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A B S T R A C T

There is a genuine paucity of data concerning the relative significance of the nano and the microbubble size 
distributions that are collectively generated when operating microbubble generation devices. Accordingly, the 
current work aimed to address this knowledge gap by measuring the two size distributions generated by a 
regenerative turbine microbubble generator using ozone and assess the relative significance of the nanobubble 
fraction. The microbubble fraction was measured with a focus-beam reflectance measurement device and the 
nanobubble fraction with a nano particle tracking instrument. The latter was calibrated using latex spheres to 
understand method uncertainty and to optimise the measurement approach. Sauter mean diameters of 217 nm 
and 37 μm were reported for the nano and microbubble fractions, respectively, with half of the microbubbles 
being <5000 nm in size. A comparison of the size and number concentrations of the different bubble types 
revealed that the majority of the gas was contained within the microbubble fraction, and hence, this controlled 
the overall mass transfer performance of the system. Further, the nanobubbles were observed to be stable for 18 h 
with little change in their size or number, indicating there was no net transfer of their gaseous contents. Overall, 
the work revealed that when considering enhancing gas-liquid mass transfer processes with micro-nano bubble 
generators, the microbubble fraction is key.

1. Introduction

The application of microbubbles in gas-liquid contacting processes 
has become established as a viable way to enhance performance in 
comparison to conventional bubble-liquid contactor systems [1,2,3,4,5]. 
Microbubbles are defined as bubbles with a diameter of 1–100 μm (ISO 
20480-1:2017) and have a number of favourable properties compared 
with the larger bubbles formed in conventional gas liquid systems using 
porous diffusers, which are typically of a diameter of 2–6 mm [6,7,8,9]. 
The large difference in size between microbubbles and conventional 
bubbles means that microbubbles have a significantly lower buoyancy, 
lower rise velocity [10], and a much higher specific gas-to-liquid 
interfacial area [11]. As a result they have faster mass transfer [12] 
compared with conventional bubbles. For instance, in the case of 
ozonation used in drinking water treatment, using the same setup as 
reported in the current paper, the volumetric mass transfer coefficients 
(kLa) were 0.12 ± 0.004 for the conventional bubble and 0.30 ± 0.03 for 

the microbubble system operating at a pH of 6. Further investigation 
revealed that the mass transfer coefficient (kL) was over 300 times lower 
for the microbubble system but that the mass transfer area was >500 
times greater. The overall impact was an enhancement in mass transfer 
with the microbubbles by a factor of 2.5 [2,13]. Comparison of the ratio 
of reaction rate to mass transfer rate, through the Hatta number, 
revealed that the system was mass transfer dominated. As such, in sit
uations where a reactant is being transferred from the gas to the liquid 
phase (for example, in ozonation and bioprocessing reactors), micro
bubble systems have been proven to be more effective [13], providing 
strong justification for their more widespread application.

In terms of ozonation reactors, this translates to higher dissolved 
ozone concentrations and, hence, more effective treatment when nor
malised to a fixed input ozone dose. To illustrate, in previous experi
ments by the current authors, comparative experiments at a fixed gas 
rate, with conventional and microbubble ozonation, resulted in steady- 
state dissolved ozone concentrations of 1.21 ± 0.03 mg/L for the 
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conventional bubble systems and 2.56 ± 0.07 mg/L for the microbubble 
system.

The generation of microbubbles from most devices usually results in 
the formation of both micro- and nanobubbles (MNBs). The latter have 
recently been identified as a route to potentially enhance mass transfer 
performance further. Nanobubbles are defined as bubbles with a diam
eter of 1–1000 nm, they have an extremely large specific surface area 
and are believed to have a high surface and internal energy for the 
facilitation of mass transfer [14,15]. Further, collapse of the nano
bubbles has been associated with additional formation of free radicals 
and hence elevated reactions rates. Nanobubbles have also been re
ported to be extremely stable and long-lived in the order of weeks and 
months. The last two features are unique to nanobubbles and has 
generated significant interest for applications in agriculture [16], 
aquaculture [17], cleaning [18], environmental remediation [19] and 
water and wastewater treatment to remove micropollutants [20], 
enhance cleaning of reverse osmosis membranes [21], enhance oxygen 
transfer rates in wastewater treatment as well as offer an emerging op
tion to replace existing microbubbles use in medicine for ultrasonic 
imaging and therapeutic purposes [22]. The function of the nanobubble 
is based on either enhanced mass transfer, prolonged transfer, scouring, 
negative zeta potential, or generation of a highly oxidative environment 
to aid reactions such as in the cleaning applications [23].

However, since the existence of nanobubbles was first proposed in 
1981, significant debates remain about the existence of stable nano
bubbles in the bulk solution since there is currently no definitive method 
to confirm whether observations are truly nanobubbles or other nano- 
entities such as particles or droplets [24]. Further, the established 
Epstein-Plesset theory on single-bubble lifetime predicts that bulk 
nanobubbles in gas-saturated liquids should remain stable for millisec
onds [25]. The theory is based on the combination of the Young-Laplace 
equation, which describes how the pressure inside a bubble increases as 
the bubble size decreases, and Henry's law, which states that the solu
bility of a gas in a liquid is proportional to the pressure inside the bubble. 
Therefore, nanobubbles should be either inherently unstable or made 
unstable through natural perturbations [22]. Accordingly, a number of 
works have questioned the existence of nanobubbles 
[22,26,27,28,29,30,31] whilst numerous other works have reported 
their existence and long-term stability [32,33,34,35,36,37]. Nonethe
less, the generation of nanobubbles has gained considerable interest 
with respect to gas-liquid contacting processes, and several works have 
reported nanometre-scale objects that they ascribe as bubbles (SI: 
Table S1). The importance of stability is positive to many bioprocessing 
and environmental applications [4,16,17,23]. However, in reactive 
ozone systems the persistence of nanobubble raising concerns down
stream of the principal reactor where they are being generated.

The predominate difference between the two fractions is size. 
Microbubbles will be in the range 1–1000 μm and nanobubbles 1–1000 
nm. Both enhance mass transfer compared to conventional bubbles 
(1–10 mm) and as such are becoming of interest to all applications that 
utilise bubble mass transfer. A key area for utilisation is bioprocessing 
applications where the ability to tune and maintain oxygen levels has 
been reported to be significant [23]. Examples include wastewater 
treatment with activated sludge, bio-production with yeast, algae, bac
teria or plant-based systems. In all cases, application of either nano
bubble or microbubble has seen enhanced growth compared to the 
control [23]. The additional properties of nanobubbles such as high zeta 
potentials, free radical generation and prolonged persistence have seen 
further benefits reported in terms of yield and selectivity within many 
bioprocessing applications [23]. The application is in its infancy but 
expected growth is reported to be substantial as the benefits become 
better understood and reported, especially in the bioprocessing field 
[23].

However, a knowledge gap exists concerning the relative signifi
cance that each fraction (micro- and nano-bubbles) provides in a co- 
generated system. This reflects unknown differences in both size and 

number to ascertain a total contribution. In part, this is driven by a lack 
of consistent reporting on bubble size distributions, especially when 
comparing MNB systems directly against conventional bubble systems 
[2]. In fact, to the best of the authors knowledge only one previous study 
has measured both micro and nano bubble fractions [42]. However, this 
study utilised a different generation system, was not based on ozone, 
used a small (1 L) vessel and did not compare the distributions in terms 
of the impact on potential reactions. The current work used a 100 L 
vessel to compare the performance of the combined MNB system with a 
conventional bubble system using ozone as a reactive gas for the 
degradation of pesticides. As both the nano bubble and microbubble 
fractions are co-produced it is not possible to independently assess the 
reaction performance of each fraction. Instead the current work utilises 
the size distributions to theoretically assess their relative contribution 
and the associated implications on future reactor configuration.

A number of different devices have been used to measure nano
bubble size distributions including dynamic light scattering, nano
particle tracking analysis and electrical zone sensing (SI: Table S1). The 
instruments work on a different fundamental principle from one another 
(light scattering, particle motion or electrical resistance) and require 
different background water characteristics. In the current work, the 
unknown nature of the distribution and the use of deionised water 
meant that the nanoparticle tracking instrument was the most appro
priate. To better understand the uncertainty associated with the mea
surement, a series of calibration trials were conducted to ascertain the 
limits of the measurement and the uncertainty across a broad size range 
before measuring the nanobubbles.

Accordingly, the current paper aims to address the knowledge gap by 
directly measuring the micro and nanobubble size distributions pro
duced from a regenerative turbine microbubble generator for bubbles 
containing ozone. NTA was used to measure the nanobubble fraction 
and focus-beam reflectance measurement was used for the microbubble 
fraction. Analysis of this novel data will provide a contribution to 
knowledge by establishing the relative contribution from each fraction. 
In addition, the work assesses the potential risk of stable ozone bulk 
nanobubbles progressing through a drinking water treatment works. 
The specific generator and application are selected as they represent an 
emerging potential market for the technology, and the corresponding 
performance data has already been reported [13]. Translation to alter
native generators and applications is then discussed.

2. Materials and methods

2.1. Bubble generation

MNBs and conventional bubble measurements were conducted in 
semi-batch mode in 100 L of deionised water inside a cylindrical acrylic 
reactor with a height of 80 cm, a diameter of 45 cm and a water height of 
62 cm (Fig. 1).

For the ozonation experiments, O3 gas was generated from com
pressed air using a corona discharge ozone-generator (C-Lasky C-L010- 
DT, Advanced Ozone Products), with an operational gas flow rate of 
2–10 L min−1. The O3 gas output of the generator was up to 2 g h−1

. For 
all experiments, the gas flow rate of the ozone-generator was set to 2 L 
min−1. For aeration experiments, ambient air was supplied to the 
microbubble generator through automatic suction.

MNBs were formed using a regenerative turbine microbubble 
generator (Nikuni KTM20N trial unit, Aeration & Mixing). The micro
bubble generator had a recirculating liquid flow rate of 16.6 L min−1 and 
a gas flow meter with a range of 0–5 L min−1. The gas flow intake of the 
microbubble generator was set to 1–3 L min−1, depending on the 
required gas flow rate. The aqueous phase was continuously recirculated 
through the microbubble generator. Conventional bubbles were gener
ated from a fine pore diffuser (132 mm ceramic air stone diffuser, Finest 
Aquatic LTD) connected directly to the ozone-generator.
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2.2. Preparation of nanosphere calibration standards

The ability of the nanoparticle tracking analysis (NTA) system to 
detect and measure nano-sized entities was tested using calibration 
standards for a range of particle sizes and concentrations (example SEM 
images of the spheres can be found at reference [40]). Polystyrene-latex 
nanospheres of sizes 100 nm, 200 nm and 400 nm were tested 
(NTA4088, NTA4089, NTA4091, Malvern Instruments). The concen
tration of nanosphere preparations was calculated by the known pa
rameters of particle diameter, density and percentage solids of the 
nanosphere. For each of the nanosphere sizes, suspensions of 1 × 107 # 
mL−1, 1 × 108 # mL−1 and 1 × 109 # mL−1 were prepared according to 
the following equation: 

c = 6*1010 W
d3πρ (1) 

Where c is particle concentration (# mL−1), ρ is the density of nano
spheres (kg m−3), W is the percent solids of the nanosphere fraction and 
d is the nanosphere diameter (m). Blanks consisting of ultrapure water 
and water that had run through the microbubble generator without 
aeration were also analysed to determine whether contaminant nano
particles were detectable.

2.3. Nanoparticle tracking analysis

The size distribution and number count of the nanobubbles were 
measured using a nanoparticle tracking instrument (Nanosight LM-20, 
Malvern Instruments). Dispersed objects were viewed as bright dots 
against a dark background, and video recorded utilising illumination 
with a 642 nm red laser delivered at 90◦ to the observation window. The 
video files were utilised to measure the mean square of the motion, 
which was then converted into a hydraulic radius according to the 
Stokes-Einstein equation: 

D =
(x, y)2

2t
(2) 

D =
2kBT
3rhπη (3) 

Where D is the diffusion coefficient (m2 s−1), (x, y)2 is the mean squared 
displacement of the particle (m2 s−1), t is time (s), kB is the Boltzmann 
constant (J K−1), T is temperature (K), rh is hydrodynamic radius of the 
particle (m) and η is the dynamic viscosity of the liquid (kg m−1 s−1).

For each sample, 5 mL was collected in a brand new 5 mL syringe. To 
load the sample, the sample chamber was removed and oriented side
ways so that the sample chamber could be filled from bottom to top. The 
sample was added slowly so that the viewing pane was free from any 
voids. After measurement, the sample was removed using the syringe. 
Between runs, the sample chamber was flushed three times with ultra
pure water followed by three rinses with the sample. The sample 
chamber was never dismantled for manual cleaning as it was easy to 
introduce contamination to the viewing window.

The method is known to be sensitive to the settings for recording and 
analysis and, in particular, the detection threshold in which the software 
excludes certain greyscale values from being tracked [38]. To determine 
optimal processing, each set of 10 captures was processed using 24 
different detection thresholds from 2 to 50.

2.4. Microbubble and conventional bubble size distributions

The size distribution of the microbubbles was measured using a 
focus-beam reflectance measurement (FBRM) probe (600 L, Mettler 
Toledo). The probe was placed centrally in the bubble column and 
measured continuously over 30 min whilst the microbubble generator 
was running. The measurable range of the instrument was 1–4000 μm, 
and a minimum of 30,000 counts were collected per run. For the size 
distribution of the conventional bubbles, video was recorded using a 
waterproof high-speed camera (HERO8, GoPro). The camera was sub
merged in the water to avoid distortion from the cylindrical reactor. The 
camera was focused on a precision ruler with 1 mm spacing (Precision 
ruler, Dorcrafts), which acted as a size reference. The region was illu
minated by a waterproof LED video light (XShot, Suptig), which was 
mounted to a camera tripod (JB01511-BWW, Joby). The video was shot 

Fig. 1. Microbubble generation experimental apparatus.
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at 240 frames per second for 10 min. The video was slowed down to 30 
frames per second and desaturated using video editing software (GoPro 
Studio, GoPro). Image frames from the video were extracted using media 
software (VLC Media Player, VLAN). The frames were processed 
manually using image processing software (ImageJ). The reference was 
measured in each frame, and in-focus bubbles were measured against it. 
A minimum of 1000 individual in-focus bubbles were measured for each 
run.

Once the distributions were collected, the Sauter mean diameter for 
the microbubble and conventional bubble distributions were calculated 
as follows [39]: 

d32 =

∑
nid3

i∑
nid2

i
(4) 

Where d32 is the Sauter mean diameter (m) and ni is the number of 
bubbles with diameter di.

3. Results and discussion

3.1. Diameter measurement of polystyrene latex spheres

For each diameter and concentration combination, the measured 
diameter of the latex spheres appeared to increase as the processing 
detection threshold was increased. The variance in the measured 
diameter due to the different detection thresholds also increased as the 
particle number increased. For instance, with the 100 nm spheres, the 
difference between detection thresholds of 2 and 48 was 12.9 nm for a 
particle concentration of 1 × 107 # mL−1 increasing to 14.2 nm and 
33.7 nm for particle concentrations of 1 × 108 # mL−1 and 1 × 109 # 
mL−1 respectively (Fig. 2). For the 200 nm spheres, the difference in 
measured diameter was 4.0 nm at a particle concentration of 1 × 107 # 
mL-1, which increased to 15.6 nm and 11.1 nm with particle concen
trations of 1 × 108 # mL−1 and 1 × 109 # mL−1. For the 400 nm spheres, 
the variance was much higher between the different detection thresh
olds. For example, at a particle concentration of 1 × 107 # mL−1, the 
difference in measured diameter was 52.8 nm, while this increased to 
69.3 nm and 102.8 nm for particle concentrations of 1 × 108 # mL−1 and 
1 × 109 # mL−1, respectively.

Taking an average value from multiple detection thresholds provides 
the benefit that it removes any influence of the operator. When the re
sults from all detection thresholds were averaged, the measured di
ameters for the 100 nm spheres were 103.9 ± 3.7 nm, 106.8 ± 4.1 nm 
and 112.1 ± 11.0 nm at particle concentrations of 1 × 107 # mL−1, 1 ×
108 # mL−1 and 1 × 109 # mL−1. For the 200 nm spheres, measured 
diameters of 208.0 ± 7.4 nm, 202.9 ± 4.9 nm and 185.5 ± 5.3 nm were 
found at particle concentrations of 1 × 107 # mL−1, 1 × 108 # mL−1 and 
1 × 109 # mL−1. For the 400 nm spheres, measured diameters of 381.5 
± 12.7 nm, 368.9 ± 12.6 nm and 356.0 ± 24.1 nm were obtained for 
particle concentrations of 1 × 107 # mL−1, 1 × 108 # mL−1 and 1 × 109 

# mL −1. Consequently, the measurement of nano-sized entities when 
using the nanoparticle tracker can be considered to be within approxi
mately 10 % of the reported diameter (Fig. 2). These results are similar 
to previous work by Usfoor et al. [40], who found that larger diameter 
nanoparticles were consistently underestimated using this particle sizing 
method, and by Bachurski et al. [41], who noted that NTA overestimated 
diameter when measuring 100 nm spheres.

3.2. Concentration measurement of polystyrene latex spheres

Every concentration measurement varied by at least one order of 
magnitude across the full range of detection thresholds. To illustrate, 
when prepared to a concentration of 1 × 107 # mL−1, the measured 
concentration for the 100 nm polystyrene latex spheres decreased from 
1.08 × 108 # mL−1 at a detection threshold 2 to a value of 8.60 × 106 # 
mL−1 at a detection threshold of 48. Similar decreases in number count 
were observed for the calibration standards at prepared concentrations 
of 1 × 108 # mL−1and 1 × 109 # mL−1 (Fig. 3). The same was true for the 
larger-sized calibration particles, although the level of variation 
appeared similar for all sizes. For example, in the case of the 400 nm 
particles, the measured concentration of the 1 × 107 # mL−1 standard 
was 1.73 × 108 # mL−1 at a detection threshold of 2 and 9.27 × 106 # 
mL−1 at a detection threshold of 48.

Despite the variation in measured concentrations, an optimal 
detection threshold was found for every combination of diameter and 
concentration (Supplementary Information [SI]: Table S2). The major 
problem with this, however, is that the optimal detection threshold was 

Fig. 2. Measured diameter (nm) vs. prepared particle concentration (x 10 7 # 
mL−1) for 100 nm, 200 nm and 400 nm polystyrene latex spheres.

Fig. 3. Averaged measured concentrations across detection thresholds 2–50 for 
prepared concentrations of 1 × 107 # mL−1, 1 × 108 # mL−1 and 1 × 109 # 
mL−1 for 100 nm, 200 nm and 400 nm polystyrene latex spheres.
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different for every combination of diameter and concentration. There
fore, it would be virtually impossible to confidently measure the con
centration of an unknown sample based on a single detection threshold. 
Further, there could easily be more than an order of magnitude of over- 
or under-measurement. The approach of averaging results across 
detection thresholds between 2 and 50 does not produce perfect con
centration measurements However it attempts to reduce the variability 
that an operator could introduce into the results. To illustrate, for the 
100 nm spheres at a prepared concentration of 1 × 107 # mL−1, the 
measured concentration spanned across three orders of magnitude from 
8.18 × 106 # mL−1 to 3.85 × 109 # mL−1. By averaging across all 
detection thresholds, the measured concentration was 2.67 × 107 ±

4.24 × 106 # mL−1 which is much closer to the actual value.
In the current case, the average concentrations measured across all 

detection thresholds resulted for the 100 nm polystyrene latex spheres at 
prepared concentrations of 1 × 107# mL−1, 1 × 108 # mL−1 and 1 × 109 

# mL−1 were 2.67 × 107 ± 4.24 × 106 # mL−1, 1.81 × 108 ± 9.00 × 106 

# mL−1 and 6.84 × 108 ± 1.84 × 107 # mL−1, respectively (Fig. 3). For 
the 200 nm spheres, measured concentrations of 1.42 × 107 ± 2.4 × 106 

# mL−1, 1.29 × 108 ± 1.06 × 107 # mL−1 and 7.57 × 108 ± 2.06 × 107 

# mL−1 were found for prepared concentrations of 1 × 107 # mL−1, 1 ×
108 # mL−1 and 1 × 109 # mL−1, respectively. Measured concentrations 
of 3.77 × 107 ± 6.44 × 106 # mL−1, 1.19 × 108 ± 5.08 × 106 # mL−1 

and 4.39 × 108 ± 9.06 × 106 # mL−1 were found for the 400 nm spheres 
at prepared concentrations of 1 × 107 # mL−1, 1 × 108 # mL−1 and 1 ×
109 # mL−1, respectively. Overall, the measured number concentrations 
could be viewed to be accurate within one order of magnitude.

3.3. Size distributions of ozone MNBs

At gas flow rates of 1 L min−1, 2 L min−1 and 3 L min−1, the real-time 
size distribution of the ozone microbubbles was almost identical (Fig. 4). 
The vast majority of the size distribution was between 1 and 100 μm, 
with bubbles skewed towards the smaller sizes with 50 % being <5 μm. 
The Sauter mean diameter was 37 μm. This suggests that the regenera
tive turbine microbubble generator system produces a consistent size 
distribution irrespective of the gas flow rate. The mean diameters re
ported here are congruent with the work of Zhou et al. [42], who re
ported the majority of microbubbles formed with a fine bubble 
generator were <10 μm in size when measured using FBRM. Similar 
mean sizes between 1 and 10 μm have also been reported from both 
micro-nanobubble generators and high-speed rotation devices following 
measurement using a Coulter counter (SI: Table S1). The distributions 
were not normally distributed with a mode size of 3.7 μm, 3.8 μm and 
3.5 μm at gas flow rates of 1 L min−1, 2 L min−1 and 3 L min−1, 

respectively (Fig. 4a). The corresponding number counts were 652 #, 
696 # and 670 # respectively. This indicates the flowrate of the systems 
had minimal impact on either the size or the frequency of the measured 
microbubble distribution. When transformed into a cumulative distri
bution, the 25th, 50th and 75th percentiles bubble sizes were 3 μm, 4.6 
μm and 9.9 μm respectively with a 1 μm variation in the upper per
centiles as a function of flowrate (Fig. 4b).

The nanobubble fraction was measured by NTA with the sizes 
averaged across detection thresholds of 2–50 in order to remove any 
operator influence in the processing. The maximum detectable diameter 
with nanoparticle tracking analysis is 1000 nm, so it was assumed that 
micron-sized objects were excluded. The resulting size distribution was 
relatively uniform, with an average diameter of 217 ± 38 nm and 25th, 
50th and 75th percentile diameters of 182 nm, 211 nm and 231 nm 
(Fig. 5). The breadth of the distribution was very narrow, with the 
majority of the bubbles sized below 130 nm. Comparison to other MNB 
generators and sizing instruments reveals a broad range of sizes re
ported, similar to those observed here (SI: Table S1). The average size 
measured in the current study was higher than those previously reported 
for bubbles generated by a range of methods, including a continuous 
high-shear rotor-stator device (similar to the one used in the current 
work), acoustic cavitation and water-ethanol mixing [32]. In these ex
amples, NTA was used for bubble measurement with reported mean 
sizes between 95 nm and 125 nm, with the larger sizes being generated 
by the high-shear device. Interestingly, the bubble size data generated 
by the Coulter counter reported higher mean sizes, reflecting the diffi
culty in directly comparing data measured by different instruments.

The average concentration of nanobubbles across all capture condi
tions and detection thresholds was 2.9 × 107 ± 1.2 × 107 # mL−1 which 
was towards the high end of previously reported concentrations which 
varied between 1.84 × 105 # mL−1 and 7.5 × 108 # mL−1 (SI: Table S1). 
The previously reported work using a high shear device and nano
particle tracking reported an initial bubble number density of 2.4 × 108 

# mL−1, albeit with a smaller mean diameter [32].
The nanoparticle tracking instrument does not differentiate between 

particles, droplets and bubbles, so it was not possible to confirm whether 
the measured distribution was nanobubbles. Indeed, the question as to 
whether the measured items are actually bubbles is an active area of 
debate, with compelling evidence for both positions. The source of po
tential nanoparticles when using devices such as the regenerative tur
bine microbubble generator includes contamination in the water, such 
as organics or inorganic particles, or from the release of metallic nano
particles from the device. This has been confirmed in the case of ultra
sonic cavitation, where titanium and vanadium nanoparticles were 
measured [22]. However, in other studies, no such organic or inorganic 

Fig. 4. Size distribution (left) and cumulative frequency (right) of microbubbles measured using focussed-beam reflectance measurement during ozonation at gas 
flow rates of 1, 2 and 3 L min−1.

A. John et al.                                                                                                                                                                                                                                    Journal of Water Process Engineering 70 (2025) 106963 

5 



materials have been detected, and the amount of dissolved gas has a 
direct bearing on the number count while alteration in pressure impacts 
bubble size [32]. Interestingly, in the case of experiments using acoustic 
cavitation or water-ethanol mixing under a partial vacuum, an order of 
magnitude reduction in particle numbers was observed, which indicates 
that such entities must be gas-filled [32]. Overall, it remains unclear as 
to the exact nature of the nano-entities, but it is likely to be a combi
nation of bubbles and non-bubbles (particles and droplets), the pro
portions of which will be system-dependent. In the case of the current 
trials, measurement of blanks and non-aerated water revealed that any 
other nanoparticles, if present, were sufficiently low in concentration to 
be below the limit of detection for the NTA (< 106 # mL−1). This does 
not mean that nanoparticles were not present, but instead means that 
any detected particles, believed to be nanobubbles, were a result of the 
aeration process.

Direct comparison between the size distributions of the micro- and 
nanobubbles is complicated because they have been measured by 
different instruments. This means that the different distributions have 
different inherent biases, as well as differences in what is being 
measured (hydraulic diameter versus chord length). However, the dis
tributions can be compared to explore the relative contribution both 
fractions will have in relation to mass transfer in gas-liquid systems, such 
as ozone contactors used in water treatment [43]. The microbubble 
fraction ranged between 1 μm and 100 μm with a mean diameter of 37 
μm, while the nanobubble fraction ranged between 100 nm and 400 nm 
with a mean diameter of 217 nm. For context, the conventional bubble 
fraction ranged between 1 and 10 mm with a mean diameter of 5.4 mm 
[43]. The two systems can also be compared in terms of bubble volume 
and bubble number concentrations. In the case of the nanobubble 
fractions, the bubble number concentration is directly measured and 
was 2.9 × 107 # mL−1. This equates to a bubble volume concentration of 
0.715 mL m−3 based on a 217 nm bubble. The equivalent calculation of 
the microbubble fraction is based on the gas hold volume, which was 
measured to be 2.799 × 10−3 [13]. Accordingly, the bubble volume 
concentration is 2756 mL m−3 and the bubble number concentration is 
2.56 × 106 number mL−1.

The difference in size for micro- and nanobubbles was between 1 or 2 
orders of magnitude, suggesting the differences in sizes were potentially 
less significant than previously thought for this type of MNB generator. 
Eklund et al. [38] illustrated the difference by comparing the properties 
of 100 nm (nano-) and 1000 nm (micro-) bubbles, i.e. the smaller end of 
each size range, at a typical nanobubble concentration of 108 # mL−1. 

The bubble volume fraction relative to the liquid was 10−7 # mL−1 and 
10−4 # mL−1 respectively, and so reasonably low in both cases. If no 
Laplace pressure in the bubbles is assumed, this then translates to gas 
concentrations of 0.0001 mg/L and 0.1 mg/L for the nano and micro 
scale bubbles, respectively. Adjusting to account for the Laplace pres
sure, assuming standard conditions would increase the concentration by 
an order of magnitude in the nanobubbles to 0.001 mg/L. This means 
that the majority of any transferred gas will still be associated with the 
microbubble fraction. In the current case, the gas transfer to the liquid is 
further weighted towards the microbubble fraction with, for instance, 
one individual 37 μm microbubble containing the same volume of gas as 
five million 217 nm nanobubbles. The smaller size of the nanobubbles 
will translate to a higher specific surface area, with values of 1.62 × 105 

m−1 for the microbubble and 2.76 × 107 m−1 for the nanobubble in the 
current case. The specific surface area of the comparative conventional 
bubble system was 1111 m−1. This should translate to a faster rate of 
mass transfer and, hence, enhanced performance as bubble size de
creases. However, even for the microbubbles, the enhanced specific 
surface area compared to the conventional sized bubble system meant 
that almost complete gas transfer would occur within 1–2 m of water 
depth. To illustrate, a gas transfer efficiency of 96 % was reported in a 
32 cm deep tank with microbubbles with a mean size of 51 μm [44]. In 
most water treatment applications, ozone tank depths exceed 3 m and 
can be as deep as 7–8 m [2]. Consequently, the benefits of enhanced 
mass transfer are realised with microbubbles and, indeed, could be 
larger than those currently considered. Further, the benefits of nano
bubbles on enhanced mass transfer can only be realised in shallow tank 
depths and hence require new reactor designs to be developed. In 
addition, it has been proposed that for ozone systems MNBs can produce 
more hydroxyl radicals, enabling better and faster reactions. However, 
previous research has shown no statistically significant difference in 
radical formation when MNBs were compared to conventional bubbles 
(2–6 mm) when normalised for dissolved ozone concentration [43]. 
Previously reported enhancements are therefore driven by the increased 
mass transfer from the much higher specific surface areas associated 
with MNBs.

3.4. Longevity of residual nanobubbles

The other advantage stated for bulk nanobubbles is their stability 
over prolonged times. To test for the longevity of the residual nano
bubbles from the current system. Samples were measured continuously 

Fig. 5. Size distribution (left) and cumulative frequency (right) of residual ozone nanobubbles measured using nanoparticle tracking analysis with an original ozone 
gas flow rate of 2 L min−1.
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for 18 h using a custom script on the NTA system, which automatically 
captured the measurements every hour. Residual nanobubbles were 
detected consistently across the analysis period. The diameter of the 
residual nanobubbles immediately after the cessation of microbubble 
generation was 208.1 ± 24.9 nm, and the measured concentration was 
7.17 × 107 ± 1.93 × 107 # mL−1. Over the course of the 18 h, there was 
very little change in the measured diameter or concentration. The 
measured diameter did not appear to increase or decrease significantly 
and remained relatively static for the duration of the experiment at a size 
of 253 ± 61.4 nm (Fig. 6). The same was true for the measured con
centration. After 18 h, there was a slight decrease in measured con
centration to 2.09 × 107 ± 5.54 × 106 # mL−1, although this was within 
the uncertainty range for the measurements (Fig. 7). Overall, this sup
ports the idea of the longevity of nanobubbles, within the sensitivity 
limits of our measurements. Previously reported data from a similar 
system extended the trial to 140 days and showed that the number 
concentration decreased slightly over this time, but the size distribution 
decreased, with the majority of the bubbles being between 50 nm and 
100 nm for the measurement taken after the first day [32]. In more 
recent work, the stability of carbon dioxide (CO2) nanobubbles has been 
reported to be associated with pH [45]. Specifically, in their experiments 
at pH 4, the CO2 was in a supersaturated state making it difficult for 
further dissolution.

While the stability of bulk nanoparticles remains an open area of 
debate, a number of theories have been proposed to help explain the 
deviation from the established Epstein-Plesset theory. The established 
position suggests nanobubbles in saturated liquids should be stable for 
no more than a few milliseconds [22]. The alternative theories include 
the skin model and the armoured bubble model, where surfactant and 
organic layers on the outside of bubbles stabilise them; the electrostatic 
repulsion model related to the very high magnitude zeta potential that 
nanobubbles are reported to have; and a dynamic equilibrium model 
[46]. Surface coating in real waters is likely, but the exact extent and 
type will vary. Such surface accumulation can reduce the surface tension 
and, hence, the Laplace pressure such that the bubble can exist in 
equilibrium with the surrounding saturated liquid. Similarly, the dy
namic equilibrium model proposes patchwork hydrophobic zones on the 
bubbles that aid diffusion into the bubble, whereas gas can diffuse out 

into the liquid through the uncovered areas. The net is no overall 
transfer, and hence, the bubbles are stable [47]. No one model currently 
explains the phenomena observed, and there is often limited direct ev
idence such that no common theory currently exists [46]. However, one 
important aspect is common to a number of these ideas: there is no net 
gas transfer, and hence, the nanobubbles are unlikely to contribute to 
overall transfer and performance enhancement. If the stable size is due 
to gas transfer equally in both directions, the new gas will be inert and 
hence no long-term contribution can be expected.

Overall, the work indicates that, nanobubbles are unlikely to be the 
key component that delivers enhancement in gas-liquid treatment sys
tems used in water treatment. Instead, and particularly in the case of 
ozone, the fate of the nanobubbles represents a potential concern as they 
will likely exit the ozone contactor into the downstream processes. Re
sidual dissolved ozone is typically removed by adsorption onto granular 
activated carbon (GAC) beds that are positioned after the ozone con
tactors, Thus ensures no residual carryover of ozone in the later stages of 
treatment to minimise potential ozone off-gassing post-contactors 
(release of ozone into the atmosphere) [48]. However, the fate of sta
bilised nanobubbles is unknown and represents an area of urgent need 
for investigation. Nanoparticles of around 100–200 nm are normally 
relatively easily removed in depth filter operations and GAC beds as they 
will have a very high collision efficiency, which means that they will 
contact the media. However, the likely surface coating and the high 
negative zeta potentials associated with nanobubbles means that they 
are expected to have a very low attachment efficiency [49]. Hence 
nanobubbles could pass through these post-ozone stages. Calculation of 
the maximum potential impact based on our current data of a mean 
nanobubble diameter of 217 nm and a bubble concentration of 2.89 ×
107 # mL−1 translates into a potential quantity of molecular ozone of 
0.32 μg L−1. Factoring in the observed uncertainty presented, an ozone 
concentration range between 0.032 and 3.2 μg L−1 may be possible. In 
addition, ozone generators do not produce 100 % ozone gas. A typical 
ozone output for a pure oxygen feed gas is 6–13 % [50] and is signifi
cantly lower for air-fed systems. Therefore, the potential quantity of 

Fig. 6. The measured diameter of nanobubbles over an 18-h time period from 
the point of generation. Bubbles were produced using a regenerative turbine 
pump and air as the filling gas.

Fig. 7. The measured concentration of nanobubbles over an 18-h time period 
from the point of generation. The dashed line above and below the observed 
concentrations shows the order of magnitude difference in concentration to 
demonstrate that any change is within the uncertainty bands of the measure
ment. Bubbles were produced using a regenerative turbine pump and air as the 
filling gas.
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molecular ozone within nanobubbles is likely to be much lower than 
stated. Current legislation for ozonation is focused on the formation of 
bromate from the ozonation of bromide in bromide-containing waters. 
Bromate is a potential human carcinogen with a regulatory limit of 10 
μg L−1 [51]. Undissolved and unquenched gaseous ozone passing 
through to post-ozone stages risks the formation of additional bromate. 
However, the gaseous ozone volume entrained within the nanobubbles 
is thought to be sufficiently low so as not to be a cause for concern.

Translating the findings to other generator systems should yield 
similar outcomes, given that the reported sizes from other devices are 
within the same range as reported in the current case (SI: Table S1). 
Application of any of these devices for other gas-liquid mass transfer 
applications such as bioprocessing, will yield the same finding, in that 
optimisation of mass transfer should focus on the microbubble fraction. 
Further, sensitivity to bubble size within the microbubble fraction will 
be limited when used in traditional reactors as (near) complete gas 
transfer will occur within less than half of the available water depth [2]. 
Translation to applications where the nanobubble fraction is ascribed 
more prominence, such as in membrane cleaning [25,52], places more 
emphasis on developing higher nanobubble concentrations. There is 
known to be more difference between different generation devices 
enabling a basis for technology selection (SI: Table S1). Overall, there is 
an urgent need to establish the optimum bubble size(s) required for 
different applications so that the benefits of micro-nano bubble gener
ation can be fully realised. In addition, empirical verification of the 
relative contribution is needed. This requires a method to separately 
generate the two bubble fractions to enable controlled experiments and 
is an area for future work.

4. Conclusion

The work has independently measured the nanobubble and micro
bubble size distributions coproduced using a regenerative turbine 
microbubble generator with ozone. The microbubble fractions were 
measured using FBRM and the nanobubble fraction measured using 
nanoparticle tracking. The latter was calibrated using latex spheres and 
identified an uncertainty level of around 10 % on the size measurements.

Mean bubble sizes of 217 nm and 37 μm were reported for the 
nanobubble and microbubble fractions, respectively, both with reason
ably distributed size ranges. Further, 50 % of the microbubbles were 
<5000 nm in size, such that the two distributions differed by around one 
to two orders of magnitude in size. Interpretation of the findings, with 
regards to water treatment using an ozone gas-liquid contactor, indi
cated that the nanobubble fraction is unlikely to be a significant 
contributor to the efficiency and effectiveness of the process and that the 
majority of the performance is delivered through the microbubble 
fraction. Estimation of the gas contained per bubble in each fraction, 
accounting for enhanced gas content due to the Laplace pressure in the 
nanobubble, indicated resultant ozone concentrations of 0.001 and 0.1 
mg/L. This suggests that more focus should be placed on understanding 
how to control the size distribution of the microbubble fraction in order 
to optimise the overall process. Such findings translate to all other gas- 
liquid mass transfer systems. Where the water depth is above a couple of 
metres, the benefits will be realisable for bubbles produced from all of 
the available MNB generator technologies.

The nanobubbles were observed to remain stable in terms of number 
and size for 18 h. This further supports the negligible impact of the 
nanobubble fraction on mass transfer but raises concerns as to their fate 
as they are likely to exit the contactors. Based on the measured data, the 
risk for residual ozone through nanobubble survival was considered 
negligible, with an estimated maximum ozone residual of 3.2 μg L−1 

predicted under typical water treatment conditions. However, work is 
required to confirm the fate of nanobubbles through downstream pro
cesses such as GAC. The potential future outlook for using micro-nano 
bubble systems is good, but a clear understanding of the optimum 
bubble size for different applications is needed.
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