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As shown in the left part of the figure, traditional ozone macrobubbles (O,/MaBs) combined with ozone catalytic
oxidation technology effectively degrade pollutants. The right part of the figure illustrates ozone micro-nano bubbles
(O,/MNBs) used in conjunction with ozone catalytic oxidation. The smaller diameter of ozone nanobubbles rises more
slowly than larger ozone bubbles, which increases their residence time in solution. The high temperature and pressure,
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along with ionization generated by MNBs upon rupture, can break down ozone to produce reactive oxygen species
(ROS), thereby accelerating pollutant degradation. Additionally, the active sites on the catalyst surface can adsorb
ozone and catalyze the generation of ROS. Coupling these two technologies significantly enhances the rate of pollutant
degradation.

Abstract: Micro-nano bubbles (MNBs) technology significantly enhances ozone dissolution, prolongs its residence
time in aqueous solutions, and expands the contact area between ozone and organic pollutants, thereby improving
ozone utilization efficiency. The collapse of MNBs generates hydroxyl radicals (-OH), which synergistically enhance
the degradation of organic contaminants via catalytic ozonation. When combined with catalysts, ozone MNBs enable
efficient pollutant mineralization across a wide pH range while minimizing ozone and catalyst consumption. This
process is effective in a wide pH range, and the catalyst remains active after repeated use. This paper introduces the
basic characteristics of micro-nano bubbles and ozone catalytic oxidation technology, focusing on the advantages
and disadvantages of ozone micro-nano bubbles and catalytic ozonation in the degradation of organic wastewater,
and summarizes the synergistic application of the two technologies in organic wastewater treatment. Meanwhile, the
research progress of new catalysts, the energy consumption of micro-nano bubble generation equipment, and the future
development of this technology in actual industrial operations are outlined.
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1. Introduction

The rapid advancement of industrialization and urbanization, coupled with population growth, has substantially
elevated wastewater discharge standards and global demand for clean water resources. This intensifies the urgency
to enhance wastewater treatment efficacy and mitigate water scarcity challenges.' Organic wastewater, containing
persistent organic compounds, heavy metal ions, and other hazardous contaminants, presents severe environmental risks
if improperly discharged. Such effluents contribute to widespread pollution of aquatic systems, soil, and air, thereby
disrupting ecological equilibrium and posing critical threats to human health.>” Conventional treatment methods,
characterized by inefficiency and high energy consumption, remain inadequate for addressing these challenges.
Consequently, the development of efficient, sustainable, and cost-effective organic wastewater treatment technologies
has emerged as a global priority in scientific and engineering communities.

Micro-nano bubbles (MNBs) technology is an innovative method for treating organic wastewater that has attracted
significant research interest because of its unique properties and potential. MNBs are tiny bubbles with diameters
ranging from tens of nanometers to tens of micrometers. Compared to conventional large bubbles, MNBs are smaller,
possess a larger specific surface area, exhibit higher mass transfer efficiency, have a longer residence time (slow rate
of rise), and display a high interfacial Zeta potential.*® These characteristics make them ideal for oxygen transport.
Additionally, during the rupture process, MNBs generate hydroxyl radicals (-OH), superoxide radicals (O, ), and other
free radicals with strong oxidizing properties, which can rapidly oxidize and degrade pollutants in organic wastewater.”*
MNBs effectively break down the chemical bonds of organic molecules, mineralizing them into smaller, simpler
compounds, thus facilitating the degradation of organic wastewater.

Ozone catalytic oxidation technology leverages the decomposition of ozone to generate reactive oxygen radicals.’
This process employs ozone as a strong oxidizing agent, and in the presence of a catalyst, it enhances the efficiency
of oxidizing organic matter and other pollutants.'’ Catalysts reduce the decomposition energy of ozone, enhance its
oxidizing power, and increase the selectivity of the treatment process, resulting in the effective removal of specific
pollutants. Ozone catalytic oxidation technology provides advantages such as high efficiency, rapid action, and absence
of secondary pollution, while also demonstrating superior performance compared to traditional oxidation technology for
certain specific pollutants."

By separately exploring the advantages and disadvantages of each technology for organic wastewater treatment
and combining the characteristics of micro-nano bubbles with ozone catalytic oxidation technology, we can analyze
the principles, features, and benefits of these technologies. Furthermore, the effectiveness and feasibility of this
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technology in treating organic wastewater can be evaluated through relevant experiments. Simultaneously, we explore
the challenges this technology may face in practical applications and its future development. This paper serves as a
reference for enhancing the efficiency of organic wastewater treatment, lowering treatment costs, and protecting the
environment. Additionally, it promotes the development and application of related technologies.

2. Characteristic
2.1 Micro-nano bubbles

MNBs are tiny bubbles that exist at the micron and nanometer scales within aqueous solutions, exhibiting unique
physical and chemical properties.”> Compared to traditional large bubbles, MNBs offer several significant advantages
due to their small size, including an extended residence time in the liquid because of their slow rise rate,” a large
specific surface area,'* a high mass transfer rate,"” the ability to generate hydroxyl radicals,'® and a notably high
interfacial zeta potential.'” Figure 1 provides a comparative overview of the size and key properties that distinguish
MNBs from conventional bubbles.
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Figure 1. Schematic representation of the size range and key properties between conventional bubbles and micro-nano bubbles

2.1.1 Preparation and size distribution

Characterizing the size and size distribution of MNBs is crucial for understanding their performance. Currently, the
primary characterization instruments include a nanoparticle tracking analyzer (NTA), focused beam reflectance meter
(FBRM), electron microscope (EM), dynamic light scattering (DLS for bubbles ranging from 0.3 nm to 6 pum), particle
sizer (for bubbles ranging from 0.5 to 500 pm), and cryo-scanning electron microscope (Cryo-SEM). The principles for
preparing MNBs generally include the dispersed air method (mechanical shear method), dissolved air release method,
ultrasonic cavitation method, and electrolysis method. Variations in the size distribution of MNBs can arise from
different preparation principles and conditions.

The dispersed air method for generating microbubbles (MNBs) utilizes microporous structures and mechanical
shear devices to create shear forces that effectively pulverize the air within the water." This process results in the
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formation of a substantial number of MNBs. Key factors influencing the properties of MNBs prepared by this method
include the volume of aeration, preparation duration, type of bubble generator, inner diameter of the Venturi tube,
aperture size of the bubble generator, hydrogen bonding interactions, type of gas used, and gas saturation concentration.
These factors significantly affect the concentration, size, surface charge, quantity, and stability of the MNBs. The
dissolved gas release method for preparing MNBs relies on the initial step of mixing gas with water under high
pressure, resulting in the gas being fully dissolved to create saturated dissolved gas water."” Rapidly reducing the
pressure to atmospheric levels decreases the solubility of the gas, creating supersaturated conditions. Consequently, the
gas precipitates from the solution, forming nanobubbles. The effectiveness of this method depends on variables such as
the type of gas, its solubility, the decompression rate, and the aeration apparatus. Ultrasonic cavitation employs high-
frequency compression and low-frequency expansion of ultrasound in liquids, causing local pressure to drop below
vapor pressure and forming cavities that rapidly collapse and burst, thereby generating MNBs.”’ Electrolysis for MNB
production involves placing electrodes within an electrolyte solution. Once energized, these electrodes facilitate redox
reactions at their poles, causing the gases at the cathode and anode to become supersaturated and yield H, and O,
MNBs, respectively.” The concentration distribution of these bubbles is influenced by the choice of electrolyte, energy
consumption of the electrochemical process, and diameter of the electrodes. Table 1 presents the preparation principles,
methods, and size distribution of micro-nano bubbles.

2.1.2 Long residence time

The rate of rise of MNBs in solution follows Stokes’ equation: R = pgd? / 18u (where p = liquid density, g =
gravitational acceleration, d = bubble diameter, u = viscosity).”” According to the formula, a smaller bubble diameter
results in a slower rate of rise and a longer residence time. The state of MNBs depends on the interaction between the
concentration of the bulk dissolved gas and its concentration (denoted as f) at the bubble-liquid interface.”* When f>
1, the bubble increases in size and eventually bursts. When f'< 1, the gas dissolution rate increases, the bubble volume
decreases, and the bubble can remain stable in solution for months.

2.1.3 Large specific surface area

MNBs have a larger specific surface area compared to conventional large bubbles, enabling greater contact
between gas and solution, thereby accelerating the rate of mass transfer. The specific surface area of a bubble is related
to its diameter by the equation S = 3¥/r (where ¥ is the volume in m’, S is the surface area in m”, and r is the radius in
meters). For a given volume, the specific surface area of a bubble is negatively correlated with its diameter: The smaller
the bubble diameter, the larger the specific surface area and the faster the mass transfer rate.”

2.1.4 Hydroxyl radical

MNBs generate substantial amounts of strong oxidizing radicals, such as -OH, upon rupture. According to the
Young-Laplace relation 4P = 2a/r (where AP is the pressure variable in N, o is the surface tension in 10° N/m, and
is the radius in meters), the internal pressure of the bubble is inversely related to its diameter. When the bubble rapidly
contracts and ruptures, the pressure and temperature inside increase sharply to a maximum,’*”’ resulting in a thermal
decomposition reaction that forms -OH.”* Additionally, when the bubble diameter is less than 10 pm, the concentration
of charged ions in the double electric layer rapidly increases and peaks upon rupture. The high concentration of charged
ions at the gas-liquid interface releases significant chemical energy, decomposing oxygen molecules to produce reactive
oxygen radicals, the most important of which are -OH.”"’ Figure 2 illustrates the process of -OH generation from the
rupture of MNBs.

2.1.5 Zeta potential

Zeta potential is the potential difference arising from the formation of a double electric layer due to the
combination of positive and negative ions on the inner and outer surfaces of the bubble, serving as an important
indicator of the stability of MNBs.”' Zeta potential correlates with the adsorption capacity at the bubble interface: The
higher the zeta potential, the stronger the adsorption capacity, with the bubble achieving the highest zeta potential at
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the moment of rupture. Bubbles with the same charge exhibit mutual repulsion, preventing aggregation and enhancing
bubble stability.”>” The zeta potential decreases as the electrolyte concentration increases, and its change also depends
on the pH and cation valence in the solution.”” When the solution pH is > 4, the surface of MNBs becomes negatively
charged, dominated by OH’, which can adsorb low-valent cations. However, when high-valent cations are adsorbed,
they can neutralize or reverse the bubble charge, reducing the zeta potential at the bubble interface and destabilizing the
bubbles.” As the temperature increases, the size of MNBs enlarges, and the zeta potential decreases.””

Table 1. List of micro-nano bubbles preparation and size distribution

Principle Method Gas type Size distribution Indicator Conclusion
By increasing the preparation time and aeration, the
Venturi Tubular 1-100 um concentration of MNBs first increased and then decreased,
Bubble | Atmosphere 50_500% m FBRM, NTA while the particle size exhibited an opposite trend. Ultimately,
Generator” the bubble size ranged from 1 to 100 um and from 50 to 500
nm, while the surface tension also increased.
The particle size of MNBs initially decreases and then
increases as the inner diameter of the venturi tube is increased
from 2.7 mm to 2.9 mm. Conversely, the particle size increases
Distributed Injection Atmospher 0-10 um NTA with the aperture size as the bubble generator’s aperture
Air Method Method™ osphere B increases from 0.7 mm to 0.9 mm. The micro-nano bubbles
produced by this method have a relatively narrow distribution
range, with the diameter peak concentrated primarily between
0 and 10 pm, accounting for 97% of the total bubble count.
Countercurrent Thed particle size of (Ii\Ill)Bsb\glas negatively c((j)rrelated Witt‘h
Hydrodynamic Atmosphere production time, and bubble size remained constant after
Cavitation 0 i 190-680 nm DLS saturation. Air nanobubbles averaged 850 nm, while O,
Generator 2 nanobubbles averaged 650 nm after 10 minutes, exhibiting
high O, zeta potentials and smaller particle sizes.
CO.- 41-338 nm Bubble size is positively correlated with both solubility and
Cycle-Variant N.. O.. CO o) -2.52-380 am DLS EM diffusion capacity. CO, is the most soluble, followed by O,,
Method™ 2 M M2 sz 68-397 while N, is the least soluble; all three can remain in solution
2: 06-27/ i for up to 48 hours.
Dissolved
Gas Release
Method . . . .
Microbubble Mainly 5-40 um, Bubble size increases with larger aeration head apertures
Release Heads 15-20 pm accounted and higher gas flow rates. The bubble size produced by the
with Venturi 0O, for 38%, average EM microbubble generator was 1/49.09 and 1/245.46 times smaller
Tube Structure™ particle size 20.37 than that of the bubbles generated by aeration heads with pore
pm sizes of 1 um and 100 pm, respectively.
Ultrasonic
Treatment Atmosphere 98&;%2]3?2}12?36 DLS. EM Bubble concentration and generation rate increased with
of Ultraeoure P 1.5 x 10° mL" > higher ultrasonic power and lower frequency.
Water ’
Ultrasonic
Cavitation
Ultrasonic Bubble size and concentration increase with temperature,
Treatment of ranging from 0 to 300 nm at 25 to 75 °C. Larger bubbles form
Deionized Atmosphere 0~300 nm NTA at lower temperatures due to decreased dissolved gas, which
Water"' reduces NB concentration through diffusion and aggregation.
Less than 100 Bubbles were generated by the electrolysis of a NaCl solution
Platinum . bubble with a platinum electrode spacing of 2.79 mm, a voltage
Electrolysis electrode, NaCl 0,, H, > tration 5 x NTA, DLS o0f 24V, and a flow rate of 7.5 mL/s. The solution was then
solution* concegxrﬁl}?{l filtered through 20 nm and 450 nm filters, promoting the

supersaturation of H, and O,, leading to bubble formation.
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Figure 2. Schematic diagram of hydroxyl radical generation by rupture of micro-nano bubbles

2.2 Ozone catalytic oxidation

Ozone is a strong green oxidant with few by-products and minimal secondary pollution. In the treatment of organic
wastewater, ozone can be divided into direct and indirect reactions. Direct reactions involve the oxidative decomposition
of organic matter due to the strong oxidizing properties of ozone, typically characterized by redox and addition-
substitution reactions,”** as expressed in reaction equations (1)-(2).* Indirect reactions involve the production of
singlet oxygen, -OH radicals, and other strong oxidizing radicals when ozone is dissolved in an aqueous solution. These
radicals can accelerate the oxidative decomposition of organic matter in water, and the by-products of these reactions
are less harmful to the environment, as shown in reaction equations (3)-(8). However, ozone has disadvantages,
including low reaction efficiency, poor retention capacity, and low production of -OH radicals when directly treating
organic wastewater.” Additionally, unreacted ozone can be harmful to the environment and human health. The reaction
processes are illustrated in Figure 3.

Direct reaction:

Under alkaline conditions, pollutants become ionized and acquire a negative charge. Ozone acts as an electrophilic
reagent, degrading pollutants by attracting these negatively charged species and targeting areas of high electron cloud
density in the pollutants (e.g., double bonds or aromatic rings) through electrophilic addition and substitution reactions."’

H-X+OH — X +H,0 (1)
X~ +nO, + H,0 — Products + OH" )

Equation:

H — X: Organic pollutants (e.g., phenols).

X": The negative ion form of a pollutant after ionisation under alkaline conditions.

Products: Production of pollutants oxidised by ozone.

Indirect reaction (Take metal oxides as an example):

Ozone introduces oxygen groups to the surface of metal oxides by reacting with -OH radicals present on the oxide
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surfaces. Metal ions in varying valence states transfer electrons from the catalyst surface to ozone molecules via valence
cycling. These processes decompose ozone to generate reactive oxygen species as intermediates.* The reactive oxygen
species intermediate eventually reacts with water and ozone to ultimately yield reactive oxygen species.

M-OH+0,>M-0+-0, +H" 3)
O, +M"™ - M""" +0,+-0° 4)
M"Y ve 5> M™ )
0 +0, > 0,+:0; (6)
0; +0, —-0; +0, (7
-0y +H,0 - -OH +0,+0H" ®)

Equation:

M: Metal oxides.

M — OH': Hydroxyl groups on the surface of metal oxides.

M —O: Oxygen groups on the surface of metal oxides (Intermediate states on the surface of the reacted metal
oxide).
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Figure 3. Schematic diagram of the mechanism of ozone treatment of organic pollutants. (a) single ozonation (b) catalytic ozonation

Ozone catalytic oxidation is an advanced oxidation technology that relies on the decomposition of ozone in water
to generate reactive oxygen radicals and facilitate the oxidative degradation of organic matter using various types of
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catalysts.” Catalysts provide active sites that lower the energy threshold for ozone decomposition and enhance the
production of -OH radicals, resulting in a significantly higher reaction rate for the oxidative decomposition of organic
matter compared to ozone oxidation alone. Additionally, organic matter can be adsorbed onto the catalyst, enhancing
contact between the organic matter and ozone, thereby accelerating mineralization and decomposition. This technology
improves selectivity for specific organic compounds, increases mineralization capacity and ozone utilization for targeted
organics, and reduces overall process costs.

Ozone catalytic oxidation technology is categorized into homogeneous and heterogeneous processes. Homogeneous
ozone catalytic oxidation primarily uses catalysts in the form of metal ions, enhancing the decomposition efficiency
of organic matter and improving overall mineralization capacity. However, these catalysts are dissolved in solution,
making their recycling and reuse challenging and posing potential environmental pollution risks. Heterogeneous ozone
catalytic oxidation technologies primarily utilize solid catalysts, including those with transition metal elements like Fe,
Cu, Al, and Mn, as well as rare earth elements such as Ce, metal oxide catalysts, and composite metal catalysts. These
catalysts facilitate the catalytic oxidation of organic matter in water. These metals possess empty electron orbitals that
can easily form electron pairs, making them ideal catalysts for ozone catalytic oxidation.” Such catalysts address the
issue of the former’s inability to be recycled and reused while maintaining good efficiency in the ozone decomposition
of organic matter even after repeated use.’'

3. Ozone micro-nano bubbles for organic wastewater treatment

In industrial applications, conventional ozone treatment of organic wastewater involves using an ozone generator
to introduce ozone into the solution in the form of macro bubbles (O;/MaBs). However, this method has drawbacks,
including low ozone mass transfer efficiency and short residence time, leading to reduced ozone utilization. Ozone
micro-nano bubbles (O;/MNBs) significantly enhance the solubility of ozone in water and improve its mass transfer
efficiency by a factor of 1.3 to 19.”>* Compared to conventional ozone oxidation for pollutant degradation, O/MNBs
can reduce ozone dosage, enhance ozone utilization, and lower costs. The high specific surface area of micro-nano
bubbles increases the contact area between ozone and pollutants, thereby enhancing the oxidative degradation of
pollutants. Furthermore, enhanced reactive oxygen species (ROS) signals have been observed for O;/MNBs compared
to Oy/MaBs when using dimethyl pyridine N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperidine (TEMP) as trapping
agents, demonstrating that ROS can be generated by this system. It has also been shown that predominantly -OH
radicals are involved, as determined by electron paramagnetic resonance (EPR) mapping assays.”*”
of -OH generation from O,/MNBs involves a high concentration of OH on the surface of negatively charged MNBs,
which accelerates the decomposition of ozone to produce -OH. Additionally, the collapse and rupture of O,/ MNBs
generate high temperature, high pressure, and instantaneous ionization, further decomposing ozone to produce -OH.*
‘OH possesses stronger oxidizing properties than O, and can non-selectively degrade pollutants, while O, is more
selective. Therefore, O,/MNBs have a distinct advantage in treating pollutants that are difficult to degrade.”” O,/MNBs
do not require the addition of other agents, thereby avoiding secondary pollution to the environment.”® The contribution
of each reactive oxygen radical in the ROS to pollutant removal, as well as the O, utilization rate, can be calculated
using equations (9)-(11).”>* The differences between O,/MNBs aeration and conventional bubble aeration are illustrated
in Figure 4.

The mechanism
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Figure 4. Schematic diagram of ozone microbubble (upper part) and conventional bubble (bottom part) aeration systems

ROS pollutant removal contribution rate formula:
The selection of the corresponding quencher is contingent upon the specific ROS targeted for detection. The
contributions of different ROS to pollutant degradation are calculated as percentages.

ky, —k
M
4, = Ko =R 000, (10)
0 ky,
ko —k
A — _L-Histidine PBQ . 1()()0 (1
M

Formula:

M: Organic pollutant.

A: The contribution of different ROS to the removal of M (%).

k: The first-order reaction kinetic constant for M removal in the presence of each reactive oxygen radical in ROS

(min™)

TBA: Quenchers of -OH

L-Histidine: Quenchers of -OH and 'O,

PBQ: Quenchers of -OH, 'O, and O,

O, utilization formula:

Based on the known total ozone dosage, the liquid-phase ozone concentration and the escaped ozone concentration
during the experiment are calculated to determine the actual ozone concentration involved in the degradation of
pollutants, thereby enabling the calculation of ozone utilization efficiency.
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Formula:

n: O utilization rate (%).

A,: The total amount of O, passed through at moment ¢ (mg).

A,: The amount of liquid phase O, at moment ¢ (mg).

A,: The cumulative gas-phase O, fugitive volume at moment ¢ (mg).

Using O, combined with micro-nano bubbles (MNBs) to treat real wastewater results in changes in pH having a
minimal effect on pollutant degradation efficiency. The production of ‘OH by O;/MNBs primarily relies on the high
temperature and pressure generated during bubble rupture and ionization, with this effect being more pronounced under
acidic conditions.”™” While -OH reacts with excess OH™ under alkaline conditions, it also generates other reactive
oxygen species (ROS) that degrade pollutants, such as O, and HO,-.***" In industrial applications, the nature of the
contaminant can have a greater influence on degradation efficiency than pH conditions. Aromatic compounds are more
susceptible to attack by O; and -OH in acidic conditions, particularly in electron-rich regions such as double bonds
or substituents.”” Aliphatic compounds are inefficiently oxidized directly by O, and react with -OH under alkaline
conditions. -OH efficiently oxidizes aliphatic compounds through hydrogen extraction or addition reactions.”

0,/MNBs and O,/MaBs have been employed to degrade phenol and nitrobenzene in wastewater. It was concluded
that phenol was degraded by reaction with O, while nitrobenzene was degraded by reacting with ROS generated from
the decomposition of O;. Moreover, the degradation rate of organic matter by O,/MNBs was 2.00 to 3.37 times higher
than that of the O;/MaBs system across pH levels of 3 to 11. A high concentration of O, harnesses the energy released
by the collapse of MNBs to rapidly activate in the presence of a large number of OH™ ions, generating -OOH and
consequently -OH. The degradation rate of nitrobenzene dropped from 87.8% to 57.2% and 33.3% with the addition of
TBA and ascorbic acid, respectively, demonstrating that ROS were generated in the O,/MNBs system. O, degraded
nitrobenzene at a higher rate than -OH, with 'O, contributing 14.6% to the degradation of nitrobenzene. The O,
utilization rate exceeded 90%.”

The efficiencies of O;/MNBs and O,/MNBs for PVA degradation were compared, revealing that O,/MNBs removed
98.58% of PVA, while O,/MNBs removed only 48.68%. O,/MNBs primarily relied on air flotation to degrade PVA,
whereas O,/ MNBs generated more ROS in solution and combined it with air flotation for PVA treatment. The COD
removal rate of O,/MNBs reached 75.6% at pH 8.69, which was 33.2% higher than the rate at pH 3.30.%

O,/MNBs were employed to degrade sulfamethoxazole (SMX). SMX was nearly fully degraded by O,/ MNBs
within 30 minutes, while the removal rate of SMX by O;/MaBs was only 56.83%. Additionally, the removal rate of
TOC by O5/MNBs after 90 minutes was 32.42%, compared to only 9.80% for the O;/MaBs system. The degradation and
mineralization rates of SMX in the O,/MNBs system were 3.26 and 4.10 times higher, respectively, than those in the O,/
MaBs system. The burst reactions with TBA and L-Histidine resulted in 84.82% and 67.74% removal of SMX by -OH
and '0,, respectively. The concentration of dissolved O, in the O,/MNBs system and the amount of accumulated exhaust
O, were measured, yielding a final O utilization rate of 83.30%.”

The coupled electrolysis of O;/MNBs to generate H,0, was employed to degrade CIP, which could be completely
degraded within 60 minutes under the conditions of an O, dosage of 12.5 mg/min, an applied current of 50 mA, and pH
7.0. In contrast, the degradation rates of CIP after 90 minutes were only 9.91% for electrolysis alone and 73.47% for O/
MNBs. The coupled system generates H,O, at the cathode, promoting the decomposition of O, to produce -OH, with
the corresponding ozone utilization rate approaching 100%. The reactive oxygen radical burst using PBQ, L-Histidine,
and TBA indicated that -OH, l02, 0,, and O, contributed 66.79%, 23.57%, 6.67%, and 2.98%, respectively, to CIP
removal.”

0O,/MNBs were used to oxidatively degrade a typical UV filter, Diethylamino Hydroxybenzoyl Hexyl Benzoate
(DHHB), achieving a removal rate of 87.3% within 60 minutes at 25 °C, an ozone concentration of 10.22 mg/L, and
a pH of 11. This removal effect was 2.02 times greater than that of conventional ozone bubbles. Bursting experiments
with the addition of TBA and PBQ led to 65.2% degradation of DHHB by -OH and 14.9% degradation by O, . The -OH
exposure in the O;/MNBs system was 70.8% higher than in the O;/MaBs system, and the ozone utilization rate was 38%
higher, as measured using the p-CBA probe.*
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Compared to O;/MaBs and O,/MNBs in treating organic wastewater, O,/MNBs offer advantages by increasing the
residence time of O in solution and enhancing the contact area with organic matter. Additionally, O; combined with
MNBs stimulates the generation of a large number of strongly oxidizing ROS, accelerating the oxidative degradation
of organic matter. The removal rate of each reactive oxygen radical in pollutant degradation can be calculated through
bursting experiments, with the -OH radical playing a primary role. O,/ MNBs demonstrate effective performance in
the oxidative degradation of organic matter across a wide pH range. This indicates that O;/MNBs technology is more
cost-effective and holds greater value for applied research.

4. Ozone catalytic oxidation technology for organic wastewater treatment

Non-homogeneous ozone catalytic oxidation technology utilizing solid catalysts can accelerate the mass transfer
rate of ozone, enhance ozone utilization, and promote the degradation and treatment of organic wastewater, which can be
recycled and reused for secondary purposes, thereby avoiding environmental pollution caused by metal ions. Commonly
used solid-state catalysts include monometallic catalysts, supported metal catalysts, composite metal catalysts, and non-
metallic catalysts. The mechanism of organic matter degradation through catalytic ozonation is illustrated in Figure 5.

Catalyst surface

Figure 5. Schematic diagram of the mechanism of degradation of organic matter by catalytic ozonation

4.1 Monometallic catalysts

Monometallic catalysts are created by loading or modifying a single metal or its compound onto a carrier.
Compared to ozone oxidation alone, these catalysts can adsorb ozone and promote its decomposition to generate
-OH radicals, reducing the activation energy of the reaction and increasing the reaction rate by utilizing oxygen
vacancies on the surface of metal oxides, as well as the electrons and empty orbitals provided by the metal ions and the
hydroxyl groups on the catalyst surface as active sites.””” Oxygen vacancies can alter the electron distribution and the
characteristics of active sites on the catalyst surface, thereby regulating oxidant activation and pollutant degradation
selectivity. Notably, the concentration of oxygen vacancies is directly proportional to the generation of -OH radicals.”””
Lewis acid sites on the catalyst surface act as active sites that accept electron pairs from empty orbitals (e.g., d and p
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orbitals). During ozone catalysis, the d orbitals of metal ions interact with the antibonding orbitals of ozone, facilitating
the transfer of electrons to these orbitals, which attacks the O = O bond of ozone and promotes its decomposition.”"”
The efficacy of monometallic catalysts in ozone oxidation for the degradation of organic matter was compared with
other reaction systems, as shown in Table 2.

Table 2. List of comparative experiments on ozone oxidation catalyzed by monometallic catalysts

Catalytic system Comparison test Condition Conclusions

CeO, nanorods catalyze the generation of -OH from ozone
due to the abundance of oxygen vacan01es on their surface and
the synergistic effect of the Ce’"/Ce* redox cycle. The phenol
removal efficiency was 100% for CeO, nanorods/O; and only
83.32% for O,.

Comparison of phenol  Reaction under alkaline condition

73
CeO, nanorods/O; removal rate with O; for 30 min

The presence of abundant oxygen vacancies and hydroxyl
groups on the surface of ZnO nano catalysts with a large specific
surface area can adsorb ozone and pollutants, and catalyze the

Comparison of phenol

0,/AL,0,/Zn0" removal with Os, Oy/ The same reaction system for

Al 0,4, 04/Zn0O 60 min formation of -OH from ozone. The efficiency of O,/Al,0,/ZnO
for phenol removal was 86.8%, while O; was only 66.2%.
BlF‘O4 nanorods produce photogenerated electrons (¢') and holes
Comparison with UV/ (h") upon irradiation with UV or visible light. ¢ reacts with
UV/OJ/BiPO.” BiPO, and O; on the The same reaction system for ~ ozone molecules to form -O, and -OH, h" oxidizes surfactant
3 4 efficiency of treating 75 min molecules or water molecules to form -OH. UV/04/BiPO, was
SDBS 4.9 and 3.8 times more efficient than UV/BiPO, and O, for

treating SDBS.

The oxygen vacancies on the surface of Fe, ,/CFA and the high
The reaction was carried out for specific surface area of CFA provide abundant active sites, and
60 min ata concentration of O; of the redox cycle of Fe*”/Fe’ further enhances ozonolysis and -OH
50 mg-L" under neutral condltlons generation. The removal of CH;COONa by O; was low, while
with a catalyst of 3.0 g-L" the efficiency of Fe, ,s/CFA/O, in removing CH;COONa could
reach 53.3%.

Comparison of
Fe, s/ CFA/O,” CH,COONa removal
with O,

Mn-CSM enhances the catalytic ozone generation of ‘OH due
to its high specific surface area, abundant active sites, and the
redox cycling ability of Mn”/Mn’*". The mass transfer efficiency

Reaction for 60 min at 2.0 gL' of the reactor is also optimized, allowmg ozone to come into full

catalyst contact with the pollutants. The degradation of oxalic acid by

Mn-CSM/O; reached 93%, and the COD i in the coal wastewater
was reduced from 105 mg-L" to 42 mg-L" with a total O,
migration of 155 mg.

Mn-CSM/O,”

4.2 Composite metal catalysts

Composite metal catalysts enhance ozone decomposition and pollutant degradation efficiency through the
synergistic effects of multiple metal components. Different metals can facilitate ozonolysis to produce ROS and
adsorb pollutants, respectively. The valence change cycle of metal ions promotes the formation of oxygen vacancies
and electron transfer, resulting in the generation of more ROS for the efficient degradation of organic pollutants.””
Compared to monometallic catalysts, alloying and interfacial bonding between composite metals reduce metal ion
leaching, allowing the catalysts to catalyze ozone across a wide pH range and prolonging catalyst lifetime.”’ Lewis
acidity depends on the metal coordination number; the lower the coordination number, the higher the acidity and the
greater the number of available empty orbitals.”’ Coordinated use of composite metals reduces the number of metal
coordination sites, increases Lewis acid sites, and enhances catalytic ozone performance.”

Cu-Ce@y-Al,O, was employed as a catalyst for the ozone-catalyzed oxidative degradation of RO concentrate
water, utilizing CuO as the active component and CeO, to enhance the bond strength between the active component
and the y-Al,O, carrier. The optimal ozone-catalyzed oxidation process conditions were achieved with an active metal
loading ratio of Cu : Ce =2 : 1, an ozone flow rate of 0.2 L/min, a catalyst filling ratio of 12%, a pH of 9, and a reaction
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time of 60 minutes. Under optimal operating conditions, COD removal in RO concentrate water can reach as high as
85.1%, compared to only 18% for ozone oxidation alone.”

MgAl,O, was utilized as a catalyst for the degradation of ibuprofen through ozone-catalyzed oxidation. The
removal of ibuprofen at a concentration of 5 mg-L" by MgAl,0,/0O, was 74.0%, while total organic carbon (TOC)
removal was 68.8%. The pollutant removal rate was maintained at over 67% for 25 hours, significantly outperforming
ozone oxidation alone (42.7%) and the Al,0, membrane (52.1%) for ibuprofen removal.**

Cu-Mn/y-Al, O, catalysts were employed for the ozone-catalyzed oxidative degradation of poly (vinyl alcohol) in
water. A Cu-Mn/y-Al,O; (CMA) composite catalyst was prepared using y-Al,O; as the carrier and Cu and Mn as the
active components. The kinetic rate constants for PVA degradation through ozone-catalyzed oxidation significantly
increased compared to ozone oxidation alone. The optimal catalyst dosage was 100 mg-L™" at an initial PVA
concentration of 20 mg-L"'. The removal rates of PVA were 97.8% and 99.3% under neutral conditions and at pH 10,
respectively, with the catalysts remaining effective after five repeated uses.*

FeCu-C@MS/0O; was employed as a molecular sieve-type catalyst for the ozone-catalyzed oxidative degradation of
Cumyl hydroperoxide (CHP). The FeCu-C@MS/O, system operated at an ozone concentration of 20 mg-L™, a catalyst
injection of 50 g-L", at pH 7, and an initial CHP concentration of 12 mg-L™". After a 120-minute reaction, the CHP
removal rate can reach 65.47%, which is 35.80% higher than that of the O, system alone. After five cycles of use, the
CHP removal rate can still reach 55.19%. The highest CHP removal was observed at pH 11, reaching 80.19%."

4.3 Non-metallic catalysts

Heat-oxidation-heat modification of activated carbon (AC) was utilized as a catalyst for the ozonation of humic
acid (HA) pollutants in water. The ozonation activity of modified AC was superior to that of unmodified AC, with COD
removal increasing from 71% to 96% after 10 minutes of reaction, while the removal of COD by ozonation alone was
only 56%. This enhancement is primarily attributed to the increased content of -OH radicals on the surface following
AC modification. The modification also restored the catalytic activity of the used AC, increasing COD removal from
74% t0 97%."

Ammonia-heated activated carbon fibers at 120 °C for 12 hours were employed as catalysts for the degradation of
oxalic acid through ozone-catalyzed oxidation. O; oxidative degradation of oxalic acid alone for 60 minutes resulted
in only 7% removal, while the addition of unmodified activated carbon fibers resulted in only 50% removal, whereas
modified activated carbon fibers achieved a removal rate of 97%."

Compared to the degradation of organic wastewater by ozone oxidation alone, the addition of catalysts in non-
homogeneous ozone catalytic oxidation technology can accelerate the catalytic decomposition of O;, enhance its
oxidative performance, and promote the degradation and mineralization of organic wastewater. Furthermore, the solid
non-homogeneous catalyst can be reused multiple times without any significant change in efficiency, thereby avoiding
secondary pollution to the environment during the treatment process. However, the limited solubility of O, in solution
leads to disadvantages such as low O, utilization, low mass transfer efficiency, and high costs. Therefore, enhancing O,
solubility in solution has become a key technological focus.

5. Coupled systems for the treatment of organic wastewater

Ozone catalytic oxidation technology can reduce the treatment time of organic wastewater and is environmentally
friendly. However, in practice, ozone is typically transferred into the solution in the form of large bubbles, resulting in a
short residence time and wastage of ozone. MNBs technology is integrated with ozone catalytic oxidation technology to
enhance the residence time of ozone in solution. Additionally, the inclusion of catalysts can promote further generation
of hydroxyl (-OH) radicals during the ozone oxidation process, as illustrated in Figure 6, thereby increasing ozone
utilization and the degradation of organic matter in the system.
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Autolytic ozone dissolving Catalytic ozonation Micro-nano bubbles release energy

Figure 6. Schematic diagram of a catalyst promoting the generation of -OH radicals by ozone oxidation of micro-nano bubbles

In this system, composite metal catalysts and loaded metal oxides are commonly employed to enhance ozone
decomposition for the production of -OH. Commonly used loading materials include carbon-based materials and Al,O,,
etc.

The advantages of composite metal catalysts are discussed in Section 4.2. However, in actual wastewater treatment
processes, the metal active components tend to aggregate, resulting in decreased active site density. Additionally,
variations in wastewater characteristics increase the leaching of metal elements, inhibiting catalyst activity.”” Composite
metals loaded with materials disperse the metal active components, improve adsorption capacity, and enhance catalytic
performance and stability due to their high specific surface area and porous structure.”

Carbon-based carrier catalysts offer numerous active adsorption sites that enhance the adsorption of pollutants
and ozone due to their large specific surface area and rich pore structure. They also disperse metal oxides to prevent
excessive active site density, thereby maintaining efficient catalytic performance.” Its surface oxygen-containing
functional groups, free delocalized z-electrons, and carbon defect sites can react with ozone to alter the carbon electronic
structure, increase the rate of electron transfer, and promote ozone decomposition.””” Additionally, strong metal-
support interaction (SMSI) can occur when metal oxides are loaded, modulating and rearranging the electronic structure
through charge transfer between the metal active component and the carrier. This enhances metal-carrier bonding,
reduces metal leaching, and prolongs catalyst lifetime.”” Carbon-based carriers exhibit excellent chemical inertness,
mechanical stability, and high thermal stability. They maintain good activity under varying pH conditions and can be
reused by removing carbon deposits through calcination and acid washing, restoring pore density and surface functional
groups.””” Utilizing waste biomass pyrolysis to prepare biocarbon as a carrier aligns with sustainable development
goals and reduces costs.”

ALQO, carrier-type catalysts are cost-effective, with y-Al,O, or ceramic membranes commonly selected as carriers.
y-Al,O, possesses a high specific surface area and microporous structure, enhancing ozone and pollutant adsorption,
uniformly dispersing metal oxides, preventing active site aggregation, and providing high mechanical strength.””'" The
surface is rich in -OH and Lewis acid sites. These sites can hydrolyze water molecules to generate -OH through the
coordination effect of unsaturated sites, react with ozone to produce -OH, and anchor metal ions to form a stable active

101,102
center.

The strong interaction between metal oxides and y-Al,O, through metal-oxygen bonding prevents metal
particle aggregation and enhances catalytic activity and thermal stability. However, y-Al,O; is prone to deactivation in
acidic and alkaline environments.'’"'"* AL,O, ceramic membranes possess a dense crystal structure, superior mechanical
strength, thermal stability, and chemical inertness compared to y-Al,O;, along with strong corrosion resistance and an
extended service life. However, their specific surface area and porosity are relatively low, resulting in slightly weaker
adsorption and catalytic properties, which can be optimized by adding pore-forming materials.'” In practice, suitable
Al O, carriers should be selected based on the nature of the wastewater and the treatment method. Al,O; carrier catalysts
are highly chemically inert and thermally stable, and can be recycled after use by removing carbon deposits through
acid washing and calcination, thereby reducing active material clogging.'”

The micro-nano bubbles coupled with the ozone-catalyzed oxidation system are compared with other reaction
systems for the degradation of organic matter, as shown in Table 3.
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Table 3. List of comparative experiments of ozone-catalyzed oxidation systems with micro-nano bubbles

Experimental
condition

Comparison

Catalytic system experiment

Conclusions

Ozone concentration
50%, reaction
temperature less than
35 °C, reaction time
120 min.

LOZO Series Catalyst/
O,/MNBs

Mn/GAC of 3.5
gL', pH 9.4,
temperature 23.6 °C.

Comparison of
chrominance removal
with O;/MNBs alone

Mn/GAC/O,/MNBs'”’

The same reaction

Comparison with O,/
MNBs for quinoline

degradation efficiency

MnO,/Al1,0,/0,/MNBs'* 60 min and the ozone
concentration was 30

mg-L" for 90 min.

Comparison of 2,4-D
degradation efficiency
with O; alone

OHBC/O,/MNBs'” Same conditions.

Ozone concentration
10.3 mg/L, reaction
time 120 min, catalyst

Comparison of
degradation efficiency
of Basic Yellow 28 dye

by Mn/AC, Cu/AC,
Fe/AC and ozonation
alone

Mn/AC/O,/MNBs""

reaction temperature
31.7 °C.

Rate of removal of
tetracycline TCH from pH 4.8, ozone dosage
wastewater compared 0.3 L/min, TCH 50

to O; alone mg/L.

SBC-LDH/O,/MNBs'"!

Removal of COD,
from paper wastewater
in comparison with O,/

MNBs system

pH 7.0, y-F eOOH/
BAF 300 gL, ozone

03/MNBs/y—III*:eOOH/
BAF dosage 9.9 mg/mm

dosage 3.0g/L, pH 9.4,

SBC-LDH of 0.5 g-L™,

Redox cycling involving polymetallic elements and hydroxyl groups

on the catalyst surface enhances ozone decomposition. This catalytic

system achieved a 47.7% removal of COD, with a broad range of pH
exerting minimal influence on the removal efficiency.

Redox cycling of multiple valence states during the MnO, reaction
accelerates electron transfer and enhances the generation of -OH
radicals from ozone molecules. This catalytic system achieved the
highest removal rate of 95.6% for dye wastewater chrominance. The
combination of unmodified activated carbon (AC) with O,/ MNBs
increased the removal rate by 29%. After five cycles of catalyst
recycling, the leaching rate of Mn was only 1.4%, indicating no
significant loss of active sites and demonstrating good stability.

Mn exists in multiple oxidation states and can undergo electron transfer
reactions through redox cycling, facilitating ozone decomposition and
-OH production. The catalytic system enhanced quinoline removal

system was reacted for by 40% at 60 minutes and over 95% at 90 minutes, with -OH playing

a 51gn1ﬁcant role. The catalyst s specific surface area decreased from
183.22 m*/g to 175.07 m*/g, the average pore volume from 0.27 cm Vi
gto 0.25 cm’/g, and the average pore size increased from 4.87 nm to
5.75 nm, indicating that its structure remained largely intact and stable
during the reaction.

Oxygen-containing functional groups on the catalyst surface react with
ozone to generate -OH radicals. This catalytic system achieved an 89%
efficiency for the degradation of 2,4-D and a 42% removal rate by O,/
MNBs. After three cycles of reuse, the -OH content on the surface
decreased from 1.25 mmol/g to 1.0 mmol/g, yet the removal efficiency
of 2,4-D remained at 75.2%, indicating a potential for reuse.

Mn has more valence states compared to Cu and Fe, which better
facilitates electron transfer reactions through redox cycling and
accelerates the generation of -OH from ozone. The COD and UV,
removal rates of the Mn/AC catalytic system reached 73.6% and
79.3%, respectively, which were 3.1 times higher than those of the
CB/O; system. After five cycles of catalyst recycling, the leaching
rate of Mn was only 1.4%, the COD removal rate after the fifth use
was only 5% lower than that of the first use, while the color removal
rate decreased by 6%, indicating no significant loss of active sites and
demonstrating good stability.

Redox cycling involving polymetallic elements and hydroxyl groups
on the catalyst surface facilitates ozone decomposition. All ozone
microbubble treatment processes achieved nearly 100% removal of
TCH, whereas the CB/O, and CB/O,/SBC-LDH processes resulted
in only 34.02% and 62.51% removal, respectively. The primary

mechanlsm for TCH removal is enhanced oxidation facilitated by O,
and '0,. In the five-cycle experiments, TOC removal efficiency dropped
from 59.64% in the first cycle to 49.76% in the fifth, with Mn leaching
at 47.7 pg/L, indicating that the catalysts maintained high activity
during multiple cycles.

The Fe-OH groups on the surface of the y-FeOOH catalyst participate
in ozonolysis and MB/O; cleavage, promoting the generation of -OH
and accelerating pollutant degradation. When comparing the removal
rate of COD, using the O;/MNBs system, this catalytic approach
increased the rate from 38% to approximately 60% to 70%. The
catalyst demonstrated a stable effect on COD, removal during 14 days
of continuous operation, experiencing no significant deactivation, and
the treated COD(, mass concentration met the emission standards. This
indicates the good reusability of the catalyst.
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Table 3. (cont.)

Comparison Experimental .
p P Conclusions

Catalytic system experiment condition

Actual pharmaceutical
Comparison of MAL/  wastewater, reaction The bimetallic structure accelerates the electron transfer rate, offers

CB/O;, MB/O; and time 90 min, ozone a high specific surface area, and provides abundant pore space,
MAL/MB/O,"" MAL/MB/O; on COD  flow rate 0.5 L/min,  thereby promoting pollutant adsorption and catalytic ozonation. The
concentration changes  ozone dosage to total  ratios of COD removal to ozone depletion were 0.60, 0.62, and 0.83,
in wastewater COD ratio about 0.6, respectively; MAL/MB/O;achieved a COD removal of 49.79%.
MAL of 0.5 g-L™.

Comparison of the MnCo,0,/CM exhibits a high specific su;face}iirea, facilitates electron
degreﬁiarion rate of  Ozone flow rate of 40 transfer through the redox cycling of Co™/Co™, and serves as a Lewis
1w BPAby CM/MB/O,, ml/min, ozone dosing acid site for the generation of -OH and O, . MnCo,0,/CM/O; achieved
MnCo,0,/CM/MB/O, MnCo.0./CM/MB /(3)’ of 2 o/hh. reaction time 2 BPA degradation efficiency of 90% within 60 minutes, significantly
2 X t4a pinm » 6(g) min. pH 7.0 surpassing the efficiencies of CM/O; (80%) and titanium alloy/O; (70%).
allov/O » PELD. After five cycles of catalyst use, the degradation rate of BPA remains at
Y approximately 90%, demonstrating the catalyst’s stability.

Carbon-oxygen functional groups (e.g., C = O, C-OH) and hydroxyl

Comparison of the groups on the catalyst surface accelerate ozonolysis and enhance the

de ragation rates of Ozone concentration  formation of -OH and O, -. The removals of COD and PWW reached

115 g 10 mg/L, Fe-Mn/PAC  79% and 95%, respectively. The O, decomposition rate was 1.9 times

Fe-Mn/PAC/MB/O, CB/O;, MB/O,, Fe-Mn/ ", =i . han that of MB/O.. Th OHi .

PAC/MB/O. on COD g'L", reaction time  greater than that of M 5. The exposure to is ten times greater

3 60 min, pH 7.5-8.5.  than that observed with CB/O;. The average COD removal efficiency

and PWW IS o . p
was maintained at around 74% over 100 days of continuous operation
with this catalyst, demonstrating good reusability.

Co-CMU is characterized by a high specific surface area and numerous
active sites provided by Co’*/Co’", enabling the adsorption of ozone and
Comparison of the  Actual pharmaceutical organic pollutants while promoting the production of -OH and lO_z. The
de ra]:iation rates of waste\sater reaction COD removal efficiencies were 20%, 30.7%, and 42.7%, respectively,
g ’ while the coupled system was 2.5 times less expensive than CB/O;.

116 . ‘
Co-CMU/MB/O, Coc_jg{\%‘j nggs,on C&I?:n‘:rsa:?ég’ 1%26) Ef / In the five-cycle experiments, the COD removal rates of the Co-CMU
COD 3 L. Co-CMU 1 'L—]g catalyst were 50.2%, 49.6%, 45.3%, 46.7%, and 43.7%, respectively. In
’ & the first three cycles, the leaching concentrations of Co”” were 0.21 mg/
L, 0.12 mg/L, and 0.05 mg/L, respectively, confirming the catalyst’s
good reusability.

The advantages of MNBs in ozone catalytic oxidation technology include an increased residence time of ozone
and a high specific surface area that enhances the contact area between pollutants adsorbed on the catalyst and ozone,
thereby increasing the reaction rate and ozone utilization. For the same level of ozone depletion, this technology can
degrade more pollutants while reducing energy consumption during the reaction. Depending on the nature of the
pollutant, adding a small amount of catalyst enables O,/MNBs to generate more -OH, which oxidizes and decomposes
organic matter across a wide pH range. This technology reduces the quantities of ozone and catalyst required in
actual treatment, thereby lowering process costs. Additionally, this technology aligns with the principles of green
environmental protection and can be practically applied as a novel solution for treating organic wastewater.

6. Challenges of the coupled system and strategies for green and sustainable
development

The coupled system demonstrates high oxidation efficiency and environmental friendliness in real wastewater
treatment; however, its application necessitates strict control of multiple risks and process optimization. At the health
and safety level, long-term exposure to elevated ozone levels can lead to respiratory irritation, neurotoxicity, and skin
damage. In industrial contexts, it can accelerate the aging of rubber and plastic equipment.''”""® Regarding environmental
risks, ozone contributes to the formation of photochemical smog, which exacerbates the greenhouse effect, causes
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corrosion of building materials, and inhibits plant photosynthesis.'"” In treating bromine-containing wastewater, bromide
ions (Br) are oxidized by ozone and -OH to form the intermediates OBr/HOBr". These intermediates further react with
ozone to produce the potent carcinogen bromate (BrO;’), which can enter the water column, damaging fish reproductive
systems, inhibiting phytoplankton photosynthesis, and infiltrating into the soil.””” Bromate can damage fish reproductive
systems and inhibit phytoplankton photosynthesis upon entering the water, and it can lead to nutrient loss when
penetrating the soil. Studies have shown that the O;/MNBs system exhibits a significantly higher BrO; generation rate
due to elevated ozone and -OH concentrations. The generation of BrO; can be inhibited by regulating the reaction pH
to below 7 (as OBr is the main intermediate at pH > 7, which accelerates the reaction between O; and OBr to produce
BrO,), selecting a suitable catalyst, or adding HCO,"."*"'**

In terms of technology optimization, attention must be given to the secondary hazards posed to ecosystems by
intermediates such as aldehydes and ketones, which are produced by the incomplete oxidation of O, and are more
toxic than the pollutants themselves."” The metal catalyst requires modification to address the ion leaching problem
associated with its long-term use. For example, modifying the loading of industrial waste sludge can utilize its porous
structure to enhance catalytic efficiency. This can be achieved by coating metal elements to block direct contact with the
solution, thereby reducing metal ion leaching and improving catalytic activity under varying water quality conditions.
Additionally, this approach supports resource recycling and carbon emission reduction, aligning with the principles of
green and sustainable development. Regarding operational specifications, it is recommended to use a closed reactor and
configure a real-time ozone concentration monitoring system. Experimental personnel should wear goggles and gas
masks, and the tail gas treatment unit should be equipped with an additional O, destructor. Additionally, experimental
parameters, such as O, and catalyst dosage, should be optimized based on pollutant characteristics to reduce costs.
In industrial wastewater treatment, an ozone concentration detector is employed to monitor ozone levels in real time,
ensuring they remain within safe limits and testing whether the treated wastewater meets discharge standards. This
system will provide technical support for the green transformation of the wastewater treatment industry through
multidimensional risk prevention and control, as well as process innovation.

7. Conclusions and outlook

MNBs, characterized by their long residence time, high specific surface area, and interfacial zeta potential,
significantly enhance O, dissolution efficiency and mass transfer capacity while increasing the contact area with
pollutants. The oxidative degradation of pollutants is enhanced by the release of reactive oxygen species (ROS) such as
‘OH and O, -, generated through high temperature, pressure, and ionization when the bubbles burst. The efficiency of O,
decomposition to generate ROS is further enhanced by combining different types of catalysts. The mechanism involves
oxygen vacancies on the catalyst surface, metal redox cycles (e.g., Ce’"/Ce*, Fe'/Fe’), and various synergistic effects
such as photocatalytic activity, charge transfer, and chemical bonding. Different loading materials with high chemical
inertness, specific surface area, and porosity can further improve catalytic performance and corrosion resistance, reduce
metal ion leaching, and enable catalyst recycling. Experiments demonstrated that micro-nano bubbles compensated for
the poor O utilization caused by larger O, bubbles in the ozone catalytic oxidation technique within the coupled system.
The rupture of O,/MNBs across a wide pH range, along with the catalysis of O using stable novel catalysts, generates
large amounts of ROS, demonstrating efficient pollutant degradation under varying pH conditions. This review offers
significant theoretical support and technical references for the efficient treatment of organic wastewater.

The coupling of micro-nano bubbles and ozone catalytic oxidation technology overcomes the bottleneck of low
efficiency and high energy consumption associated with traditional ozone oxidation. Through the synergistic effects of
ROS, it achieves deep mineralization of pollutants while avoiding secondary pollution, aligning with the principles of
green sustainable development. However, the current study faces challenges such as insufficient catalyst universality,
high energy consumption of MNBs generation equipment, and a lack of industrial validation, necessitating further
research.

(1) Future research should focus on designing new multifunctional catalysts. This entails addressing the varying
selectivity of different organics to catalysts, the high cost of catalyst production, and catalyst stability. Research should
focus on developing new catalysts and membrane materials that are more economical, environmentally friendly,
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efficient, and stable, with improved general applicability, oxidative properties, and anti-pollution capabilities.

(2) Optimizing bubble generation equipment through renewable energy sources. The current micro-nano bubble
generation equipment faces challenges such as non-uniform bubble size generation and high energy consumption.
Future research should focus on improving equipment for bubble size control and consider integrating renewable energy
sources, such as solar and wind power, to enhance the sustainability and environmental friendliness of the technology.

(3) Research on scale-up engineering applications. Current ozone-catalyzed oxidation technology is primarily
applied in the degradation of organic pollutants. Although micro-nano bubbles enhance the ability of ozone-catalyzed
oxidation to degrade pollutants, the combination of these two technologies remains in the laboratory research stage and
has not yet been widely implemented in practical industrial operations. In the future, it is essential to conduct continuous
actual wastewater tests to optimize and summarize the economic, environmentally friendly, and efficient working
mechanisms of the combined technologies based on real data. This will facilitate the transformation of the technology
from laboratory settings to industrial applications, providing a more cost-effective and efficient solution for water
treatment.
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