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Abstract 

The objective of this diploma thesis is to identify nanobubbles present in bulk solutions, with regard to 

their morphology and size, by implementing cryo-SEM measurements. Particularly, aqueous samples 

containing O2 and N2 bulk nanobubbles in pure water and pure water blended with magnetic ionic liquid, 

that are produced with hydrodynamic cavitation in the Materials & Membranes for Environmental 

Separations Laboratory of NCSR ñDemokritosò were visualized by applying cryo scanning electron 

microscopy (cryo-SEM).  

 

This is the first study where the technique of cryo-SEM is applied for the observation of bulk 

nanobubbles in aqueous solutions. Cryo-SEM enables high-resolution and preservation of the 

morphology of the initial sample, as the sample is abruptly frozen in a manner that retains the structure 

of its contents.  

 

In the case of this study, rapid freezing was performed with liquid nitrogen both at ambient pressure 

and at high-pressure of 2000 bar. Subsequently, cryo-SEM imaging was applied, analysis was 

performed, and conclusions were extracted from the visualization regarding the size and morphology 

of the bulk nanobubbles present in the samples.  

 

Spherical formations attributed to oxygen NBs were observed in pure water and pure water blended 

with magnetic ionic liquid after preliminary freezing both at ambient pressure and high pressure (2000 

bar). However, nitrogen nanobubbles could not be identified. The influence of pressure and the 

formation of ice during the freezing process, as well as the influence of the magnetic ionic liquid are 

assessed.  

 

Moreover, the formations that were observed, attributed to bulk nanobubbles, were compared to results 

of other similar studies and the measured sizes of the observed bubbles from this direct imaging 

technique were correlated with the results of dynamic light scattering (DLS) and Tyndall effect obtained 

for the bubbles previously at NCSR ñDemokritosò. 

 

 

 

 

 

 

 

 

 

 



ɄŮɟɑɚɖɣɖ 

ɇɞ ŬɜŰɘəŮɑɛŮɜɞ ŬɡŰɐɠ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɜŬ ŰŬɡŰɞˊɞɘɐůŮɘ ɜŬɜɞűɡůŬɚɚɑŭŮɠ ˊŬɟɞɨůŮɠ ůŮ 

ůɡɜŮɢɐ ɡɔɟɎ ŭɘŬɚɨɛŬŰŬ ɤɠ ˊɟɞɠ Űɖ ɛɞɟűɞɚɞɔɑŬ əŬɘ Űɞ ɛɏɔŮɗɧɠ Űɞɡɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ ɛɏɗɞŭɞ Űɖɠ 

əɟɡɞ-ɖɚŮəŰɟɞɜɘəɐɠ ɛɘəɟɞůəɞˊɑŬɠ ůɎɟɤůɖɠ (cryo-SEM).  Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɡŭŬŰɘəɎ ŭŮɑɔɛŬŰŬ ˊɞɡ 

ˊŮɟɘɏɢɞɡɜ ɜŬɜɞűɡůŬɚɚɑŭŮɠ ůɡɜŮɢɞɨɠ űɎůŮɤɠ ɔŮɛɎŰŮɠ Ŭˊɧ O2 əŬɘ N2 ůŮ  əŬɗŬɟɧ ɜŮɟɧ əŬɘ əŬɗŬɟɧ ɜŮɟɧ 

ŬɜŬɛŮɛŮɘɔɛɏɜɞ ɛŮ ɛŬɔɜɖŰɘəɧ ɘɞɜŰɘəɧ ɡɔɟɧ, ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ɛɏůɤ ɡŭɟɞŭɡɜŬɛɘəɐɠ ůˊɖɚŬɑɤůɖɠ ůŰɞ 

ȺɟɔŬůŰɐɟɘɞ Ɉɚɘəɩɜ əŬɘ ɀŮɛɓɟŬɜɩɜ ɔɘŬ ɄŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ȹɘŬɢɤɟɘůɛɞɨɠ ůŰɞ ȺȾȺūȺ ñȹɖɛɧəɟɘŰɞɠò, 

ɞˊŰɘəɞˊɞɘɐɗɖəŬɜ ŮűŬɟɛɧɕɞɜŰŬɠ əɟɡɞ-ɖɚŮəŰɟɞɜɘəɐ ɛɘəɟɞůəɞˊɑŬ ůɎɟɤůɖɠ (cryo-SEM).  

 

AɡŰɐ ŮɑɜŬɘ ɖ ˊɟɩŰɖ ɛŮɚɏŰɖ ɧˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ɖ ŰŮɢɜɘəɐ Űɖɠ əɟɡɞ-ɖɚŮəŰɟɞɜɘəɐɠ ɛɘəɟɞůəɞˊɑŬɠ 

ůɎɟɤůɖɠ ɔɘŬ Űɖɜ ˊŬɟŬŰɐɟɖůɖ ɜŬɜɞűɡůŬɚɚɑŭɤɜ ůŮ ůɡɜŮɢŮɑɠ űɎůŮɘɠ ɡŭŬŰɘəɩɜ ŭɘŬɚɡɛɎŰɤɜ.  ȼ cryo-

SEM ŮˊɘŰɟɏˊŮɘ ɡɣɖɚɐ ŭɘŬəɟɘŰɘəɐ ɘəŬɜɧŰɖŰŬ əŬɘ ŭɘŬŰɐɟɖůɖ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ Űɞɡ Ŭɟɢɘəɞɨ ŭŮɑɔɛŬŰɞɠ, 

əŬɗɩɠ Űɞ ŭŮɑɔɛŬ ˊŬɔɩɜŮɘ ŬˊɧŰɞɛŬ əŬŰɎ Űɟɧˊɞ ˊɞɡ ŬűɐɜŮɘ ŬɛŮŰɎɓɚɖŰɖ Űɖ ŭɞɛɐ Űɞɡ ˊŮɟɘŮɢɞɛɏɜɞɡ Űɞɡ. 

  

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐɠ Űɖɠ ɛŮɚɏŰɖɠ, ɖ ŬˊɧŰɞɛɖ ˊɐɝɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ ŮˊɘŰŮɨɢɗɖəŮ ɛŮ ɡɔɟɧ ɎɕɤŰɞ, Űɧůɞ 

ɡˊɧ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ, ɧůɞ əŬɘ ůŮ ɡɣɖɚɐ ˊɑŮůɖ 2000 bar.  ȷəɞɚɞɨɗɖůŮ ˊŬɟŬŰɐɟɖůɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ 

ɛŮ cryo-SEM, ŬɜɎɚɡůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬɘ ŮɝŬɔɤɔɐ ůɡɛˊŮɟŬůɛɎŰɤɜ Ŭˊɧ Űɖɜ ɞˊŰɘəɞˊɞɑɖůɖ ɔɘŬ 

Űɞ ɛɏɔŮɗɞɠ əŬɘ Űɖ ɛɞɟűɞɚɞɔɑŬ Űɤɜ ɜŬɜɞűɡůŬɚɚɑŭɤɜ ůɡɜŮɢɞɨɠ ɡɔɟɐɠ űɎůɖɠ ɛɏůŬ ůŰŬ ŭŮɑɔɛŬŰŬ.  

 

ɆűŬɘɟɘəɞɑ ůɢɖɛŬŰɘůɛɞɑ ˊɞɡ ŬˊɞŭɧɗɖəŬɜ ůŮ ɜŬɜɞűɡůŬɚɚɑŭŮɠ ɞɝɡɔɧɜɞɡ ˊŬɟŬŰɖɟɐɗɖəŬɜ ůŮ əŬɗŬɟɧ 

ɜŮɟɧ əŬɘ əŬɗŬɟɧ ɜŮɟɧ ŬɜŬɛŮɛŮɘɔɛɏɜɞ ɛŮ ɛŬɔɜɖŰɘəɧ ɘɞɜŰɘəɧ ɡɔɟɧ Űɧůɞ ɛŮŰɎ Ŭˊɧ ˊɐɝɖ ůŮ ŬŰɛɞůűŬɘɟɘəɐ 

ˊɑŮůɖ ɧůɞ əŬɘ ɛŮŰɎ Ŭˊɧ ˊɐɝɖ ůŮ ɡɣɖɚɐ ˊɑŮůɖ (2000 bar). ɋůŰɧůɞ, ɜŬɜɞűɡůŬɚɚɑŭŮɠ ŬɕɩŰɞɡ ŭŮɜ 

ˊŬɟŬŰɖɟɐɗɖəŬɜ. ȼ ŮˊɑŭɟŬůɖ Űɖɠ ˊɑŮůɖɠ əŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ˊɎɔɞɡ əŬŰɎ Űɖɜ ŭɘŮɟɔŬůɑŬ ˊɐɝɖɠ, əŬɗɩɠ 

əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɛŬɔɜɖŰɘəɞɨ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŬɝɘɞɚɞɔɞɨɜŰŬɘ.  

 

ȷəɧɛŬ, ɞɘ ůɢɖɛŬŰɘůɛɞɑ ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŬɜ, ŬˊɞŭɘŭɧɛŮɜɞɘ ůŮ ɜŬɜɞűɡůŬɚɚɑŭŮɠ ůɡɜŮɢɞɨɠ űɎůɖɠ, 

ůɡɔəɟɑɗɖəŬɜ ˊɟɞɠ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ɏɚɚɤɜ, ˊŬɟɧɛɞɘɤɜ ɛŮɚŮŰɩɜ əŬɘ ŰŬ ɛŮŰɟɞɨɛŮɜŬ ɛŮɔɏɗɖ Űɤɜ 

ˊŬɟŬŰɖɟɞɨɛŮɜɤɜ ɜŬɜɞűɡůŬɚɚɑŭɤɜ Ŭˊô ŬɡŰɐɜ Űɖɜ ɎɛŮůɖ ŰŮɢɜɘəɐ ɞˊŰɘəɞˊɞɑɖůɖɠ ůɡůɢŮŰɑůŰɖəŬɜ ɛŮ 

ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ɛŮŰɟɐůŮɘɠ ŭɡɜŬɛɘəɐɠ ůəɏŭŬůɖɠ űɤŰɧɠ (DLS) əŬɘ űŬɘɜɞɛɏɜɞɡ Tyndall, ˊɞɡ ɏɢɞɡɜ 

ɚɖűɗŮɑ ůŰɞ ˊŬɟŮɚɗɧɜ ůŰɞ ȺȾȺūȺ ñȹɖɛɧəɟɘŰɞɠò.   

 

 

 

 

 

 

 

 

 



Introduction  

Nanobubbles are defined as gas-containing cavities with diameter less than 1 ɛm in a liquid solution. 

They can be found at a solid-liquid interface and in this case they are called surface nanobubbles, or 

they can be dispersed in a bulk liquid phase and then they are called bulk nanobubbles. Nanobubbles 

are receiving increasing attention over the past few years, due to their promising applications ranging 

from flotation, water treatment and surface cleaning to cancer treatment and drug delivery.  

 

Recently cryo-electron microscopy techniques have given the opportunity to obtain images of 

nanobubbles and better understand their morphology, which could provide further information on their 

stability and the mechanisms behind their long-term existence. Having a better understanding of their 

nature could subsequently help us acknowledge their influence on each process they are applied to, and 

further improve the already-existing processes. 

 

In this study, cryo-Scanning Electron Microscopy (cryo-SEM) is applied for the observation of O2 and 

N2 bulk NBs in pure water and pure water blended with magnetic ionic liquid (MIL). The goal is to 

assess if the cryo-SEM technique can be applied effectively for the observation of bulk nanobubbles, 

towards the standardization of a process for observing nanobubbles. 

 

Therefore, not only the morphology and size of the nanobubbles imaged were assessed but also how 

the sample preparation technique for the cryo-SEM imaging influences the resulted images, and how 

the formations imaged could differ from those present in the initial sample. 

 

This diploma thesis is situated into three main chapters. The first chapter constitutes a literature 

review of bulk and surface nanobubbles, the second chapter presents the cryo-SEM technique applied, 

the images obtained and discusses the results of our study while comparing them to the literature, 

whereas in the third chapter the conclusions of this study are presented. 

 

Specifically, in the first chapter the stability mechanisms, the production methods, the applications 

and the characterisation methods for bulk and surface nanobubbles are presented. Emphasis is laid on 

the electron microscopy research for the characterisation of nanobubbles, as the visualization 

performed with the cryo-SEM technique can be directly compared to the results of these studies. 

 

In chapter 2, firstly an introduction to cryo-electron microscopy techniques is made and the procedure 

followed for the cryo-SEM imaging is described in detail. Afterwards, the images obtained by the 

cryo-SEM imaging are presented and the images of each type of sample are discussed in detail. 

Lastly, images obtained by the cryo-SEM imaging are compared to those of the literature. 

 

In chapter 3, conclusions are drawn based on the discussion of the results in chapter 2. Also, 

directions in which this work could be continued, towards the effective visualization of bulk 

nanobubbles, are described. With this chapter, the presentation of the diploma thesis is completed. 
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Chapter 1: Literature Review 

1. Introduction to NBs 
Nanobubbles (NBs) are classified into three categories: surface NBs (nanoscopic spherical-cap-

shaped domains that are found at a solid/liquid interface) [1], micropancakes (quasi-two-

dimensional gaseous domains present at a solid/liquid interface) [2] and bulk NBs (nanoscopic 

gaseous domains dispersed in a bulk liquid) [3]. Surface NBs present typical widths and heights of 

50-100 nm and 10-20 nm respectively, whereas micropancakes have a diameter of several microns, 

but their height is only 1-2 nm [7]. Bulk NBs have a diameter of less than 1 ɛm [15]. 

 

The NBs have intrigued the scientific community on account of their longevity, that contradicts 

classical thermodynamics. Specifically, due to high Laplace pressure inside the NBs, an estimate 

by Epstein and Plesset predicts that a bubble of radius R ~ 100 nm and of gas diffusion coefficient 

D ~ 1x10-9 m2/s should dissolve within a diffusion timescale of Űdis ~ R2/D ~ 10 ɛs [13],[14]. 

However, contrary to the theory, bulk NBs have been reported to last weeks or even months 

[8],[9],[10],[11],[12]. 

 

In this chapter, a brief overview of surface and bulk NBs will be given, focusing on their stability 

mechanisms, production methods, potential applications and characterization methods.  

 

 

Figure 1.1. The three types of NBs observed in the literature. 

Adapted from Seddon, J., Lohse, D., Ducker, W. and Craig, V. (2012). A Deliberation on Nanobubbles at Surfaces and 

in Bulk. ChemPhysChem, 13(8), pp.2179-2187. 

 

Surface NBs were first speculated to exist in 1994, when Parker et al. observed step-wise features 

in atomic force curves between two hydrophobic surfaces (as seen in Fig. 1.2) [4], which led to the 

first atomic force microscopy (AFM) images by Lou et al. [5] and Ishida et al. [6] in 2000 (as seen 

in Fig. 1.3). Bulk NBs were first reported in 1981 by Johnson and Cooke and they were measured 

to be stable for periods longer than 22 hours [15]. Some significant publications in the field of NBs 

are presented in Fig. 1.4. 
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Figure 1.2. Stepwise force discontinuity in the force vs distance curve from measurements between two hydrophobic 
surfaces. 

Adapted from Parker, J., Claesson, P. and Attard, P. (1994). Bubbles, cavities, and the long-ranged attraction between 
hydrophobic surfaces. The Journal of Physical Chemistry, 98(34), pp.8468-8480. 

 

 

Figure 1.3. The first AFM images of surface NBs in 2000 by Lou et al. (a) and Ishida et al. (b). 

Adapted from Lohse, D. and Zhang, X. (2015). Surface nanobubbles and nanodroplets. Reviews of Modern Physics, 87(3), 

pp.981-1035. 

 

 

Figure 1.4. Notable publications concerning bulk and surface NBs. Contributions to the field of bulk NB are highlighted 

in bold. 1950: The Epstein-Plesset theory is used to assess the lifetime of a single bubble as a function of the radius of 

the bubble and saturation. According to the theory, NBs should dissolve in microseconds [13].  1994: Surface NBs 
proposed to account for long-range attractive forces that were measured between hydrophobic surfaces [4]. 1997: The 
role of surface NBs in the long-range attractive forces between hydrophobic surfaces claimed earlier [4] was dismissed 
by the short-expected lifetimes calculated [14]. 2000: The first images of surface NBs using atomic force microscopy 
(AFM) were published [5],[6]. 2003: The application of NBs as ultrasound contrast agents was reported [16]. 2006: 
The effect of surfactants and salt on the size and shape of NBs was found to be negligible, thus indicating that the 
stabilization of surface NBs was unlikely to be due to contaminants [17]. 2010: Replicas of bulk NBs were imaged with 

scanning electron microscopy [8]. 2014: The relative mass density of nanoparticles compared to the solvent was 

measured by a microresonator, indicating that the particles are gaseous [18]. 2015: Surface NBs found to be gaseous 
using fluorescence microscopy coincided with other imaging techniques [19]. 

Adapted from: Alheshibri, M., Qian, J., Jehannin, M. and Craig, V. (2016). A History of Nanobubbles. Langmuir, 32(43), 
pp.11086-11100. 
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2. Stability of NBs 

2.1 Stability of surface NBs 

Surface NBs have a typical height, h, of a few tens of nanometres, and a width, a, up to a few 

hundred nanometres. Their typical radii of curvature, R, are (a2+h2)/2h ~ 100 nm-1 ɛm, and their 

Laplace pressure, if ɔ is the surface tension of pure water, is p= po + 2ɔ/R ~ 2-10 atm, where po is 

the ambient pressure [22],[23],[24]. Therefore, they are expected to dissolve in a time period of Ű ~ 

R2/D ~ 1-10 ɛs, where D is the diffusion constant [22]. Nevertheless, surface NBs can exist for 

days, contrary to the classical prediction, and therefore they are considered stable [1]. 

 

Two main possible explanations have been introduced. The first one, by Drucker, states that each 

bubble is coated with a trapped layer of contaminant, that provides a barrier to diffusion and 

decreases the surface tension [20]. The second theory, by Brenner and Lohse, states that gas escapes 

through the spherical cap of the NB due to the high Laplace pressure, but this outflux is balanced 

by an influx at the three-phase line (where solid, gas, and liquid meet), so that each surface NB 

exists in a dynamic equilibrium [21]. Both theories have advantages and disadvantages, which are 

described in sections 2.1.1 and 2.1.2. 

 

2.1.1 Contamination theory 

According to this theory, when sufficient contaminants accumulate on the liquid/gas interface of a 

surface NB, then two effects take place, a decrease in surface tension as well as the formation of a 

barrier to diffusion [20]. By the adsorption of contaminants on the liquid/gas surface, the reduction 

of surface tension is achieved [20]. In particular, if contaminants (e.g. polymers or insoluble 

polymers) become pinned on the bubble, then as dissolution of the gaseous content of the bubble 

takes place, the bubble shrinks in volume and the surface density of contamination increases at the 

gas/liquid interface. As the density of contamination increases, the surface tension further decreases 

and may become zero [22]. In that case, the pressure difference across the interface becomes zero 

and therefore the diffusive driving force for dissolution also becomes zero. For this reason, the 

dissolution of NBs would only occur due to entropic favourability of mixing, which may take a 

long time [22]. Moreover, the insoluble film of contaminants acts as a diffusion barrier, slowing 

diffusion that results from pressure differences [20]. 

 

This theory explains the stability of NBs, by providing a barrier to diffusion and diminishing the 

driving force for diffusion. Nevertheless, there are disadvantages to this theory. Firstly, the concept 

of ñuniversalò contamination is questioned, because surface NBs are found in different systems and 

are generated with a range of techniques and setups. However, even purified water is thought to 

contain enough contaminants to alter the hydrodynamic boundary condition of a NB [25]. Secondly, 

the effect of a diffusion barrier would be diminished due to thermal fluctuations, that would result 

in the creation of pores on the contaminant barrier, which would then lead to a general outflux of 

gas with the passage of time [22]. However, the resulting outflux of gas contrasts the stability of 

surface NBs. Lastly, Das et al. found that surface tension is reduced by ionic and non-ionic 

contaminants, but this is not sufficient for the prevention of the outflux of gas due to diffusion [26].  

 

2.1.2 Dynamic Equilibrium Model 

According to this model, the diffusive outflux through the spherical cap is replenished with a 

gaseous influx at the three-phase line (where solid, gas, and liquid meet, solid being a hydrophobic 

material) [21]. There is an equilibrium size for surface NBs, and therefore oversized bubbles shrink 
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while undersized bubbles grow in order to reach it [21]. The model explains therefore both stability 

of surface NBs and preferred sizes of NBs that have been found experimentally [22].  

 

Nevertheless, there are setbacks to this theory. Firstly, if both an influx and an outflux of gas occurs, 

the outfluxing gas should move back inside the NB to prolong its lifetime. Therefore, there must be 

a recirculatory stream where the gas flows and energy input is required [22]. Secondly, no stable 

point for the influx and outflux of gas should exist [22]. Thirdly, Brenner and Lohse [21] created 

the ñgas enrichmentò concept based on a numerical paper [27] which assumed that gas flux towards 

the wall (substrate) was not influenced by the diffusive flux away from the wall, due to the presence 

of the NB [22]. Lastly, as this model is based on the fact that the existence of the NBs is on 

hydrophobic surfaces, it does not explain the existence of NBs on hydrophilic surfaces. However, 

surface NBs have been found on all substrates investigated till now, with macroscopic contact 

angles ranging from 15o (mica) to 108o (hydrophobized silicon) [22]. 

 

2.2 Stability of bulk NBs 

The longevity of bulk NBs opposes classical thermodynamics, and therefore the phenomenon has 

stimulated the interest and curiosity of the scientific community. Specifically, according to Young-

Laplace, the internal pressure (inside of the NB) is notably increased with the decrease of the 

diameter [28]: 

ῳὖ                                                                                                                                                   (2.1), 

where  ῳὖ  ὖ ὖ   is the difference in pressure between the one inside the nanobubble 

(vapor state), and the one outside (liquid state), and ɔ is the surface tension. The pressure estimated 

for a NB with diameter 100 nm in pure water according to eq. (2.1) is ~ 30 atm. For this reason, 

according to the Epstein and Plesset theory [13], the NB should have dissolved ~ 10 ɛs after its 

formation. Therefore, it would be anticipated that bubbles at nanoscale dissolve immediately, in the 

effects of bubble coalescence, bubble breakage or Ostwald ripening [3],[9]. However, contrary to 

the theory, bulk NBs have been reported to last weeks or even months [8]-[12]. The long-term 

stability of NBs is dependent on a number of factors, which are analyzed in this section. 

 

2.2.1 Electrostatic double layer 

The stability of bulk NBs is achieved by the existence of an electrical double layer [30]-[32]. The 

electrostatic double layer repulsion exists due to the negatively charged gas/liquid interface [3]. 

Specifically, in the 19th century, electrophoretic measurements concluded that at neutral pH water 

air bubbles bear a spontaneous negative surface charge, as the bubbles migrated towards the positive 

electrode [33]. The results of electrophoresis were further confirmed when McTaggart used a 

cylindrical rotating cell to offset the buoyancy of the bubbles. He speculated that the negative 

surface charge is due to the selective adsorption of hydroxide ions [34]. This speculation was then 

reinforced by measurements of the zeta potential in different pH values [29],[35]-[38]. Takahashi 

et al. measured a zeta potential of -100 mV at pH 10. The zeta potential then decreased to -35 mV 

with a decreased pH equal to 5.8. They also found an isoelectric point at pH 3-4 [38]. Moreover, 

the influence of an increased electrolyte concentration on the zeta potential was investigated. Creux 

et al. found that the zeta potential is reduced (becomes less negative) as the sodium halide salt 

concentration increases above 10-5 M due to double layer compression [29]. Furthermore, in the 

same study, the zeta potential increases (becomes more negative) with an increase of the 
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concentration of NaOH, suggesting specific adsorption of hydroxide at the gas/liquid interface of 

the bubble [29].  

 

Due to the studies mentioned and similar ones, it is believed that an electrical double layer surrounds 

bulk NBs [39], [40]. This layer provides a repulsive force for the prevention of coalescence and 

interbubble aggregation of the stable NBs [41]. Particularly, strong adsorption of hydroxide ions is 

considered responsible for the negative charge. In order to satisfy electroneutrality, hydroxide is 

balanced by protons or salt on the diffuse layer [35]. 

 

Figure 2.1. Representation of the Laplace and electrostatic pressures influencing a bulk nanobubble. 

Adapted from Nirmalkar, N., Pacek, A. W., & Barigou, M. (2018). Interpreting the interfacial and colloidal stability of 

bulk nanobubbles. Soft Matter, 14(47), 9643ï9656. doi: 10.1039/c8sm01949e 

 

2.2.2 Negligible buoyancy force 

For a spherical bubble of radius R at a no-slip boundary condition, the terminal rise velocity UT is 

given by 

Ὗ                                                                                                                                                  (2.2), 

where g is the acceleration due to gravity, ȹɟ is the difference in density between the bubble and 

the solution, and ɛ is the viscosity of the liquid. The no-slip terminal rise velocity for a NB with 

radius 50 nm is 2.7 nm s-1, and for a NB of radius 500 nm is 272 nm s-1 [15]. Due to the very low 

values of the rise velocities, the effect of buoyancy is considered insignificant and negligible 

compared to Brownian movement [15]. 

 

2.2.3 Reduction of surface tension  

As discussed in section 2.2, high calculated Laplace pressures contradict the longevity of NBs. 

Therefore, increase in stability of NBs can be achieved by a reduction of the Laplace pressure that 

according to eq. (2.1) can be achieved by a decrease of surface tension at the gas/water interface. 
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Such decrease can be achieved by the presence of impurities. Impurities can be a result of improper 

sample preparation, sloppy experimental procedures or organic impurities in the solvent employed 

[20],[43]-[46]. The theory by Drucker et al. presented in section 2.1.1 for surface NBs can be 

applied to bulk NBs as well. According to this theory, a layer of water insoluble organic 

contaminants coats the gas/water interface, therefore obstructing the diffusion of gases and 

decreasing surface tension [20],[42]. 

 

The reduction of surface tension could be also achieved by the existence of adsorbed ions at the 

gas/water interface. The presence of ions, due to thermal electrolytic dissociation, as well as 

carbonic acid anions could reduce the surface tension, and thus stabilize NBs [31],[47]-[51]. Bunkin 

et al. proposed a quantitative model according to which gas bubbles can be stabilized by adsorbed 

ions. These ions charge the surface of the bubble and are screened by a cloud of less adsorbing 

counter-ions [31],[51]. 

 

3. Production methods 

3.1 Production of bulk NBs 

Most commonly, NBs are produced via cavitation, a phenomenon in which sudden reduction of 

pressure in a homogenous liquid, below a critical value, results in a phase change [52]. Cavitation 

is classified into four categories: hydrodynamic, acoustic, particle and optic cavitation. Cavitation 

caused by pressure variations in a flowing liquid is called hydrodynamic cavitation whereas the 

cavitation caused by passage of ultrasonic waves is called acoustic cavitation. Hydrodynamic and 

acoustic cavitation are the phenomena through which NBs in the bulk solution are produced [53].  

 

Hydrodynamic cavitation is applied mainly through Venturi tubes for the generation of NBs. In the 

Venturi-tube generator system, liquid and gas are passed through the Venturi tube simultaneously. 

When pressurized fluid enters the tubular part, flow velocity of the liquid increases in the cylindrical 

throat while pressure becomes lower in comparison with the inlet section. This process results in 

cavitation [3]. By applying this method, Ahmadi et al. produced NBs with diameter 130-545 nm 

[57].  Fan et al. also produced NBs but with considerably smaller diameters (<50 nm) [58]. 

Furthermore, Wu et al. applied batch high-intensity cavitation to produce NBs by a generator. The 

generated NBs had diameters smaller than 500 nm [59]. 

 

One method of applying acoustic cavitation to produce bulk NBs is sonication. Kim et al. applied 

sonication (70 W, 42 kHz) to produce bulk NBs directly in a cuvette, by placing an electrode coated 

by palladium in a DLS apparatus [54]. Oeffinger and Wheatley applied ultrasonication of a mixed 

surfactant solution with regular purging using octafluoropropane gas to generate NBs, with a mean 

diameter of 450-700 nm [56]. Cho et al. also applied ultrasonication (20 kHz) and found that the 

size of NBs increases with production time and US power. By this method NBs were produced with 

diameter greater than 700 nm [55]. 

 

Another method that has been applied for the generation of NBs is electrolysis. After applying 

electrolysis, Kikuchi et al. detected stable nanoparticles, characterized as NBs via dynamic light 

scattering (DLS) [60],[61],[62]. Ohgaki et al. generated NBs by injecting gas (Ar, CH4 and N2) in 

water [8]. Uchida et al. also produced NBs by injection of pure oxygen gas into water [63]. 
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3.2 Production of surface NBs 

Surface NBs can be produced by a solvent exchange, a temperature increase, as well as by 

photochemical, catalytic and electrochemical methods [1]. These methods are described in the 

following paragraphs.  

 

Surface NBs can be produced as a result of supersaturation on hydrophobic surfaces via solvent 

exchange. In this case, the surface (substrate) is immersed in water, with a high level of dissolved 

gas (stage 1). Then, water is replaced by ethanol (stage 2) and subsequently ethanol is replaced by 

water (stage 3), as depicted in Fig. 3.1. Both water and ethanol are saturated or oversaturated with 

air or a specific gas. As gases present a higher solubility in ethanol than in water, a transient gas 

oversaturation is locally created when ethanol (which is a good solvent) is replaced by water (which 

is a poor solvent) [1],[64]. Therefore, there is an excess of gas near to the surface that leads to the 

nucleation of surface NBs. Also, instead of using ethanol as a solvent, other water miscible organic 

solvents such as methanol and isopropanol can be used [66].  

 

 

Figure 3.1. Schematic drawings that depict the solvent exchange method. The substrate (e.g. HOPG) is initially 
exposed to water (stage 1) and characterized by AFM. Then, water is replaced by ethanol (stage 2) and the substrate 
is imaged again by AFM. For both stages, no NBs are imaged. Nucleation of surface NBs can occur from a 
subsequent replacement of ethanol with water (stage 3). In this case, surface NBs are visible with AFM. 

Adapted from Lohse, D. and Zhang, X. (2015). Surface nanobubbles and nanodroplets. Reviews of Modern Physics, 

87(3), pp.981-1035. 

 

Alternatively, to ethanol-water exchange, exchange of cold water with warm water has also been 

applied [17],[67]. In this method, NBs are generated by exchanging cold water (4 oC) with warm 

water (25-40 oC) [1]. Due to the fact that gas solubility is higher in cold water in comparison with 

warm water, oversaturation is achieved during the process. The advantage of this method is that no 

organic solvents are employed, and therefore the risk of contamination is avoided as no organic 

solvents are present (a risk that the exchange method of Fig. 3.1 presents). 

 

Moreover, surface NBs can be produced by electrochemical reactions as well as photochemical and 

catalytic reactions. In particular, gas molecules can be generated through electrolysis at an 

electrode. Zhang et al. were the first to experimentally observe surface NBs produced by 

electrochemical reactions. They combined in situ tapping mode atomic force microscopy (AFM) 

with an electrochemical reaction cell in order to produce and image electrochemically produced 

surface NBs [68]. Furthermore, surface NBs are also produced by photochemical and catalytic 

reactions from generated gases. Paxton et al. generated oxygen NBs by the catalytic decomposition 

of H2O2 to H2 and O2 on a Pt surface [69]. In another study Shen et al. observed surface NBs on 
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surface-coated titanium dioxide in a methanol and water solution through a photocatalytic reaction 

[70].  

 

4. Applications 

4.1 Flotation  

Flotation is a separation process with wide application in the mineral processing industry for the 

separation and recovery of valuable materials, such as minerals, phosphates and coal, from 

undesirable gangue. The process is also used in the recycling industry as well as the water-treatment 

industry. Due to the applied mechanisms of the process, a system is created, defined by three 

interfacial tensions: (1) the solid-liquid tension, (2) the gas-solid tension, and (3) the gas-liquid 

tension [72]. 

 

The froth floatation process has two basic parameters, the hydrophobicity of the surface as well as 

the coal and minerals particle size that influence the following important steps of the process: 

particle-bubble collision, adhesion and detachment. The process of flotation is based on the fact 

that the surface of the valuable mineral is hydrophobic, and the surface of gangue minerals is 

hydrophilic [73]. Air bubbles are generated in tanks, known as flotation cells, where the 

hydrophobic and hydrophilic particles are introduced. Hydrophobic particles collide and adhere to 

the bubbles, which are by nature hydrophobic. Then the bubble-hydrophobic particle aggregates 

are transported from the collection zone to the froth zone, where the froth is drained and enriched. 

Then they overflow from the cell top and are collected, whereas hydrophilic particles remain in the 

pulp and are discharged as tailings [74]. 

 

The enhancement of the mineral flotation process with NBs is supported by a number of studies, 

which claimed the following advantages: 

1. The contact angles are increased by the presence of nanobubbles. Therefore, the probability of 

flotation is enhanced for phosphates and coal, i.e. the attachment and stability (reduction of 

detachment probability) between bubbles and particles [74],[75]. 

2. The presence of NBs can result in particle aggregation and the particles are therefore recovered 

easier due to increased collision probability [3]. 

3. The flotation recoveries of lower frother and collector dosages and at high kinetic flotation rate 

are enhanced by the presence of nanobubbles [75],[76]. 

 

Fan et al. also concluded that by utilizing NBs in the flotation process, the phosphate and coal froth 

flotation recovery is improved due to the wider particle size range for flotation, and the reduced 

probability of detachment [77].  

 

4.2 Water treatment 

In recent years, nanobubbles have attracted growing attention due to their potential applications in 

the water treatment. Nanobubbles along with microbubbles (MBs) have been applied to increase 

the detoxification efficiency of water [78], by this way improving the efficiency of chemical 

treatment of water. Water pretreatment targets the reduction of chemical, biological and physical 

loads with the aim of increasing the treated water quality and reducing the running costs. In this 
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frame, air MBs and NBs can be applied as a pretreatment means in order to downsize the wastewater 

treatment facilities and improve the quality of product water [78],[79]. 

 

Moreover, Uchida et al. demonstrated that bulk NBs adsorb impurities in solutions effectively and 

concentrate them on their surface. As a result, impurities are separated from solutions [63]. Xiao et 

al. studied the effect of NBs on phosphine recovery in artificial wastewater. They suggested that 

the roles of bulk NBs in precipitation and flotation are different. In particular, NBs inhibit the 

precipitation of styryl phosphoric acid (SPA) ï Pb particles with small size (~ 1 nm), whereas when 

the size of the SPA-Pb is large (~ 2 ɛm), NBs promote the flotation of precipitated SPA-Pb particles. 

Furthermore, when NBs are added into precipitated SPA-Pb particles, the efficiency of flotation 

recovery can be enhanced up to 90% [71]. 

 

Furthermore, studies have focused on the application of NBs for the removal of organic 

contaminants. MBs and NBs have been utilized for the removal of a variety of organic pollutants 

in water and aqueous solutions, such as alachlor [80], p-nitrophenol [81] and rhodamine B [82]. 

Another study suggests that ozone MBs and NBs lead to faster disinfection kinetics in the case of 

Escherichia coli, which causes smaller doses of ozone and a reduced reactor size in comparison 

with conventional ozone disinfection [83]. Furthermore, the efficiency of the deactivation of E. coli 

has been increased through hydrodynamic cavitation [84]. Also, it has been proved that ozone NBs 

prevent pathogen growth in bathing pool assemblies [85]. 

 

4.3 Surface cleaning 

Nanobubbles have been studied for the prevention of fouling and the promotion of antifouling on 

surfaces. Specifically, Wu et al. [86], have produced NBs electrochemically on a surface that 

remove pre-adsorbed proteins on the surface. The NBs have also been found to reduce the 

adsorption of proteins if they preexist on the surface, leading to prevention of fouling. Generally, 

NBs are applied both for the desorption (antifouling) or for the prevention of adsorption (fouling) 

of different components onto surfaces.  

 

It has been shown that NBs can be utilized for the removal of organic pollutants from gold surfaces 

[88] and pyrolytic graphite [86],[87]. Moreover, NBs on a mica surface inhibit the adsorption of 

bovine serum albumin (BSA) [53]. Generally, the application of NBs constitutes a novel method 

for the cleaning of surfaces where fouling exists in biomedia, in the form of proteins. Specifically, 

the role of NBs is to act as antifouling agents, i.e. to present a mechanical barrier to the adsorption 

of material on the surface. For this reason, the parts of the surface that are covered by nanobubbles 

prevent exposure to contaminants [89]. As for the defouling mechanism it is illustrated in Fig. 4.1. 
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Figure 4.1. Proposed mechanism for defouling of NBs. Nanobubbles are produced electrochemically on the surface and 
subsequently remove the fouling material from the surface. The substrate should be a conductor, such as stainless steel 
or HOPG. 

Adapted from Wu, Z., Chen, H., Dong, Y., Mao, H., Sun, J., Chen, S., é Hu, J. (2008). Cleaning using nanobubbles: 
Defouling by electrochemical generation of bubbles. Journal of Colloid and Interface Science, 328(1), 10ï14. doi: 
10.1016/j.jcis.2008.08.064 

 

Moreover, NBs could potentially prevent fouling of ceramic membrane filtration processes due to 

their high mass transfer efficiency. Ghadimkhani et al. studied the impact of NBs on the defouling 

of such surfaces. First, they simulated fouling by applying an organic foulant, specifically humic 

acid, on the ceramic membrane. Then, defouling resulted after feeding air NBs on the membrane. 

The ceramic membrane was blogged by the NBs. It was suggested that hydroxyl radicals (OHĀ), 

that are generated after the MBs and NBs collapse, bond with organic foulants, such as humic acids, 

and decompose the organic matter [90]. 

 

4.4 Biological applications 

Research in the field of biological processes has increased considerably in the last few years. 

Hyperoxia has been presented by Yoshida et al. as well as Owerkowicz et al. to promote the growth 

in plants [91] and animals [92] respectively. Liu et al. demonstrated that barley seeds dipped in 

water present higher germination rates, Moreover, Ushikubo et al. concluded that when barley 

coleoptile cells were floated in water after the production of oxygen MBs and NBs, cytoplasmic 

streaming rates inside the cells were accelerated [93].  

 

Ebina et al. studied the influence of hyperoxia, by examining the growth of living organisms after 

oral administration of air and O2 NBs [11]. During the study, plants of Brassica campestris were 

cultivated hydroponically for four weeks using air NBs. The impact on fish and mice was also 

examined. Specifically, rainbow trout and sweetfish were kept in water tanks that contained air 

NBs, and DBA1/J mice were bred normally with free drinking enhanced by O2 NBs. In all cases, 

the presence of NBs in the water provided remarkable results compared with normal water. In the 

case of B. Campestris, the height (16.7 cm with normal water, 19.1 cm with NBs), length of leaves 
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(22.4 cm with normal water, 24.4 cm with NBs) and aerial fresh weight (20.3 g with normal water, 

27.3 g with NBs) were increased. In the case of sweetfish, their beginning weight of 3 kg increased 

to 10.2 kg with NB-enriched water, and to 6.4 kg with normal water. As for rainbow trout, the total 

beginning weight of 50.0 kg increased to 148.0 kg with NB-enriched water, and to 129.5 kg with 

normal water. Finally, the length and weight of mice were also increased. The length and weight 

for NB-enhanced water was 17.0 cm and 23.5 g compared to 16.1 cm and 21.8 g in the case of 

normal water, respectively.  

 

In a study by Hayakumo et al. [94], the cytotoxicity of NBs against human oral cells as well as the 

bactericidal activity of ozone NBs on periodontal pathogenic bacteria were examined. Specifically, 

the bactericidal activity was assessed by in vitro time-kill assays against Aggregatibacter 

actinomycetemcomitans and Porphyromonas gingivalis. It was found that in both cases of A. 

actinomycetemcomitans and P. gingivalis, the numbers of colony-forming units (CFUs)/mL, after 

exposure to ozone NBs for 0.5 min, dropped below detection limit (<10 CFU mL-1). This result 

occurs from free-mediated oxidation reactions. However, after treatment with ozone NBs for 24 

hours, minor viability decrease of oral tissue cells was presented, after being evaluated by the MTT 

assay.  Therefore, it is concluded that ozone NBs could constitute a periodontal therapy by 

eliminating biofilms that contain pathogens. 

 

Furthermore, studies concluded that NBs alter the cell function [95],[22]. Specifically, NBs provide 

a transport mechanism for gas delivery to a cell or membrane and therefore the membrane structure 

and the transmembrane proteins are affected respectively. Moreover, as hypoxia is considered 

critical for the progression of diseases like cancer, focus was placed on this research area. 

Specifically, Owen et al. [96] assessed the reduction of tumor hypoxia by an orally delivered 

suspension of submicrometer-sized oxygen NBs. Oxygen into NBs in comparison with oxygen 

directly dissolved in water presents higher concentrations and stability. The influence of both argon 

and oxygen nanobubbles was estimated. The hypoxia-inducible factor-1Ŭ (HIF1Ŭ) protein was 

measured in order to evaluate the ability of NBs' suspensions to impact tumor hypoxia. They 

concluded that only by oxygen NBs (and not argon NBs) a statistically notable reduction occurs in 

terms of the expression of vascular endothelial growth factor (VEGF) as well as the HIF1a. 

 

In another study by Iijima et al. [97] the combination of radiation and enhanced water with oxygen 

NBs was studied in vitro in the case of cancer cells. EBC-1 lung cancer and MDA-MB-231 breast 

cancer were cultured with and without NBs. HIF1Ŭ and cell viability were assessed under normoxic 

and hypoxic conditions. There was a noteworthy suppression of HIF1Ŭ in the media enhanced with 

NBs in comparison with the normal culture media. Moreover, under hypoxic conditions, EBC-1 

and MDA-MB-231 cells presented resistance to radiation, which was suppressed noteworthy with 

the use of oxygen NBs at a range of radiation doses.   

 

5. Characterization methods of NBs 

5.1 Bulk NBs 

5.1.1 Nanoparticle tracking analysis (NTA) 

This noninvasive technique is based on a laser light source to assess the concentration and size 

distribution of ñnanoparticlesò. It utilizes properties of Brownian motion and light scattering in 

order to analyze, in real time, the Brownian movement of the nanoparticles, in our case 



12 
 

nanobubbles, with results being bubble number density, mean bubble diameter and bubble size 

distribution [9]. A scattering spot emerges when the laser impinges on the particle. A high-speed 

camera is used in order to record the path of the scattered light spots. The camera captures a video 

file of Brownian motion of nanoparticles. Subsequently, the size of nanoparticles is evaluated by 

the Stokes-Einstein equation: 

 

Ὀ                                                                                                                                       (5.1), 

 

Where ɖ, T and KB are the liquid viscosity, the temperature and the Boltzmann constant, 

respectively, and Dt is the diffusion coefficient that is evaluated experimentally from the Brownian 

motions of the particles. Also, the concentration of particles can be assessed by dividing the volume 

of the field with the number of nanoparticles [98]. 

 

This technique can be applied for the real-time analysis of polydisperse systems with range in size 

from 10 to 2000 nm and particle number density from 106 to 109 particles/mL [99]. 

 

5.1.2 Dynamic Light Scattering (DLS)  

With this noninvasive technique the bubble size distribution of the nanobubble suspensions is 

evaluated. Applications of the technique involve the characterization of particles, emulsions or 

molecules that have been dissolved or dispersed in a liquid. A laser light is scattered at different 

intensities due to the Brownian motion of particles/molecules in suspension. From the intensity 

fluctuations of the laser beam, the velocity of Brownian motion is calculated, and with use of eq. 

(5.1) the particle size. Counter to the NTA method, DLS does not calculate the bubble number 

density [9].  

 

The DLS technique is applied for particle analysis for a size range of 0.3 nm to 10 ɛm and for a 

concentration range of 108 to 1012 particles/mL [100]. Nirmalkar et al. [9], and Filipe et al. [100] 

that studied bulk nanobubbles and standard latex nanoparticle suspensions respectively, identified 

that NTA provides better results in comparison with DLS. This is because DLS tracks the intensity 

of scattered light, and NTA tracks the Brownian motion of nanobubbles. Larger bubbles will scatter 

more light and therefore will tend to mask the light scattered by the smaller bubbles in the case of 

DLS, and for this reason it is stated that NTA constitutes a more accurate technique [9]. 

 

5.1.3 Zeta potential 

The zeta potential is a crucial parameter in identifying the interaction energy between particles and 

for this reason the long-term stability of colloid suspension systems [101]. In the case that all 

suspended particles present a high zeta potential (positive or negative), then the suspension or 

dispersion will resist agglomeration. Regarding NBs, zeta potential has negative values, which is 

explained by the excess of OH- ions at the gas-water interface, in pure water [3]. Many authors 

studied the parameters on the zeta potential in the case of air bubbles and have found that the pH of 

the medium, the surfactant type and concentration, and the kind of gas that is introduced in the 

bubbles play crucial roles [12],[41][54]. 
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5.1.4 Electron Microscopy  

Uchida et al. [63],[103] applied the freeze-fracture method to observe oxygen micro- and 

nanobubbles (MNBs) in solutions by a transmission electron microscope (TEM). They generated 

O2 MNBs after introducing pure O2 gas into ultra-high purity water with an MNB generator. 

Subsequently, they prepared the replica sample by putting a small quantity of the solution on an 

Au-coated Cu sample holder and then performing rapid freezing by immersion into a liquid nitrogen 

bath. Afterwards, the frozen droplet was fractured under vacuum and low temperature to reduce the 

formation of artefacts. Finally, the replica film was prepared by evaporating carbon and platinum 

prior to the removal of the replica film from the ice body by melting. They imaged spherical and 

oval holes with diameters ranging from 10-6 to 10-7 m, as seen in Fig. 5.1, that were considered as 

MNBs. In Fig. 5.1, the smooth area is attributed to ice crystallite formed during quenching, whereas 

other objects (except MNBs) imaged are considered a result of the aggregation of a small number 

of impurities in the original solution or of the textures formed during ice crystal growth [63]. 

 

Figure 5.1. TEM images of freeze-fractured replica of pure O2 MNBs in pure water. Each scale bar indicates 500 nm. 
Spherical or oval NBs were imaged and were located in ice crystallites (smooth surface) or on their grain boundaries. 
These NBs had a diameter equal to (a) 500 nm or (b) 200 nm. (c) Replica sample of pure water without aeration, imaged 
as a control.  

Adapted from Uchida, T., Oshita, S., Ohmori, M., Tsuno, T., Soejima, K., Shinozaki, S., é Mitsuda, K. (2011). 

Transmission electron microscopic observations of nanobubbles and their capture of impurities in wastewater. Nanoscale 

Research Letters, 6(1). doi: 10.1186/1556-276x-6-295 

 

In the same study, they imaged MNBs in a dilute salt solution (water containing 1% NaCl), prepared 

with the same freeze-fracture replica method, to assess the influence of solutes on MNB existence 

in solutions. They imaged MNBs and fine particles (with diameter less than 100 nm) on the grain 

boundary of ice crystallites, as seen in Fig. 5.2. The ice crystallites were considered a result of 
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quenching whereas the fine particles were considered as the agglomeration of condensed salts 

dissolved in the original solution due to the freeze-condensation mechanism [63].  

 

Figure 5.2. TEM images of freeze-fractured replica of 1% NaCl solution containing O2 MNBs. Scale bar indicates 200 
nm. (a) MNBs (with diameters of 200 and 300 nm) and fine impurity particles (with diameters ranging from 10 to 60 nm) 
at the grain boundary of ice crystallites. A number of fine particles cover a small part around the MNBs. (b) Replica 
sample of 1% NaCl solution without MNBs imaged as control. 

Adapted from Uchida, T., Oshita, S., Ohmori, M., Tsuno, T., Soejima, K., Shinozaki, S., é Mitsuda, K. (2011). 

Transmission electron microscopic observations of nanobubbles and their capture of impurities in wastewater. Nanoscale 

Research Letters, 6(1). doi: 10.1186/1556-276x-6-295 

 

Moreover, they imaged MNBs and macroscopic insoluble impurities in wastewater which was 

aerated to produce MNBs and then prepared with the freeze-fracture replica method. As seen in 

Fig. 5.3, MNBs adsorb many of the impurities that are observed in the form of fine particles [63].  
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Figure 5.3. TEM images of freeze-fractured replica of the wastewater containing O2 MNBs. Every scale bar indicates 
100 nm. (a,b) Imaged MNB 850 nm in diameter (observed on the centre ++ of each image) contains fine particles, 20 nm 
in diameter. The extended image in (a) presents the bubble-solution boundary suggesting the process by which fine 
particles were attracted to the bubble surface. No fine particles were observed around the MNBs. (c) MNBs that contained 
fine particles were also found on the grain boundary between ice crystallites. 

Adapted from Uchida, T., Oshita, S., Ohmori, M., Tsuno, T., Soejima, K., Shinozaki, S., é Mitsuda, K. (2011). 

Transmission electron microscopic observations of nanobubbles and their capture of impurities in wastewater. Nanoscale 

Research Letters, 6(1). doi: 10.1186/1556-276x-6-295 

 

Ohgaki et al. [8], measured the size of NBs by creating a replica film to observe by using scanning 

electron microscopy (SEM). They generated methane, nitrogen and argon NBs in an aqueous 

solution by a zero-clearance rotary pump. Afterwards, they created a replica film for SEM 

observation. In particular, a small droplet of the aqueous solution was put into 2-methylbutane in 

liquid form in order to immediately freeze the internal and interfacial structure of NBs. The 

quenched sample was then transferred to liquid nitrogen and was placed in a sample holder. Then, 

the sample was cleaved and coated in order to create a replica of the surface. Then, the replica was 

visualized with SEM. Methane, nitrogen and argon NBs, all of which had an average radius of 50 

nm were visible, as seen in Fig. 5.4. 
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Figure 5.4. (a) SEM image of nitrogen NBs located in an aqueous solution (b) and a magnified image of a nitrogen 
bubble (50 nm in radius). The sample was prepared in the form of a replica film and the observation was performed by 
means of a SEM of field emission type. 

Ohgaki, K., Khanh, N. Q., Joden, Y., Tsuji, A., & Nakagawa, T. (2010). Physicochemical approach to nanobubble 
solutions. Chemical Engineering Science, 65(3), 1296ï1300. doi: 10.1016/j.ces.2009.10.003 

 

However, freeze-fracture replicas can affect the sample morphology due to the preferential fracture 

plane [108], that can lead to morphological changes [123],[124], displacement of materials [125], 

and vesicle fusion in biological samples [126]. On the contrary, electron microscopy (EM) in 

cryogenic conditions (cryo-TEM & cryo-SEM) enables high-resolution and preservation of the 

morphology of the sample, as the sample is rapidly frozen and therefore can be imaged in a fully 

hydrated state [127],[128]. Furthermore, freezing minimizes the radiation damage of samples due 

to electron irradiation [128].  

 

Usukura et al. [110], developed a cryo-EM facility to obtain simultaneously SEM and STEM 

images. They observed NBs (50-100 nm) in water, by pouring water into holes of a QUANTIFOIL 

membrane and instantly freezing the sample. Observed NBs can be seen in Fig. 5.5. 

 

 

Figure 5.5. STEM (left) and SEM (right) images obtained with developed cryo-EM facility. Nanobubbles in water 
observed (50-100 nm), are indicated with arrows and appear dark in STEM images. SEM and STEM was performed 
simultaneously. In order to image the sample, water was poured into holes in a QUANTIFOIL membrane and prior to 

imaging, rapid freezing was performed.  

Adapted from Usukura, J., Narita, A., Matsumoto, T., Usukura, E., Sunaoshi, T., Tamba, Y., Nagakubo, Y., Azuma, J., 

Mizuo, T., Nimura, K., Osumi, M., Tamochi, R., Ose, Y. (2018). Cryo-electron Microscope Developed for Simultaneous 
STEM, SEM Imaging and Its Application. Technical magazine of Electron Microscope and Analytical Instruments 
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Li et al. [109], generated N2 NBs by a chemical reaction between two solutions in an assembly of 

two TEM grids coated with continuous carbon films. Excess solution was removed with filter paper 

after 1 min. The two-grid assembly was then put into liquid ethane, which was then cooled by liquid 

nitrogen. The samples were stored in liquid nitrogen until they were observed with cryo-EM. 

 

Figure 5.6. Cryo-EM image that presents reaction solutions between two TEM grids coated with continuous carbon films. 
N2 NBs were observed, and one of them (that is indicated with an arrow) is magnified in the upper inset. The lower inset 
presents a simulated bubble with a diameter of 50 nm.  

Adapted from Li, M., Tonggu, L., Zhan, X., Mega, T. and Wang, L. (2016). Cryo-EM Visualization of Nanobubbles in 
Aqueous Solutions. Langmuir, 32(43), pp.11111-11115. 

 

NBs have also been visualized by cryo-EM in biological applications. Hernandez et al. [111] 

identified non-crosslinked and crosslinked NBs with perfluorocarbon gas cores, using cryo-EM. In 

particular, the NBs were put into QUANTIFOIL holy carbon EM grids. They were then rapidly 

frozen in a cryogen and imaged with TEM. They found that both types of NBs had spherical shape 

and diameters ranging from 100 to 500 nm.  

 

Figure 5.7. Cryo-EM images of CL NBs. (A) A single CL NB beside the carbon support layer of the EM grid (upper right 

corner). (B) A larger NB encapsulating a smaller NB. (C) Two NBs interacting with a larger malformed NB. Scale bars 
indicate 100 nm.  

Adapted from Hernandez, C., Gulati, S., Fioravanti, G., Stewart, P. and Exner, A. (2017). Cryo-EM Visualization of Lipid 

and Polymer-Stabilized Perfluorocarbon Gas Nanobubbles - A Step Towards Nanobubble Mediated Drug Delivery. 
Scientific Reports, 7(1). 

 

In another study, Leon et al. [112] also applied cryo-EM by imaging Propylene glycol-Glycerol-

Phospholipids (PG-Gly-PL) NBs that have a dense C3F8 gas core. They washed the PG-Gly-PL 

NBs with phosphate-buffered saline, and they were imaged by cryo-TEM after they had been 

applied to QUANTIFOIL holey carbon EM grids.  
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Figure 5.8. Cryo-EM images with PG-Gly-PL NBs. They have a dense C3F8 gas core.  

Adapted from De Leon, A., Perera, R., Hernandez, C., Cooley, M., Jung, O., Jeganathan, S., Abenojar, E., Fishbein, G., 
Sojahrood, A., Emerson, C., Stewart, P., Kolios, M. and Exner, A. (2019). Contrast enhanced ultrasound imaging by 
nature-inspired ultrastable echogenic nanobubbles. Nanoscale, 11(33), pp.15647-15658. 

 

5.1.5 Other techniques  

In order to evaluate the existence and nature of NBs different techniques have been also applied. 

Ke et al. applied X-Ray fluorescence absorption near the Kr L-edge in a system containing Kr NBs, 

to evaluate their existence. It was found that samples measured by X-Ray fluorescence presented a 

decrease of Kr adsorption with the deposited time which agrees with the decreased concentration 

of bulk NBs measured by the NTA, proving therefore that gaseous cavities in the form of bulk NBs 

are present [98]. 

 

In a different study by Oh et al., ATR-FTIR measurements were applied to evaluate the existence 

of CO2 bulk NBs in water. With IR spectroscopy the phase state of the CO2 molecules was 

evaluated. It was found that the position and shape of the band matched the gaseous CO2 spectrum, 

thus demonstrating that the generated bulk NBs were filled with CO2 molecules [114]. 

 

Nirmalkar et al. assessed the nature of the bulk suspensions. To evaluate if the suspensions are truly 

bulk NBs, and not solid nanoparticles or nanodroplets that have contaminated the samples. They 

conducted freeze-thaw experiments, and after thawing, the suspensions reduced dramatically, 

therefore indicating that the nano-entities are bulk Nȸs and cannot be solid nanoparticles or 

nanodroplets [113]. 

 

5.2 Surface NBs 

For the assessment of surface NBs, a range of alternative methods can be applied. Most commonly 

used are the techniques of atomic force microscopy (AFM) and scanning electron microscopy 

(SEM) by which an image of the surface NBs is created, and the shape and size of the NBs can be 

observed and evaluated [3],[122]. 

 

Moreover, by applying MEMS technology it is possible to fabricate a nano liquid cell, where it is 

possible to assess the nucleation, increase/decrease of the size of NBs, and their disappearance using 

transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM). 

This technique known as liquid cell electron microscopy (LCEM) [105] has been applied to several 

applications [102],[104],[105],[106],[107]. White et al. [104], used the technique to image the 

formation of a single NB initiated due to ingestion of heat near a platinum nanowire, after the 

application of a voltage pulse (as seen in Fig. 5.9).  
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Figure 5.9. STEM images presented in a time series that depict the nucleation and collapse of a NB. (a) A 0.5 V, 1 mA 

pulse lasting 740 ms is initiated on the nanowire. The nanowire is covered in water. (b) A NB appears and (c) grows, as 
the input electrical power is maintained. After the pulse ends, images (d)-(g) show the collapse of the NB. The dark strip 
observed, spanning each image from top to bottom, is the nanowire. The scale bar indicates 1 ɛm.  

Adapted from White, E., Mecklenburg, M., Singer, S., Aloni, S. and Regan, B. (2011). Imaging Nanobubbles in Water 
with Scanning Transmission Electron Microscopy. Applied Physics Express, 4(5), p.055201. 

 

Other methods, namely attenuated total reflection infrared spectroscopy (ATR-FTIR) [115],[116], 

X-Ray scattering (SAXS) [119], neutron reflectivity [117],[118] and attenuated total reflection 

infrared spectroscopy [115], provide indirect assessment through the alteration in the 

physicochemical properties of a system. Characterization of the NB nucleation process has been 

achieved by using transmission electron microscopy in situ [102],[120], a technique that provides 

highly accurate temporal and spatial resolution. Moreover, quartz crystal microbalance (QCM) can 

be applied for the quantitative assessment of the adsorption of the crystal surface. Bubble nucleation 

can also be detected with electrochemical QCM as proposed by Carr et al [121].  

 

6. Future of NBs 

NBs unique physicochemical properties can be used in a variety of applications, from flotation to 

drug delivery. NBs improve already existing processes, yet the mechanisms behind their existence 

are not fully understood. Their stability is a paradox to classical thermodynamics, and a generally 

accepted model behind their longevity does not exist. Additional research is needed on the 

production of NBs and their identification methods, in order to standardize these procedures. 

Production methods should also target the applications where large concentrations of NBs are 

needed. Recently cryo-EM techniques have given the opportunity to obtain images of NBs and 

better understand their morphology, which could provide further information on their stability and 

the mechanisms behind their long-term existence. Having a better understanding of their nature 

could subsequently help us acknowledge their influence on each process they are applied to, and 

further improve the already-existing processes. 
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Chapter 2: Cryo-SEM imaging 

1. Introduction to cryo-SEM  
When imaging samples with electron microscopy (EM), cryogenic conditions are necessary in order to 

observe a specimen in its 'natural' hydrated state [134]. Cryogenic conditions are applied for aqueous 

and nonaqueous systems, like emulsions, suspensions, gels, biological specimens and even solids of 

high vapour pressure [129]. EM at cryogenic conditions (cryo-EM) does not require conventional 

preparation techniques, such as critical point drying or freeze-drying of the specimen [134]. Moreover, 

cryogenic conditions suppress motion on the supramolecular level that may have caused blurry images 

[129].  

 

Another parameter is the freezing rate of the sample. If the cooling is achieved abruptly, it vitrifies the 

sample by preserving its nanostructure [130]. Rapid cooling of the specimen is achieved preferably by 

thermal fixation and not chemical fixation, as it does not change the structure of the sample [131].  

 

Cryo-EM is performed either with scanning electron microscopy imaging (cryo-SEM) or transmission 

electron microscopy imaging (cryo-TEM). Cryo-TEM constitutes a direct-imaging method, for the 

observation of thin samples (100-300 nm thick), however larger objects are excluded [132]. 

 

On the other hand, cryo-SEM does not have this restriction. With cryo-SEM macro- micro- and 

nanostructures can be imaged [129]. In addition, a 3D topographical analysis of the sampleôs surface 

can be performed. The method was first suggested in 1970 [133], but only lately progress has been 

made due to the development of appropriate hardware [129]. 

 

Cryo-SEM is the method we incorporated for the imaging of the nanobubbles (NBs). A general 

description of a typical cryo-SEM can be seen in Fig. 1.1. 

 

 

Figure 2.1 Components of a cryo-SEM  

 

A cryo-SEM generally consists of a cryo chamber, where cleaving and coating of frozen specimens 

take place, and a cold stage for SEM imaging, as depicted in Fig. 1.1. 
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The cryo-SEM also incorporates a liquid nitrogen tank that cools both the cryo chamber and the cold 

stage. Part of the cryo chamber is a heater for etching (subliming) the ice formed on samples. A cold 

knife can also be present in order to cleave the sample and analyse its internal structure. Also, 

incorporated is a resistance heating vacuum evaporator that achieves the coating of the samples with 

metal by sputtering or with carbon by thermal evaporation [134],[135]. 

 

2. Procedure followed for the cryo-SEM imaging 
The four different samples containing NBs were imaged with the cryo-SEM method. Before the 

imaging of the specimens, rapid thermal fixation (freezing) of the sample should occur by liquid 

nitrogen, in order to image the specimen in its óhydratedô state [129],[135]. Water has the smallest cubic 

volume at 4oC. Therefore, as it freezes, it will expand, and can destroy the structure of the sample [135]. 

At the same time, when using liquid nitrogen, the freezing speed decreases due to boiling of the liquid 

nitrogen [135]. For this reason, rapid freezing is essential in order to preserve the morphology of the 

initial sample, in a manner that retains the structure of its contents. 

 

To achieve this, in our lab, rapid freezing is performed with liquid nitrogen at high-pressure of 2000 

bar. However, because we analysed NBs, it was uncertain whether NBs would be destroyed due to the 

high pressure applied. We therefore decided apart from performing preliminary freezing at high 

pressure, to implement freezing at ambient pressure as well. In the case of ambient pressure, due to the 

low freezing rate there is time for ice to potentially develop on the sample and influence its morphology. 

Despite this possibility, we deemed that such preliminary freezing could provide additional information 

regarding the morphology of the NBs.  

 

The samples containing NBs were generated by hydrodynamic cavitation in the ñMaterials & 

Membranes for Environmental Separations Laboratoryò of the Institute of Nanoscience and 

Nanotechnology at the NCSR ñDemokritosò in Athens, Greece. The samples were imaged after both 

freezing at ambient pressure and high-pressure freezing and they are namely: 

a) pure water with O2 NBs 

b) pure water with O2 NBs blended with magnetic ionic liquid (MIL), 20% v/v 

c) pure water with N2 NBs 

d) pure water with N2 NBs blended with magnetic ionic liquid (MIL), 20% v/v 

 

 

Figure 3.1. The samples under analysis that contained NBs. 

Before the freezing of the samples containing MIL, the samples were mixed by a Vortex mixer. It is 

noted that the MIL, in samples b and d, is 1-Butyl-3-methylimidazolium tetrachloroferrate 
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(C8H15Cl4FeN2). Samples a and c were blended with the MIL to create samples b and d, in order to 

assess how the MIL affects the dispersion of NBs observed after cryo-SEM imaging. 

 

For the freezing at ambient pressure, a few droplets from every sample were sucked by a pipette and 

released into circular hollow cavities of an aluminium sample holder, indicated with arrows in Fig. 2.2. 

These cavities were then frozen by liquid nitrogen at atmospheric pressure.  

 

 

Figure 2.2. Aluminium sample holder. The sample was inserted into the circular hollow cavities on the top of the disk, indicated 
with arrows. 

 

For the freezing at high pressure, a few drops were sucked by a pipette and released into a small round 

shallow aluminium receptacle. A second identical aluminium receptacle was placed on top of the one 

containing the liquid in order for the liquid to be sandwiched between the receptacles. The assembled 

sandwich was then plunged into the high-pressure freezing facility ñLEICA EM HPM100ò of our lab 

(see Fig. 2.3). Before the sandwich was plunged into the facility, liquid nitrogen had been placed into 

the facility and high-pressure of 2000 bar had been achieved. After the sample has been vitrified, the 

assembled sandwich is then transferred to a cryogen box containing liquid nitrogen, in order to be 

opened using tweezers in cryogenic temperatures, thus producing two fracture surfaces (each receptacle 

contains one fracture surface).   
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Figure 2.3. The ñLEICA EM HPM100ò facility of the lab that achieves high-pressure freezing of specimens at 2000 bar. 

 

After the preliminary freezing is performed and the sample is at cryogenic conditions, it is loaded into 

the ñPP3010T Cryo-SEM Preparation Systemò, which is located in the cryo preparation chamber of the 

facility. The loading of the sample into the preparation system is applied after both freezing at ambient 

pressure and high pressure. In the case of high-pressure freezing, one of the receptacles is transported 

into the preparation system. The facility of the lab is named ñZeiss Crossbeam 550 FIB-SEMò (as seen 

in Fig. 2.5). 

 

 

Figure 2.4. Procedure followed for cryo-SEM imaging 

 

At the preparation system, cold fracturing of the sample after freezing at ambient pressure is performed 

in order to image its internal structure. This step is not applied after freezing at high pressure, as the 

fracture surface of the receptacle allows imaging of the internal structure without additional processing. 

For all samples (both after freezing at ambient pressure and high pressure) etching to remove the ice 
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(ice sublimation) is performed in a controlled manner for 10 min. Subsequently, each sample is sputter 

coated with platinum (10-12 nm) in order to create conductivity, which will then allow the SEM 

imaging, that is performed after the sample is transported to the cold stage of the cryo-SEM facility. 

 

 

Figure 2.5. The ñZeiss Crossbeam 550 FIB-SEMò facility of the lab 

 

At all stages of the preparation and imaging the specimen is maintained at a 'safe' temperature of 

typically lower than -140°C, in order to be observed in cryogenic conditions [134]. 

 

The images obtained for all four samples containing NBs are presented in section ñ3. Cryo-SEM 

resultsò. Measurement of the diameters of the formations that are presented in section ñ3. Cryo-SEM 

resultsò was performed with the ImageJ software. 
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3. Cryo-SEM results 

3.1 Pure water with O2 NBs 

In the case of vitrification of the sample of pure water with O2 NBs at ambient pressure, formations 

attributed to NBs were imaged, as seen in Figs. 3.1-3.8.  

 

Figure 3.1. Formations that could be attributed to O2 NBs in pure water, indicated with arrows. The sample was frozen with 
liquid nitrogen at ambient pressure. The formation found at the center of the image has a measured diameter of 934 nm. The 
other two cavities (left and right) do not have a spherical shape and therefore no diameters were measured.  

 

Figure 3.2. Formation that could be attributed to an O2 NB in pure water with a measured diameter of 741 nm. The sample 
was frozen with liquid nitrogen at ambient pressure. 
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Figure 3.3. Formation that could be attributed to an O2 NB in pure water with a measured diameter of 560 nm. The sample 
was frozen with liquid nitrogen at ambient pressure.  

 

Figure 3.4. Formation that could be attributed to an O2 NB in pure water with a measured diameter of 512 nm. The sample 
was frozen with liquid nitrogen at ambient pressure. 

 

Figure 3.5. Formation that could be attributed to an O2 NB in pure water with a measured diameter of 774 nm. The sample 
was frozen with liquid nitrogen at ambient pressure. 
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Figure 3.6. Formation that could be attributed to an O2 NB in pure water with a measured diameter of 553 nm. Ice has been 

developed on the surface of the formation. The sample was frozen with liquid nitrogen at ambient pressure. 

 

Figure 3.7. Formation that could be attributed to an O2 NB in pure water with a measured diameter of 514 nm. Ice has been 
developed on the surface of the formation. The sample was frozen with liquid nitrogen at ambient pressure. 

 

Figure 3.8. Formation that could be attributed to an O2 NB in pure water. The sample was frozen with liquid nitrogen at 
ambient pressure. The formation does not have a spherical shape and no diameter was measured in this case. 
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A formation attributed to an O2 microbubble has also been observed, as seen in Fig. 3.9. 

 

Figure 3.9. Formation that could be attributed to an O2 microbubble in pure water with measured diameter of 1084 nm. The 
sample was frozen with liquid nitrogen at ambient pressure. 

Across the surface of the sample white spots and bigger formations are observed, as seen in Figs. 3.10-

3.11. These are considered as ice formations that have been developed during the preliminary freezing 

at ambient pressure. 

 

Figure 3.10. Formations of ice in pure water with O2 NBs. The sample was frozen with liquid nitrogen at ambient pressure. 
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Figure 3.11. Formations of ice in pure water. The sample was frozen with liquid nitrogen at ambient pressure. 

In the case of vitrification of the sample of pure water with O2 NBs at high pressure (2000 bar), 

formations attributed to both microbubbles and NBs were imaged, as seen in Figs. 3.12ï3.15 and Fig. 

3.16, respectively.  

 

Figure 3.12. Formations attributed to O2 microbubbles in pure water, indicated with circles. The sample was frozen with 
liquid nitrogen at high pressure (2000 bar). Measured diameters of the indicated formations vary from 2.13 ɛm to 9.80 ɛm. 
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Figure 3.13. Formations attributed to microbubbles in pure water, indicated with circles. The sample was frozen with liquid 
nitrogen at high pressure (2000 bar). Measured diameters of the indicated formations vary from 3.04 ɛm to 6.75 ɛm.  

 

Figure 3.14. Formations attributed to microbubbles with measured diameters of 3.43 ɛm (left) and 3.65 ɛm (right) in pure 

water. The sample was frozen with liquid nitrogen at high pressure (2000 bar). 
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Figure 3.15. Formations attributed to O2 microbubbles with measured diameters of 3.33 ɛm (left) and 11.66 ɛm (right) in 
pure water. The sample was frozen with liquid nitrogen at high pressure (2000 bar).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Formation attributed to an O2 NB with measured diameter of 430 nm in pure water (at the center of the figure). 
The sample was frozen with liquid nitrogen at high pressure (2000 bar). Ice has developed around the formation. Indicated 

with an arrow is an ice crystallite with a faceted surface. 
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3.2 Pure water with O2 NBs blended with magnetic ionic liquid (MIL), 20% v/v 

In the case of vitrification of the sample of pure water with O2 NBs at ambient pressure, formations 

attributed to O2 NBs were imaged, as seen in Figs. 3.17-3.19. Also, formations attributed to O2 

microbubbles were imaged, as seen in Figs. 3.18-3.19. 

 

Figure 3.17. Blots attributed to O2 NBs in pure water blended with MIL. On the right, a specific area of blots has been 
magnified. The sample was frozen with liquid nitrogen at ambient pressure. Due to the minute size of the blots, their diameter 

was not measured accurately, but it is smaller than 200 nm. 

 

Figure 3.18. Web-like formations on the surface of the sample of pure water blended with MIL. The sample was frozen with 
liquid nitrogen at ambient pressure. Inside the web-like formations there are spherical shapes attributed to O2 NBs and 
microbubbles. Measurements of their diameter were made in different parts of the web-like formations and they have been 
found to range from 136 nm to 1.37 ɛm.  
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Figure 3.19. Web-like formations on the surface of the sample of pure water blended with MIL. The sample was frozen with 
liquid nitrogen at ambient pressure. Inside the web-like formations there are spherical shapes attributed to O2 NBs and 
microbubbles. Measurements of their diameter were made in different areas of the web-like formations and they have been 

found to range from 170 nm to 1.58 ɛm. Even smaller shapes than 170 nm, attributed to NBs are visible, but due to their 
minute size, their diameter could not be measured. 

In the case of vitrification of the sample of pure water with O2 NBs at high pressure (2000 bar), 

formations attributed to O2 NBs, microbubbles, as well as bigger O2 bubbles were imaged. Formations 

attributed to NBs can be seen in Figs. 3.20, 3.22-3.24, 3.28-3.30 and formations attributed to 

microbubbles can be seen in Figs. 3.21, 3.25-3.28, 3.30. A formation attributed to a bigger bubble of 

diameter 12.22 ɛm can be seen in Fig. 3.21. 

 

Figure 3.20. Formations attributed to O2 NBs in pure water blended with MIL, indicated with circles. The sample was frozen 
with liquid nitrogen at high pressure (2000 bar). Measured diameters of the indicated formations vary from 236 nm to 649 
nm. White formations, some of which are indicated with arrows, are attributed to ice. 
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Figure 3.21. Formations attributed to O2 microbubbles and a bigger O2 bubble in pure water blended with MIL are indicated 
with circles and an arrow, respectively. The sample was frozen with liquid nitrogen at high pressure (2000 bar). Measured 
diameters of the indicated formations (with circles) attributed to microbubbles vary from 2.96 ɛm to 8.08 ɛm. The formation 
indicated with an arrow has a measured diameter of 12.22 ɛm. 

 

Figure 3.22. Formations attributed to O2 NBs, indicated with double arrows, have measured diameters of 699 nm (left) and 
of 431 nm (right) in pure water blended with MIL, indicated with double arrows. The sample was frozen with liquid nitrogen 
at high pressure (2000 bar). Smaller white formations observed, some of which are indicated with arrows, are attributed to 
ice. 












































