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ARTICLE INFO ABSTRACT

Keywords The stability of nanobubbles in electrolyte solutions under different ion valence values was studied using deion-
Stability ized water, NaCl, NaySO4, NazPOy, CaCl, and FeCl;. Nanobubbles were generated using hydrodynamic cavita-
Nanobubbles tion, and bubbles were tested for size and zeta potential. All the samples were stable for one week with no signif-

Salts solutions
Zeta potential
Diffused double layer

icant deviation in either bubble size or zeta potential values. The variation of size and zeta potential among six
samples can be attributed to the solution properties and was mainly dependent on solution pH and the cation va-
lency. The ion profiles revealed that the cation concentration at the bubble surface was higher than that of bulk,
confirming that the bubbles were negatively charged for neutral and high pH values (= 4) under low valency
cation adsorption. The high valency cations have the potential to neutralize or completely reverse the bubble
charge. Anions or co-ions have minimal effect on the surface potential or the surface charge. The calculated in-
ternal pressures of bubble were unrealistically high, suggesting that the surface tension should be lower than that
of water for nanobubble solutions. The interaction energy profile shows no significant energy barrier that over-
comes the attractive van der Waals forces for all the solutions, except NaCl which had a 1.87 x 10720 J barrier
at a 5 nm separation distance. However, with the recorded stable bubbles, the calculation of the attractive van
der Waals forces produced unrealistic values indicating that the Hamaker constant used for the calculation may
not be valid at the nanobubble gas-liquid interface. This revealed that nanobubbles should contain exceptional

interfacial properties that need to be carefully investigated and evaluated.

1. Introduction

Bulk nanobubbles are gas-filled cavities suspended in aqueous so-
lutions having diameters smaller than 200 nm [1-3]. The existence of
these extremely small bubbles has been experimentally confirmed by
different researchers [3,4]. These bubbles have attracted attention due
to their extraordinary properties and characteristics, especially their
long lifespans and electrically charged interfaces [5,6]. Nanobubbles
are already used in a wide range of applications and areas, including
drinking/wastewater/groundwater treatment [7-10], decontamination
of sediments and soils [11-14], biomedical engineering [15-17], and
the agricultural, fishing, and food industries [2,18-20]. Despite their
widespread use, nanobubbles remain a poorly understood technology,
especially relating to their long existence or stability, interfacial proper-
ties, and radical formation.

The stability and reactivity of nanobubbles depend on several fac-
tors, such as the bubble size, zeta potential, and interfacial character-
istics [21-25]. Nanobubble characteristics also highly depend on solu-
tion properties, infilled gas type, and the energy provided to the system
to generate nanobubbles [18]. Solution properties such as temperature,
pressure, ion type, ion concentration, pH, presence of organic matters
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or impurities, presence of surfactants, and saturated gas concentration
play an important role [23,26-28]. The infilled gas type and its solu-
bility and reactivity can also impact the bubble properties [18,27,29].
Furthermore, the generation mechanism and energy provided to the sys-
tem (i.e., hydrodynamic method, ultrasound) are key factors that influ-
ence the bubble size, radical formation, and related chemical reactions
[30-32].

Nanobubbles have an electrical charge interface which controls the
ion distribution in aqueous solution near the bubble surface. The ac-
cumulation of ions near the gas-liquid interface influences the physi-
cal-chemical properties of the nanobubble. An application such as the
flotation can be benefited by controlling the number of charges on
nanobubbles. Hence, with the proper selection of electrolyte types and
concentrations, the zeta potential of bubbles and the bubble stability
can be controlled. The bubbles formed in the different electrolyte so-
lutions can be used to further understand the nanobubble properties.
Even though there are prior studies on nanobubbles formed in different
electrolyte solutions, research findings and conclusions are only limited
to the direct comparison of zeta potential values and specific adsorp-
tion with respect to the valency effect. Limited research has conducted
on the application of DLVO theory for nanobubbles formed in multiva-
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lent electrolytes, as most of the prior research is limited to nanobubbles
formed in symmetrical electrolytes. The present study provides experi-
mental data on bubble sizes and zeta potential values for nanobubbles
formed in different electrolyte solutions at both the generation and after
one week to evaluate the long-term stability. The diffuse double layer
theory was applied to calculate the potential distribution and ion dis-
tribution away from the bubble surface, and the DLVO theory applied
for different electrolyte solutions by considering both the interactions of
electrostatic repulsion and van der Waals attraction. The analyzed re-
sults were collectively considered to evaluate the properties and behav-
ior of nanobubbles. Additionally, a literature review was conducted for
nanobubbles in different valency electrolytes to provide a meaningful
comparison with respect to the work presented in this manuscript.

In this research, nanobubbles were generated in different electrolyte
solutions under different ion valences and ionic strengths, namely deion-
ized water and NaCl, NapSO4, NagPOy, CaCl,, and FeCl; in deionized wa-
ter. The diffuse double layer theory was applied to nanobubbles in the
monovalent electrolyte of NaCl for different concentrations and found
stable nanobubbles were formed in low concentration (0.001 M) solu-
tion [33]. Therefore, in this research, a concentration of 0.001 M for the
various electrolytes was used to generated nanobubbles to study the im-
pact of different ion types on characteristics and behavior of nanobub-
bles.

2. Formation of electric double-layer around nanobubbles

Nanobubbles suspended in aqueous solutions carry electrical charges
on the gas-liquid interface [18,26,33]. The nanobubble with an electri-
cal charge interface accumulates counter charges in order to preserve
electrical neutrality. For example, negatively charged surfaces are at-
tracted to positively charged cations for electrostatic equilibrium. Simul-
taneously, due to ion diffusion, the cations move to the bulk solution,
and the diffused layer is formed. At the diffused layer, the concentration
of counterions is increased towards the bubble surface, and ion distrib-
ution primarily depends on the magnitude of the surface charge. In con-
trast, like charges (co-ions) are repelled away from the bubble surface,
and there is a low concentration of co-ions at the interface. This diffuse
ion distribution has been formulated by different models to evaluate the
surface charge density and distribution of ions around the colloidal par-
ticles.

The Poisson-Boltzmann (PB) equation can be used to describe the
distribution of ions around the charged particle and can calculate the
electric potential, W (x), around the surface. The non-linear second or-
der PB equation can be solved subjected to the boundary conditions and
then can be related to the surface charged density. No analytical solu-
tions are available for the PB equation for the general case of spherical
particles. However, there are a number of methods used to determine
numerical solutions. In this analysis, due to the spherical colloidal con-
dition along with asymmetric ionic valency conditions, the general non-
linear PB equation must be solved. Therefore, in this manuscript, we uti-
lized the numerical simulation based on the network simulation method
[34].

The network simulation method consists of modeling the govern-
ing equations by means of an electrical circuit. This network simulation
method is useful as it avoids difficulties of mathematical analysis. The
model consists of a graphical analogous representation of the physical
process of the diffuse double layer to electrical circuit diagrams which
are analyzed using an electric circuit simulation program. In this work,
PSpice electric circuit simulation program was used for the analysis. The
full details of the network model used in this manuscript can be found
in [34].
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3. The bubbles interaction force and energy

The classical DLVO theory can be used to explain the interaction be-
tween nanobubbles suspended in an electrolyte solution. The stability of
the bubble can be considered based on the energy or force balance be-
tween the attractive van der Waals interaction and the repulsive electric
double layer interactions [35,36]. The relevant equations are given in
the next section.

4. Equations for modeling

Consider the spherical nanobubble with radius 4, stern layer thick-
ness d, and zeta potential, . In this research, the zeta potential is as-
sumed as equal to the Stern potential ( { = ¥«) and the justification for
this assumption can be found in [33]. The Poisson-Boltzmann equation
for a spherical charged particle immersed in an infinite electrolyte solu-
tion relates the electric potential ¥ () to the charge density p(r) at any
point of the diffuse electric double layer given by [34],

1d [rzdw(r)] _

< Pl =22
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Here, we consider the boundary condition ¥ (r =a+d) =y, = ¢
and y (r > o0) = 0, where, € is the dielectric permittivity of the solution,
z and n? are valency and bulk concentrations (ions/m?) of the i th ionic
species respectively, € is an elementary charge (1.60217662 X 10719 0),
k is Boltzmann constant (1.380649 X 1022 J.K™1), and T is temperature
(K).

In order to simplify Eq. (1), the dimensionless variables are needed
as shown below,

ey (r)
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where the Debye length (K~!) or diffuse double layer characteristic
length can be expressed as,
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Now Eq. (1) can be updated,
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The surface charge density ( ¢9) and potential (¥ )relationship can be
expressed as,

oy = _£<dl//(r)>
dr r=(a+d) (9)

Therefore, the surface potential (Wo) can be calculated as,

di
wo= W + ¢ 10)

The stern layer can be considered as a parallel concentric sphere ca-
pacitor, and therefore the potential drop is linear within the stern layer.

drop .
Hence v, is,

d d
Vi =o0(%) an

Once the potential distribution is solved, the ionic concentration at
any point (7;(r) of the double layer is given by the Boltzmann distribu-
tion of ions i at distance 7,

ziey (r)
&)

n;(r) = n?exp < 12)
The ionic strength of the electrolyte solution is a measure of the con-
centration of ions in that solution, and given by,

[=1¥n0z2 (m™) 13)

Once the surface charge densities and surface potential calculations
were obtained, the interaction between the particles can be found based
on the DLVO theory by considering electrostatic repulsion and Van der
Waals attraction.

For low surface potential, below about 25 mV, for two spheres of ra-
dius, R with identical charges, the electrostatic interaction force F(D)
and energy W(D) for separation distance D are given by [37],

F(D) ~ 2zReKyy?e™XP = 2zRs?e P [Ke  (N) 14)
W(D) ~ 2nRey’e &P = 2zRc2e XD K% (J) (15)

The above equations (Egs. 14 and 15) are valid for all the elec-
trolytes (i.e., 1:1, 1:2, 2:2, 3:1, or mixtures) with appropriate Debye
lengths.

The attractive van der Waals interaction for two spherical surfaces
with radius, R for all the separation distances (D < <R) can be expressed
as [35],

F(D)=-3% (V) (16)
WD) =-2& ") a7

where A is the Hamaker's constant.

The van der Waals forces are effective at a short-range around a dis-
tance of 10 nm. When the two bubbles approach, a thin-film is formed
between them. As a result, excess surface salt in the thin film is higher
than that on the bubble surface. It can reverse the direction of force at
the bubble, which can weaken the van der Waals attraction force. Fur-
ther, with significant salt concentration, the surface tension of the lig-
uid film will increase, and concurrently will reduce the surface tension
of the bulk fluid close to approaching bubbles. Likewise, the nanobub-
bles are believed to be stabilized by adsorbed impurities and ions at
the gas-liquid interface. Therefore to represent this weakened van der
Waals forces, the Hamaker constant of 2 x 10720 7 was used [38] for the
nanobubbles in electrolyte solutions, instead of the bubble-bubble inter-
action across pure water which has a Hamaker constant of
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3.7x 10720y [35]. However, the Hamaker constants used in van der
Waals attractive force calculations in this manuscript do not explicitly
depend on specific properties of salt ions [39].

One of the main features of nanobubbles are their estimated high in-
ternal pressure values. These high internal pressures and the long-term
stability of nanobubbles are very debatable facts. One of the suggested
rational for the stability of the nanobubble is associated with the sur-
face charge at the gas/liquid interface which introduces opposing forces
to the surface tension that prevents the gas dissipation. Therefore, with
the assumption that the nanobubble attains mechanical equilibrium, the
nanobubbles pressure difference can be expressed using the Modified
Young Laplace Equation [33],

2_)/ _ 2702
R 3

[Pin - Puut] = (18)

5. Experimental procedure
5.1. Materials

Sodium Chloride (NaCl, 99+%), and Sodium Sulfate (NaySOg,
99+ %), from ACROS Organics and Sodium Phosphate Tribasic Do-
decahydrate (NazPO412H,0, 98-102%), Calcium Chloride Dihydrate
(CaCly2H50, 99.0-105.0%), Ferric Chloride Hexahydrate (FeCl3-6H5O,
97-102%), from Fisher Chemical, and Calcium Chloride Dihydrate
(CaCly2H50, 99+ %), from Mallinckrodt, Inc were purchased. For all
the experiments, de-ionized water (Millipore DIRECT-Q 3 UV system,
Millipore Corporation) was used. The de-ionized water had an electri-
cal conductance of 0.04 # S/cm, and fresh DI water was collected in a
100 L tank and allowed to reach equilibrium with the atmospheric gases
at room temperature for 24 h.

5.2. Preparation of nanobubble

To form nanobubbles in the electrolyte solution, the required amount
of salt was measured and dissolved in 250 mL of DI water. Water was
added to reach a total volume of 18 L and the solution was placed
in a 25 L chamber (e.g., for NaCl (99+ %), 1.052 g of NaCl dissolved
in 18L of DI water to obtain 0.001 M solution [(1/(58.44 g/
mol)) X 1.052 g x (1/18 L)]. The nanobubbles were formed using the mi-
cro-nano nozzle (model BT-50FR, Riverforest Corporation, USA), which
utilizes the hydrodynamic cavitation method. The solution was allowed
to pass through the nano nozzle using a 55 psi water pump (model
4CUK®6, Dayton, USA), where the pump ran for three minutes. All exper-
iments were carefully performed to avoid possible contamination. Two
separate experiments were performed for each salt type, and for each
test, two samples were tested for bubble size, zeta potential and conduc-
tivity with each analyze having six readings (total of 24 records per so-
lution). The solution conductivity was measured to confirm the accuracy
of the salt concentration.

5.3. Measurement of zeta-potential and nanobubble size

Immediately after the generation and one week after, the nanobub-
bles were tested for bubble size and { potential value using the Malvern
Zetasizer Nano ZS. The Zetasizer utilizes dynamic light scattering with
Non-Invasive Backscatter (NIBS) optics for the size measurements and
electrophoretic light scattering technique for the zeta potential mea-
surements. Here, zeta potential was measured by determining the elec-
trophoretic mobility of the particles and then applying Henry's equa-
tion based on the Smoluchowisk's approximation. All the tests were per-
formed at room temperature, and the collected samples were stored in
airtight flasks for one week for measurements.
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6. Results and discussion

Table 1 shows solution parameters for the six samples used. It rep-
resents the solution type (Col. A), solution concentration (Col. B), molar
mass of salt (Col. C), the charge density of cation (Col. D), ionic strength
of the salt (Col. E), Debye length (Col. F), the average conductivity at
week 0 and week 1 (Col. G,H), average pH at week 0 (Col. I) and average
DO concentration at week 0 (Col. J). The dissolved oxygen (DO) con-
centrations are relatively high compared to ordinary conditions (above
6.5—8 mg/L). For all the samples, the DO concentration was relatively
similar and were around 33 + 0.89 mg/L. Therefore, solution gas con-
centrations were considered to have reached supersaturation.

Fig. 1a and b show the nanobubbles size variation for six aqueous
solutions just after generation and after 1 week, respectively. At gener-

Table 1
The solution properties and parameters.
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ation, the bubble size increase in order of FeCl3 < NagPO4 < NaySO4
< NaCl < DI water < CaCl, solutions. The percentage of bubble size
growth over 1 week is shown in Fig. 1b, and NagPO,4 shows the small-
est change ( ~ 8%), and Nay;SO4 ( ~ 400 %) shows significant growth.
However, all the solutions had stable bubbles with recorded diameters
well below 1pm. The percentage of bubble growth increases in the order
of NasPO4 < NaCl = DI water < FeCl3 < CaCl, < NaySO4 solutions.
Fig. 1c and d show the zeta potential just after generation and af-
ter 1 week, respectively. All the solutions had negative zeta potential
values except for FeCls, which had positive zeta potentials of 10.93 mV
initially and 5.07 mV after 1 week. The magnitude of negative zeta po-
tential increased for the other five samples as CaCl, < NaySO4 ~ NaCl
~ DI < NagPO,. In addition, Fig. 1c shows the pH variation for all six

@A) (B) © D) (B) (6] @ () (O] @
Solution Concentration Molar Mass The charge density of cation Ionic Strength Debye length Average Conductivity Average pH DO2 concentration
Week 0 Week 1 Week 0 Week 0
(M) (g/mol) (C/mm 3) (mol/m 3) (nm) (mS/cm) (mS/cm) ) (mg/1)
H0 1077 0.023 0.024 6.27 31.99
NaCl 1073 58.44 24 1.00 9.63 0.129 0.131 6.38 32.77
NaySO4 1073 142.04 24 3.00 4.54 0.267 0.276 7.17 33.82
NasPO4 1073 163.94 24 6.00 2.57 0.415 0.351 10.75 34.20
CaCl, 1073 110.98 52 3.00 4.54 0.253 0.257 6.43 33.74
FeCl3 1073 162.2 232 6.00 2.57 0.719 1.070 3.06 32.38
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Fig. 1. The bubble size and zeta potential variation (a). bubble size at week 0, (b). bubble size, and percentage change in size after 1 week, (c). zeta potential and pH of the solution in
week 0, (d). zeta potential and percentage change in zeta potential after 1 week, for air bubbles at 25 °C.
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samples, and it shows the variation FeCl3 < DI = NaCl ~ CaCl, <
NaySO4 < NagPO,4. Between six salts samples used, NazPO,4 shows a
strong alkaline condition, while FeCl3 shows a strong acidic condition,
which should result in highly negative zeta potential of NasPO, and
highly positive zeta potential of FeCls apart from their ionic valence ef-
fect.

The size of a bubble depends on three factors, the bubble breakup
mechanism due to applied energy to the system, the bubble coalescence
effect, and the solution properties. The energy cost for the bubble for-
mation depends on the interfacial area and is governed by the bubble's
surface tension. Higher energy is required to form smaller bubbles but
lowering the surface tension at the gas/liquid interface can lower the
energy requirement. Zhang et al. [22] stated that the free energy cost
required (AQ) for the generation of bulk nanobubbles depends on three
factors: (1) volume contribution, (2) interfacial energy, (3) electrostatic
potential, and is given by,

Q2
87eR

AQ = _[Pin_ 0ut]V+7A+ (19)

For all samples, the provided energy was identical, and condition
states were similar except the salt type used, meaning the bubble size,
zeta potential, and bubble concentration should wholly depend on the
solution properties. In order to have a long lifespan, the bubbles should
be stable against dissolution, rising over, and coalescence. Therefore,
bubbles should be smaller in size to prevent rapid rise to the surface,
should have lower internal pressures to prevent fast diffusion and main-
tain the diffusion barrier, and should have high electrical charge poten-
tials to stop coalescence.

Nanobubbles under neutral pH have negatively charged gas-liquid
interfaces (Fig. lc and d), and the nanobubbles surface charges are
believed to be a result of chemisorption of Hy0O, i.e., water splitting
into H" and OH~ during adsorption to form a hydroxylated surface
[18,33,40]. OH™ rather than H' is adsorbed at neutral pH conditions
due to the difference in enthalpies of hydration. While the H* ions are
likely to remain in the bulk aqueous phase (more likely hydrated), OH™
stays at the bubble gas-water interface (less likely to hydrate) [40]. The
liquid water interface has a strong affinity for the electrons, and there-
fore nanobubbles are more likely to form in the alkaline solution. This
might be the reason for stable bubbles in the Na3PO,4 solution which
demonstrated high negative zeta potential and low percentage change
in size over one week. However, when the bubbles are formed in acidic
electrolyte solutions, the positive counterions are adsorbed to the bubble
interface. Adsorption of positively charged ions will cause a reduction in
the negativity of the charged bubbles. This effect can be reflected in the
measured zeta potential values (Fig. 1c and d), where higher positively
charged counterions adsorption causes smaller negative potentials. So,
the CaCl, shows a lower negative potential of approximately 3.5 mV,
and FeCl3 shows a positive zeta potential value of approximately 10 mV.
In the FeCl3 solution, the low pH value of 3.06 and the adsorption of
high positive charge density Fe3* ions (232 C/mm?) to the bubble sur-
face causes the formation of positively charged ions. In contrast, the
NagPOy4 solution recorded high negative zeta potentials which can be
attributed to the high pH and the adsorption of OH™ ions at the inter-
face. Further, with a similar positive monovalent ion, Na*, and a simi-
lar pH range (between 6-7), the variation of zeta potential for NaCl and
Na,S0y, is influenced by the anion type, e.g., CI~ and SO4%. The mobility
of Cl~ is higher when compared to that for SO,* and hence, the specific
adsorption of Cl~ at the bubble interface may be higher for the NacCl so-
lution producing higher negative zeta potential values when compared
to bubbles in Na;SO4 solution.

Table 2 shows the measured and calculated results for nanobubbles
in six solutions. It represents the solution type (col. 1), average bubble
diameter (col.2), average bubble ¢ potential (col.3), surface charge den-
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sity (col. 4), surface potential (col. 5), ionic concentration at bubble sur-
face (col. 6), and the pressure difference (AP) (col. 7).

Fig. 2 shows the variation in surface charge density for five salt so-
lutions, showing that magnitudes of surface charge density increase in
the order of CaCl, < NaySO4 <NazPO4 = NaCl < FeCl3 at week 0 and
after week 1, surface charge density decreased for all the samples except
NagPOy4, where the surface charge density increased. As Table 1 (col E
and F) shows, the ionic strength increased (and Debye length decrease)
in the following order: NaCl < Na,SO4 = CaCl, < NazPO4 = FeCls.

As shown in Fig. 3, the ionic concentration of cations at the bubble
surface increases in the following order: FeCls (Fe®*) < CaCl, (Ca2t)
< NaySO4 (Nat) < NaCl (Na') < NagPO4 (Na') and cation concentra-
tions were 6E-15, 1E + 03, 4E + 04, 2E + 05 and 7E + 04, times the
bulk cationic concentration, respectively at week 0. After one week, the
NagPO4 sample had the highest cation concentration at the bubble sur-
face. The contact concentration of anions was increased in the following
order: NazPO4 < NaySO4 < NaCl < CaCl, < FeCl3 and the anion con-
centration was 3E-15, 5E-10, 7E-06, 3E-02, and 6E + 04 times the bulk
anionic concentration, respectively.

Fig. 4 shows the variation of ion concentration with distance. Fig.
4a—e show the potential and ionic concentration distribution away from
the charged bubble surface. Fig. 4f shows the potential distribution pro-
file for all the electrolytes solutions, and Fig. 4g and h show the ion
profile for cations and anions, respectively.

When monovalent Na® counterion ions are compared in NaCl,
NayS04, and NazPO, solutions, they had a similar range of values of
surface potentials (~11 mV) and counterion ion [Nat] concentrations
at the bubble surface were 152 M, 88 M, 217 M, respectively. How-
ever, the anions (co-ions) concentrations at the surface were 7E-09 M,
5E-13 M, and 3E-18 M for Cl-, SO4%* and PO, ions, respectively and did
not affect the zeta potential values. For these three samples, the poten-
tial distribution and the ion profile decayed away from the surface over
the Debye length (1/K ). NaCl has the highest 1/K of 9.6 nm, followed
by Nay;SO4 (4.5 nm) and NagPO4 (2.6 nm). The results of NaCl, CaCly,
and FeClj electrolyte solutions were compared to evaluate the impact
of different valences of the counterions (cations). Here, as mentioned
before, the potential distribution and ion profile decayed with the De-
bye length. However, as the high valency cation adsorbed to the bubble
surface, there was a charge reversal. When monovalent Na* ions and
divalent Ca%™* ions are compared, NaCl (-11.93mV") has high negative
surface potential while the CaCl, (—3.47mV) has a lower value. The ion
profiles show that NaCl solution has a high concentration of Na* ions at
the surface when compared to Ca?* ions at the surface of the CaCl, so-
lution. In both cases, the positive ion (counterion) concentration at the
surface is higher than that of anions or co-ions concentration. When it
comes to the FeClj solution, the surface potential has reversed to posi-
tive ( ~ 10 mV). There was a very low concentration of adsorbed Fe3+
ions at the bubble interface ( ~ 6E-18 M) compared to the anion con-
centration ( ~ 167 M), confirming the complete charge reversal occurs
when nanobubbles adsorb Fe3* ions. When the high valency cations are
bonded to the bubble surface, the negative charge on the bubble de-
creases. That tend to neutralize the surface charge (¢ — 0, Wo — 0). The
presence of divalent ions (Ca?*), resulted in a lower magnitude nega-
tive zeta potential value around -3.5 mV. In the case of trivalent ions,
Fe3™, even with very low concentrations, the bubble surface can be neu-
tralized, and above this minimum concentration, there is charge reversal
wherein the cations continue to adsorb onto the bubble surface resulting
in a net positive charge.

he FeCl; solution had positive charged surface due to the solution
being acidic and the adsorption of Fe3* ions to the bubble surface, yet
the ionic concentration profile shows a very high concentration of Cl~
near the bubble surface, likely causing the smaller bubble sizes. Due to
the increase in negatively-charged ions that benefit from the gas-liquid



Table 2

The nanobubbles measured and calculated parameters.

(€Y} @ (©)] 4 (5) (O] 7
Solution Average Bubble Diameter Average bubble { potential surface charge density Surface Potential Ionic concentration at bubble surface Pressure Difference (AP)
Cation Anions Total Cation Anions Total

Week Wo w1 WO0 w1 Wo W1 wWo w1 WO0 Wo Wwo w1 w1 w1 wo w1
(nm) (nm) (mV) (mV) (C/m?) (C/m?) (mV) (mV) M) (W] ) (M) M) (W] (atm) (atm)

Hy0 91.3 106.0 -9.23 -12.07

NaCl 78.8 91.3 -11.93 -10.48 —-0.0011 —0.0009 -12.49 -10.95 1.52E+02 6.59E-09 152.00 3.56E+01 2.81E-08 35.60 35.96 31.06

NaySO4 68.1 342.0 -10.69 —6.51 —-0.0010 —0.0005 -11.17 -6.77 8.78E+01 5.19E-13 87.80 1.34E+00 2.22E-09 1.34 41.66 8.29

NaszPO4 50.7 54.8 -11.19 -13.38 —-0.0011 —-0.0013 -11.73 -14.05 2.17E+02 2.64E-18 217.00 1.94E+03 3.71E-21 1940.00 55.96 51.72

CaCl, 106 209.5 -3.47 -3.50 —0.0003 —0.0003 -3.64 -3.66 1.03E+00 6.23E-05 1.03 1.10E+ 00 6.04E-05 1.10 26.81 13.56

FeCl3 5.6 8.7 +10.93 +5.07 0.0014 0.0006 12.73 5.78 5.76E-18 1.67E+02 167.00 2.47E-10 4.78E-01 0.48 507.38 326.68
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Fig. 2. Surface charge density, zeta potential and surface potential at week 0 and week 1.

interface may lead to an increase of the electrostatic repulsion force
between the nanobubbles and surface, resulting in a decrease in the
average diameter of nanobubbles [41]. For five electrolyte solutions
(excluding FeCls), the surface charge density and the anion attraction
were inversely proportional. This explains that the bubbles with high
surface charge density (negatively charged bubble) tend to repel the
like-charged anions away from the surface that resulted in a low con-
centration of anions at the surface. As the results indicate, at the gas-lig-
uid interface, there was a high charge density of ions which can act as
“structure-makers” in aqueous solution [42,43]. These ionic impurities
form a diffusive shield to the outflux of gases making the bubbles more
stable, and at the same time, lower the effective value of the liquid-gas
surface tension [44]. Further, the ionic impurities are adsorbed at the
gas-liquid interface resulting in mutual repulsion between the ions and
also resulting change in surface tension will result in reducing the inter-
nal gas pressure and prevention the fast gas diffusion [44].

Inorganic ions can interact with the charged surface in either
non-specific ion adsorption or specific ion adsorption. As all the graphs
show, for all cases, ions are adsorbed onto the bubble surface, as their
concentration is higher than the bulk concentration. It is therefore as-
sumed that one mode of nanobubble stability depends on the ion adop-
tion at the gas-liquid interface called the ionic shielding effect [42,45].
All the electrolyte solutions had the same low ionic bulk concentration
of 0.001 M, and the results indicate that all the samples were relatively
stable over time. This can be attributed to the presence of relatively
high Debye length, and firmly adsorbed ions at the gas-liquid interface.
This will result in reducing bubble coalescence as well as gas diffusion,
thereby increasing the bubble stability.

Table 2 (col.7) shows the pressure difference calculated for each so-
lution based on Eq. (18). All the results were calculated with the as-
sumption that surface tension values are equal to 0.072 N/m, the sur-
face tension of the water at 20 °C. Results indicated that the calcu-
lated pressure differences are very high and increase in the order of
CaCl, (26.81 atm) < NaCl (35.96 atm) < NaySO4 (41.66 atm) < Na3PO4
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(55.96 atm) < FeCl3 (507.38 atm). At these high pressures, it is unlikely
the bubble would be stable, suggesting that the actual surface tension
may be significantly lower than that of water at 20 °C. Hence, a change
in the interfacial properties of the bubble likely have occurred, reduc-
ing the surface tension at the gas-liquid interface. This possibility of re-
duction in surface tension has been addressed by others. Ushida et al.
[46] stated that solutions containing large concentrations of nanobub-
bles could reduce the surface tension by 15 % and Attard [47] explained
that surface tension reduces due to supersaturation and hence reduces
the pressure. Further Das et al. [44] and Uchida et al. [42] explained
that the ion impurities act as a diffusion shield at the gas-liquid inter-
face, increasing the stability against gas outflux and could lower the ef-
fective value of the gas-liquid surface tension.

The bulk electrolyte ion concentration has a significant contribution
not only to the electrostatic potential but also to the forces between
charged surfaces. DLVO theory explains that the stability of the col-
loidal system depends on the force or energy balance between the van
der Waals attractive interaction and the electrical double layer interac-
tion. This theory explains that an energy barrier resulting from repul-
sive forces or energy would prevent the two particles from approaching
each other and coalescing. Accordingly, Fig. 5 presents the attractive,
repulsive, and total interacting forces/energy diagrams for five elec-
trolyte bubble solutions. Since the recorded results had very low elec-
trical charges (low zeta potential values), the attractive van der Waals
forces dominated. In the case of the NaCl solution, we can see an energy
barrier of 1.87 x10720J at a 5 nm separation distance. For the samples
of NayS0O4, NagPO4 CaCl, and FeClg, there was no energy barrier to pre-
vent bubble coalescence based on the DLVO calculations.

The above results indicate that the instability of the nanobubble sys-
tems for NaySO4, NagPO,4 CaCly and FeCls solutions based on the high
net attractive forces compared to the repulsive forces. Fig. 6 shows
the comparison of electric double layer and van der Waals interac-
tion potentials for two salt solutions of similar Debye lengths. Fig. 6a
shows the electric double layer repulsion force is higher for the Na;SO4
(a = 34 nm, {=-6.51 mV, Ny (r = a+d) = 88 M) when compared to
that for CaCl, (a = 53 nm, {=-3.50 mV, %y (r = a +d) = 1 M). Also,
van der Waals attraction potential is higher for CaCl, due to large bub-
ble size. Fig. 6b shows that NagPO4 (a = 25.35 nm, {=-11.19 mV,
Mot = @ +d) = 217 M) has higher electrical repulsion potential com-
pared to that for FeClz (a = 2.8 nm, {=+10.93 mV, 7u(r =a+d)

= 167 M). However, since the bubbles in FeCl3 solution were much
smaller, as it has a comparatively smaller van der Waals attraction po-
tential. Therefore, with similar Debye lengths, electric double layer re-
pulsion potential of nanobubbles will be depend on the surface/zeta po-
tential and adsorbed ion type and ion concentration at the surface. Also
the monovalent ion adsorption will be beneficial towards the electro-
static repulsion and related bubble stability. However, bubble size is
key factor when discussing the total interaction force/potential as for
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Fig. 3. Ionic concentration at the bubble surface for different salts (a). cation (b). anions.
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Fig. 4. The variation of ion concentration with distance.

larger bubbles attractive forces are always impacted at smaller separa-
tion distances. For all the four samples shown in Fig. 6, for separation
distances smaller than the Debye length, the van der Waals attraction
potential is very much higher and therefore, the total interaction poten-
tial governed by the attractive force.

The experimental results indicated long term stability of these
nanobubbles for all the five electrolytes solutions. One of the main con-
cerns for deviation may be the Hamaker's constant used for the calcu-
lation of van der Waals forces. As we are still not certain of the exact
properties of the bubble interface, values used for computation may be
overestimated. Takahashi [40] explains that the H* and OH~ ions have

an exclusive effect on the gas-water interface electrical charge. These
ions are essential for the hydrogen bond network at the gas-liquid inter-
face, and the hydrogen bond structure at the interface differs from the
bulk solution as do the density, viscosity, electrical conductivity, and di-
electric permittivity.

Ohgaki et al. [48] showed the possibility of highly structured hy-
drogen bonds at the gas-liquid interface of nanobubble that enhance
bubble stability. Also, with the accumulation of ion impurities, a pos-
sible of “structure-maker” at the bubble interface can act as a shield
[44,49]. In such a hard-interfacial structure, the assumed Hamaker
constant might not be valid and may lead to erroneous conclusions.
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Fig. 5. The attractive, repulsive, and total interacting forces/energy diagrams for five electrolyte bubble solutions.

Further, it should be noted that, as two bubbles approach each other,
the thin film between them has higher salt concentrations than that in
the bulk fluid, and there may be weakened van der Waals forces, and
hence the calculation of Hamaker constants may require further modifi-
cations. Depending on the ion type, both 6 and Wo can change leading
to a substantial reduction in the repulsive double-layer forces.

Table 3 summarizes findings for the nanobubble formation in dif-
ferent valency electrolytes. Those findings are consistent with the exper-
imental results presented here. In summary, nanobubbles in pure wa-
ter are negatively charged, and with increased concentration of elec-
trolyte, the magnitude of the zeta potential decreases. Nanobubbles
were negatively charged with the monovalent electrolytes, and with
the increased cation valency, the zeta potential is neutralized or com-
pletely reversed. In literature, this phenomenon was explained with re-

spect to the specific cation ion adsorption or in high pH conditions, the
adsorption of cation hydroxides on the gas-liquid interface of the bubble.
However, the published literature does not discuss the long-term stabil-
ity or application of DLVO theory to nanobubbles for multivalent elec-
trolytes. Therefore, the present research attempts to fulfill this research
gap.

7. Summary and conclusions

All electrolytes solutions with 0.001 M concentration produced sta-
ble bubbles over one week, with no significant deviation in either bub-
ble size or zeta potential values. The difference between the bubble
size and zeta potential can be attributed to the solution properties and
mainly dependent on solution pH and the cation valency, as nanobub-
bles under natural pH solutions tend to be negatively charged. Anions
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Fig. 6. Comparison of results of salts solutions with similar Debye lengths (a). 1/K = 4.54 nm Na,SO, and CaCl,, (b). 1/K = 2.57 nm NazPO,4 and FeCls,

had minimal impact on the surface potential. The ion profiles revealed
that cation concentrations at the bubble surface were higher than that
of bulk liquid, confirming that the bubbles are negatively charged for
neutral and high pH values (> 4) for low valency cation adsorption. Low
adsorption of high valency cations neutralized the charge on the bub-
ble surface or completely reversed the charge. However, low ionic ad-
sorptions at the gas-liquid interface produced stable nanobubbles due to
the ion shielding effects. Also, with stable bubbles, the calculation of the
attractive van der Waals forces produced unrealistic values suggesting
that the Hamaker constant used for the calculation may not be valid at
the nanobubble gas-liquid interface. Further, calculated pressure values
were also unrealistically elevated and suggest that surface tension values
should be lower than that of the surface tension of water. These results
revealed that nanobubbles should contain exceptional interfacial prop-
erties that need to be carefully investigated and evaluated.
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Table 3
The summary of findings for the nanobubbles in multivalent electrolytes from the published literature.

Bubble
Author Generation Gas
# (Year) Method Type Electrolytes  Findings
Average
bubble size Average, Zeta
at pH potential at
(5.5-7) and pH (5.5-7)
Conclusions Condition 25°C and 25°C
1 Nirmalkar hydrodynamic Air Nacl, Caly, The addition of any salt leads to a reduction in bubble number NaCl 100 —28.0-24.0—
et al cavitation AlCl3 density and a rise in the mean bubble diameter. The (0.001 M) 150 4.0
(2018) magnitude of the negative zeta potential decreases with added Cal, 125
[50] NaCl and Caly, neutralizing the bubble charge while AICl3 (0.001 M)
reverses to a positive potential. Beyond the critical AlCl3
concentration of salts, the bubble system becomes unstable. (0.001 M)
The DLVO theory calculation for pure water shows the stable
colloidal system for bulk nanobubbles.
2 Sjogreen Injection of (o2 NacCl The highest stability of nanobubbles obtained at the NaCl 588 -13.1
et oxygen to a temperature T = 4 °C with the diameter of the nanobubbles (0.9 %)
al(2018) saline solution remains approximately constant with time, in the 0.9% NaCl
[51] in a diffusive concentration, irrespective of pH values.
medium
3 Yurchenko optical (laser- Air KI, Nal, They studied the bubstons, the stable bubble formation in NaCl 250 -
etal Induced) NaClOs, electrolyte solutions with the ionic. They concluded (0.1 M) 370
(2016) breakdown CaCly, nanobubbles stabilized by adsorption of chaotropic anions at CaCl, 190
[52] MacCl,, the gas-liquid interface and the impact of cosmotropic cations 0.1 M)
KBr, NaBr, is weak adsorption. NaySO4
KCl, NaCl, 0.1 M)
NaNOs,
CsCl
4 Jia et al bubble Air KCl The pH of the solution greatly influences the bubbles zeta KCl - -5.8
(2013) nucleation in a potential and should be well considered on the flotation (0.001 M)
[53] gas- process. The positive ions (H *) favorably remain in the bulk
supersaturated aqueous phase allowing negative ions to be adsorbed at the
solution gas-liquid interface. As pH decreases, OH ~ concentration
decreases and potentially causing charge reversal and forming
positively charged bubbles.
5 Leroy et Theoretical Vapor NacCl, KCl They have developed the surface complex model for the gas/ NaCl - -32.5
al. (2012) work. Values water interface by considering the negative surface sites and (0.001 M)
[54] used from the used to (I) determine the true values of zeta potential for Hy
previous bubbles in NaCl solution, (II) correct the electrophoretic
literature mobility of H, bubbles from the retardation effect of surface
conductivity, (III) predict the surface tension of the air/KCl
solution interface.
6 Bunkin et Spontaneous Air NaCl Three independent techniques (phase microscopy, DLS, and - - -
al (2012) gas cavities polarimetric scatterometry) were used to claim the long-living
[55] (bubstons) gas nanobubble clusters in an aqueous salt solution with
saturated dissolved gas.
7 Najafi et Bubble Air Nacl, Nanobubbles in an electrolyte solution, based on the valency NaCl *Background -70.7—
al (2007) nucleation CaCl,, of the cation and its concentration, the zeta potential reduced, (0.001 M) 0.0001 M 28.5
[56] Aly(SO4)3 neutralized, or even reverse the charge. CaCly SDS solution +3.6
(0.001 M)
Aly(SO04)3
(0.001 M)
8 Han et al. Electrochemical O, NacCl The zeta potential was measured in various electrolyte NaCl *Background —-30-33-20-
(2006) reaction Hy KCl solutions. Nanobubbles were negatively charged for Na *, (0.01 M) 0.01 NaCl 40
[57] MgCl, K *> and Ca 2* at every concentration and pH range. KClL +25
CaCl, However, the magnitude of the zeta potential decreased with (0.01 M)
AlCl3 an increase in concentration and a decrease in pH value. *MgCly
Positive nanobubbles were recorded for concentrations higher (0.001 M)
than the critical concentration of Mg 2" for 10 ~2M and Al 3+ *CaCly
for 10 5 M. They conclude that the generation of positively (0.001 M)
charged bubbles is attributed to both specific adsorptions of *AlCl3

hydroxylated species and precipitation of metal hydroxides on (0.001 M)
the bubble interface.

11
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Bubble
Author Generation Gas
# (Year) Method Type Electrolytes  Findings
Average
bubble size Average, Zeta
at pH potential at
(5.5-7) and pH (5.5-7)
Conclusions Condition 25°C and 25°C
9 Han et al. Electrochemical ~ Og, AlCl3 The positively charged bubbles were formed by controlling *AlCl3 *Background +25
(2006) reaction Hy the aluminum concentration and pH. Bubbles zeta potentials (0.001 M) 0.01 NaCl
[58] were positive at pH 3-7 for both 10 ~3 and 10 ** M AICl3
solutions. The charge reversal of bubbles influenced by the
hydrated precipitation of positively charged Al species, and
Al3*, AI(OH)3(s), and Al(OH)4- was the predominant species.
10 Takahashi Hydrodynamic Air NaCl For a wide range of pH conditions, microbubbles were NaCl - -23.0—
(2005) cavitation MgCl, negatively charged and positive under strongly acidic (0.001 M) 14.0
[40] conditions. In the inorganic electrolytes solutions, zeta MgCly
potential decreases by increasing the number of counterions (0.001 M)
within the slipping plane. OH ~ and H * ions dominate the
charging mechanism of the gas-water interface, while other
anions and cations have secondary effects. The force of the
attraction depends on the valency of the counterions, and ions
with high valency attract to the interface more strongly.
11 Cho et al Sonicated with Nacl, The zeta-potentials of nanobubbles increase with salt NaCl 850 -14.5-10.9—
(2005) a palladium CaCl,, concentrations. Generally, nanobubbles have negatively (0.001 M) 853 7.5
[59] electrode NaySOy4 charged surface; hence increase in electrolyte concentration NaySOy4 850
allows more cation adsorption and compresses the electrical (0.001 M)
double layer thickness of a bubble. Compared to NaCl, with CaCl,
the presence of bivalent cations, Ca 2+ 4n CaCl, solution cause (0.001 M)
less negative zeta potential. Further suggesting that the bubble
charge would be influenced by anion type between Cl ~ and
5042,
12 Han et al. Electrochemical 0o, MgCl, The bubbles were negatively charged for CaCl, in all range of *MgCly *Background —-20—
(2004) reaction Hy CaCl, concentration and pH conditions, and the charge reversal of (0.001 M) 0.01 NaCl 40
[60] bubbles found in MgCl, in certain circumstances. Mg 2* *CaCly
formed positively charged nanobubbles above 10 =2 M (0.001 M)
concentration and above pH 9. The charge reversal explained
as the combined mechanism of both specific adsorptions of
hydroxylated species and the formation of hydroxide
precipitates.
13 Karraker Porous-plate Air NacCl, There is no influence of changing the electrolyte to NaCl or NaCl - -38.0
and Radke technique KClO3, KClOj3 on the disjoining pressure isotherms. However, between (0.01 M)
(2002) K2SO4, CaCl, and K5S04 solutions with similar Debye length, the
[61] CaCly equilibrium film thickness is smaller for the CaCly, suggesting
that the gas-liquid interface is negatively charged and hence
the divalent Ca 2™ screen the charge more effectively
compared to K T univalent ions.
14 Yang et al electrophoresis Hy NacCl, In univalent NaCl solutions, bubbles were negatively charged, NaCl *Background —35.0-26.0—
(2001) CaCl,, but with the presence of multivalent metal ions magnitude of (0.001 M) 0.01 NaCl 5.5
[62] AlCl3 the zeta potential can be significantly changed, even reverse NaCl +12.0
the bubble's charge polarity. (0.01 M)
*CaCly
(0.001 M)
*AlCI3
(0.001 M)
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