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* Correspondence: fhsk@chem.uni-sofia.bg

Abstract: Can the DLVO theory predict the foamability of flotation frothers as MIBC (methyl isobutyl
carbinol)? The flotation froth is a multi-bubble system, in which the bubbles collide, thus either
coalescing or rebounding. This scenario is driven by the hydrodynamic push force, pressing the
bubbles towards each other, the electrostatic and van der Waals forces between the bubbles, and the
occurrence of the precipitation of the dissolved air between the bubbles. We studied the foamability
of 20 ppm MIBC at constant ionic strength I = 7.5 × 10−4 mol/L at different pH values in the absence
and presence of modified silica particles, which were positively charged, thus covering the negatively
charged bubbles. Hence, we observed an increase in the foamability with the increase in the pH
value until pH = 8.3, beyond which it decreased. The electrostatic repulsion between the bubbles
increased with the increase in the pH value, which caused the electrostatic stabilization of the froth
and subsequently an increase in the foamability. The presence of the particles covering the bubbles
boosted the foamability also due to the steric repulsion between the bubbles. The decrease in the
foamability at pH > 8.3 can be explained by the fact that, under such conditions, the solubility of
carbon dioxide vanished, thus making the aqueous solution supersaturated with carbon dioxide.
This caused the precipitation of the latter and the emergence of microbubbles, which usually make
the bubbles coalesce. Of course, our explanation remains a hypothesis.

Keywords: frothers; foamability; DLVO; interfacial forces; fine particles; zeta potential

1. Introduction

The production of foam/froth is a complex process of the formation of myriads
of bubbles in an aqueous medium, thus resulting in the froth observed on the top of
the liquid [1–3]. There are many works that study the correlation of the foam stability
and/or the foamability of surfactant aqueous solutions (e.g., [4–30]) with, for example,
the foam lamellae elastic moduli/Gibbs elasticity [3–5,8,11,25], the state of the surfactant
adsorption layer [1,6,11,26,31,32], the presence of particles [1,6,7,23,27–29], the behavior of
foam films [1,12,30,32–38], the existence of special stimuli-responsive reagents [39–43], etc.,
but probably due to the complexity of the object, none of them sought to investigate the
correlation between the electrostatic repulsion between the bubbles and the foamability of
froths. Yet, the electrostatic stabilization of hydrophobic dispersions is the first principle
of stabilization according to the celebrated DLVO theory [44–48]. For this reason, the
thin film pressure balance method (TFPB) has been applied to study the dependence of
the disjoining pressure between film surfaces on the thickness of the foam films [49–52].
Therefore, foam (emulsion) films with stronger electrostatic repulsion between film surfaces
should correspond to more stable foams (or emulsion). Unfortunately, the opposite trend
has been established for the case of foams (emulsions) stabilized by ionic surfactants in the
presence of different added electrolytes [52]. Our approach is holistic and inductive. For
this reason, we prefer to study a simpler system, i.e., the effect of the electrostatic repulsion
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between the bubbles on the foamability of an aqueous solution of nonionic frother (e.g.,
MIBC). The intrinsic negative surface potential of the bubbles in water at normal pH value
is still not well understood, but it is proved that it depends on the pH value [53]. Their
isoelectric point is at pH ≈ 4 [1,54]. Hence, we decided to perform a simplified experiment,
in which we controlled the zeta potential of the bubbles by varying the pH values of
an aqueous medium at constant ionic strength I = 7.5 × 10−4 mol/L in 20 ppm methyl
isobutyl carbinol (MIBC). The experiment on foamability was conducted by means of a
dynamic foam analyzer (DFA), producing froth by sparging the air through a porous frit,
thus measuring its height at different gas delivery rates. In addition, we expanded our
study by introducing particles that were oppositely charged to the bubbles and varied the
zeta potential of both the particles and the bubbles. To our knowledge, such a study has
never been conducted.

2. Materials and Methods
2.1. Materials

All of the chemicals and silica particles were purchased from Sigma-Aldrich (Darm-
stadt, Germany). The silica particles were 10 µm radii. Amino-3-methoxy silane (APTMS),
ethanol and sodium hydroxide were used for the chemical modification of the silica parti-
cles. The buffers with pH = 4, pH = 7, pH = 9, and pH = 10 were used for the preparation
of the solutions, by diluting with deionized water (DI) until reaching electroconductivity
92.4 µS/cm, which corresponds to ionic strength I = 7.5 × 10−4 mol/L. DI water was
produced by a water purification system (Elga Lab Water Ltd., High Wycombe, UK).

Pre-treatment with amino-3-methoxy silane (APTMS): We used the procedure de-
scribed in ref. [55] to adjust the isoelectric point (IEP) of the silica particles. The surface of
the particles was covered with amino groups by means of this method. Thus, the isoelectric
point of the particles changed from pH ≈ 2.5 [56] to pH ≈ 9.2. This is due to a chemical
reaction between amino-3-methoxy silane (APTMS) and Si–OH groups. The silica particles
were positioned in 1 mol/L NaOH (T= 60 ◦C) and stirred. After that, they were flushed
with DI water and soaked in a mixture of 100 mL ethanol + 2 cm3 amino-3-methoxy silane
(APTMS) for 24 h (T= 60 ◦C). Finally, they were rinsed with DI water. Figure 1 shows
the chemical reaction on the surface of the silica particles. Figure 1 indicates the presence
of amino groups on the chains, which were attached to the silica particles. Due to their
presence, the isoelectric point was observed at pH = 9.2. We tested the foamability of
20 ppm MIBC at different pH values and constant ionic strength (I = 7.5 × 10−4 mol/L) in
the absence and presence of 1 wt.% modified -10 µm silica particles.
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Figure 1. Chemical reaction on the surface of the silica particles.

2.2. Methods

The froth tests were conducted by means of a dynamic foam analyzer (DFA—100,
Krüss Optronics GmbH, Hamburg, Germany). The froth was produced by sparging the
air with a preliminary adjusted flow rate through a porous bottom in a glass column. The
apparatus was controlled using a computer, with which different features of the experiment
were initially set, for example, the time and flow rate of the gas delivery. The froth was
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scanned with a scanline camera, which delivered the image to the computer. Hence, the
height of the froth was monitored in time. We conducted the froth test with a gas delivery
rate in the range of 0.2−0.5 L/min. The zeta potential of the modified silica particles at
different pH values and constant ionic strength were measured by means of Zetasizer
(Malvern Panalytical, Worcestershire, UK).

3. Results and Discussion
3.1. Zeta Potential Measurements

The intrinsic isoelectric point (IEP) of the silica particles was at pH ≈ 2.5 [56]. The
isoelectric point (IEP) of the modified silica particles was at pH ≈ 9.2. Figure 2 shows
the zeta potential of the modified silica particles and microbubbles [57] versus pH at
I = 10−3 mol/L. One can see that the microbubbles and the modified silica particles were
oppositely charged (ξb = −22 mV, ξp = 60 mV) at pH = 5.8. The procedure did not affect
the hydrophobicity of the silica particles (CA ≈ 30◦).
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Figure 2. Zeta potential of modified silica particles and microbubbles [53] versus pH at
I = 10−3 mol/L. The graphic of the zeta potential of bubbles is reproduced with the permission
of Elsevier with license number 5372051222249.

The experiment on the foamability of the aqueous solution of 20 ppm MIBC at con-
stant ionic strength in the absence and presence of the modified silica particles was used
to analyze two basic effects: (i) the electrostatic repulsion between the bubbles; (ii) the
electrostatic attraction between the bubbles and the particles.

The electrostatic disjoining pressure, assuming constant surface potential [58], can be
calculated by the following formula:

Πel =
εε0κ2

2π

2Ψs1Ψs2 cosh(κh)−
(
Ψ2

s1 + Ψ2
s2
)

sinh2(κh)
(1)

where ε and ε0 are the static dielectric permittivities of water and free space, F is the
Faraday constant, κ =

√
2F2c0/εε0RT is the Debye constant (in SI unit), c0 is the electrolyte

concentration), R and T are gas constant and temperature, Ψs1 and Ψs2 are the surface
potential values of the first (air/water) and the second (water/solid) surfaces, and h is the
thickness of the wetting film. Equation (1) is valid for the different/or opposite surface
potential values of the two films’ surfaces. Another well-known formula for the electrostatic
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disjoining pressure, assuming the superposition approximation [59] and surface potential
values with the same sign reads:

Πel = 64cRgTtanh
(

FΨs1

4RgT

)
tanh

(
FΨs2

4RgT

)
exp(−κh) (2)

The van der Waals disjoining pressure, ΠvdW , as a function of the film thickness, h, can
be calculated by the following formula [60]:

ΠvdW = −A(h, κ)

6πh3 +
1

12πh2
dA(h, κ)

dh
(3)

where A(h,κ) is the Hamaker–Lifshitz function, which depends on the film thickness and
the Debye constant, κ, due to the electromagnetic retardation effect and is described as

A(h, κ)132 =
3kBT

4
(1 + 2κh)e−2κh +

3}ω

16
√

2

(
n2

1 − n2
3
)(

n2
2 − n2

3
)(

n2
1 − n2

2
)

 I2(h)√
n2

2 + n2
3

− I1(h)√
n2

1 + n2
3

 (4)

Ij(h) =
[

1 +
(

h
λi

)q]− 1
q

(5)

λi =
2
√

2c
ωπ

√
1

n2
3
(
n2

i + n2
3
) (6)

where } = 1.055 × 10−34 Js/rad is the Planck constant (divided by 2π); ω is the absorption
frequency in the UV region, typically around 2.068 × 1016 rad/s for water; and n1, n2, and
n3 are the characteristic refractive indices of the two dispersion phases (air and mineral)
and the medium (water). For example, n2

1= 1 for air, n2
3= 1.887 for water, and n2

2 = 2.359 for
crystalline quartz. Moreover, c = 3.108 m/s is the speed of light in vacuum and q = 1.185,
λ1 and λ2 are characteristic wavelengths of the first (air/water) and second (water/solid)
surfaces of the wetting film.

3.2. Foamability of 20 ppm MIBC at Different pH Values and Constant Ionic Strength
I = 7.5 × 10−4 mol/L

As shown in Figure 2, the absolute value of the zeta potential of the bubbles increased
with the increase in the pH value.

Figure 3 shows the height of the froth column of the aqueous solution of 20 ppm MIBC
vs. the pH value at constant ionic strength I = 7.5 × 10−4 mol/L and different gas delivery
rates. This ionic strength corresponded to the Debye length 1/κ = 11.14 nm. This indicates
that the bubbles could repel each other at approx. 33.5 nm distance from each other. Three
times the Debye length practically corresponded to the thickness of the diffuse layer. One
can see in the figure that the height of the froth increased with the increase in the pH
value until reaching the maximum at a certain pH value in the range of pH = 8 to pH = 9.
This is easy to explain by increasing the electrostatic repulsion between the bubbles—their
absolute value of the zeta potential increased with the increase in the pH value.

Figure 4 presents the DLVO curves of the electrostatic, van der Waals, and the total disjoin-
ing pressure versus the distance between two bubbles at ionic strength I = 7.5 × 10−4 mol/L
and pH = 7.34. One can see in the figure that the existence of the potential barrier hindered
the ability of the bubbles to approach each other and thus coalesce. For example, the
bubbles with radii 500 µm would stop thinning at about 43 nm from each other. The
increase in the froth height corresponded to an increase in the foamability of the MIBC
solution. The decrease in the froth height at pH > 9 was unexpected, but we suggest an
explanation below.
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with the DLVO theory [44,45,61].
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3.3. Foamability of 20 ppm MIBC + 1 wt. % Modified Silica Particles at Different pH Values and
Constant Ionic Strength I = 7.5 × 10−4 mol/L

Table 1 shows the values of the zeta potential of the bubbles and particles in the 20 ppm
solution of MIBC. One can see the negative value of the zeta potential of the bubbles and
the positive value of the zeta potential of the modified silica particles. The electrostatic
attraction between the bubbles and particles would enable the bubbles to be covered with
fine particles, as long as the bubbles were significantly larger than the particles. This
resulted in two basic effects: (i) a decrease in the electrostatic repulsion between the bubbles
and (ii) steric repulsion between the bubbles. Figure 5 shows the froth height of the 20 ppm
aqueous solution of MIBC + 1 wt.% modified silica particles vs. pH and at different gas
delivery rates. In Figure 5, one can see the same basic trend of reaching the maximum
value of the froth height at a range of pH = 8 to pH = 9 and the decrease in the froth
height at pH > 9. The froth height levels in Figure 5 were higher than the ones in Figure 3.
This is expectable because of the attachment of the fine particles to the bubbles due to the
electrostatic attraction. It generates additional steric repulsive force between the bubbles.
Yet, a maximum froth height at a certain pH value in the range of 8 < pH < 9 can be seen.
The froth height dropped at pH > 9.
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Table 1. Values of pH and the corresponding zeta potentials of the bubbles and the modified silica
particles in suspension at 7.5 × 10−4 mol/L ionic strength.

pH 4.40 7.42 8.88 9.40

Zeta potential bubbles, mV −10.49 −36.93 −57.82 −66.56

Zeta potential particles, mV 72.25 45.55 12.43 −4.84
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Figure 6 shows the DLVO curves of the electrostatic, van der Waals, and the total
disjoining pressure vs. distance between the bubbles and the modified silica particles at
ionic strength I = 7.5 × 10−4 mol/L and at pH = 4.4. One can see that the total disjoining
pressure became negative at a distance below 20 nm.
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The existence of a maximum froth height at 8 < pH < 9 and the drop in the froth height
at pH > 9 correlated with the solubility of carbon dioxide, which reached its minimum
at pH = 8.36 [62–64]. Water at pH > 8.36 was free of dissolved carbon dioxide. Hence,
at pH > 8.36, the water became super-saturated with carbon dioxide. This is an excellent
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condition for gas precipitation during froth generation. We could not find any studies on
the effect of the precipitation of gas on dispersed systems, but such an effect exists. For
example, an increase in gas concentration breaks the emulsion films, while the films are
durable at decreased gas concentrations [65]. Surfactant-free emulsions can become very
durable if they are degassed [66]. These works do not report on the precipitation of gas
but only on the effect of gas concentration in an aqueous medium on the stability of thin
emulsion films and emulsion. Research that addresses this effect on thin foam films and
froths is lacking in the literature.

4. Conclusions

We arrived at the following conclusions with this work:
1. The foamability of 20 ppm aqueous solutions of methyl isobutyl carbinol (MIBC)

depended on the pH value and consequently the electrostatic repulsion between the bubbles
at ionic strength I = 7.5 × 10−4 mol/L (1/κ = 11.14 nm) until reaching a maximum between
8 < pH < 9. The increase in the electrostatic repulsion between the bubbles prevented their
coalescence and hence boosted the foamability.

2. The electrostatic attraction between the bubbles and 1 wt. % modified silica particles
increased the froth height, compared with the particle-free sample, until reaching its
maximum at 8 < pH < 9. This was due to the steric repulsion between the bubbles. The
latter additionally prevented the coalescence between the bubbles.

3. The existence of the maximum froth height at 8 < pH < 9 can be explained by the
lack of the solubility of carbon dioxide at pH = 8.36. Hence, at pH > 8.36, the water was free
of dissolved carbon dioxide. The solution under such conditions was pre-saturated with
carbon dioxide. This is an excellent condition for gas precipitation during froth generation.
The gas precipitation of the dissolved gas contributes to the coalescence of the bubbles.
This is likely the reason for the drop in the froth height at pH > 8.36. This explanation
remains a hypothesis until it can be either proven or rejected.

The next steps of our studies are to vary the strength of the electrostatic repulsions by
performing experiments with different constant ionic strength values.

Author Contributions: Experimental methodology, O.O.; validation, S.I.K. and N.A.G.; investigation,
S.I.K., N.A.G., K.M. and S.H.; resources S.I.K., N.A.G. and S.H.; writing—review and editing, S.I.K.;
supervision, O.O. and S.I.K.; project administration, S.I.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This paper is supported by European Union’s Horizon 2020 research and innovation
program under Grant Agreement No. 821265, project FineFuture (Innovative technologies and
concepts for fine particle flotation: unlocking future fine-grained deposits and Critical Raw Materials
resources for the EU).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Exerowa, D.; Kruglyakov, P.M. Foam and Foam Films: Theory, Experiment, Application; Marcel Dekker: New York, NY, USA, 1997;

p. 796.
2. Weaire, D.; Hutzler, S. Physics of Foams; Oxford University Press: Oxford, UK, 1999; p. 368.
3. Asadzadeh Shahir, A.; Arabadzhieva, D.; Petkova, H.; Karakashev, S.I.; Nguyen, A.V.; Mileva, E. Effect of Under-Monolayer

Adsorption on Foamability, Rheological Characteristics, and Dynamic Behavior of Fluid Interfaces: Experimental Evidence for
the Guggenheim Extended Interface Model. J. Phys. Chem. C 2017, 121, 11472–11487. [CrossRef]

4. Wantke, K.D.; Fruhner, H. The relationship between foam stability and surface rheological properties. In Progress and Trends
in Rheology V, Proceedings of the Fifth European Rheology Conference Portorož, Slovenia, 6–11 September 1998; Steinkopff:
Steinkopf, South Africa; pp. 315–316.

http://doi.org/10.1021/acs.jpcc.7b02483


Coatings 2023, 13, 37 8 of 9

5. Karakashev, S.I.; Tsekov, R.; Manev, E.D.; Nguyen, A.V. Soap Bubble Elasticity: Analysis and Correlation with Foam Stability. In
Plovdiv University “Paisii Hilendarski” Scientific Papers; Plovdiv Univeristy Press: Plovdiv, Bulgaria, 2010; p. 37.

6. Karakashev, S.I.; Smoukov, S.K.; Raykundaliya, N.; Grozev, N.A. Duality of foam stabilization. Colloids Surf. A 2021, 619, 126521.
[CrossRef]

7. Karakashev, S.I.; Ozdemir, O.; Hampton, M.A.; Nguyen, A.V. Formation and stability of foams stabilized by fine particles with
similar size, contact angle and different shapes. Colloids Surf. A Physicochem. Eng. Asp. 2011, 382, 132–138. [CrossRef]

8. Karakashev, S.I.; Manev, E.D.; Nguyen, A.V. Effect of Thin Film elasticity on Foam stability. Annu. Sofia Univ. 2011, 102, 153–163.
9. Karakashev, S.I.; Manev, E.D. Frothing behavior of nonionic surfactant solutions in the presence of organic and inorganic

electrolytes. J. Colloid Interface Sci. 2001, 235, 194–196. [CrossRef]
10. Amani, P.; Karakashev, S.I.; Grozev, N.A.; Simeonova, S.S.; Miller, R.; Rudolph, V.; Firouzi, M. Effect of selected monovalent salts

on surfactant stabilized foams. Adv. Colloid Interface Sci. 2021, 295, 102490. [CrossRef]
11. Sett, S.; Karakashev, S.I.; Smoukov, S.K.; Yarin, A.L. Ion-specific effects in foams. Adv. Colloid Interface Sci. 2015, 225, 98–113.

[CrossRef]
12. Manev, E.; Pugh, R.J. The influence of tetraalkylammonium counterions on the drainage and stability of thin films and foams

stabilized by dilute aqueous solutions of sodium dodecyl sulfate. J. Colloid Interface Sci. 1997, 186, 493–497. [CrossRef]
13. Angarska, J.K.; Manev, E.D. Effect of surface forces and surfactant adsorption on the thinning and critical thickness of foam films.

Colloids Surf. A Physicochem. Eng. Asp. 2001, 190, 117–127. [CrossRef]
14. Manev, E.D.; Sazdanova, S.V.; Rao, A.A.; Wasan, D.T. Foam stability—The effect of a liquid crystalline phase on the drainage and

transition behavior of foam films. J. Dispers. Sci. Techn. 1982, 3, 435–463. [CrossRef]
15. Manev, E.D.; Sazdanova, S.V.; Wasan, D.T. Emulsion and foam stability—The effect of film size on film drainage. J. Colloid Interface

Sci. 1984, 97, 591–594. [CrossRef]
16. Jachimska, B.; Małysa, K. Foam rupture under combined action of gravity and centrifugal force. Bull. Pol. Acad. Sci. Tech. Sci.

2000, 48, 166–179.
17. Lotun, D.; Pilon, L. Physical modeling of slag foaming for various operating conditions and slag compositions. ISIJ Int. 2005,

45, 835–840. [CrossRef]
18. Karakashev, S.I.; Georgiev, P.; Balashev, K. Foam production—Ratio between foaminess and rate of foam decay. J. Colloid Interface

Sci. 2012, 379, 144–147. [CrossRef]
19. Karakashev, S.I.; Georgiev, P.; Balashev, K. On the growth of pneumatic foams. Eur. Phys. J. E 2013, 36, 13. [CrossRef]
20. Karakashev, S.I.; Grozdanova, M.V. Foams and antifoams. Adv. Colloid Interface Sci. 2012, 176–177, 1–17. [CrossRef] [PubMed]
21. Zhang, H.; Miller, C.A.; Garrett, P.R.; Raney, K.H. Defoaming effect of calcium soap. J. Colloid Interface Sci. 2004, 279, 539–547.

[CrossRef]
22. Samanta, S.; Ghosh, P. Coalescence of air bubbles in aqueous solutions of alcohols and nonionic surfactants. Chem. Eng. Sci. 2011,

66, 4824–4837. [CrossRef]
23. Rio, E.; Drenckhan, W.; Salonen, A.; Langevin, D. Unusually stable liquid foams. Adv. Colloid Interface Sci. 2014, 205, 74–86.

[CrossRef]
24. Narsimhan, G.; Ruckenstein, E. Effect of Bubble Size Distribution on the Enrichment and Collapse in Foams. Langmuir 1986,

2, 494–508. [CrossRef]
25. Wantke, K.; Małysa, K.; Lunkenheimer, K. A relation between dynamic foam stability and surface elasticity. Colloids Surf. A 1994,

82, 183–191. [CrossRef]
26. Karakashev, S.I.; Manev, E.D. Correlation in the properties of aqueous single films and foam containing a nonionic surfactant and

organic/inorganic electrolytes. J. Colloid Interface Sci. 2003, 259, 171–179. [CrossRef] [PubMed]
27. Vilkova, N.G.; Elaneva, S.I.; Karakashev, S.I. Effect of hexylamine concentration on the properties of foams and foam films

stabilized by Ludox. Mendeleev Comm. 2012, 22, 227–228. [CrossRef]
28. Lam, S.; Velikov, K.P.; Velev, O.D. Pickering stabilization of foams and emulsions with particles of biological origin. Curr. Opin.

Colloid Interface Sci. 2014, 19, 490–500. [CrossRef]
29. Fameau, A.L.; Lam, S.; Velev, O.D. Multi-stimuli responsive foams combining particles and self-assembling fatty acids. Chem. Sci.

2013, 4, 3874–3881. [CrossRef]
30. Exerowa, D.; Churaev, N.V.; Kolarov, T.; Esipova, N.E.; Panchev, N.; Zorin, Z.M. Foam and wetting films: Electrostatic and steric

stabilization. Adv. Colloid Interface Sci. 2003, 104, 1–24. [CrossRef] [PubMed]
31. Manev, E.D.; Karakashev, S.I. Effect of Adsorption of short-chained organic ions on the stability of foam from aqueous solution of

a non-ionic surfactant. Annu. Sofia Univ. 2001, 92/94, 167–173.
32. Manev, E.; Scheludko, A.; Ekserova, D. Critical thicknesses of rupture and of the formation of black spots in microscopic aqueous

films. Izv. Otd. Khim. Nauk. Bulg. Akad. Nauk. 1972, 5, 585–595.
33. Exerowa, D.; Gochev, G.; Platikanov, D.; Liggieri, L.; Miller, R. Foam Films and Foams: Fundamentals and Applications; CRC Press:

Boca Raton, FL, USA, 2018.
34. Qu, X.; Wang, L.; Karakashev, S.I.; Nguyen, A.V. Anomalous thickness variation of the foam films stabilized by weak non-ionic

surfactants. J. Colloid Interface Sci. 2009, 337, 538–547. [CrossRef]
35. Manev, E.; Pugh, R. Diffuse layer electrostatic potential and stability of thin aqueous films containing a nonionic surfactant.

Langmuir 1991, 7, 2253–2260. [CrossRef]

http://doi.org/10.1016/j.colsurfa.2021.126521
http://doi.org/10.1016/j.colsurfa.2010.09.023
http://doi.org/10.1006/jcis.2000.7288
http://doi.org/10.1016/j.cis.2021.102490
http://doi.org/10.1016/j.cis.2015.08.007
http://doi.org/10.1006/jcis.1996.4644
http://doi.org/10.1016/S0927-7757(01)00671-9
http://doi.org/10.1080/01932698208943651
http://doi.org/10.1016/0021-9797(84)90334-5
http://doi.org/10.2355/isijinternational.45.835
http://doi.org/10.1016/j.jcis.2012.04.048
http://doi.org/10.1140/epje/i2013-13013-4
http://doi.org/10.1016/j.cis.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22560722
http://doi.org/10.1016/j.jcis.2004.06.103
http://doi.org/10.1016/j.ces.2011.06.046
http://doi.org/10.1016/j.cis.2013.10.023
http://doi.org/10.1021/la00070a020
http://doi.org/10.1016/0927-7757(93)02614-K
http://doi.org/10.1016/S0021-9797(02)00189-3
http://www.ncbi.nlm.nih.gov/pubmed/12651146
http://doi.org/10.1016/j.mencom.2012.07.003
http://doi.org/10.1016/j.cocis.2014.07.003
http://doi.org/10.1039/c3sc51774h
http://doi.org/10.1016/S0001-8686(03)00033-2
http://www.ncbi.nlm.nih.gov/pubmed/12818487
http://doi.org/10.1016/j.jcis.2009.05.038
http://doi.org/10.1021/la00058a046


Coatings 2023, 13, 37 9 of 9

36. Manev, E.; Sheludko, A.; Ekserova, D. Effect of surfactant concentration on the critical thicknesses of liquid films. Colloid Polym.
Sci. 1974, 252, 586–593. [CrossRef]

37. Manev, E.D. Effect of the disjoining pressure and surfactant diffusion on the thinning rate of aniline foam films. Annu. Sofia Univ.
1979, 70 Pt. 2, 97–109.

38. Bergeron, V. Forces and structure in thin liquid soap films. J. Phys. Condes. Matter 1999, 11, R215–R238. [CrossRef]
39. Jia, W.; Xian, C.; Wu, J. Temperature-sensitive foaming agent developed for smart foam drainage technology. RSC Adv. 2022,

12, 23447–23453. [CrossRef]
40. Lencina, M.M.S.; Fernández Miconi, E.; Fernández Leyes, M.D.; Domínguez, C.; Cuenca, E.; Ritacco, H.A. Effect of surfactant

concentration on the responsiveness of a thermoresponsive copolymer/surfactant mixture with potential application on “Smart”
foams formulations. J. Colloid Interface Sci. 2018, 512, 455–465. [CrossRef] [PubMed]

41. Liang, M.Q.; Yin, H.Y.; Feng, Y.J. Smart aqueous foams: State of the art. Acta Phys. Chim. Sin. 2016, 32, 2652–2662. [CrossRef]
42. Schnurbus, M.; Stricker, L.; Ravoo, B.J.; Braunschweig, B. Smart Air-Water Interfaces with Arylazopyrazole Surfactants and Their

Role in Photoresponsive Aqueous Foam. Langmuir 2018, 34, 6028–6035. [CrossRef] [PubMed]
43. Wang, J.; Liang, M.; Tian, Q.; Feng, Y.; Yin, H.; Lu, G. CO2-switchable foams stabilized by a long-chain viscoelastic surfactant.

J. Colloid Interface Sci. 2018, 523, 65–74. [CrossRef] [PubMed]
44. Derjaguin, B.; Landau, L. Theory of the stability of strongly charged lyophobic sols an of the adhesion of strongly charged

particles in solutions of electrolytes. Acta Phys. Chim. 1941, 14, 633–662. [CrossRef]
45. Verwey, E.J.W.; Overbeek, J.T.G. Theory of the stability of lyophobic colloids. J. Colloid Sci. 1955, 10, 224–225. [CrossRef]
46. Verwey, E.J.W. Theory of the Stability of Lyophobic Colloids. J. Phys. Colloid Chem. 1947, 51, 631–636. [CrossRef] [PubMed]
47. Derjagiun, B.V. On the repulsive forces between charged colloid particles and on the theory of slow coagulation and stability of

lyophobic sols. Trans. Farad. Soc. 1940, 36, 203–215. [CrossRef]
48. Derjaguin, B. A theory of interaction of particles in presence of electric double layers and the stability of lyophobic colloids and

disperse systems. Acta Phys. Chim. 1939, 10, 333–346.
49. Mysels, K.J.; Jones, M.N. Direct Measurement of Variation of Double-Layer Repulsion with Distance. Disc. Farad. Soc. 1966,

42, 42–50. [CrossRef]
50. Bergeron, V. Measurement of forces and structure between fluid interfaces. Curr. Opin. Colloid Interface Sci. 1999, 4, 249–255.

[CrossRef]
51. Schelero, N.; von Klitzing, R. Ion specific effects in foam films. Curr. Opin. Colloid Interface Sci. 2015, 20, 124–129. [CrossRef]
52. Ivanov, I.B.; Slavchov, R.I.; Basheva, E.S.; Sidzhakova, D.; Karakashev, S.I. Hofmeister Effect on Micellization, Thin Films and

Emulsion Stability Adv. Colloid Interface Sci. 2011, 168, 93–104. [CrossRef]
53. Karakashev, S.I.; Grozev, N.A. The law of parsimony and the negative charge of the bubbles. Coatings 2020, 10, 1003. [CrossRef]
54. Exerowa, D. Effect of adsoprtion, ionic strenght and pH on the potential of diffuse electrical layer. Kolloid Z. 1969, 232, 703–710.

[CrossRef]
55. Anirudhan, T.S.; Jalajamony, S.; Sreekumari, S.S. Adsorption of heavy metal ions from aqueous solutions by amine and carboxylate

functionalised bentonites. Appl. Clay Sci. 2012, 65–66, 67–71. [CrossRef]
56. Zurita, L.; Carrique, F.; Delgado, A.V. The primary electroviscous effect in silica suspensions. Ionic strength and pH effects.

Colloids Surf. A 1994, 92, 23–28. [CrossRef]
57. Yang, C.; Dabros, T.; Li, D.Q.; Czarnecki, J.; Masliyah, J.H. Measurement of the zeta potential of gas bubbles in aqueous solutions

by microelectrophoresis method. J. Colloid Interface Sci. 2001, 243, 128–135. [CrossRef]
58. Kralchevsky, P.A.; Danov, K.D.; Denkov, N.D. Chemical Physics of Colloid Systems and Interfaces. In Handbook of Surface and

Colloid Chemistry, 4th ed.; Birdi, K.S., Ed.; CRC Press Taylor & Francis Group: Boca Raton, FL, USA, 2016; pp. 247–413.
59. Kralchevsky, P.A.; Danov, K.D.; Denkov, N.D. Chemical Physics of Colloid Systems and Interfaces. In Handbook of Surface and

Colloid Chemistry; Birdi, K.S., Ed.; CRC Press: Boca Raton, FL, USA, 2008; pp. 179–379.
60. Nguyen, A.V.; Schulze, H.J. Colloidal Science of Flotation; Marcel Dekker: New York, NY, USA, 2004; p. 840.
61. Israelachvili, J.N. Intermolecular and Surface Forces; Academic Press: London, UK, 1992; p. 291.
62. Boyd, C.E. pH, Carbon Dioxide, and Alkalinity. In Water Quality: An Introduction; Boyd, C.E., Ed.; Springer US: Boston, MA, USA,

2000; pp. 105–122.
63. König, M.; Vaes, J.; Klemm, E.; Pant, D. Solvents and Supporting Electrolytes in the Electrocatalytic Reduction of CO2. iScience

2019, 19, 135–160. [CrossRef] [PubMed]
64. Zeebe, R.E.; Wolf-Gladrow, D. CO2 in Seawater: Equilibrium, Kinetics, Isotopes; Elsevier Science: Amsterdam, The Netherlands,

2001; p. 360.
65. Karakashev, S.I.; Nguyen, A.V. Do Liquid Films Rupture due to the So-Called Hydrophobic Force or Migration of Dissolved

Gases? Langmuir 2009, 25, 3363–3368. [CrossRef] [PubMed]
66. Pashley, R.M. Effect of Degassing on the Formation and Stability of Surfactant-Free Emulsions and Fine Teflon Dispersions.

J. Phys. Chem. B 2003, 107, 1714–1720. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/BF01558157
http://doi.org/10.1088/0953-8984/11/19/201
http://doi.org/10.1039/D2RA04034D
http://doi.org/10.1016/j.jcis.2017.10.090
http://www.ncbi.nlm.nih.gov/pubmed/29096106
http://doi.org/10.3866/PKU.WHXB201608262
http://doi.org/10.1021/acs.langmuir.8b00587
http://www.ncbi.nlm.nih.gov/pubmed/29718669
http://doi.org/10.1016/j.jcis.2018.03.090
http://www.ncbi.nlm.nih.gov/pubmed/29609125
http://doi.org/10.1016/0079-6816(93)90013-L
http://doi.org/10.1016/0095-8522(55)90030-1
http://doi.org/10.1021/j150453a001
http://www.ncbi.nlm.nih.gov/pubmed/20238663
http://doi.org/10.1039/tf9403500203
http://doi.org/10.1039/df9664200042
http://doi.org/10.1016/S1359-0294(99)90007-9
http://doi.org/10.1016/j.cocis.2015.03.006
http://doi.org/10.1016/j.cis.2011.06.002
http://doi.org/10.3390/coatings10101003
http://doi.org/10.1007/BF01500168
http://doi.org/10.1016/j.clay.2012.06.005
http://doi.org/10.1016/0927-7757(94)02943-1
http://doi.org/10.1006/jcis.2001.7842
http://doi.org/10.1016/j.isci.2019.07.014
http://www.ncbi.nlm.nih.gov/pubmed/31369986
http://doi.org/10.1021/la8034648
http://www.ncbi.nlm.nih.gov/pubmed/19708235
http://doi.org/10.1021/jp026744b

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results and Discussion 
	Zeta Potential Measurements 
	Foamability of 20 ppm MIBC at Different pH Values and Constant Ionic Strength I = 7.5  10-4 mol/L 
	Foamability of 20 ppm MIBC + 1 wt. % Modified Silica Particles at Different pH Values and Constant Ionic Strength I = 7.5  10-4 mol/L 

	Conclusions 
	References

