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Abstract:  

Over the last twenty years, gas-saturated liquids have drawn increasing interest due to 

the unexpected stability of nanobubbles observed within them. This stability challenges 

conventional understanding and has prompted investigations into a wide array of potential 

applications, particularly those involving interactions between nanobubbles and nanoparticles. 

This review explores the current knowledge surrounding systems where both entities coexist, 

which is common in many nanobubble-related technologies. We discuss key processes such as 

the generation of nanoparticles from nanobubbles, the initiation of nanobubbles on nanoparticle 

surfaces, and the interactions that occur between them. While substantial progress has been 

made, critical aspects such as the precise mechanisms underlying nanobubble nucleation and 

the nature of nanoscale interactions remain poorly understood. Continued research in this area 

is vital to deepen our theoretical insight and to harness these phenomena for practical use. 
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Introduction: 

Under typical conditions, when a gas is present in excess within a liquid, it is expected 

to leave the supersaturated solution either by forming buoyant bubbles or through diffusion of 

gas molecules. However, research has shown that in such supersaturated systems, stable, 

nanoscale gas domains known as bulk nanobubbles can form instead. These are spherical gas-

filled colloids with diameters less than 1 μm [1]. Bulk nanobubbles consistently exhibit a 

negative zeta potential, generally ranging from −15 to −60 mV, regardless of their size. It is 

widely hypothesized that this surface charge plays a key role in their remarkable stability. The 

negative charges at the gas–liquid interface are thought to generate electrostatic repulsion that 

counteracts the internal Laplace pressure, thereby stabilizing the nanobubbles. Furthermore, 

this charge repulsion also prevents coalescence, which helps maintain their small size and 

prevents them from rising due to buoyant forces [2-4]. 

Bulk nanobubbles can be produced through two primary mechanisms: gas 

supersaturation [1] and energy input methods. One of the earliest investigations, conducted by 

Sette and Wanderlingh, demonstrated that high-energy neutrons whether naturally occurring in 

cosmic rays or introduced artificially can generate stable cavities within bulk water [5]. 
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Subsequent experiments showed that shielding water from neutron exposure inhibits cavity 

formation, a finding that has been corroborated by several independent studies [6,7]. 

Nanobubble formation via supersaturation represents another widely used approach. A 

well-known method in this category is solvent exchange, where a water-miscible solvent (such 

as ethanol) is combined with water. The process results in a supersaturated environment 

because atmospheric gases like nitrogen and oxygen are less soluble in the mixed solvent 

system than in either pure component. This oversaturation leads to gas release in the form of 

bubbles, potentially initiating the formation of bulk nanobubbles [1]. 

A range of techniques have been developed to achieve supersaturation and generate 

bulk nanobubbles, including water electrolysis, controlled heating, ultrasonication, pressure 

fluctuation, and mechanical stirring or agitation[8-10]. 

The interaction between nanoparticles and nanobubbles is of particular interest due to 

its relevance in numerous applications where both entities coexist. This relationship can be 

explored from four main perspectives. First, nanoparticles can form following the complete 

dissolution of nanobubbles. Second, nanobubbles themselves can nucleate from the surfaces of 

nanoparticles. Third, the direct interactions between nanoparticles and nanobubbles have been 

studied in various systems. Finally, understanding these interactions has important implications 

for technologies and processes that rely on the presence and behavior of nanobubbles. This 

review aims to clarify these four aspects by analyzing the current literature on bulk 

nanobubbles[11-13]. 

Fomation of nanoparticles from nanobubbles: 

Numerous studies on bulk nanobubbles have reported that gas supersaturation in 

solution can lead to the appearance of nanoparticles, typically around 100 nm in diameter. 

These particles have demonstrated notable stability, persisting for several hours or even days. 

Although they are frequently presumed to be nanobubbles, further analysis has revealed 

inconsistencies in their properties such as density , compressibility, and refractive index [14] 

that challenge this assumption. 

To explain the unexpected formation of these nanoparticles during gas supersaturation 

processes, a mechanism has been proposed [11,12]. According to this model (Figure 1), 

supersaturated gas levels promote the emergence of transient gas bubbles. During their brief 

existence, impurities present in the solution migrate to and adhere to the bubble surfaces. These 

impurities may originate from the techniques employed to generate nanobubbles, although 

even ultrapure water has been shown to contain sufficient contamination to influence bubble 

behavior. When such impurities accumulate at the interface, they can alter its physical 

characteristics, notably shifting it from a slip to a no-slip boundary condition [15]. 
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Figure 1. Schematic diagram of the mechanism of nanoparticles formation via supersaturation 

of gas and in the presence impurities. The formation of short-lived bubbles is initially enhanced 

by the supersaturation of dissolved gas. Later impurities that are already presented in the 

solution diffuse to the surface of these short-lived bubbles and get attached. As the bubble 

decrease in size, impurities will be concentrated, and this eventually leads to the generation of 

nanoparticles when the bubble dissolve. Adapted from Ref [12] 

As these temporary bubbles fully dissolve, the material collected at their surfaces remains 

behind, forming nanoparticles. This phenomenon is plausible, given that even bubbles larger 

than 1 μm in diameter can accumulate enough surface contaminants to yield nanoparticles 

around 100 nm in size. 

Nanobubbles nucleated from nanoparticles: 

Several studies have suggested that combining nanomaterials with gas-saturated solutions can 

enhance the formation of nanobubbles. For instance, Xiao et al. observed that introducing gas 

into a solution already containing nanoparticles led to a notable increase in nanobubble 

concentration [13]. This enhancement was attributed to heterogeneous nucleation, facilitated 

by the presence of titanium dioxide nanoparticles, which requires less energy compared to 

homogeneous nucleation. Additionally, these nanoparticles contributed to improving the 

stability of the resulting nanobubbles. Key factors such as the surface wettability and texture 

(roughness) of the nanoparticles were identified as influential in promoting the formation of 

nanobubbles in bulk solutions. 

Interactions between Nanobubbles and Negatively Charged Particles: 

Zhang et al. discovered that the behavior of negatively charged gold nanoparticles in the 

presence of bulk nanobubbles varies depending on the size of the nanoparticles. Specifically, 

when the gold nanoparticles have diameters of 30 nm or less, the resulting mixture exhibits two 

distinct size distributions, as illustrated in Figure 2a-b. This suggests that the nanoparticles and 

nanobubbles remain separate entities with no significant interaction, maintaining individual 

stability. In contrast, gold nanoparticles with diameters of 40 nm or greater display different 

behavior compared to their smaller counterparts, indicating a potential interaction or altered 

stability in the mixture. For instance, when 60 nm gold nanoparticles were mixed with 

nanobubbles, as depicted in Figure 2c-d, a notable interaction was observed. The dynamic light 

scattering (DLS) analysis showed the disappearance of the characteristic peaks corresponding 

to both the original gold nanoparticles and the bulk nanobubbles. Instead, a new peak emerged, 
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representing a size intermediate between the two original components. This suggests the 

formation of a hybrid complex that is larger than the nanoparticles but smaller than the 

nanobubbles. Remarkably, this newly formed nanobubble–nanoparticle complex remained 

stable for up to 8 hours, without significant changes in peak position or width. The authors 

hypothesized that this peak results from nanobubbles nucleating and growing directly on the 

surfaces of the gold nanoparticles. They noted that while the gold nanoparticles retain a fixed 

size, nanobubbles can expand or shrink through diffusion depending on their surrounding 

environment. 

 

Figure 4. Dynamic light scattering (DLS) analysis showing size distribution and temporal 

stability of negatively charged gold nanoparticles (20 nm and 60 nm) in a nanobubble-

containing solution.  

Conclusion: 

The study of bulk nanobubbles has revealed a complex yet fascinating landscape of behaviors 

and interactions that challenge classical expectations of gas behavior in liquids. Unlike 

macroscopic bubbles, bulk nanobubbles exhibit remarkable stability, largely attributed to their 

persistent negative surface charge, which provides electrostatic repulsion against coalescence 

and collapse. Two principal mechanisms gas supersaturation and energy input enable their 

formation, with a variety of methods such as solvent exchange, electrolysis, and ultrasonication 

contributing to their practical generation. An emerging area of interest lies in the interplay 

between nanobubbles and nanoparticles. Evidence shows that nanobubbles can lead to the 

formation of nanoparticles through impurity collection during transient bubble dissolution, 

while conversely, nanoparticles can serve as nucleation sites that facilitate nanobubble 

generation via heterogeneous nucleation. Furthermore, direct interactions between 

nanoparticles and nanobubbles depend significantly on particle size and surface properties, as 

demonstrated by gold nanoparticles, which form stable nanobubble–particle complexes when 

above a certain size threshold. These insights not only deepen our understanding of nanobubble 

behavior but also open new avenues for applications in areas such as drug delivery, water 

treatment, catalysis, and nanomaterials engineering. Continued investigation into the 
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fundamental mechanisms governing nanobubble stability and nanoparticle interactions will be 

essential for optimizing their use across scientific and industrial domains 

References: 

[1] M. Alheshibri, J. Qian, M. Jehannin, V.S.J. Craig, A history of nanobubbles, Langmuir 

32(43) (2016) 11086-11100. 

[2] P.S. Epstein, M.S. Plesset, On the Stability of Gas Bubbles in Liquid--Gas Solutions, 

Journal of Chemical Physics 18 (1950) 1505-1509. 

[3] M.R. Ghaani, P.G. Kusalik, N.J. English, Massive generation of metastable bulk 

nanobubbles in water by external electric fields, SCIENCE ADVANCES 6(14) (2020) 

eaaz0094. 

[4] P. Creux, J. Lachaise, A. Graciaa, J.K. Beattie, Specific Cation Effects at the Hydroxide-

Charged Air/Water Interface, The Journal of Physical Chemistry C 111(9) (2007) 3753-

3755. 

[5] D. Rak, M. Sedlák, Comment on “Bulk Nanobubbles or Not Nanobubbles: That is the 

Question”, Langmuir (2020). 

 [6] B. Hahn, R.N. Peacock, Ultrasonic cavitation induced by neutrons, Il Nuovo Cimento 

(1955-1965) 28(2) (1963) 334-340. 

[7] G. Iernetti, Cavitation Threshold Dependence on Volume, Acta Acustica united with 

Acustica 24(4) (1971) 191-196. 

[8] J.I. Lee, B.-S. Yim, J.-M. Kim, Effect of dissolved-gas concentration on bulk 

nanobubbles generation using 

      ultrasonication, Scientific Reports 10(1) (2020) 18816. 

[9] H. Shawli, K. Iohara, M. Taroush, G.T.J. Huang, M. Nakashima, A.A. Azim, 

Nanobubble-Enhanced Antimicrobial Agents: A Promising Approach for Regenerative 

Endodontics, Journal of Endodontics 46(9) (2020) 1248-1255. 

[10] Z. Fang, X. Wang, L. Zhou, L. Zhang, J. Hu, Formation and Stability of Bulk 

Nanobubbles by Vibration, Langmuir 36(9) (2020) 2264-2270. 

[11] M. Alheshibri, V.S.J. Craig, Generation of nanoparticles upon mixing ethanol and 

water; Nanobubbles or Not?, Journal of Colloid and Interface Science 542 (2019) 136-

143. 

[12] M. Alheshibri, M. Jehannin, V.A. Coleman, V.S.J. Craig, Does gas supersaturation by 

a chemical reaction produce bulk nanobubbles?, Journal of Colloid and Interface Science 

554 (2019) 388-395. 

[13] W. Xiao, X. Wang, L. Zhou, W. Zhou, J. Wang, W. Qin, G. Qiu, J. Hu, L. Zhang, 

Influence of Mixing and Nanosolids on the Formation of Nanobubbles, The Journal of 

Physical Chemistry B 123(1) (2019) 317-323. 

[14] D. Midtvedt, F. Eklund, E. Olsén, B. Midtvedt, J. Swenson, F. Höök, Size and 

Refractive Index Determination of Subwavelength Particles and Air Bubbles by 

Holographic Nanoparticle Tracking Analysis, Analytical Chemistry 92(2) (2020) 1908-

1915. 

[15] L. Parkinson, R. Sedev, D. Fornasiero, J. Ralston, The terminal rise velocity of 10–100 

μm diameter bubbles in water, Journal of Colloid and Interface Science 322(1) (2008) 

168-172. 


