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Hypothesis: We test the validity of the Young-Laplace equation and Henry’s law for sub-micron bubble
suspensions, which has long been a questionable issue. Application of the two theories allows character-
ization of bubble diameter and gas molecule partitioning between gaseous and dissolved phases using
two easily measurable variables: total gas content (CT ) and bubble volume concentration (BVC).
Experiments: We measure CT and BVC for sub-micron bubble suspensions generated from three pure
gases, which allows calculation of bubble diameter for each suspension using the Young-Laplace equation
and Henry’s law. Uncertainties involved in the experimental measurements are assessed. Bubble size for
each suspension is also directly measured using a dynamic light scattering (DLS) technique for compar-
ison.
Findings: Applying the two theories we calculate that the bubble diameters are in the range of 304–
518 nm, which correspond very well with the DLS-measured diameters. Sensitivity analyses demonstrate
that the correspondence of the calculated and DLS-measured bubble diameters should take place only if
the two theories are valid. The gas molecule partitioning analysis shows that >96% of gas molecules in the
suspension exist as dissolved phase, which suggests the significance of the dissolved phase for applica-
tions of the bubble suspensions.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Ultrafine bubbles, which refers to gas bubbles with a dimension
of a micron or smaller [1], are currently drawing substantial atten-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2020.02.101&domain=pdf
https://doi.org/10.1016/j.jcis.2020.02.101
mailto:ychoi81@snu.ac.kr
https://doi.org/10.1016/j.jcis.2020.02.101
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


174 E. Kim et al. / Journal of Colloid and Interface Science 570 (2020) 173–181
tion among scientists and engineers with an expectation that they
would lead innovation in various fields. With a much smaller size
compared to conventional macrobubbles (a few millimeters in
size) and microbubbles (a fewmicrometers to 50 mm in size), ultra-
fine bubbles exhibit unique properties such as high stability in
aqueous solutions (residence time reported up to several tens or
hundreds of days) [2], rapid mass transfer at the bubble-water
interface [3,4], high dissolved gas concentration in the water con-
taining the bubbles [5], and high negative pressure at the surface
[6,7]. In the field of water treatment, these unique properties of
ultrafine bubbles have been exploited to achieve enhanced ozone
supply for chemical oxidation of water and groundwater contami-
nants [8,9], improved flotation efficiency for solids separation, and
better fouling control in membrane separation processes [10].
Application of oxygen/air ultrafine bubbles in biological water
and wastewater treatment and groundwater bioremediation has
been suggested as a means to substantially enhance the aeration
efficiency, which, in turn, may improve the performance of the
treatment [11]. In agricultural science, enhanced aeration by oxy-
gen ultrafine bubbles has been successfully demonstrated to pro-
mote plant and animal growth [12,13]. Oxygen ultrafine bubbles
have shown a great potential in medical treatments by serving as
an oxygen carrier to supply oxygen to injured tissues or for inacti-
vating anaerobic bacteria on infected skin [14–16].

Despite the rapid growth of the literature demonstrating the
potential applicability of ultrafine bubbles, the physicochemical
properties of ultrafine bubbles, particularly those related to the
stability of the bubbles, remain to be poorly understood [17]. The
resistance to buoyancy and bubble coalescence is relatively well
explained by the low rising velocity of ultrafine bubbles that allows
Brownian motion to dominate the bubble movement and the elec-
trostatic repulsion between the bubbles, respectively [2,11,18,19].
On the other hand, it is questionable how thermodynamic equilib-
rium is established (or if it is really established) at the gas-water
interface such that the bubble retains its size without significant
growth or dissolution for a sufficiently long time as observed in
many studies [3,18,20]. As the classical theories that have been
believed to be universally applicable to gas-water interface indi-
cate that it becomes less and less feasible to obtain a thermody-
namic equilibrium as bubble size gets smaller, many scientists
regard the observed stability of ultrafine bubbles as a mystery
[17,21].

One may expect two classical theories to be applicable at the
gas-water interface of the bubbles in water. The first one is the
Young-Laplace equation, which can be written for a spherical bub-
ble as [17,21]:

Dp ¼ pin � pout ¼ 2c=r ð1Þ
where pin (Pa) is the inner pressure the bubble (gaseous phase); pout

(Pa) is the outer pressure of the bubble (aqueous phase); c (N m�1)
is the surface tension of water; and r (m) is the bubble radius. This
equation tells that, given that the surface tension remains constant,
the inner pressure of the bubble gets larger as the bubble size gets
smaller. For an aqueous suspension with 1 atm (=1.013 � 105 Pa) in
pressure and 20 �C in temperature, the Young-Laplace equation
returns an inner pressure of 29.7 atm for a bubble with 100 nm in
diameter and 288 atm for 10 nm in diameter. The other theory
applicable to the gas-water interface in thermodynamic equilibrium
is Henry’s law, which can be represented for a bubble by [22]:

pin ¼ Hpc � Caq;eq ð2Þ
where Hpc (N m mol�1) is the Henry’s law constant and Caq;eq (mol
m�3) is the dissolved concentration of the gas molecule in the sur-
rounding water at equilibrium. For a bubble made of pure oxygen in
an aqueous suspension at 1 atm, 20 �C to satisfy Eqs. (1) and (2),
Caq;eq should be 39.28 mol m�3 (or 1257 mg L�1) and
380.95 mol m�3 (or 12.2 g L�1) if the bubble diameters are
100 nm and 10 nm, respectively.

The calculation above implies that for sufficiently small bub-
bles, the two classical theories may fail to explain the stability of
the bubbles, or otherwise, the constants in Eq. (1) and/or Eq. (2)
(surface tension of water and the Henry’s law constant, respec-
tively) should be substantially modified. In other words, there
should be a bubble size range in which the bubble characteristics
are dependent on unique mechanisms applicable at very small
dimensions rather than those that governs the gas-water interface
at a macroscopic scale. This is not surprising if an analogy is drawn
to nanoparticles, which have been found to exhibit significantly
different physicochemical properties compared to macroscale par-
ticles with the same composition [23–25]. Here, a follow-up state-
ment that can be made is that down to a certain size range, the
physicochemical characteristics of bubbles observable at a macro-
scopic scale will remain to be valid.

In this study, we hypothesize that for ultrafine bubbles with a
size of a few hundred nanometers (i.e., sub-micron-sized bubbles),
the two classical theories (i.e., the Young-Laplace equation and
Henry’s law) can still reasonably be applicable for the gas-liquid
interface. Because most of the bulk ultrafine bubbles studied in
the literature or employed in practical applications are in this size
range, the validity of this assumption has many implications. Given
that the two theories are applicable, it is possible to estimate the
bubble size and counts, and to understand how much gas mole-
cules the bubble suspension carries in aqueous and gaseous
phases, respectively (i.e., the phase partitioning of gas molecules),
using a very simple laboratory procedure that can be performed in
any laboratory settings.

In the following section, we illustrate how the properties of an
ultrafine bubble suspension listed above (i.e., bubble size, bubble
counts, and aqueous/gaseous phase partitioning of gas molecules)
can be estimated using Eqs. (1) and (2) with measurement of two
macroscopic properties of the suspension: total gas content and
bubble volume concentration (BVC). Using the total gas content
and BVC values determined for ultrafine bubble suspensions gener-
ated in the laboratory, the suspension properties are estimated.
The calculated value of a key bubble suspension property, i.e.,
the bubble size, is compared with the results from an instrumental
measurement. This study design allows testing the hypothesis that
the two classical theories are applicable to sub-micron-sized bub-
bles and providing a simple experimental procedure to determine
ultrafine bubble suspension properties at the same time.

2. Theoretical analysis

2.1. Phase partitioning of gas molecules in an ultrafine bubble
suspension

It is challenging to determine how much fraction of gas mole-
cules exists in either bubbles (gaseous phase) or dissolved (aque-
ous) phase in an ultrafine bubble suspension. Because an
ultrafine bubble suspension behaves as a system where bubbles
and the aqueous phase continuously interact with each other to
exhibit its overall characteristics, any attempt to separate the
two phases may result in disturbance in such interactions, leading
to significant errors in the determination of the phase partitioning
of the gas molecules. It was suggested that signals of dissolved
oxygen (DO) meters may represent or infer the concentration of
oxygen that is actually dissolved in an ultrafine bubble suspension
[17]. However, for oxygen ultrafine bubble suspensions generated
in the current study, the signal of the DO meter (ProODO, YSI Inc.,
USA; measures DO by an optical method) exceeded the upper mea-
surement limit of 90 mg L�1. This suggested that the DO concentra-
tion of the oxygen ultrafine bubble suspensions generated in this
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study was remarkably higher than the typical measurement range
and that an accurate determination of DO concentration was chal-
lenging via direct measurement using any DO meters. To address
this challenge, based on classical theories that do or are assumed
to apply to an ultrafine bubble suspension, we developed a method
to determine the phase partitioning of gas molecules as described
below.

By applying the ideal gas law and by defining the bubble vol-
ume concentration (BVC) as the total volume occupied by bubbles
in a unit volume of a bubble suspension, the inner pressure of an
ultrafine bubble is written as

pin ¼ ng � R � T� �
=Vb ¼ Cg � Vs � R � T� �

=Vb ¼ Cg � R � T� �
=BVC ð3Þ

where ng (mol) is the number of moles of gas molecules in ultrafine
bubbles; R (=8.314 N m K�1 mol�1) is the ideal gas constant; T (K) is

the temperature; Vb (m3) is the volume occupied by ultrafine bub-
bles; Vs (m3) is the bubble suspension volume; Cg (mol m�3) is the
concentration of the gas molecules that exist in gaseous phase (i.e.,

in bubbles) on suspension volume basis; and BVC ¼ Vb=Vs (unitless)
is the bubble volume concentration. The ideal gas law is valid
within 5% error unless the gas pressure is extremely large (e.g.,
more than 100 atm for oxygen) [26]. Applying Henry’s law (Eq.
(2)) to an ultrafine bubble suspension, the inner pressure of ultra-
fine bubbles, pin, can also be written as follows:

pin ¼ Hpc � Caq ¼ Hpc � CT � Cg
� � ð4Þ

where Caq (mol m�3) is the concentration of the gas molecules that
exist in aqueous phase on suspension volume basis; and CT (mol
m�3) is the total gas content (i.e., the concentration of the gas mole-
cules that exist in any phase on suspension volume basis). Combin-
ing Eqs. (3) and (4), the following expression is obtained for the gas
molecule concentration in bubbles of a suspension.

Cg ¼ Hpc � CT
� �

= Hpc þ R � Tð Þ=BVC� � ð5Þ
Therefore, if Henry’s law holds for an ultrafine bubble suspen-

sion generated using a certain species of pure gas at a given tem-
perature, Cg can be calculated using experimentally determined
values of CT and BVC. Experimental approaches to measure the
two variables in an ultrafine bubble suspension are detailed in
the Materials and methods Section. The fraction of gas molecules
in gaseous and aqueous phases (Rg and Raq, respectively) in a bub-
ble suspension is given as follows.

Rg ¼ Cg=CT ¼ Hpc= Hpc þ R � Tð Þ=BVC� � ð6Þ

Raq ¼ Caq=CT ¼ R � Tð Þ= Hpc � BVC þ R � T� � ð7Þ
2.2. Bubble diameter and population

Combination of Eqs. (1), (3), and (5) gives

Hpc � CT � R � T� �
= Hpc � BVC þ R � T� �� pout ¼ 4c=D ð8Þ

where D (m) is the bubble diameter. Rearrangement of Eq. (8)
enables the calculation of the bubble diameter using given and
experimentally measured values.

D ¼ 4c= Hpc � CT � R � T� �
= Hpc � BVC þ R � T� �� pout

� � ð9Þ
In the current study as well as for most of experimental systems

and practical applications of ultrafine bubble suspensions, pout can
safely be assumed to be equivalent to the atmospheric pressure.
The bubble population, n (counts m�3), is given as

n ¼ 6BVC=pD3 ð10Þ
where p is the circular constant.
3. Materials and methods

3.1. Ultrafine bubble generation

An ultrafine bubble generator used in this study was a splitter-
type device (see Fig. 1). When water containing macro-sized bub-
bles was injected to the splitter, which was essentially a coiled
polyvinyl chloride (PVC) tubing 4 mm in inner diameter and
10 m in length, the high shear stress generated by the passage of
the bubble suspension at high velocity broke up the macrobubbles,
releasing a water suspension containing ultrafine bubbles at the
outlet.

Both the water inlet and the bubble suspension outlet of the
ultrafine bubble generator were connected to a reservoir to form
a circulation system. The reservoir was filled with 500 mL of deion-
ized (DI) water (except for the BVC measurement experiment
which used a 5-L reservoir) prior to the generator operation. The
gas inlet was connected to a tank supplying a pure gas of oxygen,
nitrogen, or helium (>99.95% purity for each). The generator was
operated at a gas flowrate of 30 mL min�1 using a gas regulator
and a gas-water mixture flowrate of 300 mL min�1 using a peri-
staltic pump. To ensure the system to reach a steady state, the gen-
erator was run for at least 3.5 � the hydraulic retention time (HRT)
of the reservoir. Afterwards, the bubble suspension prepared in the
reservoir was used for measurement. The atmospheric and reser-
voir temperature was maintained at 25 ± 0.5 �C during the bubble
generation as well as the measurements.
3.2. Bubble volume concentration (BVC) measurement

Bubble volume concentration (BVC) represents the total volume
occupied by bubbles in a unit volume of a bubble suspension. This
parameter was experimentally determined by measuring the vol-
ume change after completely removing bubbles in a suspension.
Because the fraction of volume occupied by ultrafine bubbles was
infinitesimal, a relatively large volume (5 L) of a suspension was
generated in a volumetric flask-type reservoir which was designed
to track volume change down to 0.01-mL resolution. Details on the
reservoir design and the measurement procedure are provided in
the Supplementary Materials. To remove bubbles from a bubble
suspension, a 30-min gas purging was applied. The gas used for
purging was pure nitrogen for oxygen and helium ultrafine bubbles
and pure helium for nitrogen ultrafine bubbles. This procedure
effectively destabilized an ultrafine bubble suspension, resulting
in bubble coalescence and subsequent bubble rise to the surface.
3.3. Total gas content measurement

The total content of a given species of gas molecules in an ultra-
fine bubble suspension was determined using a head space gas
pressure measurement technique developed in this study as fol-
lows. A 160-mL serum bottle (Wheaton, USA) was filled with
approximately 60 mL of an ultrafine bubble suspension generated
using a pure gas (i.e. oxygen, nitrogen, or helium), and the head-
space was filled with the same gas. After completely sealing the
bottle using a rubber stopper, sonication was applied to the sus-
pension for 20 min, which induces bubble coalescence [27]. To
ensure equilibrium in gas molecule partitioning between the water
and the headspace as well as to restore the bottle temperature
back to 25 �C after being heated by sonication, the bottle was
gently agitated in a 25 �C water bath overnight. Afterwards, the
head space gas pressure was measured using a digital pressure
gauge (PDS-B15M, Ulfatech, Seoul, Korea), which allowed the dif-
ferential pressure measurement down to 0.01-mm H2O
(0.098 Pa) resolution. Applying the ideal gas law and Henry’s law



Fig. 1. Configuration of ultrafine bubble generator.
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for gases in the head space and the water at the point of pressure
measurement, the total gas content was determined as follows:

CT ¼ Cg þ Caq ¼ ðVh=VsÞ � pg
f � pg

i
� �

= R � Tð Þ þ pg
f =Hpc ð11Þ

where pg
f and pg

i (Pa) are the final and initial gas pressures, respec-

tively; and Vh and Vs (m3) are the head space and suspension vol-

ume, respectively. The exact values of Vh and Vs were measured
after the head space gas pressure measurement. Hpc values of
7.667 � 105, 1.621 � 106, and 2.903 � 106 N m mol�1 were used
for oxygen, nitrogen, and helium, respectively [28]. The digital pres-
sure gauge provided the pressure difference between the head
space of the bottle and the laboratory atmosphere at the point of
pressure measurement, whereas pg

i is represented by the atmo-
spheric pressure in the laboratory during bubble suspension sam-
pling. The signal given by the pressure gauge ranged from 545 to
740 mm H2O (535–726 Pa), which was substantially higher than
the typical 24-h variation of atmospheric pressure of <10 mm H2O
(deduced from the analysis of hourly-monitored sea-level pressure
database during the year of 2017 in the monitoring station of Seoul,
South Korea; http://www.weather.go.kr/weather/observation/aws_
table_popup.jsp). Therefore, the pressure difference signal obtained
from the pressure gauge was directly used as the difference
between the final and initial gas pressure (i.e., pg

f � pg
i).

3.4. Alternative measurement of total oxygen content

For an oxygen ultrafine bubble suspension, an alternative
method was employed to verify the accuracy of the head space
gas pressure measurement technique. The alternative measure-
ment method benchmarked a procedure developed by Kikuchi
et al. (2009) [5], who diluted an ultrafine bubble suspension using
a sufficient amount of de-oxygenated water to dissolve all bubbles
into water and obtain the final dissolved oxygen (DO) concentra-
tion under the saturation level. The DO of the diluted solution
can be determined either using a standard DO meter or the Win-
kler method, the results of which corresponded well with each
other [5].

To avoid oxygen loss during dilution, the experiment in the cur-
rent study was conducted using gas-tight devices. Firstly, a 0.5-mL
aliquot of oxygen bubble suspension was sampled in a 3-mL gas-
tight syringe. The solution for dilution was prepared by taking
49.5 mL of DI water in a 50-mL gas-tight syringe, which had been
deoxygenated by purging nitrogen for at least 60 min. The DO con-
centration of the deoxygenated water was measured using a DO
meter (ProODO, YSI Inc., USA) prior to sampling using the syringe.
After connecting the two syringes using a silicon tubing, the
deoxygenated water was slowly injected to the oxygen bubble sus-
pension until the 3-mL syringe was completely filled. Then, the
contents of the 3-mL syringe were injected back to the larger syr-
inge. This procedure was repeated 10 times for complete mixing of
the two solutions. The DO concentration of the diluted solution
was determined using a DO meter.

3.5. Instrumental measurement of bubble diameter

The bubble diameter was directly measured using the dynamic
light scattering (DLS) technique. A Zetasizer Nano system (Malvern
Instruments Ltd., UK) was employed to acquire the scattered light
intensity with the speckle pattern. The Stokes-Einstein equation
and the Rayleigh equation were used to correlate the signals with
the bubble diameter. The Rayleigh equation is written as follows:

I ¼ I0
1þ cos2h
� �

2d2

2p
k

� �4 n2 � n1ð Þ2 � 1

n2 � n1ð Þ2 þ 2

" #
D
2

� �6

ð12Þ

where I is the intensity of light scattered by a single small particle;
I0 is the intensity of incident light; h is the scattering angle; d is the
distance to the particle; k is the wavelength of light; and n1 and n2

are the refractive indices of the particle and the medium, respec-
tively. A 4-mL aliquot of the ultrafine bubble suspension generated
in a 500-mL reservoir was transferred to a quartz cuvette for the
DLS analysis. Snapshots of light scattering were taken multiple
times 0.5–20 min after transferring the bubble suspension into
the cuvette, each of which was translated into a bubble size distri-
bution histogram. No significant changes in the bubble size distri-
bution curve were identified within the duration at which the
snapshots were taken.

4. Results and discussion

4.1. Total gas content (CT) and bubble volume concentration (BVC)

Interestingly, an extraordinarily high values of total gas content
(CT) are determined for the three pure-gas (i.e., oxygen, nitrogen,
and helium) ultrafine bubble suspensions. The CT values are
9.55 ± 1.79 mol m�3 (306 ± 57 mg L�1) for pure oxygen,
4.20 ± 0.35 mol m�3 (117 ± 10 mg L�1) for pure nitrogen, and
3.78 ± 0.09 mol m�3 (15.1 ± 0.4 mg L�1) for pure helium ultrafine
bubble suspension (average ± standard deviation; n = 3 for each).
These values are factors of 7.2, 6.7, and 10.8 higher (for pure oxy-
gen, nitrogen, and helium bubble suspension, respectively) than
the saturation value of an aqueous solution (i.e., dissolved gas con-
centration in equilibrium with 1 atm partial pressure of the gas) at
25 �C for the corresponding gas.

Bubble volume concentration (BVC) measurement indicates that
only a very small volume in the ultrafine bubble suspension is
occupied by the bubbles. BVC measured for a pure oxygen bubble
suspension is 0.31 ± 0.16 mL L�1 suspension (mean ± standard
deviation; n = 3). Very similar results are found for other pure-
gas bubble suspensions (0.31 ± 0.16 mL L�1 for nitrogen and
0.31 ± 0.16 mL L�1 for helium) (see Table 1).

4.2. Comparison of the measured and calculated values of bubble
diameter

The bubble diameter determined using the dynamic light scat-
tering (DLS) method confirms that the bubbles generated in this
study are in the sub-micron scale. The bubble size distribution
taken using the DLS technique for any pure-gas (i.e., oxygen, nitro-
gen, or helium) bubble suspension show that the bubbles are
within the range from 100 to 1000 nm in diameter, with appear-
ance of a single peak slightly skewed toward the smaller side. An
example of a bubble size histogram for oxygen bubbles is shown

http://www.weather.go.kr/weather/observation/aws_table_popup.jsp
http://www.weather.go.kr/weather/observation/aws_table_popup.jsp


Table 1
Total gas content (CT ) and bubble volume concentration (BVC) values experimentally measured using the techniques developed in this study for three pure-gas bubble
suspensions. Data are shown as average ± standard deviation (n = 3).

Pure gas O2 N2 He

Total gas content, CT 9.55 ± 1.79 mol m�3

(306 ± 57 mg L�1)
4.20 ± 0.35 mol m�3

(117 ± 10 mg L�1)
3.78 ± 0.09 mol m�3

(15.1 ± 0.4 mg L�1)
Bubble volume concentration, BVC 0.31 ± 0.16 mL L�1 0.31 ± 0.16 mL L�1 0.31 ± 0.16 mL L�1

Fig. 2. An example of a bubble size histogram of oxygen ultrafine bubbles obtained
by a dynamic light scattering (DLS) instrument. Such size distribution diagrams are
obtained multiple times for each pure-gas bubble (6 for oxygen, 6 for nitrogen, and
5 for helium).
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in Fig. 2 and examples for nitrogen and helium bubbles in Fig. A1. A
representative diameter for each measurement is determined as
the median value obtained from the bubble size distribution his-
togram. Multiple measurements are taken for each pure-gas bub-
ble, enabling the statistical treatment of the representative
diameters for each. Accordingly, the bubble diameters are deter-
mined as 409 ± 130 nm, 458 ± 107 nm, and 279 ± 85 nm for oxy-
gen, nitrogen, and helium ultrafine bubbles, respectively
(average ± standard deviation; n = 6, 6, and 5, respectively).

The bubble diameters calculated using Eq. (9), which are
derived under the assumption that the Young-Laplace equation
and Henry’s law are valid, and uses CT and BVC as two
experimentally-measured input variables, correspond very well
with the bubble diameters measured using the DLS technique.
The calculated bubble diameters are 483 ± 117 nm, 518 ± 49 nm,
and 304 ± 8 nm (average ± standard deviation; n = 3 for each) for
oxygen, nitrogen, and helium pure-gas bubbles, respectively. For
all cases, the calculated diameters and the DLS-measured diame-
ters are statistically invariant (ANOVA, p > 0.2), confirming the
validity of Eq. (9) for sub-micron bubble suspensions generated
using three different types of pure gases.

4.3. Ultrafine bubble suspension characteristics

As Eq. (9) is developed based on the assumption that the Young-
Laplace equation (Eq. (1)) and Henry’s law (Eq. (2)) holds for a sub-
micron bubble suspension, the validity of Eq. (9) infers that the two
relationships hold for a sub-micron bubble suspension. This state-
ment is further validated in the next subsection. In the current sub-
section, several key ultrafine bubble suspension characteristics
that can be calculated by taking the advantage of the validity of
the Young-Laplace equation and Henry’s law are presented. As
shown in Eqs. (4)–(6) and (11), the two relationships between
the bubbles and the aqueous solution of a bubble suspension
enable calculation of the gas contents in aqueous and gaseous
phases (Caq and Cg , respectively), the fractions of gas molecules
in aqueous and gaseous phases in a suspension (Raq and Rg , respec-
tively), inner gas pressure of a bubble (pin), and bubble population
(n) using the experimentally measured values of CT and BVC. The
values calculated for each parameter for each pure-gas bubble sus-
pension are tabulated in Table 2.

The inner gas pressure of ultrafine bubbles (pin) in aqueous sus-
pensions is notably higher than the atmospheric pressure. The cal-
culated pin values are 7.2, 6.6, and 10.5 atm for oxygen, nitrogen,
and helium bubbles, respectively. As long as Henry’s law holds
for gas molecule partitioning between aqueous and gaseous
phases, this high inner gas pressure is associated with a highly
supersaturated gas concentration in the aqueous phase. Accord-
ingly, very high Caq values, 303, 115, and 15.1 mg/L for oxygen,
nitrogen, and helium bubble suspensions, respectively, are derived.
Because pin equals to the partial pressure of a certain pure gas,
Henry’s law returns a supersaturation ratio (i.e., dissolved gas con-
centration relative to the equilibrium value at a partial gas pres-
sure of 1 atm) of the aqueous phase exactly the same as the
numerical value of pin in atm unit. In other words, the supersatura-
tion ratios in the aqueous phase are 7.2, 6.6, and 10.5 for oxygen,
nitrogen, and helium bubbles, respectively.
Most interestingly, the Raq and Rg values indicate that the vast
majority of gas molecules in the pure-gas bubble suspensions exist
in the aqueous phase, not in bubbles. For nitrogen and helium
ultrafine bubble suspensions, the Raq values are estimated to be
0.9784 and 0.9656, indicating that 97.84% and 96.56% of the gas
molecules in the suspensions are dissolved, respectively. For oxy-
gen, which is more soluble in water than nitrogen or helium, an
even higher Raq value of 0.9906 is obtained, showing that 99.06%
exist in the aqueous phase while only 0.94% is in the bubbles for
the ultrafine bubble suspension.
4.4. Validation of the approach

Because of the potential of the conclusions made in the current
study to substantially influence the current understanding, future
research, and practical applications for ultrafine bubble suspen-
sions, the validity of the approach employed in this study is thor-
oughly reviewed. This includes the measurement accuracy of the
two key variables used for analyses in this study (i.e., CT and
BVC), impacts of the measurement errors of the two variables on
the conclusions made, and the appropriateness of using the bubble
diameter to confirm the validity of the Young-Laplace equation and
Henry’s law in an ultrafine bubble suspension.

For BVCmeasurement, there are sources of errors that may chal-
lenge the accuracy of the measured values. Although the device
used in this study allows volume change measurement down to
0.01-mL resolution, external factors, such as temperature variation,
may result in significant errors in the determination of the suspen-
sion volume change caused by removing bubbles. A water temper-
ature deviation by ± 0.5 �C results in the volume change from
�0.64 mL to 0.65 mL for 5000.00 mL water (or from �0.13 to
0.13 mL L�1 suspension) at 25.0 �C. This temperature variation cor-
responds to the actual variation in water temperature observed in
the experiment. Therefore, the water temperature may substan-
tially influence the accuracy of the measured BVC value. Water



Table 2
Characteristics of three pure-gas ultrafine bubble suspensions calculated under the assumption that the Young-Laplace equation and Henry’s law are valid, and using the
experimentally measured values of total gas content (CT ) and bubble volume concentration (BVC). Data are shown as average ± standard deviation (n = 3).

Pure gas Oxygen (O2) Nitrogen (N2) Helium (He)

Bubble diameter, D 483 ± 117 nm 518 ± 49 nm 304 ± 8 nm
Gas content in aqueous phase, Caq 9.46 ± 1.77 mol m�3

(303 ± 57 mg L�1)
4.11 ± 0.35 mol m�3

(115 ± 10 mg L�1)
3.65 ± 0.09 mol m�3

(14.6 ± 0.4 mg L�1)
Gas content in gaseous phase, Cg 0.09 ± 0.02 mol m�3

(2.90 ± 0.54 mg L�1)
0.08 ± 0.01 mol m�3

(2.33 ± 0.20 mg L�1)
0.13 ± 0.003 mol m�3

(0.53 ± 0.01 mg L�1)
Fraction of gas molecules in aqueous phase in a bubble

suspension, Raq

0.991 0.980 0.965

Fraction of gas molecules in gaseous phase in a bubble
suspension, Rg

0.009 0.020 0.035

Inner gas pressure, pin 7.25 � 105 ± 1.36 � 105 Pa
(7.16 ± 1.34 atm)

6.67 � 105 ± 0.56 � 105 Pa
(6.58 ± 0.55 atm)

1.06 � 106 ± 0.03 � 105 Pa
(10.46 ± 0.26 atm)

Bubble population, n 6.38 � 1015 ± 3.53 � 1015

counts m�3
4.43 � 1015 ± 1.37 � 1015

counts m�3
2.12 � 1016 ± 1.75 � 1015

counts m�3

178 E. Kim et al. / Journal of Colloid and Interface Science 570 (2020) 173–181
evaporation during analysis, although likely to be much less signif-
icant compared to the temperature variation because the bubble
suspensions are collected in a volumetric flask with very low area
to volume ratio in this study, may also slightly affect the measured
volume change.

The sensitivity analysis result, however, tells that the errors in
BVC measurement have negligible impact on the bubble diameter
calculated using Eq. (9). Fig. 3 shows the calculated values of bub-
ble diameter as a function of BVC and CT obtained by inserting the
BVC value in the range of 0.01–1.0 mL L�1 and the CT value in the
range of 1.5–10 times the saturation value into Eq. (9). The con-
tours represent the isodiameter lines. The results indicate that
the BVC variation from close to zero to 1.0 mL L�1 does not substan-
tially affect the bubble diameter calculation. For example, for pure
oxygen bubble suspension (measured CT = 306 mg L�1), BVC varia-
tion from 0.01 to 1.0 mL L�1 results in the calculated bubble diam-
eter variation from �1.08% to 2.49% relative to the calculated
bubble diameter using the measured BVC value of 0.31 mL L�1.
Note that the error in BVC measurement due to water temperature
variation is estimated to be in the order of 0.1 mL L�1 of the exact
value and the standard deviation in the actual measurement is
0.17 mL L�1. Therefore, errors in BVC measurement should not
challenge the accuracy of the calculated bubble diameter.

Despite the relatively significant contribution of CT on the cal-
culated bubble diameter (see Fig. 3), the errors in the CT value
determined in this study are not likely to pose a substantial impact
on the calculated bubble diameter. The CT value is determined
using the head space gas pressure measurement technique as
detailed in the Materials and methods Section. The relative stan-
dard deviations of the CT measurement for the pure-gas bubble
suspensions (n = 3 for each) are 18.7%, 8.3%, and 2.4% for oxygen,
nitrogen, and helium, respectively. These values are much smaller
than the relative standard deviations of the BVCmeasurement (55%
for all the three pure-gas bubble suspensions), indicating that a
much more precise measurement is possible for the CT values. As
discussed in the Materials and methods Section, less than 2% error
is expected for the measurement of the head space pressure differ-
ence before and after the ultrafine bubble coalescence. Henry’s law
is applied to the bottle containing water and head space to deter-
mine the experimental CT value from the head space pressure dif-
ference (see Eq. (11)). Because the head space pressure in the bottle
is less than 2 atm, the applicability of Henry’s law is not in doubt.
For pure oxygen ultrafine bubble suspension, the accuracy of the CT

value determined using the head space gas pressure measurement
technique is further assessed by comparing it with the result
obtained from an alternative measurement technique. By diluting
the oxygen ultrafine bubble suspension using a deoxygenated
water and measuring the DO value of the diluted solution, the
CT value is determined to be 323 ± 16 mg L�1 (average ± standard
deviation; n = 3), which corresponds very well with the CT value
determined using the head space pressure difference method
(Student’s t-test, p = 0.32).

Because of almost negligible contribution of BVC on the calcu-
lated bubble diameter for a sufficiently small value of BVC, the bub-
ble diameter can be calculated using CT as the only measured
variable within this BVC range. Applying a BVC value of zero, Eq.
(9) reduces to:

D ¼ 4c= Hpc � CT � pout

� � ð13Þ

Approximation of Eq. (9) using Eq. (13) is valid within 5% error
for the following condition:

BVC < R � Tð Þ=Hpc
� �
� Hpc � CT � 0:05pout

� �
= 0:95Hpc � CT þ 0:05pout

� � ð14Þ

For the combination of Hpc and CT values for the three pure-gas
ultrafine bubble suspensions in this study, Hpc� CT is at least 6-fold
greater than pout (i.e., more than two orders of magnitude greater
than 0.05pout). In this condition, Eq. (14) is approximated by:

BVC < R � Tð Þ= 0:95Hpc
� � ð15Þ

Eq. (15) indicates that if 5% error is acceptable and also if BVC
values are less than 34, 16, and 9 mL L�1 for oxygen, nitrogen,
and helium bubble suspensions, respectively, at 25 �C, measure-
ment of BVC is not necessary for bubble diameter calculation
purpose.

The errors associated with the determination of pin, Cg , Caq, Rg ,
Raq, and n are as follows. The sensitivity analysis results for these
parameters as functions of CT and BVC are presented in Fig. A2.
The results for Caq and pin are similar to that for bubble diameter;
these parameters are highly sensitive to CT whereas BVC measure-
ment errors are not likely to significantly influence the accuracy of
these parameters. These results are expectable from the following
facts: (pin – pout) is inversely proportional to bubble diameter
according to the Young-Laplace equation (Eq. (1)), pin is substan-
tially greater than pout for ultrafine bubbles, and Caq is proportional
to pin (Eq. (5)). Rg and Raq are dependent only on BVC as can be seen
from Eqs. (7) and (8). However, the errors involved in BVC mea-
surements are not likely to challenge the conclusion that Raq is
close to unity. BVC measurement error of 0.1 mL L�1 results in less
than 0.5% error in the calculated Raq value. Cg and n are sensitive to
both CT and BVC, and errors associated with the CT and BVC mea-
surement are likely to result in significant errors in the calculated
values of Cg and n.
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Fig. 3. Sensitivity of the calculated values of ultrafine bubble diameter to BVC and
CT in the case of (a) pure oxygen, (b) pure nitrogen, and (c) pure helium bubble
suspensions. The contours represent the isodiameter line and the asterisk (*)
represents the experimentally measured value.
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The validity of using bubble diameter as a reference to examine
the validity of the Young-Laplace equation and Henry’s law can be
confirmed by the high sensitivity of the calculated bubble diameter
to the surface tension (c) and the Henry’s law constant (Hpc).
Firstly, from Eq. (9), it is seen that the calculated bubble diameter
is directly proportional to the surface tension. Eq. (13), when com-
bined with the fact that Hpc�CT is at least a factor of 6 greater than
pout in this study, implies that the calculated bubble diameter is
nearly inversely proportional to the Henry’s law constant. Sensitiv-
ity analysis results shown in Fig. A3 and Table A1 further confirms
this relationship. Therefore, the calculated bubble diameter can be
approximated to be proportional to c/Hpc . Assuming that Henry’s

law holds exactly for sub-micron-sized bubbles (i.e., Hpc
B ¼ Hpc

A;

where Hpc
B and Hpc

A are the Henry’s law constants applicable for
a bubble suspension and at ambient conditions, respectively), the
calculated and DLS-measured bubble diameter being statistically
invariant indicates that cB and cA are also statistically invariant.
A similar conclusion could be made for the correspondence of
Hpc

B with Hpc
A assuming cB ¼ cA. Mathematically, it is possible that

cB=cA � Hpc
B=Hpc

A such that c/Hpc remains to be nearly constant
whereas Hpc and c values in sub-micron bubble suspensions signif-
icantly deviate from their values at ambient conditions. However,
it is hardly imaginable that this condition is accidently met for
all the three pure-gas bubble suspensions examined in this study,
which exhibit substantially different total gas contents with one
another. It should also be pointed out that according to a previous
study that derived an empirical relationship between gas pressure
and water surface tension by experimental measurement of the
surface tension under dense gas atmospheres [29], the pin values
for the three pure-gas ultrafine bubbles calculated in the current
study are estimated to result in less than 1% reduction in water
surface tension.

A noteworthy underlying assumption for the discussion given
above is that the DLS technique provides an accurate measurement
of bubble diameter. DLS technique is one of the most frequently
used method to determine bubble diameter for sub-micron-sized
bubbles [30]. The technique is used to estimate sizes of sub-
micron- or nano-sized particles by measuring light scattering
which is a function of the size and reflective index of an object.
The Rayleigh’s equation given in Eq. (12) indicates that the accu-
racy of the DLS measurement depends on the difference in the
refractive index between the particle and the medium. Because
the refractive index of a gas-phase particle (�1.00) and that of
water (�1.33) are substantially different, the size of ultrafine bub-
bles can be accurately measured by the DLS technique.

4.5. Implications

The improved knowledge on the characteristics and behavior of
bulk ultrafine bubbles enabled by the current study presents
important implications that should be considered for relevant
research and applications. In addition, the study implies that
follow-up works are necessary to further explore the behavior of
bulk ultrafine bubbles generated in various conditions and present
in different environments.

The current study provides a simple and easy-to-follow tech-
nique to estimate the diameter of sub-micron-sized bubbles. In
the scientific field, challenges in bubble diameter estimation,
including the limited availability of specialized instruments and
concerns involved in the transport of a bubble suspension from
the point of generation to the instrument, have been one of the
major bottleneck for initiating an ultrafine bubble research. These
challenges also limit the current ability to evaluate the perfor-
mance of bubble-generating devices available in the market. As
demonstrated above, in most cases, diameter of bubbles generated
using a pure gas can be calculated using the total gas content as the
only measured parameter. The total gas content measurement
does not require any specialized devices or instruments, allowing
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the measurement viable in any laboratory settings. By the mea-
surement technique, a representative bubble diameter for a bubble
suspension is obtained, which is directly related to other bubble
suspension characteristics such as inner pressure of the bubble
and dissolved gas concentration in the suspension. Therefore, the
representative bubble diameter determined by the total gas con-
tent measurement is expected to more adequately represent the
bubble suspension characteristics than the value (or the range of
values) determined by specialized instruments.

To further extend the applicability of the proposed technique, it
should be investigated if the technique is available for determining
the diameter of bubbles generated using a mixture of gases (e.g.,
ambient air). An extensive set of research may be needed because
much greater complexity is expected for mixed-gas ultrafine bub-
bles. The gas composition in the bubbles may not be the same as
the gas composition of the air used for the bubble generation,
and accordingly, improved understanding on the bubble suspen-
sion characteristics and gas molecule behavior is required for the
application of the proposed technique.

The validity of the Young-Laplace equation and Henry’s law
for sub-micron-sized bubbles provides significant implications
for bubble behavior in a suspension. The two theories imply that
the most thermodynamically favorable size of a pure-gas bubble
is determined by the aqueous concentration of the gas in the
suspension. The small Rg value estimated in this study suggests
that the gases in aqueous phase serves as almost an infinite
reservoir for bubble formation. Therefore, in the absence of sig-
nificant loss of gas molecules from a bubble suspension and
under negligible interactions between the gas molecules and
the inner surface of the container, bubbles once generated in dif-
ferent sizes are likely to evolve into the size that satisfies the
Young-Laplace equation and Henry’s law. Once the bubbles are
evolved into the size offering thermodynamic stability, the bub-
ble suspension may stay stable as far as the bubble movement is
dictated by Brownian motion (i.e., the bubble rising velocity is
negligible). In addition, an increase in the aqueous concentration
is expected to induce bubble shrinkage. Likewise, a decrease in
the aqueous concentration is expected to result in bubble size
growth, and if the decrease continues, the bubble will be grown
to finally exhibit a rising velocity sufficient for bubble rise and
disappearance. The latter phenomenon is likely to occur when
an ultrafine bubble suspension is placed in an open vessel,
where a driving force for gas molecule mass transfer should exist
such that the supersaturated gas in the aqueous phase will be
released to the atmosphere. We believe that the gas molecule
mass transfer from the suspension to the atmosphere is one of
the key mechanisms that determine the stability of ultrafine
bubbles.

The current study demonstrates that a highly supersaturated
gas solution could be obtained using an ultrafine bubble gener-
ator. This observation implies that, by generating ultrafine bub-
ble suspensions using reactive gases such as ozone or
hydrogen, a solution with very high activities for such gases
could be achieved, allowing significantly improved reaction rates
and providing redox potentials sufficient to break down highly
recalcitrant compounds. Currently, there is rapid growth of sci-
entific research to improve the reactivity of gas molecules by
employing ultrafine bubble suspensions [31,32]. It is recom-
mended for these studies to investigate the relationship between
the dissolved gas concentration and the chemical reactivity, and
to explore ways to better utilize the high dissolved gas concen-
tration achievable via ultrafine bubble generation. Another line
of current scientific research employing ultrafine bubble suspen-
sions is to enhance the transport of gas molecules through
environmental media such as aquifer materials [9,33]. The cur-
rent study results indicate that the majority of the gas molecules
in an ultrafine bubble suspension is essentially in dissolved
phase. Therefore, the role of the aqueous medium as a carrier
of gas molecules should be considered as significant. Of course,
the characteristics of a bubble suspension is likely to change
substantially when the suspension is injected in porous media,
and this dynamic behavior of gas molecules should be fully
investigated in the future.

Due to their significant implications as stated above, studies are
needed to further verify the conclusions of the current study. We
used bubble size as a key parameter to validate our hypothesis that
the Young-Laplace equation and Henry’s law holds for sub-micron-
sized bubbles because of the current availability to measure the
bubble diameter using instrumental techniques. Development of
a measurement technique for inner pressure of bubbles will help
further validate the hypothesis of the current study. This study is
conducted at a fixed temperature of 25 �C, and thus it is necessary
to examine the validity of the Young-Laplace equation and Henry’s
law at different temperatures at which the surface tension of water
and Henry’s law constants of gases are different from those applied
in the current study.

5. Conclusion

Despite the large volume of literature reporting the high sta-
bility of ultrafine bubbles in aqueous suspensions [2–5], the
thermodynamic equilibrium at the gas-water interface in the
suspension, which is essential to describe the observed stability,
is yet to be defined [18,20]. Specifically, it has been questionable
whether the two classical theories (i.e., the Young-Laplace equa-
tion and Henry’s law) that have been used to describe the ther-
modynamic equilibrium at conventionally studied gas-water
interfaces are applicable to ultrafine bubbles [17,21]. By studying
aqueous suspensions of sub-micron-sized bubbles generated
using three pure gases, we clearly demonstrate that the Young-
Laplace equation and Henry’s law are applicable to the gas mole-
cule behavior in the suspensions. With a hypothesis that the two
theories are valid, we derive an equation that enables calculating
bubble diameter using gross characteristics of the bubble sus-
pension (i.e., CT and BVC). The calculated bubble diameter corre-
sponds very well with the bubble diameter directly measured by
a dynamic light scattering technique. By sensitivity analyses, we
show that the correspondence of the calculated and directly
measured bubble diameters can reasonably be used to conclude
that the two theories are valid to sub-micron-sized bubbles.
Because the Young-Laplace equation and Henry’s law define
the relationships among key variables that characterize a bubble
suspension, when one or two of the key variables are experi-
mentally determined for a sub-micron-sized bubble suspension,
the rest of the variables may be determined by utilizing the rela-
tionships. We show in this paper that pin, Cg , Caq, Rg , Raq, and n
for a bubble suspension can be derived from the experimentally
determined values of CT and BVC. The values of the key variables
determined for three pure-gas bubble suspensions in this study
suggest that most of the gas molecules in the bubble suspen-
sions exist in the aqueous phase, which present significant
implications for the application of the bubble suspensions for
chemical reactions, gas molecule transfer and transport, among
others. Further studies are recommended to examine the validity
of the Young-Laplace equation and Henry’s law in more complex
systems than is studied in the current study, including mixed
gas bubble suspensions and bubble suspensions present in
porous media.
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