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Abstract

Bulk nanobubbles are nanoscale gas cavities dispersed in the liquid phase, and their experi-
mental persistence contrasts with the classical predictions of rapid dissolution associated
with Laplace pressure and diffusive transport. This discrepancy has given rise to a stabil-
ity paradox between classical thermodynamic/diffusive predictions and experimentally
observed kinetic persistence, which is exacerbated by the broad use of the term “stability”
to describe distinct phenomena such as initial formation, colloidal stability, diffusive per-
sistence, population persistence, and operational performance. This review analyzes the
physicochemical mechanisms governing the formation and persistence of bulk nanobubbles
in aqueous media, emphasizing the role of ionic composition. It discusses the limitations of
classical models, nonlinear effects of ionic strength, ion specificity, preparation pathways,
collective dynamics, and limitations associated with experimental characterization metrics.
The analysis shows that the ionic strength does not act unidirectionally: it can favor initial
formation by reducing gas solubility and promoting local supersaturation, but it can also
accelerate the loss of colloidal stability through compression of the electric double layer.
Furthermore, ionic identity, the timing of electrolyte incorporation, and bubble-bubble
interactions condition the temporal evolution of the population. Based on this interpreta-
tion, bulk nanobubble stability cannot be evaluated as a single property or solely based on
the initial concentration, average size, or zeta potential. It must be interpreted according
to the stage of the system, the aqueous matrix, the generation pathway, and the desired
operational function.

Keywords: bulk nanobubbles; ionic strength; ion-specific effects; colloidal stability; zeta
potential; diffusive dissolution; population persistence; mass transfer

1. Introduction

Gas bubbles in liquids can be classified according to their size, location, and physical
behavior. Conventional bubbles, which are micrometer- or millimeter-scale entities, are
visible or easily detectable and rise rapidly by buoyancy, coalesce readily, and disappear
relatively quickly through surface rupture or dissolution. In contrast, nanobubbles are
gas cavities on the nanometer scale, and their small size alters their mobility, interfacial
dynamics, and persistence in the liquid medium [1,2].

Within this category, two main types can be distinguished: surface and bulk nanobub-
bles. The former are attached to solid-liquid interfaces, whereas bulk nanobubbles are gas
cavities that are freely dispersed within the liquid phase [3]. In aqueous systems, the latter
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typically have diameters smaller than 200 nm and do not behave like conventional bubbles
that are reduced in size [2]. In aqueous systems, the latter typically have diameters smaller
than 200 nm and do not simply behave like conventional bubbles reduced in size; for
example, their buoyant rise velocity becomes negligible compared with Brownian motion,
so they may remain dispersed in the bulk liquid instead of rapidly rising and escaping
as micrometric or millimetric bubbles do. Owing to their nanoscale size, their motion is
strongly influenced by Brownian diffusion, their rise rate due to buoyancy is very low,
and their surface-to-volume ratio is high. These characteristics make them attractive for
processes where gas-liquid mass transfer is relevant; however, they also raise a central
question: under classical models of capillary pressure and diffusive dissolution, such small
bubbles should not persist for long periods [4,5].

Bulk nanobubbles belong to the broader family of nanoscale gaseous domains, which
include surface and interfacial nanobubbles. In aqueous systems containing solid bound-
aries, dispersed nanobubbles may interact with hydrophobic or chemically heterogeneous
surfaces and become transiently trapped as surface-associated gas domains. This transition
alters the conditions for persistence, as interfacial nanobubbles are influenced not only
by gas diffusion and colloidal interactions but also by substrate wettability, contact line
pinning, surface heterogeneity, and local gas enrichment. In systems with abundant solid
interfaces, the observed nanobubble population may therefore reflect both freely dispersed
and surface-associated gaseous domains [6,7].

The apparent kinetic persistence of freely dispersed bulk nanobubbles remains an
unresolved issue in interfacial chemistry. According to the Young-Laplace equation, the
high curvature of a nanoscale bubble generates a high internal pressure, thereby increasing
the chemical potential of the gas contained within it [4]. Under these conditions, the
Epstein—Plesset model predicts rapid diffusive dissolution into the surrounding liquid,
with extremely short lifetimes for nanoscale bubbles [5,8]. However, experimental studies
have reported that nanobubbles persist for much longer periods than those predicted by
these models [9]. This discrepancy between the thermodynamic and diffusive predictions
for isolated bubbles and the experimentally observed kinetic or population-level persistence
constitutes the stability paradox of bulk nanobubbles.

Part of this paradox stems from the broad use of the term “stability.” In the literature,
this term may refer to thermodynamic stability, kinetic persistence, colloidal stability,
maintenance of average diameter, persistence of number concentration, or operational
performance [2,10]. Although these phenomena are related, they do not necessarily describe
the same process. This ambiguity makes it difficult to compare studies and requires the
specification of the level of stability evaluated in each case.

Furthermore, the ionic composition of the aqueous medium is one of the most relevant
variables for interpreting the bulk nanobubble formation and persistence. The presence
of electrolytes can alter the solubility of the gas and, consequently, the conditions for
nanobubble formation [11,12]. It can also alter the interfacial charge, structure of the electric
double layer, and colloidal interactions between nanobubbles [13,14]. However, these
effects do not depend solely on the total ionic strength but also on the identity, valence, and
interfacial interactions of the ions present [15]. The stability of nanobubbles in aqueous
media should be analyzed by considering not only the electrolyte concentration but also
the electrolyte chemistry and the conditions under which the population is generated.

This review examines the physicochemical mechanisms that govern the formation, colloidal
stability, kinetic persistence, and population-level persistence of bulk nanobubbles in aqueous
media, with particular emphasis on their ionic composition. Classical descriptions of dissolution
and electrostatic stabilization are discussed, along with ion-specific effects, preparation pathways,
population-level interactions, and experimental metrics used to infer stability.
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During the preparation of this manuscript, the authors used ChatGPT 5.5 for the
purposes of generating figures. All figures in the manuscript were generated with the
assistance of Scholar GPT (OpenAl, ChatGPT custom GPT). The tool was used to generate
the figures based on the authors’ instructions.

2. Formation, Persistence, and Colloidal Stability

Bulk nanobubbles are commonly described as nanoscale gaseous entities dispersed
in the liquid phase; however, this distinction is partly operational. In systems containing
solid boundaries, dispersed nanobubbles can interact with hydrophobic or chemically
heterogeneous surfaces and become transiently trapped as surface-associated gaseous
domains. Their persistence may then be influenced by contact-line pinning, substrate
wettability, surface heterogeneity, and local gas enrichment, rather than solely by gas
diffusion and colloidal interactions [16]. In practical aqueous systems, freely dispersed
and surface-associated gaseous domains may coexist, and their relative contribution may
vary with surface availability, wettability, gas saturation, ionic composition, and other
physicochemical conditions [17]. Therefore, the apparent kinetic persistence of freely
dispersed bulk nanobubbles remains an open problem in interfacial physical chemistry.

The term stability is used in different ways in the nanobubble literature and should
therefore be specified. Thermodynamic stability refers to whether a nanobubble represents
an equilibrium state under the imposed pressure, temperature, interfacial tension, and
gas chemical potential. Classical thermodynamic arguments based on the Young-Laplace
pressure indicate that an isolated nanoscale gas bubble in an undersaturated or weakly
saturated liquid is not thermodynamically stable [18]. Kinetic stability, or kinetic persis-
tence, instead refers to the lifetime of a non-equilibrium gaseous entity over experimentally
relevant time scales. In this sense, a bulk nanobubble may be thermodynamically unstable
but kinetically persistent if dissolution, coalescence, or gas exchange is sufficiently slow [1].
This distinction differs from colloidal stability, which describes resistance to aggregation or
coalescence, and from population persistence, which refers to the continued detectability
of a nanobubble population rather than the survival of each individual bubble [4].

Nanobubbles may also be associated with suspended solid particles or nanoparticles,
particularly in flotation and particle separation systems. Once attached to mineral particles,
colloids, or engineered nanoparticles, they are no longer equivalent to isolated, freely
dispersed nanobubbles, even though the resulting bubble-particle assemblies remain
suspended in bulk liquid. Their apparent persistence may reflect particle attachment,
heteroaggregation, or modified interfacial conditions, rather than the stability of the gaseous
domain alone [19].

A key distinction lies in the difference between the initial formation and temporal
persistence. Initial formation describes the emergence of nanobubbles under specific
generation conditions, such as local gas supersaturation, injection, cavitation, and changes
in solubility [20]. In contrast, temporal persistence refers to the ability of a detected
population to remain observable over a given period. Although both processes may be
related, they are not equivalent to each other.

Colloidal stability describes the ability of a nanobubble population to resist aggrega-
tion and coalescence. In bulk nanobubbles, this stability is typically analyzed using the
interfacial charge, zeta potential, and structure of the electric double layer [13,14]. Colloidal
stability primarily describes the interactions between bubbles within a suspension.

Diffusive or kinetic persistence refers to a different aspect of this problem. It relates to
the ability of an individual nanobubble to maintain its gaseous phase against dissolution
into the surrounding liquid [5]. This phenomenon is not equivalent to colloidal stability,
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because a population may resist coalescence without demonstrating the kinetic persistence
of each individual bubble.

Finally, population persistence refers to the observable preservation of dispersed
gaseous phases at the scale of suspension. This persistence may depend not only on the
behavior of individual bubbles but also on collective processes, local gas redistribution,
and population reorganization [21]. Recognizing this separation prevents the initial con-
centration, mean diameter, zeta potential, and temporal persistence from being treated as
equivalent indicators of stability.

The distinctions discussed above are summarized in Figure 1, which separates the main
dimensions commonly grouped under the term “stability” in bulk nanobubble studies.

Conceptual dimensions of bulk nanobubble stability
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Figure 1. Conceptual dimensions of bulk nanobubble stability.

This distinction is important because most experimental techniques report population-
level properties rather than individual nanobubble trajectories. Therefore, apparent per-
sistence should be interpreted as the temporal evolution of a detected population, not as
direct evidence that each initially formed nanobubble remains unchanged with time.

3. Classical Thermodynamic and Diffusive Models of
Nanobubble Dissolution
3.1. Laplace Pressure and Thermodynamic Instability

Classical descriptions of bubble dynamics, including the roles of surface tension,
Laplace pressure, gas diffusion, and cavitation phenomena, provide a baseline against
which the anomalous persistence of nanoscale gaseous domains is evaluated [18].

The first framework for understanding the thermodynamic instability of an isolated
nanobubble is the Young-Laplace equation, which relates the pressure difference between
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the interior of a bubble and the surrounding liquid to the curvature of the gas-liquid
interface [4]:

2y
AP =21 1
R 1)

where AP corresponds to the internal overpressure of the bubble, «y is the gas-liquid surface
tension, and R is the radius of the bubble. This relationship shows that as the radius
decreases, the internal pressure increases inversely. Because the Laplace pressure increases
as the bubble radius decreases, a nanometer-sized bubble is expected to have a much higher
internal pressure than a micrometer- or millimeter-sized bubble.

Based on this reasoning, an isolated nanobubble in a liquid that is not supersaturated
with respect to the gas contained within the bubble should not be a persistent entity because
the high curvature of its interface promotes the transfer of gas into the liquid and, ultimately,
its disappearance [8].

This description establishes the starting point of the problem: under the classical
model of a single bubble, the nanoscale amplifies the Laplace pressure and makes the
persistence of an isolated gas cavity thermodynamically unfavorable [4,8].

3.2. Diffusive Dissolution According to Epstein—Plesset

The kinetic consequences of the internal overpressure described by Young-Laplace
were formalized by Epstein and Plesset, who used a diffusive dissolution model for gas
bubbles in liquids [22]. In this framework, the high internal pressure of a small bubble
increases the gas concentration at the gas-liquid interface, generating a concentration
gradient between the bubble surface and surrounding liquid. This gradient drives the
diffusion of gas from inside the bubble into the liquid, causing a progressive decrease in
the radius of the bubble.

In simple terms, the characteristic dissolution time can be represented as a diffusion
scale that depends on the initial bubble size [22]:

5

TR 3D (2)
where T corresponds to the characteristic dissolution time, dj) is the initial bubble diameter,
and D is the gas diffusion coefficient in the liquid. Although this expression does not
replace the full Epstein—Plesset solution, it allows us to demonstrate the key dependence
of the model: as the initial bubble size decreases, the expected lifetime decreases rapidly.
For nanoscale bubbles, this leads to extremely short dissolution times on the order of
microseconds or milliseconds, depending on the gas and liquid conditions [23].

The significance of the Epstein—Plesset model establishes the classical diffusive dis-
solution limit against which the experimentally observed kinetic persistence is compared.
Under these assumptions, a single nanobubble should disappear rapidly because of the
gas diffusion into the liquid. The observation of populations that persist for much longer
periods indicates that the evolution of these systems requires consideration of mechanisms
beyond the dissolution of isolated bubbles [23,24].

3.3. Electrostatic Stabilization and DLVO Theory

In addition to thermodynamic and diffusive models for isolated bubbles, bulk
nanobubble suspensions are often analyzed from the perspective of their colloidal sta-
bility. In aqueous systems, these entities frequently exhibit negative zeta potentials, which
are commonly attributed to the preferential accumulation of hydroxyl species at the gas—
liquid interface [25,26]. This interfacial charge promotes the formation of an electric double
layer around the bubble and generates electrostatic repulsion between neighboring entities.
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Under this approach, DLVO theory provides a first-order framework for interpret-
ing colloidal interactions in bulk nanobubble suspensions as a balance between van der
Waals attraction and electric double-layer repulsion [27]. When electrostatic repulsion is
sufficiently high, nanobubbles can remain separated, thereby reducing the likelihood of ag-
gregation or coalescence. In this regard, the zeta potential is frequently used as an indirect
indicator of colloidal stability; higher absolute values are typically associated with greater
repulsion between bubbles and, therefore, with a lower tendency toward coalescence.

The spatial extent of this repulsion is related to the thickness of the electric double
layer, which is commonly described in terms of the Debye length [28]. In general, this length
represents the characteristic distance over which electrostatic interactions are shielded by

Kil _ SrEOkBT 172 (3)
2NA€21

ions present in the medium:

where 1

corresponds to the Debye length, ¢, is the relative permittivity of the medium, g
is the permittivity of free space, kp is the Boltzmann constant, T is the absolute temperature,
Ny is Avogadro’s number, e is the elementary charge, and I is the ionic strength of the
solution, defined as I = 1/2) ;c; zlz, where ¢; and z; are the molar concentration and
valence of ion i, respectively. When SI units are used, ¢; should be expressed in mol m~3;
equivalently, 1 mM = 1 mol m~3. Equation (3) is valid primarily as a dilute-solution
approximation. It is based on Debye-Hiickel-type electrostatic screening and assumes point
ions, ideal activities, a continuum solvent, and negligible ion—ion correlations. Thus, it is
most reliable for dilute monovalent electrolytes and should be treated as semi-quantitative
at high ionic strength or in solutions containing multivalent ions, where finite ion size,
hydration, ion pairing, and specific adsorption can substantially modify the structure of the
electric double layer. This relationship shows that an increase in the ionic strength reduces
the thickness of the electric double layer and decreases the range of electrostatic repulsion
between nanobubbles.

From this perspective, the DLVO model is useful for interpreting changes in aggre-
gation, coalescence, zeta potential, and average size of bulk nanobubble populations. Its
primary scope is colloidal; it allows us to analyze how interfacial charge and ionic screening
modify the interaction between bubbles within a suspension [27,28]. However, DLVO the-
ory should not be treated as a validated mechanistic model of bulk nanobubble persistence.
Its classical formulation was developed for interactions between solid colloids and is not
directly transferable to nanoscale gas-liquid interfaces, where interfacial deformability, gas
compressibility, surface mobility, adsorbed impurities, and charge regulation may modify
the interaction potential. Additional uncertainty arises in multivalent electrolytes or at
high ionic strength, where ion—ion correlations, finite ion size, hydration-driven forces,
ion pairing, and specific adsorption can introduce non-DLVO interactions. Thus, DLVO
calculations are better suited to describe trends in electrostatic screening and colloidal
interactions than to establish the persistence of individual nanobubbles.

3.4. Valid Inferences Based on Classical Models

Classical models allow for the interpretation of different aspects of a problem but do
not provide the same type of information. The Young-Laplace and Epstein—Plesset models
describe the expected instability and dissolution of a single bubble, whereas the DLVO
model primarily addresses the colloidal interactions between charged bubbles within a
suspension. Because these models describe different aspects of nanobubble behavior, their
predictions should not be considered equivalent to one another. Table 1 summarizes the
interpretive scope of these studies.

https:/ /doi.org/10.3390/w18141721


https://doi.org/10.3390/w18141721

Water 2026, 18, 1721

7 of 28

Table 1. Interpretive scope of models and indicators used to assess different dimensions of bulk

nanobubble stability.
Indicator/Model Interpretive Scope Inference Limit Reference
Initial concentration Generation efficiency Temporal persistence [20,23]

Individual persistence of

Mean diameter Population evolution cach bubble [29-31]
Zeta potential Trend in colloidal stability Diffusive persistence [25,32]

. Expected dissolution of an Complete evolution of a bubble
Young-Laplace/Epstein-Plesset isolated bubble population [22,33]
DLVO theory Aggregation and coalescence Individual diffusive stability [27,28]

among charged bubbles

This distinction is necessary before analyzing the effect of electrolytes, as the ionic
composition can simultaneously affect the initial generation, interfacial charge, colloidal
stability, and temporal evolution of the population.

4. Effects of Ionic Strength on Bulk Nanobubble Behavior

The ionic composition affects bulk nanobubble systems at several levels. Ionic strength
provides a global descriptor of electrostatic screening, but it does not specify which ions
are present or how they interact with the gas-liquid interface. Ionic valence introduces
a first level of specificity because multivalent ions contribute disproportionately to ionic
strength and can more strongly affect double-layer compression and charge neutralization.
Beyond valence, ion-specific properties such as hydration, mobility, polarizability, and
interfacial adsorption may further modify surface charge, gas solubility, aggregation, and
population persistence. Separating these levels helps clarify why electrolytes with similar
ionic strengths may produce different nanobubble responses.

4.1. Ionic Strength as a Global Descriptor

The ionic strength is a useful first descriptor because it summarizes the concentration
and charge of ions in solution and determines the extent of electrostatic screening under
dilute electrolyte conditions. However, it does not distinguish between ions with different
valences, hydration, mobilities, or interfacial affinities. The presence of electrolytes can
also influence the early stages of bulk nanobubble formation by altering the solubility
of dissolved gases in the aqueous phase [34]. In saline solutions, ion—water interactions
reduce the capacity of the medium to maintain gas molecules in a solvated state, thereby
decreasing gas solubility and promoting local supersaturation [35].

This behavior is commonly associated with the salting-out effect, which describes the
decrease in gas solubility in the presence of salt [36,37]. This effect can be expressed using
Setchenov’s equation.

C
log (C(s)> = ksCalt 4)

where C corresponds to the solubility of the gas in pure water, C; is the solubility of
the gas in the saline solution, Cg,; is the concentration of the electrolyte, and ks is the
Setchenov coefficient. This relationship indicates that as salt concentration increases, gas
solubility generally decreases. If the system is near saturation, this decrease can promote
local supersaturation and facilitate the formation of gas nuclei. However, the magnitude of
this effect is gas- and electrolyte-dependent because it is governed by the corresponding
Setchenov coefficient (Figure 2).
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Figure 2. Decoupling of initial formation and population persistence as a function of the ionic strength.

4.2. Ionic Strength and the Decoupling Between Formation and Persistence

From the perspective of formation, electrolytes may increase the initial concentration of
generated nanobubbles, particularly when the generation method induces supersaturation,
cavitation, or intense mixing [14]. At this stage, the dominant electrolyte effect may be
associated with the modification of the gas-liquid equilibrium and promotion of nucleation.
This effect must be distinguished from the subsequent evolution of the population, which
depends strongly on the colloidal interactions between nanobubbles.

Once nanobubbles are formed, an increase in the ionic strength can reduce the colloidal
stability by screening the interfacial charge [35]. In aqueous systems, where nanobubbles of-
ten exhibit negative zeta potentials, higher electrolyte concentrations compress the electric
double layer and reduce the effective range of electrostatic repulsion [38,39]. In colloidal
terms, this lowers the energy barrier against close approaches and may increase the proba-
bility of contact, aggregation, and coalescence [27,28]. Experimentally, this loss of colloidal
stability may appear as a decrease in the number concentration, an increase in the average
diameter, disappearance of smaller entities, or growth into larger structures [40,41].

The coexistence of these effects explains why the ionic strength can generate apparently
contradictory responses in the literature. The same chemical conditions may favor initial
formation by reducing gas solubility while compromising subsequent colloidal stability or
population persistence by weakening electrostatic repulsion [38,40]. Therefore, the initial
concentration should be interpreted together with the time-resolved size evolution, number
concentration, and measurement conditions rather than as an isolated indicator of stability.
Greater initial formation does not necessarily imply greater kinetic or population-level
persistence; the effect of salinity depends on the variable being measured and the time at
which the system is evaluated [42,43].
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4.3. Ionic Valence as a First-Order Specificity Factor

Ionic valence represents the first level at which ionic identity becomes relevant. Be-
cause the ionic strength depends on the squared charge of each ion, multivalent ions
contribute more strongly to electrostatic screening than monovalent ions at the same molar
concentration [28,44]. As a result, divalent cations such as Ca?* and Mg?* can compress
the electric double layer more effectively than monovalent salts and may promote charge
neutralization, aggregation, coalescence, or shifts toward larger apparent diameters [45,46].
In bulk nanobubble suspensions, this means that solutions with similar salt concentrations
but different ion valence may exhibit distinct colloidal behavior. However, valence alone
does not fully explain ion-specific responses because ions with the same charge can differ
in hydration, mobility, and interfacial affinity [47,48].

4.4. Ion-Specific Effects Beyond Valence: Hydration, Mobility, and Adsorption

Ion-specific effects may arise even when the ionic strength and valences are com-
parable. Differences in hydration energy, hydrated radius, mobility, polarizability, and
interfacial affinity can modify the organization of water and ions near the gas-liquid
interface [47,48]. These effects may influence the magnitude and sign of the zeta poten-
tial, adsorption or exclusion of specific ions, local availability of hydroxyl species, and
resistance of the interface to coalescence [17,46]. Therefore, two electrolytes with similar
ionic strengths may produce different nanobubble size distributions, concentration decay
profiles, and apparent colloidal stabilities. This behavior is consistent with the view that
ionic strength is a global descriptor, whereas ion identity determines additional interfacial
and kinetic responses.

4.5. Conceptual Response Regimes to Increasing lonic Strength

The response to increasing ionic strength can be organized into conceptual regimes
depending on whether electrostatic repulsion, nucleation promotion, or loss of population
stability predominates in the system. Table 2 summarizes these processes.

Table 2. Conceptual response regimes of bulk nanobubbles to an increase in ionic strength.

Ionic-Strength Dominant Expected
reng Approximate Range . Nanobubble Interpretive Caveat  References
Regime Mechanism
Response
Stronger electrostatic .
. ) Does not necessarily
Low ionic streneth <lmM Extended electric repulsion and lower imply high initial [27,28]
& ("1 > 10 nm) double layer tendency to Py fugh !
~ formation
coalescence
Initial formation
- Higher initial
Moderate ionic 1-50 mM Gas. solubility nanobubble §hould not be
1 reduction and local . interpreted as [36-38,49]
strength (k™ = 1-10 nm) . concentration may
supersaturation long-term
be observed 7
persistence
EDL compression, Aggregation, Response depends
High ionic strength >100 mM charge coalescence, size on ion identity, pH,
. . . .0 . : [39,45,46]
or multivalent ions («k* <1nm) neutralization, and increase, or and matrix
specific ion effects population loss composition

Indicative ranges are given for aqueous monovalent electrolytes at 25 °C and should

be interpreted as approximate orders of magnitude, not universal thresholds. The response

of the bulk nanobubbles depends on gas identity, electrolyte composition, pH, temperature,

and preparation pathway.
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5. Ionic Identity Beyond Ionic Strength
5.1. Cationic Valence and Charge Neutralization

Because bulk nanobubbles in water typically exhibit a negative interfacial charge, the
cations present in the solution act as counterions in the electric double layer. Their effect
depends not only on the total concentration of electrolytes but also on their valence, as a
higher cationic charge can shield, neutralize, or even reverse the interfacial charge more
efficiently [46,50].

This behavior is generally consistent with the Schulze-Hardy rule, according to which a
counterion’s ability to induce coagulation increases sharply with its valence [51]. In negatively
charged nanobubbles, monovalent cations such as Na* or K* tend to progressively compress
the electric double layer, thereby reducing the range of electrostatic repulsion between bub-
bles [52]. This effect can promote the approach of dispersed entities when the repulsive barrier
is no longer sufficient to prevent the aggregation or coalescence of the entities.

This effect is typically more pronounced in the presence of divalent cations, such
as Ca®* and Mg?*. Owing to their higher charge, these ions can neutralize the negative
interface more efficiently than monovalent ions and reduce the absolute value of the
zeta potential more rapidly [42]. Experimentally, this can be expressed as an increase in
the average diameter, decrease in the number concentration, or greater tendency toward
aggregation, depending on the aqueous matrix and observation time [53].

In the case of trivalent cations, such as Al>* and Fe3*, electrostatic modification can be
even more pronounced. These ions can shift the system toward zeta potential values close to
zero and even induce charge reversal under certain conditions [51]. In nanobubble systems,
this effect can be expressed as a marked alteration of the interfacial charge and colloidal
stability in the presence of multivalent electrolytes [54]. However, this behavior should be
interpreted with caution, as Al(III) and Fe(IlI) may undergo hydrolysis, complex formation,
or precipitate generation depending on the pH and composition of the medium [55]. The
behavior of these ions depends not only on their nominal valence but also on their chemical
speciation in the solution.

Cationic valence introduces the first form of ionic specificity, as not all electrolytes with
the same nominal concentration or comparable ionic strength produce the same colloidal
response. In negatively charged nanobubbles, the type of counterion can modify the
intensity of shielding, degree of interfacial neutralization, and proximity to the isoelectric
point. This difference extends the analysis to other ionic attributes, such as hydration,
mobility, and interfacial affinity, which could also affect stability [45].

5.2. Beyond Valence: Hydration, Mobility, and Interfacial Affinity

Although the cationic valence strongly influences the compression of the electric
double layer, it does not explain the response of bulk nanobubbles to different electrolytes.
Ions with the same formal charge can have different effects on the zeta potential, average
size, number concentration, or temporal evolution of the population. This difference is
related to physicochemical properties such as the hydrated radius, hydration energy, ionic
mobility, and affinity for the gas-liquid interface [46,56].

Hydpration is particularly important because it influences the approach of ions to the
interfacial region. A strongly hydrated ion retains a more stable shell of water molecules,
which could hinder its approach to the compact layer or limit specific adsorption processes.
In contrast, species with lower dehydration penalties can interact more easily with the
interface or regions near it [56,57]. For this reason, cations of equal valence, such as Ca?t
and Mg?*, do not necessarily elicit equivalent responses.

Ionic mobility can also influence the dynamic reorganization of the electric double
layer. During bubble generation, storage, or collision, the local ion distribution can be
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altered by disturbances in the concentration, charge, or interfacial geometry. Ions with
different mobilities can affect the rate at which electrostatic shielding is established and the
way in which the interface responds to local changes in the environment [58,59].

Finally, interfacial affinity introduces another source of specificity in the separation
process. Some ions remain preferentially hydrated within the solution, whereas others can
more easily approach the interfacial regions owing to differences in hydration, polarizability,
or compatibility with the local water structure [60,61]. This interaction can modify the
electrokinetic potential and organization of the double layer, and eventually, the properties
associated with gas transport or resistance to coalescence.

Valence accounts for only a portion of the ion-interface interaction. The response
of nanobubbles to an electrolyte also depends on how each ion hydrates, moves, and
distributes itself near the gas-liquid interface. Recognizing this separation avoids the
reduction in ionic specificity from being reduced to a simple charge hierarchy and paves
the way for an analysis of the distinct roles of cations and anions.

5.3. The Distinct Roles of Anions and Cations

The response of bulk nanobubbles to electrolytes also depends on the role of each ionic
species at the gas-liquid interface. In systems where nanobubbles have a negative interfacial
charge, cations and anions do not act equivalently. Cations primarily act as counterions,
thereby directly influencing the neutralization of the surface charge, compression of the
electric double layer, and proximity to the isoelectric point [57].

This mechanism explains why cations typically control the threshold for the loss of
colloidal stability of nanoparticles. By counteracting the negative charge at the interface,
they reduce the magnitude of the zeta potential and shorten the range of electrostatic
repulsion between the nanobubbles [15,32]. Therefore, the aggregation and coalescence
behavior is governed not only by the ionic strength but also by the identity of the dominant
cation in solution.

Although anions do not typically control electrostatic collapse in negatively charged
nanobubbles, they can modify the interfacial organization. Their influence can manifest
through differences in mobility, hydration, polarizability, or affinity for the gas-liquid
interface [60,61]. Furthermore, species such as hydroxyls or other anions present in the
medium can contribute to interfacial electrification, the local structure of water, and the
way in which the surface charge is expressed electrokinetically [25,46].

Ionic specificity operates asymmetrically: cations primarily control the neutralization
and compression of the electric double layer, whereas anions can modulate the interfacial
structure and the nature of the surface charge. This distinction prevents the effect of
electrolytes from being reduced to a simple hierarchy of cationic valence and demonstrates
why ionic strength is insufficient as a sole descriptor of stability.

5.4. Limitations of Ionic Strength as a Descriptor of Nanobubble Stability

Ionic strength is a useful descriptor for estimating the general degree of electrostatic
shielding and compression of the electric double layer. However, it cannot predict ther-
modynamic stability, colloidal stability, or population persistence on its own in aqueous
media, as it condenses the composition of the solution into a single parameter and loses
information about the chemical nature of the present ions.

Two solutions with similar ionic strengths could elicit different responses if they differ
in the valence of the dominant counterion, hydrated radius, mobility, interfacial affinity, or
specific adsorption capacity of their ions. The same ionic strength may be associated with
different degrees of charge neutralization, reorganization of the electric double layer, and
changes in population dynamics.
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pH is a key variable in the interpretation of the ionic effects on bulk nanobubbles
because it can simultaneously modify the interfacial charge, gas speciation, and gas sol-
ubility [46,62]. In aqueous systems, the negative electrokinetic response of nanobubbles
is frequently associated with the preferential accumulation or orientation of hydroxyl
species at the gas-liquid interface; therefore, changes in pH may alter the zeta potential
and thickness or organization of the electric double layer [25,63]. At higher pH values, a
more negative zeta potential is often expected, whereas under acidic conditions, partial
charge neutralization may reduce electrostatic repulsion and favor aggregation or coales-
cence [62,64]. In addition, the pH can modify the gas-liquid equilibrium of chemically
reactive gases. For example, dissolved CO; is coupled to carbonic acid, bicarbonate, and
carbonate equilibria, whereas NH3/NH4" speciation is strongly pH dependent [34-36].
Consequently, changes attributed to ionic strength may reflect combined variations in
ionic composition, pH, interfacial charge, and gas solubility [15,45]. Unless the pH is
kept constant or explicitly reported, it should be treated as a confounding variable in the
interpretation of nanobubble formation and persistence.

6. Preparation Pathway and Electrolyte Exposure

In addition to the ionic strength and identity of the ions present, the evolution of
nanobubbles may depend on the conditions under which they were generated [3]. Forming
nanobubbles directly in an electrolytic solution is not necessarily equivalent to first pro-
ducing them in pure water and then modifying the composition of the medium. In both
cases, a similar final composition may be achieved; however, the gas-liquid interface will
not follow the same formation trajectory.

6.1. In Situ Generation in Electrolyte-Containing Media

When nanobubbles are generated directly in an electrolytic medium, nucleation occurs
in the presence of ions that subsequently surround the interface [38]. In this case, the
electrolytes do not act on a pre-formed bubble but rather participate in the earliest stages of
gas-liquid interface organization. The initial charge distribution, structure of the electric
double layer, and presence of counterions are determined by the chemical composition of
the medium at the moment of formation [46].

In situ generation can produce populations with initial characteristics that differ
from those obtained in pure water [65]. The decrease in gas solubility may favor the
appearance of gas nuclei in saline media [11]; however, the most relevant aspect is that
these nuclei are formed in direct contact with an ionic environment. The interface is formed
under predefined conditions of salinity, pH, and chemical composition rather than being
subsequently modified by external disturbances. Therefore, the initial organization of the
interfacial charge may depend on the ionic composition during its formation [38].

In situ generation cannot be considered as direct evidence of greater long-term stability.
The same ionic environment involved in the initial formation may subsequently promote
electrostatic shielding and coalescence [45]. Its significance lies in the fact that it defines a
specific trajectory: ions influence not only the number of nanobubbles formed but also the
initial organization of the interface during the generation process [66].

6.2. Post-Generation Addition of Electrolytes

A different scenario occurs when nanobubbles are first generated in pure water or
in a medium with a low ionic strength, and an electrolyte is then added. In this case,
the gas-liquid interface and its initial electric double layer were formed under conditions
different from those of the final system. Subsequent addition of salts does not accompany
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nucleation but modifies the existing population through changes in electrostatic screening
and interfacial organization [39,40].

This disturbance can rapidly alter colloidal stability. Nanobubbles formed in low-
ionic-strength media may exhibit a more extensive electric double layer and electrostatic
repulsion over a greater range [67]. When electrolytes are added after generation, the double
layer could collapse abruptly, reducing the repulsion between bubbles and promoting
aggregation or coalescence [52].

The difference from in situ generation lies in the timing of the interaction between ions
and the interface. In one case, the interface forms within the ionic environment, whereas
in the other, an already established interface must reorganize in response to a subsequent
chemical change. Two suspensions with the same final electrolyte concentration may
exhibit different responses in terms of mean size, number concentration, or zeta potential if
they follow different preparation pathways [65].

6.3. Pathway-Dependent Colloidal Stability and Population Persistence

A comparison between in situ generation and post-generation incorporation shows
that the colloidal stability and population persistence of bulk nanobubbles cannot be
interpreted solely based on the final composition of the aqueous medium. Two systems
may reach the same final ionic strength and contain the same electrolytes; however, they
may exhibit different responses if the gas-liquid interface is exposed to these ions at
different times. The conditions under which nanobubbles are generated should therefore be
treated as part of the physicochemical description of the system, instead of as a secondary
experimental detail [49,68].

This distinction has direct implications for comparing studies. Reporting only the final
electrolyte concentration may be insufficient if it is not specified whether the nanobubbles
were generated directly in the saline medium, whether the salt was added later, whether
there were subsequent pH adjustments, or whether the suspension was stored before
measurement [69]. The composition of the medium defines the possible interactions, but
the preparation process determines when and how these interactions affect the interface
and population dynamics.

7. Collective Dynamics and Population Persistence

Once a population is formed, the evolution of bulk nanobubbles does not depend
solely on the properties of each individual entity. In sufficiently concentrated suspensions,
the proximity between bubbles can alter the local dissolved gas environment, colloidal
interactions, and population reorganization [70]. This collective scale allows for the in-
terpretation of forms of persistence that cannot be explained solely by the behavior of
isolated bubbles.

7.1. Limitations of the Isolated Bubble Approach

Models based on a single bubble are useful for establishing the thermodynamic and
diffusive limits of a problem; however, they do not fully describe the evolution of a real
suspension [71]. In a population of nanobubbles, each entity does not evolve in an infinite,
unaltered liquid, but rather in a medium modified by the presence of nearby bubbles.

This change in scale introduces variables that do not appear in the isolated-bubble
approach, such as the inter-bubble distance, spatial distribution, local gas concentra-
tion, and probability of interaction between entities. Persistence at the suspension level
may reflect population-level processes rather than the intrinsic stability of individual
nanobubbles [70,72].
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7.2. Diffusive Shielding in Dense Populations

In dilute suspensions, nanobubbles could be approximated as isolated entities that
exchange gas with a much larger liquid volume. In dense populations, this approximation
loses its validity because bubbles may be close enough to overlap their concentration fields.
Under this condition, the dissolution of a bubble does not occur in an unaltered liquid but
rather in a region locally enriched by the gas released from neighboring bubbles [73].

Diffusive shielding is based on the reduction in the concentration gradient around
each bubble. If gas transport is expressed in simplified terms as:

(G ~ Co)

J o D= )

where | is the diffusive flux, D is the diffusion coefficient, Cs is the gas concentration at
the interface, C is the concentration in the surrounding liquid, and ¢ is a characteristic
diffusion distance, the diffusive shielding acts by locally increasing Ce.. By decreasing the
effective difference (Cs — Co), the driving force for gas escape from the bubble is reduced,
and dissolution may be delayed [74].

The relevance of the diffusion shield is not in demonstrating that an isolated nanobub-
ble is thermodynamically stable but in showing that the observed persistence may depend
on the conditions created by the population itself [73,75]. In sufficiently concentrated
suspensions, variables such as the number concentration, inter-bubble distance, spatial
distribution, and degree of local saturation of the liquid can modify the gas gradients that
govern the dissolution. When the bubbles are sufficiently close together, the suspension
ceases to behave as a sum of independent entities and becomes a collective system, where
the evolution of each bubble is influenced by its population environment [76]. From this
perspective, diffusive shielding offers a population-scale explanation for the persistence
observed in bulk nanobubbles without assuming that each bubble is stable in isolation.

Figure 3 illustrates the change in scale from an isolated nanobubble to a dense popula-
tion of nanobubbles. In the isolated case, the loss of gas depends on the gradient between
the interface and the surrounding liquid, whereas in a concentrated suspension, the proxim-
ity between bubbles can locally alter the concentration of dissolved gas. This superposition
of diffusive fields reduces the driving force for dissolution and allows part of the observed
persistence to be interpreted as a population property [73,76].

Local Gas

: Zero Concentration
Supersaturation Zone

Gradient (dC/dx = 0)

Separation distance
<10 bubble radius

Bubstons:
lon-Stabilized Bubbles

Figure 3. Diffusive shielding and population persistence in dense suspensions of bulk nanobubbles.
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7.3. Dynamic Aggregates and Population Organization

In addition to diffusive shielding, the persistence of bulk nanobubbles can be influ-
enced by the formation of dynamic aggregates or collective structures [76]. Under this
interpretation, the population does not consist exclusively of individual bubbles dispersed
independently but also of nearby entities that interact via electrostatic forces, overlapping
diffusive fields, and local reorganization of ionic environments.

This possibility alters the interpretation of variables, such as average diameter, number
concentration, and temporal persistence. An increase in the average size does not neces-
sarily imply uniform growth of individual bubbles; it may also reflect the emergence of
transient clusters or partially stabilized groupings. Similarly, a decrease in the detected
concentration may be due to irreversible coalescence, loss of detectability, or reorganization
of small entities into larger collective structures [77].

Cluster-based models suggest that nanobubbles can form dynamic configurations
that reorganize during the evolution of the suspension [78]. Their stability depends on
the balance between electrostatic repulsion, short-range attractions, gas exchange, and
the chemical composition of the medium [21]. The ionic identity can alter this balance by
modifying the electric double layer, effective interaction distance, and probability of contact
between bubbles [42].

A more specific hypothesis relates to the concept of bubstons, a term introduced
mainly in the work of Bunkin et al. to describe long-lived, ion-stabilized gaseous nanostruc-
tures or nanobubble clusters in dilute electrolyte solutions [79]. In this model, dissolved
gas molecules form nanoscale gaseous domains that are stabilized by ions adsorbed or
organized near the gas-liquid interface, generating electrostatic repulsion that can inhibit
coalescence and slow dissolution [80]. Experimental support has been reported using
optical scattering and related techniques in dilute NaCl and other electrolyte solutions [81].
However, the Bubston model should be considered a complementary and system-specific
interpretation rather than a universal mechanism for bulk nanobubble persistence. First,
the direct structural identification of bubstons remains experimentally challenging because
scattering-based signals may arise from impurities, droplets, aggregates, and other colloidal
entities. Second, the model was primarily developed for dilute electrolyte conditions and
may not be applicable to concentrated salts, multivalent ions, complex aqueous matrices,
or systems containing surfactants and particles. Third, it does not resolve the thermo-
dynamic instability predicted for isolated gas cavities but rather proposes a kinetic or
population-level stabilization pathway [67,79].

Dynamic aggregates expand the scale of analysis from individual bubbles to an orga-
nized and changing population. They do not replace diffusive shielding or electrostatic
stabilization, but they help explain why the average size, number concentration, and
temporal persistence can evolve in a coupled manner in bulk nanobubble suspensions [63].

7.4. Population Persistence Versus Individual-Bubble Persistence

The preceding discussion allows us to distinguish between two levels that are often
confused: the detectable persistence of a population and the kinetic persistence of each
nanobubble as an isolated entity [2]. A suspension can retain detectable nanoscale entities
for days or weeks without implying the survival of all the bubbles formed at the outset. This
persistence may reflect internal reorganization of the population, gas exchange between
entities, partial aggregation, or changes in the size distribution [10].

As emphasized above, most experimental measurements describe population proper-
ties rather than individual trajectories. The mean diameter, number concentration, apparent
zeta potential, and scattering intensity provide information about the dominant state of the
suspension at a given moment but do not allow for the reconstruction of the preparation
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pathway for each bubble [30]. An apparently stable population may conceal the disappear-
ance of small bubbles, growth of others, gas redistribution, or internal reorganization.

The persistence of a population of bulk nanobubbles does not, in and of itself, prove
that each nanobubble is stable as an individual entity [3]. This indicates that the system
maintains a dispersed gaseous phase, the evolution of which depends on the interfacial,
colloidal, diffusive, and population processes [67]. This distinction allows the observed
stability to be interpreted as a property of the suspension and not necessarily as direct
evidence of the individual thermodynamic stability.

8. Experimental Metrics and Apparent Population Stability
8.1. Mean Size and Number Concentration

The mean size and number concentration are two of the most commonly used metrics
to characterize bulk nanobubble suspensions [82,83]. The mean diameter corresponds to an
aggregate measure of the size distribution. Its temporal stability cannot be considered direct
evidence that the same bubbles remain unchanged throughout the observation period. A
distribution could maintain a similar average value while simultaneous processes of small
bubble disappearance, growth of others, partial coalescence, or aggregate formation occur.
Similarly, an increase in the average diameter may reflect different mechanisms, such as
bubble fusion, Ostwald ripening, population reorganization, or preferential loss of the
smallest entities.

The particle concentration is also open to various interpretations. A decrease in the
number of detected particles may be associated with diffusive dissolution but also with
coalescence, aggregation, growth beyond the detection limit, or loss of detectability [84].
Conversely, a high initial concentration primarily reflects the generation efficiency and
does not necessarily indicate the subsequent persistence of the suspension.

The mean size and number concentration must be analyzed jointly as a function of
time [37,83]. A decrease in concentration, accompanied by an increase in mean size, may
suggest growth, aggregation or coalescence. In contrast, a relatively constant concentration
with changes in size distribution may indicate internal reorganization of the population,
such as the loss of small particles, a shift toward larger sizes, broadening of the distribution,
or formation of subpopulations. In these cases, the suspension may remain detectable, but
its population architecture and functional behavior are no longer equivalent to their initial
states. Size, concentration, and population persistence are better understood as dynamic
descriptors of suspensions than as absolute indicators of nanobubble stability.

Figure 4 summarizes the interpretative ambiguity in the detection of nanoscale entities
in suspensions.

8.2. DLS and NTA: Population Signals, Not Unambiguous Identification

Optical scattering and particle-tracking methods, particularly DLS and NTA, are
frequently used to evaluate bulk nanobubble suspensions because they provide rapid
estimates of the apparent size and number concentration [85,86]. However, these techniques
should be interpreted as population-level measurements rather than the unambiguous
identification of individual nanobubbles. DLS tracks fluctuations in the scattered light
intensity and reports an apparent hydrodynamic diameter inferred from Brownian motion,
whereas NTA estimates the size and concentration by tracking the optical trajectories
of individual scattering entities [85,86]. In both cases, the detected signal may arise not
only from freely dispersed nanobubbles but also from aggregates, nanodroplets, solid
nanoparticles, colloidal impurities, and interfacially active contaminants [30,31].
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Figure 4. Characterization limits in distinguishing bulk nanobubbles from other nanoscale entities.

A specific limitation of DLS is that the conversion from the diffusion coefficient to the
apparent hydrodynamic diameter relies on the Stokes—Einstein relation. This relationship
was developed for the Brownian motion of rigid spherical particles in a continuum liquid,
whereas a nanobubble is a nanoscale gas-liquid interface. Interfacial deformability, slip, gas
compressibility, and contamination of the interface may therefore affect the link between
Brownian motion and the apparent size. Recent theoretical studies have questioned the
direct applicability of the Stokes—Einstein relation to small bubbles at the nanoscale, indi-
cating that DLS-derived diameters should be regarded as apparent hydrodynamic values
rather than direct measurements of bubble size [44].

In DLS, the signal is strongly influenced by the scattering intensity; therefore, a small
fraction of larger particles can dominate the measurement and shift the apparent mean
diameter toward higher values [85]. In polydisperse suspensions, this limitation makes it
difficult to distinguish between individual nanobubbles, aggregates, dynamic clusters, and
colloidal contaminants. Therefore, the reported size is better understood as a population-
level signal than as a direct identification of the nature of each detected entity [31].

NTA allows the tracking of the Brownian motion of individual scattering entities and
the estimation of their size and number concentration from optical trajectories [86]. This
approach provides more detailed particle-by-particle information than that obtained using
DLS. Nevertheless, it also has limitations in concentrated, polydisperse, or transiently struc-
tured suspensions, where trajectory overlap, dynamic aggregation, optical thresholding, or
the presence of non-gaseous particles may affect the size and concentration estimates [87].

The key point is that neither DLS nor NTA can definitively determine whether the
detected entity corresponds to an individual nanobubble, an aggregate of nanobubbles, a
nanodroplet, a solid particle, colloidal organic matter, or an interfacially active impurity [30].
Assigning persistent nanoscale populations to nanobubbles requires additional controls,
including temporal evolution, response to degassing, pressure sensitivity, changes in pH or
ionic strength, and validation using complementary techniques [88].
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Low-amplitude acoustic measurements may also contribute to the identification of
bulk nanobubble cloud. Under non-cavitation conditions, dispersed gaseous domains can
modify ultrasound propagation through attenuation, scattering, dispersion, or changes
in the effective speed of sound owing to the high compressibility contrast between gas
and water. These acoustic responses provide information that is independent of optical
scattering but remains population-level signatures and can be affected by bubble size
distribution, gas content, interfacial contamination, suspended particles, and frequency
selection. For this reason, acoustic methods should be considered complementary to DLS,
NTA, pressure response, degassing, and other physicochemical controls [89]. The main
capabilities, limitations, and recommended controls of these characterization techniques

are summarized in Table 3.

Table 3. Main capabilities and limitations of common techniques for BNB characterization.

Technique Main Information Main Bias/Limitation Useful Controls References
Strongly biased toward larger
scatterers; affected by
Apparent . . I . .
. polydispersity and aggregation;  Filtration controls,
hydrodynamic . ) q .
DLS diameter and size cannot confirm gaseous nature; degassing, dilution series, [85,88,90]
SR Einstein-Stokes interpretation pressure response
distribution
for nanoscale deformable
bubbles is debated
Depends on optical thresholding,
Particle size and concentration, tracking Dilution series, degassing,
number concentration parameters, and sample pressure cycling,
NTA . : e : [86-88]
from Brownian preparation; cannot distinguish ~ comparison before/after
trajectories bubbles from droplets or solid storage
nanoparticles
Direct visualization of Possible freezing/drying Compare untreated,
Cryo-TEM/ cryo-SEM .. artifacts; limited statistics; degassed, and [30,31,88]
nanoscale entities . .
demanding sample preparation  pressure-treated samples
Electrokinetic response  Does not measure true surface pH titration, ionic-strength
Zeta potential and relative colloidal charge; does not prove diffusive titration, electrolyte-type [91-94]
stability persistence or gaseous nature comparison
Population-level Indirect signal; affected by Low-amplitude
Acoustic/ultrasound compressibility or particle concentration, bubble non-cavitation ultrasound, [95,06]
response attenuation/dispersion  size distribution, and pressure-dependent !

response

non-gaseous scatterers

acoustic response

8.3. Zeta Potential as a Relative Indicator

The zeta potential is one of the most widely used parameters for interpreting the
colloidal stability of bulk nanobubbles, as it provides an indirect electrokinetic estimate
of the repulsion between dispersed entities [63]. In general, high absolute values indicate
greater electrostatic repulsion, whereas values close to zero suggest proximity to the
isoelectric point and a greater tendency toward aggregation or coalescence [62].

However, the zeta potential does not correspond to a direct measurement of the actual
charge at the gas-liquid interface of bubbles. This parameter represents the electrokinetic
potential associated with the slip plane, not the surface potential or the total interfacial
charge density [91]. This distinction is particularly relevant for bubbles, whose interface
is curved, deformable, and potentially mobile, meaning that their electrokinetic response
cannot be interpreted in the same manner as that of a rigid solid particle [92]. The measured
value should be interpreted as an operational descriptor of the electrokinetic response of
the system, and not as a direct measure of the interfacial charge.
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Its primary utility lies in the comparison of trends across experimental conditions. A
decrease in the absolute value of the zeta potential as the ionic strength increases may indi-
cate the compression of the electric double layer and weakening of the repulsion between
nanobubbles [64]. Changes in response to variations in pH or electrolyte type may suggest
charge neutralization, specific ion adsorption, or approaching the isoelectric point [62,64].

However, the zeta potential primarily provides information on the colloidal stability
of suspensions. A negative or high zeta potential value may be consistent with greater
electrostatic repulsion and a lower tendency toward aggregation or coalescence [62]; how-
ever, it does not, on its own, demonstrate thermodynamic stability or individual kinetic
persistence. A population may maintain sufficient electrostatic repulsion between bubbles
and yet be subject to gas transfer into the liquid, as predicted by classical dissolution
analyses of colloidal bubbles [93].

In ionic media, its interpretation requires special care. Different ions can modify the
zeta potential through electrostatic shielding, specific neutralization, charge reversal, or
changes in the interfacial structure [15,60,61]. Similar variations in the measured value may
result from different mechanisms. Hence, the zeta potential should be used as a relative
indicator of colloidal stability and analyzed in conjunction with the temporal evolution of
the size, number concentration, and chemical conditions of the medium [94].

8.4. Apparent Stability and Minimum Interpretation Criteria

Because each metric captures only one dimension of the system, experimental stability
must be inferred from converging evidence, rather than from a single, isolated signal.
The average size, number concentration, zeta potential, scattering intensity, and response
to perturbations provide useful information; however, each describes only a part of the
system [88]. Apparent stability is better understood as an inference constructed from
complementary metrics, especially when the signal may be influenced by aggregation,
collective structures, or changes in the nature of the detected entities [78].

Table 4 summarizes the minimum criteria for interpreting the stability of bulk nanobub-
bles in aqueous media. These indicators do not constitute a closed experimental protocol
but rather a guide for distinguishing between population evolution, detectable persistence,
colloidal response, and the possible gaseous nature of the measured entities.

Table 4. Minimum criteria for interpreting the experimental stability of bulk nanobubbles.

Experimental Criterion Interpretive Value Reference
Time-resolved size evolution Provides qurmaﬁon on pop.ulatlon. evol.utlf)n, growth, [37]
aggregation, or changes in the size distribution
Time-resolved number concentration Allows assess'ment of dete‘:ctable per51'st.ence and 83]
numerical loss of dispersed entities
Zeta potential Indicates rela.tn{e trends in c01101c.1a1 stfablhty and [62]
proximity to the isoelectric point
. Hel hether th ignal i ibl
Response to degassing or pressure changes elps assess whether the detected Stehatis compatible [30]
with gaseous entities
Response to pH or ionic strength Provides information on interfacial sensitivity and [69]

electrostatic dependence

Response to post-formation
electrolyte addition

Helps distinguish colloidal destabilization of a preformed
population from electrolyte effects during [39,40]
initial formation

A more rigorous interpretation requires an examination of whether these signals are
consistent. For example, a decrease in concentration accompanied by an increase in the
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average size and a decrease in the absolute value of the zeta potential suggests a loss of
colloidal stability [90]. In contrast, isolated changes in a single metric may result from
different mechanisms, such as coalescence, aggregation, growth beyond the detection range,
population reorganization, or the presence of non-gaseous entities [95].

The experimental stability of bulk nanobubbles should be understood as an inference
based on the converging evidence. No single measurement provides a definitive distinction
between individual nanobubbles, dynamic aggregates, nanodroplets, colloidal particles, or
contaminants [96]. This caution is especially important when comparing studies conducted
with different aqueous matrices, generation methods, and observation time windows [72].

9. Implications for Aqueous Applications and Operational Design

The practical implications of the mechanisms discussed are not limited to the selection
of conditions that maximize the nanobubble stability. In aqueous applications, performance
depends on the relationship between the chemical matrix, generation method, temporal
persistence, and operational function of the ROS [97,98]. A population suitable for storage
or transport may not necessarily be the most efficient for rapid gas transfer, ozonation,
flotation, or treatment of complex water [99].

9.1. The Aqueous Matrix as a Design Variable

The aqueous matrix defines the chemical environment in which nanobubbles form,
evolve, and interact with dissolved and colloidal species. Variables such as pH, alkalinity,
hardness, salinity, multivalent cations, natural organic matter, surfactants, and colloidal
particles can modify the interfacial charge, coalescence, mass transfer, and population
persistence [90,100,101]. Conditions optimized for ultrapure water should not be directly
extrapolated to environmental or industrial waters, where the chemical composition may
simultaneously alter nanobubble size, number concentration, and zeta potential [102-105].

Matrix-specific effects are particularly relevant in hard, saline, and organic-rich water.
In hard water, divalent cations can reduce electrostatic repulsion and increase the average
particle size [46]. In saline water, reduced gas solubility may favor initial formation, whereas
a higher ionic strength can weaken the subsequent colloidal stability [49,104]. In wastewater
or organic-rich matrices, surfactants, natural organic matter, and colloidal particles may
adsorb at the gas-liquid interface and modify the interfacial charge, coalescence, or mass
transfer, thereby altering the response expected from simple aqueous systems [68,105].

The aqueous matrix should be treated as a design variable, rather than as a passive
medium. For applications in water treatment, ozonation, aeration, remediation, and
flotation, nanobubbles should be evaluated under chemical conditions representative
of the intended end use [106,107]. The operational question is not simply how many
nanobubbles can be generated, but whether the resulting population remains functional in
the target matrix.

9.2. Initial Concentration as an Incomplete Optimization Criterion

In applications based on bulk nanobubbles, a high initial concentration is often assumed
to be favorable [68]. However, this metric primarily describes the generation efficiency and
not the performance over the process lifetime. Optimizing only the number of nanobub-
bles produced at the start can lead to unsuitable conditions if the population rapidly loses
concentration, increases in size, or changes its behavior during storage or operation [37].

The importance of the initial concentration depends on the application objectives. In
rapid-contact processes, such as ozonation, oxidation, intensive aeration, and flotation, a
high initial population can be advantageous if the residence time is short and the goal is
to maximize the available interfacial area [102,103]. However, in applications requiring
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storage, transport, or prolonged gas release, temporal persistence may be more important
than achieving the highest initial concentration [100,101].

The design criterion should not be formulated as “producing more nanobubbles”
but rather as generating a population suitable for a specific function [72]. To this end,
the initial concentration must be evaluated along with the temporal evolution of the size,
numerical loss, colloidal stability, and residence time of the process. A suspension that is
less concentrated at the start but more persistent or functional in a given matrix may be

more useful than an initially abundant but rapidly unstable population.

9.3. Operational Performance Does Not Necessarily Follow Population Persistence

In applications where the primary objective is to transfer gas into a liquid, the con-
dition with the highest population persistence or colloidal stability does not necessarily
correspond to that with the best performance. A persistent population of nanobubbles can
increase the gas residence time and maintain a large available interfacial area; however,
an overly stabilized interface can limit gas exchange if it reduces interfacial renewal or
increases resistance to mass transport [103]. Nanobubble stability must be evaluated in rela-
tion to the intended operational function rather than as an absolute performance criterion.

In general, gas transfer can be described by the volumetric mass transfer coeffi-
cient, ki a.

r=kpa(C* - C) (6)

where 7 is the mass transfer rate, kya is the volumetric mass transfer coefficient, C* is
the equilibrium gas concentration, and C is the dissolved gas concentration in the liquid.
Nanobubbles can contribute to this term due to their small size and high surface-to-volume
ratio. However, overall performance depends not only on the available surface area but
also on how easily the gas crosses the interface and is incorporated into the liquid [108].

This relationship implies a trade-off between nanobubble persistence and gas transfer
performance, indicating that the optimal condition depends on the intended application
rather than persistence alone. Conditions that favor persistence, such as strong electrostatic
repulsion or the presence of stiffer interfacial layers, could help prevent coalescence and
population loss. Simultaneously, these conditions can reduce interfacial mobility or increase
resistance to gas exchange [108]. However, a more stable population does not necessarily
transfer gases more efficiently.

Conversely, a less persistent population may be advantageous if it promotes faster gas
exchange. In ozonation, aeration, or advanced oxidation, the goal may not be to maintain
nanobubbles for days but rather to maximize the availability of the reactive gas for minutes
or hours [102,109]. Under these conditions, a suspension with a high initial interfacial area
and active gas exchange may be more efficient than a highly persistent population with
limited transferability.

The aqueous matrix could shift this balance by simultaneously modifying the colloidal
stability, interfacial mobility, and gas availability. Salts, organic matter, surfactants, and
interfacially active species can stabilize or destabilize the population depending on how
they alter the interfacial charge, coalescence, and resistance to mass transport [69]. Observed
stability alone is insufficient to predict performance, which depends on the relationship
between persistence, gas exchange, and chemical conditions of the medium [110].

For mass transfer applications, the optimal condition is not necessarily the one that
maximizes persistence but rather the one that balances the concentration, size, effective
interfacial area, and gas exchange during the process residence time [111]. This distinction
avoids the assumption that greater stability always implies better performance and allows
the system to be tailored to the type of gas, aqueous matrix, and the operational objective.
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9.4. Design Based on Application Objective

The design of bulk nanobubble-based systems must begin with the application objective.
Maximizing the initial concentration, minimizing the diameter, or maximizing persistence
may not always be appropriate. Each application requires prioritizing a different combination
of formation, colloidal stability, mass transfer and resistance to aqueous matrices [72].

In applications where nanobubbles must be stored, transported, or maintained for
extended periods, population persistence becomes more important [101]. However, in
ozonation, rapid aeration, or advanced oxidation processes, it may be more important to
maximize gas transfer during the process residence time [102,111]. In complex matrices,
such as wastewater, hard water, and solutions with high organic loading, the priority
shifts toward the ability to maintain a functional response under variations in pH, salinity,
hardness, and organic matter [90]. Table 5 summarizes the operational-goal-oriented
design logic.

Table 5. Application-specific operational criteria for nanobubble systems.

Operational Objectiv

e Desired Condition References

Storage or transport of nanobubbles High population persistence and low concentration loss over time  [72,100]

Ozonation, rapid aeration, High mass transfer, large effective interfacial area,
N . [102,103]
or oxidation and rapid gas renewal
Maintained operational performance under changes in pH,
Treatment of complex waters salinity, hardness, alkalinity, natural organic matter, [69,90]
and the presence of surfactants.
Remediation or flotation Control of size, surface charge, particle adhesion, [106,107]

and residence time

Aeration, oxidation, or flotation in

saline or hard waters

Maintained gas transfer and colloidal response despite
multivalent cations, double-layer compression, [46,49]
and zeta-potential changes

This approach avoids treating stability as an objective measure. In some cases, the
priority is to maintain a persistent population; in others, to facilitate rapid gas transfer;
and in others, to ensure functionality within a complex chemical matrix. The design of
nanobubble systems must be based on the operational objectives and specific aqueous
matrix, not on a single stability metric [101,112].

10. Conclusions

The stability of bulk nanobubbles in aqueous media cannot be considered a single
property. Thermodynamic stability, kinetic persistence, colloidal stability, population
persistence, and operational performance correspond to different problem levels. The initial
formation, colloidal stability, diffusive persistence, population persistence, and operational
performance correspond to different levels of problems. A high initial concentration, an
apparently constant mean diameter, or a high absolute zeta potential does not constitute
sufficient evidence of a stable system.

The ionic composition of the medium plays a central role in this discussion; however,
the ionic strength alone is insufficient to predict the system behavior. Electrolytes could
favor initial formation by reducing the solubility of the gas and promoting its local su-
persaturation. However, they could also compromise colloidal stability by compressing
the electric double layer and reducing the repulsion between bubbles. Furthermore, the
identity of the ions, including their valence, hydration, mobility, and interfacial affinity,
could generate distinct responses even under similar ionic strengths.
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The interpretation of kinetic and population-level persistence also depends on the
preparation pathway and the observed scale. Two suspensions with the same final com-
position may evolve differently if the nanobubbles are formed directly in an electrolytic
medium or if the electrolytes are added afterward. Likewise, the detectable persistence of a
population does not equate to demonstrating the individual stability of each nanobubble
because the experimental signal may arise from collective processes and population reorga-
nization. Hence, experimental stability must be inferred from complementary metrics and
not from an isolated measurement.

For environmental and industrial applications, the optimal conditions do not necessar-
ily correspond to maximum population persistence or colloidal stability. The design must
be based on the aqueous matrix, residence time, and desired operational function. Storage,
ozonation, aeration, flotation, and treatment of complex waters require different trade-offs
between concentration, size, persistence, mass transfer, and resistance to the chemistry of
the medium. The relevant question is not simply how to produce more nanobubbles but
rather what population is needed, in what matrix, for how long, and for what function.

The reviewed evidence suggests that the “stability” of bulk nanobubbles should not
be treated as a single property, but rather as a set of behaviors dependent on the system
stage, ionic composition, generation pathway, and operational objectives.
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Abbreviations

The following abbreviations are used in this manuscript:

C Dissolved gas concentration in the liquid

c* Equilibrium gas concentration in the liquid

Ceo Gas concentration in the bulk liquid far from the bubble interface
CL Dissolved gas concentration in the liquid

Cq Gas concentration at the bubble-liquid interface

G Molar concentration of ion (i)

D Gas diffusion coefficient in water

e Elementary charge

H Henry’s law constant

I Ionic strength

] Diffusive gas flux

K Debye screening parameter (inverse Debye length)
kg Boltzmann constant

kr Liquid-side mass transfer coefficient

kia Volumetric mass transfer coefficient

1 Characteristic diffusion length

Na Avogadro constant
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Py External or ambient pressure

Pin Internal pressure of the gas bubble
Pout Pressure in the surrounding liquid
R Bubble radius

r Mass transfer rate

T Absolute temperature

t Time

Z; Valence of ion (i)

AP Laplace pressure difference across the gas-liquid interface
Y Gas-liquid interfacial tension

&r Relative permittivity of the liquid
€0 Vacuum permittivity

K Inverse Debye length

k1 Debye length

BNB Bulk nanobubble

DLS Dynamic light scattering

DLVO Derjaguin-Landau-Verwey-Overbeek theory
DO Dissolved oxygen

EDL Electric double layer

NTA  Nanoparticle tracking analysis
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