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Abstract

This work investigates the effect of specific electrolytes (NaCl, KCl, MgCl,, and CaCl,) on
bubble coalescence and the stability of the resulting foam caps in aqueous sodium dodecyl
sulfate (SDS) solutions. At low concentrations, we observe that all electrolytes studied
exhibited a similar effect on bubble coalescence, driven primarily by the electrostatic
screening of the repulsion between bubbles. However, a distinct divergence in behavior
emerges at higher concentrations: KCl and CaCl, destabilize the foam, while NaCl and
MgCl, act as foam boosters. By applying Pitzer’s theory and the concept of cohesive
pressure, we propose that foam stability is governed by the hydration compatibility between
the surfactant head groups and the salt ions. We describe a mechanism in which the
“cohesive pressure” of the water matrix determines the efficiency of the SDS adsorption
layer. Specifically, strong kosmotropic ions (e.g., Mg?") preserve the hydration shell of the
sulfate head groups, thereby preventing film collapse, whereas ions with lower dehydration
energy (e.g., Ca®*) are proposed to facilitate the formation of contact ion pairs, thereby
promoting rapid coalescence.

Keywords: SDS foam stability; cohesive pressure; Pitzer’s theory; bubble coalescence;
ion-specific effects; Collins’ rule

1. Introduction

The stability of aqueous foams is of paramount importance in numerous industrial sec-
tors, particularly in mineral flotation, where the recovery of valuable minerals depends on
the efficient formation and stability of bubble aggregates [1]. Sodium dodecyl sulfate (SDS),
an anionic surfactant, has long been used as a canonical model system for exploring surface
phenomena [2-13]. Despite extensive research, the mechanism by which electrolytes affect
the stability of SDS foam remains a subject of intense academic debate. Historically, the sta-
bility of surfactant films has primarily been interpreted through the prism of DLVO theory,
focusing on the electrostatic screening of the electric double layer [14-16]. While this model
provides an adequate description at low electrolyte concentrations, it often fails to account

Minerals 2026, 16, 725

https://doi.org/10.3390/min16070725


https://crossmark.crossref.org/dialog?doi=10.3390/min16070725&domain=pdf&date_stamp=2026-07-10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-2921-6596
https://orcid.org/0009-0005-5447-1531
https://orcid.org/0000-0002-4408-546X
https://orcid.org/0000-0001-8723-5520
https://orcid.org/0000-0003-4551-6740
https://orcid.org/0000-0002-5970-6011
https://doi.org/10.3390/min16070725

Minerals 2026, 16, 725

2 of 22

for the complex, ion-specific behaviors observed at higher ionic strengths; these phenomena
are typically associated with the Hofmeister series [17-20]. These deviations indicate that
the background electrolyte does not act solely as a screening agent; rather, it fundamentally
alters the thermodynamic properties of the bulk aqueous phase, affecting the efficiency of
the adsorption layer. A critical element in these interactions is the hydration shell of the ions
and their compatibility with the surfactant head groups. As Collins proposed in his “Law
of Matching Water Affinities,” the strength of the interaction between oppositely charged
ions is intrinsically linked to their relative hydration energies, which determine whether
an ion-pair forms [21-23]. Furthermore, Pitzer’s theory provides a robust mathematical
framework for calculating the activity coefficients of electrolyte solutions by accounting for
both electrostatic and non-electrostatic short-range interactions [24-27].

This work aims to provide a unified explanation for the divergent behavior of different
electrolytes that function as foam stabilizers or destabilizers by integrating these theoretical
concepts with the notion of “cohesive pressure”. Specifically, we investigate how the
cohesive pressure of the water matrix modulates the energy required to create a cavity for
the surfactant molecule, thereby advancing the understanding of bubble coalescence in
complex saline environments.

A mechanistically important, but often neglected, aspect of these systems is the
molecular-scale structure of the aqueous phase. In concentrated electrolyte solutions,
the average interionic distance decreases to the point where no “bulk water” remains in
the classical sense. Marcus [28] demonstrated that at concentrations of 3-6 mol/dm?3, the
gap between adjacent ions is smaller than the diameter of a water molecule (0.276 nm),
rendering the standard concept of independent ion hydration shells physically meaningless.
Under such conditions, water molecules are simultaneously polarized by both cations
and anions, and their hydrogen-bonding dynamics are profoundly disrupted. This struc-
tural transformation of the aqueous phase has direct consequences for the thermodynamic
properties governing surfactant adsorption and foam stability.

The ion-specific nature of these effects is encoded in quantifiable physical properties
of the ions. Marcus [29] established that the increase in molar ionic surface tension k; (the
degree to which an individual ion depletes or enriches the air/water interface) correlates
with the ion’s size, polarizability, softness, and water-structuring capacity. Kosmotropic
ions (high k;, e.g., Mg2+, SO42’) are depleted from the surface and strengthen the bulk
water network, while chaotropic ions (low or negative k;, e.g., I~, Cs*) accumulate at the
interface and weaken it., The relevant k; values for the salts studied here are: Na* = 1.20,
K* = 1.10, Mg?* =2.25, Ca?* =2.10, CI~ =0.90 mN m~! M~! [29]. These increments directly
determine how each electrolyte modifies the energetics of the air/water interface in the
presence of SDS.

The macroscopic manifestation of ion-specific hydration in bulk solution is captured
by the Setchenow (salting-out) constant K, which quantifies the reduction in solubility
of a nonpolar solute per unit increase in electrolyte concentration. Marcus [30] showed
that K values are additive with respect to ionic contributions and scale with the difference
between the conventional standard partial molar volume of an ion and its intrinsic volume;
this quantity is directly related to the electrostriction the ion exerts on surrounding water.
The values used in the present work (NaCl: 0.20, KCI: 0.15, MgCly: 0.40, CaCly: 0.33 M~ 1)
reflect this ionic electrostriction hierarchy and are consistent with the independent anal-
ysis of Ni and Yalkowsky [31], which showed that K correlates with the octanol-water
partition coefficient of the nonpolar solute, confirming that the salt effect operates through
modulation of the aqueous phase polarity rather than direct solute—ion interaction.

The role of the hydrophobic effect, the thermodynamic penalty paid when a nonpolar
moiety is inserted into the hydrogen-bonded water network, provides a molecular founda-
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tion for the cavitation work concept central to this study. Hummer et al. [32] developed an
information-theory framework showing that the excess chemical potential of a hard-sphere
solute in water is determined entirely by the probability of finding a suitably sized cavity
in the solvent, which in turn depends on the density and oxygen—oxygen pair distribution
function of bulk water. Their analysis demonstrated that this cavity formation free energy
increases monotonically with solute size and is sensitive to changes in water density and
compressibility, properties that are precisely modified by dissolved electrolytes. Adding
NaCl to water increases the excess chemical potential of a methane-sized cavity by approxi-
mately 10 kJ /mol at 5 mol/dm? [32], providing quantitative molecular-level support for
the cohesive pressure mechanism proposed in the present work.

The identity of the counter-ion of a dodecyl sulfate surfactant profoundly influ-
ences its micellar and interfacial properties. Pandey et al. [33] systematically compared
LiDS, NaDS, CsDS, and Mg(DS), and found that surface activity increased in the order
Li* < Na* < Cs* < Mg?*, while foamability, governed by micellar lability, followed the
opposite trend. CsDS and Mg(DS), form highly stable micelles with long relaxation times
(T2 = 3000 ms for CsDS vs. 1 ms for NaDS at 50 mM). The surface viscosity of the adsorbed
monolayer increases in the order LiDS < NaDS < CsDS < Mg(DS), [33], demonstrating
that tighter molecular packing, driven by stronger counter-ion binding, is the primary
determinant of foam film mechanical strength. These findings provide a direct experimen-
tal precedent for the divergent behavior of NaCl/MgCl, and KCl/CaCl, observed in the
present study.

The ionic radii of the species studied here have been determined from ion-water
inter-nuclear distances by X-ray and neutron diffraction [34], and confirm that the effective
size of an ion in aqueous solution closely matches its Pauling crystal ionic radius when
the electrostriction of the first hydration shell is properly accounted for. For the ions of
interest: Li* = 0.071 nm, Na* = 0.097 nm, K* = 0.141 nm, Mg2+ =0.070 nm, CaZ* = 0.103 nm,
Cl~ =0.180 nm [34]. The striking similarity in the bare radii of Mg?* and Li*, despite their
very different charge densities, underscores that charge density, rather than bare size, is the
operative parameter in ion-surfactant interactions.

Although the Hofmeister series, Collins” Law of Matching Water Affinities, and
hydration-force theory each describe ion-specific effects qualitatively, they do not provide a
single quantitative measure linking the structural state of bulk water to the cavity-formation
work that governs surfactant adsorption and, ultimately, bubble coalescence. Classical
DLVO theory, in turn, captures electrostatic screening but not these short-range, ion-specific
contributions. The extended-DLVO treatments that add non-DLVO terms to the disjoining
pressure of thin films have been developed to address this gap. The novelty of the present
work is to translate bulk hydration stress into an interfacial cohesive pressure through
the Pitzer formalism and to use it as a unifying, semi-quantitative descriptor of the di-
vergent foam-stabilizing and foam-destabilizing behavior of electrolytes. To probe this
framework, four salts were selected to span the Hofmeister series in both valence and water
affinity: two monovalent cations—Na™, a borderline kosmotrope/chaotrope, and K*, a
chaotrope—and two divalent cations—Mg?*, a strong kosmotrope, and Ca®*, of intermedi-
ate character—sharing the common anion C1~. This minimal but deliberately contrasted
set is sufficient to expose the kosmotrope/chaotrope and mono-/divalent distinctions that
the cohesive-pressure model is intended to explain. We note that a broader electrolyte set,
including a wider range of anions, would be required to establish the full generality of the
model; this is identified as a limitation of the present study.
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2. Materials and Methods
2.1. Reagents and Sample Preparation

In this experimental study, sodium dodecyl sulfate (SDS) with a purity of >99.0%
obtained from Sigma-Aldrich (Tokyio, Japan) was employed as a surfactant. Electrolyte
solutions were prepared using analytical-grade salts: NaCl, KCI, MgCl,, CaCl, (Sigma-
Aldrich, Seborg, Denmark), and CaCl, (Sigma-Aldrich, Taufkirchen, Germany). Deionized
water with a total dissolved solids (TDS) content 0-3 ppm was used in all solution prepara-
tions. To eliminate potential surface contamination, all laboratory glassware was subjected
to a cleaning protocol involving rinsing with ethanol (99% purity, MERCK, Darmstadt, Ger-
many), followed by a final wash with deionized water and thermal drying in a clean oven
(Elektro-Mag, Istanbul, Tiirkiye). All tests were conducted under controlled laboratory
conditions at a constant room temperature of 23 1 °C.

2.2. Experimental Procedures
2.2.1. Bubble Coalescence Analysis

The assessment of bubble coalescence followed the methodology described in ref. [35].
The determination of Critical Coalescence Concentration (CCC) for both pure SDS and
SDS-salt mixtures was carried out in a bubble column using light-adsorption principles
(see Figure 1). The apparatus consisted of a 155 cm® micro-flotation cell (30 x 220 mm)
equipped with a porous frit (10-16 um). Nitrogen gas was fed into the system at a constant

rate of 50 cm3/min.
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Figure 1. Experimental setup for bubble coalescence measurements (a) Photograph of the experimen-

tal setup (b) Schematic representation of the experimental setup [36].

Data acquisition was achieved using a cold light source (Soif Optical Instruments,
Shangai, China) paired with a Thorlabs intensity detector (Thorlabs, Newton, NJ, USA),
interfaced with the Optical Power Monitor (OPM) software (v. 6.1). The measurement
logic involves monitoring light attenuation approximately 10 cm above the frit, where
the drop in transmitted light intensity serves as a proxy for bubble coalescence frequency.
Concurrent visual documentation of bubble formation was performed via high-resolution
camera imaging (Bushman Equipment Inc., Menomonee Falls, WI, USA).

2.2.2. Dynamic Foam Stability Assessment

Foam evolution and decay characteristics were quantitatively determined using a
DFA100 dynamic foam analyzer (KRUSS GmbH, Hamburg, Germany). The system utilizes
a tempered glass column (40 mm diameter; 250 mm height) with integrated optical sensors
for real-time monitoring. Each experimental run was initiated by introducing 100 cm?
of the sample solution into the column. Foam was generated by injecting air at a rate of
0.2 dm?/min through a base-mounted filter plate (pore size 12-25 um). The height of the
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foam column was recorded over a 60 s generation phase. At the 60 s mark, the air supply
was automatically terminated to allow for the monitoring of the foam dissipation process
over a 40 s interval. The resulting dynamic foam stability factor (X, in min) was calculated

using Equation (1):
_ HmaxA

Q

where Hpax represents the maximum observed foam height (cm), A denotes the column’s

Y 1)

cross-sectional area (cm?2), and Q signifies the gas flow rate (cm?/min).

2.3. Theory: Thermodynamic Behavior of Concentrated Salts and Surfactant Mixtures

The theoretical treatment applied in this work was described in a previous study of
ours [37]. Given its importance for this study;, it is presented in more detail below. The
observed experimental data regarding foam stability cannot be fully elucidated by the
classical DLVO theory alone since this theory primarily addresses electrostatic double-layer
interactions. To explain the divergent behavior of the electrolytes (NaCl, KCl, MgCl,, CaCl,)
studied at higher concentrations, we employ a thermodynamic framework based on the
Pitzer theory, the concept of cohesive pressure, and the Law of Matching Water Affinities
(Collins” Rule).

In concentrated electrolyte solutions, the bulk thermodynamic properties of the aque-
ous phase are governed by ion-solvent and ion-ion interactions. To quantify the resistance
of the liquid matrix to cavity formation by an amphiphilic solute such as SDS, it is necessary
to define the cohesive internal pressure (I1.y;) of the solution.

This quantity, governed by the foundational thermodynamic equation of state [38],
describes how the internal energy of the solvent varies with volume at constant temperature

(Equation (2)):
ou aP
o= (57), = 7(57), 7 @

Here, the first term on the right-hand side represents the thermal pressure of the
medium, and P denotes the external ambient pressure. The cohesive pressure reflects the
total intermolecular attractive forces within the solvent, arising from hydrogen bonding
and dispersion interactions among water molecules.

2.3.1. Molecular Context: The State of Water in Concentrated Electrolyte Solutions

Before developing the cohesive pressure formalism, it is instructive to establish the
physical state of the aqueous medium under the relevant experimental conditions. In a
1 mol/dm?3 1:1 electrolyte solution, the average cation-anion distance is d;, = 0.94 nm; this
value decreases to 0.63 nm at 3 mol/dm? [39]. For the divalent salts studied here (MgCly,
CaCly at 0.1-1 mol/dm?), the equivalent ionic strength corresponds to concentrations at
which the water molecules can no longer form unperturbed hydrogen-bonded networks
between the ions. Marcus [34] demonstrated that at concentrations >3 mol/dm?3, a water
molecule (diameter 0.276 nm) cannot be accommodated in a linear hydrogen-bonding
geometry between adjacent ions, meaning that all water present is effectively “contact
water” simultaneously interacting with multiple ionic species. This physical picture directly
motivates the concept of a salt-concentration-dependent cohesive pressure: as electrolyte
concentration increases, the structural state of the water matrix shifts from bulk-like to
ion-dominated, and the thermodynamic cost of creating a hydrophobic cavity within it
changes accordingly.

The ion-specific nature of this structural transformation is encoded in the molar ionic
surface tension increments k; [40]. An increase in the surface tension of an electrolyte,
Ao = kg - cg, reflects the net depletion of ions from the surface layer relative to the bulk; this
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is a direct consequence of the ions” hydration energetics. Strongly hydrated kosmotropic
ions (Mg?*, k; = 2.25; Na*, k; = 1.20 mN m~! M~!) are depleted from the surface because
their transfer to the less structured interfacial region would disrupt their extensive hydra-
tion shells. The Pitzer virial coefficients (3, (M, C?) encode the ion-specific short-range
interactions that distinguish MgCl, from CaCl, despite their identical stoichiometry. The
larger RO for MgCl, (0.3524 kg/mol) compared to CaCl, (0.3159 kg/mol) reflects the
stronger electrostriction exerted by Mg?* on coordinating water molecules, consistent with
its smaller ionic radius (0.070 nm) and higher charge density relative to Ca?* (0.103 nm) [34].
This difference in charge density is the molecular origin of the divergent foam stability
observed in Regime II.

The molecular-scale foundation for the cavitation energy term is provided by the
information-theory approach of Hummer et al. (1998) [32]. Within their framework, the
excess chemical potential of inserting a hard-sphere solute of exclusion radius d into
water is u®* = —kgT In pg, where py is the probability of finding an empty cavity of the
required size in the bulk liquid. This probability is determined by the density p and the
oxygen—oxygen radial distribution function g(r) of the solvent; both of these properties
change substantially when electrolytes are added. Hummer et al. [32] showed that both the
direct salt effect (reduction in free volume due to ion exclusion volumes) and the indirect
salt effect (modification of water structure and compressibility) contribute approximately
equally to the increase in u** with salt concentration. For NaCl at 5 mol/L, this increase
corresponds to ~10 k] /mol for a methane-sized cavity [32], a value fully consistent with
the magnitude of the increase in cohesive pressure computed in this work.

The critical distinction between Mg?* and Ca?* regarding ion-pair formation can be
rationalized through their ionic radii and hydration dynamics [34]. Despite having similar
charge (+2) and similar k; values (2.25 versus 2.10 mN m~ ' M~1[29)), Mg2+ (r =0.070 nm,
Mg-O distance in solution = 0.209 nm [34]) maintains a rigid, highly ordered first hydration
shell of six water molecules with exchange rates orders of magnitude slower than those
of Ca?* (r = 0.103 nm, Ca—O distance = 0.242 nm [34]). The kinetic persistence of the
Mg?* hydration shell, a consequence of its exceptional charge-to-radius ratio, prevents
contact ion pair formation with the SDS group under the conditions studied. With its larger
radius and more labile hydration shell, Ca?* readily forms such pairs, as evidenced by the
destabilization of the foam observed in Regime II. This interpretation is further supported
by the surface viscosity data of Pandey et al. [33], which showed that Mg(DS), monolayers
exhibit approximately 90-fold higher surface viscosity than NaDS monolayers; this is direct
evidence that the SDS group retains its full hydration shell and packing efficiency in the
presence of Mg?* counter-ions.

2.3.2. The Pitzer Formalism: Decoding Cohesive Pressure in Salt-Laden Domains

The effect of dissolved ionic species on this cohesive pressure can be expressed as
follows. By adding the non-ideal osmotic pressure contribution (Ilys;), derived from the
meticulous Pitzer model [24], onto the baseline cohesion of pure water (I1p), the following
expression is obtained (Equation (3)):

Heon = o + Tlosm 3)
This dynamic osmotic contribution is governed by the following expression (Equation (4)):
ITysp = 1000PvCRT 4)

where @ represents the osmotic coefficient—the mathematical signature of non-ideality—v
is the stoichiometric ion count, C denotes molar concentration, and RT is the product of the
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gas constant and absolute temperature. In a pure liquid, I, vanishes, yielding a baseline
energy density equal to the work required to form a molecular cavity in the pure solvent.

Yet introducing a strongly hydrating “kosmotropic” electrolyte such as MgCl, signifi-
cantly alters the thermodynamic properties of the aqueous matrix. The high charge density
of these ions causes a substantial restructuring of the solvent network. This is reflected
macroscopically in a marked decrease in water activity and a corresponding increase in
osmotic pressure. At the molecular level, the energy required to form a cavity for the
hydrophobic tail of the surfactant molecule increases substantially beyond simple van der
Waals contributions, due to the increased ion-induced restructuring of the water matrix.

When electrolyte concentrations exceed 1.0 mol/dm?, the elevated osmotic pressure
indicates a significant reduction in the availability of free water molecules. Under these
conditions, the increased demand for hydration water by the electrolyte raises the energetic
barrier to surfactant dispersion. As a consequence, the activity coefficient of SDS increases,
promoting its migration to the air/water interface. However, at sufficiently high ionic
strengths, this effect is counteracted by ion-specific interactions that can destabilize the
adsorbed surfactant film and promote bubble coalescence.

2.3.3. The Energetic Toll of Cavitation and Interface Migration

The energy required to form a cavity of defined volume within the aqueous matrix is
given by the following expression (Equation (5)):

Weav Hcthsurf
ksT kT

(5)

where V,, s represents the surfactant’s partial molar volume [41,42], and kgT scales this
quantity to the thermal energy of a single molecule. The cavitation work determines the
adsorption energy of the surface-active ion at the air/water interface [43]:

Epgs _ weay Ehead L]
kaT — kgT T KT T gl

(6)

UCH,
% - kBT2 (n+1)

Here, ucy, /kgT is the dimensionless individual energetic contribution of a single
methylene group to the overall adsorption energy of the surfactant molecule, 7 is the
number of carbon atoms in the hydrocarbon chain, Ej,;/kpT is the dimensionless intrinsic
affinity of the hydrophilic headgroup with respect to the bulk water, oy is the baseline
surface tension of water, and o represents the spatial footprint of the surfactant molecule
at the air/water interface.

The exact value of ucy, /kpT is determined by the structure of the adjacent polar
headgroup [43]. For SDS, the highly polar sulfate headgroup exhibits a strong adsorption
energy of Ej..q/kpT = —2.79 [43] due to its elaborate hydrogen-bonding network with the
surrounding water matrix.

Before achieving adsorption, the hydrocarbon tail must perform volumetric work
(wWeavo) against this cohesive pressure. By establishing this initial workload in pure water
via Equation (6), we can determine the baseline cohesive pressure (I1y) of the pure solvent
(Equation (7)):

I = Weav0 7)

where Vi (Vi = 2.46 x 10~* m3 /mol for SDS [41,42]) serves as the volumetric measure
of the hydrophobic chain resisting the matrix. Evaluating Equation (7) for the SDS hydro-
carbon tail in pure water, with Vi,; = 2.45 x 10~* m3 mol~!, yields a baseline cohesive
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pressure of the pure solvent Iy = 189.2 MPa. This value is in excellent agreement with the
internal water pressure reported by Dack, 150-170 MPa at room temperature, providing
independent physical support for the magnitude of the cohesive pressure derived here.

2.3.4. Kosmotropic Anomalies: The Transformation of Polar Groups

When salt is dissolved, the total cohesive pressure (I1.,,) of the aqueous solution shifts
into its complete, salt-dependent expression (Equation (8)):

Il = Iy + 1000dvCRT 8)

Utilizing Pitzer’s virial coefficients [24] to evaluate the osmotic contribution. At high
ionic strengths, kosmotropic electrolytes (such as MgCl, and NaCl) immobilize a significant
fraction of water molecules within their hydration shells, partitioning the solvent matrix
into two distinct domains:

(i). rigidly bound, structured hydration complexes;
(ii). transient pockets of free water.

This partitioning increases the effective cohesive pressure of the solution, raising the
cavitation work we, /kgT by a factor (¢) (Equation (9)):

g _ Ho+1Tosm _ Ilegp
=TI, T T

(salt) (9)
UcH,

Ht = Cpr (n+1)

A further consequence of strong kosmotropic conditions is the alteration of the chem-
ical character of the surfactant headgroup itself. Under high ionic strength, the high
hydration energy of Mg?* ions progressively displaces water molecules from the SDS head-
group. The same applies to all cosmotropic ions. Progressive dehydration of the sulfate
headgroup effectively converts it from a hydrophilic to a hydrophobic moiety. It should be
stressed that this scenario describes a limiting, end-member case of extreme head-group
dehydration. It is invoked here only to define the upper bound of the cavitation-volume
effect and is not realized for the strongly hydrated, kinetically inert Mg?* ion, whose hy-
dration shell is preserved under all conditions studied (see below); for Mg2+ the relevant
role is the preservation of head-group hydration, not its dehydration. As a result, the
effective cavitation volume of the SDS molecule increases, modifying the required cavity
dimensions. The adsorption energy of the dehydrated headgroup can be expressed through
the following volumetric ratio (Equation (10)):

(salt)
Uso;  ucp, Vsop

kgT — kT Vg,

(10)

With Vs = 45 cm®/mol and Vg = 27 em3 /mol [41], the total work required to
accommodate this modified molecule under intense ionic strength becomes (Equation (11)):

(salt) u(S”lt)

cav _ "CHy
= o (1) 11)

From this complex cavitation workload, we can deduce the final structural volumes
and interfacial energies driving the system:

(salt) w(salt)
salt)  Weao
surf Hcoh (12)
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1
Ejds _ wézszlzzz ! op&o
kgT kgT kgT

where ¢y represents the surface tension of the electrolyte solution. This result indicates

(13)

a notable difference from the baseline case: the contribution of the hydrophilic head
(Equation (6)) is absent from Equation (13). Stripped of its water shield by the competitive
pull of Mg?* ions, the sulfate group loses its hydrophilic character and contributes to the
overall hydrophobic volume of the molecule, thereby increasing the effective interfacial
driving force for SDS adsorption at the air/water interface. The relation between the
adsorption energy and the equilibrium adsorption constant K of the ionic surfactants is as
follows [43—46]:

Ks = 65 exp(%)

1
3
Ko = <4§> (14)
0

InK =InKy — %kL;—OT

where K is the adsorption constant of the surfactant molecule with excluded charge (non-
ionic form), Ky is the adsorption constant of the surface-active ion (with included charge)
but excluded adsorption of its counter-ion on the air/water interface and K is the real
equilibrium adsorption constant of the ionic surfactant, i.e., with included adsorption of
the counter-ion with specific adsorption energy uo/kpT, which can be calculated addition-
ally [41,47], 6s = lcn,/ % is adsorption length, Icy, = 0.126 nm is the length of one
CH, group, ucp,/kgT is the dimensionless adsorption energy of one methylene group,
KS = 8me?/ekgT, e is the charge of electron (in CGS system), kp is the Boltzmann constant
(in CGS system), ¢ is dielectric permittivity of water and T is absolute temperature.

2.3.5. Interfacial Activities and Setchenov Scaling Realities

The effective activity of the surfactant within this altered landscape scales in accor-
dance with the classical Setchenov relation:

Asurf = Csurffsurf (15)
fsurf - exp(Ksmsalt)

where a signifies the overall activity, K; is the characteristic Setchenov parameter, and i,
represents the molality of the salt. The empirical constants governing these interactions are
detailed below in Table 1 [31,42,43]:

Table 1. Electrolytes studied in this work, their Setschenow constant, and their corresponding
salting-out effects on organic molecules.

Electrolyte Setschenow Constant Ks, m—1 Effect Character
NaCl 0.20 Moderate salting-out
Kl 0.15 Weak salting-out
MgCl, 0.40 Strong salting-out
CaCl, 0.33 Strong salting-out

In highly concentrated regimes of cosmotropic salts, the activity coefficient of the
surfactant increases substantially due to the significant decrease in the availability of free
water. By employing the Pitzer model [24] alongside established virial coefficients (50,
B1, and C), we can accurately trace these mean ionic activities and osmotic functions (¢),
identifying the boundaries of phase separation.
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3. Results

Our experimental analysis begins by considering the foam reactor as a dynamic system
consisting of two distinct zones: the bubble emulsion (bulk) and the foam layer. The stability
of the foam layer is depends on the conditions established in the bubble emulsion zone.
We observed that the transition from a stable to unstable foam is largely influenced by the
background electrolyte composition. This interaction is not limited to the surfactant alone
but fundamentally alters the water matrix.

3.1. Thermodynamic Mechanism of Salt—Frother Interaction

To explain the experimental observations, we apply the Pitzer theory [24], which takes
into account the non-ideal behavior in concentrated electrolyte solutions. Our data indicates
that salt ions interact with water molecules, significantly increasing the cohesive pressure
of the water network. At low electrolyte concentrations, the predominant mechanism is
the screening of electrostatic repulsion between the anionic head groups (DS™) of SDS
molecules. This screening effect facilitates the adsorption of SDS at the air-water inter-
face. However, at higher concentrations, the mechanism shifts. As the salt concentration
increases, the surfactant molecule must expend more energy to create a “cavity” within
the water matrix against this increased cohesive pressure. Consequently, the frother’s
activity coefficient increases, thereby enhancing its adsorption. Figure 2 shows the osmotic
and activity coefficients of the electrolytes studied: (A) and (B) show the trends for CaCl,
and MgCl,, while (C) and (D) represent the data for NaCl and KCI. These coefficients
confirm that the non-ideal behavior of the system, particularly at high molarities, is directly
proportional to the ion-specific hydration properties of the chosen salts. The observed
divergence in these coefficients aligns with our theoretical hypothesis, suggesting that
MgCl, and CaCl, exert a much stronger influence on the water structure than monovalent
salts, thereby directly affecting the energy barrier for bubble coalescence.

3.2. Ion-Specific Effects and Collins” Rule of Matching Water Affinities

Our experimental results demonstrate that the stability of SDS foam is not determined
solely by electrostatic screening, but is fundamentally governed by the hydration compati-
bility between surfactant head groups and salt ions. To interpret the observed variations
in electrolyte behavior, we apply Collins” Rule of Matching Water Affinities [21], which
suggests that the interaction strength between ions is maximized when their hydration
energies are similar. The broader implications of ion-specific effects on soft matter systems,
including the behavior of chaotropic ions beyond the standard lyotropic series and their
interactions with surfactant aggregates, have been reviewed by Leontidis [48]. Our data
confirm that the stabilization mechanism shifts according to the dehydration energy of
the ion:

MgCl,-SDS (Strong Kosmotrope-Weak Kosmotrope): Magnesium ions are strongly
hydrated (“hard” ions) and compatible with the high water affinity of the SDS head groups.
Maintaining this hydration shell prevents the formation of direct-contact ion pairs (CIPs),
thereby ensuring maximum foam stability.

CaCl, (Kosmotrope-Weak Kosmotrope): The dehydration energy of calcium ions is
lower than that of magnesium. This energetic profile allows them to “match” and form
stable contact ion pairs by directly binding to SDS head groups. This process neutralizes the
surface charge and collapses the protective water film, which explains the rapid coalescence
observed in our experiments.

NaCl (Strong Kosmotrope) and KCl (Chaotrope): These ions follow the same fun-
damental principle but exert lower cohesive pressure, resulting in moderate to low sta-
bilization effects depending on their specific positions in the Hofmeister series. These
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interactions are summarized in Table 2, which correlates the ion properties with the result-

ing foam stability.
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Figure 2. Osmotic and activity coefficients for: (A,B)—CaCl, and MgCl,; (C,D)—NaCl and KCl.

Table 2. CCC values of NaCl, KCl, SDS, and SDS in the presence of each salt at their CCC values.

SDS at CCC SDS at CCC
NaCl KCl SDS (NaCl) (KCD)
CCC, mol/dm? 0.2 0.3 6 x 1076 3x 1077 4 %1077

3.3. Effect of Salts on the Air/Water Interface in the Presence of SDS

Adding electrolytes to an aqueous SDS solution significantly alters the state of the
air/water interface. This effect can be divided into two distinct concentration-dependent
regimes, as demonstrated by our surface tension measurements and theoretical analysis. A
basic proxy of the state of the air/water interface is the surface tension value, which usually
reflects the difference between the standard chemical potentials of the water molecules at
the water/air interface and the standard chemical potentials of the water molecules in the
bulk [49]:

, B 16)
w

where yf and pf are the standard chemical potentials of water molecules at the air/water
interface and in the bulk, respectively, and w is the cross-sectional area per water molecule
at the air/water interface.

As seen in Figure 3, the surface tension (¢) of the SDS solution (5 x 107> mol/dm?)
exhibits a non-linear dependence on the concentration of the added electrolytes. This
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dependence clearly distinguishes two concentration-dependent regimes, which can be
interpreted in termsof surface charge screening and bulk-driven adsorption.
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Figure 3. Surface tension of 5 x 107> mol/dm? SDS versus concentration of added salt: (A) NaCl and
KCI; (B) MgCl, and CaCly. Measurements were performed at room temperature; salt concentrations
are given in mol dm~3. Error bars correspond to the instrumental reproducibility of the surface-
tension measurement (0.3 mN m~1).
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3.3.1. Regime I: Low Salt Concentration (Electrostatic Screening)

At low electrolyte concentrations (Cgyp¢ < 0.2 mol/dm?), all the salts investigated
(NaCl, KCI, MgCl,, and CaCl,) cause a sharp decrease in surface tension. In this regime,
the primary role of the salt is to provide counter-ions that screen the electrostatic repulsion
between the adsorbed anionic DS™ head groups. According to the classic view proposed by
Alty [50], the interface acts as a region where selective ion adsorption occurs. The presence
of Nat, K%, Mg2+, or Ca%* ions increases the “surface capacity” for surfactant molecules,
allowing for a more densely packed adsorption layer. The standard chemical potential of
the water molecules at the interface (1) decreases as they are replaced or reorganized by
the increased presence of surfactant and screening ions. This leads to a significant decrease
in o (as per Equation (3)), effectively boosting the foam stability in the initial stages.

Another well-known proxy of the state of the air/water interface is the fraction of
bubble coalescence and the related critical coalescence concentration (CCC, 50% fraction
of bubble coalescence) of the frothers. The salts used in this work have their own CCC
values because they reduce the fraction of bubble coalescence. This is a well-known salt
effect, reflected in the literature [48-53], and explained by the slowing of bubble-bubble
collisions due to the specific action of the salt. This kinetic effect arises from the unequal
concentration profiles of salt anions and cations at the air/water interface and causes an
electrokinetic streaming potential that slows the thinning of the foam films between bubbles
during their collision [47]. Figure 4 shows the bubble fraction coalescence as a function of:
(i) salts added in surfactant-free solution; (ii) SDS concentration in salt-free solution and at
the CCC values of the salts studied.

The bubble fraction coalescence decreases with increasing the concentration of each
particular salt and SDS. As expected, the effect of the surfactant on bubble coalescence
inhibition is much stronger than that of each salt alone. The CCC values for each particular
case are presented in Tables 2 and 3. In each salt pair (NaCl and KCI; MgCl, and CaCly),
the CCC values are close to each other, and only the charge of the ions is significant. This
indicates a lack of salt specificity in these diluted salt solutions. Evidently, the electrostatic
screening is the dominant effect here.

Table 3. CCC values of MgCl,, CaCl,, SDS and SDS at the CCC values of each particular salt.

SDS at CCC SDS at CCC
MgCly  CaCly  SDS (MgCl,) (CaCly)
CCC, mol/dm®  0.01 007 6x10°° 5% 1077 3x 1077

Moreover, as can be seen in Figure 5, the CCC value of SDS at the specified salt
concentrations is almost identical to that of pure water. Secondly, it is noted that the
fraction of bubble coalescence is a significantly more sensitive proxy to the state of the
air/water interface than the surface tension value.

3.3.2. Regime II: High Salt Concentration—The Divergence of Stability and the Role of
Cohesive Pressure

When the electrolyte concentration increases far beyond 0.1 mol/dm?, the system
enters Regime II; in this regime, the behavior of the gas emulsion and the resulting foam is
no longer governed solely by electrostatic screening. In this regime, despite similar surface
tension values, we observe a significant divergence in foam stability between different salts.
This phenomenon can be explained by integrating Pitzer’s thermodynamic framework [24]
with Collins” Concept of Matching Water Affinities [21]. Figure 6 shows how the foam
height for 5 x 107> mol/dm? SDS, either alone or in the presence of 1 mol/dm? added
salt, depends on time during the regimes of foam growth and foam decay. As can be seen
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in Figure 6A, 1 mol/dm? NaCl significantly increases the foam, while 1 mol/dm? KCl
results in a complete lack of foamability. Similarly, Figure 6B shows that 1 mol/dm?® MgCl,
boosts the foam identically to NaCl, whereas 1 mol/ dm? CaCl, acts as a weaker defoamer
than KCIL. A more precise presentation of these effects is shown in Figure 7, which shows
the dynamic foam stability (Bikerman foaminess [54]) of 5 x 10~5 mol/dm? SDS versus
the concentration of the added salt. One can see that NaCl and KCl affect the foaminess
similarly up to 0.1 mol/ dm3, but above this concentration, KCl acts as a defoamer, whereas
NaCl acts as a foam booster. The same is valid for the MgCl, and CaCl, pair, but the
concentration borderline is two orders of magnitude less-1 x 1072 mol/dm?3.
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Figure 4. Fraction of the bubble coalescence versus: (A) (i) concentration of NaCl and KCl in
surfactant-free solution; (ii) concentration of SDS in salt-free solution and in the presence of NaCl

and KCI at their CCC; (B) (i) concentration of MgCl, and CaCl, in surfactant = free solution;
(if) concentration of SDS in salt-free solution and in the presence of MgCl, and CaCl, at their CCC.
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Figure 5. Surface tension isotherms of SDS at: (A) 0.2 mol/ dm?® NaCl and 0.3 mol/dm® KCl;
(B) 0.1 mol/dm? MgCl; and 0.07 mol/dm3 CaCl,.

1. The Driving Force: Cohesive Pressure (Pitzer Approach) [24]

At high concentrations, the salt significantly modifies the bulk properties of the water
matrix. According to the Pitzer model [24], the presence of ions increases the osmotic
coefficient and the activity of water, which macroscopically manifests as an increase in
the cohesive pressure (Il.}) of the solution. Theoretically, a higher I1.,, increases the
energy cost of maintaining a cavity in the liquid (wcay). To minimize this energy, the
hydrophobic tails of the SDS molecules are more effectively “squeezed out” toward the
air/water interface. This explains why MgCl, and NaCl act as “foam boosters” in this
regime; the reinforced water structure forces a denser surfactant packing, strengthening
the film.

2. The Stability Judge: Hydration Matching (Collins’ Rule) [21]

The collapse of foam observed at high CaCl, concentrations, when compared to the
stability of MgCl,, reveals the decisive role of ion-specific hydration:

The Mg?* Case (Strong Hydration): Magnesium is a strong “kosmotrope” with a very
high dehydration energy. It retains its hydration shell even when crowded at the interface.
This prevents direct contact with the SO~ heads of SDS, maintaining a stable, hydrated
liquid film between the bubbles that resists coalescence.

The Ca?* Case (Ion-Pair Formation): Calcium has a lower dehydration energy than
magnesium. In Regime II, the high concentration forces Ca®* to “match” the hydration
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affinity of the SDS head groups. This situation leads to the formation of Contact Ion Pairs
(CIP). The formation of these pairs effectively neutralizes the surface charge and eliminates
the protective hydration layer, leading to immediate film rupture and bubble coalescence.

3. Conclusion of the Dual-Regime Model

The transition from Regime I to Regime II marks a shift from Alty’s [50] surface
charging to Pitzer’s bulk thermodynamics and Collins” molecular specificity. Surface
tension (Figure 3) indicates the interface state, while the coalescence fraction (Figure 4) is
the true indicator of the competitive forces between cohesive pressure (stabilizing) and
ion-pair formation (destabilizing).
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Figure 6. Foam height versus time of: (A) 5 x 10~ mol/dm?3 SDS + 1 mol/dm3 NaCl, 5 x 10~ mol/dm?
SDS; 5 x 107> mol/dm® SDS + 1 mol/dm® KCI; (B) 5 x 10~ mol/dm? SDS + 1 mol/dm3 MgCl,,
5 x 1072 mol/dm?3 SDS; 5 x 10~> mol/dm? SDS + 1 mol/dm? CaCl,.
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Figure 7. Dynamic Foam Stability versus salt concentration of: (A) 5 x 10~ mol/dm? SDS + NaCl,
5 x 1072 mol/dm3 SDS + KCI1; 5 x 10~> mol/dm? SDS + 1 mol/dm? KCI; (B) 5 x 10~> mol/dm?
SDS + MgCl,, 5 x 1075 mol/dm?3 SDS + CaCl,.
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4. Discussion

The experimental results presented in this work reveal a clear bifurcation in the
response of SDS foam stability to added electrolytes at concentrations above 0.1 mol/dm?3.
While all four salts (NaCl, KCl, MgCl,, and CaCl,) produce nearly identical effects at
low concentrations (consistent with a dominant electrostatic screening mechanism) their
behavior diverges sharply in Regime II, where ion-specific interactions govern the outcome.
This divergence cannot be rationalized by the classical DLVO theory alone and requires a
framework that explicitly accounts for the kinetics of ion hydration and the thermodynamic
state of the bulk solvent.

The observed ion-specific behavior can be conceptually unified through a
kinetic-thermodynamic framework based on a mechanistic weighting coefficient &, which
quantifies the propensity of a given cation to form contact ion pairs (CIPs) with the DS™
head group of SDS. This coefficient is defined by the ratio of a reference diffusional en-
counter time Tenc to the effective water-exchange residence time Tene of the cation’s first
hydration shell:

Tenc
0;(C)= —/——F—— 17

where the effective residence time Tieff(C ) increases with salt concentration through the
cohesive pressure magnification factor (C) = Il (C) /Iy, which is directly calculable
from the Pitzer formalism developed in Section 2.3. Physically, «; represents the probability
that a given cation successfully dehydrates sufficiently during a diffusional encounter
with DS™ to form a contact ion pair. When o« — 1, the chemical pathway dominates (ion-
pairing and surfactant precipitation); when o — 0, the physicochemical pathway dominates
(cohesive pressure enhancement and foam stabilization). It should be emphasised that
o is introduced here as a conceptual, semi-quantitative descriptor that organises the
observed ion-specific trends along a single kinetic-thermodynamic axis, rather than as a
fully validated predictive model; a complete tri-component summation ¥(C) capable of
quantitative prediction is reserved for future work. In particular, o; measures only the
propensity of a cation to access the chemical (ion-pairing) pathway and does not by itself
determine the sign of the net effect on foam stability. The observed outcome reflects the
competition between this propensity (x) and the cohesive-pressure enhancement (¢): a
rapidly exchanging cation such as Na* has a high «, yet at the concentrations studied here,
the cohesive-pressure contribution dominates, so the net effect of NaCl is foam-boosting.
Thus, a high value of « is not in contradiction with the foam-stabilising behaviour of NaCl.

The values of &; computed for all studied cations, using experimentally determined
water-exchange residence times from NMR measurements [54] and the Pitzer-derived cohe-
sive pressures from this work, are summarized in Table 4. The residence times span nearly
ten orders of magnitude: K* (19 = 4 ps) and Na* (19 =~ 14 ps) exchange water rapidly,
yielding o =~ 0.99 at all studied concentrations. In stark contrast, Mg?* (to ~ 2 x 10° ps)
maintains a rigid, inert hydration shell, giving & ~ 0 throughout. Ca?* (7 ~ 110 ps)
occupies the transitional zone, with « ~ 0.90 at low concentrations, decreasing signifi-
cantly at concentrations above 2 mol/dm? as the elevated cohesive pressure progressively
immobilizes its hydration shell.

The internal consistency of this descriptor is illustrated by comparing it with our
study [37], investigating the defoaming effect of LiCl, NaCl, and KCl on SDS foams. In
that work, it was determined that KCl was the most potent defoamer, acting via a chemical
pathway (specific ion-pairing leading to surfactant precipitation), while LiCl and NaCl
operated through a physicochemical pathway (massive increase in bulk cohesive pressure).
The present framework is consistent with this ordering: K* (o« = 0.996) and Na* (x ~ 0.986)
are classified as chemical-pathway ions, while the high cohesive pressure of concentrated
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LiCl solutions (& ~ 1.18 at 4 mol/dm?3) drives o(Li*) toward zero at extreme concentrations,
consistent with the observed physicochemical defoaming mechanism. The present work
extends this picture to divalent cations: Mg?* (« ~ 0) acts as a pure physicochemical
stabilizer through cohesive pressure enhancement, while CaZ* (x = 0.90 at low C, decreas-
ing at high C) straddles the mechanistic boundary, exhibiting defoaming behavior that
is weaker than KCI but more pronounced than that of NaCl at equivalent concentrations.

This behavior is consistent with CaZ*’

s intermediate water-exchange kinetics (7o ~ 110 ps),
which permit partial contact ion-pair formation without the full dehydration characteristic
of K*. Therefore, the critical distinction between Ca?* and Mg?" lies not in their charge or
thermodynamic hydration free energies per se, but in the kinetic lability of their respective
hydration shells; this finding extends and refines the original Collins” Rule by introducing

an explicit kinetic dimension.

Table 4. Mechanistic weighting coefficient «; for the studied cations at selected salt concentra-
tions (Cgpg = 5 x 1072 mol/dm?). 1 values from ref. [54]; #(C) calculated from the Pitzer model
(this work).

To

04 x

Cation (ps) fhyd 0.1 M) (1.0 M) Dominant Mechanism Obs.

K* 4.1 6 0.996 0.995 Chemical (SIP) T

Na* 14.1 6 0.986 0.983 Chemical (weak) T

CaZ* 110 8 0.898 0.853 Transitional (e | at high C) T

Mg?* 2 x 10° 6 0.0005 0.0003 Physico- +%
chemical

5. Conclusions

This study investigated the ion-specific effects of NaCl, KCI, MgCl,, and CaCl, on the
dynamic foam stability (X) of dilute SDS solutions (5 x 1075 mol/dm?) over a wide range
of electrolyte concentration (10~#-1 mol/dm?3). The main conclusions are as follows:

1.  Two concentration-dependent regimes govern foam stability. In Regime I (C < 0.1 mol/dm?),
all four salts act identically through electrostatic screening of the DS~ head groups, re-
ducing bubble coalescence and enhancing foam stability. Ion specificity is absent at
this stage: the critical coalescence concentration (CCC) values within each valence pair
(NaCl/KCL; MgCl, /CaCl,) are nearly equal, confirming that ionic charge, not identity,
controls the outcome.

2. InRegime II (C > 0.1 mol/dm?), pronounced ion-specific divergence emerges. MgCl,
and NaCl act as foam stabilizers (X increases monotonically), while KCI and CaCl,
act as defoamers (X peaks then collapses). The divergence onset for the divalent
pair is two orders of magnitude lower in concentration than for the monovalent pair,
reflecting the much greater cohesive pressure generated by divalent ions.

3. The Pitzer thermodynamic model quantitatively describes the bulk non-ideality of
each salt solution through the cohesive pressure parameter I1,,, and the dimensionless
ratio ¢ = Iy, /I1p. The cohesive pressure increases monotonically with concentration
for all salts, and is substantially larger for MgCl, and CaCl, than for the monovalent
chlorides at equivalent molarity. This increase in cohesive pressure drives enhanced
SDS adsorption at the air/water interface through cavity formation thermodynamics,
providing the physical basis for foam stabilization in Regime II.

4.  The foam destabilization observed with KCl and CaCl, is interpreted through Collins’

Rule of Matching Water Affinities. K* and Ca®* possess water-exchange kinetics

fast enough to partially dehydrate during diffusional encounters with the DS™ head

group, forming contact ion pairs (CIPs) that neutralize surface charge and rupture the
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foam film. In contrast, Mg2+ retains its hydration shell under all studied conditions,
preventing CIP formation and maintaining foam stability. Na*, despite its chemical
classification as a CIP-forming ion, generates sufficient cohesive pressure at high
concentrations to stabilize the foam through the physicochemical pathway.

5. Ca?* occupies a transitional position between the two mechanistic extremes. Its
intermediate water-exchange residence time (79 ~ 110 ps, compared to T ~ 4 ps for
K* and 79 &~ 2 x 10° ps for Mg?*) permits partial CIP formation while simultaneously
generating significant cohesive pressure. The net result is a weaker defoaming effect
than that of KCl, consistent with experimental observations. This finding demonstrates
that the chemical /physicochemical mechanical boundary is controlled by hydration
shell kinetics, not thermodynamic hydration free energy alone—a refinement of the
original Collins’ Rule.

6. A mechanistic weighting coefficient o;(C) is proposed to quantify the fraction of
defoaming activity attributable to the chemical (CIP-formation) pathway. Values near
unity (K*: « = 0.996; Na*: « = 0.986) indicate a high propensity to access the chemical
pathway, while values near zero (Mg?*: « ~ 0) indicate a dominant physicochemical
character. Ca?" (& ~ 0.90 at low C, decreasing at high C) lies in the transitional
zone. The coefficient measures propensity only and does not, by itself, determine the
sign of the net effect on foam stability; for Na*, the cohesive-pressure contribution
outweighs the ion-pairing propensity, so NaCl is net foam-boosting. This coefficient,
derived from Pitzer cohesive pressures and literature NMR water-exchange times [54],
provides a conceptual, semi-quantitative descriptor for ion-specific foam behavior that
is consistent with results from our companion study on LiCl/NaCl/KCl systems [37].
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