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1. Introduction

As industrialization advances and the population expands, water pollution has emerged as a pressing global
environmental issue. The pervasive presence of interfering substances, such as inorganic anions in aquatic
systems, coupled with the introduction of emerging pollutants, has rendered traditional treatment methodologies
inadequate for meeting current discharge standards [1-6]. Consequently, the development of environmentally
friendly and highly effective wastewater treatment technologies has become an important focus in the field of
environmental science.

In this context, technology based on micro-nano bubbles (MNBs) has garnered widespread attention due to
the unique physicochemical properties. MNBs, defined as bubbles with a diameter less than 1 pm, exhibit a range
of distinct characteristics such as long-term stability, high internal pressure, photoelectric properties, and reactive
oxygen species (ROS) generation capabilities [7-9]. These properties make MNBs very promising for wastewater
treatment, especially within advanced oxidation processes (AOPs). For example, due to the balance between
surface forces such as electrostatic repulsion and van der Waals attraction, the high stability of MNBs allows them
to persist in liquids for extended periods, thereby enabling sustained release of reactive substances and
prolonging treatment efficacy [10-12]. Besides, the small size of MNBs endows them with an exceptionally large
surface area to volume ratio, which intensifies mass transfer at the liquid-gas interface and enhances the
interaction between the bubbles and oxidants or pollutants [13-15]. Moreover, leveraging the optoelectronic
properties of MNBs can enhance the efficiency of photocatalytic reactions, where the bubbles serve as
microreactors, facilitating the separation and transfer of photogenerated charge carriers [16, 17]. However,
despite the potential demonstrated by MNBs in enhancing catalytic efficiency, debates persist regarding their
specific reaction mechanisms. Some studies suggested that MNBs may improve the utilization rate of ozone and
oxygen by increasing mass transfer efficiency at the gas-liquid interface and the solubility of gases [18, 19], while
others focused on the process of *OH generation induced by the collapse of MNBs [20-22]. These studies offer
varying perspectives to explain the reaction mechanisms of MNBs, yet a unified theory has not been established.

The generation and application of MNBs constitute an interdisciplinary research field, encompassing physical
chemistry, materials science, environmental engineering, and more [11, 23]. The preparation methods and
characterization of MNBs are also crucial for their environmental applications. Currently, the primary methods for
generating MNBs include electrolysis, hydrodynamic cavitation, acoustic cavitation, and solvent exchange, etc. [24-
27]. Each of these methods has its own set of advantages and disadvantages, and the appropriate method must
be selected based on considerations of efficiency, cost, and ease of operation. For instance, electrolysis can
produce a high concentration of MNBs but with higher energy consumption [28, 29], while solvent exchange is a
low-cost method that generates a lower concentration of bubbles [11]. Therefore, researchers need to choose the
most suitable generation method based on specific application requirements.

So far, numerous reviews have summarized the preparation, mass transport and stability theories of MNBs [7,
10, 30], along with their applications in the oxidation of emerging contaminants [9, 28, 31], membrane cleaning
[10, 29], flotation processes [7, 32], and adsorption techniques [32, 33]. These reviews have significantly advanced
the application of MNBs. By studying these literatures and the recently published works, we further analyze the
advantages and disadvantages of MNBs generation methods and characterization methods to assist in the
selection of appropriate application scenarios. However, there is still lack of studies focusing on the delaying
mechanisms by which MNBs function within AOPs. Therefore, in this critical review, the unique properties of MNBs
are also introduced with a focus on those that may significantly influence the catalytic efficiency of AOPs. The
efficiency of MNBs-assisted ozonation process, Fenton-like process, and photocatalytic process for water
decontamination are also discussed. Finally, the challenges and further research needs for MNBs-assisted AOPs in
the wastewater treatment are pointed out.

2. Physicochemical Properties of MNBs

In solutions, bubbles are generally classified into three categories based on their diameter: macrobubbles
(diameter > 100 um), microbubbles (diameter = 1-100 um), and nanobubbles (diameter < 1 um) (Fig. 1A) [10, 32].
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Relative to macrobubbles, MNBs exhibit smaller diameters and possess a range of distinct physicochemical
properties, such as long-term stability, high internal pressure, Photoelectric characteristics and ROS generation,
etc.

2.1. Long-term Stability

The ascent velocity of a bubble within a liquid is directly proportional to the square of the bubble's diameter.
Consequently, compared with macrobubbles, the residence time of MNBs in solution is significantly extended, and
it can be stable in liquid for a long time (from days to months) [31, 34], which is advantageous for enhancing mass
transfer. Meanwhile, it has been reported that the surface zeta potential of MNBs is negative in an alkaline
medium [28, 33, 35]. This negative charge facilitates electrostatic repulsion among MNBs, thereby impeding their
coalescence and enhancing their colloidal stability within the solution. Conversely, under acidic conditions, the
negative surface charge on the MNBs may be neutralized [9], which diminishes the electrostatic repulsive forces
between them, consequently compromising their diameter in the solution. For example, Prakash et al. [36]
reported that the average diameter of MNBs was larger in acidic media (pH < 7) compared to alkaline media
(pH > 7), and the largest diameter was observed at pH 4.5 (Fig. 1B). That is to say, the stability of MNBs can be
modulated by adjusting the solution pH. Hence, in the process of water treatment using MNBs, it is also essential
to closely monitor the impact behavior of solution pH.

2.2. High Internal Pressure

The contribution of surface tension to the internal pressure of a bubble is inversely proportional to the
bubble's diameter. Consequently, a reduction in the bubble's diameter leads to an increased pressure exerted by
the water's surface tension on the bubble's interior, which in turn elevates the partial pressure of the gas
contained within the bubble [37, 38]. For example, findings from synchrotron radiation scanning transmission X-
ray microscopy have demonstrated that the surface oxygen density of individual nanobubbles is significantly
higher, by 1-2 orders of magnitude, compared to that under standard atmospheric conditions [39]. The differential
pressure between the interior of MNBs and the surrounding aqueous solution facilitates an enhanced transfer
efficiency of gas from the bubble to the aqueous phase [40, 41]. Additionally, the high internal pressure enables
MNBs to generate a localized high-pressure environment during their collapse. This high-pressure environment
may exert mechanical forces on catalysts within the system, inducing deformation and consequently leading to a
relative displacement of the internal centers of positive and negative charges, which in turn results in the
generation of a built-in electric field and facilitates electron transfer process. However, there are few studies on
the localized high-pressure environment generated during the collapse of MNBs inducing the catalysts to generate
built-in electric fields. Further studies are needed to reveal the intrinsic mechanism to better utilize the local high-
pressure environment generated during MNBs collapse.

2.3. Photoelectric Characteristics

Owing to the pronounced discrepancies in refractive indices and optical properties between air and liquids,
solutions with entrapped gas bubbles demonstrate distinctive optical characteristics, notably light scattering (Fig.
1C) [16, 42]. This scattering is inversely related to the bubble size, with smaller bubbles exhibiting more
pronounced scattering effects. Consequently, MNBs possess a higher single-scattering albedo, and it can elongate
the optical path length within specific regions proximate to the light source in a solution [43-45]. This elongation
results in an increased optical density (OD), which aids in enhancing the light absorption capacity of
photocatalysts and, by extension, promotes photocatalytic reactions. Fan et al. simulated the electrical intensity
(|E|? representing the optical intensity) of water alone, single Ag/TiO, particle, single spore, single MNBs, and
Ag/TiO, particle placed at the surface of the spore with an MNBs placed closely to the spore by utilizing finite
difference time domain (FDTD) model. As can be seen from Fig. (1D), light intensity was maximized at the bubble
edge and divergence paths, MNB presence enhanced the electric field in these regions up to fourfold the incident
light intensity [17]. However, research on leveraging the optical properties of MNBs to enhance photocatalytic
reactions is currently limited. As bubble optics theory continues to evolve, some related mechanisms, such as how
the concentration of MNBs and the conditions of complex aqueous environments affect the light-scattering
behaviors in the presence of MNBs, and thus photocatalytic efficiencies, need to be further investigated.
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Figure 1: (A) The schematic diagram of nanobubbles, microbubbles, and macrobubbles [9]; (B) The variation of average
diameter of nanobubbles with solution pH [36]; (C) The diagram of light propagation and optical path length in the presence
and absence of bulk bubbles [45]; and (D) Electric field distribution near an illuminated spore with attached Ag/TiO2 particles,
an illuminated MNB with a nearby Ag/TiO2 particles coated spore and the corresponding enlarged images [17].

2.4. ROS Generation

Previous researches have documented that during the collapse of MNBs, charge ions are rapidly concentrated
and enriched on the extremely narrow bubble interface, resulting in a significant increase in zeta potential. Before
the MNBs burst, a very high zeta potential value can be formed at the interface, thereby generating a local electric
field [46, 47]. Meanwhile, upon the collapse of MNBs, the surrounding fluid rapidly infiltrates the vacated volume.
The associated swift fluidic motion induces shear forces, which can lead to the dissociation of charges, thereby
amplifying the local electric field. And this localized high temperature and pressure and electric field changes
during MNBs collapse may further induce the generation of ROS [11, 20, 31]. However, current researches have
primarily demonstrated that the collapse of MNBs could produce ROS, and there is an urgent need for more
studies to elucidate the underlying mechanisms to maximize the utilization of MNBs in enhancing the catalytic
efficiency of catalytic reactions.

3. Generation and Characterization of MNBs

Due to the specifical properties of MNBs, such as high stability and the ability to enhance mass transfer
efficiency, they are highly beneficial in wastewater treatment processes. Consequently, some studies have begun
to explore various methods, including electrolysis, hydrodynamic cavitation, acoustic cavitation, and solvent
exchange, etc. to improve the efficiency of MNBs generation [10, 25, 28, 29, 48]. Understanding the principles of
these methods helps in selecting the appropriate means to produce MNBs. Furthermore, after the generation of
MNBs, it is significant to confirm their existence and to verify their size and surface properties through certain
characterization techniques [29, 49]. Therefore, in this section, we will summarize some common methods for
MNBs generation and characterization techniques for examining their structural properties.
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3.1. Generation Methods

3.1.1. Electrolysis

The evolution of MNBs during the electrocatalytic process is related to classical nucleation theory, which
includes three steps: nucleation, growth, and detachment (Fig. 2A) [25, 50, 51]. To be specific, the electrode
surfaces of most electrocatalytic reactions often involve the formation or consumption of gas molecules, resulting
in the formation of a high concentration of gas molecules around electrode surface. Within these regions, gas
molecules spontaneously form gas embryos, which are dense collections of gas molecules. These gas embryos are
in @ metastable state, with the dense collections of gas molecules continuously undergoing spontaneous
dissolution and aggregation. As the reaction progresses, the gas embryos either merge with themselves or with
surrounding molecules to form nanoscale clusters. When these clusters acquire the necessary activation energy
and overcome the phase transition barrier, they form gas nuclei. After nucleation, since the diffusion rate of gas
molecules from solution into the bubbles exceeds the rate at which they diffuse from the bubbles back into
solution, the bubbles begin to grow. Then the bubbles will begin to detach from the electrode surface after
growing to a certain size. In addition, it is worth noting that bubbles tend to form at heterogeneous interfaces
(such as cracks on the electrode surface or impurities in the liquid phase).

Linde et al. investigated the diffusion-driven growth kinetics of H, bubbles generation on silicon electrode
substrate (Fig. 2B). They found that for a certain range of current densities (5-15 A/m?), the H, bubbles evolution
first underwent a stagnation period, followed by a rapid increase in the growth coefficient, and finally reached a
steady state [52]. Jadhav et al. investigated the nanobubbles generation under different solution pH. It was found
that the nanobubbles existed as stable cluster under alkaline condition, but dissociated into tiny primary
nanobubbles of about 1 nm under neutral and acidic conditions. Besides, the experimental results showed that a
higher electrolyte concentration, longer operating time, greater current input, or lower water operating
temperature was beneficial for the generation of nanobubbles [50]. Overall, the generation of MNBs through
electrocatalytic process offers the advantage of precise control over bubble quantity and size through adjustable
electrolysis conditions, enhancing application flexibility and precision.

Nevertheless, bubble adsorption and blockage on electrodes during electrolysis can impair efficiency and
electrode performance, requiring periodic maintenance. This challenge restricts the stability of the electrolysis
method for broader applications. In order to improve the stability of electrocatalytic MNBs generation systems,
many researchers have focused on researching ways to reduce the adhesion force of MNBs. For example, Zhang
et al. found that both nanobubbles adhesion and nanobubbles detachment were related to current density. They
successfully predicted the critical current density for a stable nanobubble based on stability theory for surface
nanobubbles. By adjusting the current density, they enhanced the bubble detachment, thereby enhancing the
stability of electrolysis and bubble generation [53]. Similarly, superhydrophobic nanoarray electrodes have been
reported to significantly reduce the adhesion of MNBs [54-56], thereby reducing catalyst stripping from the
electrode surface and improving the stability of the electrocatalytic system in the presence of MNBs. In addition to
bubble blockage, the application of electrolysis in the industrial production of MNBs is also limited due to the
technical complexity of electrolysis, such as the selection of electrode materials and the optimization of
electrolyte.

3.1.2. Cavitation

Cavitation arises when the pressure in a fluid system is decreased to values below a critical threshold [11, 32,
57-59]. This phenomenon can be induced by two primary methods: one involves the use of hydraulic devices to
increase the flow velocity (such as hydrodynamic cavitation), which leads to changes in the pressure of the flowing
liquid [48, 57]; and the other involves the input of energy to cause local pressure fluctuations (such as acoustic
cavitation) [32, 60, 61].

3.1.2.1. Hydrodynamic Cavitation

When the pressure at a point within a liquid momentarily decreases below its vapor pressure due to
excessively high velocity, hydrodynamic cavitation occurs [27, 62]. It is characterized by minimal maintenance
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requirements and cost-effective scalability, rendering it one of the most economical and energy-efficient
approaches for cavitation induction. Currently, the primary methods for generating MNBs through hydrodynamic
cavitation include depressurization of gas-saturated liquids through a flow constrictor [59, 62, 63], spiral
flow/rotary flow/swirl method [19, 58, 64], and pressure dissolution/pressurization decompression [65, 66].

(1) The process of depressurizing gas-saturated liquids is commonly facilitated by employing a flow constrictor,
with the Venturi tube being the most prevalent apparatus for this purpose. Within the conical convergence
zone of a Venturi tube, the liquid flow experiences acceleration as it traverses the narrowing diameter.
Consequently, the liquid flow rate at the throat is significantly higher compared to that at the inlet cylinder,
while the pressure correspondingly decreases below the vapor pressure of the liquid, thereby inducing
cavitation (Fig. 2C) [48]. Zhou et al. investigated the impact of preparation time and aeration rate on the
properties of MNBs generated using a Venturi tube. The findings revealed that the increase of preparation
time and aeration related to the decrease of microbubbles number, while the concentration of nanobubbles
initially increased and then decreased. Additionally, it was observed that the electronegativity of nanobubbles
diminished with an escalation in the aeration rate [48]. In our previous studies, the cavitation intensity within a
Venturi cavitation device was predicted through a robust CFD computational method coupling with the
Gilmore-NASG bubble dynamic model (Fig. 2D), which facilitated the effective comparison and assessment of
bubble dynamics and cavitation intensity in the multiphase flow of cavitation reactors [63]. In short, the
Venturi tube, with its simple structure, low operating costs, and resistance to blockage, is well-suited for the
industrial production of MNBs. However, the method usually results in a non-uniform size distribution of
MNBSs, necessitating further improvements for enhanced uniformity and control over bubble size.
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Figure 2: (A) The various stages of bubble evolution during electrolysis [25]; (B) The sketch of electrolysis setup for bubble
generation [52]. (C) The working principle of the fine-bubbles generator [48]; and (D) Computational domain and local mesh
distribution of venturi tube [63].

(2) For spiral flow/rotary flow/swirl method, upon pumping water into the generator, the liquid flow undergoes
high-speed rotation, generating a vortex-like cavity that results in the formation of a surrounding low-pressure
zone. MNBs are nucleated once the pressure in this zone decreases below the vapor pressure of the liquid.
Jain et al. utilized both orifice and vortex diode cavitation devices to generate MNBs (Fig. 3A) [64]. The vortex
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diode cavitation device was found to be more user-friendly and significantly more efficient. The cavitation
effect was induced within a cylindrical swirling chamber. As water passed through the swirling chamber, it
formed a vortex jet. The central pressure of this jet was lower than the vapor pressure of water, thereby
leading to the formation of MNBs. Similar to the issues encountered with Venturi tubes, the generation of
MNBs using spiral/rotary/vortex flow methods also suffers from the problem of non-uniform bubble size
distribution, which necessitates further improvement.

(3) The pressure alteration technique for the generation of MNBs is predicated on Henry's law. This process
involves the dissolution of a gas in water under elevated pressure to achieve saturation. Upon the abrupt
release of pressure, the solubility of the gas diminishes, precipitating MNBs from the aqueous solution. The
reciprocating differential pressure method manipulates the pressure within a syringe by the oscillatory
movement of a piston, facilitating the formation of MNBs. The concentration of MNBs can be precisely
regulated by modulating the frequency of the piston's reciprocating motion. As reported by Ferraro et al., by
performing continuous expansion/compression strokes within a sealed syringe, a stable block of nanobubbles
with a concentration exceeding 10° bubbles mL" was generated in pure water (Fig. 3B) [65]. Overall,
generating MNBs through the pressure alteration technique offers the advantages of a simple structure and
low operational costs. However, it also faces issues such as low energy utilization efficiency and low efficiency
in micro-nanobubble generation, as well as deficiencies in equipment stability.

3.1.2.2. Acoustic Cavitation

Acoustic cavitation is also a common and convenient method for generating MNBs. Taking ultrasonic waves as
an example, ultrasonic waves consist of a series of horizontal and vertical mechanical waves that propagate
uniformly through the solution, causing fluctuations of high and low pressure within the liquid. During the low-
pressure phase, the internal pressure of the liquid decreases. When the pressure is reduced below the saturated
vapor pressure, cavitation nuclei formed by microbubbles, solid particles, or other tiny structures within the liquid
will begin to grow, forming MNBs (Fig. 3C). Additionally, MNBs may also form in the vicinity of collapsing bulk
bubbles [23, 24, 60, 61]. Some researchers have reported that MNBs can be generated by a 42kHz
Bransonic Ultrasonic Cleaner Model [67], a Langevin transducer with multiple frequencies (HEC45242M, Honda
Electronics) [68], a 20 kHz Vibra-Cell sonicator (Sonic & Material Instrument) [69], a 20 kHz probe-type US
processor (AUTOTUNE SERIES 750 W and 1500 W model, Sonics &Materials) [70], and a frequency of 40 kHz
ultrasound (no manufacturer information) [24]. Besides, it is noted that ultrasound parameters, such as frequency
and intensity significantly influence cavitation effects and the formation of MNBs [23, 71]. For instance, Mo et al.
investigated the impact of ultrasonication time on the concentration of nanobubbles. The results indicated that
the concentration of nanobubbles reached a maximum when the ultrasonication time was extended to
approximately 1 min. With the extension of ultrasonic time to 3 to 10 min, the concentration of nanobubbles
decreased slightly, while the average diameter increased slightly [24]. However, despite the extensive researches
on the generation of MNBs through ultrasonic cavitation, the process is typically accompanied by high energy
consumption, which constrains its application in practical engineering scenarios.

3.1.3. Solvent Exchange

MNBs generation through solvent exchange is based on the difference in solubility of gases in different
solutions (Fig. 3D). This method requires that the two solutions can be mixed in any proportion and that the
solubility of the same gas in the two solutions is significantly different. Due to the difference in gas solubility in the
solutions, local supersaturation occurs during the solution exchange process, leading to bubble nucleation and
thus the preparation of MNBs [26, 72, 73]. The most frequently employed solvent pairs for this method include
aqueous and ethanolic solutions, aqueous and saline solutions, and cold and hot water mixtures. In terms of
repeatability and stability, the ethanol-water substitution is predominantly utilized. By modulating the ratio of
ethanol to water, this technique enables the production of MNBs with varying concentrations. Qiu et al.
investigated the impact of the ethanol-to-water ratio on the stability of nanobubbles and found that the number
of nanobubbles reached a maximum when the ratio was approximately 1:10 (v/v) [72]. Compared to electrolysis,
and Cavitation, the solvent method for generating MNBs offers greater cost advantages. However, this method is
typically limited to the production of small quantities of MNBs and struggles with controlling the size distribution
of the bubbles.
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Figure 3: (A) Experimental set-up and schematic of disinfection using cavitation [64]; (B) Schematic diagram of MNBs
generation process by a continuous expansion-compression cycle of pure water in a syringe [65]; (C) The mechanism of MNBs
generation by ultrasonic method [24]; and (D) The generation of MNBs by solvent exchange method [26].

3.2. Characterization Techniques for MNBs

After the generation of MNBs within a solution, subsequent analysis of their properties, such as quantitative,
size distribution, and surface characteristics, is essential for optimizing their use in catalytic reactions.
Consequently, this section primarily focuses on introducing characterization methods for properties of MNBs,
including Optical microscope, Dynamic Light Scattering (DLS), Nanoparticle Tracking Analysis (NTA), Total-Internal-
Reflection-Fluorescence Microscopy (TIRFM) Excitation, Cryo-Transmission Electron Microscopy (cryo-TEM), Atomic
Force Microscope (AFM), Optical Flow Cytometry, Resonant Mass Measurements (RMM), Zeta potential, and
Synchrotron-based Scanning Transmission X-ray Microscopy (STXM). The corresponding information are compiled
in Table 1, along with a discussion on the structural properties they examine, the detection principles, and the
merits and demerits associated with each technique. The information obtained from these analyses aids in
comprehending the influence and behavior mechanisms of MNBs in catalytic reactions, providing guidance for
optimizing the properties of MNBs to enhance catalytic efficiency.

4. The Application of MNBs in Wastewater Treatment
4.1. The Application in Catalytic Ozonation
Ozone oxidation is extensively utilized in the remediation of organic pollutants in wastewater due to its high

oxidative capacity and the minimal generation of secondary by-products [87, 88]. Despite these advantages, the
dissolution of ozone gas in water is constrained by a poor gas-liquid mass transfer coefficient, which hinders the
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catalytic efficiency of the ozonation process. To address this limitation, a multitude of researchers have turned
their attention to integrating ozonation with MNBs technology [18, 49, 89, 90]. Kalogerakis et al. employed ozone
MNBs for the remediation of borehole water in the Rusgenot company located in Western Cape province of South
Africa (Fig. 4), and the water quality was significantly improved after treatment. The concentration of Fe decreased
from above 2000 pg/L to <200 pg/L, total coliforms decreased from >400 cfu/100 mL to <10 cfu/100 mL, and E.
coli decreased from >100 cfu/100 mL to <1 cfu/100 mL [91].

(A)

Figure 4: (A) Raw water tank, treated water tank, sand filters, and MK3 nanobubble generator + ozone generator and (B) visual
characteristics of raw and treated borehole water [91].
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It is generally considered that this integrated approach can significantly enhance the mass transfer efficiency,
therefore promoting catalytic process. For example, Hu et al. reported that the peak value of dissolved ozone
concentration in the presence of MNBs was about 10 mg/L, which was approximately 15-folds than that in the
presence of millimeter bubbles. Owing to the enhanced dissolution of ozone, ozone MNBs can achieve in situ
remediation of trichloroethylene-contaminated groundwater. To be specific, the initial concentration of
trichloroethylene at well #1, #2, #3, #4, and #5 was 3.529 mg/L, 4.502 mg/L, 10.130 mg/L, 0.264 mg/L, and 2.129
mg/L, respectively. After 6 days of operation from 09:00 to 18:00 local time, the concentration of trichloroethylene
at well #1, #2, #3, #4, and #5 decreased to 0.010 mg/L, 0.003 mg/L, 0.018 mg/L, 0.007 mg/L, and 0.003 mg/L,
respectively [19]. Similarly, Zhao et al. found that the higher specific surface area positively impacted the ozone
transfer at the gas-liquid interface [18].

Except for enhancing ozone transfer rate, it has also been proposed that the ozone molecules in the MNBs will
be compressed into the condensed phase (~ 50 atm). During the shrinkage and collapse of the MNBs, the highly
reactive ozone molecules in the condensed gas phase may react with the large number of hydroxyl that
accumulate at the gas-liquid interface, leading to the production of *OH (Fig. 5A) [92]. For example, Koundle et al.
demonstrated that ozone nanobubbles can improve the degradation efficiency of methylene blue under high
salinity conditions by enhancing ozone mass transfer efficiency and *OH yield [93]. In another case, Soyluoglu et al.
found that the concentration of *OH in conventional ozonation (~ 18000 nM) was much lower than that in ozone
nanobubbles solution (27000 nM). However, they proposed that nanobubbles collapse was not the primary
mechanism responsible for the continued formation of *OH owing to the stability of ozone nanobubbles observed
during the reaction [49]. The above studies indicate that the combination of ozone with MNBs technology holds
promise as a wastewater treatment technology. However, there are still controversial issues, such as the
underlying mechanism of *OH generation. Further studies are needed to elucidate these aspects to facilitate the
application of MNBs-based ozonation technology in wastewater remediation.

4.2. The Application in Fenton-like Process

Fenton-like reactions, which involve the generation of ROS such as *OH, O,", or 'O, through the activation of
H.O; or persulfates, have been extensively utilized for the degradation of organic pollutants in wastewater [94-96].
Recently, researchers have discovered that the integration of MNBs with Fenton-like reactions could potentially
enhance mass transfer efficiency and enhance the generation of *OH, thereby increasing catalytic performance
[33, 97-99].

Ma et al. conducted a comparative analysis of the degradation efficiency of Congo red in three different
systems: the conventional Fenton process (22.4%), a combined system of Fenton and MNBs (94.4%), and MNBs
alone (15.4%). The superior catalytic performance observed in the combined system was attributed to the
enhanced generation of *OH, since both the reaction between Fe?" and H,0,, and pyrolysis of water molecules
during the collapse of MNBs generated *OH. The results of economic analysis showed that the total treatment
cost of the coupling system was approximately 13% of the cost of traditional Fenton system [22]. Duan et al.
revealed that the hydroxyl over MNBs surface could react with Mn(IV)=0 over MnO;-modified ceramic membranes
surface and result in the formation of MNBs-O°, which further reacted with H,O molecules on the gas-liquid
interface and generated *OH. Meanwhile, H* hydrolyzed by H>O. may induce the collapse of O, MNBs and
therefore lead to the generation of ROS (Fig. 5B) [99]. Besides, Chen et al. found that the high-temperature and
high-pressure environment generated by the collapse of MNBs can activate H,O, to obtain a higher number of
*OH [100], but the underlying mechanisms remains to be further clarified. It is also worth noting that most of the
current studies have focused on studying the effect of MNBs on *OH in the Fenton-like system, while few studies
have focused on the effect on other ROS, such as O™ and 'O, which need to be further investigated to offer more
opportunities.

4.3. The Application in Photocatalytic Process

The principle of photocatalytic technology is based on the absorption of photons with energy equal to or
exceeding the bandgap width by semiconductor materials. This absorption leads to the excitation and generation
of electrons (e)- holes (h*) pairs, which subsequently react with oxygen and water in the medium to produce ROS
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such as *OH and Oy [101-103]. Despite the substantial potential of photocatalytic technology in the water
treatment domain, attributed to its environmental sustainability and harnessing of renewable energy sources, it
encounters challenges in practical applications, such as insufficient light absorption by photocatalysts, constrained
oxygen supply, and suboptimal charge separation efficiency. With the development of MNBs technology,
numerous researchers have begun to employ MNBs to address several challenges associated with photocatalytic
processes in recent years [47, 104, 105].

Fan et al. revealed that MNBs induced a unique light scattering effect within TiO; suspensions, which increased
the optical path length and consequently enhanced the absorption of light by TiO» (Fig. 5C). Furthermore, MNBs
can elevate the dissolved oxygen concentration in water, thereby supplying more oxygen for the photocatalytic
reaction and promoting the generation of ROS, synergistically improving the photocatalytic efficiency [45]. They
also discovered that the interfacial photoelectric effect induced by MNBs contributed to the accelerated
separation of photogenerated e- and h*, thereby enhancing the photocatalytic performance [38]. In addition,
MNBs have also been utilized to enhance the efficiency of visible light photocatalytic water disinfection and
sterilization (Fig. 5D) [17, 43]. For instance, a study has proposed and evaluated a novel visible light photocatalytic
water disinfection technology through the close coupling with MNBs. The results showed that the inactivation rate
constant of Bacillus subtilis spores in the coupling system was 1.28 h', a value 5.6-fold higher than the rate
recorded without the use of MNBs. The enriched oxygen content in solution and increased light absorption of
Ag/TiO, was mainly responsible for the enhanced photocatalytic performance [17].

The application of MNBs in photocatalytic process has demonstrated the potential to enhance reaction
efficiency, yet some underlying mechanisms are not fully understood. Current challenges include comprehending
how MNBs influence the separation and transfer of photogenerated charge carriers, as well as the impact
mechanisms of MNBs on the light scattering effects during photocatalytic reactions. Further investigation into
these mechanisms is needed to fully harness the application potential of MNBs in the field of photocatalysis.
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Figure 5: (A) The mechanisms of *OH production by ozone MNBs in water [92]; (B) The experimental setup and mechanism
analysis in MnO2-modified ceramic membrane/H202 system [99]; (C) Mechanism analysis in photocatalytic system coupling
MNBs and TiO2[45]; and (D) The procedures and mechanism analysis of MNBs enhancing photocatalytic water disinfection and
sterilization efficiency [43].
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4. Conclusions

The application of MNBs in AOPs is essential to promote the development of green, economic, and efficient
technology for wastewater treatment, therefore, it is necessary to have a comprehensive understanding of the
properties, generation and utilization of MNBs in AOPs. In this case, this review first briefly discusses the
characteristics of MNBs that may have a significant impact on the catalytic efficiency of AOPs. The advantages and
disadvantages of commonly used generation methods and characterization methods for MNBs are then discussed
to facilitate the selection of appropriate methods. Besides, the potential applications of MNBs in catalyzing ozone,
Fenton-like processes and photocatalysis are summarized. Based on the current studies, the existing challenges
and recommendations for further researches are presented.

Firstly, many methods (i.e., electrolysis, cavitation, and solvent exchange) have been reported for the
preparation of MNBs nowadays, among which hydrodynamic cavitation is a promising method to realize the
industrial production of MNBs due to its low operating cost and not easy to be clogged. However, the MNBs
prepared by this method usually suffer from inhomogeneous bubble size distribution, which still needs to be
improved to enhance the homogeneity and control the bubble size in future studies.

Secondly, although the properties of MNBs are well known, how these properties affect the catalytic efficiency
of AOPs is still controversial and needs to be further investigated. For example, does MNBs collapse promote the
generation of ROS? Whether this promotion comes from the high-temperature and high-pressure environment
generated during the collapse or from the high density of ions (most likely hydroxyl) accumulated around the
MNBs interface? The study of these intrinsic mechanisms is crucial for the rational utilization of MNBs to improve
the efficiency of AOPs. Moreover, for the application of MNBs in photocatalytic processes, it is also significant to
study the mechanism of the light scattering effects of MNBs on the light absorption efficiency and generation and
separation of photogenerated charge carriers.

Thirdly, there is still a lack of data on the “safety” of MNBs, which is one of the foundations for their widespread
use. Therefore, in future work, it is recommended that an environmental impact assessment of MNBs be carried
out, including their impacts on ecosystems and human health, as well as their long-term effects on the
environment.
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