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Abstract

Nanobubbles, particularly bulk nanobubbles, are gas-filled cavities suspended within a
liquid. Recently, bulk nanobubbles have garnered significant interest due to their
distinctive nanoscale physical properties. While traditional gas diffusion theories and
Laplace pressure suggest that nanobubbles should dissolve within a few microseconds,
experimental observations have shown that they can persist in solution for hours or
even days. This exceptional stability and extended lifespan have made bulk nanobubbles
a focal point for numerous research groups globally. In this paper, we explore the
historical development of research on bulk nanobubbles, examine their characteristics
along with current techniques for their generation and detection, and assess the validity
of stability theories related to bulk nanobubbles. Additionally, we highlight key
applications of bulk nanobubbles across various fields.
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1. INTRODUCTION

In nature, the dissolving of gas molecules in water or other liquids is a frequent occurrence.
What state do gas molecules exist in when they are in liquids is a fundamental question that
needs to be addressed. Generally speaking, the states of gas molecules in liquid are divided into
three states: dissolved state, bubble state and molecular cluster state. However, it is still unclear
whether there are nanoscale gas molecule clusters or nanobubbles in the solution. It was
proposed in the 1940s that small gas nuclei, or small gas masses, would appear in animal tissues
and blood at low pressures and could be eliminated by boiling, filtering, centrifuging, and
applying high hydrostatic pressures. These cavitation nuclei are theoretically stable because
they adhere to the sidewalls of hydrophobic conical crevices [1]. This shows that nano-scale
bubbles may be ubiquitous in nature, but due to the limitations of detection technology at the
time, they were not directly observed by people. In 1950,a theoretical model for the dissolution
of gas bubbles in liquids was created by Epstein and Plesset using the Laplace equation and
diffusion theory as foundations. It has been demonstrated that this hypothesis is rather effective
at understanding the behavior of microbubbles in liquids [2]. A bubble with a radius of 100 nm
will have an interior pressure that is approximately 14.4 times that of the atmosphere,
according to the Epstein-Plesset hypothesis, and it will not be able to live for less than one
millisecond. This seemed to refute the stable existence of nanoscale gas bubbles in liquids, and
as a result, only a few studies on this topic were reported afterward. However, in order to
provide a satisfying explanation for the inexplicable long-range attractive forces detected
between the two hydrophobic surfaces submerged in aqueous solutions, Parker et al., proposed
the idea of nanobubbles again in 1994 [3]. More significantly, the initial direct observations of
surface nanobubbles were reported by the research teams of Hu[4] and Higashitani[5] in the
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2000s. Their research demonstrated that the nanobubbles exhibited significant stability on
surfaces in aqueous solutions [6-11].

Nanobubbles (NBs) are currently classified into two main types: "surface nanobubbles
(SNBs)", which are attached to solid surfaces and "bulk nanobubbles (BNBs)", which are
dispersed in water. Additionally, other forms of nanobubbles have also been reported, such as
nano pancakes and multilayer structures [12,13]. Despite ongoing debates surrounding
nanobubbles (NBs) since their study began, and the unresolved discrepancy between the short
lifespan predicted by Epstein-Plesset theory and the observed prolonged stability of NBs in
water [14-18], it is acknowledged that the stable presence of NBs could have considerable
impacts on various critical processes. These include protein folding, peptide self-assembly [19],
electrochemical reaction activities [20-22], and boundary slip [23].

Conversely, the practical applications of nanobubbles, particularly bulk nanobubbles (BNBs),
have not been limited by the ongoing debates in fundamental research. In the past several years,
nanobubbles (NBs) have found widespread use across various fields, including water treatment,
aquaculture, agriculture, health care, mineral flotation, and many others [24-27]. The number
of published articles and citations related to nanobubbles is rapidly increasing each year. Given
the significance and broad range of applications for bulk nanobubbles (BNBs), this paper aims
to provide a concise overview of BNBs, covering their historical research, methods for
generation and detection, and discussions on stability mechanisms.

2. THE HISTORY OF BNBS RESEARCH

Bulk nanobubbles are commonly described as gas-filled cavities in water or solutions with a
typical diameter of less than 1 um [28]. Figure 1 illustrates the historical evolution of research
on surface nanobubbles and bulk nanobubbles, highlighting the significant events and
breakthroughs over the past half century. In this paper, we focus on reviewing the research
history of bulk nanobubbles.
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Figurel. A timeline highlighting key publications in the area of surface nanobubbles and
bulk nanobubbles [9].

During the early 1950s, Donald A. Glaser found that when charged particles traversed a
superheated liquid inside a glass chamber, the liquid along the path of the particles would
vaporize, resulting in a visible trail of microsized bubbles [29]. Since the 1980s, stable
microbubbles and submicron bubbles have been identified in both seawater and distilled water
[28]. These bubbles have been used to explain various phenomena, including significant
anomalies in acoustic data collected by navy sonar, decompression sickness experienced by
scuba divers, and the presence of gas nuclei in classical nucleation processes [30]. The stability
of these small bubbles was attributed to the reduced gas diffusion caused by impurities or
surfactants coating their surfaces.

13



World Scientific Research Journal Volume 10 Issue 11, 2024
ISSN: 2472-3703 DOI: 10.6911/WSR].202411_10(11).0002

With the rapid advancements in light scattering techniques and charge-coupled devices
(CCDs) since the 1980s, it became feasible to detect small particles in suspensions. In 1992,
studies showed that clusters of ion-stabilized submicron bubbles, also known as bubstons,
could exist in aqueous salt systems like NaCl solutions [31,32], although control experiments to
confirm the gaseous nature of these submicron bubbles were largely lacking. Other research
groups also reported detecting bulk nanobubbles (BNBs) in aqueous solutions using various
methods, such as ultrasonic cavitation [33], mixing gas and liquid, or passing the solution
through a porous membrane [34]. [t was further noted that BNBs remained stable in alkaline
solutions but became unstable in solutions with higher ionic strength [35,36]. Raman
spectroscopy revealed the presence of gaseous N-N stretching vibrations in N, nanobubbles
[37]. Electron microscopy revealed spherical structures with radii of several hundred
nanometers in freeze-fractured replicas of nanobubble solutions [38]. Subsequently, an
increasing number of studies on bulk nanobubbles (BNBs) were published.

3. THE PROPERTIES OF BNBS

Bulk nanobubbles exhibit many unique properties in aqueous solutions due to their
nanoscale size. Figure 2 presents some fundamental characteristics of bulk nanobubbles.
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Figure 2. Several essential features of bulk nanobubble[39].

Bulk nanobubbles exhibit several notable characteristics, such as prolonged residence times
and remarkable resistance to merging [40,41]. They also have large specific surface areas [42],
increased gas solubility in water [42,43], high zeta potentials [40], and are capable of generating
free radicals and releasing significant amounts of energy through bubble rupture or collapse
[41,44]. Additionally, bulk nanobubbles, due to their large specific surface area, exhibit high
mass transfer efficiency [45], and the free radicals generated upon their collapse also possess
strong oxidative properties [46].
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4. METHODS FOR GENERATING BULK NANOBUBBLES

The mechanisms for generating bulk nanobubbles in a solution are based on two distinct
processes. The first process involves the nucleation of bubbles from the liquid phase, a
phenomenon that has been thoroughly investigated since Gibbs' initial description in the 19th
century. The second process pertains to the collapse or reduction in size of microbubbles, with
its precise mechanisms still not fully understood and subject to ongoing debate. This paper
primarily addresses methods for producing bulk nanobubbles through the first process.

4.1.Cavitation methods

Cavitation is a widely recognized method for generating small gas-filled bubbles [47,48].
Typically, cavities form when a uniform liquid undergoes a phase transition triggered by a rapid
decrease in pressure below a specific critical threshold. Pressure reduction can occur through
two primary mechanisms: hydrodynamic cavitation and acoustic cavitation.

When using the hydrodynamic cavitation method, gas and liquid are simultaneously
transported through a Venturi tube. As the mixed fluid enters the converging section of the
Venturi tube, the pipe diameter narrows, causing a significant increase in flow velocity and a
rapid decrease in local pressure. This pressure drop induces cavitation in the dissolved gas
within the liquid, leading to the generation of bulk nanobubbles [47,49].

The hydraulic cavitation technique is recognized as one of the most affordable and energy-
efficient methods for generating bulk nanobubbles, thanks to its benefits like straightforward
equipment and minimal maintenance expenses. Additionally, the Venturi generator, which
operates on this cavitation principle, is commonly employed due to its ability to facilitate large-
scale production and ease of operation [42,47,50].

The principle of acoustic cavitation to produce nanobubbles is that when ultrasound
propagates in a liquid, a high-pressure and low-pressure alternating wave region is formed. In
the low-pressure region of the ultrasound, the pressure in the liquid is reduced to a certain
extent, causing the gas dissolved in the liquid to gradually form bubbles. By applying ultrasonic
waves with a 50% amplitude in the lactose solution, Xun, Truong, and Bhandari generated CO2
bubbles ranging from nanometers to micrometers in size [51].

4.2.Electrolysis methods

Electrolysis is one type of chemical process that can produce bulk nanobubbles [52-55]. The
primary mechanism for generating bulk nanobubbles through electrolysis involves the
formation of gas near the electrode during the electrolysis process. In an electrolyzer, two
electrodes (anode and cathode) are inserted into an electrolyte, which is usually water
containing electrolytes. When an electric current passes through the electrodes, the electrolysis
reaction occurs on the electrode surfaces. Oxygen bubbles will form on the surface of the anode
(positive electrode). Hydrogen bubbles will form on the surface of the cathode (negative
electrode). Bulk nanobubbles can form when the gases (hydrogen and oxygen) created by
electrolysis are released into the liquid and allow it to attain a supersaturated condition [55].

4.3.Solvent exchange methods

The solvent exchange method for producing bulk nanobubbles relies on altering gas solubility
through the process of exchanging solvents. When one solvent in a liquid is gradually replaced
by another solvent, the gas solubility of the solution will change. The new solvent may reduce
the solubility of the gas, and when the solubility of the gas drops to a certain level, the gas begins
to precipitate from the liquid and form bubbles. The solvent exchange method has now been
proven to be an effective method for generating bulk nanobubbles [56-59]. Chen et al., while
employing the solvent exchange method, used light scattering technology to observe the
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ethanol-water replacement process. They discovered that the average size of the formed objects
progressively decreased until it stabilized, leading them to speculate that these objects could be
gas nanobubbles [60].

5. METHODS FOR DETECTING BULK NANOBUBBLES

In order to deeply study the formation mechanism of bulk nanobubbles and the reasons for
their long-term existence, the detection of bulk nanobubbles becomes increasingly important.
In this article, we will introduce several common instruments and methods for detecting bulk
nanobubbles, including atomic force microscopy (AFM) [61,62], dynamic light scattering
(DLS)[60] and nanoparticle tracking analysis (NTA) [63,64].

The detection of bulk nanobubbles with atomic force microscopy (AFM) relies on the
analyzing the interaction between the AFM probe and the surface of bulk nanobubbles. AFM
employs a very sharp probe made of silicon or silicon nitride, which is mounted on a highly
sensitive cantilever capable of detecting minute force changes. As the probe moves over the
liquid surface or the liquid-solid interface, it scans the nanobubbles within the liquid. When the
probe approaches a bubble, an interaction force is generated between them, and AFM can
record the relationship between this force and the distance. By analyzing these force-distance
curves, it is possible to measure the size, shape, and mechanical properties of the nanobubbles.

Dynamic light scattering (DLS) is a method for detecting bulk nanobubbles that works by
analyzing changes in scattered light intensity brought on by the Brownian motion of
nanobubbles in liquid. Specifically, when employing DLS, the bulk nanobubbles in the solution
scatter the incident light. DLS analyzes the rate of Brownian motion of the bubbles by
monitoring fluctuations in the scattered light intensity over time. Smaller bubbles, due to their
faster Brownian motion, cause more frequent changes in light intensity, while larger bubbles
result in slower intensity changes. The DLS technique uses an autocorrelator to analyze the
temporal variations in scattered light intensity and generates an autocorrelation function. By
evaluating the rate at which this function decays, researchers can determine the size and
distribution of the bulk nanobubbles.

Nanoparticle tracking analysis (NTA) is a technique used to observe and assess the
concentration of nanobubbles in liquid samples. The fundamental principle of detecting bulk
nanobubbles using nanoparticle tracking analysis (NTA) is to track and capture the movement
trajectories of nanobubbles in a liquid with the camera of a dark-field microscope. The NTA
system analyzes these trajectories to calculate the diffusion coefficient of the nanobubbles and,
using the Stokes-Einstein equation, estimates their size. Given the high sensitivity of NTA
experiments to camera settings, it is essential to monitor the experiment for extended periods
and conduct multiple measurements for both experimental and control groups to reduce errors.

6. THEORIES EXPLAINING THE STABILITY OF BULK NANOBUBBLES

While bulk nanobubbles are commonly regarded as thermodynamically unstable, they
display distinctive stability properties in liquid environments, drawing significant interest from
researchers. Understanding the stability mechanism of bulk nanobubbles is a prerequisite for
realizing their significant application potential in various fields. There are many factors that
affect the stability of bulk nanobubbles, such as the chemical and physical properties of the
solution, as well as the gas composition in the solution, which may affect the stability of bulk
nanobubbles.  Although there is no unified and satisfactory explanation for how bulk
nanobubbles maintain their ultra-long lifespan, many researchers have proposed various
theories to explain the stabilization mechanism of bulk nanobubbles. In this article, we will
present some of the currently well-established theories and models in the scientific community
that explain the stability of bulk nanobubbles, including the surfactant stabilization theory [65],
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the surface charge theory [66], and the dense gas theory [67], which will help people gain a
deeper understanding of the stability mechanisms of bulk nanobubbles.

6.1.Surfactant stabilization theory

The adsorption of surfactant molecules on the gas-water interface of bulk nanobubbles can
form a hydration layer, which acts as a protective barrier to prevent the diffusion of gas within
the bulk nanobubbles, thereby enhancing the stability of the bulk nanobubbles [54]. In 2016, a
dynamic equilibrium model for a bulk NB partially coated with hydrophobic materials was
provided by Yasui et al [14]. They found that nanobubbles can exist stably when the surface
coverage of the hydrophobic material is about 0.5 to 1. The model is shown in Figure 3. After
that, Alheshibri and Craig argued that insoluble surfactants forming an armored layer at the
bulk nanobubbles interface can reduce surface tension, thereby enhancing the stability of these
nanobubbles and preventing their dissolution [68].

A bulk

Hydrophobic nanobubble
material

Gas outflux
Figure 3. The bulk nanobubbles partially covered by a covering hydrophobic material [14].

6.2.Surface charge theory

The surface charge theory is commonly referred to as the electrostatic model or the diffuse
double layer theory. When no additional ions are added into the solution, bulk nanobubbles
generally display a negative charge, which has been reported in several studies [69-71]. H+
and OH™ ions play a major role in the charging mechanism of the bulk nanobubbles [72]. Since
the interfaces of the bulk nanobubbles are electrically charged, the diffused double layer
hypothesis can be used to explain how the bulk nanobubbles maintain their stability. Figure 4
shows the diffuse electrical double layer formed around the bulk nanobubble.

Electrostatic
repulsion

Figure 4. Schematic of the diffused electrical double layer formed around the bulk
nanobubble[73].
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Dressaire et al. discovered that ions in the solution will accumulate on the surface of bulk
nanobubbles, forming a thin film that functions as a barrier to prevent the gas inside the
nanobubble from diffusing further, thereby enhancing the stability of the bulk nanobubbles
[66]. This phenomenon is called the ion barrier effect. The ion barrier effect provides a good
explanation for why bulk nanobubbles can remain stable even in low-concentration NaCl
solutions [17]. Furthermore, studies have shown that the external electrostatic pressure
produced by the diffused electrical double layer formed around the bulk nanobubble can offset
the Laplace pressure inside the bulk nanobubbles [31,74]. Bunkin et al. also discovered that the
stability of the bulk nanobubbles is primarily due to the interfacial charge present on their
surfaces [75].

6.3.Dense gas theory

In 2008, Zhang et al. compared bulk nanobubbles with high internal gas density and bulk
nanobubbles with low internal gas density and found that high internal gas density is one of the
reasons why bulk nanobubbles can remain stable [67]. Interestingly, researchers have
suggested that a high concentration of dissolved gas in solution may decrease the rate at which
gas transfers from nanobubble to the liquid phase, thereby promoting the stability of the bulk
nanobubbles [74]. Molecular dynamics simulations and atomic force microscopy have validated
the theory that the high-density internal gas inside surface nanobubbles contributes to the
stability of the surface nanobubbles [76-78].

In addition, the scholars also found through transmission electron microscopy (TEM) that
there is also high-density gas inside the bulk nanobubbles composed of hydrogen [79].
Moreover, molecular dynamics simulations examining the stability of nitrogen nanobubbles
suggest that their stability depends on a critical concentration that exceeds typical levels,
resulting in an internal nitrogen density much higher than under standard conditions [80].
Meegoda et al. also found through molecular dynamics simulation that oxygen nanobubbles
with high initial internal gas density are more stable in both NVT and NPT ensembles and they
believe that this stability is due to the conditions of gas supersaturation [81]. It is worth noting
that the increased density of the internal gas may lower surface tension, which can improve its
ability to restrict gas dissolution. The MacLeod-Sugden relationship, which links surface tension
with the densities of liquid and gas, can also be used to account for this phenomenon [82].

7. APPLICATIONS OF BULK NANOBUBBLES

Bulk nanobubbles exhibit extraordinary value and great attractiveness in many application
areas due to their unique physical and chemical properties. Figure 5 shows the various
application scenarios of bulk nanobubbles in our daily lives. After years of research, the
potential applications of bulk nanobubbles have become evident across various fields, including
environmental management [83], agriculture [84], biomedicine [85], and industrial processing
[86].

7.1.Environmental applications

The environmental applications of bulk nanobubbles primarily include water quality control
and wastewater treatment. Water quality generally refers to the chemical, physical, and
biological characteristics of water, which is closely related to the animals and plants in the entire
ecosystem. Water pollution originates from various sources, including sedimentation of solid
materials, pesticides and chemicals from agricultural and industrial activities, nutrients like
phosphorus and nitrogen from fertilizers and detergents, harmful algae resulting from
eutrophication, and disease-causing microorganisms [88]. In recent decades, various
remediation techniques have been developed to address the sources of pollution mentioned
earlier, including flotation, flocculation, aeration, and other treatment technologies [89]. To
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achieve this, nanobubble (NB) technology is believed to be able to be applied either
independently or in support of traditional technologies to improve water quality. Because of
their excellent mass transfer efficiency and long-term stability, NBs are employed to solve the
hypoxia issue caused by water eutrophication. Kalogerakis et al. reported the outcomes of five
large-scale field applications of nanobubble technology for the restoration of major water
bodies such as lakes and ponds, conducted at various locations globally [90]. The outcomes
showed improved parameters for water quality together with a notable decline in pathogens
and chemical oxygen demand (COD).
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Figure 5. Schematic diagram of the important role played by bulk nanobubbles in various
application fields [87].

Industrial, agricultural, and domestic wastewaters are major sources of environmental
pollution in contemporary society [88]. It is important to treat and clean wastewater,
particularly when dangerous materials (such as heavy metals and poisonous chemicals) are
present. Wastewater cleansing is costly because various methods that involve complex chemical
processes are used to remove pollutants. The impact of nanobubbles on each stage of
wastewater treatment have been explored and wastewater treatment with nanobubbles has
been highlighted as a promising alternative to conventional methods of wastewater treatment.
In their pioneering study, Kyzas examined the influence of nanobubbles on the adsorption of
dissolved heavy metals using activated carbon [91]. The research results show that
nanobubbles, as carriers of lead ions, can significantly improve the adsorption rate of heavy
metals.
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7.2.Agriculture applications

The agricultural applications of bulk nanobubbles mainly include horticulture, hydroponics
and aquaculture. Horticulture plays a vital role in agriculture, focusing on the cultivation of
fruits, vegetables, flowers, as well as medicinal and aromatic plants [92]. In this field,
nanobubble technology has demonstrated impressive outcomes, which are attributed to the
improvement of the microbial population, preserving soil moisture, encasing nutrients etc
[93,94]. Bulk nanobubbles were used in lab and pilot scale rice farming by Wang et al. [95]. The
experimental results indicate that under the influence of nanobubbles, despite a 25% reduction
in fertilizer, the height and chlorophyll content of the rice plants remained unchanged.

Hydroponics is another type of gardening in which plants are grown without the use of soil;
instead, their roots are submerged in a solution of water and nutrients. Faster growth and less
water usage are the primary advantages of hydroponics [96]. In hydroponics, nanobubbles have
a two-sided effect on plants. Research has shown that the bulk nanobubbles can effectively
manage dissolved oxygen in solutions, enhance the growth of leaves and stems [97], and
produce superior morphological and physiological effects compared to traditional aeration
methods. However, this benefit is limited to a specific concentration range, beyond which NBs
can inhibit plant growth [98].

Aquaculture, as a subset of agriculture, involves a range of processes such as the cultivation,
growth, and collection of fish, shellfish, and aquatic vegetation [99,100]. These activities take
place in open seas, rivers, lakes, both artificial and natural ponds, as well as indoor facilities
[101]. The primary challenges in aquaculture are influenced by factors like water quality and
the levels of dissolved oxygen present in the water. Nanobubble technology is an emerging
technology that is environmentally friendly and harmless to animals, so it has received
widespread attention in the field of aquaculture. Ohnari et al. believed that nanobubbles in
aqueous solution are an effective means to accelerate the metabolism of shellfish [102]. Besides,
Ebina et al. observed that sweetfish raised in water with added nanobubbles weighed more than
those grown in water without nanobubbles, leading them to conclude that nanobubbles can
enhance the growth of sweetfish [103].

7.3.Medicine applications

The applications of bulk nanobubbles in the medical field primarily include ultrasound
imaging, drug delivery for cancer treatment and the treatment of skin diseases. Biomedical
ultrasound imaging, a widely used clinical tool, is employed for diagnosing and treating various
diseases. This technique utilizes sound waves above 20 kHz to create images based on how
these waves interact with different tissues and structures. By analyzing the timing and intensity
of the returning echoes, it is possible to determine the tissue location and scattering
characteristics [104]. Nonetheless, the contrast in ultrasound imaging may be reduced because
of the similar acoustic impedances of soft tissues [105]. Microbubbles, which feature a stable
shell with gas core, are utilized as ultrasonic contrast agents due to their significant impedance
mismatch and strong scattering effects on adjacent tissues. Despite their usefulness,
microbubbles have restricted clinical applications because their size will keep them in the
vasculature [106]. In contrast, nanobubbles are smaller than microbubbles and can more
readily pass through biological barriers such the cell membrane [107], tumor vasculature [108],
and blood-brain barrier [109]. Therefore, bulk nanobubbles used as contrast agents can
generate more detailed ultrasound images and offer more accurate information for diagnosing
malignant tumors [110].

Chemotherapy is a major therapeutic option for treating malignant cancerous tumors.
However, most chemotherapeutic drugs lack tissue selectivity, leading to adverse side effects on
healthy tissues [111]. Targeted nanobubbles can be utilized to enhance drug delivery for the
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purpose of cancer treatment. Owing to their small size, targeted nanobubbles can effectively
penetrate from blood vessels into adjacent tissues [112]. Additionally, they offer enhanced
stability and extended retention time within the systemic circulation. The surface of targeted
nanobubbles is functionalized with unique targeting ligands that enable adsorption to
particular cancer cells and also pre-packed with genes or chemotherapeutic medications [113].
Furthermore, another area where biomedical nanobubbles are applied is in dermatology.
According to reports, nanobubbles can be used for sterilizing [114], antibacterial [115], anti-
inflammatory [116], and healing [117] attributes. Consequently, their use in treating different
skin conditions appears highly promising.

7.4.Industrial applications

The industrial applications of bulk nanobubbles mainly include surface cleaning, froth
flotation, and food processing. One application of nanobubbles in heavy industry is the
prevention or remediation of scale formation. Aikawa et al. investigated the effect of
nanobubbles on inhibiting corrosion in low-carbon steel [118]. Air nanobubbles reduced
corrosion by 50% compared to traditional methods. This study indicates that nanobubbles can
be used to coat and clean various metallic surfaces, effectively avoiding corrosion caused by
fluids with different chemical compositions. Additionally, Liu et al. used nanobubbles as a
cleaning agent to remove bovine serum albumin from the solid-liquid interface and suggested
that this process could become an efficient and environmentally friendly cleaning technology
[119].

Based on the difference in surface hydrophobicity between goal minerals and gangue, froth
flotation is the most often used method of particle cleaning and separation in mineral
processing [120,121]. During the flotation process, hydrophobic particles tend to adhere to the
bubbles and rise to the froth zone, while hydrophilic particles remain in the slurry as tailings
[122]. As high-quality mineral resources become exhausted, the focus has shifted to lower-
grade minerals with finely distributed grain sizes, which presents a considerable challenge for
traditional flotation methods. In flotation, fine particles often exhibit poor recovery rates due to
their low probability of colliding with flotation bubbles [123]. Consequently, it is essential to
devise a new method to overcome the size restrictions imposed by conventional flotation
techniques. Because bulk nanobubbles are significantly smaller and more numerous, they
create more advantageous hydrodynamic conditions for the flotation of fine particles. In the
past few years, nanobubble flotation has become a viable method for increasing the flotation
effectiveness of ultrafine particles [124].

Nanobubble technology is expected to drive progress in food processing due to its extensive
range of potential applications. Bulk nanobubbles can decrease friction and alter the physical
characteristics of liquids, leading to increased molecular mobility [125]. Consequently, the
presence of nanobubbles may reduce the overall viscosity of liquids, which can improve the
processability of foods. Nanobubbles can also serve as an innovative approach for food
seasoning. Due to their unique attributes, such as a large specific surface area, enhanced gas
solubility in liquids, and high mass transfer efficiency, air nanobubbles with average diameters
ranging from several hundred nanometers to less than 10 micrometers can improve the
infiltration of liquid seasonings into food [126]. Significantly, it is worth noting that
nanobubbles can enhance the freezing and crystallization of food components, thereby
achieving better food preservation. Zhang et al. found that the presence of nanobubbles can
effectively increase the freezing rate of food during food processing [127].

8. CONCLUSIONS

In conclusion, while extensive research on bulk nanobubbles has yielded numerous
remarkable results and advancements over the past twenty years, the field is still in its early
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stages, with many challenges yet to be overcome. Firstly, producing bulk nanobubbles with
specific small sizes and high concentrations remains a major challenge for their application.
Secondly, current detection methods for bulk nanobubbles primarily rely on nanoparticle
tracking analysis or dynamic light scattering techniques, which are constrained by their
concentration and resolution ranges. Additionally, these methods cannot provide chemical
information about the detected particles. Therefore, there is a crucial need to develop new
techniques that offer both higher spatial resolution and enhanced chemical sensitivity. Thirdly,
while several models have been proposed to explain the stability mechanisms of bulk
nanobubbles, a comprehensive explanation for their extraordinarily long lifetime is still lacking.
Lastly, the potential of bulk nanobubbles in a wide range of applications is considered to be very
promising, which will inspire researchers to continue advancing their research. It is anticipated
that, in the near future, nanobubble technology could lead to significant breakthroughs in
scientific and engineering fields.
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