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Abstract: Submicron-sized bubbles are now officially called ultrafine bubbles (UFBs) by the
international standard. The concentration of UFBs is generally low (<109 particles/mL; <0.001 vol%)
compared to other colloidal dispersions. To overcome this practical problem, we concentrated UFBs
in ultrapure water prepared by a commercial UFB generator and quantified the effect of rotary
evaporation of the dispersion media on the stability of UFBs. The UFB dispersions were characterized
by a particle tracking analysis (PTA) instrument. The experimental results showed that the UFBs can
be diluted and concentrated without changing the size distribution and there was little or no loss
of UFBs. By using a rotary evaporator, UFB dispersions were about 30-fold concentrated and the
resultant number concentration reached over 3 × 1010 particles/mL. Increasing the concentration of
UFBs allowed for satisfactory dynamic light scattering (DLS) measurements. The differences among
the three algorithms for analyzing the raw data, i.e., autocorrelation function, obtained by DLS are
discussed, along with the characteristics of the particle size distribution derived from each algorithm.

Keywords: nanobubble; particle tracking analysis; dynamic light scattering; rotary evaporator;
number concentration; size distribution; NNLS; CONTIN; Marquardt

1. Introduction

In recent years, industrial use of submicron-sized bubbles has been increasing. Accordingly, since
2017, international standards related to the bubbles have been published annually by the International
Organization for Standardization (ISO). According to the standard, these colloidal bubbles are referred
to as not “nanobubbles” or “bulk nanobubbles” but “ultrafine bubbles.” Therefore, in this study, we will
refer to the submicron-sized bubbles as ultrafine bubbles (UFBs) [1].

The greatest mystery of UFB lies in its extraordinary stability. The ISO standard [1] defines UFB
as a bubble with a volume equivalent diameter of less than 1 µm. However, due to its small size,
the existence of UFBs is not supported by classical theories. For instance, Epstein and Plesset’s theory
predicts a lifetime of less than a second for a 1-µm bubble [2]. Nevertheless, many experimental studies
have reported that UFBs can remain stable for weeks to months [3]. At present, no one has seemingly
unraveled this contradiction clearly, and it has caused a great deal of controversy for researchers
working on UFBs.

For example, Alheshibri and Craig [4–6] insist that the particles called UFBs or nanobubbles are
not gas-filled bubbles. Their conclusions are based on the results of particle density measurements
and compressibility. They measured the particle density of the UFBs using a device called resonant
mass measurement (RMM), which can measure the buoyant mass and predict the density of particles
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in a liquid dispersion. The measured densities of the particles were about 0.9 g/cm3, which is
obviously larger than the density of a gas, i.e., 0.001 g/cm3. The other evidence was obtained using the
dynamic light scattering (DLS) technique with a pressurizable cuvette cell. By using this apparatus,
they demonstrated that the particles did not shrink even under an external pressure of 10 atm,
which belies the fact that the particles are gas-filled entities.

On the contrary, Jadhav and Barigou [7] argue that UFBs and nanobubbles are indeed gas-filled
particles. They used eleven different physical and chemical methods, including Cryo-SEM (scanning
electron cryomicroscopy), GC−MS (gas chromatography–mass spectrometry), and ICP-MS (inductively
coupled plasma mass spectrometry) to analyze the dispersions of UFBs. They reported that the
dispersions prepared by three different UFB generation methods did not provide sufficient evidence
that the UFBs were organic or inorganic contaminants. If the UFBs were not gaseous, the presence of
the measured particles could not be explained.

In this context, a variety of analytical methods are needed to promote fundamental research
on UFBs. However, the concentrations of UFBs are usually so dilute that various analyses can be
challenging; typical number concentrations of UFBs are on the order of 107 particles/mL to at most
109 particles/mL, which is less than 0.001 vol% or 0.01 mM. Many analyzers have an appropriate
concentration range and deviation from the range can not only result in irreproducible data but can
also result in data that lead to erroneous conclusions. For example, it has been reported that the data
quality of DLS is affected by the number concentration of colloidal particles [8]. This is where basic
analytical operations, such as dilution and concentration, are essential.

Despite the fundamental importance, little has been reported on the dilution or concentration of
UFB dispersions. A limited number of reported examples are the studies of Tuziuti et al. [9], and Jadhav
and Barigou [7]. Tuziuti et al. [9] investigated the effect of dilution on the stability of UFBs. They found
that the addition of degassed water altered the stability of UFBs. Regarding the process to concentrate
UFB dispersion, Jadhav and Barigou [7] used a rotary evaporator to obtain high enough concentration
for the analytical techniques they used. Although the effect of evaporation on the stability of UFBs was
not discussed in detail, they obtained their highest concentration of UFBs of 1.39 × 1010 particles/mL as
a result of the evaporation process. This implies that UFB dispersions were evaporable and thus may
have withstood the temperature and vacuum conditions within the evaporator. Although the above
two examples provide very useful insights, important aspects such as controllability of the number
concentration and size distribution were outside the focus of their work.

This study is probably the first to focus solely on the very practical processes such as dilution and
concentration of UFB dispersions. We investigated the effect of dilution and rotary evaporation on
the stability of UFBs generated by a commercial bubble generator. The effects of each manipulation
on the number concentration and size distribution were measured by particle tracking analysis
(PTA). The concentrated UFB dispersions were successfully quantified by DLS, which is known to be
unreliable at dilute sample concentrations. Since stable light scattering data were obtained, the choice
of algorithms and resultant size distribution are also discussed in detail.

2. Materials and Methods

2.1. Generation of Ultrafine Bubbles in Ultrapure Water

Ultrafine bubbles were generated using a commercial UFB generator, ultrafine GaLF (FZ1N-02,
IDEC Co., Osaka, Japan). The gas used was laboratory air filtered through a hollow fiber filter (KIC-T6,
Kitz Micro Filter Co., Nagano, Japan) whose pore size was 0.01 µm. The dispersion medium for the
UFBs was purified water as described later. The gas and liquid volume flow rates of the generator
were 0.7 L/min and 16.7 L/min, respectively, hence the gas-to-liquid ratio was approximately 0.04.

The system utilizes the pressurized dissolution mechanism to generate UFBs. The pressure in
the pressurized dissolution tank of the generator has been kept at a gauge pressure of 300 ± 20 kPa.
This supersaturation is thought to be the source of the UFB generation [10]. However, the detailed



Colloids Interfaces 2020, 4, 50 3 of 15

generation mechanism of UFBs is not known to date. A hypothesized mechanism can be found on the
manufacturer’s web site (IDEC Global) [11].

2.2. Ultrapure Water and Glassware

Water with as little contamination as possible is required for the dispersion medium, dilution of
the prepared UFB dispersions, and cleaning of laboratory equipment. In this study, ultrapure water
was prepared by treating tap water with a water purifier (UL-pure KE0119, Komatsu Electronics Co.,
Ltd., Ishikawa, Japan). The total organic carbon concentration (TOC) and electrical conductivity of the
ultrapure water were less than 50 µg/L and 0.01 mS/m, respectively; the conductivity was measured by
an electrical conductivity meter attached to the water purifier, and the TOC was measured by a TOC
analyzer (TOC-LCSH, Shimadzu Co., Kyoto, Japan).

In order to exclude the effect of unexpected contaminants, the glassware used were newly
purchased for this study, washed with neutral detergent, and rinsed thoroughly with a large amount of
ultrapure water before experiments. The measurement of TOC was obtained for the ultrapure water in
the beakers cleaned in this way; therefore, the residual level of organic matter due to detergent residues
was negligible (TOC < 50 µg/L). This indicates that the experimental apparatuses were maintained at a
very high level of cleanliness. Table 1 summarizes the values of total organic carbon concentration,
electrical conductivity, liquid temperature, and dissolved oxygen concentration of the ultrapure water.
The dissolved oxygen (DO) concentration and temperature were measured using a fluorescence type
DO meter (Seven2Go Pro, Mettler Toledo, Greifensee, Zürich, Switzerland).

Table 1. Properties of the ultrapure water.

Measurand Value

Number concentration of foreign particles [particles/mL] <1 × 107

Total organic carbon concentration [µg/L] <50
Electrical conductivity [mS/m] <0.01

Temperature [◦C] 24 ± 2.0
Dissolved oxygen concentration C [mg/L] 8.3–8.7

Oxygen saturation SO2 [%] 97–103

The measured dissolved oxygen concentration C can be normalized by the solubility C* at the
temperature and atmospheric pressure during measurement, which is expressed as follows:

SO2 =
C
C∗

(1)

where SO2 is oxygen saturation. Thus, if the dissolved oxygen concentration is 8.5 mg/L at 25 ◦C and
1 atm (=101.3 kPa), the SO2 is 100%. Assuming that oxygen saturation and nitrogen saturation are
approximately equal, SO2 can be viewed as air saturation.

2.3. Dilution with Air-Saturated and Degassed Water

Degassed ultrapure water for dilution was prepared by vacuum decompression at an absolute
pressure of 20 kPa ('0.2 atm) for 30 min using a diaphragm pump (DIVAC 0.6 L, Leybold GmbH,
Cologne, Germany) and an acrylic desiccator. Air-saturated ultrapure water was used as it was taken
straight from the water purification system (UL-pure KE0119).

Here the dilution factor f is defined as follows:

1
f

=
V0

V0 + Vdil
(2)

where V0 is the initial sample volume and Vdil is the volume of diluent. Based on this equation, when
a sample is diluted twofold, the dilution factor f is 2 and the concentration is halved. In this study,
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the inverse of f is defined as the dilution ratio 1/f ; the dilution ratio takes a maximum value of 1 when
not diluted and is zero when diluted to infinity.

2.4. Rotary Evaporation

UFB dispersions were concentrated using a rotary evaporator (N-1100, TOKYO RIKAKIKAI
Co., Ltd., Tokyo, Japan). Figure 1 shows the appearance and schematic diagram of the evaporator.
As indicated in Figure 1b, we define “concentrate” as the liquid that is concentrated by evaporation
and “condensate” as the liquid condensed by the condenser.
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Figure 1. Rotary evaporation system used in this study: (a) Photo of the system; (b) Schematic showing
concentrate and condensate.

The water temperature in the heating bath was 60 ◦C. The coolant in the concentrator was an
ethylene glycol-based antifreeze, and the cooling temperature was set to −22 ◦C. After thoroughly
rinsing the clean evaporation flask with the UFB dispersion to be concentrated, 300 mL of the dispersion
was added and the concentration operation was performed at a rotation speed of 30 rpm (revolutions
per minute). The decompression pressure was set at 7.0 kPa (=0.069 atm) and the time from the start of
the decompression to reaching this pressure was set at 3 min.

As shown in Figure 2a, the evaporation rate, i.e., the decreasing rate of concentrate, was
approximately constant at −5.3 mL/min under the present experimental conditions. Accordingly,
the condensate volume also increased at a condensation rate of 5.2 mL/min (Figure 2b). The very small
difference is presumably due to the loss of adhesion to the glassware.
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Figure 2. Time variation in the volume of (a) concentrate and (b) condensate under evaporation.
Each data point represents an independent operation.

2.5. Particle Tracking Analysis

The UFB dispersions were characterized using a particle tracking analysis (PTA) instrument
(NanoSight, Malvern Ltd., Worcestershire, UK). A detailed description of PTA can be found in the
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literature [12]. In brief, PTA is a method to obtain the diffusion coefficient of each particle from image
analysis. The translational diffusion coefficient Dt can be calculated by Equation (3):

Dt =
(x, y)2

4t
(3)

where (x, y)2 is the mean square displacement of a particle in the two-dimensional plane (XY-plane) and
t is the time period for the displacement. The particle diameter d can be derived by the Stokes–Einstein
equation as follows:

d =
kBT

3πµDt
(4)

where kB is the Boltzmann constant, T is the absolute temperature, µ is the dynamic viscosity of the
dispersion. Note that it is also possible to determine the diffusion coefficient by measuring the mean
square displacement in one or three dimensions. In this case, the diffusion coefficient is calculated
as follows:

Dt,1 =
(x)2

2t
(5)

Dt,3 =
(x, y, z)2

6t
(6)

where Dt,1, and Dt,3 are the diffusion coefficients in one and three dimensions, respectively. As noted
in the ISO standard (ISO19430, Particle Tracking Analysis) [13], the particle size can be determined
from the mean square displacement of the measured dimension (two dimensions in the case of the
NanoSight system) by using the appropriate equation as shown above. A theoretical proof for the
equations can be found in the ISO document [13].

Figure 3a shows a screenshot of a video captured by the PTA instrument used in this study. As can
be seen in this figure, each particle, in this case, UFB, is detected as scattered light. The two-dimensional
displacements of the particles are analyzed by the image analysis software (NTA3.2, Malvern) as shown
in Figure 3b, where the trajectories of the detected particles are illustrated. The recorded displacement
data are used to calculate the diameters of the particles based on Equations (3) and (4). Note that
40 trajectories are shown in Figure 3b as an example, but more than 1000 trajectories were analyzed
to obtain size distributions. In addition to particle size, PTA can be used to estimate the number
concentration of particles in the dispersion. Assuming that one scattered light on the imaging screen
corresponds to one particle, the number concentration can be calculated from the depth of field and
the area of the field of view. In the case of the NanoSight system, these values are described in the
operation manual as ~10 µm, and ~100 µm × ~80 µm, respectively.
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The PTA instrument used in this study was the NanoSight LM10 system (Malvern Ltd.). The PTA
instrument is equipped with a violet laser (wavelength: λ = 405 nm) and analytical software (NTA
3.2 Dev Build 3.2.16, Malvern Ltd.). Each PTA measurement consisted of video recording and
image analysis of the videos taken. Five movies of 60 s each were taken for each measurement.
The image acquisition parameter called “camera level” and the analytical parameter called “detection
threshold” were 12 and 5, respectively. These parameters are known to have a significant effect
on the apparent number concentration of particles and particle size [14]. In this measurement
condition, when 10 particles are detected on the screen, the number concentration is equivalent to
2.0 × 108 particles/mL. To obtain reliable size distribution, at least 1000 tracks were analyzed.

2.6. Dynamic Light Scattering

The concentrated UFB dispersions were measured using a dynamic light scattering (DLS)
instrument (ELSZ-1200, Otsuka Electronics, Co., Ltd., Osaka, Japan). The instrument is equipped
with a 70 mW and 633 nm He-Ne laser. The scattering angle is 165◦. The optimal light scattering
intensity is between 104 cps and 105 cps (photon count rate per second). This system is equipped
with an attenuation filter that automatically regulates the incident light if the scattering intensity is
above the range. Preliminary experiments showed that the scattering intensity of the original UFB
dispersions prepared by the UFB generator was too low to be measured. Therefore, the concentrated
UFB dispersions were measured and reported in this study. Each measurement consisted of 70 runs.
The measurements were performed three times. As recommended by the manufacturer, the samples
were filtered through a 0.42-µm membrane filter before measurement. It should be noted that the
filtration did not affect the number concentration or particle size, which was confirmed beforehand
using the PTA method. In addition to the cumulant method as summarized in the ISO standard [15],
the CONTIN method [16], the NNLS (non-negative least squares) method [17], and the Marquardt
method [18] are implemented in the software of the DLS instrument.

3. Results and Discussion

3.1. Dilution of Ultrafine Bubble Dispersions

One of the aims of this study is to obtain high concentrations of UFBs. A higher concentration
of UFBs would provide a stronger signal for a variety of analyses. However, the concentrated UFB
dispersions cannot be analyzed directly in the PTA system because too high concentrations of UFBs
would significantly disturb the image analysis. According to the manufacturer’s manual, the upper
limit of the PTA instrument is approximately 2 × 109 particles/mL. At higher number concentrations
than the upper limit, the dispersion is required to be diluted. The effect of dilution on the stability of
UFBs is shown in Figures 4 and 5.
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Figure 4. Effect of dilution on the number concentration of UFBs. (a) Raw data and (b) normalized
value by the initial number concentration N0 before dilution. SO2 in the legend indicates diluent SO2.
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Figure 5. Effect of dilution on the size distribution of UFBs. (a) Untreated diluent (SO2 = 100.2%;
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Figure 4 clearly illustrates that UFB dispersions were able to be diluted in both untreated and
degassed ultrapure water without loss of the stability of UFBs. As can be seen in Figure 4a, the values
of the correlation coefficients R2 were greater than 0.97, indicating excellent linearity. The good linearity
ensures that the UFB dispersion can be diluted to the desired concentration. Figure 4b gives a plot of
N/N0, the number concentration N normalized by the initial number concentration N0 before dilution,
against the dilution ratio 1/f. The solid line in the figure shows the theoretical value of N/N0 = 1/f.
Therefore, if a value of N/N0 is smaller than this solid line, it indicates that the diluted concentration is
lower than the theoretical value, i.e., the stability of UFBs may have been lost. However, as is evident
in the figure, almost all the data points are equal or larger than the value of the solid line. This indicates
that the stability of UFBs is preserved regardless of the oxygen saturation SO2 of diluent.

The results of the size distribution of UFBs also support that the stability of UFBs was not lost
by dilution. Figure 5 illustrates the effect of dilution on the bubble size distribution. The number
frequency distribution was calculated by dividing the number concentration of each bin (10 nm) by the
total number concentration. Therefore, the sum of the height of the number frequency is equal to 100%.
The normalized size distributions overlapped well; thus, the dilution was found to have little or no
effect on the bubble size. Based on these experimental facts, we conclude that the number of UFBs in
the dispersion can be adjusted arbitrarily by dilution while maintaining the size distribution.

Note, however, that the present results and the conclusion above are limited to the case of ultrapure
water shown in Table 1. Since the dilutions in this study were performed using the pure diluent, it
can be expected that the results would be different when salts and other substances are added to the
diluent. For example, it has been reported that both the number of UFBs and their size are affected by
changes in pH and salt concentration [19]. Therefore, attention will need to be paid to the quality of
the diluent.
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It should also be noted that the different initial concentrations N0 of UFBs before dilution were due
to the different generation dates of the UFBs. Although the number concentrations differed according
to the date of generation, the size distribution was consistent among the UFBs: the peak diameters
were around 100–120 nm.

As shown in Figure 6, the oxygen saturation SO2 was on the theoretical line calculated by mass
balance, indicating that dilution by degassed water reduced SO2 following the theory. Some may try to
discuss the stability of UFBs in terms of dissolved gas concentrations, but a simple calculation shows
that this is difficult to do. The molar concentration of the gas within the UFBs in water can be easily
calculated from the number concentration (e.g., 1 × 109 particles/mL) and size (e.g., 200 nm) of UFBs to
about 0.6 µmol/L; the ideal gas law and the increase in the bubble’s internal pressure due to Laplace
pressure, i.e., ∆P = 4σ/d, were taken into account, where σ is the surface tension. If the bubbles consist
of air (21 vol% oxygen), this molar concentration can be converted to a dissolved oxygen concentration
of about 0.02 mg/L. Since the resolution of the DO meter is 0.01 mg/L, we find it difficult in practice to
measure the increase or decrease of UFBs with the dissolved gas concentration. For more information
on the above calculation, please see Appendix A.
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Figure 6. Effect of dilution on the oxygen saturation SO2 and temperature of a UFB dispersion.
The dashed line is the theoretical value calculated from SO2 of the diluent (SO2 = 12.9%) and the UFB
dispersion (SO2 = 101.9%).

Based on these results, which show that the UFBs prepared by the commercial generator were
stable in undersaturated water, it seems to be reasonable to suspect that the UFBs are not gaseous in
nature. In fact, Alheshibri and Craig [4] and Häbich et al. [20] pointed out that the particles alleged to
be UFBs may be impurities in the fluids. On the contrary, Uchida et al. [21,22] reported evidence that
UFBs may exist in the liquid as a gaseous bubble. They used the freeze-fracture replica method to
make a replica of the UFBs and observed many holes, which were thought to be traces of the bubbles,
under an electron microscope. It has also been argued that UFBs are indeed gaseous bubbles using
in-situ methods such as infrared (IR) spectroscopy: Oh and Kim [23] presented IR spectral data for
CO2-UFB dispersions as evidence of gaseous bubbles. These results are contradictory and highlight
the need for further experimental research. Several attempts [24,25] have been reported to explain the
stability of UFBs theoretically; however, no widely accepted theory seems to be available yet.

3.2. Evaporation of Ultrafine Bubble Dispersions

A photograph of ultrapure water, condensate, UFB dispersion before and after evaporation is
shown in Figure 7. As a result of evaporation for 54 min, the concentrated UFB dispersion (no. 4)
became slightly cloudy, whereas the other samples (no. 1–3) were transparent (Figure 7a). As is clear
from Figure 7b, laser irradiation makes the presence or absence of UFBs more apparent; a strong
streak of the laser light can be seen in the original UFB dispersion (no. 3), and the concentrated UFB
dispersion (no. 4).
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Figure 7. Photographs showing the samples in glass vials: (1) ultrapure water, (2) condensed water,
(3) original UFB dispersion, and (4) concentrated UFB dispersion. (a) Without and (b) with illumination
by a laser pointer with a power of 150 mW and a wavelength of 532 nm.

In order to confirm whether the number concentrations of UFBs were preserved in the concentrates,
the concentrated UFB dispersions with different volumetric concentration ratios were quantified by
the PTA instrument. Here, the volumetric concentration ratio can be defined as V0/Vc, where V0 is the
initial volume of concentrate (300 mL in this study) and Vc is the volume of the concentrate reduced by
evaporation for a given time. Based on this definition, for instance, if the volume of concentrate is
reduced to 1/4 (Vc = 1/4 V0), the volumetric concentration ratio V0/Vc is calculated to be 4; therefore,
it is a 4-fold concentration. Similarly, the number concentration ratio can be also defined as N/N0,
where N0 is the initial number concentration before evaporation and N is the number concentration
after evaporation. Theoretically, if the volumetric concentration ratio V0/Vc increases by a factor of
4, the number concentration ratio will also be the same factor; therefore, the plots of the values will
show a straight line through the origin. The results of the evaporation experiments are shown in
Figures 8 and 9.

It is clear from Figure 8 that the number concentration was preserved. The number concentration
ratio N/N0 and volumetric concentration ratio V0/Vc of the UFB dispersions agreed within ±8%.
Note that each data point shows the value of independent evaporation; therefore, the evaporation
process is highly reproducible. The number concentration was concentrated up to 29.1-fold compared
to the initial concentration, resulting in 3.44 × 1010 particles/mL. With regards to the size of UFBs
as shown in Figure 9, the size distribution did not significantly change. The preservation of size
distribution is advantageous for various analyses.
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Figure 8. Effect of rotary evaporation on the number concentration of UFBs: number concentration
ratio N/N0 vs. volumetric concentration ratio V0/Vc. The dashed line indicates the theoretical value.
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Figure 9. Effect of concentration using the rotary evaporator on the size distribution of UFBs.
Initial concentration N0 in (a) is 11.8 × 108 particles/mL and in (b) is 26.6 × 108 particles/mL. The bin
width is 10 nm.

Figure 10 shows a typical change in the oxygen saturation SO2 and temperature of concentrate
under the evaporation process. In this case, a UFB dispersion with a number concentration of about
108 particles/mL was concentrated and measured. The SO2 of the concentrate dropped to less than
20% within 3 min of the start of evaporation and the temperature rose to over 35 ◦C. The difference
between the expected values from the operating conditions (vacuum pressure of 7 kPa and heating
bath temperature of 60 ◦C) was mainly due to the use of the probe-type dissolved oxygen meter; we
measured SO2 by stopping the evaporator and placing the probe in the concentrate in the evaporation
flask taken out of the heating bath. This manipulation may have caused the liquid temperature to drop
due to contact with the probe and the SO2 to rise due to the diffusion of ambient air. The effect of the
probe insertion was more pronounced at the end of evaporation, where the volume of concentrate
was reduced; the increase in SO2 and the drop in temperature after about 40 min from the start of
evaporation were presumably due to the reduced volume of the concentrate.
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Figure 10. Temporal changes in the oxygen saturation SO2 and temperature of a UFB dispersion in the
evaporation flask.

It is an intriguing mystery how UFBs, which are supposed to be gaseous bubbles, can exist stably
at about 10% of atmospheric pressure and temperatures of over 35 ◦C. The reason why UFBs can exist
under the temperature and pressure at which water evaporates is unknown at present. As mentioned
in the Introduction, such extreme stability of UFBs under the evaporation process has been reported:
Jadhav and Barigou [7] concentrated UFB dispersions in a rotary evaporator for analysis. The fact that
UFB dispersions can be evaporated underscores the need for further research, as well as expanding the
range of methods for analyzing UFBs.
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3.3. Size Measurement with Dynamic Light Scattering (DLS)

The concentrated samples can be analyzed using a variety of measurement techniques.
We measured the size of concentrated UFBs using the dynamic light scattering (DLS) technique.
Figure 11 shows the result of the DLS measurement: the autocorrelation function for a concentrated
UFB dispersion whose concentration was 1010 particles/mL. Although the initial concentration
(109 particles/mL) generated from the UFB generator did not provide sufficient scattering intensity
for DLS (<3000 cps), the 10-fold concentrated dispersion gave strong enough scattering intensity
(>30 kcps).
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Figure 11. (a) Autocorrelation functions for the concentrated UFB dispersion with a number
concentration of 1010 particles/mL; (b) Enlarged view of (a) in the range of τ ≤ 100 µs.

It is a known fact that the particle size data differ depending on the algorithm used to analyze
the raw data of autocorrelation function [26]. In addition to the ISO-standardized cumulant method,
the ELSZ-1200 analysis software offers three other analysis algorithms: NNLS, CONTIN, and Marquardt.
The raw data as well as the autocorrelation functions calculated by the three algorithms are shown in
Figure 11. As shown in Figure 11a, the raw data and the calculations are in good agreement: looking
over the functions in the entire range of 1 ≤ τ ≤ 105 µs, each algorithm appears to represent the raw
data well. However, the magnified view shown in Figure 11b for τ ≤ 100 µs allows us to distinguish
the subtle differences. Although the raw data contains noise, they show a downward curve from the
y-intercept of about 1.5 a.u. The NNLS appears to best represent this trend in the range of τ ≤ 100 µs.
This can be attributed to the characteristic of NNLS to resolve multiple exponential decays with
high sensitivity.

Fitting the exponential decay of the autocorrelation function corresponding to a multimodal
particle-dispersion system is a difficult problem; all algorithms have their advantages and
disadvantages [27]. The NNLS method is the most sensitive of the three algorithms to fit
multi-exponential decay, but it also has the disadvantage of being sensitive to noise [28]. On the
contrary, the Marquardt method is the most insensitive and thus robust to noise, but it may miss
the decay corresponding to the particles that should be present. Therefore, we should interpret the
autocorrelation function by comparing the raw data with the fitted data in this way, because there is no
“universal” algorithm suitable for any sample.

A closer look at the autocorrelation function makes it easier to interpret the reasons for the particle
size distribution given by each algorithm. Figure 12 shows the size of the UFBs in intensity weighted
and number weighted distribution. The DLS software calculated the intensity distribution using the
viscosity and refractive index of water at 25 ◦C; the number distribution was further calculated by
assuming Rayleigh–Gans–Debye approximation. The conversion from intensity distribution to number
distribution is a standard feature of the software of the DLS instrument used (ELSZ-1200).
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Figure 12. Size distributions of UFBs determined by the algorithms: (a) Intensity distribution;
(b) Number distribution.

As expected, the three algorithms gave different particle size distributions. NNLS and CONTIN
resolved multiple peaks, whereas Marquardt did only one. This difference is due to how many decays
are assumed in the exponential fit to the autocorrelation function [27]. NNLS fitted the most decays
and thus resolved most peaks, whereas CONTIN, which is more constrained than NNLS [28], resolved
only the two main peaks. The peaks around 200 nm, which are common to all three analysis algorithms,
are thought to represent particles measured by PTA, i.e., UFBs. The peak sizes are also consistent with
the z-average size of ~180 nm obtained by the cumulant method. This particle size range around
200 nm corresponds to the decay of the autocorrelation function in the range of 10 ≤ τ ≤ 1000 µs.

The identity of the peak indicated by the arrow in Figure 12a is not clear. The peaks around 2 nm
given by the relatively sensitive algorithms (NNLS and CONTIN) may be related to the fact that the
autocorrelation functions of the two algorithms had larger y-intercepts than that of the Marquardt
algorithm; the y-intercept of Marquardt was about 1.46 a.u., while those of others were above 1.47 a.u.
Thus, NNLS and CONTIN may have captured the early decay of the raw data. Note that the scattering
intensity is approximately proportional to the number concentration N and the sixth power of diameter
d6. This is the reason why the peak around 2 nm is large in NNLS and CONTIN in Figure 12b. It is not
clear whether 2-nm particles exist in the UFB dispersion. However, the raw data of the autocorrelation
function shown in Figure 11b seems to indicate that a fast decay did indeed occur. Therefore, we cannot
rule out the possibility that some kind of particles or small molecules exists in the nanometer range.

Table 2 summarizes the data for the peaks determined by the DLS measurement. The data
obtained by PTA (mode diameter) are also shown in the table. Note that since the cumulant method
does not provide any size distribution, the z-average diameter is not peak size. The peaks of the
Marquardt method and PTA are in particularly good agreement with each other. Therefore, it is
sufficient to conclude that the particle size distributions obtained by PTA and DLS are comparable
depending on the choice of algorithm.

Table 2. Peaks determined by PTA and DLS.

Method Algorithm Intensity Weighted Size [nm] 1 Number Weighted Size [nm] 1

DLS Cumulant 179 ± 0.5 n/a
NNLS 196 ± 9 2 1.6 ± 0.1 2

CONTIN 209 ± 2 2 1.5 ± 0.1 2

Marquardt 203 ± 2 135 ± 7
PTA — n/a 135 ± 5

1 Mean ± standard deviation; 2 Primary peak.
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4. Conclusions

We investigated the effect of dilution and concentration, which are basic operations essential
for analytical purposes, on the stability of ultrafine bubbles (UFBs). UFBs in ultrapure water were
produced with air in a commercial generator. The number concentration and size of UFBs were
quantified using a particle tracking analysis (PTA) instrument. The results showed that the UFB
dispersion can be diluted with ultrapure water without losing the stability of UFBs, regardless of the
dissolved gas concentration of the diluent; the number concentrations showed excellent linearity and
the particle size distributions were unchanged. A rotary evaporator was also used to concentrate the
UFB dispersion. The UFB dispersion was concentrated as calculated from the evaporated volume,
i.e., the balance of the number of UFBs was established. In addition, evaporation did not change the
size distribution of UFBs. The concentrated UFB dispersions reached a concentration of more than
1010 particles/mL, which was sufficient to allow for measurement by dynamic light scattering (DLS).
Using the concentrated dispersion, we discussed the importance of the selection of the algorithm for
analyzing the raw data, i.e., autocorrelation function, in DLS. Among the algorithms implemented in
the DLS instrument used, the peak analyzed by the Marquardt method gave the best agreement with
the peak obtained by the PTA method.
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Appendix A

Assuming that all the air-UFBs in water are dissolved as dissolved oxygen and nitrogen,
the concentration of dissolved oxygen was calculated as follows. This is what was mentioned
in Section 3.1.

If a gaseous UFB with a diameter of d is present in water, the number of moles of gas in the
spherical UFB can be calculated by Equation (A1), assuming the ideal gas law, i.e., PV = nRT:

n =
PV
RT

=

(
Patm + 4σ

d

)(
πd3

6

)
RT

(A1)

where n is the number of moles of the gas, R is the gas constant, T is the absolute temperature, Patm is
the atmospheric pressure, and σ is the gas–liquid interfacial tension. Note that the bubble internal
pressure P was calculated using the Laplace equation, i.e., ∆P = 4σ/d.

Assuming that all the gas in the UFB are dissolved in the liquid and the concentration of UFBs is
N [particles/mL], the molar concentration c [mol/L] and mass concentration C [mg/L] can be calculated
as follows:

c = nN
1000 mL

1 L
(A2)

C = cM×
1000 mg

1 g
(A3)

where M [g/mol] is the molar mass of the gas.
Assuming that the gas in the UFBs is air (21 vol% O2), the calculations of c and C of dissolved

oxygen can be performed as follows:

c =

(
101.3× 103 + 4 × 0.072

200 × 10−9

)[π(200 × 10−9)
3

6

]
8.31× 298

× 109
× 1000× 0.21 = 5.5× 10−7 mol/L (A4)
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C = 5.5× 10−7
× 32× 1000 = 0.018 mg/L (A5)

The following values were substituted into the calculation: π = 3.14, d = 200 nm, Patm = 101.3 kPa,
σ = 72 mN/m, R = 8.31 J/(mol·K), T = 298 K, N = 109 particles/mL, M = 32 g/mol.
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