Nanotechnology in Science and Engineering 2018; 1(1): 21-60.

ISSN:2581-6284 Open Access
NANOTECHNOLOGY IN SCIENCE AND ENGINEERING

Review Article

Journal Home Page: https://uniquepubinternational.com/upi-journals/nanotechnology-
science-engineering-nse/

On the Nature of the Ion-Specific Effects
Stoyan I. Karakashev'*, Nirav Raykundaliya?
!Department of Physical Chemistry, Sofia University, 1164 Sofia, Bulgaria.

2Marwadi Education Foundation, Rajkot, Gujarat, India.

Abstract

This article reports the effect of the counter-ions on the ionic surfactant adsorption layer and its relation to the
stability of colloidal dispersions. The adsorption theory of Davies about the ionic surfactant monolayer is
revisited and explored. Adsorption at the water|gas interface is compared to the water|oil interface, and the
applicability of Langmuir’s concepts for distributing pressure and liquid expanded film is shown. The detailed
analysis clarifies the effects of the medium and the surfactant structure (hydrocarbon chain length, the nature of
the container) on the adsorption. Extra accent is put on the Hofmeister effect of the counter-ion on the
adsorption of ionic surfactants. The simple model of the van der Waals interaction of an ion with the interface
was revisited, so taking into account the quantitative interpretation of the Hofmeister effect on the adsorption
parameters. The core of this model stands a quantity called ion specific adsorption energy ui, which is related
straightforwardly to basic ion characteristics, and is calculated for the counter-ions typically used in practice. An
extended comparison with tensiometric and other experimental data demonstrates the usefulness of the
theoretical models. The universality of the concept for the ion specific adsorption energy uip is further
demonstrated by considering the role of the Hofmeister effect in two other phenomena, related to ionic
surfactants: the disjoining pressure on thin liquid films and the stability of foams and emulsion. Unfortunately,
the experimental data on the stability of foams and emulsions shows an opposite trend to our theoretical
expectation — the stability increases upon the increase of the absolute value of the of the specific adsorption

energy of the counter-ions in the water|gas or water|oil interfaces. It was shown abnormal effect of the
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potassium counter-ion on the stability of foams. The later either act as a foamer or de-foamer depending on its
concentration. To clarify the nature of this effect further investigations are required.
Key words: Ionic surfactants, Ion specific effects, Hofmeister series, Adsorption, Water|oil interface, Ion

specific adsorption energy, Mixture of counter ions.

1. Introduction

The first works on the ion-specific effects were published by Hofmeister and coworkers more than 120 years
ago. These works were focused on the solubility of blood proteins in presence of different salts [1-7]. Some salts
were stronger precipitators than other ones. They ordered the cations and anions in order of their precipitation

strength:
Li*<Na"<NH, <K"<Cs" < OH <F <CH,COO <Cl <Br <NO;<I"<CIO, (1)

The ion sequence in the above series was found to be independent of the protein, although the effect depends
on the sign of the protein’s net charge as well. Since that time, many experimental studies showed similar
dependencies in various phenomena. To explain the ion-specific effects, the ion size, the interaction of the ion
with the water and the “hydration force” were the first factors taken into consideration [8]. Ninham and team
[9] was the first to account for the van der Waals forces in the interaction between ions in solution, the
adsorption of salts on hydrophobic surfaces, the interaction between proteins or colloidal particles etc. For
example, they accounted for the van der Waals interaction between inorganic ions and the water|gas interface
upon their adsorption [10-12]. At first their results were encouraging [12] but their further efforts to obtain
good quantitative results met difficulties [13-15]. Tavares [16] studied theoretically the Hofmeister effect on the
interaction of charged proteins. They calculated the purely electrostatic and the van der Waals contribution and
found that the van der Waals interaction gives rise to a strong attractive force. In this work, we focus on the
Hofmeister effect on the properties of adsorption layers of ionic surfactant on gas|water and oil|water interfaces
and their relation to the stability of the dispersed systems.

Warszynski and team [17-19] clearly showed the specific effect of the counter-ions on the adsoprtion state of
ionic surfactants. Aratono and team [20-22] conducted punctilious experiments coupled with thermodynamic
analysis of the adsorption of a number of surfactants with various counter ions at gas|water and oil|water
interfaces. It is worth to mention two theories, which did not address Hofmeister effect, but acted as a
substabtial part in the theory of adsorption of ionic surfactants. The first one is the theory of Davies [23-24],
who derived the important equation of state of dilute monolayers of ionic surfactants. The second theory
belongs to Borwankar and Wasan [25] who proposed a simple approach for derivation of the adsorption
isotherm of ionic surfactants.

Ivanov and team [26] followed the Ninham’s approach, thus proposing and validating a relatively simple theory
about the effect of the type of added electrolyte on the adsorption constant of the ionic surfactants. In the core

of this theory is a quantity, ui, called ion specific adsorption energy, which is equal to the van der Waals
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adsorption energy of an ion at the gas|water interface. It is a single, simple expression, accounting for all major
factors controlling the ion specific adsorption: the ion polarizability and ionization potential, the radius of the
hydrated ion and the possible deformation of the hydration shell upon ion adsorption at the interface. The ion
specific adsorption energy uj turned out to be independent on the type of the surfactant, which allows one to
combine theoretically the contributions from every type of counter-ion with all the possible surface active co-
ions. In Ref. [27] the theory was successfully applied to disjoining pressure of thin liquid films, and emulsion
stability. It was found out that the counter-ions with the smaller absolute value of the specific adsorption energy
adsorb less on the film surfaces, thus rendering stronger electrostatic repulsion between the film surfaces.
Accordingly, the counter-ions with larger absolute value of the specific adsorption energy adsorb more on the
film surfaces, thus rendering weaker electrostatic repulsion between the film surfaces. Therefore, the first ones
should stabilize the dispersions (foams and emulsions) more than the second ones. The experimental check on
the stability of emulsions in presence of different counter-ions conducted in Ref. [27] showed the opposite
dependence. To shed a light on this problem we investigated the stability of foams, stabilized by Sodium
dodecylsulfate in presence of Li*, Na*, and K* counter-ions. Our investigation confirmed the trend reported by
Ref.[27], bur revealed new scientific surprises.

2. Ion-Specific Effects on the Adsorption Layers of Ionic Surfactants from Dilute Solutions

2.1. Adsorption in the Absence of Ion Specific Effects

2.1.1. Henry's Adsorption Constant of Non-ionic Surfactants: Adsorption Energy and Thickness

We will start briefly with the basic theory about the scarce adsorption layer of the non-ionic surfactants. The
chemical potentials of a non-ionic surfactant in an ideal solution of concentration Cs and in an ideal adsorbed

monolayer of adsorption /s are respectively:

1 =pud +k,TInC,, 2)
W= +kTInr,. 3)
Here superscripts “B” and “S” denote bulk and surface phase, and uos and ,UOB are the corresponding standard

chemical potentials. At equilibrium, the chemical potentials -® and -> must be equal. This leads to Henry’s
adsorption isotherm:

I3 = KsCs, 4)
Where, the adsorption constant As is defined by the relation

keT INK, = 18 — 145 . (5)

As it is obvious from the derivation, Henry’s adsorption isotherm is valid only for adsorption layer consisting of
non-interacting non-ionic surfactant molecules, which is possible for dilute adsorption layer only.

The first step in our analysis will be consideration of the dependence of Ks on the structure of the surfactant
molecules and of the interface. The explicit expression for the adsorption constant Ks in terms of molecular

parameters is usually written as:
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K, =0, exp(E, /ksT), (6)
Where, 6 is referred to as “thickness of the adsorbed layer”, and E, — as adsorption energy. Davies and Rideal

(Equation 4.2 in Ref.[24] ), proposed to use for the thickness & the length of the surfactant molecule. Davies

and Rideal represented the adsorption energy E, as
E, =Ep+Ugy Ne. (7)
Here nc is the number of carbon atoms in the hydrophobic chain and Ucy, Is the (positive) free energy of

transfer of a —CH2>— group from the solution into the adsorption layer. Ey is the nc-independent part of E, which
was ascribed in Refs. [28, 29] solely to the adsorption energy Enead Of the hydrophilic head. In fact, both

assumptions of Davies and Rideal for 0. and E. are not entirely correct.
Ea= opal +ucHine +1)+EnzzdT
Ea= opat+tucHi(nx+1)

Ea=0 Ea=opattucm® 5

Lo
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Figure 1. Four different stages from the adsorption of the surfactant molecule on gas|water interface:
Stage I - Prior the very adsorption; Stage II - The cap of the hydrocarbon tail touches the gas|water interface;
Stage III - Part of the hydrocarbon tail with ny carbon atoms penetrated into the air’'s phase; Stage IV - The

whole hydrocarbon tail with n. carbon atoms penetrated into the air's phase.
(i) When the cap of the hydrophobic chain touches the surface, a portion of the water|hydrophobic phase
interface, of areacr , disappears. The contribution of this process to u(z) is modeled as a contact potential at

2= Ncley, (g, is length per —CH>— group):

oo, Z<Nclgy;
U (2) = (8)
()
0, z>nclg,,

Where oy is the surface tension of the pure water|hydrophobic phase interface. For a typical oil, oo = 50x1073

J/m?, so that energy o, is of the order of 1072° J or about 2.5xkgT.
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(i) Let the free energy of transfer of a single —CH>— group from the bulk solution to the adsorption layer be Uc,

. For the energy uwme of transfer of the —CH3 group, we assume proportionality to the contact area of this group

with water. One can approximate the shape of —CHs as a cylinder with a cap. The lateral area of the cylinder is

assumed equal to that of a —CH2— group, &, and the cap area is assumed equal to the cross-sectional area o,
of the hydrocarbon tail. The values of the two areas are o/, = nRéH2 21 A2 and o, = 27tRCHZICHZ ~21 A? (the
values RCH2 =2.6 A for the cross-sectional radius of the chain and |CHZ =1.26 A were used [30]. Consequently,

the two areas are equal and the energy corresponding to each of these areas is Uy, Op- The energy pertaining

to the cap can be represented as a contact potential with the same zdependence as ug in Equation (8):

-l 1
| clcH, -

The second part of ume (pertaining to the lateral area of —CH3) is not included in Equation (9); it will be included

in the next term, the potential ugiy.

(iii) Assuming for simplicity that the carbon chain remains normal to the interface, one can model the

hydrophobic energy due to —CH.— adsorption (plus the lateral energy of the —CHs group) as a linear function of

the distance z between the surfactant head and the interface:

Uiy (2) =Ucy, 2 /ey Neley, >2>0. (10)

(iv) Although the hydrophilic head remains immersed in the hydrophilic phase, it also interacts with the

interface. This interaction probably involves both short-ranged and long-ranged (such as van der Waals and

electrostatic) forces. Since these forces are not yet fully understood, we will account for their contribution to the

adsorption energy E, by an empirical constant Eneq. Yet, the values of the adsorption energy of number of

hydrophilic heads were determined and tabulated recently [31].

(v) One finally assumes that the surfactant cannot desorbs into the hydrophobic phase, i.e. u(z) =« at z < 0.

Combining the contributions (i)-(v), one obtains an approximate expression for the interaction potential of a

surfactant molecule with the interface (Figure 1):

00, 0>z
u(z)=4-E, +uc, 2/l . ncley, >2>0; (11)
0 Z>Ncley,

Where the adsorption energy E. is given by
E, = B + 2,05 +Uqyy, (Ne +1). (12)

In Equation (11), the free energy of surfactant in the bulk solution is used as reference state. Comparison of

Equations (12) and (7) leads to an explicit expression for the empirical constant Eq of Davies and Rideal [24]:
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Ey = Epeas +Ucn, + @, 0y (13)

It encompasses not only Eneag @s assumed by Davies and Rideal, but all the other contributions to E,, unrelated
to the adsorption of the —CH>— chain. The last two terms are of the order of 1.4xkgT and 2.5xkgT
correspondingly, while the experimental data give for Ened the order of several ksT [31].

Furthermore, we will show the derivation of the expression [29] for the “thickness of the adsorbed layer” &, and
the relation of 6, and the adsorption energy E, to the adsorption constant Ks. This can be done by statistical
calculation of the adsorption /5. Using Boltzmann distribution, the potential (11) and the Gibbs’ definition of

adsorption as an excess [32], for an ideal monolayer one can write:

"ol ksTl neu
— - IkgT _
I=C, [ (e@"—1)dz =2 ghlleT| g "Wwllel =k g BT |C (14)
0 ucH2 kBT

This is, in fact, a detailed expression of Henry’s adsorption isotherm, /s = KC;. Since the exponents in the
brackets are negligible, it yields the equation (6) for Ks. The comparison with Equation (6) shows that the
adsorption layer thickness is

5, =KgTloy, /gy, . (15)
Using Tanford’s values for U, and |CHZ , at 300°K, one obtains & = 0.9 and 1.2 A for oil|water and W|G

interfaces correspondingly. This is in contrast to the assumption that &, is of the order of the thickness of the

adsorption layer [24]: indeed, for chain length nc = 12, the ratio of the two thicknesses, nclCH2 and o, as

defined by Equation (15), is about 12.

2.1.2. Poisson-Boltzmann Equation and Electroneutrality (Gouy Equation)

Consider a solution of ionic surfactant in the presence or absence of added electrolyte positioned in the semi-
space z > 0. Let each surfactant ion possess charge es (only monovalent surfactants will be considered, so that
es = ey, where gg is the elementary charge). Consequently, the surface where the surfactants’ heads are
situated (z = 0) has a surface charge density e/, due to the surfactant adsorption in the adsorbed layer I%.
This surface charge and the ions in the diffuse layer create electrostatic potential ¢(z) in the electrolyte solution,
which is determined, in first approximation, by the Poisson-Boltzmann equation

d’s
dz’

Here ¢ is the absolute dielectric constant, C; and e; are the i-th component bulk particle concentration and

e— =—> eC exp(-g¢/ksT). (16)

charge (in units [m™] and [C] correspondingly), kg is the Boltzmann constant, T is absolute temperature. In this
equation, the variables ¢ and dg@/dz = —E (electric field) can be separated, by using the identity 2d’@/dz? =
d(E?)/d¢. This leads to:
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d(E?) = —%Zeici exp(—ep/k,T)dg . (17)

A first integral of the Poisson-Boltzmann equation is obtained by integrating Equation (17) in limits z = « to z,

using as a first boundary condition E=0 and ¢=0at z = c:
@)y = 2T >.C (e -1). (18)
&

The second boundary condition (at z = 0) is the Gauss condition for electroneutrality:
cE|  =e[. (19)
We will denote the surface potential ¢(0) by ¢°. Setting z = 0 and ¢ = ¢° into Equation (18), and eliminating E(z

= 0) from the electroneutrality condition (19), the Gouy equation is obtained :

2
Ky 72 _ —efSIksT
o _Zci € 1). (20)
Here
Ki =26 | ekgT (21)

is the concentration independent part of Debye parameter: x° = x;C, and x; = 2xrs, where Iy =67/ gkyT

is the so-called Bjerumm length. In the case of 1:1 electrolyte, Gouy equation (20) simplifies to:
K .
IOFS = «/Ct sinh(@°/2). (22)

Here C: is the total electrolyte concentration (in units [m=]) and
D% =e, \gﬂ kT (23)

is the dimensionless positively defined surface potential. At high surface potentials (@° >> 1), a good

approximation of Gouy Equation (22) is
I, = 3\/6_t exp(@°/2). (24)
Ko

In the case of 1:1 electrolyte, Equation (18) can be integrated analytically. First, we take the root of Equation:

de,#(z) [k, T I~ _

0¢(dz B — _K.O Ct (eeo¢(z)/2kBT —e €op(2)/2kgT ) . (25)
Direct integration of Equation (25) gives an explicit relation between z and ¢:
Ko/C, 21 2 =arctanh (e***" ) —arctanh (ee‘”’s’ 2keT ) : (26)

2.1.3. Thermodynamics of the Diffuse Double Layer: Adsorption and Surface Tension

The ion distribution in the electrical double layer depends on the local potential ¢ (z). The ion adsorption /° JPL

of any ion j in the diffuse layer can be calculated by using Gibbs’ definition of adsorption as an excess:
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rt=c, T(e’e”’(z)’kBT —1)dz , (27)
0

Where, the superscript “"DL" indicates adsorption of the counter-ions, co-ions and surfactant ions in the double
layer only. In principle, the total surfactant adsorption is a sum of I” SDL and the surface concentration 73 (which
is the adsorption in the adsorption layer, driven by hydrophobic forces). The surfactant ions in the diffuse layer

are repelled by the interface since they have the same charge. Usually, the surface potential @ is high, so that

the surfactant concentration in the diffuse layer is close to zero. This leads to a relatively small negative
absorption of the order of /' SDL ~ —Cs/ k. Since | I’ SDL| << [5, the adsorption of surfactant in the diffuse layer

can be neglected. The same refers to the co-ions. Hence, under these conditions only the adsorption of the
counter-ions in the diffuse layer is of importance.

In order to calculate the integrals defined by Equation (27), it is convenient to change the integration variable to

¢, by using the relation dz = d¢/(d¢/dz) ,

DL
Fi

o —e.¢/k;T)-1
eSS o8
¢S

d¢/ dz

By inserting here the expression (25) for d¢/dz, one can obtain explicit formulae for the adsorptions /- JPL. For

1:1 electrolyte at high surface potential @, the result for the adsorption of the counterion i reads

roe - %G (e‘ps’z—l) ey 20 (@ 12). (29)

STl "G,

To calculate the surface tension, the Gibbs isotherm is used. If only one counter-ion of concentration Ci is

present in the system, and the bulk solution is assumed ideal, one has

do=-k,T7dInC -k, T/ °"dInC,. (30)
Since at high surface potential the charge of the adsorbed layer is compensated only by the counter-ion in the
diffuse layer, one has I iDL = [s. Then, the Gibbs isotherm (30) simplifies to

do=-2k, T/ dInC, (31)
where C is the mean ionic activity of the surfactant [33, 34], defined by:

C=Ccrc'?. (32)
If the solution is not ideal, the mean ionic activity C in Equation (31) will include activity coefficient y :

C =yCcr*c’?. (33)

2.1.4. Davies Adsorption Isotherm
We now consider an ideal solution of ionic surfactant of concentration Cs in equilibrium with an “ideal” charged

adsorbed monolayer with surface potential ¢°. The chemical potentials in the two states are
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1’ =pud +k,TInC; 1= +kTInC +ed°. (34)
The difference with the corresponding expressions for nonionic surfactants, Equations (2)-(3), is the presence of
the additional electrostatic energy term esg> in 12°.

The condition for equilibrium between the surfactant molecules in the bulk solution and at the surface reads:

ue +kgTINC, = 15 +k T In I, +e¢°. (35)
Introducing here the dimensionless potential @°, Equation (23), one obtains

I, =KC, exp(-@°). (36)
Equation (36) was first derived by Davies [23, 24]; see also Ref. [25]. The adsorption constant Ks in this
equation is defined by Equation (5), but in this case ,uf - ,uoS may contain electrostatic contributions.

The elimination of /s from Equations (24) and (36) leads to an equation for the dependence of the surface

potential @° on the composition of the bulk solution [23, 291]:

3@S=Inﬂ+lnc—§=6ln’(‘)—K°+lnC—3. (37)
4 C, 2 X

Equation (37) shows that the surface potential @° increases with Cs and Ks (due to the increased adsorption)

and decreases with the total electrolyte concentration C: (due to the additional screening effect of the

electrolyte on the surface charge).

Inserting back the surface potential (37) into the isotherm (36), one obtains a generalization of Henry's isotherm

for adsorption of ionic surfactants:
I, =K,C?®, (38)
where C is given by Equation (32), and Ko is adsorption constant of the ionic surfactant. It is related to Henry's

constant Ks:

Ko = (4K, 1x2)". (39)
The fact that according to Equation (38) /s depends only on the mean ionic activity C is an explicit formulation
of what is known as salting out effect on ionic surfactant adsorption [34]. Equation (38) was first derived and
confirmed by experimental data for C,H2.+1SO4" at W|G interface by Davies [23]. We will refer to it as Davies
isotherm. By using the procedure of Borwankar and Wasan [25], and Ivanov team derived Equation (38) and
obtained the explicit expression (39) for Ko. According to Equation (39), Ko should not depend on the electrolyte
concentration, at least for moderate concentrations.

Substituting Equation (38) in the Gibbs isotherm (31) and integrating, one obtains the surface pressure
isotherm:

7° =0, -0 =3k, TK,C*?, (40)
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which is due also to Davies [35]. Comparison with Equation (38) shows that 7° = 3kgT/:. Since the surface
pressure of an ideal layer of a nonionic surfactant is ksT7%, it follows that the contribution to 7° of the double
layer at high surface potential is

75 =2k T1T,. (41)
For the sake of simplicity, until now the ever present counter-ion specific effects were disregarded. It will be
shown in Section 0, that these effects modify the adsorption constant, leading instead of Ko in Equations (38)
and (40) to a new constant, K = Koexp(—Uio/2ksT), where ujo is the counter-ion specific adsorption energy (cf.
Equation (55) below).

2.2. Adsorption Behavior at Water | Gas Versus Oil | Water Interface: Liquid Expanded Layer and
Spreading Pressure

We analyze below the experimental data for z° vs. the 2/3-power of the mean ionic activity C¥* at oil|water and
air|water for low and medium surfactant concentrations — data for sodium dodecylsulfate, C12H2sSOsNa, at
oil|water and air|water in the presence of various concentrations of NaCl are shown in Figure 1. At air|water,
the data exhibit two well defined regions. At very low surface pressures (less than ca. 2-3 mN/m), a close-to-
linear dependence without intercept is observed. At intermediate concentrations (up to CMC) and pressures,
there is a second linear region, but with negative intercept. Denoting this intercept by 7, one can write for this
region instead of Equation (40):

7° =y + 3k, TKEC?2, (42)
By analogy with Langmuir's treatment of non-charged monolayers [36], this behavior can be explained by
assuming that the monolayer is in liquid expanded (LE) state. In this state the adsorbed hydrophobic tails form
a very thin, but more or less dense oil film spread onto the water phase. In contrast, in the first region, at lower
concentrations, the surfactant molecules are in gaseous state, where they are isolated from each other. The

intersection point between the two lines probably corresponds to phase transition between the gaseous and the

LE states (Figure 1). Langmuir’s idea for the origin of m (e.g.[36]) can be quantified as follows. Let GSNO be the

interfacial tension of the pure oil|water interface, and GSJG be the air|water surface tension. The oil-like thin
film formed by the adsorbed hydrophobic tails can be considered as a single “interface” (membrane) of

interfacial tension Jg" = aa’vo + GSJG , Which for this system is the counterpart of the interfacial tension of the
pure interface on. The hydrophilic heads of the surfactant are “adsorbed” at the water|oil interface of the thin

film. If their adsorption is ideal one can use Equation (40) with oy replaced with Gg" to calculate o :

c=07¢ +0,"° -3k, TKC?*, (43)
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However, by definition, the surface pressure 7° at W|G is defined with respect to the clean W|G surface of
tension o', thatis, 7° =0, 'C —o . Inserting Equation (43) into this definition, and comparing the result to
Equation (42), one obtains

Ty = G(;NG —O'(;NO —O'(?G . (44)
According to these simple considerations, the intercept m coincides with the spreading coefficient of a

hydrocarbon on water [29]. Therefore, n is referred to as spreading pressure. Langmuir’s explanation of 7y is

confirmed by the data in Figure 1. Indeed, the spreading coefficient of dodecane on water is —6.4 mN/m (the

values 0,'°=53.7, 6,°=253 and 0,'®= 72.6 mN/m at 22°C were used, vs. 7 = —7 mN/m determined from

the data in Figure 1. However, this picture is oversimplified, and as will be shown in Section 0 below, m, in fact,
depends on the counterion (cf. Figure 10), and probably — on the surfactant ionic head. The reason for these
dependences is not yet clear.

The situation is different with the adsorption at the oil|water. In this case, there is no interface oil|gas. Then,

one must replace in Equation (44) o,'C by oy'°, and oo° by o.° (the latter is of course zero). Thus one

finds 7 = 0, in accordance with the data in Figure 1: indeed, the surface pressure at oil|water follows rather
well the simple dependence (40) with no intercept, up to C?* ~ 2 mM?? (C = 3 mM).

The following observations deserve additional attention:

(i) In accordance with the salting out effect and Equation (31), the surface tension o depends on the mean
activity C only, as defined by Equation (33). Indeed, regardless of the electrolyte concentrations, all data fall on
2 master-curves 7° vs. C?® (one for air|water and one for alkane|water). This is so only if activities rather than
concentrations are used — this follows also from Equation (31). The activity coefficients y in Figure 1 were

calculated by the formula [33].

AC
lgy =—— "t 1 pC.. 45
97 1+B,/C, ' (%)

If the total electrolyte concentration C; = C¢ + Cs is in units [M], the Debye constant is A = 0.5108 M2 (at
298.15 K); for the empirical constants B and b we used the mean values B = 1.25 M2 and b = 0.0083 M* for
all salts.

(i) The dependence of z° on C#? is linear up to surface pressures of about 25 mN/m for W|O and 30 mN/m for
air|water (the values of the slopes and the adsorption parameters are listed in Table 1). The respective values of
C?%® are about 1.8 mM??® and 3.2 mM?3. The difference between the two systems is due to the larger second
virial coefficient (larger repulsive interactions) at the oil|water, which leads to earlier deviation from ideality. This
is evident from the values of the respective second virial coefficients.

(i) At air|water the line drawn for the gaseous adsorbed layer is tentative only, as far as the validity of Davies

isotherm in this region is questionable due to the low potential and the possible effects of the charge
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discreteness. Phase transition from gaseous to LE state occurs at the air|water at C = 0.81 mM, corresponding
to 7° about 3.0 mN/m found 0.83 mM and 3.9 mN/m respectively). This corresponds to transition from 73 =
0.24 nm2to 73 = 0.78 nm™, i.e. from less dense gaseous structure to a more dense liquid-like monolayer (see
the 73(C??) plot in Figure 1).

(iv) A number of different procedures were tested to determine K; including linear regression on few initial
points (straight lines in Figure 1) and square polynomial fit (long dashed curve in Figure 1) with the equation

7° = m + 3ks TKC?? + bC*?, (46)
Although the linear regression model looks satisfactory, we preferred the result from the polynomial fit because
it generally yields K values closer to the ones obtained by using more realistic models.

(v) From the 7°(C%®) data and Equation (46), we found for the LE region K'E = 156 (cf. Table 1). The latter is

KWO_

very close to the value for adsorption at air|water, = 178, which suggests that both processes are similar.

Davies also accounted for the cohesive (i.e., negative spreading) pressure of soluble ionic surfactants at the
air|water [23, 24]. However, neither Langmuir [36]] nor Davies [23] used the simple isotherm (43). Instead,
Langmuir used a correction for steric repulsion between the heads, while Davies introduced an empirical
dependence of 7 on Is.

In Figure 2, the Davies model was tested further by comparison of the theoretical surface potential ¢°, cf.
Equation (37), with {-potential measurements of the water|hexadecane interface. All parameters in Equation
(37) are known. In fact, the experimental data involve also ion specific effects. Hence, the calculation of ¢° was
performed with Equations (55) and (57), whith account for the effect of the counterion of K and on ¢°5; the

value uio = —-0.34 kT was used for Na*, cf. Table 2. It turned out that the contribution of the ion specific effect

is small.
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Figure 1. Interfacial pressure 7° vs. the 2/3-power of the mean activity C¥* for C1,H»sSO4Na solutions at
different NaCl concentrations. Data for air|water [37-40] and oil|water; oil is heptadecane, decane [39],
hexadecane [38], petroleum ether [41]. Solid line: fit of data for the W|G in the range C?* = 1.2+3 mM?? (the
LE region), according to Equation (42). The short dash line stands for water|gas data in the range C?® = 0+1
mM??® (gaseous monolayer region). Dash-dot line: fit of air|water data in the range C¥® = 0+1.8 mM??,
Equation (40). Long dash line: quadratic fit of oil|water data in the range C¥* = 0+CMC??, Equation (46). The
adsorption parameters determined from these fits are listed in Table 1. In the inset: the corresponding
adsorption isotherms, 73(C%?), calculated from Equation (38) with the adsorption parameters determined by the

fits. The jump of 75 at C = 0.81 mM corresponds to a phase transition from gaseous monolayer to LE state.

Table 1. Values of the adsorption parameters, determined from the data in Figure 1, according to Equation (46)
for W|O and Equation (42) for air|water (T = 25°C).

Parameter linear Fit with Equation (42) Quadratic Fit
(46)
dz5/dCc?® o K o K
[mMN/mM?*m] [mN/m] [mN/m]
W|G, LE 11.4 -7.0 129 -9.1 156
W|O 135 0 161 0 178
lgC [mM]
7‘3 71‘5 -2 fll 5
o L-50

F-100
¢ [mV]

25

r-125

=150

Figure 2. Dependence of the {-potential [mV] at hexadecane|water interface on Ig Cs [MM] (Cs is concentration
of C12H25S04 Na*), in the presence of 10 mM NaCl [38]. Solid line: theoretical dependence, Equation (37), of
the surface potential ¢° (assumed equal to the (-potential) on Cs, with no adjustable parameters (K = 178,

Table 1).
2.3. Counterion Specific Effects on the Adsorption of Ionic Surfactants from Diluted Solutions

2.3.1. Gouy Equation with Specific Interactions
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We turn now to the theoretical treatment of the influence of the van der Waals interactions (which we consider
as the most important specific interaction) of the counter-ions with the interface on the adsorption of a
monovalent ionic surfactant. Toward this goal an extended Poisson-Boltzmann equation, involving both
electrostatic and van der Waals potentials, is solved approximately. The ensuing generalized form of Gouy
equation, along with some thermodynamic considerations, will be used in the remaining parts of this Chapter to
account for the ion specific effects on the adsorption and related phenomena with ionic surfactants.
Near the adsorbed layer of an ionic surfactant, the van der Waals forces between the counter-ion and the bulk
phases lead to an increase of the counter-ion local concentration in the diffuse double layer. The repulsive
interactions disallow the counter-ion to approach the interface at distance smaller than its radius R (bare or
hydrated). Both interactions, repulsive and attractive, were modeled in a simple manner in Refs. [26, 29] by the
following expression for the energy ui(z) of specific interaction between the ion and the interface:
3

u;(2) :R—isuio- (47)

(Ri+2)
Here R; is the ionic radius and uj is the van der Waals energy of an ion in the plane z = 0 situated at distance R;
from the interface (Figure 3). If one assumes that the van der Waals energy (47) and the electrostatic energy
ei¢° are additive, the Boltzmann distribution will involve the sum of the two: ei¢® + ui(z). The Poisson-Boltzmann
equation (16) will then read:
82% = _Z‘ gC, e @kt (48)
This equation can be integrated by analogy with the derivation of Gouy equation (20), by using 2d°¢/dz? =
d(E?/d¢ and the Gauss condition (19) The result is:

¢S
egrsz _ _Zgzeici pio/keT J‘e—ei¢/kBT e—(ui(z)_uio)/kBT dg. (49)
i 0

At high surface potentials, only the counter-ions need to be taken into account in the sum in the right-hand side
of this equation. This approximation is of crucial importance for the success of our theory for it simplifies all
following calculations. It can be used also in the case of ionized proteins and polymers (when |¢5/ksT| >> 1), but
not for the adsorption of simple electrolytes. In the latter case, both cations and anions (whose properties are
similar) have comparable participation in the diffuse layer whose local potential depends, in fact, on the small
difference of their local concentrations. With this approximation, the integrals in the right hand side of Equation

(49) can be evaluated by using an iterative procedure [26]. As zeroth iteration, one can use in the integrand the
results for the case of absent ion specific effect by setting it in Equation (49) ¢S = ¢OS, where (/505 is given by

Equation (37), and z = Zo(¢),, given by Equation (26). Integration by parts then leads to
é

Ie—ei¢/kBT e—(ui (29)~Ujo)/kgT dg = _kB_T
0

e” (1-F,), (50)
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Where F, stands for the expression

s
F =g % | glolkT 4 T g af/keT de_(Uit;ﬂM . (51)

0 ¢
At high surface potentials, the value of F, was found much smaller than unity [26], so that it can be neglected in
Equation (50). Using this approximation, one substitutes Equation (50) into Equation (49) to obtain a
generalization of Gouy equation (20), accounting for the ion specific effect:

Fsz _ ZCi g Uio/keT e¢§ (52)

4
(The Debye parameter «p is given by Equation (21)). If only one counterion is present in the system, Equation
(52) simplifies to

I?= izct g tolkaT g% (53)
Ko

Substituting here the expression for the zeroth approximation of the surface potential CDOS , Equation (37), one
obtains extension of Davies isotherm (38), 720 = KoC?3, accounting for ion specific interactions:
I = KO e_ui0/2kBT C2/3 = Kc2/3 (54)

s .

Here C is the mean activity (32). Based on Equation (54) and the expression (39) for the non-specific adsorption

constant Ky, one finds the expression for the ion specific adsorption constant K:
13
€

K =K, e T = (4K /1) el (55)

This procedure allows also the determination of the first iteration for the surface potential @°. To do so, the
equation of state (36) is used, with 73 given by Equation (54). After solving the result with respect to @°, one
obtains

1, xK: 1, CZ u
:_nOS__In s 4+ i0

3 4 3 C, 2KT

@° (56)

The comparison of Equations (54) and (56) with the respective zeroth (non-specific) approximations for the
surface potential CD(;Q‘ , Equation (37), and the adsorption /s, Equation (38), leads to

I, =T gexp(-u,/2k;T), @° =@ + Uy, [ 2K, T | (57)
Note that the procedure is applied to the equation of state (36) of an “ideal” monolayer. For other systems in
which the surfactant molecules interact directly with each other (e.g., with van der Waals or steric forces), it is
possible that other system parameters are affected.

In Equation (52), it is assumed that the surface charge density is due to the surfactant ions only (i.e., it is es/s).

In reality, the counter-ions can penetrate also in the adsorbed layer, in the empty spaces between the

surfactant heads, but, because of the relatively low values of the specific adsorption energies uio (cf. Table 2),

35



Nanotechnology in Science and Engineering 2018; 1(1): 21-60.

they do not remain firmly bound (unlike the surfactant ions) to the interface. Hence, most common ions must be
treated as part of the diffuse layer. This was proven directly by Shimamoto and team [21], who studied
experimentally by total-reflection X-ray absorption fine structure the ion distribution in the adsorbed and the
diffuse layer.

2.3.2. Specific Interaction between an Ion and the Interface

The adsorption potential of the counter-ion uip is related to a number of parameters, among them: the
molecular or ion static polarizabilities, apw and i, and the ionization potentials | and I; of the water molecule
and the counter-ion, as well as the radii of the hydrated and bare ion (Rn and Ry respectively). These
parameters are not always available and even when they are, they are not very reliable. As shown in Ref.[26],
the adsorption energy uip depends strongly on the choice of the parameters and can vary by orders of
magnitude. When several values of a given parameter were available in the literature, all were tested and the
one giving best coincidence with the experimental data was retained.

In Ref.[26], the calculation of the energy uip was performed, using the London expression for the intermolecular

potential u;; between molecules of type i and j at a distance rij[42]:

u; =-L /e

ij 7 (58)
Where the London constant Lj is related to the static polarizbilities i and oy and the ionization potentials I;
and |; of the interacting species:

KTo oA

L =>%i%i lili 59
1T 0 (59)

Upon adsorption, the counter-ion displaces an ensemble of Ny water molecules (Figure 3). In the initial state

(before adsorption), the ion is in the bulk and has energy uiB and the Ny, water molecules are at the interface,

with total energy ufv (subscript indices “i” and “w” stand for “ion” and “water”, superscript indices “S” and "B”
stand for “surface” and “bulk”, see Figure 3). In the final state (adsorbed ion), the ion and the water molecules
have exchanged positions and their energies became uiS and uvf respectively. Thus, the ion adsorption energy
Uio, which is equal to the change of energy upon adsorption, is:

U, =(uf—uiB)—(uvsv—uv'3). (60)
The hydration shell of the large ions is loose because they have lower hydration humbers ny, and larger area of
the bare ion. That is why it is assumed that when they are adsorbed, the hydration shell is deformed by the
interface as shown in Figure 3. Hence, they can approach the interface up to a distance equal to the radius Ry of
the bare ion. We will refer to them as “type I ions”. Smaller ions (“type II"”) have denser adsorption shell which

cannot be rearranged upon adsorption, so that most probably they will remain immersed in water, along with

their hydration layer. Therefore, they can approach the interface only to distances equal to Ry.
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We will calculate first the energy uiS of the type I ions. Toward this aim, the London potential (58) is integrated

over the volume of the water phase excluding the hydration shell, with rj being the distance between the

volume element dr and the ion positioned at r = 0, z = 0 (that is, the integration is over z > R, and r’+ z%<

Rﬁ ). The integration is performed in cylindrical coordinates:

0

Rf i IWpWandrdz f J Ly 2mrdrdz _ 2n L, p, [“ 3 &j_
Rb\/RZ_z +Z) R, 0 (I’ +Z) 3 Rr? 4Rh I

here pw is the particle density of water. Similarly, the bulk energy of the ion is (integration in spherical

(61)

coordinates)

dn L, p.

j w p, At dr,, =8 bl (62)

R, |w 3 Rh

The respective energies of the ensemble of water molecules (assumed a sphere of radius Ry, or a part of it) are:
271: 4

U = LWWfW ue =__7‘wa_fw_ (63)
3 R: 4 R 3 R

Substituting Equations (61)-(63) into the expression (60) for uj, one obtains an explicit relation of the

adsorption energy with the ionic properties of type I ions:

3R, |27 p
U, =1--—= |—2w (L — . 64
To calculate ujo for type II ions, one must set Ry = Ry in Equation (64), which simplifies the expression to
TP
u,=——2(L, — . 65
i0 6 Rs ( iw wa) ( )

N, water molecules
“replaced by the ion

ion adsorption

n, water molecules
in the hydration shell

Figure 3. Scheme of the process of adsorption of a type I ion. Left: ion in the bulk. Right: ion at the surface.

The nw hydrating water molecules might be pushed away by the interface, so that the shortest distance of
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approach of the ion to the interface is the bare ion radius Ry,. Upon adsorption, the ion replaces an ensemble of
Nw water molecules. For type II ions, the shortest distance of approach of the ion to the interface is the
hydrated ion radius Rp.

The values of the hydration number n, and the radius Ry of the hydrated ion depend strongly on the method
used for their determination and can vary widely [43]. It seems that more reasonable results can be obtained by
model calculations, rather than experimentally. For monovalent ions, Marcus [44] found that the hydration
number ny can be represented by the empirical relation

nw = AJ/R;, (66)
where A, = 3.6 A for all ions. He further assumed that the hydrating n. water molecules, considered as spheres
with radius Ry = 1.38 A and volume vy, = 11 A3, are squeezed around the ion, forming a layer of thickness Ry —

Ry and volume:

nv :4—n(

W W

Ry -R7). (67)

The last relation is used to calculate Ry. The values of ny and Ry calculated in this way [26, 44, 45] are shown in
Table 2. Robinson and Stokes (Equation (9.27) in Ref. [33] used similar approach, but with water molecular
volume vy = 30 A3, which follows from the density of water. They also used different values of the hydration
number ny, which were calculated from the ion diffusivity (see Table 11.10 in Ref. [33]. Ivanov and team [26]
calculated the radius Ry using both sets of parameters; for the ions of interest the results for Ry did not differ
much from each other. Both sets of Ry, those calculated by the method of Marcus and by the method of
Robinson and Stokes, differ however much from the often quoted values (e.g. [42]) Ry = 3.8, 3.6, 3.3 A for Li*,
Na* and K*, and 3.5, 3.3 and 3.3 A for F~, CI” and Br respectively.

The London constants Liy for the interaction ion-water molecule, and Lww for the interaction of Ny, water

molecules with a single water molecule are calculated directly from Equation (59):

3a,.a,, 11 3
Ly, == L =7 Nun b (68)

For the calculation of Lw, the ensemble of Ny water molecules is regarded as a sphere with polarizability Nwap,w
[26]. The number Ny was assumed equal to the ratio between the volume of the bare ion and the volume of
one water molecule [46]:

N, =R /R?, (69)
Where, Ry is the radius of the water molecule. For the value of Ry, two possibilities were tested in Ref.[26]: (i)
the average volume per molecule (30 A®), based on the water density, yields Ry = 1.93 A; and (ii) the proper
volume of a water molecule, 11 A3, corresponds to Ry = 1.38 A. Better agreement with the experimental data
was obtained with the second option, Rw=1.38 A. The used value of the static polarizability of water was

opw = 1.48 A® and of the ionization potential was | = 2.02x1078 J [471.
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The values of the ionization potentials of the ions I; are also questionable. In Ref.[26], the ionization potential in
vacuum was used for halogen ions. For the alkaline ions, it was corrected for the hydration effect, although the
correction was small. Later we found some new data about the system parameters which showed that the
hydration correction is even smaller and hereafter it was disregarded. For the cations, we used the second
ionization potential, since the first one corresponds to ionization of the respective atom, not ion. Since the
anions have already accepted one extra electron, their ionization potential must be equal to the negative value
of the electron affinity.

Table 2. Specific adsorption energies of the considered ions (T = 25°C). Ry — bare ion radius; ny — hydration
number, Equation (66); Ry — hydrated ion radius, Equation (67); Nw — number of water molecules in the
ensemble, replaced by the ion upon adsorption, Equation (69); Lw — London constant of this ensemble,
Equation (68); o — polarizability of the ion; I; — second ionization potential of the cations and negative electron
affinity of the anions; uj, — ion specific adsorption energy, Equation (65) for type I ions (no deformation of the
hydration shell) and Equation (64) for type II ions (with deformation of the hydration shell). The ions in the
Table are ordered by increasing absolute values of uip. The sequence of both cations and anions is the same as
in Hofmeister series, but for the cations this order corresponds to increasing efficiency as opposite to the series.
Source data: Marcus [44]; Nikolskij [47]; Tavares [16]; Dietrich [48]; Lide [49].

Cation | Ry [A] Nw Rn [A] Nuw Lww ap, I Lwi Uio/keT Uio/keT
Eq (66) | Eq(67) | Eq (69) Eq (68) [A% | [J]x10"® Eq (68) type | type Il

[m®J] x10% [m®J] x10%° Eq (64) Eq (65)

Li* 0.69* 5.22 2.41 0.13 41.5 0.03! 12.1? 11.5 -0.09

Na* 1.02! 3.53 2.18 0.40 134 0.15° 7.58? 53.1 -0.33

NH4* 1.53¢ 2.35 2.14 1.36 453 1.64! 2.13? 378 -0.61

K* 1.41! 2.55 2.12 1.07 354 0.79° 5.07° 253 -0.90

Rb* 1.65° 2.18 2.17 1.71 568 1.4 4.412 431 -0.98

NMe4* 2.80! 1.29 2.94 8.36 2770 9.08! 2.43? 2220 -1.05

Anion | Ry [A] Nw Rn [A] Nw Lww i li [J] Lwi Uio/ksT Uio/lke T
[m8J] x10% | [A3 x10'8 Eq (68) type | type Il

[m®J] x10%°

Ac 1.65! 2.18 2.17 1.71 568 5.50! 0.544! 545 -0.185

OH- 1.33! 271 2.11 0.90 297 2.04 0.345! 134 -0.736

F- 1.33! 271 2.11 0.90 297 1.04? 0.545! 99.1 -0.891

cr- 1.64! 2.20 2.17 1.68 557 3.59? 0.580! 359 -1.43

Br- 1.95! 1.85 231 2.82 937 5.07? 0.540! 480 -2.32

NOs~ 2.00! 1.80 2.33 3.05 1010 3.93! 0.631! 420 -2.83

N3~ 1.95! 1.85 231 2.82 937 4.45! 0.444! 360 -2.93

Clos 2.40! 1.50 2.61 5.26 1750 5.252 0.758! 642 -3.28

BF+ 2.30! 1.57 2.53 4.63 1540 2.80! 0.902! 388 -3.84

Eqg-Equation

2.4. Comparison with Experiment

2.4.1. Experimental Verification of the Theory of K
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Our expression (12) for the adsorption energy E. differs from Equation (4.3) of Davies and Rideal [24] by the
Ea= opal+ucHine +1)+Ensdf
Ea= opal+ucHi(nx+1)

Ea=0 Ea= opal+-ucml®

7, 0

T

z stateP

state f11
stare [T

state [

presence of the new term oy« .

Figure 1. Four different stages from the adsorption of the surfactant molecule on gas|water interface:
Stage I - Prior the very adsorption; Stage II - The cap of the hydrocarbon tail touches the gas|water interface;
Stage III - Part of the hydrocarbon tail with ny carbon atoms penetrated into the air’'s phase; Stage IV - The

whole hydrocarbon tail with n. carbon atoms penetrated into the air’s phase.

This term stems from the disappearance of area «, of interfacial tension oo when the surfactant molecule is
adsorbed at the interface. To demonstrate the significance of this energy, we will analyze the data by Rehfeld
[39] and Gillap team [50] for the adsorption of Ci,H2sS0sNa at various oil|water interfaces, where the oil phase
is varied — this is the only simple way to change the interfacial tension oo of the clean surface without affecting
too much the other parameters of Equation (12), and allows direct observation of the expected effect of oo on
K.

Substituting the expression (6) for K; into the definition (55) of K, and using the result (12) for the adsorption

energy E,, one obtains

u u
K+ =InK, =const + -2 n_ + - g, 7o
2k.T gT ~ 3kgT
Where,
E a,u 1,46
const = —tead 4 — 2 4 | —= (71)

3K,T 33k, 3 &2

In Equation (70), we preferred to correct the experimental adsorption constant K with the term uio/2ksT
standing for the ion specific adsorption energy of Na* ion (uip = —0.34xkgT, cf. Table 2), in order to obtain the

counterion-independent constant Ko, Equation (39).
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The effect of the nature of the hydrophobic phase is twofold. First (and more important), the change of the oil
will affect op in the last term in Equation (70). The interfacial tension op of the pure oil|water interfaces in
Rehfeld’'s experiments ranges from 31.3 mN/m for 1-hexene|water to 53.2 mN/m for water|heptadecane.

According to Equation (70), this corresponds to a difference of about 0.4 in the value of InKo. The second effect

of the hydrophobic phase is on the transfer energy Uc, / which also depends to a certain extent on the nature
of the oil. According to Tanford [30], for transfer of a —CH>— group from water to hydrocarbons, Uc, does not

differ significantly for alkanes and alkenes. Aveyard and Briscoe [51] found only a weak dependence of U, on
the length of the alkanes. We could not find data for the aromatic and cyclic compounds used by Rehfeld, but
the relatively good coincidence between theoretical dependence and experimental values depicted in Figure 5
suggests that this second effect is smaller. Therefore, for all considered systems, only the term oy, in
Equation (70) will vary significantly with the nature of the ail.

Three typical surface pressure isotherms z°(C%°) for oils of different interfacial tensions oo, based on the data of
Rehfeld [39], are shown in Figure 4. From these data, the values of K were determined according to Equation
(46) and corrected with uio/2ksT according to Equation (70) to obtain the counterion-independent quantity InKo.
The obtained In Kq values for several different oils with the same surfactant Ci2H25504Na are plotted in Figure 5

in coordinates InKo vs. cv. The line is plotted according to Equation (70) with the theoretical slope «, /3k,T =

0.0172 m/mN, corresponding to the value o, =21.2 A? given by Tanford [30] for the hydrocarbon chain cross-

sectional area. The theoretical intercept, determined from Equations (70) and (71) is 4.8. Its experimental value,
from Figure 5, is 4.16+0.08, which is reasonably close to the theoretically predicted. These data confirm our

theory of the adsorption energy and thickness, Equations (12) and (15).

water|lnonane|
e e o

40 /./

» water|butylbenzene
‘/ 4 m mEnR
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104
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Figure 4. Surface pressure 7° vs. 2/3-power of surfactant concentration Cf’ 3 for adsorption of C12H25S04Na at

oillwater for three typical oils with different interfacial tensions (oo = 50.9, 40.1 and 31.3 mN/m for
nonane|watere, butylbenzene|water and 1-hexene|water respectively). Experimental data by Rehfeld [39], T =
25°C. Solid line: the linear dependence (38); dashed line: fit with quadratic polynomial, Equation (46), up to

CMC. From the polynomial dependences, the adsorption constants K, used in Figure 5, are determined.

4,9 -

In K,

48 4

4,7

4,6 T T T T 1
30 35 40 45 50 55

o, [mN/m]

Figure 5. Dependence of In Ko of C12H255S04Na on the interfacial tensions op of the pure oil|water interfaces. All

points are determined from plots similar to those in Figure 4. The values of K'were calculated from quadratic fit

of 7° vs. Csm, Equation (46), and were corrected for the counter-ion effect according to Equation (70) to yield
Ko. Solid line: theoretical dependence (70), with the theoretical slope «, /3k;T = 0.0172 m/mN (cf. Equation

(70)), corresponding to «, = 21.2 A? [30]. The intercept is 4.16+0.08.

We now turn to the dependence of the adsorption constant K on the number of carbon atoms nc in the

hydrophobic tail of homologous surfactants. As it is obvious from Figure 6, the addition of —CH>— groups leads to

a strong increase of the surface pressure 7°, which is related, according to Equation (70), to the energy Uk, of

transfer of a —CH>— group from water to the hydrophobic phase. Both Tanford [30] and Davies and Rideal

(Table 4-1 in Ref.[24]) cite different values of Uch, for oil|water and air|water. For water|alkane interface,

. WO _ o1 WO _ o1 . . . WG
Tanford gives Ugy =5.75x 10 J vs. Ug, =5.98 x 107 J by Davies and Rideal. For W|G, Tanford gives Ug,
= 4.35x 10*" J. Davies and Rideal found that ug\ﬁz depends on the coverage: for dilute monolayers, u(V;Yf; =

4.17 x 10% ], while for denser monolayers (90A2 per molecule) u(V:Yfz =4.85x10%.
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We will compare the value of Ko of homologous series of surfactants at different oil|water interfaces — different

oil phases and different oo. To analyze the effect from the chain length nc, we reduced all K values to standard

alkane

clean interfacial tension o2**™ =52 mN/m; the standardized value K" is easily recalculated by using

Equation (70),

In Kglkane —In Ko — SzLT (O_glkane _O-o)' (72)
B

Kg'ka”e is the expected adsorption constant of the surfactant at the water|alkane interface, provided that UXVHCZ

of the investigated oil is the same as for alkanes (cf. the discussion below Equation (71)). The data for

adsorption of sodium alkylsulfates and alkyltrimethylammonium bromides at the oil|water, plotted in our Figure

7, are consistent with Equation (70). The value ug‘,’i = 5.75 x 10! J, quoted by Tanford, agree very well with

the observed slope dKZ**"™ /dn. (which is equal to Uey, / 3KgT , Equation (70)).

The adsorption of homologous series at the W|G in the LE region can be similarly analyzed (Figure 6b). We

determined the adsorption constant K for each particular system by fitting the experimental data 7°(C%°) with
Equation (46), 7° = 7, +3k,TKC?® +bC*®. We considered only the parts of the surface tension isotherms

corresponding to LE state of the adsorption layers. The dependence of In Ko on nc for the LE monolayers at the
air|water interface is once again linear, as shown in Figure 7, so Equation (70) is valid. Surprisingly, within the
experimental error, the slope is the same as for oil|water. According to Langmuir hypothesis, this is certainly
due to the fact that the transfer of a —CH>— group is a transfer from water to liquid expanded adsorption layer
(and not to a gas!), which is nearly equivalent to transfer from water to oil. We found it hard to estimate the

corresponding energy of transfer from water to gaseous monolayers, due to the insufficient and contradictory

data for the adsorption in this region. One can expect, however, that UXVHGZ will have lower value (about 4.17 to
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Figure 6. Dependence of the surface pressure 7° vs. 2/3-power of the mean activity, C?°. (a) Alkylsulfates of

different chain length at the oil|water, with or without added NaCl. The data for Ci2H2sSO4Na, with various
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amounts of NaCl, are the same as in Figure 1; the data for CsH17SO4Na and CioH2:S04Na at the decane|water
interface are with added 50500 mM NaCl [52]. The data were processed as in Figure 4: dashed lines are
quadratic fits with Equation (46). (b) Alkyltrimethylammonium bromides of different chain length at the
air|water. The data for CioH2:NMesBr are with 0+10 mM NaBr [18]; data for Ci2H2sNMesBr, CisH29NMesBr and
CieH33NMesBr are by Aratono. Solid lines correspond to quadratic fits, Equation (46). From the fits, the values of
the adsorption constants K were obtained; the final result is the experimental dependence of K on the number

of carbon atoms nc in the hydrophobic tail, plotted in Figure 7.
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Figure 7. Dependence of the logarithm of the adsorption constant In Ko on the number of carbon atoms nc in
the hydrocarbon chain. Circles: data for alkylsulfates at the W|O; the values of Ko were calculated from 7ZS(C52/ 3)

dependences similar to those shown in Figure 6. The data for Ci2H25S04Na are from the same sources as in
Figure 5; data for CsH17SO4Na and CioH2:1S04Na are with 0+500 mM NaCl, and the oil is either decane [52] or
other alkanes [50]. Correction for op was made, and all data were reduced to oo = 52 mN/m according to
Equation (72). Crosses: adsorption of alkyltrimethylammonium salts at W|O. Data for CsHi7NMes and CioH21NMes
are with decane in the presence of 0+500 mM NaCl [52]; data for Ci2H2sNMesBr and Cl is with hexane,
hexadecane and petroleum ether and 0+500 mM NaCl [52]. Diamonds: data for the adsorption of

alkyltrimethylammonium bromides and chlorides at the W|G, with various amounts of salt [18], [53]. Lines — the

theoretical dependence (70) with Uew, = 575x 102 J as given by Tanford [30]. The intercepts were

determined as fitting parameters: —0.55 for alkylsulfates at W|O, for alkyltrimethylammonium salts at W|O: -
1.63, and at W|G: —2.12.

On Figure 8, the surface pressure isotherm of four Ci2H2sNMes* salts at W|G is shown. Obviously, the counter-
ion can drastically increase the surface activity of the surfactant ion, and the effect of the counter-ion follows
Hofmeister series. Similar curves were obtained for the other surfactants, considered below. Our aim now is to

demonstrate how the results in Figure 8 can be explained quantitatively with the model developed in Section 0.
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Equation (55) can be presented in logarithmic form:
InK =1In KO—EUJ. (73)

2 kT
We already discussed the first term in the right hand side of this equation: it can be estimated with Equations
(70) and (71). In comparison with these equations, Equation (73) accounts additionally for the effect of the
counterion specific adsorption energy Uio.
To validate Equation (73) experimentally, several cases with data for surface tension of the same ionic
surfactant with different counteri-ons (with or without added salt) were analyzed. We found only scarce
experimental data for such systems for the same surfactant ion. In order to supplement these data with variety
of counter-ions, we used the established relation (70) between Ko and the number of carbon atoms nc: using it,
we were able to reduce K of any surfactant from a homologous series to a standard constant K, for surfactant

with nc = 12:

u
InK, =1In K—3;H_i_ (n.-12), (74)

B

where Uch, /' ksT has a value between 0.96 and 1.26 depending on the surfactant’s hydrophilic head [31]. For

homologous series of surfactants with the same ionic head at the same interface and temperature, this standard
constant K12 should depend on uio only, cf. Equations (70) and (71).

The specific adsorption energies uj of the ions were taken from Table 2. The values of K were found by curve-
fitting with the quadratic dependence Equation (46). The so-found values of K were used to calculate the non-
specific adsorption constant Ky for each of the surfactant ions through Equation (73). In agreement with the
theory, the obtained values of In Ky are the same for a given surfactant ion with any respective counter-ion.

The dependence of the adsorption constant on the adsorption energy ujp of the counter-ion is illustrated in
Figure 9, where In K1, vs. —Uio/ksT is plotted for three different surfactant ions. The lines are drawn according to
Equation (73) by using the theoretical slope 2 and the average values of InK, for each surfactant ion:
4.80+0.13 for C12H25S047, 3.74+0.02 for Ci2H2sPyrNMez*, and In Ko = 3.28+0.10 for Ci2H2sNMes*. The theory
describes the data adequately. Note that the values of the adsorption energy uio listed in Table 2 were obtained
without using any free adjustable parameter. The average values of InKy can be compared to the theoretical
value InKo = 5.8, calculated by Equations (70) and (71) with neglected Eread. The difference between surfactants
with the same tail but with different head-groups is clearly due to the head adsorption energy in Equation (12)
[31]. From the experimental values of Koy, it can be calculated that Eread is of the order of -2.79, and —5.85xksgT
for —=SO4~ and —NMes* correspondingly [31].

We ordered below the counter-ions according to the experimental values of the adsorption constants Ki, for a

given surfactant ion in Figure 9:

Ac  <F <CI"<Br " NO, <BF, for cationic surfactants (75)

45



Nanotechnology in Science and Engineering 2018; 1(1): 21-60.

Li" <Na" <NH; <Rb"~ K" <NMe, for anionic surfactants (76)

20 -

75 [mN/m)]

10 4

Figure 8. Surface pressure 7° vs. C*3(2/3-power of the mean activity) for CizH2sNMes salts. The surface
pressure at a given concentration of these increases in accordance with Hofmeister series (BFs~ > Br- > CI- > F~
). The data for Ci2H2sNMesBF4 are with added 0+15mM NaBF4 [20]; Ci2H2sNMesBr- and Cl- are without additives
[20, 29]; the data for Ci2H2sNMesF are obtained by 100 mM NaF added to 0+15mM Ci2H2sNMesBr solutions [29].
T = 23+25°C. The lines are quadratic fits. The results were used for calculation of the respective adsorption

constants K, used in Figure 9.
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Figure 9. Dependence of the adsorption constant Ki, on the ion adsorption energy —uio/keT of surfactants with
3 different head groups at W|G. The values of Ky, were determined from 73(C%°) data as those in Figure 8. For
this plot, we used the calculated values of uj, from Table 2. Lines: comparison with the theoretical dependence
with fixed slope 2, Equation (73). Sources: Ci12H2sSO4~ with Li* alone [54, 55] and Li* with added 1 mM NH4*
[54]; for Na*, cf. Figure 1; NHs" and NMes* stand for 5+10 mM NH4* or NMes* with 1+3 mM Li* [54]; K* and
Rb* are without added salt [55]; T = 23+33°C. K-values for 1-dodecyl-4-dimethylaminopyridinium
(C12H25PyrNMez*) halogenides are calculated from Koelsch’s data [56] (no added salt or 100mM NaF/NaCl/NaBr
added to Ci2H2sPyrNMezBr at room temperature). Ci2H2sNMes* is by Aratono (BF4s~ with added 0+-10 mM NaBF4,
NaCl, NaBr [20, 37] and Bergeron [53]. Data for CioH21NMes* (Br~ with 0+-10 mM NaCl [18, 53]), CisH29NMes*
(CI- and Br~ [53]) and CisH3sNMes* (CI~ and Br- in presence of 0+100 mM salt [18, 53]; 10+100 mM Ac-, NOs~
or F~ in the presence of 0+0.5 mM Br~ [18]) is also used in this Figure — the corresponding adsorption constants
K of these surfactants were reduced to the standard constant Ki of Ci2H2sNMes* through Equation (74). All
measurements with CrhHzn+1NMes* were performed at T = 20+25°C.

The Hofmeister effect influences also the other parameters in the surface pressure isotherm (46). We found
strong correlation between the spreading pressure m of the surfactant and its counter-ion. In Figure 10, the
spreading pressure of CnH2n+1NMes* salts is plotted against ui. The dependence is close to linear; the spreading
pressure increases in absolute value with -ujo.

The good coincidence between the theoretical dependence Equation (73) and experiment, demonstrated above,
suggests that the effect of the type of counter-ions on the adsorption constant K is due not only to steric

reasons, related to ion size, as it is sometimes assumed [57-59], but is also due to van der Waals interactions.
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Figure 10. Hofmeister effect on Langmuir’s spreading pressure m of CaH2n+1NMes* salts at W|G: dependence of
—m on —Uio/ksT. The spreading pressure equals the intercept of quadratic fits of 75(C?°) (cf. Figure 8). m shows
strong correlation to the ion adsorption energies uj. Data sources as in Figure 10.

3. Ion-Specific Effects on the Stability of Dispersed Systems and Relation to State of the
Adsoprtion Layer

3.1. Surface Force Analysis

The ion-specific effects on the state of the adsorbed surfactant layer influence the stability of foams and
emulsions. This section is devoted to the investigation of the type of the surfactants counter-ion on the stability
of the dispersed systems. It presents the experimental data of Ref. [27] and such one conducted in the present
work.

Ref. [27] presents experimental data on the disjoining pressure of water films in air (foam films) stabilized by 1
mM solutions of hexadecyltrimethylammonium bromide (CisH33sNMesBr) and 9 mM added salt (NaF, NaCl, NaBr).
The disjoining pressure, stabilizing the films, was measured in a thin film pressure balance by using the Mysels-
Jones porous plate technique (Figure 12).
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Figure 12. Schematic presentation of the porous plate cell.
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The main question, which we raise is how the type of the counter-ions affect the stability of foams and
emulsions. We know from the previous sections that the counter-ions with a higher absolute value of the
specific adsorption on air|water or oil|water interfaces are integrated onto the surfactant adsorption layer in
larger degree and vice versa. Hence, at a higher level of counter-ion adsorption the surface potential should be
decreased more and vice versa. The theory of the electrostatic disjoining pressure has been developed by many
authors, above all by Derjaguin and associates. Their results are summarized in the excellent book of Churaev
[60]. According to their theory (neglecting the ion specific effects) the electrostatic disjoining pressure, Ile, in a

planar film of low surface potential or large thickness is given by the following expression:
2 S
I1,, =64k,TC, tanh (CDO / 4)exp(—1<h) =TI, exp(—«h) (77)
where C; is total ion concentration. Since during the derivation of Equation (77) in Ref. [60] no other

assumptions about the surface potential were done, we decided that in order to account for the specific effects
it should be sufficient merely to replace (I)g with @S by means of the following equation:

S S
O° =D, +u, / 2k, T (78)
Equation (77) suggests that the dependence of the experimental disjoining pressure IT on the thickness h should
be close to linear in coordinates In IT vs. h. Figure 13 shows that indeed this is the case. Since the films are

rather thick, one can disregard the contribution of the van der Waals disjoining pressure (direct numerical

calculations confirmed this). This permits identifying IT with ITe and using Equation (77) for the calculation of I,

but with ®° replacing <1>§. The lines in Figure 13 are almost parallel and obey the equation

InTI,, =InTI, —«h (79)
The obtained intercepts InITy and slopes k are shown in Table 2.
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Figure 13. Plot of InIT vs. h for foam films stabilized with CisH33NMesBr and NaX (X = F-, CI-, Br").
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Table 3. Intercepts, In 1o, and slopes, «, of the lines in Figure 11.

Ion F Cl- Br-
In Io [Pa] 8.79 8.25 7.65
k [nm] 0.0485 0.0451 0.0386

The almost parallel, but shifted, lines suggest that the specific ion interactions (if any) are affecting mostly the
surface potential ®°. By means of Equation (77) we calculated the experimental values of ®° from the obtained
data for ITo (see Table 3) and plotted in Figure 14 the results as ®° vs. —uo/ksT. The relatively good linearity and
close value of the experimental slope, 0.4, to the theoretical one, 1/2, (cf. Equation (78)) seem to confirm the

role of the ion specific effect.
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Figure 14. Combined surface potential ®° vs. —uo/ksT for foam films stabilized with CisH3sNMesBr + NaX (X =
F~, CI5, Br). The slope is —0.4.

The Hofmeister effect on the surface potential and the disjoining pressure, I1, is by no means negligible. To
setimate it for films closer to reality, in Figure 15 we present the results (obtained in Ref. [26]) for the total
disjoining pressure It (including also the van der Waals contribution with Hamaker constant Ay = 4x107% J)
of foam films with 0.5 mM of the halide counterions. The maxima of IT(h) around h =5 nm control the stability
and the coalescence of the bubbles. The maximum is more than 4 times lower in the presence of only 0.5 mM

Br than it would have been with the same electrolyte concentration if the ion specific effects were disregarded.
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Figure 15. Total disjoining pressure Miwtal calculated with Hamaker constant Ay = 4x10% J for 0.5 mM counter-
ions F~, CI" and Br~ (from Ref. [26]).

3.2. Ion-Specific Effects on the Stability of Dispersed Systems

3.2.1. Emulsion Stability

Ref. [27] reports on the emulsion stability measured by means of two types of techniques — Film Trapping
Technique (FTT) and Centrifugation. They used the same surfactant (CisH33sNMesBr) and salts (NaF, NaCl or
NaBr). The concentrations of the surfactant and the added salts for FTT were the same as in the thin film
studies described here above, but for the centrifugation the emulsions with 1 mM salts were too unstable, so
that the concentrations of the added salts were increased to 30 mM. Soybean oil, purified by passing it through
a glass column filled with Silicagel 60 adsorbent, was used as oil phase.

The film trapping technique (FTT), developed in Ref. [61-64] is a useful method for determining the coalescence
stability of single emulsion drops. The principle of the FTT is the following: A vertical capillary, partially filled
with oail, is held at a small distance above the flat bottom of a glass vessel, Figure 16. The lower edge of the
capillary is immersed in the working solution, which contains dispersed micronsize oil drops. The capillary is

connected to a pressure control system, which allows one to vary and to measure precisely the difference, AA,,
between the air pressure in the capillary, Pa, and the atmospheric pressure, P,f . The pressure is measured by a

pressure transducer connected to a personal computer. Upon the increase of Pa the oil-water meniscus in the
capillary moves downward against the substrate. When the distance between the oil-water meniscus and the
glass substrate becomes smaller than the drop diameter, some of the drops remain entrapped in the formed

glass-water-oil layer. The pressure Pa is increased until the coalescence of the entrapped oil drops with the
upper oil phase is observed. The capillary pressure in the moment of drop coalescence, PCCR , represents the

coalescence barrier and is called critical capillary pressure. It is related to APa in the moment of drop breakage

and can be calculated from the equation:
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Figure 16. Scheme of the film trapping apparatus and of the droplets trapped between the oil-water and the

substrate (see the magnification lens), from Ref. [64].
PSR = AP, —AP,, —pgz (80)

Where, APo is the pressure jump across the oil column in the capillary. It includes contributions from the
hydrostatic pressure of the oil column and the capillary pressure of the air|oil meniscus. It is measured after
filling the FTT capillary with oil but before immersing the capillary into the water pool. In the hydrostatic term z
is the depth of the water (Figure 16), p is the water mass density and g is gravity acceleration. The trapped oil
drops and the coalescence process were observed from above with an optical microscope.

The test of the emulsion stability by means of centrifugation in described in details in Ref. [27]. Oil-in water
emulsions were prepared by stirring for 4 min a mixture of 40 mL water phase and 10 mL soybean oil (20 vol.
% SBO) with a rotor-stator homogenizer, Ultra Turrax T25 (Janke & Kunkel GmbH & Co, IKA-Labortechnik),
operating at 13500 rpm. The drop size ds2 was determined by optical microscopy of specimens of the studied
emulsions in transmitted light with microscope. After 30 min storage the fresh emulsions were transferred into
several centrifugal tubes and centrifuged at 25°C in 3K15 centrifuge. The emulsion stability is characterized by

the critical osmotic pressure, PS%,, at which a continuous oil layer is released at the top of the emulsion cream

in the centrifuge tube. PS, is calculated from the experimental data by using the equation :
POCSIT\AZApgk(VOIL_VREL)/AzApgk(HO|L_HREL) (81)

Where Ap is the difference between the mass densities of the aqueous and the oil phases; gk is the centrifugal
acceleration (gk = Lo?, where L is the distance between the axis of rotation and the center of the cream, o is
the angular velocity); Vou is the total volume of oil used for preparation of the emulsion; VreL is the volume of

released oil at the end of centrifugation; and A is the cross-sectional area of the centrifuge test tube.
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The results from both tests are presented in Table 4 and Figure 17.
Table 4. Critical pressures and drop sizes of SBO-in-water emulsions, stabilized with 1 mM CieH33NMesBr with
added NaF, NaCl and NaBr.

Ci [mM] Cs[mM] Cel [MM] Electrolyte ds2 [um] FTT, Centrifuge,
PR [Pa] | P&, [Pal
10 1 9 NaF 25.2 360 -
10 1 9 NaCl 28.5 1100 -
10 1 9 NaBr 27.0 1320 -
31 1 30 NaF 20.7 - 360
31 1 30 NaCl 22.4 - 640
31 1 30 NaBr 21.5 - 917

The systems parameters and the measured values of the critical pressures PS" and Pie, are tabulated in

Table 3 and plotted in Figure 17 as P<" (solid line) and Pss, (dashed line) vs. —uo/ksT. These critical
pressures are proportional to IT and the higher their values are, the more stable the emulsions.
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Figure 17. Critical pressures PCCR (by FTT, solid line) and Pocs'i,, (by centrifugation, dashed line) vs. —Uo/ksT of

oil-in-water emulsions stabilized by CisH3sNMesBr + NaX (X=F, CI-, Br7). (1) POCS'T\,, of oil-in-water emulsion films

stabilized by 10 M CisHssNMesBr + 9x103 M NaX (X=F, CI, Br-) obtained by FTT (slope = 0.85); () P<" of

oil-in-water emulsion films stabilized by 103 M CisH3sNMesBr + 3x102 M NaX (X=F-, CI-, Br") obtained by
centrifuge (slope=0.63).
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Figure 18. Total disjoining pressure Il in the maxima in Figure 13 vs. —Uo/ksT. This is in fact the

coalescence barrier, according to DLVO theory.

We do not dispose of enough information to carry out the same detailed analysis of these phenomena as we did
with the electrostatic disjoining pressure. For example, we have no idea what the film thickness is; it is not quite
clear whether a planar film forms or how much the disjoining pressure is affected by the curvature of the very

small drops-these effects make problematic the calculation of the electrostatic disjoining pressure by means of
Equation (77). Still, some qualitative conclusions are possible. The linear dependence of PCCR and Pocsrﬁ,l on —

uo/ksT confirms the presence of specific effects. However, instead of decreasing with the increase of —uo/ksT (as
the electrostatic disjoining pressure does) the critical pressures are increasing. Therefore, the electrostatic
disjoining pressure Ile is not the repulsive pressure to be overcomed in order for the coalescence to occur. But
then, what is the reason for the ion specific effect, demonstrated in Figure 18? It is not possible to answer with
certitude this question without detailed studies of the phenomena accompanying the coalescence process.
Nevertheless we dare suggesting a hypothesis. The role of the specific effect of the counterions is twofold. On
one side, it decreases the height of the maxima of the disjoining pressure (see Figure 15) thus making easier for
the thin film to avoid the electrostatic repulsive pressure and to thin to thinner (metastable) Newton black film,
where another, short range repulsive disjoining pressure (most probably steric or osmotic) might be operative. It
must be overcomed for the thin film to rupture. On the other side, no matter what the nature of this disjoining
pressure is, it must increase with the surfactant adsorption, I'. However, unlike the electrostatic disjoining
pressure, the surfactant adsorption, T", increases (for a given bulk surfactant concentration) with —uo/ksT (cf.

Equation (73)). This brings us to the second role of the ion specific effects — it is to increase the short range
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repulsive pressure created by the surfactant, thus stabilizing the thin film. This explains why the slopes of the
lines in Figure 13 are positive. They should have been negative if only the electrostatic disjoining pressure I1e
were stabilizing the film. To support this opinion in Fig. 18 we have plotted the maxima of ITxw from Fig. 15
(which are in fact the coalescence barriers) vs. —Uo/ksT —indeed, the slope is negative. This means that the short
range repulsive pressure involved in the stability of the emulsion drops is not directly related to ion specific
effects. The theoretical and experimental verification of this hypothesis is feasible, but it is time consuming and
beyond the scope of this paper.

3.2.2. Foam Stability

We have established that the stability of the emulsions increases upon enhancing the specific adsorption energy
of the counter-ions. This tendency was not expected.

For this reason, we were challenged to investigate this scientific “intrigue” deeper. We have chosen another
system — foam stabilized by sodium dodecyl sulfate (SDS) and LiCl, NaCl and KCl as salts, which were meant to
be added in amount significantly exceeding this one of the surfactant.

We clearly showed hereafter that the electrostatic repulsion between the bubbles, which is controlled by the
added counter-ions, is only one of the factors contributing to foam stabilization. The counter-ions strongly affect
the level of surfactant adsorption as well. The latter appear to be decisive for the stabilization of the foam and
the foam films. We show as well some new effects originating from the counter-ions, which have practical
significance.

Sodium dodecyl sulfate (SDS) with molecular weight Mw = 288.38 Da, an anionic surfactant, lithium chloride
(LiCl) with molecular weight My = 42.29 Da, sodium chloride (NaCl) with molecular weight Mw = 58.44 Da, and
potassium chloride (KCl) with molecular weight Mw = 74.55 Da were purchased from Sigma Aldrich. The
surfactant was purified by threefold re-crystallization in ethanol.

SDS salt mixture solutions were prepared as follows. Initially, using SDS, 0.5 mM aqueous solution was
prepared. Then, LiCl, NaCl and KCl, were added, thus forming salt solutions with concentrations in the range of
2.5 mM, to 50 mM. As far as the foaming ability of every surfactant solution is expressed in both the initial foam
volume upon the very generation of foam and the lifetime of the latter, we chose to work with the ratio between
the two values, called foam production [65]. The foam was produced by means of the Bartsch method
expressed in energetical tenfold shaking of Bartsch column containing 50 ml of the surfactant solution. Each
experiment was repeated at least 3 times for statistical certainty and the averaged initial foam volume and
lifetimes were determined. Thus, the foam production for every particular case was calculated. The basic results
are presented in Figure 19.

One can see that the foam production increases linearly upon the increase of the specific energy of counter-ions
adsorption in the range of 2.5 mM to 11 mM added salt (Figure 19A). Moreover, this linear dependence is
violated by K* counter-ion at concentrations of added salt above 11 mM (see Figure 19B, 19C, 19D). The foam
production decreases significantly abruptly at 25 mM KCI. This low value of the foam production remains at a

larger concentration of KCl. They correspond to both low initial foam volume and fast foam decay.
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This abnormal effect of KCl on the foam production is worthy of further investigation. Possible way for such an
investigation to explore the properties of single foam films with the same contents as these ones in Figure 19.
Moreover, it is curious to know if the critical concentration at which the K* ion acts as de-foamer depends on the
method of foam generation.

The experimental data presented in Figure 19A are in line with the experimental data reported in Ref. [27]. The
the stability of the dispersed system increases upon the increase of the absolute value of the specific adsorption
energy of the counter-ions on the air| water interface. Most possibly this is due to the increased level of the
surfactant adsorption when more counter-ions are integrated in the surfactant adsorption layer. However, to

investigate this effect on deeper level further investigations are needed.
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Figure 19. Foam production versus specific energy of counter-ion adsorption at concentrations of added salt in
the range of 2.5 mM - 25 mM.
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4. Conclusions
The ion-specific effects on the adsorption of ionic surfactants are known effect. There is a large body of
literature on this topic, but it is spread out in many papers and books at present. It is known as well that the
counter-ions affect the state of the adsorbed layers, which influences the stability of the colloidal dispersions,
but the effect is not studied completely. This manuscript gathers together detailed description of theory on the
ion-specific effects on the adsorption of ionic surfactants in its present state and some initial experimental
studies of the Hofmeister effect on the stability of foams and emulsions.
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