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ABSTRACT: The state of oxygen in aqueous supersaturated
solutions prepared by different methods was studied using high-
resolution ultrasonic spectroscopy in combination with other
techniques. This allowed for nondestructive evaluation of the
properties of oxygen solute particles, composed of oxygen molecules
and surrounding (coordinating) molecules of water, at equilibrium,
supersaturated conditions, and different temperatures and concen-
trations of O2. The results were compared with the behaviors of
other types of solutes in water, including H2O2, which has similar
molecular size and mass to O2 but is characterized by a significantly
different type of interaction with water molecules. Additionally,
theoretical modeling was performed to assess the ultrasonic
characteristics of dispersions of oxygen nanobubbles stabilized by
a surface electrical charge. The obtained data indicate a clathrate-like organization of water in the coordination shells of single
molecules of O2. We did not find any signs of formation of clusters of oxygen molecules in supersaturated solutions. No
quantifiable presence of oxygen nanobubbles in the solutions was detected. The state of O2 molecules was not affected by
supersaturation within the analyzed concentration range of oxygen. The results also demonstrated the potential of the ultrasonic
technique in precision real-time nondestructive monitoring of oxygen solubilization and outgassing processes.

■ INTRODUCTION

Solubilization of oxygen gas in aqueous solutions plays an
important role in the functioning of biological systems, as well
as in various industrial processes.1−5 This includes oxygen
supersaturated solutions where the concentration of oxygen
exceeds equilibrium level. Their applications range from
facilitation of the surface oxidation of silicon6,7 in semi-
conductor industries to various treatments in medicine,
including therapeutic oxygen for hypoxia,8 oxygenation of
arterial blood,9 wound healing,10 and stimulation of immune
activity.11−18 Oxygen supersaturated solutions can be pro-
duced through physical agitation in combination with elevated
partial pressure of oxygen or chemically.8,19 In the second case,
oxygen is formed directly from chemical reactions such as
electrolysis of water20 or decomposition of hydrogen peroxide,
2H2O2 → 2H2O + O2. The chemical production is utilized in a
variety of industrial processes, especially because its speed can
be controlled by adding catalysts such as catalase or iron.21

The development of oxygen supersaturated aqueous solutions
for specific applications, including those with improved
“stability”, e.g., the rate of release of oxygen with time,
requires understanding of the state of dissolved oxygen and its
dependence on oxygen concentration. Most previous data on
the state of oxygen in aqueous solutions were obtained at
equilibrium conditions. Specifically, theoretical calculations
(see, for example, refs 22−24), spectroscopic23,25 and other
experimental studies,26 have demonstrated that interaction
between the dissolved molecules of oxygen and the
surrounding molecules of water is extremely weak compared
to water−water interactions. Solubilization of oxygen in water

is characterized by negative entropy and enthalpy effects and
large heat capacity increase.27 The heat capacity of
solubilization of oxygen gas in water at 25 °C is 200 J mol−1

K−1 corresponding to 24 R.26,28 This value is close to those
observed for gases with similar molecular size, such as argon or
methane.26,28 Based on the above, molecules of oxygen
dispersed in water can be considered as hydrophobic solutes
promoting the formation of clathrate-like “cages” of water
molecules surrounding them26,29−31 or other structures
expelling of “fast” molecules of water.30,32

The effect of supersaturation on the state of oxygen (O2) is
not well studied. Of particular interest are the properties of
water surrounding O2, formation of O2 clusters with O2
concentration, and formation of thermodynamically stable or
long-lived nanobubbles.33−36 These subjects are important for
understanding of the processes of bubble nucleation and of the
nature of the supersaturation limit,37 corresponding to the
maximum concentration of gas dissolved in a liquid above
which bubbles are formed spontaneously. Currently, classical
theories have difficulties in quantitative description of this limit
and also the dependence of this limit on the nature of the gas
dissolved,38−42 including oxygen.19,43 The topic of oxygen/gas
nanobubbles is also important for practical applications. As the
density of gas at atmospheric pressure is significantly lower
than that of water, large, micron-scale, gas bubbles are
subjected to creaming accelerated by coalescence. The
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creaming process is significantly slower for small nanoscale
bubbles; thus, a higher level of stability of aqueous nanobubble
suspensions can be expected. Utilization of gas nanobubbles is
considered to be beneficial in a variety of applications,
including agriculture,15 aquaculture,16 industrial manufactur-
ing,44−47 energy saving and diesel engine performance,17,18

cleaning,47,48 and growth of lives.16 In the past, it was believed
that gas nanobubbles cannot exist in water due to the high
pressure generated by the gas−water surface tension, which is
inversely proportional to the radius of the bubble (Young−
Laplace equation49). For a 10 nm radius gas bubble in water at
room temperature, this pressure is about 150 atm, which shall
lead to bubble collapse. However, an equilibration of this
pressure can be achieved through selective adsorption of ions
on the gas−water interface.15,50−56 This phenomenon was
investigated with molecular dynamics simulation, surface
microscopic measurements, electrospray ionization mass
spectroscopy, etc.57−65 As a result of selective adsorption of
ions, the surface of the bubble acquires electrical charge. The
electrostatic repulsion of charges on the surface produces a
pressure equilibrating the surface tension.15,50−55,66 The
surface charge of the bubbles shall also inhibit the bubble
coalescence67−69 and improve the stability of dispersions. This
mechanism suggests that the existence of oxygen nanobubbles
and the stability of nanobubble dispersions are subject to the
composition of the solution, including the concentration of
surfactants reducing the gas−water surface tension, as well as
the pH and concentrations of salts affecting the charge of the
nanobubbles.35,50,54,66 One of the key points in understanding
the effects of various factors on the formation of nanobubbles
in aqueous supersaturated solutions is the experimental
verification of their formation at supersaturated conditions in
pure water and without excessive mechanical treatment, which
is one of the topics of the current paper.
This paper describes the application of low-power, high-

resolution ultrasonic spectroscopy (HR-US) for character-
ization of the state of oxygen in supersaturated aqueous
solutions. The technique utilizes waves of longitudinal
deformation of small amplitude, probing compressibility (real
and imaginary parts) of mixtures, which is determined by
intermolecular forces in the analyzed medium. It is highly
responsive to a state of solutes and solvent in mixtures and can
be applied for analysis of a broad range of molecular
processes.70−73 The major measuring parameters of this
technique are ultrasonic velocity and attenuation obtained
with high precision, typically in the frequency range of 1−20
MHz. Measurements of ultrasonic velocity in aqueous
solutions provide the apparent compressibility of solutes,
which is extremely sensitive to the state of the solutes and their
interaction with surrounding water, e.g., hydration. Ultrasonic
attenuation quantifies the decay of the amplitude of the wave
of longitudinal deformations traveled over distance,70,72,74 and
is mainly determined by scattering effects in dispersions and
fast chemical/structural relaxation (see refs 73, 74 for an
overview of underlying contributions). Although measure-
ments of ultrasonic velocity are remarkably successful in
characterization of the hydration properties of a broad range of
solutes, their previous application for analysis of hydrophobic
hydration was mainly focused on solutes containing both
hydrophobic and hydrophilic parts. The latter provided the
required solubility of the solutes in water. In contrast to this,
oxygen can be considered a fully hydrophobic solute. As a
result, its solubility in aqueous solutions is low, and

measurements of the apparent compressibility can be
performed only with techniques of high precision. Another
complication in the analysis of oxygen hydration in solutions of
various concentrations is instability of supersaturated solutions,
which requires appropriate sample handling, measuring
procedures, and geometries of measuring cuvettes/containers
utilized (e.g., smooth, chemically clean walls, absence of sharp
points forming bubbles, etc.). The application of HR-US
instruments in the described research resolved these complex-
ities.
The first quantitative analysis of the effect of gas bubbles on

the sound properties in liquids, published in 1910 by
Mallock,75 showed a dramatic reduction of sound velocity
with increase of concentration of gas bubbles, which was
explained by a significant difference in compressibilities of
gases and liquids. This was further verified by subsequent
experiments and theoretical considerations.76−79 It is interest-
ing to note that an increase in concentration of bubbles in
water decreases the ultrasonic velocity from 1500 to almost 50
m s−1 at 5% volume fraction of air bubbles, which is
significantly lower than the velocity in air, 340 m s−1, at 1
atm pressure. Although this and other previous research
demonstrated a profound response of ultrasonic velocity to
small concentrations of gas bubbles in water, the results were
limited to the bubbles of large size (micron scale), with
negligible effects of surface tension on their properties. In the
current paper, we have extended the theoretical analysis to the
gas nanobubbles, which included the equilibration of the
pressure of gas−liquid interface with the electrostatic pressure
of the bubble surface charge. Another important aspect
favoring the application of ultrasonic spectroscopy for
quantitative monitoring of gas bubbles in aqueous solutions
is its ability to work in native samples nondestructively, in
contrast to other techniques, such as light scattering (dynamic
light scattering and nanotracking analysis) utilized in the
analysis of nanobubbles.20,45,80−83 Dynamic light scattering
often requires removal of impurities by filtering of the samples
or other procedures, which can destabilize the dispersion of
gas. In nanotracking analysis, the sample is exposed to large
surface area of the supporting plate, which is prone to
producing the bubbles obstructing the measurements and
destabilizing the analyzed sample.
An additional emphasis of this paper was the examination of

the applicability of the HR-US technique for nondestructive,
real-time monitoring of concentrations of oxygen in super-
saturated aqueous solutions. Such monitoring is important in
the design and practical application of oxygen-enriched
aqueous solutions. Currently, three major methods are utilized
in the measurements of concentration of dispersed oxygen in
aqueous solutions: Winkler titration,84,85 oxygen-sensitive
electrodes,86 and optical techniques.87−91 Each method has
its specific merits and disadvantages. The Winkler titration
exists in several modified versions and is considered the most
accurate. However, it is destructive and does not provide
continuous data.92,93 Electrochemical sensors of dissolved
oxygen, galvanic and polarographic,92 produce electrical
current directly relatable to the concentration of oxygen. A
drawback of this technique is the requirement of stirring, which
destabilizes the solutions and often leads to a dependence of
measuring results on the speed of the flow affecting the
consumption of oxygen molecules.90,94 Electrochemical
techniques are also known to produce incorrect results in the
presence of gas bubbles formed on the surface of electrodes in
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supersaturated solutions. Optical measurements of dissolved
oxygen record the interaction between oxygen and certain
luminescent dyes..87−90,95 The requirement of addition of a
dye, e.g., modification of the composition of analyzed
solutions, means that they cannot be considered non-
destructive. In the past, the HR-US technique was successfully
applied for monitoring of concentrations of solutions including
catalyzed chemical reactions21,73,96−98 with accuracy
<10−4%.21,98,99 Measurements in unstable supersaturated
solutions of oxygen are associated with additional challenges,
which were studied in the current paper.

■ RESULTS AND DISCUSSION
Effect of Solubilization of Oxygen on the Ultrasonic

Properties of Water. Figure 1 shows the obtained depend-

ence of ultrasonic velocity in oxygen supersaturated solutions
produced by the decomposition of hydrogen peroxide
(symbols of the same as the lines color) and by the
solubilization of oxygen at elevated pressure (red circles) on
the concentration of oxygen at temperatures 10, 15, 20, and 25
°C and ambient pressure (1 atm). For each point in the main
frame, the excess velocity and the excess concentration of
oxygen represent the difference between the ultrasonic velocity
and concentration of the supersaturated solution, and in the
blank solution (equilibrated with oxygen at ambient pressure 1
atm). The presented data were collected at a frequency of 15
MHz. No frequency dependence of ultrasonic velocity or effect
of solubilization on ultrasonic attenuation were observed
within the analyzed frequency range of 5−17 MHz. The inset
in Figure 1 shows the dependence of ultrasonic velocity on the
total concentration of oxygen in the solution measured at 15
and 20 °C. The plotted relative ultrasonic velocity represents
the difference in ultrasonic velocity between a solution of a
particular concentration and the fully degassed solution.

The results presented in Figure 1 demonstrate that the
dependence of ultrasonic velocity on concentration of oxygen
in water is linear and is the same for both methods of
production of supersaturated solutions.
Contribution of solutes to ultrasonic velocity of mixtures can

be expressed through the concentration increment of ultra-
sonic velocity, au, utilized in calculations of apparent adiabatic
compressibility and defined as74

≡ Δ
a

u
wuu

0 (1)

where ≡ +w m
m m

solute

0 solute
is the concentration (weight fraction) of

the solute in the mixture and Δu is the relative ultrasonic
velocity representing the difference between the ultrasonic
velocity in the mixture, u, and in pure solvent (degassed
water), u0. The linear dependence of ultrasonic velocity on the
concentration of oxygen in our solutions demonstrates that au
of oxygen does not depend on concentration within the
analyzed concentration range. Therefore, the obtained values
of au shall be attributed to infinite dilution. The temperature
dependence of the obtained concentration increment au of
oxygen in aqueous solutions is plotted in Figure 2 and is
outlined in Table 1.

For comparison, the concentration increment of hydrogen
peroxide, H2O2, dissolved in water at infinite dilution measured
earlier21 is also plotted in Figure 2. H2O2 is similar to O2 in
molecular size and mass but is characterized by a significantly
different type of interaction with water molecules (hydrogen
bonding vs van der Waals interaction for oxygen). As can be
seen from Figure 2, the temperature profiles of au for these
solutes are substantially different. The molecular origin of this
difference is discussed in the following sections.

Does Supersaturation Affect the State of Oxygen in
Aqueous Solutions? The results presented in the inset of
Figure 1 demonstrate that the points on the ultrasonic velocity
versus concentration profile corresponding to the equilibrium
and to the supersaturated conditions are on the same line
within the limits of experimental uncertainty. This shows that
the concentration increment of ultrasonic velocity, au (and the
corresponding apparent adiabatic compressibility, φKS, of
oxygen in our solutions; see below), does not depend on the
concentration of oxygen. Previously, it was demonstrated that
the concentration increment of ultrasonic velocity (and the
apparent adiabatic compressibility) is particularly sensitive to
molecular binding, including assembling of hydrophobic
molecules such as surfactants100,101 or purines,102 formation
of ionic complexes,103,104 and other types of self-assemblies

Figure 1. Dependence of ultrasonic velocity in supersaturated
oxygen−water mixture on concentration of oxygen at 10, 15, 20,
and 25 °C and frequency 15 MHz. The supersaturated solutions were
prepared by the decomposition of hydrogen peroxide solution
(symbols of the same as the lines fill color) and by solubilization of
oxygen at elevated pressure (red circles). The inset represents the
velocity profile in the whole concentration range, including the fully
degassed solution and the solution equilibrated at partial pressure of
oxygen (1 bar) and at 15 and 20 °C. The size of the symbols
represents the uncertainty of the measurements.

Figure 2. Concentration increment of ultrasonic velocity, au, of
oxygen and of hydrogen peroxide in water at infinite dilution as a
function of temperature.
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(see, for example, refs 72, 74). Therefore, our results indicate
an absence of any measurable formation of dimers (such as
clathrate-like cages incorporating two molecules of oxygen105)
or higher levels of assemblies of oxygen molecules with
concentration of oxygen in our supersaturated solutions. This
suggests an absence of any effect of the supersaturated
conditions on the molecular state of oxygen and water in the
studied concentration range.
Real-Time Monitoring of Oxygen Outgassing. Figure 3

shows the evolution of ultrasonic velocity and attenuation

during the outgassing of oxygen from 1.1 mL of supersaturated
aqueous solution in the ultrasonic cell (generated by the
catalytic decomposition of hydrogen peroxide, 20 mM)
measured at different temperatures. The outgassing process
did not affect the ultrasonic attenuation at all measured
frequencies, which is expected in an absence of bubbles formed
in the solution. The ultrasonic velocity profiles clearly
demonstrate the accelerating effect of temperature on the
process of outgassing.
As supersaturated solutions of oxygen are unstable, the

oscillations of pressure and the oscillatory displacement of the
medium in the ultrasonic wave70 could potentially affect the
speed of the release of oxygen. To analyze this possibility, a set
of measurements with oxygen supersaturated solutions
generated by the catalytic decomposition of the same

concentration of hydrogen peroxide (10 mM) were performed
at three amplitudes of the oscillating electronic signal applied
to the piezo transducers generating the ultrasonic wave, 0.08,
0.045, and 0.8 V, at measuring frequency 12 MHz. This
provided a 10 times difference in the amplitudes of the
ultrasonic wave and the amplitudes of oscillations of associated
parameters such as pressure in the solution and displacement
of the medium. The results are illustrated in Figure 3B (inset),
which shows an absence of notable effects of the amplitudes of
the ultrasonic signal on the dynamics of the release of oxygen
from our supersaturated solutions, and therefore, the non-
destructive nature of our ultrasonic measurements.
Following eq 1, the ultrasonic velocity profiles of the

outgassing of oxygen can be converted into the concentration
profiles of dissolved oxygen using the obtained increments of
ultrasonic velocity as

Δ = − = −
w t w t w

u t u
a u

( ) ( )
( )

u

0
0

0 (2)

where w(t) and w0 are the concentrations of oxygen at time t
and time zero, u(t) and u0 are the values of ultrasonic velocity
at time t and time zero, and u0 is the value of ultrasonic
velocity in pure water. As the difference between ultrasonic
velocity in fully degassed and in equilibrated at 1 atm aqueous
solutions of oxygen is below 0.01%, the ultrasonic velocity in
solutions saturated with oxygen at pressure 1 atm, or at times
corresponding to the plateau on the velocity profile, can be
used as u0 in calculations of Δw(t). Figure 4 shows an example
of the concentration profiles of dissolved oxygen during
outgassing at 20 °C calculated from the velocity profile

Table 1. Specific Apparent Adiabatic, φKS, and Isothermal, φKT, Compressibilities of Oxygen in Water and Physicochemical
Characteristics Utilized in Their Calculations Using Equations 4 and 7

temperature (°C) 10 15 20 25

au 0.63 0.39 0.22 0.17
φKS × 1013 m3 kg−1 Pa−1 −1.42 0.77 2.20 2.57
φKT × 1013 m3 kg−1 Pa−1 −1.26 1.06 2.61 3.10
φV × 104 m3 kg−1 9.78 9.72 9.66 9.59
φE × 106 m3 kg−1 K−1 −1.25 −1.25 −1.25 −1.25
φCP × 10−3 J kg−1 K−1 6.45 6.44 6.43 6.41
v0 × 103 m3 kg−1 1.0003 1.0011 1.0018 1.0029
e0 × 108 m3 kg−1 K−1 8.80 15.1 20.7 25.8
cP 0 × 10−3 J kg−1 K−1 4.192 4.186 4.182 4.180
kS 0 × 1013 m3 kg−1 Pa−1 4.777 4.663 4.567 4.490
kT 0 × 1013 m3 kg−1 Pa−1 4.782 4.679 4.597 4.537

Figure 3. (A) Evolution of ultrasonic velocity and attenuation (15
MHz; 15, 20, and 25 °C) during the outgassing process of dissolved
oxygen from 1.1 mL of oxygen supersaturated solution in ultrasonic
cell. The solutions were prepared by the catalytic decomposition of 20
mM hydrogen peroxide. (B) Evolution of ultrasonic velocity (12
MHz, 20 °C) during the outgassing process of dissolved oxygen from
1.1 mL of oxygen supersaturated solution in ultrasonic cell measured
at different amplitudes (0.8, 0.45, and 0.08 V) of ultrasonic signal
applied to piezo transducers. The solutions were prepared by the
catalytic decomposition of 10 mM hydrogen peroxide.

Figure 4. Real-time ultrasonic profile of excess concentration of
dissolved oxygen in supersaturated aqueous solution during the
outgassing process from 1.1 mL of oxygen supersaturated solution in
ultrasonic cell at 20 °C.
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presented in Figure 3A using eq 2 and concentration increment
of ultrasonic velocity, au, given in Table 1. The limiting
precision of HR-US spectrometers in measurements of
ultrasonic velocity is δu = ±2 × 10−4 m s−1. This corresponds
to precision in measurements of the change in concentration of

oxygen as δ δ= ± ≅ ± δw uw
u

u
a u

d
d u 0

, which, after recalculation to

units of mg L−1, provides the values of ±0.22 mg L−1 at 10 °C,
±0.35 mg L−1 at 15 °C, ±0.61 mg L−1 at 20 °C and ±0.78 mg
L−1 at 25 °C.
Evaluation of Apparent Compressibility of Oxygen

Dissolved in Water. The contribution of a solute to the

adiabatic compressibility, KS (≡− ∂
∂( )V

P S
, where S represents

the entropy of volume V, to which pressure is applied), or

isothermal compressibility, KT (≡− ∂
∂( )V

P T
, T is the temper-

ature), of a mixture composed of msolute mass of the solute and
m0 mass of a solvent is characterized by the specific apparent
adiabatic and isothermal compressibilities, φKS and φKT, of the
solute defined as

φ φ≡
−

≡
−

K
K K

m
K

K K
m

;S
S S

T
T T0

solute

0

solute (3)

where the subscript “0” refers to the properties of the pure
solvent (water).
The following relationship is applicable for calculations of

specific apparent adiabatic compressibility of a solute from the
concentration increment of ultrasonic velocity, au2, and the

specific apparent volume, φ ≡ −( )V V V
m

0

solute

74

φ φ= − − +
− −

+

φi

k

jjjjjjjjjjjjj

y

{

zzzzzzzzzzzzz

( )
K k

V
v

a w
a

wa
2 2 1

2 1

1 2S S u

V
v u

u
0

0

2

2
0

2

2

(4)

where v0 and kS 0 are the specific volume and the specific
adiabatic compressibility of pure solvent (water), respectively,

and = ≡ = + ×−( )( )a w a1u
u u

u w
a

u2 2
u

2

2
0

2

0
2 is the concentra-

tion increment of the square of ultrasonic velocity of oxygen.
The specific apparent molar volume of oxygen, φV, required
for calculations of φKS, can potentially be obtained from the
density of solutions of O2. However, operation of precision
density meters (U-tube type), required for such measurements,
is associated with a destabilization of supersaturated solutions
and production of bubbles obscuring the measurements, as
discussed in the Materials and Methods section. Therefore, we
have used the literature data on the volumetric properties of
oxygen in aqueous solutions at equilibrium with oxygen gas at
ambient (1 atm) pressure published by Harvey et al.106 Further
to this, the specific partial molar volume of oxygen in aqueous

solutions, ̅ ≡ ∂
∂

i

k
jjjjj

y

{
zzzzz( )v V

m msolute
0

, is given as

̅ = + −v b b T( 273.15 K)0 1 (5)

where T is the temperature in K; b0 = 9.917 × 10−4 m3 kg−1;
and b1 = −1.25 × 10−6 m3 kg−1 K−1. The results of Harvey et
al. correlate well with the data of Bignell,107 Zhou and
Battino,108 and older measurements of Tiepel and Gubbins,109

especially when their statements about reproducibility and
uncertainty are considered.

The specific apparent volume is related to the specific partial
volume of the solute as74

φ φ
̅ = + − ∂

∂
i
k
jjjj

y
{
zzzzv V w w

V
w

(1 )
( )

m0 (6)

As the concentration of oxygen in aqueous solution at
equilibrium with oxygen gas at ambient (1 atm) pressure is
relatively low within our temperature range (w < 1.5 × 10−4),
we have assumed that the second term on the right-hand side
of the above equation can be neglected, and the partial and
apparent volumes are equal to each other, φV = v̅. For our
concentration range, w ≪ 1, au2 ≅ au and the last term in eq 4
is negligibly small. In this case, eq 4 is reduced to the well-
known relationship for infinite dilution (w → 0):

φ = − −φ( )K k a2 2 1S S
V

v u0
0

.

The specific apparent isothermal compressibility can be
obtained from the specific apparent adiabatic compressibility
using the following relationship72,74

φ φ φ φ
= + − +

−

+ −

φ φ

φ

i

k

jjjjjjjjjjjjj

y

{

zzzzzzzzzzzzz

( )
( )

K K
e T
c

E
e

C
c

w
w

2
1 1

T S
P

P

P

E
e

C
c

C
c

0
2

0 0 0

2
P

P

P

P

0 0

0

(7)

where ≡ ∂
∂( )e v

T0
0 stands for the specific thermal expansibility

of pure solvent (water),

φ φ≡
−

= ∂
∂

≡ ∂
∂

≡
∂
∂

i

k
jjjjj

i
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz

y

{
zzzzzE

E E
m

V
T

E
V
T

E
V
T

; ;
P P

0

solute
0

0

represents the apparent thermal expansibility of dissolved
oxygen, cP 0 is the specific heat capacity of pure solvent, and

φCP (≡ ≡ ≡− ∂
∂

∂
∂( )( )C C, ;C C

m P
H
T P

H
T P

0
P P 0

solute

0 ; H and H0 are

the enthalpies of volumes V and V0, respectively) is the
apparent heat capacity of dissolved oxygen in water. The
parameter φE represents the temperature slope of φV, or the
parameter b1 in eq 5. The functional dependence of φCP on
temperature at equilibrium conditions published by Tromans27

was used in calculations of φKT. Although the literature data
on φV and φCP are referring to the equilibrium conditions, we
assumed that they are applicable for calculations of φKS and
φKT in our supersaturated solutions.
The obtained values of φKS and φKT of oxygen in our

aqueous solutions are outlined in Table 1. The required values
of specific volume and expansibility of pure water, v0 and e0,
respectively, were taken from ref 110, and the specific adiabatic
compressibility of pure water, kS 0, was calculated from
ultrasonic velocity of water, u0,

111 and v0 as =u v
k0

S

0

0

(modified Laplace equation). The specific isothermal compres-

sibility of pure water, kT 0, was calculated as = +k kT S
e T
c0 0

P

0
2

0
.

The previously discussed absence of concentration depend-
ence of au in our solutions, which indicates that supersaturation
does not affect the molecular state of oxygen dissolved in
water, could be considered as a justification of this.
Consequently, as the obtained values of φKS and φKT do
not depend on the concentration of oxygen, they shall refer to
infinite dilution.
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Molecular Interpretation of the Apparent Compres-
sibility of Oxygen: Hydration Effects. Figure 5 compares

the obtained specific apparent adiabatic and isothermal
compressibilities of oxygen with literature data on the
compressibilities of solutes with significant presence of
hydrophobic atomic groups and also with the compressibilities
of hydrogen peroxide. The latter were calculated from the
concentration increments of ultrasonic velocity in aqueous
solutions of hydrogen peroxide at infinite dilution, shown in
Figure 2, combined with the data on the densities of aqueous
solutions of hydrogen peroxide112 (provided the specific
apparent volume, φV, and apparent expansibility, φE, at
infinite dilution) and on heat capacity of aqueous solutions of
hydrogen peroxide113 (provided the specific apparent heat
capacity, φCP, H2O2 at infinite dilutions).
The obtained values of apparent adiabatic and isothermal

compressibilities of oxygen in water and their temperature
dependence are similar to those observed for solutes with
significant presence of hydrophobic atomic groups such as
alcohols115 and purines116 and of −CH2− atomic group in
aliphatic chains of amino acids,114 surfactants,100 and other
molecules.117 The similarities include the negative sign of the
apparent compressibility at low temperatures, the positive sign
at higher temperatures, and the magnitude of temperature
slope of the compressibility. This observation is in agreement
with the perception of weak interactions between the
molecules water and of oxygen, and, therefore, the hydro-
phobic nature of the behavior/hydration of oxygen in aqueous
solutions.22−25,118,119

The absolute values of the specific apparent compressibilities
of oxygen (φKS = 2.6 × 10−13 m3 kg−1 Pa−1 at 25 °C) are
slightly higher than the specific apparent compressibility of the

−CH2− atomic group (φKS at 25 °C ranges from −0.4 × 10−13

to −1.5 × 10−13 m3 kg−1 Pa−1 for various classes of
molecules100). This difference could be explained by the
following factors. First, the apparent compressibilities of
−CH2− groups are obtained from the slopes of the
dependence of the apparent compressibilities of the series of
aliphatic nonbranched solutes, R−(CH2)n−CH3, on the
number of those groups, n. Therefore, they do not contain
the osmotic contribution to apparent compressibility (0.9 ×
10−13 m3 kg−1 Pa−1 at 25 °C for O2, according to Table 2)
originated by the translational thermal motion of solutes.
Second, if clathrate-like cages of hydrogen-bonded water
molecules incorporating O2 are suggested, thermal motion of
molecule of O2 within such cages shall have some attributes of
a gas, which contributes to the compressibility of the cages and
to the elevated level of φKT and φKS. In contrary to this, the
mobility of the −CH2− hydrophobic groups of amino acids
and alcohols in the cages of water molecules is expected to be
lower, as these groups within the aliphatic chains are covalently
bound to each other and to the hydrophilic parts of the
molecules, which are “anchored” through the hydrogen
bonding or ionic interactions to the network of the
surrounding water molecules. The reduced mobility shall
result in a reduced specific compressibility.
According to Figure 5, the apparent compressibilities of

hydrogen peroxide are negative at all temperatures and are
significantly lower than those of oxygen. This difference is
expected for hydrophilic molecules (e.g., sugars120−122)
forming strong hydrogen bonds with molecules of water.

Oxygen Solute Particle. The apparent compressibility of
a solute in aqueous solutions characterizes the change of
compressibility caused by addition of the solute to water, and,
therefore, contains the contribution of the compressibility
effect of a transfer of some amount of water from its bulk state
(pure water) to the hydration state (water surrounding the
solute). A dilute aqueous solution, where solute−solute
interactions can be neglected, can be represented as a mixture
of the bulk water, whose properties are the same as pure water
(with the exception of osmotic effects), and the solute particles
comprising the molecules of solute surrounded by their
hydration shells, where the properties of water are different
from those of the bulk water. Within this model, the specific
isothermal compressibility of solute particles, kT sp, and their
specific volume, vsp, can be calculated from the apparent
specific properties of solutes as72,74

φ φ
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+
+

=
+
+

k
K wk

w
v

V wv
w1

;
1T

T T
sp

s 0

s
sp

s 0

s (8)

where ws is the solvation (hydration) level of the solute defined
as the mass ratio of solvent (water) in the solute particle (its
solvation shell) to the solute in the particle. The values of kT sp
and vsp represent the change of compressibility and of volume
caused by the solubilization of the solute particle in water and
calculated per unit of mass of the solute particle. Taking into

Figure 5. Temperature profiles of specific apparent adiabatic
compressibility (φKS) and apparent isothermal compressibility
(φKT) of dissolved oxygen and literature data on the specific
apparent compressibilities of −CH2− atomic group of aliphatic
chains,114 s-BuOH, t-BuOH, EtOH,115 and H2O2 (calculated from
data of refs 21 and 112).

Table 2. Osmotic Contribution to the Apparent Compressibility and the Apparent Volume of Solutes in Water

temperature (°C) kT osMsp × 10−15 m3 mol−1 Pa−1 vosMsp × 10−15 m3 mol−1 Pa−1

10 3.00 1.13
15 2.94 1.12
20 2.91 1.12
25 2.91 1.12
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consideration the low level and the short range22,24,25,118 of
interaction of oxygen molecules in water, we can assume that
the major effect of these molecules on the properties of water
is “located” within the first layer of molecules of water
coordinating/surrounding the molecules of O2 in the solution.
Thus, a reasonable estimation of ws could be based on the
number of water molecules required to form a clathrate cage
suitable for encapsulation of small molecules such as oxygen or
methane. Combined results of computational chemistry and
Raman spectroscopy30,105 as well as 13C NMR data123−125

indicate that this number is 20, which corresponds to ws =
11.25.
Addition of solute particles to a solvent produces osmotic

pressure in the solution, Π. Accordingly, solubilization of
solute particles at constant ambient pressure, P, lowers the
pressure in the bulk solvent by Π, which results in its
expansion. In thermodynamic terms, the chemical potential of
the bulk solvent in the solution at ambient pressure P, μw(P), is
equal to the chemical potential of pure solvent at ambient
pressure P − Π, μw 0(P − Π): μw(P) = μw 0(P − Π). This
increases the volume and compressibility of the solvent and,
therefore, contributes to the measured apparent characteristics
of the solutes and to the characteristics of the solute particles
defined by eqs 3 and 8, as the properties of pure solvent (V0,
KT 0, KS 0, v0, and kT 0) in these equations correspond to
ambient pressure P. At infinite dilutions, these osmotic
contributions vos sp and kT os sp are additively added to the
intrinsic volume and compressibility vsp in and kT sp in to
comprise126

= + = +v v v k k k; T T Tsp os sp sp in sp os sp sp in (9)

The osmotic contributions can also be interpreted as the
apparent compressibility and the apparent volume of infinitely
small particles and discussed in the literature in terms of ideal
gas (translational) contributions to the volume characteristics
of solutes.127 At low concentrations of solute particles, the
osmotic pressure Π is low and the osmotic contribution to the
volume of the solution per unit of mass of solute particles is

given as = − Π∂
∂( )v

m
V
P T

os sp
1

sp
, where msp is the mass of solute

particles in the solution. The osmotic pressure in dilute
solutions is given as: Π = RTcsp, where csp is the molarity of
solute particles. At infinite dilution, V = V0, and combination of
the above relationships produces
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where Msp is the mass of 1 mol of solute particles and

β = ( )T
k
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0
is the coefficient of isothermal compressibility

(often referred to as isothermal compressibility) of pure
solvent (water).126 Accordingly, the osmotic contribution to
the specific isothermal compressibility of the solute particle is
given as
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Table 2 outlines the values of the osmotic contributions, given
in molar quantities as kT spMsp and vspMsp, calculated from the
data on the isothermal compressibility of water and its
dependence on pressure,128 as described in ref 126.

If the osmotic contributions are subtracted from kT sp and
vsp, the coefficient of intrinsic isothermal compressibility, βT in,
of the solute particles can be calculated as

β = =
−
−

k

v

k k

v vT
T

in
sp in

sp in

sp os sp

sp os sp (12)

The values of βT in for oxygen solute particle composed of one
molecule of O2 and 20 molecules of water (ws = 11.25) at
different temperatures calculated from our data are outlined in
Figure 6. To illustrate the effect of the number of molecules of

water utilized in the calculations of βT in, the results of the
calculation for solute particle with 10 molecules of water (ws =
5.6) are also presented. It is interesting to note that the
contributions of vos sp and kos sp to the calculated intrinsic
density and compressibility of oxygen solute particles are small
and can be neglected within the limits of experimental
uncertainty due to the large values of Msp in eqs 10 and 11,
which represent the product of the molar mass of H2O and the
number of molecules of water in the solute particle plus the
molar mass of O2.
According to Figure 6, the coefficient of compressibility of

the solute particle composed of the O2 molecule and its
hydration shell is lower than the compressibility of pure water
for both hydration numbers. For pure water, the significant
part of its compressibility is often attributed to the structural
contribution to compressibility caused by the change of
structure (and associated change of volume) of water with
pressure applied.129,130 At room temperatures, this structural
contribution is about 60%, which is substantially higher than
the structural contribution for other liquids of similar molar
mass, approximately 30%.129,130 This high structural contribu-
tion decreases with temperature, thus producing one of the
remarkable abnormal properties of water: the decrease of
compressibility with temperature at temperatures below 40 °C.
The lower intrinsic compressibility of the oxygen solute
particle than pure water could be explained by a decrease of
this structural contribution in the hydration shell of O2 caused
by a reduced mobility of molecules of water. It is interesting
that the temperature slope of the compressibility of the solute
particle is positive (“normal”), which supports the proposed
explanation.

Figure 6. Temperature profiles of the coefficient of intrinsic
isothermal compressibility βT in of solute particle composed of O2
molecule and water in its coordination shell as well as of solute
particle composed of hydrogen peroxide and water in its coordination
shell. The molar ratio of water and oxygen (20:1 and 10:1) or
hydrogen peroxide (6:1) in the solute particles is also shown.
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In the case of hydrogen peroxide, the number of water
molecules coordinating one molecule of H2O2 can be
estimated as six, which represent three water molecules per
one −OH group, similar to coordination of this group in pure
water. This estimate is supported by the results of Raman
spectroscopy131 and calorimetry132 in aqueous solutions of
hydrogen peroxide. These results demonstrate that the
solutions lose the attributes of the spectrum of pure water
(high-frequency edge of the O−H stretching band in the
Raman spectra) and anomalous behavior in the supercoiled
region at molar fraction of hydrogen peroxide of 12% and
higher. The molar fraction of 12% corresponds approximately
to seven molecules of water per one molecule of H2O2.
According to Figure 6, the intrinsic coefficient of compressi-
bility of solute particle composed of one molecule of hydrogen
peroxide and six molecules of water molecules is about 55%
compressibility of pure water at 20 °C. Due to the relatively
strong hydrogen bonding of hydrogen peroxide with the
surrounding molecules of water133 and to the particular
geometry of these bonds,134 hydrogen peroxide is considered a
solute that “breaks” the structure of pure water.134 This effect
should be accompanied by a significant reduction of the
structural contribution to the compressibility of the hydrogen
peroxide solute particle (“structure breaking”), which explains
its low coefficient of intrinsic compressibility βT in. The
temperature slope of the intrinsic coefficient of compressibility
of the solute particle of hydrogen peroxide is positive and the
temperature profile is close to linear, as expected for most of
normal liquids.130

Are There Nanobubbles in Water Supersaturated
with Oxygen? Ultrasonic Quantification of Gas Bubbles
in Water. The above-discussed quantitative interpretation of
the apparent compressibility of oxygen agrees well with the
concept of molecular dispersed state of oxygen in our
supersaturated solutions, which excludes any measurable
contribution of nanobubbles to the compressibility of the
solutions. The linear dependence of ultrasonic velocity on the
concentration of oxygen in the supersaturated solutions,
prepared by two different methods, supports this assumption.
This agrees well with our light scattering results, which did not
show any measurable presence of nanobubbles. To “quantify”
this conclusion, we have analyzed the expected contribution of
long-lived small (nanosized) bubbles to the apparent
compressibility of oxygen and to ultrasonic velocity in
oxygen−water mixtures, if those are present in our samples
during the measurements. As normal gas nanobubbles cannot
exist in water due to the high pressure generated by the gas−
water surface tension, we have included the widely discussed
mechanism of equilibration of this pressure by an electrostatic
charge of the bubble surface produced through selective
adsorption of ions on the gas−water interface. Although our
measurements were performed in pure water, the measured
concentrations of ionic impurities (2 × 10−6 mol L−1, see the
Materials and Methods section) are higher than the
concentration of charges potentially required for the
“stabilization” of the amount gas nanobubbles, which can be
detected by ultrasonic measurements, as outlined in the
Materials and Methods section.
Apparent Compressibility of Oxygen in Nanobubble

State. The specific isothermal apparent compressibility of
oxygen in the nanobubble state, φKT n, shall obey eq 8, where
kT sp shall represent the specific compressibility of nanobubble
as a solute particle. The contribution of osmotic effects to kT sp,

caused by the thermal translational motion of the nanobubbles,
is negligibly small due to the large value ofMsp in eq 11, which,
in this case, represents the product of the molar mass of oxygen
and the number of molecules of oxygen in the bubble. The
contribution of hydration effects to φKT n can also be neglected
(ws = 0 in eq 8) due to the relatively small surface-to-volume
ratio of the bubbles with the radius of several nanometers and
larger. This assumption is also supported by the exceptionally
large compressibility of nanobubbles (as demonstrated below)
compared to the expected effects of hydration on the
compressibility of the surrounding water. Therefore, according
to eqs 8 and 9, the specific isothermal apparent compressibility
of oxygen in the nanobubble state is equal to the specific
isothermal compressibility of the nanobubble, kT n: φKT n =
kT n. The compressibility kT n can be obtained from the
coefficient of isothermal compressibility of nanobubble, βT n,
and the specific volume of the nanobubble, vn, as kT n = vnβT n,
which produces

φ β=K vT Tn n n (13)

The section Modeling of Compressibility and Ultrasonic
Characteristics of Aqueous Dispersions of Nanobubbles
Stabilized by Surface Charge (Modeling) provides eqs 22,
24, and 25 for calculations of βT n and vn. Figure 7 illustrates

the dependence of the specific isothermal apparent compres-
sibility of oxygen in the nanobubble state, φKT n, on the radius
of the bubble calculated according to eq 13 and also eqs 22, 24,
and 25. As can be seen from the figure, the specific apparent
isothermal compressibility of oxygen in the nanobubble state
increases with the size of the nanobubble. However, even for
small bubbles of radius 10 nm, it is at least 5 orders higher than
the experimentally obtained specific apparent isothermal
compressibility of oxygen. Following this, it is interesting to
compare the measured apparent compressibility of oxygen in
water with the expected one for different distributions of
oxygen between the nanobubble and the dissolved states. In
the absence of specific interactions between the molecules of
oxygen solubilized (dissolved) in water and the molecules of
oxygen in nanobubbles, thermodynamic additivity of the
isothermal compressibility, KT, provides the relationship for
specific apparent isothermal compressibility of oxygen

φ φ φ= + −K w K w K(1 )T T Tn n n d (14)

where φKT n and φKT d are the specific apparent isothermal
compressibilities of oxygen in the nanobubble state and the
dissolved-in-water state and wn is the weight fraction of oxygen

Figure 7. Specific apparent isothermal compressibility of oxygen in
nanobubble state as a function of the radius of the bubbles at different
concentrations of dissolved oxygen (50, 100, 150, and 200 mg L−1)
and temperature 20 °C.
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in the nanobubble state ( = +w
m

m mn
O2n

O2n O2d
, where mO2n and mO2d

are the masses of oxygen in the nanobubble and the dissolved
states in the mixture, respectively). A similar relationship is
correct for the apparent volume.
Figure 8 represents the predicted dependence of φKT on wn

at temperature 20 °C for 10, 100, and 500 nm particles at the

concentration of dissolved oxygen 100 mg L−1. The value of
φKT d was taken as the specific isothermal compressibility of
oxygen measured at 20 °C, 2.61 × 10−13 m3 kg−1 Pa−1. For
comparison, the value of φKT for hydrogen peroxide is also
presented in Figure 8. The data of Figure 8 again demonstrate
the high sensitivity of apparent compressibility of oxygen to the
presence of nanobubbles. For example, for nanobubbles of
radius 100 nm, transferring of 0.0004% oxygen in water from
the dissolved to the nanobubble state produces a rise of φKT
equivalent to the difference between the values of φKT for the
dissolved oxygen and for hydrogen peroxide.
Figure 7 demonstrates an important feature of the specific

apparent compressibility of oxygen in the nanobubble state,
φKT n, which is its significant dependence on the concentration
of oxygen in the dissolved state. An increase of the
concentration of the dissolved oxygen from 50 to 100 mg
L−1 produces nearly 2-fold decrease in the specific apparent
compressibility of oxygen in the nanobubbles. The dependence
arises mainly from the very small effect of the number of
molecules in small oxygen bubble (proportional to the
concentration of oxygen dissolved) on the bubble compressi-
bility. An illustration of this is the small contribution of the
bulk modulus of the gas, KT gas, to the bulk modulus of the
bubble illustrated in Figure 11 in the Modeling section. As φKT

n represents the compressibility of the nanobubble divided by
the mass of oxygen in the nanobubble, its decrease with
concentration of oxygen dissolved, illustrated by Figure 7, is
expected.
Effect of Nanobubbles on Ultrasonic Velocity. Quantita-

tive estimations of the limits of ultrasonic detection of
nanobubbles shall be based on an analysis of contribution of
nanobubbles to ultrasonic velocity in oxygen−water mixtures
at different concentrations of nanobubbles. This requires
assessment of adiabatic compressibility of the mixtures, which
involves estimations of thermal capacity and thermal expansion
of nanobubbles and implicates tedious equations and addi-
tional assumptions. However, in water and aqueous solutions
at our temperatures, the absolute values and the overall

behavior of adiabatic compressibility are similar to those for
isothermal compressibility due to the low expansion coefficient
and high thermal capacity of water.74 Therefore, the
estimations of concentration dependence of the “isothermal”
velocity, in calculations of which the adiabatic compressibility
is substituted by the isothermal one, shall reproduce the major
features of the concentration behavior of the “adiabatic”
velocity measured in the megahertz frequency range.
Figure 9 represents the predicted dependence of the

isothermal ultrasonic velocity on the concentration of oxygen

in nanobubbles with radii 5, 100, 500, and 1500 nm at
concentration of dissolved oxygen 100 mg L−1 and temper-
ature 20 °C calculated from the specific apparent isothermal
compressibility of nanobubbles, as described in the Modeling
section. Table 3 represents the concentration increment of

isothermal ultrasonic velocity of oxygen in the nanobubble
state, au T n, at infinite dilutions at 20 °C, which characterizes
the initial slope of the concentration dependence of ultrasonic
velocity given in Figure 9. It was calculated from the specific
apparent compressibility and volume of oxygen in the
nanobubble state using the following relationship, which
represents eq 4 at infinite dilution amended for the case of
isothermal velocity and isothermal compressibility

φ φ
= − −a

V
v

K
k2

1
2u T

T

T
n

n

0

n

0 (15)

where kT 0 is the specific isothermal compressibility of water.
As outlined in Table 3, the sign of the concentration

increment of ultrasonic velocity of oxygen in nanobubble state
is negative, which is contrary to the increment measured in our
mixtures. The absolute value of the concentration increment of
ultrasonic velocity of oxygen in nanobubble state is much

Figure 8. Dependence of the specific apparent isothermal
compressibility of oxygen in aqueous solution/dispersion on the
fraction of oxygen in the nanobubble state for three radii of
nanobubbles (10, 100, and 500 nm) at concentration of dissolved
oxygen 100 mg L−1 and temperature 20 °C.

Figure 9. Dependence of isothermal ultrasonic velocity in aqueous
dispersion/solution of oxygen nanobubbles of different radii (10, 100,
500, and 1500 nm) on the concentration of oxygen in the bubble state
at concentration of dissolved oxygen 100 mg L−1 and temperature 20
°C.

Table 3. Concentration Increment of Isothermal Ultrasonic
Velocity of Oxygen in the Nanobubble State, au T n, at
Temperature 20 °C and the Concentration of Dissolved
Oxygen 100 mg L−1

bubble radius (nm) au T n

5 −0.016 × 106

10 −0.028 × 106

100 −0.24 × 106

500 −1.0 × 106

1500 −2.3 × 106
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larger than the increment measured in our mixtures and
depends significantly on the bubble size. This is also illustrated
in Figure 9 demonstrating the increase of “sensitivity” of
ultrasonic velocity in the presence of the bubbles with their
size. However, even for small nanobubbles, the slope of
velocity versus concentration curve is very high. The absolute
value of the concentration increment of ultrasonic velocity of
oxygen for 10 nm bubbles is 5 orders higher than the
increment measured in our oxygen supersaturated solutions.
The limiting precision in the measurements of ultrasonic

velocity, 0.0002 m s−1, corresponds to the limiting precision in
measurements of concentration of oxygen in 10 nm nano-
bubbles dispersion of 5 ng L−1. For 100 nm bubbles, the
limiting precision is approximately 0.5 ng L−1 for 100 nm
bubbles, 0.1 ng L−1 for 500 nm bubbles, and 0.06 ng L−1 for
1500 nm bubbles. These values would correspond to the
ultrasonic detection limits expressed in the number of bubbles
in 1 cm3 of liquid as approximately 4 × 108 bubbles of radius
10 nm, 4 × 104 bubbles of radius 100 nm, 80 bubbles of radius
of 500 nm, and 1 bubble of radius of 1500 nm. The above
estimations were performed at concentrations of dissolved
oxygen of 100 mg L−1 and under the assumption that the
exchange of the ions adsorbed on the bubble surface and the
exchange of oxygen molecules in the nanobubble with the
surrounding medium within the period of compression cycle in
ultrasonic wave can be neglected (ξq and ξgas characterizing the
exchange are equal to 1, as discussed in the Modeling section).
Lowering the concentration of dissolved oxygen or allowing for
an exchange of ions and oxygen with the surrounding medium
(ξq and ξgas < 1) will decrease the limiting values for
concentration of oxygen in nanobubbles and the number of
nanobubbles in 1 cm3 and elevate the sensitivity of ultrasonic
measurements to the presence of nanobubbles.
Overall, our estimations demonstrate an exceptionally high

sensitivity of the apparent compressibility of oxygen and
ultrasonic velocity in oxygen−water mixtures to the presence
of nanobubbles stabilized by selective adsorption of ions on the
water−gas interface. Importantly, the estimations show that in
the presence of nanobubbles, the apparent compressibility and
the concentration increment of ultrasonic velocity of oxygen
depend significantly on the concentration of oxygen dissolved
and on the size of the nanobubbles. An absence of a
measurable dependence of the apparent compressibility and
of the concentration increment of ultrasonic velocity of oxygen
on the concentration of oxygen in our solutions within the
whole range of concentrations of oxygen and temperatures
studied, and the small absolute value of apparent compressi-
bility, expected for molecular mixtures, demonstrate an
absence of nanobubbles in our solutions at supersaturated
conditions.

■ CONCLUSIONS
High-resolution ultrasonic spectroscopy in combination with
other techniques was successfully applied for monitoring of
solubilization and outgassing processes of a poorly soluble and
highly-volatile solute, O2, in water at equilibrium and
conditions of supersaturation. The results demonstrate the
hydrophobic nature of hydration of this molecule in aqueous
solutions. The obtained characteristics of oxygen solute
particles (e.g., the intrinsic coefficient of compressibility and
its temperature dependence), composed of oxygen and the
surrounding molecules of water, can be explained by a
clathrate-like organization of water in the coordination shell

of O2. In contrast to this, the same characteristics of H2O2
solute particle correspond to a water structure breaking
behavior in the coordination shell of H2O2. The states of
oxygen and of the surrounding molecules of water are not
affected by supersaturated conditions. No formation of oxygen
dimers or higher level of aggregates, or a restructuring of the
hydration shell, etc., imposed by supersaturation, were
detected.
Our theoretical modeling of the compressibility of gas

nanobubbles stabilized by a surface electrical charge, which
potentially could exist at supersaturated conditions, has shown
that the coefficient of compressibility of the nanobubbles is
several orders higher than that of the oxygen solute particles,
and that the apparent compressibility and the concentration
increment of ultrasonic velocity of oxygen in the nanobubble
state depend significantly on the concentration of oxygen in
the suspension. Comparison of these results with our
experimental data demonstrated an absence of any quantifiable
presence of the bubbles in our solutions at supersaturated
conditions. The proposed algorithms of the analysis of
ultrasonic properties of nanobubble dispersions, stabilized by
surface charge, can be employed in investigations of aqueous
solutions of electrolytes or surfactants, where a presence of
stable or long-living nanobubbles is often discussed in the
literature.

■ MATERIALS AND METHODS

Materials. Hydrogen peroxide solution TraceSELECT
(product number 95321, lot number BCBM2684V) was
purchased from Sigma-Aldrich Corp. (St. Louis, MO)
(30.8% w/w). Catalase from bovine liver-lyophilized powder,
2000−5000 units mg−1 protein (product number C9322, lot
number SLBB1797V) was purchased from Sigma-Aldrich
Corp. (St. Louis, MO). Oxygen (cylinder), purity >99.5%,
was purchased from BOC Ireland (Dublin, Ireland). Sodium
chloride SigmaUltra minimum 99.5%, (product number S-
7653, lot number 76H0013) was purchased from Sigma-
Aldrich Corp. (St. Louis, MO). Corning syringe filters and
poly(ether sulfone) membrane (pore size 0.2 μm, product
number CLS431229, lot number 02214007) were purchased
from Sigma-Aldrich Corp. (St. Louis, MO). Syringe concentric
luer lock polypropylene 50 mL Plastipak (product number
10636531) was purchased from Fisher Scientific (Lough-
borough, U.K.). Ace pressure tube bushing type, back seal
(volume 185 mL, L × O.D. 30.5 cm × 38.1 mm, product
number Z568880) was purchased from Sigma-Aldrich Corp.
(St. Louis, MO). Water used in all experiments was deionized
with a Milli-Q ultrapure water purification system (Merck Ltd.,
Tokyo, Japan) (conductivity 0.056 μS cm−1, resistivity 18 MΩ
cm, TOC max. value 100 μg L−1). AG245 balance (Mettler
Toledo) with a repeatability of 0.01 mg was utilized in
preparation of solutions by weight.

Experimental Methods. Preparation of Supersaturated
Solutions of Oxygen. Two methods of preparation of aqueous
oxygen supersaturated solutions were utilized. The concen-
tration of oxygen in these solutions (up to 0.005 mol L−1) was
more than 3 times larger than the equilibrium concentration at
partial O2 pressure of 1 atm and 15 times larger than in water
equilibrated with air at 1 atm. This high concentration of
oxygen is particularly interesting for practical applications. On
the other hand, these concentrations were lower than the
supersaturation limit (0.1 mol L−1 approximately23,35), which
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provided the “stability” of solutions during the measuring
routines using the appropriate (gentle) handling procedures.
Dissolving of Oxygen by Catalytic Decomposition of

Hydrogen Peroxide. Solutions of hydrogen peroxide were
prepared by mixing of deionized water and stock solution of
hydrogen peroxide. Each solution was initially saturated with
oxygen by tubing oxygen to the bottom of Duran glass bottle
while stirring the solution for 30 min. Then, the solution was
filtered through 200 μm filters and transferred into Ace
pressure tube; 100 μL of aqueous solution of catalase (10 mg
mL−1) was added into the solution of hydrogen peroxide to
initiate the decomposition of H2O2. The tube was properly
sealed to prevent diffusion of the atmospheric gases into the
tube. The sealing, however, provided the release of excess of
oxygen over the solution to maintain the ambient pressure (1
atm). The tube was kept at room temperature for 60 min (3
times longer than required for completion of the reaction at
our conditions as established by ultrasonic velocity and UV
measurements). Following this, the oxygen supersaturated
solution was scanned by UV−vis spectrometer (Analytik Jena
SPECORD 210) between 200 and 400 nm to ensure that all
hydrogen peroxide in the solution was fully decomposed. The
concentration of dissolved oxygen in the solution was
determined by electrode dissolved oxygen meter as described
below.
Dissolving of Oxygen by Elevated Pressure. Supersaturated

solutions of oxygen were also prepared using deionized water
in a specially designed glass (borosilicate) cylinder/device
under an elevated pressure of oxygen gas. This device
comprised two, bottom and top, outlets and the main
compartment. The bottom outlet was attached to the oxygen
cylinder equipped with a pressure control unit. The top outlet
was used for the transfer of the solution and for release of
pressure. Deionized water was first saturated with oxygen by
tubing oxygen to the bottom of device while stirring the
solution for 30 min. The concentration of dissolved oxygen in
water was measured by the electrode dissolved oxygen meter
to ensure the saturation of oxygen and the removal of all other
gases dissolved in water. Following this, extra pressure was
applied to the pressurizing device by adjusting the pressure
gauge (precision 1 psi) of the oxygen cylinder. The solutions
were kept under the required pressure while stirring with a
Teflon covered magnetic bar for 1 h to reach saturation. After
this, the elevated pressure was released and the oxygen
supersaturated solution was gently transferred into Ace
pressure tube (fully filled). The tube was sealed for
preservation as described above. Simultaneously with initiation
of each ultrasonic measurement, the concentration of dissolved
oxygen in the analyzed solution was determined using the
electrode dissolved oxygen meter as described below. The
duration of the concentration measurements was 4−5 min.
Measurements of Conductivity and pH. To characterize

the ionic contamination of oxygen solutions caused by a
possible presence of traces of carbonic acid produced by
atmospheric carbon dioxide and by leaking of ions from the
glass (e.g., Na+, H2SiO4

2−, SiO4
− 135−137), measurements of

pH and conductivity were performed in solutions prepared by
dissolving oxygen by elevated pressure. The pH meter
SevenCompact S210 (Mettler Toledo, Switzerland), equipped
with InLab Expert Pro-ISM (Mettler Toledo, Switzerland)
electrode and the conductivity meter SevenCompact S230
(Mettler Toledo, Switzerland), equipped with InLab-741-ISM
0.001−500 μS cm−1, 0−100 °C (Mettler Toledo, Switzerland)

electrode were used in the measurements. The instruments
were calibrated according to their manuals. The obtained
values of pH were between 7.5 and 7.6, and the conductivity
was on the level of 0.17 μS cm−1. Both results indicated an
absence of any substantial amounts of carbonic acid
contamination. The obtained conductivity of water is higher
than the conductivity of pure water by 0.11 μS cm−1. This
corresponds approximately to the level of ionic contamination
of 2 × 10−6 mol L−1, when limiting conductivities of common
ions are applied,138 which is in agreement with the results of
previous research of dynamics of ion release from glass.137

Electrode Measurements of Dissolved Oxygen. The
concentration of dissolved oxygen (mg L−1) was determined
using a FiveGo DO meter. The resolution of the measurement
is 0.1 mg L−1, and the range of the measurement is 0−45 mg
L−1.
As the concentration of dissolved oxygen in some of our

supersaturated solutions exceeded the measuring range of the
meter, the solutions were diluted 10 times before the
measurements. This dilution also allowed to avoid the
formation of bubbles on the surface of membranes of oxygen
electrodes affecting the measurements. First, 9 mL of deionized
water was pipetted into a glass bottle and the concentration of
dissolved oxygen was measured by the electrode dissolved
oxygen meter. Second, 1 mL of supersaturated solution was
transferred into 9 mL of deionized water and mixed thoroughly
under magnetic stirring for 5 s. Following this, the
concentration of dissolved oxygen in the mixed solution was
measured. The concentration of oxygen in the original solution
was calculated according to the dilution performed and the
concentration of oxygen measured in the deionized water
(range, 8.5−9.0 mg L−1).
The experimental uncertainty in the measurements of

concentration of dissolved oxygen was estimated from the
uncertainty of the electrode dissolved oxygen measurements,
1%, and from the uncertainty of the calibrated 1 mL pipette
used in dilutions (weight measurements). This provides the
overall uncertainty in concentration of dissolved oxygen on the
level 1.5% or below. This was confirmed by comparison of the
measured concentrations of oxygen in water equilibrated with
oxygen at ambient pressure (blank solutions) with O2
solubility tables.139 The uncertainty caused by the release of
a small amount of oxygen from supersaturated solutions during
the period of measurement of ultrasonic parameters (∼8 min)
estimated from the measured time profiles of the ultrasonic
velocity was lower than 3% of the concentration that exceeded
the saturation level. Overall, this produces the level of
uncertainty in concentration of oxygen below 4.5%.

HR-US Measurements. Measurements of ultrasonic velocity
(u) and attenuation (α) were performed over a frequency
range of 5−17 MHz using an HR-US 102 high-resolution
ultrasonic spectrometer (Sonas Technologies Ltd.). HR-US
102 comprises two identical ∼1.5 mL quartz cells, which were
used in a differential regime to minimize the effects of thermal
fluctuations on ultrasonic velocity. Prior to the measurements,
both cells were carefully cleaned and dried with a flow of dry
air for 2 min. One of the cells (measuring cell) was loaded with
1.1 mL of analyzed oxygen solution and the other (reference
cell) loaded with 1.1 mL of degassed deionized water. The cells
were capped to prevent evaporation. The repeatability in the
measurements of ultrasonic velocity was analyzed through
measurements in the samples of deionized water saturated with
nitrogen at ambient pressure and frequencies of 5.1, 8.1, 12.5,
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and 15.1 MHz. Nitrogen has the lowest solubility in water
among major gases in air. It was utilized to prevent
solubilization of carbon dioxide and production of carbonic
acid, thus maintaining the composition of water constant
(water with small amount of nitrogen). The obtained standard
deviations were 0.0002 m s−1 for frequencies 8.1, 12.5, and
15.1 MHz and 0.0004 m s−1 for frequency 5.1 MHz. The
following values of ultrasonic velocity, u0 (data of Del
Grossol33), and attenuation coefficient, α

f
0
2 (data of Schaaffs,34

f is the frequency), in water were used for calibration of the
device: u0 = 1447.27 m s−1 and = ×α − −3.55 10 s m

f
14 2 10

2 at

10 °C; u0 = 1465.93 m s−1 and = ×α − −2.95 10 s m
f

14 2 10
2 at 15

°C; u0 = 1482.34 m s−1 and = ×α − −2.52 10 s m
f

14 2 10
2 at 20

°C; and u0 = 1496.69 m s−1 and = ×α − −2.19 10 s m
f

14 2 10
2 at

25 °C.
Concentration Profile of Ultrasonic Velocity in Aqueous

Solutions of Oxygen. For each measurement, freshly prepared
oxygen supersaturated solution was gently transferred into the
ultrasonic cell and the measurements of ultrasonic velocity and
attenuation were initiated. Simultaneously, the concentration
of dissolved oxygen in the stock vessel (Ace pressure tube) was
measured using oxygen electrodes as described.
Ultrasonic measurements in each sample were accompanied

by the measurements in the blank solution, which represents
water equilibrated with oxygen at ambient pressure (1 atm) of
oxygen gas. This solution was prepared by vigorous stirring of
the freshly prepared supersaturated solution for 1 h kept under
oxygen gas at ambient pressure. The variations of the ambient
pressure during the measuring cycle, sample and blank sample,
were below 1%.
The solutions of lower (than originally made) concentration

of oxygen were prepared by a careful reduction of
concentration of oxygen by purging overhead space with
pure oxygen accompanied by gentle swirling of the Ace
pressure tube using a coulter mixer for 20−30 s and kept still
for 30 min before next measurement.
The difference in ultrasonic velocity between the super-

saturated solutions of and the freshly prepared blank solutions
(excess velocity) is plotted as a function of concentration
difference of oxygen in the supersaturated and blank solutions
(excess concentration) in Figure 1. Overall, a series of
measurements in oxygen supersaturated solutions with
concentration of oxygen ranging from 40 to 150 mg L−1

were performed at four temperatures (10, 15, 20, and 25 °C).
The measurements of ultrasonic velocity in fully degassed

water at 20 °C were done as follows. Deionized water was first
boiled to remove other gases and saturated with oxygen while
slowly being cooled down to room temperature. This solution
of deionized water saturated with oxygen was boiled again to
remove oxygen and then exposed to deep vacuum for 10 min
accompanied by vigorous shaking of the container. Following
this, the degassed water was transferred into an ultrasonic cell
and the measurements were commenced immediately.
The slopes of the concentration dependence of ultrasonic

velocity represented by the concentration increment of
ultrasonic velocity of oxygen, au, as defined by eq 1, are
given in Table 1. The experimental uncertainty for au is ±0.02.
Real-Time Monitoring of Outgassing in Supersaturated

Solutions of Oxygen. Supersaturated solution of oxygen (1.1
mL) prepared by decomposition of hydrogen peroxide was

transferred into the ultrasonic cell. The overhead space was
purged with pure oxygen and then closed by a cap, but not
tightly, to prevent a rise of pressure inside the ultrasonic cell.
The ultrasonic measurements were started after the temper-
ature equilibration, which was around 9, 5, and 3 min at
temperatures 15, 20, and 25 °C, respectively.

Light Scattering and Density Measurements in Super-
saturated Solutions. The supersaturated solutions prepared
by decomposition of hydrogen peroxide with different levels of
oxygen were analyzed by nanoparticle tracking analysis
(NanoSight LM10, NanoSight Ltd., U.K.) and dynamic light
scattering (Zetasizer Nano ZS, Malvern Ltd., U.K.) techniques
to investigate the possibility of the presence of oxygen
nanobubbles. Overall, the results did not show any
quantifiable/reproducible presence of nanobubbles in solu-
tions.

Density Measurements. An attempt to measure the density
of our oxygen supersaturated solutions was performed using a
DMA 5000 M (Anton Paar, Austria) precision density meter.
Unfortunately, formation of gas bubbles on the surface of the
U-tube capillary was observed every time after fillings of the U-
tube with the analyzed solutions, which precluded the use of
this type of devices. The formation of the gas bubbles can be
explained by the large surface/volume ratio of the U-tube,
which can destabilize the sample during U-tube filing, and by
the U-tube vibrations required for instrument of operation,
which affect the sample stability.

Modeling of Compressibility and Ultrasonic Charac-
teristics of Aqueous Dispersions of Nanobubbles
Stabilized by Surface Charge. Compressibility of Nano-
bubbles. Our analysis examines an oxygen nanobubble
characterized by: the bubble volume V, the bubble radius

=
π( )r V3

4

1/3
, the surface tension of the gas−liquid interface γ,

and the surface charge density of the gas−liquid interface σ
(=

π
q
r4 2 , q is the total charge of the bubble surface). The surface

charge of the bubble is produced by a selective adsorption of
ions on water−gas interface (Figure 10). Within this model,

the external pressure, Pext, and the surface tension pressure,
=γ

γP 2
r

(Laplace equation), applied to the bubble are

equilibrated by the pressure of the gas molecules, Pgas, and
by the pressure produced by the surface charge of the gas−
water interface, = σ

ε ε
Pq 2

2

0
, where ε0 (8.854 pF m−1) is the

absolute dielectric permittivity of the vacuum and ε is the
relative dielectric permittivity of the gas

+ = +γP P P Pqext gas (16)

Figure 10. Schematic illustration of forces (pressures) applied to the
surface of nanobubbles.
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This relationship is required for mechanical stability of the
bubble. As all of the components contributing to the
compressibility of the bubble are located in the same volume,
it is easier to calculate the isothermal bulk modulus of the
bubble first, with its following up conversion to the
compressibility. The experimentally measurable isothermal

bulk modulus of the bubble is given as = − ∂
∂( )VKT
P
V T

ext ,

which is the inverse value of the coefficient of isothermal
compressibility of the bubble, βT n (eq 24). Differentiation of
eq 16 with respect to V produces

= + − γK K K KT T T q Tgas (17)

where = −
∂
∂( )VKT
P

V T
gas

gas is the bulk modulus of the gas

within nanobubbles, = −
∂
∂( )VKT q

P

V T

q represents the modulus

of the surface charge of the gas−water interface, and

= −γ
∂
∂

γ( )VKT
P

V T
is the modulus of the surface tension of

the gas−water interface.
The gas pressure in the bubbles is composed of the partial

pressures of water vapors, PH2O, and oxygen, PO2
: Pgas = PH2O +

PO2
. The partial pressure of water vapors at 20 °C is 2.3 kPa

(0.022 atm).110 The partial pressure of oxygen is determined
by Henry’s law PO2

= kO2
cO2

, where kO2
is the Henry’s law

(volatility) constant (7.31 × 107 Pa mol−1 L at 20 °C140,141)
and cO2

is the molarity of oxygen dissolved in water. For
concentrations of oxygen dissolved in water covered in our
experiments and in calculations (0−200 mg L −1), PO2

ranges
from 0 to 460 kPa (0−4.5 atm). For all our solutions, except
the fully degassed water, PO2

≫ PH2O.
Estimations of KT gas require a relationship between the

pressure within the gas bubble, Pgas, and the volume of the
bubble. Two different models can be suggested with respect to
this. Model 1 assumes that at our ultrasonic frequencies ( f),
the exchange of oxygen and water molecules between the gas
in the nanobubble and the surrounding water is negligible
within the timescale of the period of compression cycle

= ∼
π

−( )T , 10 s
fc

1
2

8 , and, therefore, the oscillations of

volume of the bubble occur at a constant number of molecules
of the gas. Our estimations of the diffusion flux of oxygen j ̅
(=

Dc

r2
O2 , D is the diffusion coefficient of oxygen molecules in

water142) across the surface area of the nanobubbles favor this
assumption. In this case, KT gas can be obtained from the well-
known equation of state PgasV = ZnRT, where n is the number
of moles of molecules in the gas, R is the gas constant, T is the
temperature in Kelvin, and Z is the compressibility factor,
characterizing the nonideal behavior of the gas.143 Differ-

entiation of this relationship produces =
− ∂

∂
i
k
jjjj

y
{
zzzz

KT
P

P
gas

1
Z

Z
P

T

gas

gas
1

gas

.

The values of Z and of ∂
∂

i
k
jjj

y
{
zzzP

Z
Z

P
T

gas
1

gas
(experimental or calculated

from the O2 and H2O gases virial coefficients110,143) for the
range of pressures of the gas in the bubble at our conditions
are below 10−2, and, therefore, can be neglected. This
produces: KT gas = Pgas.

Model 2 suggests a complete equilibrium between the gas
within the bubble and the surrounding liquid at any time of the
compression cycle. In this case, the partial pressures of oxygen
and water vapors do not depend on the bubble volume and,
therefore, KT gas = 0. If the equilibrium position is reached only
partially, we shall expect the value of KT gas to be between the
values of model 2 and model 1: 0 ≤ KT gas ≤ Pgas. Therefore,
the bulk modulus of gas within nanobubbles can be expressed
as

ξ= PKT gas gas gas (18)

where ξgas (0 ≤ ξgas ≤ 1) represents the extent of the exchange
of molecules of oxygen and water between the gas within
nanobubble and the surrounding liquid (water) during the
compression cycle, Tc, in the ultrasonic wave. ξgas = 1 when the
compression cycle is much shorter than the characteristic time
of the gas exchange (model 1), and ξgas = 0 when the
compression cycle is much longer than the characteristic time
of the gas exchange (model 2).
Similar to the above in estimations of KT q, we have

considered two models describing the exchange of charges
(ions) between the surface of the bubble and the surrounding
medium during the compression cycle. Model 1 assumed that
the time period of the compression cycle, Tc, is too short for a
diffusion of a significant amount of charges (ions) from the
surface of the bubble. In this case, the charge of the bubble, q,
is constant and differentiation of Pq with respect to V, in

combination with =
π( )r V3

4

1/3
and σ =

π
q
r4 2 , produces

= −σ
ε ε ε

ε∂
∂

i
k
jjj

y
{
zzzK K1T q P T

2
3

3
4

1
gas

2

0 gas
. The derivation of this equa-

tion presumed that dielectric permittivity of the gas in the
bubble at constant temperature is a function of the gas
pressure: ε = ε(Pgas). Model 2 suggests a full equilibrium
between the charges on the surface of the nanobubbles and the
surrounding liquid, which corresponds to constant value of σ at
any time of the compression cycle. In this case,

= σ
ε ε ε

ε∂
∂

i
k
jjj

y
{
zzzK KT q P

T
T2

1
gas

2

0 gas
. Therefore, in the general case, the

bulk modulus of the surface charge on the gas−water interface
of the nanobubbles can be expressed as

σ
ε ε

ξ
ε

ε= − ∂
∂

i

k

jjjjjjjj
i

k
jjjjjj

y

{
zzzzzz

y

{

zzzzzzzzP
K K

2
4
3

1
T q q

T

T

2

0 gas
gas

(19)

where ξq (0 ≤ ξq ≤ 1) represents the extent of the exchange of
charges (ions) between the surface of the nanobubble and the
surrounding liquid (water) during the compression cycle in the
ultrasonic wave. ξq = 1 when the compression cycle is much
shorter than the characteristic time of the charge exchange, and
ξq = 0 when the compression cycle is much longer than the
characteristic time of the charge exchange.

The term σ
ε ε

2

0
in the above equation can be obtained from the

pressures Pγ, Pgas, and Pq according to eq 16 as

σ
ε ε

= + −γP P P
2

2

0
ext gas

(20)
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In our calculations, the derivative ε∂
∂Pgas

was taken as 4.9 × 10−9

Pa−1 and ε as 1.00 at 20 °C following the data published
earlier.110,144

The bulk modulus KT γ can be obtained by differentiation of
the Laplace equation with respect to V, where the surface
tension is a function of the external pressure (pressure in the
liquid) and of the gas pressure in the bubble γ = γ(Pext, Pgas).
This produces

γ
γ

γ
γ= + ∂

∂
+ ∂

∂γ γ

i

k

jjjjjjjj
i
k
jjjjj

y
{
zzzzz

i

k
jjjjjj

y

{
zzzzzz

y

{

zzzzzzzz
P

P P
K K K

1
3

1 1
T

T
T

T

T
ext gas

gas

(21)

The above equation assumes that the dependence of surface
tension on the radius of the nanobubble is negligible. This
assumption stands for nanobubbles of the size significantly
larger than the size of molecules of water (0.3 nm).145

Combination of eqs 17−21 results in the following
relationships for calculations of KT

ξ ξ

ξ ξ
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− − +

+
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4
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gas H O O O
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ext
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ext
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2 2 2 (22)

For large bubbles, r → ∞ and Pγ → 0, at equilibrium, Pext =
Pgas, the bulk modulus of the bubble becomes equal to the bulk
modulus of the gas: KT = KT gas, which shall be expected.

In our calculations, the parameter γ∂
∂( )P Text

was taken as 7.02

× 10−10 m according to the data of Chaplin146 and
Vavruch147,148 for 25 °C. As the effect of this parameter on
calculated bulk modulus of bubbles is very small for most of
the size range of the bubbles (10 nm and above), utilization of
this value at temperature 20 °C is acceptable. The value of γ at
20 °C was taken as 72.75 mN m−1.149149 Following the results
of Massoudi and King,150 the effect of the presence of oxygen
in the gas and liquid phases on the absolute value of γ was
neglected for our range of concentrations of oxygen. Because
the vast majority of the gas at our conditions is represented by

oxygen, the parameter γ∂
∂( )P Text

was estimated as γ∂
∂

i
k
jjj

y
{
zzzP

TO2
, which

is −7.7 × 10−10 m at 20 °C.150 As KT gas ≤ Pgas, for the above
parameters and the concentration of oxygen dissolved in water,
which was covered in our experiments and in calculations (0−
200 mg L−1 , PO 2

ranges from 0 to 910 kPa),

≪
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. In this case, eq 22 is simplified

to
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Accordingly, for the limiting case r → 0, the isothermal bulk

modulus of the bubble is given as ≅
ξ −

γ
γ∂

∂( )
KT

1
3

4 1q

P T

1

ext

. For ξq = 1 at

room temperature, this provides: KT ≅ 108 Pa.
The coefficient of isothermal compressibility of nano-

bubbles, βT n, can be obtained as

β =
K
1

T
T

n (24)

Figure 11 represents the dependence of the bulk modulus of
oxygen nanobubbles in water, KT, as well as its components on

the radius of the bubbles at ξq = ξgas = 1, temperature 20 °C,
and concentration of oxygen dissolved in water equal to 100
mg L−1, as calculated according to eq 22. The inset of Figure
11 illustrates the dependence of the coefficient of isothermal
compressibility of nanobubbles, βT n, on their radius for
concentrations of dissolved oxygen, 50, 100, 150, and 200 mg
L−1 at temperature 20 °C, calculated according to eqs 22 and
24 for two combinations of parameters ξq and ξgas: ξq = ξgas = 1
and ξq = ξgas = 0.5. According to the figure, the parameters ξq
and ξgas have a profound effect on the compressibility of the
bubbles, βT n. As the parameters ξq and ξgas are determined by
the ratio of the compression cycle in ultrasonic wave and the
characteristic time of the ions (ξq) and the gas (ξgas) exchange
between the nanobubble and the surrounding medium, the
frequency of the ultrasound shall have a significant effect on

Figure 11. Dependence of the bulk modulus, KT, on the bubble radius
at the concentration of oxygen dissolved in water 100 mg L−1 and
temperature 20 °C. Inset: Dependence of coefficient of isothermal
compressibility of nanobubbles, βT n, in water on the bubble radius at
different concentrations of dissolved oxygen (50, 100, 150, 200 mg
L−1) and 20 °C. Parameter ξgas represents the extent of the exchange
of molecules of oxygen and water between the gas within nanobubble
and the surrounding water, and parameter ξq represents the extent of
the exchange of charges (ions) between the surface of the nanobubble
and the surrounding water during the compression cycle in the
ultrasonic wave, as described in the text.
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the measured compressibility. At high frequency, when the
effects of the ions and the gas exchange can be neglected, ξq =
ξgas = 1, the bubble compressibility is the lowest. This “high-
frequency” compressibility of the bubbles, βT n, was utilized in
calculations of apparent compressibility of oxygen in the
nanobubble state, φKT n, discussed in the Results and
Discussion section.
The specific volume of nanobubbles was obtained from the

equation of state for oxygen PO2
V = ZnRT as

= =v
ZRT

M P
P k c;n

O O
O O O

2 2
2 2 2

(25)

where MO2
is the molar mass of oxygen molecule.

Assessment of Stability of Oxygen Nanobubbles in
Dispersions. Two factors determining stability of nanobubbles
in water can be distinguished. The first one is “mechanical
stability”, which requires equilibration of pressures favoring the
bubble collapse and its expansion, as described by eq 16 or by
the subsequent eq 20. Equation 20 can be utilized for
estimations of the range of bubbles radii mechanically
stabilized by charged interface, which can exist in oxygen

supersaturated solutions. As σ
ε ε

2

0
cannot be negative, Pγ + Pext ≥

Pgas. This provides the following relationship for the maximum
radius, rmax, of a mechanically stable bubble in supersaturated
solution of oxygen

γ=
+ −

r
P k c P

2
max

H O O O ext2 2 2 (26)

At radius of the bubble equal to rmax, the sum of the external
and surface tension pressures are equilibrated by the gas
pressures in the bubble and, accordingly, the surface charge of
the bubble surface is equal to zero. At 20 °C and the external
pressure of 1 atm, rmax is 400 nm for 200 mg L−1 of oxygen
dissolved in water, 1000 nm for 100 mg L−1 of oxygen
dissolved, and 10 000 nm for 50 mg L−1 of oxygen dissolved.
For illustrative purposes, some of the figures analyzing
compressibility of the bubbles (e.g., Figure 7) include the
radii exceeding the radii of mechanical stability.
The second factor is stability of the bubble versus change of

pressure in ultrasonic wave, or fluctuations of volume. This
requires positive finite value of bubble compressibility, or,
following eq 24, positive value of the bulk modulus, KT > 0.
Equation 23 can be used for predictions of the radii range at
which bubbles are stable against change of pressure for given
values of parameters ξq and ξgas and the concentration of
dissolved oxygen. As discussed above, a decrease in the
frequency of oscillations of pressure shall result in a reduction
of parameters ξq and ξgas from ξq = ξgas = 1 at high frequencies
to ξq = ξgas = 0 at low frequencies. Consequently, according to

eq 23, the nanobubble compressibility β =( )T Kn
1

T
shall

increase with frequency. At frequencies corresponding to low
values of ξq and ξgas, the dispersion of nanobubbles becomes
unstable as manifested by infinite or negative values of βT n for
certain (all at ξq = ξgas = 0) ranges of the bubble radius. In this
case, unusual ultrasonic properties of the dispersion, similar to
those described earlier,151,152 could be expected. This shall
produce notable effects of frequency of ultrasound on
measured ultrasonic velocity and attenuation in dispersions
of nanobubbles, which can be utilized for nanobubbles
detection and their structural (size) characterization.

Modeling of Isothermal Ultrasonic Velocity in Suspension
of Oxygen Nanobubbles. The isothermal ultrasonic velocity
in aqueous suspensions of nanobubbles, uT, can be calculated
using Laplace equation expressed in terms of specific volume,

=
ρ( )v 1 , and specific compressibility, kT, of the liquid

φ

φ

=

= − +

= − +

u
v
k

k w k w K

v w v w V

(1 )

(1 )

T
T

T T T0

0 (27)

where w is the concentration (weight fraction) of oxygen in the
mixture. The above relationships for calculations of kT and v
are derived from the definitions of φKT and φV (eq 3 and
similar for φV).74 The weight fraction of oxygen w can be
recalculated into the concentration cO2

(mass of O2 per unit of

volume of mixture) as =
φ + −c w

w V w vO (1 )2 0
or =

φ+ −w
c v

c v c V1
O2 0

O2 0
.

Following eq 14 and its equivalent for apparent volume, the
values of φKT and φV were obtained as φKT = wnφKT n + (1 −
wn)φKT d and φV = wnφVn + (1 − wn)φVd, where φVd and
φVn are consequently the apparent volumes of oxygen in the
dissolved and nanobubble states, respectively.
Similar to the case of compressibility, the osmotic

contribution to the apparent volume of oxygen in the
nanobubble state can be neglected and φVn can be calculated
as φVn = vn using eq 25. The apparent volume of oxygen in the
dissolved state, φVd, can be obtained from eq 5 as outlined in
the Results and Discussion section.

Concentration of Interfacial Charges Required for
Mechanical Stability of the Gas Nanobubbles. The molar
concentration of interfacial charges, cq, required for mechanical
stability of a particular amount of gas nanobubbles of radius r,
can be calculated from the number of gas nanobubbles and the
charge of each nanobubble q = 4πr2σ, where σ is the surface
charge density determined by eq 20. This provides the
following equations for calculations of cq

π ε ε

γ

=
+ −

= + =

γ

γ

c
r P P P

F
n

P P k c P
r

4 2 ( )

; 2

q

2
0 ext gas

b

gas H O O O2 2 2 (28)

where F is the faraday constant and nb is the number of
bubbles in a unit of volume of dispersion. At external
(ambient) pressure Pext = 1 atm, temperature 20 °C, and
100 mg L−1 of dissolved oxygen, for concentrations of bubbles
corresponding to the ultrasonic detection limits (Effect of
Nanobubbles on Ultrasonic Velocity), the concentrations of
monovalent charges on the surfaces of the bubbles are 8 ×
10−11 mol L−1 for bubbles of radius 10 nm, 2.5 × 10−13 mol
L−1 for bubbles of radius 100 nm, and 4.4 × 10−15 mol L−1 for
bubbles of radius of 500 nm. These concentrations of charges
are significantly lower than the concentration of ionic
impurities in our samples, 2 × 10−6 mol L−1. Therefore, the
impurities may provide a sufficient amount of ions for
“charging” of nanobubbles, required for their stability, through
a selective absorption of ions on the gas−water interface.
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(52) Sedlaḱ, M.; Rak, D. Large-Scale Inhomogeneities in Solutions
of Low Molar Mass Compounds and Mixtures of Liquids:
Supramolecular Structures or Nanobubbles? J. Phys. Chem. B 2013,
117, 2495−2504.
(53) Ushikubo, F. Y.; et al. Evidence of the existence and the
stability of nano-bubbles in water. Colloids Surf., A 2010, 361, 31−37.
(54) Bunkin, N. F.; Bunkin, F. V. Bubston structure of water and
aqueous solutions of electrolytes. Phys. Wave Phenom. 2013, 21, 81−
109.
(55) Bunkin, N. F.; et al. Structure of the nanobubble clusters of
dissolved air in liquid media. J. Biol. Phys. 2012, 38, 121−152.
(56) Alty, T. The Origin of the Electrical Charge on Small Particles
in Water. Proc. R. Soc. London, Ser. A 1926, 112, 235−251.
(57) Liu, D.; et al. Vibrational spectroscopy of aqueous sodium
halide solutions and air-liquid interfaces: Observation of increased
interfacial depth. J. Phys. Chem. B 2004, 108, 2252−2260.
(58) Ghosal, S.; et al. Electron spectroscopy of aqueous solution
interfaces reveals surface enhancement of halides. Science 2005, 307,
563−566.
(59) Jungwirth, P.; Tobias, D. J. Specific ion effects at the air/water
interface. Chem. Rev. 2006, 106, 1259−1281.
(60) Brown, E. C.; et al. Structure and vibrational spectroscopy of
salt water/air interfaces: predictions from classical molecular
dynamics simulations. J. Phys. Chem. B 2005, 109, 7934−7940.
(61) Petersen, P. B.; Saykally, R. J. Adsorption of ions to the surface
of dilute electrolyte solutions: the Jones-Ray effect revisited. J. Am.
Chem. Soc. 2005, 127, 15446−15452.
(62) Cheng, J.; et al. Experimental anion affinities for the air/water
interface. J. Phys. Chem. B 2006, 110, 25598−25602.

(63) Petersen, P. B.; Saykally, R. J. On the nature of ions at the liquid
water surface. Annu. Rev. Phys. Chem. 2006, 57, 333−364.
(64) Pegram, L. M.; Record, M. T. Hofmeister salt effects on surface
tension arise from partitioning of anions and cations between bulk
water and the air-water interface. J. Phys. Chem. B 2007, 111, 5411−
5417.
(65) Borodin, A.; et al. Interaction of NaCl with solid water. J. Chem.
Phys. 2004, 121, 9671−9678.
(66) Akulichev, V. Hydration of ions and cavitation resistance of
water. Sov. Phys.Acoust. 1966, 12, 144−149.
(67) Craig, V.; Ninham, B.; Pashley, R. Effect of electrolytes on
bubble coalescence. Nature 1993, 364, 317−319.
(68) Craig, V. S.; Ninham, B. W.; Pashley, R. M. The effect of
electrolytes on bubble coalescence in water. J. Phys. Chem. 1993, 97,
10192−10197.
(69) Marc ̌elja, S. Short-range forces in surface and bubble
interaction. Curr. Opin. Colloid Interface Sci. 2004, 9, 165−167.
(70) Povey, M. J. Ultrasonic Techniques for Fluids Characterization;
Academic Press, 1997.
(71) Buckin, V.; Smyth, C. High-Resolution Ultrasonic Resonator
Measurements for Analysis Of Liquids. Seminars in Food Analysis;
Food & Agriculture Organization of the United Nations, 1999; Vol. 4,
pp 113−130.
(72) Buckin, V.; Hallone, S. K. Ultrasonic Characterisation of W/O
MicroemulsionsStructure, Phase Diagrams, State of Water in Nano-
Droplets, Encapsulated Proteins, Enzymes. MicroemulsionsAn
Introduction to Properties and Applications; InTech: London, U.K.,
2012; pp 33−66.
(73) Buckin, V.; Altas, M. C. Ultrasonic Monitoring of Biocatalysis
in Solutions and Complex Dispersions. Catalysts 2017, 7, No. 336.
(74) Buckin, V. Application of High-Resolution Ultrasonic Spec-
troscopy for analysis of complex formulations. Compressibility of
solutes and solute particles in liquid mixtures. IOP Conf. Ser.: Mater.
Sci. Eng. 2012, 42, No. 012001.
(75) Mallock, A. The damping of sound by frothy liquids. Proc. R.
Soc. A 1910, 84, 391−395.
(76) Alforque, R. A.; Sawada, Y.; Nishihara, H. Measurement of
Acoustic Velocity and Attenuation in an Air-Water Two-Phase
Medium. J. Nucl. Sci. Technol. 1977, 14, 156−158.
(77) Wood, A. B. A Textbook of Sound; George Bell & Sons:
Edinburgh, 1964.
(78) McWilliam, D.; Duggins, R. In Speed of Sound in Bubbly Liquids,
Proceedings of the Institution of Mechanical Engineers; SAGE
Publications, 1969.
(79) Kieffer, S. W. Sound speed in liquid-gas mixtures: water-air and
water-steam. J. Geophys. Res. 1977, 82, 2895−2904.
(80) Kikuchi, K.; et al. Concentration of hydrogen nanobubbles in
electrolyzed water. J. Colloid Interface Sci. 2006, 298, 914−919.
(81) Habich, A.; et al. Do Stable Nanobubbles Exist in Mixtures of
Organic Solvents and Water? J. Phys. Chem. B 2010, 114, 6962−6967.
(82) Jin, F.; et al. Effects of pH and ionic strength on the stability of
nanobubbles in aqueous solutions of alpha-cyclodextrin. J. Phys. Chem.
B 2007, 111, 11745−11749.
(83) Ushida, A.; et al. Drag reduction effect of nanobubble mixture
flows through micro-orifices and capillaries. Exp. Therm. Fluid Sci.
2012, 39, 54−59.
(84) Numako, C.; Nakai, I. XAFS Studies of Some Precipitation and
Coloration Reaction Used in Analytical-Chemistry. Phys. B 1995,
208−209, 387−388.
(85) Winkler, L. W. Die Bestimmung des im Wasser gelösten
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