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ABSTRACT: Nanobubbles have electrically charged inter-
faces; hence, the diffused double layer theory can be applied
to explain the behavior of nanobubbles in different electrolytic
solutions. In this research, oxygen nanobubbles were
generated in NaCl solutions of different concentrations, and
bubble size and ζ potentials were measured just after the
generation and after 1 week. The measured data and diffused
double layer theory were used to compute the surface charge
density, the potential due to the surface charge, and the
interaction energy between bubbles. With the increased NaCl
concentration, bubble size, surface charge density, and the
number of negative charges increased, while the magnitude of
ζ potential/surface potential, double layer thickness, internal pressure, and the electrostatic repulsion force decreased. The same
trend was observed after 1 week. The net total energy calculation for the 0.001 M NaCl solution showed that the bubble
repulsion for an intermediate separation distance had a 6.99 × 10−20 J energy barrier, which prevented bubble coalescence.
Hence, the 0.001 M NaCl solution produced stable nanobubbles. The calculation of internal pressure inside nanobubbles
showed a reduction in the interfacial pressure difference with the increased NaCl concentration. The test results, as well as
diffuse double layer and net total energy calculations, showed that the most stable bubbles were obtained with 0.001 M NaCl
concentration and the least stability was recorded with the highest amount (0.1 M) of NaCl concentration.

■ INTRODUCTION

Nano or ultrafine bubbles are defined as gas cavities within
aqueous solutions with sizes smaller than 200 nm.1−4 In this
manuscript, the bubble size refers to the bubble diameter.
Nirmalkar et al.4 experimentally proved that bulk nanobubbles
do exist, they are filled with gas, and they survive for a long
period of time. The industrial application of nanobubble
technology has exponentially increased over the last two
decades due to their long-term stability.5,6 The extra small
size, high internal pressure, and electrically charged interface are
major reasons for increased industrial applications, where the
bulk solution chemistry plays a significant role in nanobubbles
behavior.3 Also, smaller bubbles with low rising velocities and
high ζ potential values prevented bubble coalescence.5,7,8 Also
smaller bubbles with the low buoyancy force and low raising
velocities are impacted by the Brownian motion in the water
molecules.7,9,10 The stability of any colloidal system depends on
two types of surface forces; electrostatic repulsion and van der
Waals attraction. Hence, the Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory can be used to explain the colloidal
stability. The lifespan of a bubble depends on both the rising
velocity5,7,8 and gas dissolution/diffusion to the bulk sol-
ution.11,12 The gas dissolution/diffusion depends on several
factors such as gas solubility, temperature, bubble size, the
pressure difference at the gas−liquid interface, interfacial
reactions, and the gas saturation in the bulk liquid solution.13

Gases within the bubble dissolve or diffuse to the bulk solution at

a faster rate with higher internal pressure in the bubble.11,12 Also,
bubbles exist as clusters with an increased gas concentration
within the solution and slowing the gas diffusion/dissipation
from individual bubbles.14

The Young−Laplace equation is found to be valid at the
nanoscale.15 However, to account for the electrostatic repulsion
on the surface of a nanobubble due to surface charge, Bunkin et
al.16 proposed a modification to the Young−Laplace equation.
Bunkin et al.16 showed that the pressure induced by the electric
charge (Pe) on a nanobubble is based on the “bubstons problem”

within the Coulomb model as = πσ
ε

P
De

2 2

0
, and hence, the

modified Young−Laplace equation was expressed as shown
below. (Supporting Information provides the detail derivation of
the eq 1.)

γ πσ
ε

Δ = −P
R D
2 2 2

0 (1)

where γ is the surface tension (N/m), σ is the surface charge
density (C/m2), D is the dielectric constant of the bulk liquid
media, ε0 is the permittivity of vacuum (C2 J−1 m−1), and R is the
bubble radius (m).
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The accumulated ions around the bubble surface create a thin
film, which acts as a diffusion barrier reducing gas dissolution,
thereby increasing the lifespan of the nanobubbles and this
phenomenon referred to as an ion shielding effect.17,18

There are many advantageous of computing double layer
thickness and developing a theory to compute the electrical
charges on the bubble surface, as those will provide insights to
understand the physical behavior of nanobubbles in an aqueous
solution. The bubble solution properties impact the bubble
stability, specifically the temperature, pH, ion concentration,
and dielectric constant. Thus, by changing the bulk solution
chemistry, one would be able to calculate the ion distribution
within the solution and, hence, the properties of nanobubbles.
Therefore, in this manuscript, the diffused double layer theory

is applied to nanobubbles in an electrolytic solution using
experimental data and theoretical calculations. There are
different methods for nanobubbles generation: hydrodynamic
cavitation, sonication causing acoustic cavitation, electro-
chemical cavitation, and mechanical agitation.19 The hydro-
dynamic cavitation is one of the most frequently used
technology. Hence, in this research, hydrodynamic cavitation
is used to generate nanobubbles.

■ FORMATION OF THE DIFFUSE DOUBLE LAYER
AROUND NANOBUBBLES

Nanobubbles in aqueous solutions have electrically charge
interfaces. This surface charge generates an electrical field that
affects the ion distribution in the bulk solution. Adjacent to the
bubble surface, there is a high concentration of oppositely
charged ions with a diffused distribution of ions whose distance
from the nanobubble neutralizes the electrical charge on the
surface of the bubble. Because of the surface charge on the
bubbles and the distribution of ions in the liquid adjacent to the
nanobubbles, a diffused double layer formed, as shown in Figure
1. The assumptions made for the calculations of diffuse double
layer parameters are discussed below.
The electric double layer consists of two layers, the Stern

layer, and the diffused layer. The innermost region surrounding

the bubble surface is called the Stern layer and, in this region,
ions are strongly attached to the bubble surface. The next region
is called the diffused layer where ions are loosely attached. In the
diffused layer, there is an imaginary boundary where ions within
this boundary move with the bubble, and those ions outside this
boundary will not move with the bubble. This boundary is called
the slip plane, and the potential at this boundary is known as the
ζ potential.20 However, the exact location of this shear plane is
not well established, and there is no valid theory to calculate the
shear layer thickness.21−24 However, the ζ potential is a very
important parameter for real systems as it is difficult to measure
the surface potential. Though the ζ potential is not a direct
measurement, it is based on the electrostatic mobility of the
colloidal particles, and hence, it can be calculated. The ζ
potential is commonly used to describe the stability of
nanobubbles because the strong electrostatic repulsion can
prevent the bubble coalescence. The ζ potential depends on the
pH of the medium, the ionic strength, the concentration of any
additives, and temperature. In an electrolyte solution, the double
layer thickness is defined as the Debye length 1/K (eq S9),
which is a function of the ionic strength and only depends on the
properties of the solution (i.e., ionic valency, temperature, and
the ion concentration in the bulk solution) and not on any
property of the charged surface. Therefore, solutions with higher
ionic strengths would yield a thinner double layer thickness as
well as lower ζ potential value, which leads to lower repulsion,
hence, increased bubble coalescence.
The Stern layer is the surface of the region between the surface

of the bubbles and the locus of the hydrated counterions at a
distance d from the bubble surface.25 The potential, at a distance
d from the bubble surface, is called the Stern potential c; it is the
potential at the beginning of the double layer. The Stern layer
thickness of clay, silica, and other colloidal surfaces are reported
in the literature, but there is limited information on that of
nanobubbles. Leroy et al.26 stated that there is no Stern layer for
nanobubbles. Verwey and Overbeek27 stated that the Stern layer
in a clay−water electrolyte system is approximately 0.5 nm.28

Shang et al.29 stated that, for the clay−water electrolyte system,
the Stern layer thickness is two monomolecular layers of

Figure 1. Schematic of the diffused electrical double layer formed around a nanobubble.
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adsorbed water, where d varies between 0.5 and 0.6 nm.29

Sridharan and Satyamurty30 stated that the Stern layer thickness
is equal to the hydrated exchangeable cationic radius. Brown et
al.31 showed that the Stern layer thickness is always one hydrated
cation radius plus one molecule layer of water (2.1−2.7 Å) and
concluded that cations are absorbed via nonspecific interactions
with silica particles. Herbowski et al.32 stated that the Stern layer
consists of mostly ions; hence, its thickness is on the order of 0.2
nm because it depends on the diameter of ions. The K+, Na+, and
Cl− ions have radii of 0.125, 0.183, and 0.1206 nm,
respectively.32,33 Lim et al.,34 on the basis of the Nernst−
Planck−Poisson equations, reported that the Stern layer
thickness is equal to 0.5 nm (slightly larger than one hydrated
ion radius).
Even though there is no experimental evidence on the Stern

layer of nanobubbles, since the bubbles are electrically charged, a
diffuse double layer is formed around the bubble surface. In this
research, the thickness of the Stern layer is assumed as equal one
hydrated ion radius. This is due to no firmly attached water
molecule layer, unlike in clay/silica particles.
In this study, NaCl is used as the electrolyte solution, the

hydrated Na ion radius of 4.7 Å (0.47 nm) was assumed as the d
value.35,36 The ζ potential is equal to or lower than the
magnitude of Stern potential (|ζ| ≤ |ψd|). The difference
between ψd and ζ is a function of the ionic strength; at low ionic
strength, the decay of the potential as a function of distance is
small and ζ≅ ψd; at high ionic strength, the decay is steeper and
|ζ| ≤ |ψd|.

32 As mentioned before, the accurate position of the
shear plane is unknown, and over past decades the position of
the shear plane has become a subject of great interest for many
researchers.22,26 One of the common general assumptions in the
literature is that the shear plane is roughly equal to the Stern
plane.22,24 However, a few researchers are of the opinion that the
shear plane is located far away from the Stern plane but close to
the Gouy plane (the Debye−Hückel length, 1/K).24 Liu et al.21
showed that the position of the shear plane depends on the
polarization of counterions and concluded that, with ion
polarization, there is a higher reduction in the Stern potential
than that at the Gouy plane and the thickness of shear plane
deceased with increased polarization. In this research, the ζ
potential is assumed to equal to the Stern potential (ζ ≅ ψd).
Hence, the surface potential can be expressed as

ψ ψ ζ= +0 Stern
drop

(2)

where the Stern layer can be assumed to act as a parallel
concentric sphere capacitor27 and the potential drop is assumed
to be linear within the Stern layer. Hence, ψStern

drop is

ψ σ
εε

=
i
k
jjjjj

y
{
zzzzz

d
Stern
drop

0
Stern

0 (3)

by assuming the highest potential value of the diffuse layer
potential is equal to the ζ potential, for the electroneutrality of σ0
=−σD, where σ0 is the surface charge density and σD is the excess
charge density in the diffuse layer.

■ DERIVATION OF SURFACE CHARGE DENSITY
EQUATIONS

The Poisson−Boltzmann equation was used to describe the
distribution of ions around the charged particle. The derivation
of the Poisson−Boltzmann equation for spherical geometry with
1:1 electrolyte solution is shown in Supporting Information eqs

S5−S7. By solving the Poisson−Boltzmann equation, we can
calculate the electric potential, ψ(x), around the sphere.
Now consider a bubble of radius a having a surface charge

density of σ or the total charge Q (=4πa2σ) and the net charge
density ρ(r) at a distance r from the center of the sphere, so that
the total surface charge density is shown in eq 4 (simplifications
are shown in the Supporting Information eqs S11−S13).

∫σ ρ∴ =
=∞

=

a
r r r

1
( ) d

r

r a

2
2

(4)

The double layer must be electrically neutral; therefore, the total
charge on the bubble surface (σ0) must be equal and opposite in
sign to the net charge density of the diffused layer (σD). Hence,
by simplifying the Boltzmann equation (eq S5) and potential
distribution eqs (eq S8 or eq S10), we can calculate the net
charge density (σD).
Debye and Hückel37 proposed a potential distribution eq (eq

S8), and the net charge density (σD) can be expressed as

∫σ ψ

σ

=
− ρ

+
−

× +

= −

=∞

= i
k
jjjj

i
k
jjj

y
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y
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a
a x

Kx

a x x

2
sinh exp( )

( ) d

x

x

D
bulk

2

0

d

2

0 (5)

Similarly, Tuinier38 proposed the potential distribution
equation, where the net charge density (σD) can be expressed as

∫σ
ρ

σ

=
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exp( 0.3 ) ( ) d
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D
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2 0

0

0

0

0

2

0 (6)

Equations 5 and 6 can be numerically integrated to generate
tables that can be easily modified by including input parameters
and constants to obtain the surface charge density as output.
Numerical integrations are performed using the Trapezoidal
Rule (Supporting Information eq S16), and by having small
intervals of distances to generate accurate results.
Although numerical analysis has an ability to provide accurate

results, approximate analytical solutions are still valuable as they
can be conveniently applied with tolerances. Therefore, in this
research, two approximate analytical solutions for the surface
charge density σ0 of the particle were derived for 1:1 electrolyte
solution. The two approximate analytical solutions derived by
Loeb et al.39 and Ohshima et al.40 are shown in eqs 7 and 8,
respectively (simplifications are shown in Supporting Informa-
tion eqs S17−S21).

σ
ε ε ψ ψ

= +
Ä

Ç
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kT Ka

q

kT
2 sinh

2
4

tanh
40

r 0 0 0

(7)
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■ INTERFACIAL FORCES

In 1940 the DLVO theory was separately developed by
Derjaguin, Landau, Verwey, and Overbeek, to explain the
stability of colloids by considering the balance between the
attractive, short-range van der Waals forces, and the repulsive
electric double layer forces.41,42

In the case of nanobubbles, with the electrically charged
interface, the overlap of the interacting double layers produces
electrostatic repulsion due to the increased counterions between
the bubbles (i.e., consider interacting bubbles with similar
charges (sign negative/positive)). Also, with similar size
bubbles, there is an attractive force due to the dipole−dipole
interactions, known as van der Waals forces.
The bubble−bubble interaction can be considered in two

ways. First by considering the stability due to force equilibrium
and the second by computing the potential for bubble collision.
In order to explore the bubble stability (the possibility of
coalescence, repulsion or no net force), the repulsive and
attractive forces were calculated using experimental data (i.e.,
size and ζ potential). Here an assumption is made that the
calculated surface potentials remain constant for all bubble
separation distances. Then the resultant force is calculated for
different solution concentrations. Here a quantitative analysis of
the bubble dynamics was not be performed (i.e., the bubble
approaching speed/collision rate), which is the second
approach, the bubble collision. Such computation is complex
and requires the consideration of bubble deformation, the ions
regulation phenomenon (ion rearrangement and nonuniform
surface charge densities) as bubbles approach each other, the
size of the bubble, the change in of bubble size over time due to
the gas diffusion, and the induced bubble movement due to
Brownian motion.
For droplet coalescence calculations, the droplet deformation

and the thin liquid film between droplets are accounted for.43,44

However, for nanobubbles with high internal pressures, bubbles
are rigid with limited deformation, and hence, they maintain a
spherical shape. Chen et al.45 stated that the deformation of
microscale droplets could be safely disregarded for oil droplets
smaller than 10 μm. Hence, in this study, for the calculation of
both the van der Waals forces and the electrostatic repulsive
forces, nanobubbles are assumed as perfect spheres for all
separation distances. Moreover, until the moment of bubble
collision, the assumption of the spherical shape should not
introduce errors to the calculations. Accordingly, the resultant
net energy (W(D)), and net force (F = dW/dD), as well as van
der Waals attractive energy/force and double layer repulsive
energy/force versus separation distances (D) can be plotted for
two identical spherical nanobubbles. The classical equations
used in this research were obtained from the literature and
described in detail in the enclosed Supporting Information. For

the small separation distance (D≪ R), the total energy is given
by

= −
+

+
+

−i
k
jjjjj

y
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zzzzz
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jjjjj

y
{
zzzzzW D

A
D

R R
R R

K
R R

R R
Z( )

6
e kD1 2

1 2

1 2

1 2 (9)

where A is the Hamaker constant, R1 and R2 are the radii of each
spherical particle whose interacts each other, D is the separation
distance, K−1 is the Debye length, Z = 64πε0ε(kT/
e)2 tanh2(zeψ0/4kT), and for this study, R1 = R2 and A = 4.05
× 10−20 J (the detailed calculation of the Hamaker constant is
also included in the enclosed Supporting Information).

■ MATERIALS AND METHODS
To generate nanobubbles, a 25 L container was used and filled up to 18
L. Nanobubbles were generated using the hydrodynamic cavitation
method.46−49 A BT-50FR micronano sized nozzle46,50,51 with 55 psi
capacity water pump was used to generate nanobubbles. To generate
nanobubbles, water was allowed to flow through the nanobubbles
generating a nozzle for 3 min, while supplying oxygen gas. In this
experiment, oxygen nanobubbles were generated using compressed
oxygen in a cylinder with a regulator.

After the generation of nanobubbles, samples were collected and
tested to obtain bubble size distribution and ζ potential values of using
theMalvern Zetasizer Nano ZS.52−54 The Zetasizermeasures the size of
the particles using the technique called dynamic light scattering (DLS),
which measures the Brownian motion of the particles and relates this to
the size of the particles using the Stokes−Einstein equation.55 Brownian
motion is measured by illuminating the particles with a laser and
analyzing the fluctuation in scattering intensity. The Zetasizer is based
on the noninvasive back-scatter (NIBS) system, which increases the
accuracy of the measurements compared to conventional optics. The
Zetasizer analyzes the ζ potential by determining the electrophoretic
mobility of the particles and then applying Henry’s equation based on
the Smoluchowisk’s approximation/model. The majority of published
literature on nanobubbles used the Smoluchowiski’s model to calculate
the ζ potential.5,52−54

Schnitzer et al.56 showed that the behaviors of solid particles and the
bubbles/droplets are different at the interface of the particle/bubble
and the liquid. The solid−liquid interface is considered as rigid with the
no-slip, while the liquid−liquid or gas−liquid interface should be
considered a mobile interface. Hence, Schnitzer et al.56 concluded that
Smoluchowiski’s model in the field-driven motion of drops and bubbles
with mobile interfaces is not applicable. However, their analysis was
limited to the ordinary bubbles/droplets and not for nanobubbles. Also
the nanomechanics is quite different from that of micro or
macromechanics. Nanobubbles have high internal pressure and,
hence, are rigid with insignificant deformations. Furthermore, the
nanobubbles are stable and long-lasting, hence, minimal dissolution or
diffusion, due to extraordinary interfacial characteristics when
compared to ordinary bubbles. Also one of the hypotheses of
nanobubbles stability is the accumulated ions limiting the gas diffusion
due to the ion shielding effect.17,18 Also the nanobubbles interfacial
characteristics were examined by Nakashima et al.57 andOhgaki et al.,58

who explained that the characteristics of the interfacial film and the
interface of nanobubbles consisted of highly structured hydrogen
bonds. Therefore, on the basis of the aforementioned, it assumed that
nanobubbles have rigid interfaces with high internal pressures and
resistance to the diffusion and dissolution and, hence, behave
fundamentally different from that of ordinary bubbles. Therefore, it
was assumed that Smoluchowisk’s approximation could be used
without significant error.

Electrophoretic light scattering (ELS) is a technique used by the
Zetasizer to measure the electrophoretic mobility of the particles in
dispersion; this technique is based on the electrophoresis. In this
research, the measurements were taken using the folded capillary cell
(DTS1070) for both the size and the ζ potential, where the cell contains
two electrodes. Once the electrical field is applied to the electrodes,
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bubbles that have a net charge, or a ζ potential will travel toward the
oppositely charged electrode and the velocity of this mobility/
movement is measured based on the laser doppler velocimetry
(VDL) technique combined with M3-PALS technology. This method
used the mixed-mode measuring techniques that allowed us to measure
the ζ potential without the influence of electrical osmosis. The mixed-
mode measurement is the method of changing the reversal cycle of the
electric field, which is fast-field-reverse (FFR) and slow-field-reverse
(SFR).49

All experiments were carefully conducted to avoid possible
contamination. Before the bubble generation, water was tested for
the presence of any nanosize material using the Zetasizer. Always the
system was cleaned/washed out before each test. In this research,
deionized (DI) water and different NaCl concentrations (0.001, 0.01,
and 0.1M) were prepared. Freshly collected DI water was collected in a
100 L tank and allowed to come to equilibrium with the atmospheric
gases at the room temperature for 24 h. Prior to the generation of
nanobubbles, the gas concentrations in the bulk water in contact with
air at 25 °Cwere as follows: oxygen,−8.72mg/L (and at 22 °C, oxygen,
−9.2 mg/L); nitrogen, −13.34 mg/L; carbon dioxide, −0.5 mg/L;
negligible amounts of other gases in the air. For each test the same bulk
liquid was used, the appropriate amount of salt was added, and allowed
to be in equilibrium with air. Then these solutions were used to create
oxygen nanobubbles. Generated nanobubbles were tested immediately
after generation and 7 days after generation.

■ RESULTS AND DISCUSSION

Figure 2a shows the variation of bubble sizes and Figure 2b
shows the variation of ζ potential values of the oxygen bubbles in
different solutions of NaCl concentrations. Figure 3 shows the

same test results just after the bubble generation (week 0) and
after 1 week of generation (week 1). The size/diameter results
were recorded as the number-distribution data, where the peak
values of the distribution curves are reported.
Reported test results in Figures 2 and 3 show the minimum,

maximum, and average values as well as the standard deviation
values based on six measurements for each test with different salt
concentrations. The results show that with the increase in NaCl
concentration, the bubble diameter slightly increased, and the
magnitude of ζ potential decreased. All measured ζ potential
values were negative. Hence, from here onward ζ potential
values are reported without their sign. Figure 3a shows the
variation of bubble diameter with time for different concen-
trations of NaCl solutions, where bubble diameter increased
with time for all solutions. Figure 3b shows the variation of ζ
potential values with time for different concentrations of NaCl
solutions, where with time ζ potential values decreased.
The measured data are used to compute the surface charge

density, surface potential, double layer thickness, and internal
gas pressure inside nanobubbles. Table 1 shows all the measured
data as well as calculations for both week 0 and week 1. Columns
1, 2, and 3 show the NaCl concentration, bubble size, and the ζ
potential values, respectively. Column 4 shows the calculated
double layer thickness (1/K) based on the eq S9. For the DI
water bubble solution, there is no Stern layer without salts.
Hence, the double layer thickness was not computed for the DI
water bubble solution. Column 5 shows the calculated surface
charge density for each test. The calculated surface charge

Figure 2. Relationship between NaCl concentration and (a) bubble diameter and (b) ζ potential, for oxygen nanobubbles at 20 °C and pH ≈ 7.
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densities were based on the numerical and analytical solutions
(obtained same results) presented in eqs 5, 6, 7, and 8. Column 6
shows calculated surface potentials, ψ0 for each test. Surface
potential values were calculated based on eqs 2 and 3. For the
electrolyte solutions, the thickness of the Stern potential (d) was
assumed as equal to the hydrated Na ion with an effective radius
of 0.47 nm as previously explained. Column 7 shows the number
of negative charges on the bubble surface (negative charge =
(surface charge density × surface area)/electron charge).
Finally, column 8 shows the calculated pressure difference
across the fluid interface (ΔP) based on eq 1).
Figure 3 and Table 1 illustrate that with the increase in NaCl

concentration of the solution, bubble sizes slightly increased.
Also, a week after the bubble generation, for all the solutions
bubble sizes increased. Furthermore, at week 0, ζ potential
values decreased with the increase inNaCl concentration, and all
the values (bubble size as well as ζ potential values) decreased
after 1 week. For the 0.001 M salt concentration, the bubble size
appears to be stable, with only a 2.3% increase in bubble size
after 1 week. However, the reduction in ζ potential was
comparatively high. Also, with higher concentrations of NaCl

(0.01 and 0.1 M), the increase in bubble size and reduction in ζ
potential values were significantly higher. The average surface
charge densities and ζ potential values at week 0 and week 1
were plotted against concentrations of NaCl solutions and
shown in Figure 4. Figure 4 shows that with increased NaCl
concentrations, the ζ potential decreased, and the magnitude of
surface charge density increased.
Figure 5 shows the distribution of electric potential with the

normalized distance against bubble radius for four NaCl
solutions and corresponding calculated double layer thicknesses
values corresponds to the week 0 test results.
It can be clearly observed from Figure 5 that the variation of

electrical potential with distance had a steep rate of decline for
solutions of higher NaCl concentrations and produced thinner
double layer thickness values.
Figure 6 shows the total number of negative charges on the

bubble surface for week 0 and week 1. It also shows the variation
in double layer thickness with increased concentrations of NaCl
solutions for both week 0 and week 1. For all solutions, the
double layer thickness becomes thinner after 1 week when

Figure 3. Variation with time of (a) diameter and (b) ζ potential, for oxygen nanobubbles in NaCl solution at 20 °C and pH ≈ 7.
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compared to those for week 0 (Table 1). The double layer
thickness declined with the increase in salt concentration.
For bubble solutions with lower salt concentrations, there was

no substantial change in the number of negative charges on
bubble surfaces after 1 week. However, at high solution salt
concentrations of 0.1 M, the total number of surface charges
increased to form large bubbles. To have such a high increase in
the number of negative charges on the bubble surface, several
bubbles should have merged to form larger bubbles. Hence, at
high solution salt concentrations, nanobubbles seem to be much
more vulnerable to coalescence due to the reduction in ζ
potential and related thinner double layer thicknesses.
With the increase in ion concentration in the bulk solution,

surface charge density increased while the absolute ζ potential/
surface potential decreased due to the corresponding reduction
in the diffuse layer thickness values of the nanobubbles. Even
though, with the increase in NaCl concentration, a decrease in ζ
potential can be attributed to the thinning of the double layer
thickness, the increase of negative charge density or the total
amount of negative charge is unexpected. With the hypothesis
that the negative charges of the nanobubbles are absorbed OH−

ions46 at the gas−liquid interface, especially for DI solution, this
result suggests that the OH− adsorption was stabilized by the
added NaCl. A similar phenomenon was discussed by the
Higuchi et al.59 for polymer material in water by considering the
charge regulation mechanism. By applying their finding to
nanobubbles, when the two charged ions (i.e., OH−) at the
bubble surface approach each other, the surface charge density
will be reduced to decrease the electrostatic repulsion either by
absorption of the counterions and/or desorption or removal of
surface charge. Therefore, it can be concluded that any increase
in the ionic strength would favor the OH− absorption as the
reduction in electrostatic (repulsion) energy between absorbed
OH− ions.
For lower NaCl concentrations, the double layer thickness did

not significantly affect the ζ potential values. For high
concentration solutions (i.e., 0.01 and 0.1 M), the negative
charge density and the amount of negative charge increased, and
this was confirmed by calculations as well. Even though
absorbed OH− density is high, with the high ionic strength the
electrostatic repulsion between absorbed OH− ions have to be
weakened due to the increased amount of counterion
concentration and the Debye length is sufficiently short and
resulted in lowering the ζ potential. In such a situation, the
charge regulation mechanism may become less effectiveT
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Figure 4. Surface charge density for oxygen nanobubbles in NaCl
solution at 20 °C and pH pH ≈ 7.
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compared to the weakened long-range repulsion, causing the
increase of the bubble coalescence.
The gas dissolution rates in a nanobubble would depend on

the inside gas pressure, with higher gas pressures causing higher
diffusion rates. Column 8 of Table 1 shows the variation of
average gas pressure in bubbles with different concentrations of
the NaCl solutions (based on eq 1). Figure 7 shows the
predicted gas pressures inside nanobubbles for three salt
solutions based on the Young−Laplace and the modified
Young−Laplace equation. Results show that, with increased salt
concentration, the pressure difference at the gas−liquid interface
decreased; however, the bubble diameter did not significantly

vary with the increased concentration of theNaCl solution. Even
though it was expected that, with high surface charge densities,
internal pressures inside the bubble would reduce, the results
indicate that the contribution was minimal. Only with a high
amount of NaCl (i.e., 0.1 M) was there a considerable reduction
in internal gas pressure. Table 1 shows that, with the increase in
surface charge density, there is minimal change in bubble
characteristics as the inside gas pressure is still significantly high.
Table 1 and Figure 7 show that, for nanobubbles in 0.001 M salt
solution, the internal gas pressure did not significantly vary after
1 week.

Figure 5. Variation of electrical potential with distance for oxygen nanobubbles in NaCl solutions of varying concentrations (20 °C and pH ≈ 7).
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Figure 8 shows that the van der Waals energy/force, electric
double layer repulsion energy/force and the total energy/force
for 0.001, 0.01, and 0.1MNaCl concentrations. For the 0.001M
NaCl solution, with higher repulsive energy/forces, a stable
nanobubble solution was created as the bubble coalescence was
prevented due to the neutralization of the van der Waals
interactions. On the basis of Figure 8a, there is comparatively
high electrostatic repulsion, and hence, the total interaction
energy is positive for the intermediate separation distances. Also,
there is a peak energy barrier of 6.99 × 10−20 J with zero net
interaction force for a critical separation distance of 4.92 nm.
However, for higher NaCl concentration solutions (0.01 and 0.1
M), results clearly indicated that the energy barrier disappeared,
and total interaction energy and forces are dominated by the van
derWaals attraction. This indicates that the net energy and force
curves are always attractive with high potential for bubble
coalescence (Figure 8b,c). The net negative energy and
attractive force are shown in Figure 8b,c and indicate that the
electrostatic repulsion is very sensitive to the ionic strength of
the solution.
The higher concentration of ions in the solution reduces the

double layer interaction between the charged surfaces, resulting
in the reduction in double layer thickness, and thereby reducing

the magnitude of repulsive interaction, while the van der Waals
attraction is insensitive to the electrolyte concentration. At the
very smaller separation distance, the van der Waals force is
always greater than the electrostatic force, because the van der
Waals forces are based on the power law. This phenomenon can
be seen in Figure 8a as well, where the separation distance
becomes smaller, and the net interaction energy is negative for
separation distances less than 1 nm, which can lead to bubble
coalescence at smaller separation distances. Hence, the above
observations can be summarized as, for similarly charged
bubbles, at low NaCl concentration, there is high double layer
repulsion preventing bubble coalescence.
On the basis of the above discussion, it can be stated that the

most stable bubbles were obtained with 0.001 M NaCl
concentration and the least stability was recorded with the
highest amount (0.1 M) of NaCl concentration. Also, the
experimental results showed that nanobubbles could be
generated in DI water. This indicates that the stability of
nanobubbles is a complex chemical and physical phenomenon.
Therefore, there must be multiple factors contributing to the
stability of nanobubbles as experimental data showed the
existence of nanobubbles for long time periods. Hence, the
mechanism behind the stability of nanobubbles is not just

Figure 6. Variation of the electric double layer thickness and number of electrons with NaCl concentration for oxygen nanobubbles at 20 °C.

Figure 7. Pressure difference across the fluid interface (ΔP) based on the Young−Laplace equation and modified Young−Laplace equation.
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limited to smaller in size and having a high surface charge but a
more complex phenomenon.
Dressaire et al.17 explained that bubble stability using a

diffusion barrier because of ion accumulation (ions shielding).

Uchida et al.18 used a transmission electron microscope to
analyze nanobubbles and observed a thin film around the bubble
surface. They speculated that this thin layer consisted of
impurities (including NaCl and NaCl−2H2O) and hypothe-

Figure 8. van der Waals, electrostatic and total energy and forces vs separation distances for nanobubbles in NaCl solutions for varying concentrations
(20 °C, pH ≈ 7).
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sized that the Na+ ion accumulation in the aqueous solution
reduced the gas dissolution rate. Nakashima et al.57 and Ohgaki
et al.58 reported that apparent stability of nanobubbles would
strongly depend on the characteristics of the interfacial film and
the interface of nanobubbles consisted of highly structured
hydrogen bonds. Seddon et al.,60 Weijs et al.,14 and Uchida et
al.18 reported that bubble gas dissolution rate decreased as the
bubble solution become saturated with gas (diffusive shielding).
On the basis of the bubble suspended solution and bubble state
(undersaturated, saturated or supersaturated), bubbles can
either to grow or shrink.
The behavior of smaller nanobubbles is quite complex. This is

because, in addition to saturation levels, the surface tension
forces play a vital role. In order to achieve thermodynamic
equilibrium, the bubble system should be chemically and
mechanically in equilibrium. The bubble will be mechanically
stable when the total outward pressure from inside the bubble at
the gas−liquid interface is equal to the total inward pressure at
the gas bubble interface as expressed by eq 1. The bubble will be
chemically in equilibriumwhen partial pressures of each gas type
in the bubbles are equal to their respective bulk liquid gas
pressure described by Henry’s law. However, if the bulk liquid is
supersaturated relative to the bubble, then there is a bulk gas
movement into the bubble. Also, if the bulk medium is
undersaturated, then there is bulk gas movement out of the
bubble. If gas pressures are in equilibrium, the bubble size will
remain unchanged, and there will be no mass transfer between
the bubble and the surrounding liquid.61 In such conditions,
bubbles are considered to be either thermodynamically stable
(globally lowest total free energy) or thermodynamically
metastable (locally lowest total free energy, but not globally
minimum free energy).61 These metastable bubbles would
eventually change to another metastable state or to a
thermodynamically equilibrium state. Therefore, nanobubble
stability would also depend on the gas concentrations in the
solution and inside the bubble. Therefore, there is an urgent
need to develop methods to accurately determine the gas
concentration/pressure inside nanobubbles.
If there is nanobubble coalescence, where bubbles grow in size

by merging with adjacent nanobubbles, bubble merging can be
caused due to different mechanisms. The coalescence of similar
size bubbles may be due to the Brownian motion, while if the
bubbles are of different sizes, they can be merged due to the
Ostwald ripening effects. According to Henry’s law and the
Gibbs−Thomson equation, the smaller sized bubbles are a
source of gas in the surrounding solution.18 Therefore, a larger
bubble grows as the smaller bubble diffuses into larger bubbles.
For the comprehensive investigation of nanobubbles stability, all
the phenomena (i.e., surface charge, saturation level, diffusion
rates, chemical potentials, surface tension, etc.) should be
simultaneously considered. Such analysis is possible with the use
of molecular dynamic simulations.

■ CONCLUSIONS
In this manuscript, the ion distribution around the bubbles, and
hence, the presence of a diffuse double layer theory was applied
to nanobubbles in salt solutions of different concentrations. The
surface charge density values on nanobubbles were computed
using numerical simulations as well as previously developed
analytical solutions. Then the double layer thicknesses, van der
Waals attractive force, electrostatic repulsive force, and the net
interactive energies and forces were calculated. With the
increase in NaCl concentration, bubble size increased, and ζ

potential/surface potential decreased. With the reduction in ζ
potential values, there was a corresponding reduction in double
layer thickness. The literature confirmed that, with an increase of
NaCl concentration, a reduction in negative ζ potential and an
increase in effective diameter.7,62,63 Also, the surface charge
density and amount of total negative charge increased, and this
was explained as OH− absorption due to the added NaCl.
Furthermore, interfacial forces calculation showed that, for the
0.001 M NaCl solution, the presence of strong electrostatic
repulsion with a positive energy barrier. Yet with the increasing
amount of NaCl concentration (i.e., 0.01 and 0.1 M), there was
the weakening of the electrostatic repulsion force. Uchida et al.18

also showed a similar reduction in ζ potential with the addition
of salts. Furthermore, the pressure calculation showed the
reduction in the interfacial pressure difference with the increased
NaCl concentration, yet the amount of the reduction is not
sufficient to compensate for the pressure created due to the
surface tension. The experimental results reported in this study
and the application of the diffused double layer were limited to
oxygen bubbles in different solutions of NaCl concentrations.
The applicability of diffuse double layer theory for different
solution chemistries should be investigated. Literature suggests
bubble clustering to prevent gas diffusion. Also, there is a
possibility of a reduction in surface tension of water due to the
dissolution of salts,64−66 which is not considered in this research.
Finally, this research assumed that surface charge on bubbles
consisted of OH− but was not included in any calculations.
However, there is a good possibility that those negative charges
may be (HCO3)− ions due to dissolved CO2 in the air. All these
need to be further studied to develop a comprehensive theory for
nanobubbles behavior using molecular dynamics simulations.
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