period

Findings

Meegoda et
al., 2018

a hydrodynamic
cavitation
generator with
BT-50FR micro-
and nano-sized
nozzle

Malvern Zetasizer Nano ZS

air,
oxygen,
nitrogen,
and ozone

bubble-size
(diameter), pH,
temperature, ion
concentration,
and zeta potential

not specified for 7
days

i) Ozone NBs had highest magnitude negative
zeta potential value followed by oxygen, air, and
nitrogen. ii) Magnitude of negative zeta potential

values decreased with increased solution
temperatures. There was no significant change in
bubble size with temperatures. iii) With increased
NaCl concentrations from 0.01 to 1 M,
magnitude negative zeta potential value
decreased, while the bubble diameter increased
from 500 nm to 680 nm. iv) At neutral pH and
above, Oz bubble size remained smaller in the
nanosize range for 1 week. However, for a
solution pH of 4, bubbles were much bigger in
the microsize range at the time of generation and
very rapidly increased in size, and after a week.

Nirmalkar
etal., 2018

a ultrasonic (US)
cavitation
generator with a
20 kHz probe-
type US
processor
(AUTOTUNE
SERIES 750 W
model, Sonics &
Materials)

NanoSight LM10
instrument (Malvern
Instruments, UK),

ZEN5600 Zetasizer Nano
ZSP (Malvern Instruments)

no
additional
gas
injected

bubble-size
distribution,
bubble number
density, pH, DO,
zeta potential,
and the presence
of salt (NaCl)
and surfactant
(SDS)

airtight 20 mL

glass vials in a

fridge for 6-11
months

i) The high zeta potential in alkaline solutions is
evidence of strong electrostatic interaction
providing stability to the system and, thus,

alkaline solutions are a more favorable medium

for the formation and stability of nanobubbles
than acidic solutions. ii) Exponential decay in the
number of nanobubbles, with approximately

50—70% disappearing in the first 50 days stored

at -18°C. Then, the bubble decay slows down
considerably and the rest (30-50%) of bubbles
was still observed after 170 days in the less
concentrated samples and after 330 days in the
most concentrated sample. iii) The mean bubble
diameter remains constant over time, and zeta
potential also remained unchanged over these
periods of sample monitoring.
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water technology
Co. Ltd, China)

Instrument Ltd. UK)

Storage
References | NBs Generator NBs Analyzer Gas type P arameters conditions and Findings
investigated period
nitrogen, sealed in vial with i) N2 NBs were stable more than 48 h and the
a periodic Zetasizer Nano ZS oxygen, bubble-size . negative zeta potential experienced no significant
Wang etal, | d d | distributionang | Parafilmand h h. ii) The stability of N, and
2019 pressure (Malvern Instrument Ltd. an istribution an stored at low change over 48 h. ii) The stability of N2 and O
change device UK) carbon zeta potential temperature nanobubbles were better than CO nanobubbles
dioxide P in terms of bubble size changes over time.
compression—de
compression nitrogen . . ..
(Keetal methqd.(l.e., and bubble-size B The c_oncentrathn of bulk NB_s in alkaline is
N pressurizing gas NS 300 (Malvern, UK) e not specified much higher than in other solutions (neutral and
2019) : - krypton distribution - .
into the solution (k) acidic or with NaCl).
and then slowly
depressurizing it)
The mechanism of bulk NBs’ generation and
their extremely long-time stability can be
bubble-size attributed mainly to the hydrogen bonding
distribution, pH, interactions. The formation of a diffusion layer,
. ... | ahydrodynamic . NaCl, zeta - by absorption of OH- due to electrostatic
Michailidi o . air and ; not specified for 3 . . Lo .
cavitation Malvern Zetasizer Nano ZS potential and interaction, contributing to negative surface
etal., 2020 oxygen months - g . .
generator Electron charge, whereas the interaction of ions with the
paramagnetic surface hydroxylic groups provide the
resonance (EPR) equilibrium between the protonation and
deprotonation of water and finally the formation
of a stable interface layer.
i) O2 NBs concentrations remained constant for 4
a nanobubbles ot o
h. ii) The nanobubbles concentration increased
generator NS 500 (Malvern 8 - :
. from 0.76 to 3.78 x 108 particles/mL with
(Zhongnong Instrument Ltd. UK), bubble-size . . .
Wang et al., - - - Lo 500 mL glass increasing pH value from 3.2 to 11.0, while the
Tianlu micro- Zetasizer oxygen distribution, pH, .
2020 . photoreactor mean size decreased from 205 nm to 138 nm as
nano bubble Nano ZS (Malvern and zeta potential

the pH value increased. iii) Higher zeta potential
(negative) showed higher stability of oxygen NBs

at higher pH.
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Storage

References | NBs Generator NBs Analyzer Gas type P arameters conditions and Findings
investigated .
period
bubble-size
a hydrodynamic (diameter), pH, All the samples were stable for 1 week with no
L0 not . L L .
cavitation e DO, ion significant deviation in either bubble size or zeta
Hewage et generator with Malvern Zetasizer Nano ZS SFniglf;)id concentration not specified for 7 potential values. The variation of size and zeta
al., 2021 BT-50FR micro- o yas (NaCl, NazSOs, days potential among six samples can be attributed to
and nano-sized nog NasPQO4, CaCly, the solution properties and was mainly dependent
injected) . .
on solution pH and the cation valency.

nozzle

and FeCls), and
zeta potential
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Appendix C: Supporting information for Chapter 5
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Figure C1. Changes of temperature (A), DO (B), and pH (C) during 6 h of NBs application
of oxygen, air and nitrogen NBs at 4 L/min of gas flowrates.
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Table C1. Geosmin and MIB disappearance rate constants (k in s-1) and half-lives (in h)
under various experimental conditions in DDI water for the initial 6 h of the oxygen NBs

application.
Geosmin MIB
Parameter | Experimental condition T T
K (s) Half-life K (s) Half-life
() ()
4 L./min N> 2.00E-05 9.63 1.06E-05 18.16
Gas type 4 L./min O, 4,17E-05 4.6 1.83E-05 10.5
4 L/min Air 2.83E-05 6.8 1.83E-05 10.5
1 L/min O, 3.00E-05 6.4 1.67E-05 11.6
Gas flowrate 4 L/min O, 4.17E-05 4.6 1.83E-05 10.5
8 L/min O, 4.17E-05 4.6 2.17E-05 8.9
4 L/min O, 4.67E-05 4.1 Not available
atpH 3
4 L/min O, 3.67E-05 5.3 183E-05 | 105
H atpH5
P 4 L/min O 4.17E-05 46 1.83E-05 | 105
at pH 6.5 (control) ' ' ' '
4 L/min O,
at pH 10 4 50E-05 4.3 2.00E-05 9.6
4 L/min Oz (control) 4.17E-05 4.6 1.83E-05 10.5
4 L/min O,
Alkalinit at 15 mg/L alkalinity 3.00E-05 6.4 1.17E-05 16.5
alinity 4 L/min O,
at 50 mg/L alkalinity 3.00E-05 6.4 1.17E-05 16.5
4 L/min O,
at 250 mg/L alkalinity 3.17E-05 6.1 1.50E-05 12.8
4 L/min O (control) 4.17E-05 4.6 1.83E-05 10.5
Hardness :
4 L/min O,
at 300 mg/L as CaCOs 3.33E-05 5.8 1.83E-05 10.5
4 L/min O,
at 20 °C (control) 4.17E-05 4.6 1.83E-05 10.5
Temperature A L/mino
o 7.33E-05 2.6 5.17E-05 3.7
at 30 °C
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Appendix D: Supporting information for Chapter 7

Table D1. Detailed EEM data with the intensity of each region for two waters.

Water A
Aromatic | Aromatic FUI.V'C Splubl_e Humic
Protein Protein acid- microbial acid-like
like byproduct-like
R1 R2 R3 R4 R5
Total Sumof | o, 722 | 1067 91.9 327.8
Intensity
Total number | ¢, 550 814 1138 6052
of cell
Intensity /
Cell number * 0.14 0.13 0.13 0.08 0.05
% * 25.7 24.6 245 15.1 10.1
Water B
Aromatic | Aromatic FUI.V'C S_olubl_e Humic
Protein Protein acid- microbial acid-like
like byproduct-like
R1 R2 R3 R4 R5
Total Sumof | ¢4 ¢ 783 | 1516 100.6 441.2
Intensity
Total number | ¢, 550 814 1138 6052
of cell
Intensity /
Cell number * 0.12 0.14 0.19 0.09 0.07
% * 20.2 23.2 30.3 14.4 11.9
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