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Surface enrichment of ions leads to the stability
of bulk nanobubbles

Hongguang Zhang, Zhenjiang Guo and Xianren Zhang "2 *

Numerous experiments have shown that bulk nanobubble suspensions are often characterized by a high
magnitude of zeta potential. However, the underlying physical mechanism of how the bulk nanobubbles
can stably exist has remained unclear so far. In this paper, based on theoretical analysis, we report a
stability mechanism for charged bulk nanobubbles. The strong affinity of negative charges for the
nanobubble interface causes charge enrichment, and the resulting electric field energy gives rise to a
local minimum for the free energy cost of bubble formation, leading to thermodynamic metastability of
the charged nanobubbles. The excess surface charges mechanically generate a size-dependent force,
which balances the Laplace pressure and acts as a restoring force when a nanobubble is
thermodynamically perturbed away from its equilibrium state. With this negative feedback mechanism,
we discuss the nanobubble stability as a function of surface charge and gas supersaturation. We also
compare our theoretical prediction with recent experimental observations, and a good agreement is
found. This mechanism provides new fundamental insights into the origin of the unexplained stability of

rsc.li/soft-matter-journal bulk nanobubbles.

1 Introduction

Nanobubbles are tiny gas-filled cavities with their typical size
ranging from tens to hundreds of nanometers,'™ either
attached onto solid surfaces or dispersed in bulk solution.
Due to their unique physicochemical characteristics, such as
small size, extraordinary stability and high specific surface
area,”® nanobubbles (NBs) are extensively applied in waste-
water treatment, the removal of pollutants from sediments and
soils, and in other environmental and biomedical applications.®™"*
NBs can be classified into two categories based on their
morphologies and locations: surface NBs and bulk NBs. Surface
NBs have been widely observed on various substrates and their
unexpected stability is interpreted by various theoretical models.”*™*
Currently, three-phase contact line pinning and gas supersaturation
are frequently employed to interpret the stability of surface NBs.
Different from this, bulk NBs evenly disperse in bulk solution
rather than sitting on solid substrates, but they also show a
much longer lifetime than expected, similar to surface nano-
bubbles. Because of their low number density and small size,
nanobubbles are difficult to detect and even harder to distinguish
from other dispersed nanostructures that are assembled by amphi-
philic molecules or other sources of contaminations.'®'” Never-
theless, the existence of bulk NBs has been claimed from various
experimental observations,'*?° but whether they really exist
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remains very controversial, as in light scattering (and also other)
experiments contaminating floating bulk nanoparticles can easily
be mistaken as bulk nanobubbles.'®**"*® Furthermore, the lack of
convincing theory on nanobubble stability stirs up the controversy.

The stability of bulk nanobubbles is often correlated with
the well-known phenomenon of ion enrichment at air-liquid
interfaces, since the observed stable nanobubbles were frequently
characterized by a high magnitude of {-potential (zeta potential).**
The conjecture that (both flat and curved) gas-liquid interfaces are
negatively charged has been proved by accumulated experimental
evidence. In 1861, Quinke observed in an electrophoresis experiment
that bubbles in water migrate to the anode side,** and then
Lenard reported that the interfaces between water droplets
and air are negatively charged in waterfall experiments.*®
Since then, charging of gas/water interfaces was reported with
different experimental approaches.**™' In the majority of
studies, surface charging was most likely due to the preferential
adsorption of hydroxide ions,**™*" but the molecular origin of
this charge remains elusive (and may even differ from case to
case).*>*> Gray-Weale and Beattie suggested that hydroxides
suppress the collective dipole-moment fluctuations of nearby
water molecules,*? which exerts a force on the ions and attracts
them to the interface region with a lower dipole-moment
fluctuation. Robert showed that a region of negative charge in
the interfacial layer of water, as a result of charge transfer
between water molecules, gives rise to a small negative zeta
potential.** Manciu and Ruckenstein explicitly accounted for
the change in ion hydration between the bulk and the interface

This journal is © The Royal Society of Chemistry 2020
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and obtained better agreement with experimental results.*® The
same amount of counterions is required in the diffusion layer
to maintain the electroneutrality.*”

Although a high magnitude of zeta potential does lead to
interparticle or interbubble repulsion and thus provides resistance
against bubble coalescence,”®***>*® it is still unclear how a single
charged NB can be stabilized in the presence of high Laplace
pressure. Regarding the ion enrichment at air-liquid interfaces,
Bunkin et al**”' suggested that the electrostatic pressure
generated by the interaction between ions counteracts the
Laplace pressure. Besides, it is demonstrated that the accumulated
ions around bubble surfaces would produce a thin film, which acts
as a diffusion barrier for reducing the gas dissolution, leading to a
phenomenon referred to as the ion shielding effect.”>>* But the
slowdown of gas dissolution is unlikely sufficient to interpret the
long term (days or weeks) stability of charged bulk NBs. Regarding
the stability of charged bulk NBs, other unsolved questions include
how the solution environment (i.e. ionic strength, pH and dielectric
double layer) and gas supersaturation affect their stability.

In this study, based on theoretical analysis, we report a stability
mechanism for nanobubbles charged with negative ions. The
strong affinity of the negative charges for bubble interfaces causes
surface enrichment of charges and results in additional electric
field energy, which in turn gives rise to a local minimum of system
free energy. Mechanically, the excess surface charges generate a
size-dependent coulomb force, which balances the Laplace
pressure and acts as a restoring force when nanobubbles are
thermodynamically perturbed away from their equilibrium
state. With the negative feedback mechanism, we also compare
our theoretical prediction with recent experimental data, and
good agreement is found.

2 Results and discussion
2.1 Theoretical background

We considered a spherical charged NB of radius R in aqueous
solution, with a volume V = 4/3nR* and interfacial area 4 = 4TR>.
In the grand canonical ensemble we adopted, the cost of grand
potential for forming the pre-existing bubble, AQ, includes
contributions from three different origins. The first one is the
volume contribution Wy, = —(pin — Pout)V, With pi, and poy, being
the pressures inside and outside the gas nanobubble. In this
type of grand canonical ensemble, the chemical potential of the
gas inside the bubble should be equal to that of the gas
dissolved in bulk liquid. This equality is guaranteed by applying
Henry’s law, which gives the relationship between the pressure
inside the bubble and the concentration of the dissolved gas,
Pin = Hc = Heg(1 + £), where H is the Henry coefficient, ¢ and ¢
are the actual concentration and saturation concentration of
dissolved gas, and ¢ = c¢/c; — 1 is the gas supersaturation. The
second term of the grand potential difference comes from the
interfacial energy W, = 74, and the third term is the additional

. . 1
electrostatic potential Wg = EnglE |’dV as a consequence of

ion enrichment at the bubble interface. Here, y is the surface
tension, ¢ is the dielectric constant of the medium, and E is the
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electric field vector. We assume that the spherical shell of
nanobubbles has a uniform charge distribution, and thus the
0 r<R
electric field vector can be written as £ = { & >R in
drer?’ T
which Q is the total amount of charges adsorbed, r is measured
from the center of the bubble and 7 is the unit vector in the
direction of r. By combining the three contributions, the free
energy cost required for generating a bulk NB is given by

QZ
8meR’

AQ = _min - poul] V+ VS + (1)
In our analysis, we assumed that the amount of surface
charges at the gas-liquid interface of a bulk nanobubble
remains unchanged when undergoing thermodynamic fluctuation
(R - R + AR). This is a reasonable assumption since the
characteristic time for bubble size/shape fluctuation is much
shorter than that required for slow equilibrium of ion adsorption/
desorption on the NB surface, especially for the solution with a
small ion concentration. In determining AL as a function of bubble
radius, we set the temperature T = 298.15 K, poue = 1 bar and y =
0.072 N m ™. If the solution is gas saturated, Henry’s law requires
Hcs ~ 1 bar, whereas for the solution with stable NBs, the gas
should be supersaturated and it requires p;, = Hc = H(1 + &)cg.
The Poisson-Boltzmann equation was used to describe the
distribution of ions around charged nanobubbles. This model
assumes that surface charges are neutralized by the Stern
layer and then the diffusion layer in a mean-field fashion
(Fig. 1(a)). For spherical charged bubbles, the Poisson-Boltzmann
() dy (x)
d2x dx

equation can be written as®° +2/(R+x)

2 . Z . . . .
—ZeppSinh —81//():) , where ¢, is the relative dielectric
&réo kBT

constant of water (80 at room temperature), ¢, is the dielectric
permittivity of vacuum (8.854 x 10~ C V. m™ "), Z is the ionic
valence, e is the electronic charge (1.602 x 10~"° C), ppu is the
concentration of ions in the bulk solution (ions per m?), kg is
the Boltzmann constant, and (x) is the electric potential at a
distance x from the charged surface. It is worth mentioning that
here we only considered the monovalent electrolyte solution,
such as NaCl. According to Debye and Huckel’> and Ohshima
et al.>® the surface charge density can be determined by

00 = Z+/ 2660k T Py

ey 4 . ey
tanh
2kBT> * coeckpT \ /2 an 4kgT
WISV AT

X 23inh<

(2)

Here, the zeta potential { is assumed to be equal to the Stern
potential Y. The surface potential can be expressed as V), =
Varop + {, where the Stern layer can be assumed to act as a parallel
concentric sphere capacitor’’ and the potential drop Yacop is
dyern 00

assumed to be linear within the Stern layer. Thus, Y4, =
&rép
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Fig. 1 (a) Schematic illustration of the electrical double layer formed
around a charged nanobubble. (b) Experimental data summarized for
stable bulk nanobubbles?#25306564 and microbubbles®>®® in deionized
water. In this figure, the power law relationship between { and Rq is also
given.

with dgerm being the width of the Stern layer (see Fig. 1(a)). Within
the Debye-Huckel approximation, the relationship between the
charge density and zeta potential can be simplified as>®
0 _ &réol

=T s

€)

where A, is the Debye length (0.6 nm for pure water). Note that
the model of Stern layer and diffusion layer has been used here
without taking ionic specificity into account.”®**%° However, the
mechanism would still hold if other surface force models are
employed since the proposed mechanism is essentially based
on zeta potential (eqn (3)), rather than the detailed local ion
distribution on bubble surfaces (eqn (2)).

2.2 Stability mechanism for a single charged bulk
nanobubble

The classical DLVO theory, which was established by Derjaguin,
Landau, Verwey and Overbeek,’"®* is a classical theory to
explain the stability of colloids by considering both the attractive
van der Waals force and the repulsive electric double layer force.
For neighboring nanobubbles with electrically charged inter-
faces, the overlap of the double layers belonging to neighboring
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NBs produces electrostatic repulsion,””*® thus inhibiting NB
coalescence or aggregation. However, for a single bulk NB, it
remains unclear why the bubble is stable and how the surface
charge enrichment and gas supersaturation are coupled together
to affect the behavior of bubbles.

2.2.1 The power law relationship between { and bubble
radius Ry as well as the curvature dependence of adsorbed
negative charges. In this study we assume that the mechanical
equilibrium of nanobubbles can be reached much faster than
the settlement of chemical equilibrium of ions, ie., the ion
enrichment at the bubble interface is governed by the slower
dynamics of ion adsorption and desorption. This leads us to assume
that the amount of surface charges at the gas-liquid interface of a
bulk nanobubble in equilibrium with the surrounding remains
unchanged, even if it undergoes rapid thermodynamic fluctuations.
This assumption seems also to be consistent with the experimental
observations that stable nanobubbles exist under different
conditions (see Fig. 1(b)).

In Fig. 1(b) we summarize the recent experimental results of
the measured zeta potential and bubble size, for both nano-
bubbles and microbubbles. Note that we only displayed the
data in deionized water, and hence ¢ = oga(cu+, Con-, CNa® Cc1-)
is constant. The figure clearly demonstrates that { and R (R
the bubble radius) roughly satisfy a power law relationship. The
relationship can be interpreted with eqn (3). Here the charge
density on a bubble surface is considered as gy = oqa(1 + fr(Rs)),
which depends on the solution properties of charge distribution
(namely, the charge density at a flat air-liquid interface oga¢(cgr,

Con-, Cnat Cc1-)) and the curvature correction fi(R;) for the effect
of curvature of bubble interfaces. Here fx(R;) is a dimensionless
variable. Combining Q = A-gg.(1 + fr(Rs)) and eqn (3) leads to
logjo(1 +/r(Ry)) + IOglo(oﬂaliD : l) =0.

&g (

With this power law relationship (Fig. 1(a)), fitting the
experimental data of microbubbles in deionized water®>®
leads to a rate of Ry *® for the decay of 1 + fx(R,) as the bubble
radius increases. Another consequence of the power law fitting

Oflath

is that the intercept on the y-axis is D (namel ,1+fr=1o0r
P y y

&réo
logio(1 + fg) = 0 for Ry - ), from which we obtained o, =
—0.0028 C m ™2, With the given o, along with the experimental
data for nanobubbles in deionized water (see Table 1), we can
roughly determine R, > for nanobubbles.

2.2.2 Metastability of charged nanobubbles. We then
investigated the ion-enrichment effect on the free energy cost
for bulk NB formation by analyzing eqn (1). The numerically
determined AQ is shown in Fig. 2(a) as a function of bubble
radius. The figure indicates that for a NB with a constant
surface charge (here we chose Q = —2.3456 x 10~ " C as an
example), three different situations appear according to eqn (1).
The first scenario, e.g. at a given gas supersaturation of ¢ = 8
(see the short dashed line in Fig. 2(a)), is characterized by a
monotonic decrease of AQ2. In this case, NBs become unstable
and will grow spontaneously from the initial size. At moderate
gas supersaturation (0 < ¢ < 8), however, the free energy
profile ceases to monotonically decrease and displays two

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of recent experimental data on nanobubbles and microbubbles as well as the charge density estimated by employing egn (2)

pH Ionic Charge
range strength (M) Gas type Bubble radius® (nm) Zeta potential® (mV) density’ (C m™2) Ref.
7 0 Ozone/oxygen 257 £ 41/89.5 & 41 —39.5 + 3.8/—20.1 + 5.4 —0.0302/—0.0217 Meegoda et al. 2018>*
0.01 NaCl 253.5 & 15.5/107 & 44.5 —28.6 + 1.2/—21.6 + 3.9 —0.0244/—0.0231
0.1 NaCl 246.5 + 47.5/95 + 17 —20.2 + 0.3/—13.6 + 4.5 —0.214/—0.0235
1 NaCl 340 £ 17.5/110 + 64 —11.6 + 1.2/—11.1 + 2.8 —0.0139
0.002 NaCl Ozone 74 + 31 —27 + 4.2 —0.0275
Oxygen 56.7 + 23 —22.4 + 34 —0.0203
Air 56.2 + 46 —213+3 —0.0299
Nitrogen 51.1 + 32 —19.8 + 5.3 —0.0280
4 0 Oxygen 172 + 17 -4.3+0.3 —0.0031
7 89.5 + 41 —20.1 £ 5.4 —0.0181
10 41.5 £ 11.5 —27.3+3.2 —0.0240
5.7-6.2 0 Air 68.5 —17 to —20 —0.0216 Ushikubo et al. 2010%°
6.2-6.4 0 Oxygen 50-500 —34 to —45 —0.03342 Uchida et al. 2011%
7 0 Ozone 60-250 —22 —0.0169 Zheng et al. 2015%*
7 0 Oxygen/Nitrogen/Air 80-170 —27 to —45 —0.0299 Ahmed et al. 2018%°
7 0 Air/Carbon dioxide 2500-12500/8500-27 500 —35 to —62/—28 to —42 Takahashi et al. 2005/2007°>°°
4-12  0.001 NaCl Air 300-225 -13 —0.0139 Bui et al. 2019°”

“ Experimentally measured value from the literature. ? Calculated value by using eqn (2).
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Fig. 2

(a) The required free energy cost for producing a tiny bubble as a function of bubble radius, under the conditions of fixed charge enrichment. (b) The

schematic illustration of the negative feedback mechanism for stabilizing a bulk nanobubble with the constant adsorption of hydroxide ions onto the bubble interface.

equilibrium states. One is a maximum that represents an
unstable state although the bubble is in equilibrium with the
solvent, whereas the other corresponds to a local minimum of
the free energy cost, which clearly indicates the metastability
of the nanobubble. The third case is that there is only one
maximum value of free energy cost as the radius varies
(e.g., ¢ = 0, which is not fully shown in Fig. 2(a)), indicating
that the NB is again in an unstable state, and thus the
nanobubble in equilibrium with the surrounding would either
shrink or continue to grow under a small thermodynamic
perturbation.

Importantly, Fig. 2(a) clearly indicates that at a certain range
of gas supersaturation, a charged bulk NB can be thermo-
dynamically stable (in fact metastable) in an open system.
Thus, we concluded that the excess adsorption of negative
charges on the NB surfaces may lead to the stability of bulk
NBs in a gas supersaturated solution (¢ > 0).

This journal is © The Royal Society of Chemistry 2020

2.2.3 Negative feedback mechanism and the restoring
force. In this section, we analyze, from the mechanical view of
point, how excess surface charge and gas supersaturation govern
the nanobubble stability. Fig. 2(b) gives the mechanism of how
bulk NBs respond to their size variation under thermodynamic
fluctuation. The mechanical equilibrium for a NB can be obtained

2 )
by setting BaA_I? =0, which leads to piy, + 32nQ2W = Pout + 2—1;,
similar to that argued by Boshenyatov et al.,*” Yasui et al*
and Ahmed et al.*® This relationship can be interpreted in a
manner of mechanical equilibrium (see Fig. 2(b)), namely, at
equilibrium the expanding forces on the left-hand side
2

eRE R4) need to balance the collapsing

(fs.:xpanding =Pin +

2
forces on the right-hand side (fco”apsing = Pout + %) . This leads

to a negative feedback mechanism. If the bubble initially grows,
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2

electrostatic effects % will decay faster than Laplace

2y .. .
pressure R (under conditions that Q remains constant or

changes more weakly than 1/R). This leads to Jexpanding <
Jeollapsing and thus the bubble will shrink back to the equili-
brium state (Fig. 2(b)). Conversely, the shrinking of the bubble
size would lead to a preponderance of the expanding forces, i.e.,
Jexpanding > Jfeollapsing, and as a result the bubble will expand to
its equilibrium size (Fig. 2(b)). In summary, under conditions
that Q remains constant or changes more weakly than the
bubble size, the electrostatic effect acts as a restoring force to
stabilize nanobubbles, which prevents the nanobubbles in
equilibrium from shrinking and growing.

2.3 Nanobubble stability as a function of surface charge and
gas supersaturation

Within the framework of the above-proposed interface restoration
model, we then investigated, by analyzing eqn (1), how the stability
of bulk nanobubbles depends on gas supersaturation and the
amount of surface charges adsorbed. For this purpose, we need
first to determine the possible range of ¢ and Q, in which
nanobubbles remain stable. According to the experimental data
for which stable nanobubbles exist (see those summarized in
Table 1), we estimated the surface charge density ¢ and surface
charge Q in different solution environments (such as at different
pH values and ion strength) through eqn (2). This gives the range
of charge density as well as surface charge quantities for stable
NBs: ¢ € (—0.0022 C m 2, —0.036 C m %) and Q € (—0.8 x
107" C, —5.2 x 10~ ** C). This range of surface charge density was
fully covered while searching for stable nanobubbles during the
following theoretical analysis.

The effect of the amount of adsorbed charges on bubble
stability is shown in Fig. 3. According to the thermodynamic
analysis on the determined free energy profile, as demonstrated
in the inset of Fig. 3(a), stable NBs only exist within a certain
range of gas supersaturation (see the shaded region in
Fig. 3(a)). Increasing the amount of surface charges reduces
both the upper and lower limits of gas supersaturation needed

gas supersaturation &

surface charge Q/x10™°C

View Article Online
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for stabilizing a NB. But the upper limit decreases more
sharply, leading to a decreasing range of gas supersaturation
for forming stable nanobubbles (see Fig. 3(a)). Note that the upper
limit of gas supersaturation for stable NBs was determined at which
the local minimal of free energy cost disappears. Here we need to
particularly explain how to determine the lower limits. Taking

L . 0Q dv 0?
f 1) yields — = —Ap— Rly———].
derivative of eqn (1) yields 3R PR +8n (y 5 4T528R3)
QZ
m 2 0 should be satisfied in
order to balance Ap. Therefore, this gives the lower limit of the

[ 2
radius, R > ’ ﬁ, and this inequality also determines the lower

limit of gas supersaturation.

Fig. 3(b) shows the relationship between the radius of the
stable nanobubbles and the gas supersaturation, as a function of
the amount of excess surface charges. Under certain gas super-
saturation, such as ¢ = 1, increasing the amount of excess charges
will cause a nearly linear increase of the radius of stable bubbles.
On the other hand, at a given surface charge, the radius of the
resulting stable NBs increases with gas supersaturation (Fig. 3(b)).
This interplay between gas supersaturation and excess surface
charge is explained as follows. When the gas supersaturation

This equation indicates that y —

. 2y .
increases, Ap = Hcé > ® namely fepanding > feollapsings Which

causes the increase of the size of stable nanobubbles. This agrees
with the change of the free energy cost: as the level of gas
supersaturation increases, the energy barrier for bubble growth
will gradually decrease (Fig. 2(a)) until it finally disappears, causing
the nanobubbles to come into the unstable regime. Similarly,
increasing the surface charge leads to the same tendency in the
change of nanobubble states. In general, Fig. 3(b) again indicates
the effect of cooperative interplay between the electric field and gas
supersaturation on the stability of nanobubbles.

2.4 Discussion on experimental data for bulk nanobubbles

Experimental studies always related the stability of bulk NBs to
the large magnitude of the measured zeta potential. To discuss
the experimental data, here we first performed a theoretical

(W)

200 |-gas supersaturation &
——1 —%—2 ——3
——4 ——5 ——6
——7 —0—8§ ——9
—0—10 —v—11 ——12
150 Fox—13 ——14 —e—15

s

100 -

radius of stable NBs R /nm

[$2)
o

surface charge Q/x10"°C

Fig. 3 Nanobubble stability determined from free energy analysis (eqn (1)). (a) The range of bulk nanobubbles in different states, either stable or unstable,
as a function of gas supersaturation and the amount of surface charges. The insets show the corresponding free energy profile as a function of bubble
radius in three regions, indicating various degrees of bubble stability. (b) The radius of stable nanobubbles as a function of the amount of excess surface

charges, under different levels of gas supersaturation. The dashed line (red) in the figure represents a constant charge density of 0.0236 C m
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Fig. 4 Comparison of theoretical analysis and experimental data (square symbols). (a) Relationship between bubble radius and zeta potential under
different amounts of charges adsorbed and gas supersaturation. The theoretical results from free energy analysis are the same as in Fig. 3(b), while the
amounts of charges were replaced by zeta potential through egn (3). The upper dashed line and the lower solid line give stability boundaries.
(b) Relationship between bubble radius and charge density, in which the calculated range of stable nanobubbles (the shadowed region) was determined
by setting the range of surface charge density to ¢ € (—0.0022 C m~2, —0.036 C m~?) (the range is estimated from the experimental data shown in
Table 1). In this figure experimental data for stable hanobubbles (square symbols) were also shown for a comparison. As listed in Table 1, the experimental

data are from ref. 24, 26, 30, 63, 64 and 67.

analysis on the relationship between the radius and zeta
potential of stable nanobubbles (see Fig. 4(a)), under different
levels of charges adsorbed and gas supersaturation. We predict,
as shown in this figure, that as the nanobubble radius
increases, both the upper and lower limits of zeta potentials
required for the existence of stable NBs gradually increase. Note
that in this figure the zeta potential was determined through
eqn (3), while the lower limit of the radius was determined

[ 02
according to R > ’ 64Q—2’ as discussed above.
Y€

The experimental data are also shown in Fig. 4(a), in
comparison with the range of nanobubble stability from our
theoretical prediction. Note that in the theoretical prediction
we have set the Debye length and relative dielectric constant of
pure water to 0.6 nm and 80 for determining {-potential with
eqn (3). In general, the qualitative agreement with experimental
results indicates that the present mechanism provides qualitative
criteria to answer the question of why bulk NBs can survive for a
long time. We also need to point out that although qualitative
agreement is achieved between the experimental data and our
calculations, the theoretically predicted region for stable nano-
bubbles cannot completely cover the range of experimental data
in which stable nanobubbles were reported. Interpretation of the
difference requires accounting for several neglected effects.
These include the variation of surface tensions due to the surface
adsorption of impurities, and the ion dependent surface
adsorption,”®®®® and other unknown reason factors.

In the above discussion we do not consider the effect of the
solution environment on surface charge density. In fact, the
solution properties, especially the pH value, ion concentration
and dielectric constant, strongly affect the regulation of surface
charges.>****> As discussed in Section 2.2.1, when the solution pH,
ion concentration and species remain unchanged, the adsorption
amount of charges per unit gas-liquid interface (surface density
for charges adsorbed) remains roughly constant with a curvature
correction ¢ = oga(Certy Cor-y Cnat Cai-)(1 +fr)- The dashed line in

This journal is © The Royal Society of Chemistry 2020

Fig. 3(b) represents a constant charge density (depending on the
nature of the solution, namely, og.(cu+, Com-, Cnat Cc-)), DY
ignoring its dependence on bubble radius and setting fx(R) = 0.
Therefore, the size of stable nanobubbles is in fact determined by
the intersection of the solid line (which represents the effect of
given gas supersaturation) and the dashed line (which represents
the effect of solution environment on the enrichment of adsorbed
charges). According to the calculation results summarized in
Table 1, the charge density estimated from experimental data
varies from ¢ = —0.0022 to —0.036 C m™>. Within the given range
of surface density, we can determine the region in which stable
nanobubbles exist.

Fig. 4(b) summarizes the theoretical prediction and the
experimental data listed in Table 1. Apparently, the experi-
mental data are basically located within the shaded area pre-
dicted by our analysis. The agreement in turn proves that our
theoretical analysis considers the main factors affecting the
bubble stability. But we need to point out again that there are
several experimental data out of our region of theoretical
prediction. It means that this mechanism alone is unable to
interpret all experimental results and there must exist other
mechanisms for nanobubble stability.

3 Conclusions

For nanobubbles dispersed in bulk liquid, it is often found that
they can survive with an unexpected long lifetime of days or
weeks. It is generally considered that the high magnitude of
zeta potential of bulk nanobubbles is related to their stability,
while the underlying physical mechanism is currently unknown.
In this paper, based on theoretical analysis, we report the
stability mechanism of bulk nanobubbles, the surfaces of which
are negatively charged. Our model demonstrates that for nano-
bubbles of a given size, the electric field energy generated by the
excess and strong adsorption of hydroxides will induce a local
minimum of system free energy, leading to thermodynamic
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metastability of the charged nanobubbles. The excess surface
charges mechanically generate a size-dependent force, which
balances the Laplace pressure and acts as a restoring force when
the nanobubble is thermodynamically perturbed away from its
equilibrium state. With the negative feedback mechanism, we
analyzed the effect of cooperative interplay between the electric
field and gas supersaturation on the stability of nanobubbles.

Finally, we discussed the agreement and disagreement
between our theoretical prediction and experimental observations.
Basically, the experimental data are located within the region
predicted by our analysis, indicating that the mechanism provides
insights into the origin of unexplained stability for bulk nano-
bubbles. However, there are still several experimental data out
of our region of theoretical prediction, meaning that there must
exist other mechanisms for nanobubble stability.
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