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2.1 INTRODUCTION
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In 1887, F. Hofmeister published an article [1] in which the precipitation efficiency of different salts
on proteins was investigated. Hofmeister found that the critical electrolyte concentration for protein
precipitation exhibited regularity and ordered the ions by their efficiency; nowadays, this ordering
is called the Hofmeister series. For a series of salts with the same cation and different anions, the
precipitation efficiency increases (i.e., the precipitation concentration decreases) in the following
sequence [2] (“Ac−” is acetate ion; F− was added by us):
Ac − > F − > OH − > Cl − > Br − > NO3− > BF4− > I − > ClO −4

(2.1)

Similarly, for salts sharing the same anion, the Hofmeister series for the cations reads [2]:
Li + < Na + < K + < Rb+ < Cs+ < NH 4+ < NMe +4

(2.2)

(“Me” stands for methyl group). These ion sequences in series (Equations 2.1 and 2.2) were found to
be approximately independent of the protein, although the direction of the effect depends [3,4], among
other factors, on the sign of the protein’s net charge (in Hofmeister experiments, proteins were negatively charged). Since the work of Hofmeister, a large number of experimental studies have demonstrated similar regularities in various phenomena. The interested reader can find a collection of articles
on the Hofmeister effect and related phenomena in two special issues of Current Opinion in Colloid and
Interface Science in 2004 [5] and in perhaps the only book dedicated to this topic, Specific Ion Effects [2].
Earlier attempts for interpretation of the Hofmeister series and its effect on the interaction between
proteins, macromolecules, or colloidal particles were qualitative and invoked mainly the ion size,
the ion interaction with water, and the “hydration force” (see e.g., [5]). Ninham and coworkers were
probably the first to advocate the role of the van der Waals forces for the interaction between ions
in solution, for the adsorption of electrolytes, for the interaction between proteins or colloidal particles, etc. In a series of articles [2,6–15], Ninham and coworkers applied and tested Ninham’s idea
for explaining the adsorption of simple electrolytes. The initial results were encouraging [7], but the
subsequent efforts to obtain good quantitative results [8–10] met with difficulties. Tavares et al. [16]
studied theoretically the Hofmeister effect on the interaction of charged proteins. They calculated
the purely electrostatic and the van der Waals contributions and found that the van der Waals interaction gives rise to a strong attractive force. No comparison with experimental data was carried out.
In this chapter, we will concentrate on the Hofmeister effect on the properties of ionic surfactant
solutions and related phenomena. Warszynski and coworkers [17–19] accounted explicitly for the
role of the ion-specific effects in the ionic surfactants’ adsorption and determined their adsorption
constants Ks. In ref. [17], they investigated the effects of Li+, Na+, NH +4 , K+, and Cs+ on the surface
tension of anionic surfactant solutions, whereas ref. [18] was devoted to the anions. Aratono and
coworkers [20–23] carried out numerous meticulous experimental studies, coupled with thermo
dynamic analysis, of the adsorption of a number of surfactants with various counterions at water|gas
(W|G) and water|oil (W|O) interfaces. A large number of studies were dedicated to the ion-specific
effects on the critical micelle concentration (cmc) of surfactants, see for example, refs. [24,25].
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It is also worth mentioning two theories which did not address the Hofmeister effect, but played
an important role in the theory of adsorption of ionic surfactants. The first one is the theory of
Davies [26,27], who derived the equation of state (EOS) of dilute monolayers of ionic surfactants.
The role of Davies’ model in the theory of the adsorption of ionic surfactants is as significant as
the ideal solution model is in the theory of solutions. The second theory belongs to Borwankar and
Wasan [28], who proposed a simple approach for the derivation of the adsorption isotherm of ionic
surfactants. We use both theories below.
Following Ninham’s ideas, Ivanov et al. [29] proposed and tested experimentally a relatively
simple theoretical model of the effect of the type of electrolyte on the adsorption constant of ionic
surfactants. In the core of the theory is a quantity, ui0, called ion-specific adsorption energy—it is
equal to the van der Waals adsorption energy of an ion at the interface. It encompasses, in a single
simple expression, all the major factors controlling 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 ui0 turned out to be
independent of the type of the surfactant, which allows using the calculated value for a given ion for
the interpretation of adsorption data for different surfactants but with this same counterion. In ref.
[30], the theory was successfully applied to other phenomena involving ionic surfactants: micellization, disjoining pressure of thin liquid films, and emulsion stability.
Our goal in this article is (i) to present concisely the results from refs. [29,30], related to some
phenomena involving ionic surfactants and the Hofmeister effect, and to supplement them with
more examples and new developments; (ii) to present a new EOS and a new adsorption isotherm for
ionic surfactants, and to check them against surface/interfacial tension data; (iii) to discuss briefly
the theories and experimental data of other authors, when they are related to the subject studied;
and (iv) to outline some possible future developments (including extensions or refinements of the
models presented) and several other phenomena to which the theory and the procedures presented
here could be applied.
Practically all theories of adsorption of ionic surfactants (including the present one) are based
on one or more theories of the nonionic ones. In several recent studies [31–34], it was shown that
the most popular EOS of nonionic surfactants suffered from important shortcomings. Methods for
overcoming these problems were suggested there and are discussed shortly in the present article.
The article is organized as follows: Section 2.2 is devoted to the adsorption of ionic surfactants
from dilute surfactant solutions. The adsorption model used here is an extension of Henry’s isotherm
to ionic surfactants. That is why, in Section 2.2.1.1, we present briefly the theory developed in refs.
[31,33] for the adsorption constants Ks, the adsorption thickness δa, and adsorption energy Ea. Sections
2.2.1.2 and 2.2.1.3 are devoted to the electrostatic and thermodynamic foundations of the theory of
adsorption of ionic surfactants. In Section 2.2.1.4, the Davies adsorption isotherm for ionic surfactants
[26,27], along with his expression for the surface potential, are derived and discussed. In Section 2.2.3,
the difference in the adsorption behavior of ionic surfactants at W|G versus W|O interface is analyzed and the role of the spreading pressure and the liquid-expanded (LE) adsorbed layer is explained.
The entire Section 2.2.3 is devoted to the counterion-specific effects on ionic surfactants adsorption,
developed in ref. [29], more precisely—to the derivation of an equation for the central quantity of the
theory—the ion-specific adsorption energy ui0, and the development of a procedure for its theoretical calculation. The experimental verification of the theoretical results from Section 2.2 is given in
Section 2.2.4. Davies model and the theory of the adsorption constant are analyzed by using numerous
data for adsorption of ionic surfactants at W|G and W|O interfaces. The theory of the Hofmeister
effect on the adsorption of ionic surfactants is compared with data for numerous individual counterions and their mixtures (Section 2.2.4.2). The main goal of Section 2.3 is the formulation and experimental verification of a new model of dense monolayers of ionic surfactants. Because it is an extension
of the respective model for nonionic surfactants [31–33], in Sections 2.3.1.1 and 2.3.1.2, we present a
rather detailed analysis and some new considerations about three basic quantities of the theory: the
actual area of the molecule α, and the interaction constants Battr and β. Section 2.3.1.3 presents the new
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surface EOS and adsorption isotherm of nonionic surfactants, derived previously in refs. [32,33]. They
are generalized in Section 2.3.2.1 for nonlocalized adsorption of ionic surfactants with ion-specific
effects. The verification of the theory with data for adsorption of ionic surfactants at W|G and W|O
interfaces led to satisfactory results (Section 2.3.2.2) and allowed the formulation of several new electrostatic and ion-specific effects on the adsorption parameters (Section 2.3.2.3).
The generality of the theory of the counterion-specific effects to ionic surfactants is demonstrated in Section 2.4 by the analysis of other phenomena involving ionic surfactants that are different from adsorption [30], namely, the cmc and disjoining pressure in thin liquid films. A theory
(based on the model of Shinoda et al. [25]) of the Hofmeister effect on the cmc is presented. The
cmc of ionic surfactants in the presence of a mixture of counterions is also considered. Section 2.5
summarizes the main results obtained and discussed in this article and outlines the possibility for
refinement and extension of the theory of the phenomena considered as well as for its application to
other phenomena.
In the cases analyzed in the present article, remarkable agreement between theory and experiment
was found and the results were in agreement with the Hofmeister series (2.1 and 2.2). Despite the
diversity of the phenomena studied, all interpretations were based on a single parameter: the ion-
specific adsorption energy ui0. For a given counterion, a single value of ui0 was used to explain various
phenomena; this value was calculated from the same equation without using adjustable parameters.
The success of the theory in explaining or predicting quantitatively the ion-specific effects on several
different phenomena involving ionic surfactants makes us believe that, at least for ionic surfactants,
it is close to a “firmly based theory,” which was missing according to Kunz et al. [15].

2.2 ADSORPTION OF IONIC SURFACTANTS FROM DILUTE SOLUTIONS
2.2.1 Adsorption in the Absence of Ion-Specific Effects
2.2.1.1 Henry’s Adsorption Constant of Nonionic Surfactants:
Adsorption Energy and Thickness
Before adsorption from dilute solutions of ionic surfactants, we will briefly discuss the basic theory
of nonionic surfactants. The chemical potentials of a nonionic surfactant in an ideal solution of concentration Cs and in an ideal adsorbed monolayer of adsorption Γs are, respectively,

µ B = µ 0B + k BT lnCs

(2.3)

µ S = µ S0 + k BT ln Γ s

(2.4)

Here, superscripts “B” and “S” denote bulk and surface phase, and µ S0 and µ 0B are the corresponding standard chemical potentials. At equilibrium, the chemical potentials μB and μS must be
equal. This leads to Henry’s adsorption isotherm:
Γs = KsCs

(2.5)

where the adsorption constant Ks is defined by the relation
k BT ln K s ≡ µ 0B − µ S0

(2.6)

As it is obvious from the derivation, Henry’s adsorption isotherm is valid only for adsorption layers
consisting of noninteracting nonionic surfactant molecules, which is possible for dilute adsorption
layers only.

57

Ionic Surfactants and Ion-Specific Effects

The first step in our analysis will be the consideration of the dependence of Ks on the structure of
the surfactant molecule and of the interface. The explicit expression for the adsorption constant Ks
in terms of molecular parameters is usually written as
K s = δ a exp( Ea /k BT )

(2.7)

where δa is referred to as the “thickness of the adsorbed layer,” and Ea is the adsorption energy.
Davies and Rideal (Equation 4.2 in ref. [26]), proposed to use the length of the surfactant molecule
for the thickness δa, an assumption adopted later by others (e.g., [35–37]). Davies and Rideal represented the adsorption energy Ea as
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Ea = E0 + uCH2 nC

(2.8)

Here, nC is the number of carbon atoms in the hydrophobic chain and uCH2 is the (positive) free
energy of transfer of a –CH2– group from the solution to the adsorption layer. E0 is the nC-independent
part of Ea, which was ascribed in ref. [26] solely to the adsorption energy Ehead of the hydrophilic
head (cf. Equation 4.3 in ref. [26]). In fact, the assumptions of Davies and Rideal for both δa and Ea
are not entirely correct. More rigorous treatment based on classic statistical thermodynamics was
given in ref. [31], which will be presented in the section below. The results will be compared with
experimental data for ionic surfactants in Section 2.2.4.1.
The essential contributions to the interaction potential of a surfactant molecule with the surface
are the following (Figure 2.1):
1. When the cap of the hydrophobic chain touches the surface, a portion of the water–
hydrophobic phase interface of area α⊥ disappears. The contribution of this process to u(z)
is modeled as a contact potential at z = nClCH2 ( lCH is length per –CH2– group):
2

 σα ,
 0 ⊥
u( i ) ( z ) = 
0,

(a)

z < nClCH2

(b)
u(z)

(2.9)

z > nClCH2

σ0α

z

nClCH2

uCH /lCH
2

2

State III

E0
State II

Ea
z

nCuCH2

E0

State I

FIGURE 2.1 (a) Interaction potential u(z) between a surfactant molecule and the interface as a function of
the distance z between the ionic head and the surface (Equation 2.12). (b) According to the model we used,
at distances z > nClCH2 (state I), there is no significant interaction. At z = nClCH2 (state II), energy is gained due
to the disappearance of pure water surface of area α⊥, and the transfer energy of the cap of the –CH3 group
(Equation 2.14). At shorter distances (state III), there is a linear dependence of u on z related to the energy of
transfer nCuCH2 of the hydrocarbon chain from water to the gas phase (Equation 2.11).
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where σ0 is the surface tension of the pure water–hydrophobic phase interface. For W|G
interface at 25°C, σ0 = 72 mN/m, and for a typical W|O, σ0 ≈ 50 mN/m. The cross2
sectional area of the hydrocarbon tail is α ⊥ = πRCH
≈ 21 Å 2 (following from the value
2
RCH2 = 2.6 Å of the cross-sectional radius of the chain [38]). Thus, the energy σ0 α⊥ is of
the order of 10 −20 J or approximately 2.5 × k BT.
2. Let the free energy of transfer of a single –CH2– group from the bulk solution to the
adsorption layer be uCH2. For the energy uMe of transfer of the –CH3 group, we assume
proportionality to the contact area of this group with water [39]. One can approximate the
shape of –CH3 as a cylinder with a cap. The lateral area of the cylinder is assumed equal
to that of a –CH2– group, α‖, and the cap area is assumed equal to the cross-sectional
2
area α⊥ of the hydrocarbon tail. The values of the two areas are α ⊥ = πRCH
≈ 21 Å 2 and
2
2
α = 2πRCH2 lCH2 ≈ 21 Å (the values RCH2 = 2.6 Å and lCH2 = 1.26 Å were used [38]).
Consequently, the two areas are equal and the energy corresponding to each of these areas
is uCH2 α. The energy pertaining to the cap can be represented as a contact potential with
the same z-dependence as u(i) in Equation 2.9:
 u ,
 CH2
u( ii ) ( z ) = 
 0,

z < nClCH2
z > nClCH2

(2.10)

The second part of uMe (pertaining to the lateral area of –CH3) is not included in Equation
2.10; it will be included in the next term, the potential u(iii). The contributions (1) and (2)
were derived by Ivanov et al. [31] and independently by Kumpulainen et al. [40].
3. Assuming for simplicity that the carbon chain remains normal to the interface, one can model
the hydrophobic energy due to –CH2– adsorption (plus the lateral energy of the –CH3 group)
as a linear function of the distance z between the surfactant head and the interface:
u( iii ) ( z ) = uCH2 z/lCH 2 , nClCH2 > z > 0

(2.11)

4. Although the hydrophilic head remains immersed in the hydrophilic phase, it also interacts with the interface. This interaction probably involves both short-range and long-range
(such as van der Waals and electrostatic) forces. Because these forces are not yet fully
understood, we will account for their contribution to the adsorption energy Ea by an empirical constant Ehead.
5. One finally assumes that the surfactant cannot desorb into the hydrophobic phase, that is,
u(z) = ∞ at z < 0.
Combining contributions (1) through (5), one obtains an approximate expression for the interaction potential of a surfactant molecule with the interface (see Figure 2.1):

∞,

u( z ) =  − Ea + uCH2 z/lCH 2 ,

0


0 > z;
nClCH 2 > z > 0;

(2.12)

z > nClCH 2,

where the adsorption energy Ea is given by
Ea = Ehead + α ⊥ σ 0 + uCH2 (nC + 1)

(2.13)
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In Equation 2.12, the free energy of surfactant in the bulk solution is used as a reference state.
Comparison of Equations 2.13 and 2.8 leads to an explicit expression for the empirical constant E 0
of Davies and Rideal [26]:
E0 = Ehead + uCH2 + α ⊥ σ 0

(2.14)

It encompasses not only Ehead, as assumed by Davies and Rideal, but also all the other contributions
to Ea, unrelated to the adsorption of the –CH2– chain.
Our next goal is to derive a new expression for the “thickness of the adsorbed layer” δa, and the
relation of δa and the adsorption energy Ea to the adsorption constant Ks. This can be done by statistical calculation of the adsorption Γs. Using Boltzmann distribution, the potential u(z) (Equation
2.12) and the Gibbs’ definition of adsorption as an excess [41], for an ideal monolayer, one can write:
nClCH 2
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Γ s = Cs

∫

(e − u ( z )/ kBT − 1) d z =

0

nCuCH2 − Ea / kBT 
k BTlCH2 Ea / kBT 
/k T
−n u
e
1 − e C CH2 B −
e

 Cs
k BT
uCH2



(2.15)

This is, in fact, a detailed expression of Henry’s adsorption isotherm, Γs = KsCs. Because the
exponents in the brackets are negligible, it yields Equation 2.7 for Ks. The comparison with Equation
2.7 shows that the adsorption layer thickness is
δ a = k BTlCH2 /uCH2

(2.16)

Using Tanford’s values for uCH2 and lCH2 , at 300 K, one obtains δa = 0.9 and 1.2 Å for W|O and
W|G interfaces, correspondingly. This is in contrast with the assumption that δa is of the order of
the thickness of the adsorption layer [26,37]: indeed, for chain length nC = 12, the ratio of the two
thicknesses, nClCH2 and δa, as defined by Equation 2.16, is approximately 12.
2.2.1.2 Poisson–Boltzmann Equation and Electroneutrality: Gouy Equation
Consider an electrolyte solution positioned in the semi-space z > 0, as illustrated in Figure 2.2. Let
each surfactant ion possess charge es (only monovalent surfactants will be considered, so that
es = ±e0, where e0 is the elementary charge). Consequently, the surface where the surfactants’ heads
are situated (z = 0, see Figure 2.2) has a surface charge density esΓs, due to the surfactant’s adsorption in the adsorbed layer Γs. This surface charge and the ions in the diffuse layer create electrostatic potential ϕ(z) in the electrolyte solution, which is determined, at first approximation, by the
Poisson–Boltzmann equation
ε

d 2φ
=−
dz 2

∑ e C exp(−e φ/k T )
i

i

i

B

(2.17)

i

Here, ε is the absolute dielectric constant, ei and Ci are the ith component charge, in units (C), and
bulk molecular number concentration, in units (m−3), k B is Boltzmann constant, and T is absolute
temperature. In this equation, the variables ϕ and dϕ/dz ≡ −E (electric field) can be separated, by
using the identity 2d2ϕ/dz2 = d(E2)/dϕ. This leads to
d( E 2 ) = −

2
ε

∑ e C exp(−e φ/k T )dφ
i

i

i

i

B

(2.18)
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–

FIGURE 2.2 Structure of the adsorption layer. The adsorption of surfactant creates surface charge density
at the interface. The surface charge is neutralized by the diffuse double layer.

The first integral of the Poisson–Boltzmann equation is obtained by integrating Equation 2.18 in
limits z = ∞ to z, using as a first boundary condition, E = 0 and ϕ = 0 at z = ∞:
E ( z )2 =

2 k BT
ε

∑ C (e
i

− ei φ ( z )/ k BT

− 1)

(2.19)

i

The second boundary condition (at z = 0) is the Gauss condition for electroneutrality:
εE

z= 0

= es Γ s

(2.20)

We will denote the surface potential ϕ(0) by ϕS. Setting z = 0 and ϕ = ϕS into Equation 2.19,
and eliminating E(z = 0) from the electroneutrality condition (Equation 2.20), the Gouy equation is
obtained [42]:
κ 20 2
Γs =
4

∑C (e
i

− ei φs / k BT

)

−1

(2.21)

i

Here, the quantity
κ 20 ≡ 2e02 εk BT

(2.22)

is the concentration-independent part of the Debye parameter: κ 2 ≡ κ 20Ct and κ 20 ≡ 2 × rB, where
rB ≡ e02 εk BT is the so-called Bjerumm length. In the case of 1:1 electrolyte, the Gouy equation
(Equation 2.21) simplifies to
κ0
Γ s = Ct sinh(ΦS /2)
4

(2.23)
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Here, Ct is the total electrolyte concentration in units (m−3) and
ΦS ≡ e0 φS k BT

(2.24)

is the absolute value of the dimensionless surface potential. At high surface potentials (ΦS ≫ 1), a
good approximation of the Gouy equation (Equation 2.23) is

Γs =

2
Ct exp(ΦS /2)
κ0

(2.25)

In the case of 1:1 electrolyte, Equation 2.19 can be integrated analytically. First, we take the root
of Equation 2.19:

(
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de0φ( z )/k BT
= −κ 0 Ct ee0φ( z )/ 2 kBT − e − e0φ( z )/ 2 kBT
dz

)

(2.26)

Direct integration of Equation 2.26 gives an explicit relation between z and φ:

(

κ 0 Ct z/2 = arctanh ( ee0φ / 2 kBT ) − arctanh ee0φ

S

/ 2 k BT

)

(2.27)

2.2.1.3 Thermodynamics of the Diffuse Double Layer: Adsorption and Surface Tension
The ion distribution in the electric double layer depends on the local potential ϕ(z). The ion adsorption Γ DL
j of any ion j in the diffuse layer can be calculated by using Gibbs’ definition of adsorption
as an excess [41]:
∞

Γ DL
j ≡ Cj

∫ (e

− e j φ( z )/ k BT

− 1) d z

(2.28)

0

where the superscript “DL” indicates adsorption of the counterions, coions, and surfactant ions in
the double layer only. In principle, the total surfactant adsorption is a sum of Γ sDL and the surface
concentration Γs (which is the adsorption in the adsorption layer, driven by hydrophobic forces). The surfactant ions in the diffuse layer are repelled by the interface because they have the same charge. Usually,
the surface potential ΦS is high, so that the surfactant concentration in the diffuse layer is close to zero.
This leads to a relatively small negative adsorption of the order of Γ sDL ∼ −Cs /κ. Because Γ sDL  Γ s,
the adsorption of surfactant in the diffuse layer can be neglected. The same refers to the coions. Hence,
under these conditions, only the adsorption of the counterions in the diffuse layer is of importance.
To calculate the integrals defined by Equation 2.28, it is convenient to change the integration
variable to φ, by using the relation dz = dϕ/(dϕ/dz),
0

Γ

DL
j

≡ Cj

exp(−e jφ/k BT ) − 1
dφ
dφ/dz
S

∫

(2.29)

φ

By inserting here the expression (2.26) for dϕ/dz, one can obtain explicit formulae for the adsorpS
tions Γ DL
j . For 1:1 electrolyte at high surface potential Φ , the result for the adsorption of the counterion i reads
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Γ iDL =

2Ci
κ 0 Ct

(e

ΦS / 2

→∞
− 1) Φ
→

2Ci

S

κ 0 Ct

exp(ΦS /2)

(2.30)

To calculate the surface tension, the Gibbs isotherm is used [41]. If only one counterion of concentration Ci is present in the system, and the bulk solution is assumed ideal, one has

dσ = − k BT Γ s d ln Cs − k BT Γ iDL dlnCi

(2.31)

Because at high surface potential, the charge of the adsorbed layer is compensated only by the
counterion in the diffuse layer, one has Γ iDL = Γ s. Then, the Gibbs isotherm (2.31) simplifies to
dσ = −2k BT Γs dlnC

(2.32)
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where C is the mean ionic activity of the surfactant [43–45], defined with
C = Cs1/2Ci1/ 2

(2.33)

If the solution is not ideal, the mean ionic activity C in Equation 2.32 will include the mean
activity coefficient γ:
C = γCs1/2Ci1/ 2

(2.34)

2.2.1.4 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 ϕS. The chemical potentials in the two
states are
µ B = µ 0B + k BT lnCs ;

µ S = µ S0 + k BT ln Γ s + esφS

(2.35)

The difference from the corresponding expressions for nonionic surfactants (Equations 2.3 and 2.4),
is the presence of the additional electrostatic energy term esϕS in μS.
The condition for equilibrium between the surfactant molecules in the bulk solution and at the
surface reads:
µ 0B + k BT lnCs = µ S0 + k BT ln Γ s + esφS

(2.36)

Introducing here the dimensionless potential ΦS (Equation 2.24), one obtains
Γs = KsCs exp(−ΦS)

(2.37)

Equation 2.37 was first derived by Davies [26,27] (see also ref. [28]). The adsorption constant
Ks in this equation is defined by Equation 2.6, but in this case, µ 0B − µ S0 may contain electrostatic
contributions.
The elimination of Γs from Equations 2.25 and 2.37 leads to an equation for the dependence of
the surface potential ΦS on the composition of the bulk solution [27]:
3ΦS = ln

κ 20 K s2
C2
κ K
C2
+ ln s = 6 ln 0 0 + ln s
4
2
Ct
Ct

(2.38)
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Equation 2.38 shows that the surface potential ΦS increases with Cs and Ks (due to the increased
adsorption) and decreases with the total electrolyte concentration Ct (due to the additional screening
effect of the electrolyte on the surface charge).
Inserting back the surface potential (2.38) into the isotherm (2.37), one obtains a generalization
of Henry’s isotherm for the adsorption of ionic surfactants:
Γs = K0 C 2 /3

(2.39)

where C is given by Equation 2.33, and K0 is the adsorption constant of the ionic surfactant. It is
related to Henry’s constant Ks:

(
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K 0 = 4 K s /κ 02

)

1/ 3

(2.40)

The fact that according to Equation 2.39, Γs depends only on the mean ionic activity C is an
explicit formulation of what is known as salting-out effect on ionic surfactant adsorption [44,45].
Equation 2.39 was first derived and confirmed by experimental data for Cn H 2 n+1SO +4 at the W|O
interface by Davies [27]. We will refer to this as Davies’ isotherm. By using the procedure of
Borwankar and Wasan [28], Ivanov et al. [29] derived Equation 2.39 and obtained the explicit
expression (2.40) for K0 (see also Section 2.3.2.1). According to Equation 2.40, K0 should not depend
on the electrolyte concentration, at least for moderate concentrations.
Substituting Equation 2.39 in the Gibbs isotherm (2.32) and integrating, one obtains the surface
pressure isotherm:
πS ≡ σ0 − σ = 3k BTK0 C 2 / 3

(2.41)

which is also due to Davies [27]. Comparison with Equation 2.39 shows that πS = 3k BTΓs. Because
the surface pressure of an ideal layer of a nonionic surfactant is k BTΓs, it follows that the contribution to πS of the double layer at high surface potential is [26]
π Sel = 2k BTΓ s

(2.42)

For the sake of simplicity, until now, the ever-present counterion-specific effects were disregarded. It will be shown in Section 2.2.3 that these effects modify the adsorption constant, leading,
instead of K0 in Equations 2.39 and 2.41, to a new constant, K = K0exp(−ui0  /2k BT), where ui0 is the
counterion-specific adsorption energy (cf. Equation 2.56 below).

2.2.2 Adsorption Behavior at W|G versus W|O Interface:
LE Layer and Spreading Pressure
Below, we analyze the experimental data for πS versus the 2/3-power of the mean ionic activity
C 2/3 at W|O and W|G interfaces for low and medium surfactant concentrations—data for sodium
dodecyl sulfate, C12H25SO4Na, at W|O and W|G interfaces in the presence of various concentrations of NaCl are shown in Figure 2.3. At W|G interface, 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 π0, one can write for this region
instead of Equation 2.41:
πS = π0 + 3k BTK LEC 2/3

(2.43)
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FIGURE 2.3 (See color insert.) Interfacial pressure πS versus the 2/3-power of the mean activity C 2/3 for
C12H25SO4Na solutions at different NaCl concentrations. (Data for the W|G surface from M. Aratono et al.,
J. Colloid Interface Sci. 98, 33–38, 1984; T.D. Gurkov et al., Colloids Surf. A 261, 29–38, 2005; S.J. Rehfeld,
J. Phys. Chem. 71, 738–745, 1967; J.D. Hines, J. Colloid Interface Sci. 180, 488–492, 1996. With permission.)
For the W|O interface, the oil is heptadecane, decane [51], hexadecane [34], and petroleum ether [53]. Solid
line, data fit for the W|G in the range C 2/3 = 1.2 to 3 mM2/3 (the LE region), according to Equation 2.43. The
short, dashed line stands for W|G data in the range C 2/3 = 0 to 1 mM2/3 (gaseous monolayer region). Dash-dot
line, data fit of the W|O interface in the range C 2/3 = 0 to 1.8 mM2/3 (Equation 2.41). Long dashed line, quadratic fit of W|O data in the range C 2/3 = 0 to cmc2/3 (Equation 2.47). The adsorption parameters determined
from these fits are listed in Table 2.1. Inset, the corresponding adsorption isotherms, Γs(C 2/3), calculated from
Equation 2.39 with the adsorption parameters determined by the fits. The jump of Γs at C = 0.81 mM corresponds to a phase transition from a gaseous monolayer to LE state.

By analogy with Langmuir’s treatment of noncharged monolayers [46], this behavior can be
explained by assuming that the monolayer is in an 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 a gaseous state in which 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 (see Figure 2.3). Such a phase transition was also discussed
by Aratono et al. [21], and observed with soluble nonionic surfactants by Kumpulainen et al. [40].
Langmuir’s idea for the origin of π0 (e.g., [47]) can be quantified as follows. Let σ 0WO be the
interfacial tension of the pure W|O interface, and let σ OG
0 be the oil–gas surface tension. The oillike thin film formed by the adsorbed hydrophobic tails can be considered as a single “interface”
(membrane) of interfacial tension σ 0M = σ 0WO + σ OG
0 , which for this system is the counterpart of the
interfacial tension of the pure interface σ0. The hydrophilic heads of the surfactant are “adsorbed”
at the W|O interface of the thin film. If their adsorption is ideal, one can use Equation 2.41 with σ0
replaced with σ 0M to calculate σ:
WO
σ = σ OG
− 3k BTK LEC 2 / 3
0 + σ0

(2.44)
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However, by definition, the surface pressure πS at the W|G interface is defined with respect to the
pure W|G surface of tension σ 0WG, that is, π S = σ 0WG − σ. Inserting Equation 2.44 into this definition,
and comparing the result to Equation 2.43, one obtains

Downloaded by [Ivan Ivanov] at 06:00 28 May 2014

π 0 = σ 0WG − σ 0WO − σ OG
0

(2.45)

According to these simple considerations, the intercept π0 coincides with the spreading coefficient of a hydrocarbon on water [46]. Therefore, π0 is referred to as spreading pressure. Langmuir’s
explanation of π0 is confirmed by the data in Figure 2.3. Indeed, the spreading coefficient of dode
WG
cane on water is −6.4 mN/m (the values σ 0WO = 53.7, σ OG
= 72.6 mN/m at 22°C
0 = 25.3, and σ 0
were used [48]), versus π0 = −7 mN/m determined from the data in Figure 2.3. However, this picture
is oversimplified, and as will be shown in Section 2.2.4 below, π0, in fact, depends on the counterion,*
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 W|O interface. In this case, there is no oil–
OO
gas interface. Then, in Equation 2.45, one must replace σ 0WG with σ 0WO, and σ OG
0 with σ 0 (the latter
is of course zero). Thus, one finds π0 = 0, in accordance with the data in Figure 2.3: indeed, the surface pressure at the W|O interface follows rather well the simple dependence of Davies (Equation
2.41), with no intercept, up to C 2/3 ≈ 2 mM2/3 (C ≈ 3 mM).
The following observations deserve additional attention:
1. In accordance with the salting-out effect and Equation 2.32, the surface tension σ depends
on the mean activity C only, as defined by Equation 2.34. Indeed, regardless of the electrolyte concentration, all data fall on two master curves πS versus C 2/3 (one for W|G and
one for water–alkane interface). This is so only if activities rather than concentrations are
used—this also follows from Equation 2.32. The activity coefficients γ in Figure 2.3 were
calculated by the formula [43,49]
lg γ = −

A Ct
1 + B Ct

+ bCt
(2.46)

If the total electrolyte concentration Ct = Cel + Cs is in units (M), the Debye constant is A =
0.5108 M−1/2 (at 298.15 K); for the empirical constants B and b, we used the mean values
B = 1.25 M−1/2 and b = 0.0083 M−1 for all salts.
2. The dependence of πS on C 2/3 is linear up to surface pressures of approximately 25 mN/m
for W|O and 30 mN/m for W|G interfaces (the values of the slopes and the adsorption
parameters are listed in Table 2.1). The respective values of C 2/3 are approximately 1.8 and
3.2 mM2/3. The difference between the two systems is due to the larger second virial coefficient (larger repulsive interactions) at the W|O interface, which leads to earlier deviation
from ideality. This is evident from the values of the respective second virial coefficients
(for details, see Section 2.3.2.2 below).
3. At the W|G interface, the line drawn for the gaseous adsorbed layer is only tentative, as
the validity of the Davies isotherm in this region is questionable due to the low potential
and the possible effects of the charge discreteness. Phase transition from gaseous to LE
state occurs at the W|G at C = 0.81 mM, corresponding to πS of approximately 3.0 mN/m
(Aratono et al. [21] found 0.83 mM and 3.9 mN/m, respectively). This corresponds to a
transition from Γs = 0.24 nm−2 to Γs = 0.78 nm−2, that is, from a less dense gaseous structure
to a more dense liquid-like monolayer (see the Γs vs. C 2/3 plot in Figure 2.3).
* cf. Figure 2.12.
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TABLE 2.1
Values of the Adsorption Parameters
Linear Fit with Equation 2.43
dπ /dC
S

2/3

(mN/mM m)
2/3

π0 (mN/m)

K

π0 (mN/m)

K

−7.0
0

129
161

−9.1
0

156
178

11.4
13.5

W|G, LE
W|O

Quadratic Fit (Equation 2.47)

Note: Determined from the data in Figure 2.3, according to Equation 2.47 for W|O interface and Equation 2.43 for W|G
(T = 25°C).
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4. A number of different procedures were tested to determine K, including linear regression
on a few initial points (straight lines in Figure 2.3) and square polynomial fit (long dashed
curve in Figure 2.3) with the equation
πS = π0 + 3k BTKC 2/3 + bC4/3

(2.47)

which is, in fact, Equation 2.134 derived in Section 2.3 below. Although the linear regression model looks satisfactory, we prefer the result from the polynomial fit because it generally yields K values closer to the ones obtained by using more realistic models, such as
those discussed in Section 2.3.
5. From the πS(C 2/3) data and Equation 2.47, we found for the LE region KLE = 156 (Table
2.1). The latter is very close to the value for adsorption at W|O interface, K WO = 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 W|G interface [27]. However, neither Langmuir [46] nor Davies [27] used the simple
isotherm (Equation 2.44). Instead, Langmuir used a correction for steric repulsion between the
lgCs (mM)
–3

–2.5

–2

–1.5
–50
–75
ζ (mV)

–100
–125
–150

FIGURE 2.4 Dependence of the ζ potential (mV) at the water–hexadecane interface on lgCs (mM) for
C12 H 25SO −4 Na + in the presence of 10 mM of NaCl [34]. Solid line, theoretical dependence (Equation 2.38) of
the surface potential ΦS (assumed equal to the ζ potential) on Cs, with no adjustable parameters (K = 178; see
Table 2.1).
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Cation

Rb (Å)

nw Equation 2.67

Rh (Å)
Equation 2.68

Nw Equation
2.70

Lww Equation
2.69 (m6J) × 1080

αp,i (Å3)

Ii (J) × 1018

Lwi Equation
2.69 (m6J) × 1080

ui0/kBT Type I,
Equation 2.65

Li+
Na+
NH +4
K+
Rb+
NMe +4

0.691
1.021
1.534
1.411
1.655
2.801

5.22
3.53
2.35
2.55
2.18
1.29

2.41
2.18
2.14
2.12
2.17
2.94

0.13
0.40
1.36
1.07
1.71
8.36

41.5
134
453
354
568
2770

0.031
0.153
1.641
0.793
1.41
9.081

12.12
7.582
2.132
5.072
4.412
2.432

11.5
53.1
378
253
431
2220

−0.61
−0.90
−0.98
−1.05

Anion

Rb (Å)

nw

Rh (Å)

Nw

Lww (m6J) × 1080

αp,i (Å3)

Ii (J) × 1018

Lwi Equation
2.69 (m6J) × 1080

ui0/kBT, Type I

Ac−
OH−
F−
Cl−
Br−
NO3−
N 3−
ClO −4
BF4−

1.651
1.331
1.331
1.641
1.951
2.001
1.951
2.401
2.301

2.18
2.71
2.71
2.20
1.85
1.80
1.85
1.50
1.57

2.17
2.11
2.11
2.17
2.31
2.33
2.31
2.61
2.53

1.71
0.90
0.90
1.68
2.82
3.05
2.82
5.26
4.63

568
297
297
557
937
1010
937
1750
1540

5.501
2.041
1.042
3.592
5.072
3.931
4.451
5.252
2.801

0.5441
0.3451
0.5451
0.5801
0.5401
0.6311
0.4441
0.7581
0.9021

545
134
99.1
359
480
420
360
642
388

ui0/kBT Type II,
Equation 2.66
−0.09
−0.33

ui0/kBT, Type II
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TABLE 2.2
Specific Adsorption Energies of the Ions Considered (T = 298 K)

−0.185
−0.736
−0.891
−1.43
−2.32
−2.83
−2.93
−3.28
−3.84

Source: (1) From Marcus, Y. Ion Properties. Marcel Dekker, New York, 1997. (2) From Nikolskij, B.P. Handbook of Chemistry. Khimija, Leningrad, 1963 [in Russian]. (3) From Tavares,
F.W. et al., J. Phys. Chem. B 108, 9228–9235, 2004. (4) Dietrich, B. et al., J. Phys. Chem. 91, 6600–6606, 1987. (5) Lide, D.R. (Ed.). CRC Handbook of Chemistry and Physics
(83rd ed.). CRC Press, Boca Raton, FL, 2002.
Note: Rb, bare ion radius; nw, hydration number (Equation 2.67); Rh, hydrated ion radius (Equation 2.68); Nw, number of water molecules in the ensemble, replaced by the ion upon adsorption
(Equation 2.70); Lww, London constant of this ensemble (Equation 2.69); αp,i, polarizability of the ion; Ii, second ionization potential of the cations and negative electron affinity of the
anions; ui0, ion-specific adsorption energy, Equation 2.66 for ions of type I (no deformation of the hydration shell) and Equation 2.65 for ions of type II (with deformation of the hydration shell). The ions in the table are ordered by increasing absolute values of ui0. The sequence of both cations and anions is the same as in Hofmeister series (Equations 2.1 and 2.2),
but for the cations this order corresponds to increasing efficiency as opposite to the series (Equation 2.2).
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heads, whereas Davies introduced an empirical dependence of π0 on Γs. We prefer to discuss the
attractive and repulsive interactions between the adsorbed molecules separately in Section 2.3.
In Figure 2.4, the Davies model was tested further by comparison of the theoretical surface potential
ϕS (Equation 2.38), with ζ potential measurements at the water–hexadecane interface [34]. All parameters in Equation 2.38 are known. In fact, the experimental data also involves ion-specific effects.
Hence, the calculation of ϕS was performed with Equations 2.56 and 2.58 in Section 2.2.3 below,
which accounts for the effect of the counterion on K and on ϕS; the value ui0 = −0.34 kBT was used for
Na+ (Table 2.2). It turned out that the contribution of the ion-specific effect to ϕS is small. Taking into
account the experimental difficulties (see also ref. [50]), the theoretical predictions seem adequate.
Another test of the model behind in Equations 2.41 and 2.43—the adequacy of the results for K
(Equation 2.40)—will be given in Section 2.2.4.
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2.2.3 Counterion-Specific Effects on the Adsorption of
Ionic Surfactants from Dilute Solutions
2.2.3.1 Gouy Equation with Specific Interactions
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 counterions 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 the Gouy equation, along with some thermodynamic considerations,
will be used in the remaining parts of this section 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 counterion
and the bulk phases lead to an increase of the local concentration of counterions in the diffuse double layer. The repulsive interactions disallow the counterion to approach the interface at a distance
that is less than its radius R (bare or hydrated). Both interactions, repulsive and attractive, were
modeled in a simple manner in ref. [29] by the following expression for the energy ui(z) of specific
interaction between the ion and the interface:
ui ( z ) =

Ri3
ui 0
( Ri + z )3

(2.48)

Here, Ri is the ionic radius (of the bare or of the hydrated ion, as will be discussed in Section
2.2.3.2) and ui0 is the van der Waals energy of an ion in the plane z = 0 situated at distance Ri from
the interface (Figure 2.5). If one assumes that the van der Waals energy (Equation 2.48) and the
electrostatic energy eiϕS are additive, the Boltzmann distribution will involve the sum of the two:
eiϕS + ui(z). The Poisson–Boltzmann equation (Equation 2.17) will then read:
ε

d 2φ
=−
dz 2

∑e C e (
i

i

)

− ei φ+ ui ( z ) / k BT

(2.49)

i

This equation can be integrated by analogy with the derivation of Gouy equation (Equation 2.21),
by using 2d2ϕ/dz2 = d(E2)/dϕ and the Gauss condition (Equation 2.20). The result is

e Γ = −2ε
2
0

2
s

∑e C e
i

i

i

φS
− ui 0 / k BT

∫e
0

− ei φ / k BT −(ui ( z )− ui 0 ) / k BT

e

dφ

(2.50)
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Nw water molecules
replaced by the ion
Rb
Rh

Ion adsorption
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nw water molecules
in the hydration shell

FIGURE 2.5 (See color insert.) Scheme of the process of adsorption of type I ions. Left, the ion is in the
bulk. Right, the ion is at the interface. The nw hydrating water molecules might be pushed away by the interface, so that the shortest distance of approach of the ion to the interface is the bare ion radius Rb. Upon adsorption, the ion exchanges position with 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 Rh.

At high surface potentials, only the counterions 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 because it simplifies all subsequent calculations. It can be also used in the case of ionized
proteins and polymers (when |ϕS/k BT| ≫ 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 differences in their
local concentrations [54]. With this approximation, the integrals on the right-hand side of Equation
2.50 can be evaluated by using an iterative procedure [29]. As zeroth iteration, one can use in the
integrand the results for the case of the absent ion-specific effect obtained in Section 2.2.1.4, that is,
one must set in Equation 2.50 φS = φS0, where φS0 is given by Equation 2.38, and z = z0(ϕ), given by
Equation 2.27. Integration by parts then leads to
φS0

∫e

e(

)

− ei φ / k BT − ui ( z0 )− ui 0 / k BT

dφ = −

0

k BT ΦS0
e (1 − Fu )
ei

(2.51)

where Fu stands for the expression
Fu = e

− ΦS0

φS0


−( ui ( z0 )− ui 0 ) / k BT
 eui 0 / kBT + e − eiφ / kBT de
dφ 


dφ
0



∫

(2.52)

At high surface potentials, the value of Fu was found to be much smaller than unity [29], so that
it can be neglected in Equation 2.51. Using this approximation, one substitutes Equation 2.51 into
Equation 2.50 to obtain a generalization of the Gouy equation (Equation 2.21), accounting for the
ion-specific effect:
Γ s2 =

4
κ 20

∑C e
i

i

− ui 0 / k BT ΦS0

e

(2.53)
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(the Debye parameter κ0 is given by Equation 2.22). If only one counterion is present in the system,
Equation 2.53 simplifies to
Γ s2 =

S
4
Ct e − ui 0 / kBT e Φ0
κ 20

(2.54)

Substituting here the expression for the zeroth approximation of the surface potential ΦS0
(Equation 2.38), one obtains an extension of the Davies isotherm Γs0 = K0 C 2/3 (Equation 2.39),
accounting for ion-specific interactions:
Γ s = K 0 e − ui 0 / 2 kBT C 2 / 3 ≡ KC 2 / 3

(2.55)
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Here, C is the mean activity (Equation 2.33). Based on Equation 2.55 and the expression in
Equation 2.40 for the nonspecific adsorption constant K0, one finds the expression for the ion-
specific adsorption constant K:

(

K = K 0 e − ui 0 / 2 kBT = 4 K s /κ 20

)

1/ 3

e − ui 0 / 2 kBT

(2.56)

This procedure also allows for the determination of the first iteration of the surface potential ΦS.
To do so, the EOS (Equation 2.37) is used, with Γs given by Equation 2.55. After solving the result
with respect to ΦS, one obtains
ΦS =

1 κ 20 K s2 1 Cs2
u
− ln
+ i0
ln
3
4
3 Ct 2 k BT

(2.57)

The comparison of Equations 2.55 and 2.57 with the respective zeroth (nonspecific) approximations for the surface potential ΦS0 (Equation 2.38), and the adsorption Γs0 (Equation 2.39), leads to
Γ s = Γ s0 exp(−ui 0 /2 k BT ), ΦS = ΦS0 + ui 0 /2 k BT

(2.58)

Note that the procedure is applied to the EOS (Equation 2.37) 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 (examples will be given in
Sections 2.3 and 2.4).
In Equation 2.53, it is assumed that the surface charge density is due to the surfactant ions only
(i.e., it is esΓs). In reality, the counterions can also penetrate into the adsorbed layer and in the empty
spaces between the surfactant heads, but because of the relatively low values of the specific adsorption energies ui0 (cf. Table 2.2), 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 et al. [22], who studied experimentally, using total reflection X-ray absorption, the fine structure of ion distribution in the adsorbed and diffuse layers.
2.2.3.2 Specific Interaction between an Ion and the Interface
The adsorption potential of the counterion ui0 is related to a number of parameters, among them:
the molecular or ion static polarizabilities, αp,w and αp,i, and the ionization potentials Iw and Ii of the
water molecule and the counterion, as well as the radii of the hydrated and bare ion (Rh and Rb,
respectively). These parameters are not always available and even when they are, they are not very
reliable. As shown in ref. [29], the adsorption energy ui0 depends strongly on the choice of the
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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 providing the best coincidence with the experimental data was retained.
In ref. [29], the calculation of the energy ui0 was performed, using the London expression for the
intermolecular potential uij between molecules of types i and j at a distance rij [39]:
uij = − Lij /rij6

(2.59)

where the London constant Lij is related to the static polarizabilities αp,i and αp,j and the ionization
potentials Ii and Ij of the interacting species:
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Lij =

3α p,iα p, j I i I j
Ii + I j
2

(2.60)

Upon adsorption, the counterion displaces an ensemble of Nw water molecules (Figure 2.5). In
the initial state (before adsorption), the ion is in the bulk and has energy uiB and the Nw water
molecules are at the interface, with total energy uwS (subscript indices “i” and “w” stand for “ion”
and “water,” respectively, whereas superscript indices “S” and “B” stand for “surface” and “bulk,”
respectively; see Figure 2.5). In the final state (adsorbed ion), the ion and the water molecules have
exchanged positions and their energies became uiS and uwB, respectively. Thus, the ion adsorption
energy ui0, which is equal to the change in the energy upon adsorption, is

(

) (

ui 0 = uiS − uiB − uwS − uwB

)

(2.61)

The hydration shell of the large ions is loose because they have lower hydration numbers nw and
a larger area of bare ions. That is why it is assumed that when they are adsorbed, the hydration shell
is deformed by the interface, as shown in Figure 2.5. Hence, they can approach the interface up to
a distance equal to the radius Rb of the bare ion. We will refer to them as “type I ions.” They correspond to the chaotropes of Collins [55]. Smaller ions (“type II”) have denser adsorption shells,
which cannot be rearranged upon adsorption, so that they will most probably remain immersed in
water, along with their hydration layer. Therefore, they can approach the interface only to distances
equal to Rh. Type II ions correspond to the cosmotropes of Collins [55].
We will first calculate the energy uiS of the type I ions. Toward this aim, the London potential
(Equation 2.59) is integrated over the volume of the water phase excluding the hydration shell, with
rij being the distance between the volume element d3r = rdrdϕdz and the ion positioned at r = 0, z = 0
(that is, the integration is over z > −Rb and r 2 + z 2 < Rh2 ). The integration is performed in cylindrical
coordinates:
Rh

u =−
S
i

∞

∫ ∫

− Rb

Rh2 − z 2

Liwρw 2πrdrdz
−
(r 2 + z 2 )3

∞ ∞

∫∫

Rh 0

2π Liwρw 
3 Rb 
Liwρw 2πrdrdz
=−
1+
2
2 3
3 
3
4
Rh 
(r + z )
Rh 

(2.62)

here ρw is the molecular number concentration of water. Similarly, the bulk energy of the ion is
(integration in spherical coordinates)
∞

u =−
B
i

Liw

∫r

Rh

6
iw

ρw 4 πriw2 driw = −

4 π Liwρw
3 Rh3

(2.63)
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The respective energies of the ensemble of water molecules (assuming a sphere of radius Rh, or
a part of it) are
uwS = −

2π Lwwρw 
3 Rb  B
4 π Lwwρw
1+
; uw = −
3 Rh3 
4 Rh 
3 Rh3

(2.64)

Substituting Equations 2.62 through 2.64 into the expression (Equation 2.61) for ui0, one obtains
an explicit relation for the adsorption energy with the ionic properties of type I ions:

3 Rb  2π ρw
ui 0 =  1 −
( Liw − Lww )
4 Rh  3 Rh3


(2.65)
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To calculate ui0 for type II ions, one must set Rh = Rb in Equation 2.65, which simplifies the
expression to
ui 0 =

π ρw
( Liw − Lww )
6 Rh3

(2.66)

The values of the hydration number nw and the radius Rh of the hydrated ion depend strongly on
the method used for their determination and can vary widely (see, e.g., p. 143 in ref. [56]). It seems
that more reasonable results can be obtained by model calculations, rather than experimentally. For
monovalent ions, Marcus [57] found that the hydration number nw can be represented by the empirical relation
nw = Av/Ri

(2.67)

where Av = 3.6 Å for all ions. He further assumed that the hydrating nw water molecules, considered
as spheres with radius Rw = 1.38 Å and volume vw = 11 Å3, are smeared around the ion, forming a
layer of thickness Rh − Rb and volume:
nw vw =

(

4π 3
Rh − Rb3
3

)

(2.68)

The last relation is used to calculate Rh. The values of nw and Rh calculated in this way [29,57,58]
are shown in Table 2.2. Robinson and Stokes (Equation 9.27 in ref. [43]) used a similar approach,
but with a water molecular volume of vw = 30 Å3, which follows from the density of water. They also
used different values of the hydration number nw, which were calculated from the ion diffusivity
(see Table 11.10 in ref. [43]). Ivanov et al. [29] calculated the radius Rh using both sets of parameters;
for the ions of interest, the results for Rh did not differ much from each other. Both sets of Rh, 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., in ref. [39]) of Rh = 3.8, 3.6, and 3.3 Å for Li+, Na+, and K+,
respectively, and 3.5, 3.3, and 3.3 Å for F−, Cl−, and Br−, respectively.
The London constants Liw for the ion–water molecule interaction, and Lww for the interaction of
Nw water molecules with a single water molecule are calculated directly from Equation 2.60:
Liw =

3α p,iα p,w
3
, Lww = N wα p2,w I w
2
4

(2.69)
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For the calculation of Lww, the ensemble of Nw water molecules is regarded as a sphere with polarizability Nwαp,w [29]. The number Nw was assumed to be equal to the ratio between the volume of the
bare ion and the volume of one water molecule [13]:
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N w = Rb3 / Rw3

(2.70)

where Rw is the radius of the water molecule. For the value of Rw, two possibilities were tested in ref.
[29]: (i) the average volume per molecule (30 Å3), based on the water density, yields Rw = 1.93 Å; and
(ii) the actual volume of a water molecule, 11 Å3, corresponds to Rw = 1.38 Å. Better agreement with
the experimental data was obtained with the second option, Rw = 1.38 Å. The value of the static polarizability of water used was αp,w = 1.48 Å3 and that of the ionization potential was Iw = 2.02 × 10−18 J [59].
The values of the ionization potentials of the ions Ii are also questionable. In ref. [29], 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 was even smaller and hereafter it was disregarded. For the cations, we used the second ionization potential because the first one corresponds
to the ionization of the respective atom, not ion. Because the anions have already accepted one extra
electron, their ionization potential must be equal to the negative value of the electron affinity.

2.2.4 Comparison with the Experiments
In the theoretical parts of this section (Subsections 2.2.1 through 2.2.3), we showed that a complete
theory of the adsorption constant K and the adsorption isotherm of dilute monolayers requires
detailed, more rigorous treatment of several important effects (most of which are new): (i) contribution σ0 α⊥ to the adsorption energy Ea (cf. Equation 2.13) due to the penetration of the adsorbing
surfactant tail through the clean interface; (ii) correct theory and new expression (Equation 2.16) for
the adsorption “thickness” δa; (iii) purely electrostatic (nonspecific) contribution to the adsorption
constant K0 (Equation 2.40); (iv) effect and nature of the spreading pressure π0 in LE monolayers;
and (v) ion-specific effect on the adsorption constant K (Equation 2.56); (vi) origin and calculation
of the ion-specific adsorption energy ui0 (Equations 2.61, 2.65, and 2.66). It turned out that these
effects must be properly accounted for to give adequate treatment and interpretation of the experimental data. Although our ultimate goal is to check our theory of the Hofmeister effect, cf. (v) and
(vi), we were forced by the logic of the study to analyze first effects (i–iv) and to relegate the analysis
of the ion-specific effect to the end of this subsection.
2.2.4.1 Experimental Verification of the Theory of Adsorption Constant K
Our expression for the adsorption energy Ea differs from Equation 4.3 of Davies and Rideal [26]
with the presence of the new terms σ0 α⊥ and the additional uCH2. As shown in Section 2.2.1.1 and
in Figure 2.1, this term stems from the disappearance of area α⊥ of interfacial tension σ0 when the
surfactant molecule is adsorbed at the interface. To demonstrate the significance of this energy, we
will analyze the data by Rehfeld [51] and Gillap et al. [62] for the adsorption of C12H25SO4Na at
various W|O interfaces, where the oil phase is varied—this is a simple way to change the interfacial
tension σ0 of the clean surface without excessively affecting the other parameters of Equation 2.13,
and allows direct observation of the expected effect of σ0 on K.
Substituting the expression (Equation 2.7) for Ks into the definition (Equation 2.56) of K, and
using the result (Equation 2.13) for the adsorption energy Ea, one obtains
ln K +

uCH2
ui 0
α
≡ ln K 0 = const +
nC + ⊥ σ 0
2 k BT
3k BT
3k BT

(2.71)
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where
Ehead uCH2 1 4δ a
+
+ ln
3k BT 3k BT 3 κ 20

(2.72)

In Equation 2.71, we preferred to correct the experimental adsorption constant K with the term
ui0/2k BT, standing for the ion-specific adsorption energy of Na+ ion (ui0 = −0.34 × k BT; cf. Table 2.2),
to obtain the counterion-independent constant K0 (Equation 2.40).
The effect of the nature of the hydrophobic phase is twofold. First (and more important), the change
of the oil will affect σ0 in the last term in Equation 2.71. The interfacial tension σ0 of the pure W|O
interfaces in Rehfeld’s experiments ranges from 31.3 mN/m for water–1-hexene to 53.2 mN/m for
water–heptadecane. According to Equation 2.71, this corresponds to a difference of approximately 0.4
in the value of lnK0. The second effect of the hydrophobic phase is on the transfer energy uCH2, which
also depends, to a certain extent, on the nature of the oil. According to Tanford [38], the energy uCH2
for transfer of a –CH2– group from water to hydrocarbons does not differ significantly for alkanes and
alkenes. Aveyard and Briscoe [63] found only a weak dependence of uCH2 on the length of the alkanes.
We could not find data for the aromatic and cyclic hydrocarbons used by Rehfeld, but the relatively
good coincidence between theoretical dependence and experimental values depicted in Figures 2.6
and 2.7 suggests that this second effect is smaller. Therefore, for all systems considered, only the term
σ0α⊥ in Equation 2.71 will vary significantly with the nature of the oil.
Three typical surface pressure isotherms πS(C 2/3) for oils of different interfacial tensions σ0,
based on the data of Rehfeld [51], are shown in Figure 2.6. From these data, the values of K were
determined according to Equation 2.47 and corrected with ui0/2k BT according to Equation 2.71 to
obtain the counterion-independent quantity lnK0. The obtained ln K0 values for several different
oils with the same surfactant C12H25SO4Na are plotted in Figure 2.7 in coordinates ln K0 versus σ0.
Water|nonane
40
Water|butylbenzene
30
πS (mN/m)
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FIGURE 2.6 Surface pressure πS versus 2/3-power of surfactant concentration Cs2 / 3 for adsorption of
C12H25SO4Na at the W|O interface for three typical oils with different interfacial tensions (σ0 = 50.9, 40.1, and
31.3 mN/m for water–nonane, water–butylbenzene, and water–1-hexene, respectively). (Experimental data
from S.J. Rehfeld, J. Phys. Chem. 71, 738–745, 1967. With permission.) T = 25°C. Solid lines, the linear
dependence (Equation 2.39); dashed lines, fit with quadratic polynomial (Equation 2.47), up to cmc. From the
polynomial dependences, the adsorption constants K, used in Figure 2.7, are determined.
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FIGURE 2.7 Dependence of lnK0 of C12H25SO4Na on the interfacial tensions σ0 of the pure W|O interfaces.
All points are determined from plots similar to those in Figure 2.6. The values of K were calculated from quadratic fit of πS versus Cs2 / 3 (Equation 2.47), and were corrected for the counterion effect according to Equation
2.71 to yield K0. Solid line, theoretical dependence (Equation 2.71), with the theoretical slope α⊥ /3k BT = 0.0172
m/mN (Equation 2.71), corresponding to α⊥ = 21.2 Å2 [38]. The intercept is 4.16 ± 0.08.

The line is plotted according to Equation 2.71 with the theoretical slope α⊥/3kBT = 0.0172 m/mN,
corresponding to the value α⊥ = 21.2 Å2 given by Tanford [38] for the hydrocarbon chain crosssectional area. The theoretical intercept, calculated using Equations 2.71 and 2.72 with values from
the parameters given in Section 2.2.1.1, is 4.8. Its experimental value, according to Figure 2.7, is 4.16 ±
0.08, which is reasonably close to the theoretical prediction. These data confirm our theory of the
adsorption energy and thickness (Equations 2.13 and 2.16).
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. It is obvious from Figure 2.8 that the addition
of –CH2– groups leads to a strong increase of the surface pressure πS, which is related, according
to Equation 2.71, to the energy uCH2 of transfer of a –CH2– group from water to the hydrophobic
phase. Both Tanford [38] and Davies and Rideal (Table 4I in ref. [26]) cite different values of uCH2 for
WO
= 5.75 × 10 −21 J versus
W|O and W|G interfaces. For the water–alkane interface, Tanford gives uCH
2
WO
WO
= 5.98 × 10 −21 J. For the W|G surface, Tanford gives uCH
= 4.35 × 10 −21 J.
Davies and Rideal’s uCH
2
2
WG
WG
= 4.17 × 10 −21 J,
Davies and Rideal found that uCH
depends on the coverage: for dilute monolayers, uCH
2
2
WG
−21
2
whereas for denser monolayers (90 Å per molecule) uCH2 = 4.85 × 10 J.
We will analyze the effect of the chain length nC of a homologous series of surfactants on the
value of K0 at different W|O interfaces (Figure 2.8a). Because the interfacial tensions σ0 of the oils
used in the experiment (especially of the nonsaturated ones) differ significantly, we transformed
Equation 2.71 in such a way that this effect was eliminated. This was achieved by subtracting the
term α⊥σ0/3k BT and adding instead a term α ⊥ σ alkane
/3k BT referring to a typical alkane, for example,
0
decane with σ alkane
.
As
a
result,
a
new
adsorption constant, K 0alkane, independent of σ0
=
52
mN/m
0
was introduced:

ln K 0alkane ≡ ln K 0 +

(

)

uCH2
α⊥
α
+
nC
σ alkane
− σ 0 = const + ⊥ σ alkane
0
0
3k BT
3k BT
3k BT

(2.73)
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FIGURE 2.8 Dependence of the surface pressure πS versus 2/3-power of the mean activity, C 2/3.
(a) Alkylsulfates of different chain lengths at the W|O interface, with or without added NaCl. The data for
C12H25SO4Na, with various amounts of NaCl, are the same as in Figure 2.3; the data for C8H17SO4Na and
C10H21SO4Na at the water–decane interface with the addition of 50 to 500 mM of NaCl [64]. The data were
processed as in Figure 2.6: dashed lines are quadratic fits with Equation 2.47. (b) Alkyltrimethylammonium
bromides of different chain lengths at the W|G interface. Data for C10H21NMe3Br with 0 to 10 mM NaBr
[18]. (Data for C12H25NMe3Br, C14H29NMe3Br, and C16H33NMe3Br from Aratono, M. personal communication,
2010. With permission.) Solid lines correspond to quadratic fits (Equation 2.47). From the fits, the values of
the adsorption constants K were obtained; the results are used in Figure 2.9.

K 0alkane is the expected adsorption constant of a surfactant with nC carbon atoms at the water–alkane
interface. The data for adsorption of sodium alkylsulfates and alkyltrimethylammonium bromides
WO
= 5.75 × 10 −21 J,
at the W|O interface, plotted in Figure 2.9, confirms Equation 2.73. The value uCH
2
quoted by Tanford, was used to draw the lines.
We now turn to the adsorption of homologous series of surfactants at the W|G surface in the LE
region (Figure 2.8b). We determined the adsorption constant K for each particular system by fitting
the experimental data πS(C 2/3) with Equation 2.47. Because σ0 is the same for all surfactants, the
analysis can be carried out by using Equation 2.71. The calculated dependence of lnK0 on nC for
the LE monolayers at W|G is again linear, as shown in Figure 2.9, that is, Equation 2.71 is valid.
Surprisingly, within experimental error, the slope is the same as for the W|O interface, that is, uCH2
is again 5.75 × 10 −21 J, which is considerably larger than the values quoted by Davies and Rideal,
4.17 to 4.85 × 10 −21 J [26]. The coincidence of the W|G and W|O values of uCH2 is certainly because
the transfer of a –CH2– group is from water to an LE adsorption layer (and not to a gas!), which is
nearly equivalent to a transfer from water to oil. We found it difficult to estimate the corresponding
energy of transfer from water to gaseous monolayers due to the insufficient and contradictory data
for adsorption in this region.
In Figure 2.10, the surface pressure isotherms of four C12H 25 NMe3+ salts at the W|G surface are
shown. Obviously, the counterion can drastically increase the surface activity of the surfactant ion,
and the effect of the counterion follows the Hofmeister series (Equation 2.2). Similar curves were
obtained (but not shown) for the other surfactants considered below—alkylsulfates and 1-dodecyl4-dimethyl aminopyridinium (C12H 25PyrNMe +2 ) halogenides.
Our aim now is to demonstrate how the results in Figure 2.10 can be explained quantitatively
with the model developed in Section 2.3. Equation 2.56 can be presented in logarithmic form:
ln K = ln K 0 −

1 ui 0
2 k BT

(2.74)
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FIGURE 2.9 Dependence of the logarithm of the adsorption constant lnK0 on the number of carbon atoms
nC in the hydrocarbon chain. Circles, data for alkylsulfates at the W|O interface; the values of K0 were calculated from πS Cs2 / 3 dependences similar to those shown in Figure 2.8. The data for C12H25SO4Na are from
the same sources as in Figure 2.7; data for C8H17SO4Na and C10H21SO4Na with 0 to 500 mM of NaCl, and
the oil is either decane [64] or other alkanes [62]. Correction for σ0 was made, and all data were reduced to
σ0 = 52 mN/m according to Equation 2.73. Crosses, adsorption of alkyltrimethylammonium salts at the W|O
interface. Data for C8H17NMe3+ and C10H21NMe3+ with decane in the presence of 0 to 500 mM NaCl [64]; data
for C12H25NMe3Br and Cl with hexane, hexadecane [65], and petroleum ether and 0 to 500 mM NaCl [53].
Diamonds, data for the adsorption of alkyltrimethylammonium bromides and chlorides at the W|G surface,
with various amounts of salt [18,65,66]. Lines, the theoretical dependence (Equation 2.71) with the value
uCH2 = 5.75 × 10 −21 J given by Tanford [38]. The intercepts were determined as fitting parameters: −0.55 for
alkylsulfates at the W|O interface, −1.63 for alkyltrimethylammonium salts at the W|O interface, and −2.12
at the W|G interface.
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FIGURE 2.10 Surface pressure πS versus C 2/3 (2/3-power of the mean activity) for C12H25NMe3+ salts at the
W|G surface. The surface pressure at a given concentration increases in accordance with Hofmeister series
BF4− > Br − > Cl − > F − . Data for C12H25NMe3BF4 with the addition of 0 to 15 mM NaBF4 [20]; C12H25NMe3Br−
and Cl− are without additives [20,65]; the data for C12H25NMe3F are obtained with 100 mM NaF added to 0 to
15 mM C12H25NMe3Br solutions [68]. T = 23°C to 25°C. The lines are quadratic fits. The results were used for
calculation of the respective adsorption constants K, used in Figure 2.11.
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This suggests that the model can be checked by plotting lnK versus ui0. We found scarce experimental data for surface tension of the same ionic surfactant with different counterions (with or
without added salt). To expand the databases to the full set of counterions of interest, we used the
relation (Equation 2.71) between K0 and the number of carbon atoms nC. We were able to recalculate, from the value of K of any surfactant from a homologous series, the adsorption constant K12 for
a surfactant with nC = 12:
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ln K12 = lnK −

uCH2
(nC − 12)
3k BT

(2.75)

where uCH2 = 5.75 × 10 −21 J as determined above. For a homologous series of surfactants with the
same ionic head at the same interface and temperature, this standard constant K12 should depend on
ui0 only (Equations 2.71 and 2.72).
The specific adsorption energies ui0 of the ions were taken from Table 2.2. The values of K were
found by curve-fitting with the quadratic dependence (Equation 2.47). They were then used to calculate the nonspecific adsorption constant K0 for each of the surfactant ions through Equation 2.74.
In agreement with the theory, the obtained values of lnK0 are the same for a given surfactant ion
with any considered counterion. In some cases, adsorption data for a mixture of two counterions
only were available, for example, refs. [18,67,68]. Then, the value of K0, which is unique for the two
counterions, was determined by using a procedure described in Section 2.2.4.2; after that, K was
recalculated for the prevailing ion from Equation 2.56, K = K0 exp(−ui0/2k BT).
The dependence of the adsorption constant on the adsorption energy ui0 of the counterion is
illustrated in Figure 2.11, where lnK12 versus −ui0/k BT is plotted for three different surfactant ions.
The lines are drawn according to Equation 2.74 by using the theoretical slope 1/2 and the average
values of lnK0 for each surfactant ion: 4.80 ± 0.13 for C12H 25SO −4 , 3.74 ± 0.02 for C12H 25PyrNMe −2 , and
lnK0 = 3.28 ± 0.10 for C12H 25 NMe3+. The theory describes the data adequately. Note that the values
of the adsorption energy ui0 listed in Table 2.2 were obtained without using any free adjustable
parameter.
Below, we arranged the counterions according to the experimental values of the adsorption constants K12 (Figure 2.11), that is, according to their “adsorption efficiency” for a given surfactant head
group:
Ac − < F − < Cl − < Br −  NO3− < BF4−

for cationic surfactants

(2.76)

Li + < Na + < NH 4+ < Rb+  K + < NMe+4 for anionic surfactants

(2.77)

Because of the relation (Equation 2.74) between K and u i0, the order will remain the same
if one uses as criterion the absolute value of u i0 (see Table 2.2). The cation series (Equation
2.77) follows the Hofmeister series (Equation 2.2), with one exception—the NH +4 ion. In
contrast, although the sequence (Equation 2.76) of the anions is the same as the Hofmeister
series (Equation 2.1), the signs “<” and “>” are opposite, that is, the “adsorption efficiency”
in Equation 2.76 increases whereas the “precipitation efficiency” in Equation 2.1 decreases
from left to right. A possible reason for the coincidence of the two series of cations is that
Hofmeister worked only with negatively charged proteins, similar to interfaces with adsorbed
anionic surfactants, corresponding to Equation 2.77. The situation with the anions is the opposite—Hofmeister’s proteins were negatively charged, whereas the interface with adsorbed cationic surfactants is positive. This explanation is in agreement with the finding of Schwierz et
al. [4], who argued that the relative order of anions may reverse depending on the charge of the
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FIGURE 2.11 Dependence of the adsorption constant K12 on the ion adsorption energy −ui0/k BT of surfactants with three different head groups at the W|G surface. The values of K12 were determined from πS (C 2/3)
data as those in Figure 2.10. For this plot, we used the calculated values of ui0 (Table 2.2), corresponding to the
model presented in Sections 2.2.3.1 and 2.2.3.2. Lines, comparison with the theoretical dependence with fixed
slope 1/2 (Equation 2.74). Sources: C12 H 25SO −4 with Li+ alone [67,69] and Li+ with added 1 mM NH +4 [67]; for
Na+ (Figure 2.3); NH +4 and NMe +4 stand for 5 to 10 mM NH +4 or NMe +4 with 1 to 3 mM Li+ [67]; K+ and Rb+
are without added salt [69]; T = 23°C to 33°C. K values for C12 H 25PyrNMe+2 halogenides are calculated from
Koelsch’s data [70] (no added salt or 100 mM NaF/NaCl/NaBr added to C12H25PyrNMe2Br at room temperature). C12 H 25 NMe+3 is from Aratono (BF4− with the addition of 0–10 mM NaBF4, NaCl, NaBr [20,21,65] and
Bergeron [66]). Data for C10 H 21NMe+3 (Br− with 0–10 mM NaCl [18,66]), C14 H 29 NMe+3 (Cl− and Br− [65,66]),
and C16 H 33 NMe+3 (Cl− and Br− in the presence of 0–100 mM salt [18,65,66]; 10–100 mM Ac−, NO3− or F− in
the presence of 0–0.5 mM Br− [18]) are also used in this figure—the corresponding adsorption constants K
of these surfactants were reduced to the standard constant K12 of C12 H 25 NMe+3 through Equation 2.75. All
measurements with Cn H 2 n +1NMe+3 have been performed at T = 20°C to 25°C.

surface, with I− > Cl− > F− on positively charged surfaces but F− > Cl− > I− on negatively charged
surfaces (see also ref. [3]).
The Hofmeister effect also influences the other parameters in the surface pressure isotherm
(Equation 2.47). We found a strong correlation between the spreading pressure π 0 of the surfactant and its counterion. In Figure 2.12, the spreading pressure of Cn H 2 n+1NMe3+ salts is plotted
against ui0. The dependence is close to linear; the spreading pressure increases in absolute value
with −ui0.
The good coincidence between the theoretical dependence Equation 2.74 with the theoretical
values of ui0 (Table 2.2) and experiment, demonstrated above, suggests that the effect of the type of
counterions on the adsorption constant K is due not only to steric reasons, related to ion size, as it is
sometimes assumed [71–73], but is also due to van der Waals interactions.
There are at least three effects that we observed and partially explained but we believe that they
still need additional in-depth analysis and clarification: (i) the factors determining the value of the
nonspecific adsorption constant K0 of the surfactant; (ii) the value and nature of the adsorption constant of a surfactant at W|G surface in gaseous monolayers; and (iii) the reason for the dependence
of the spreading pressure π0 on the ion-specific adsorption energy ui0 (Figure 2.12). We have some
preliminary ideas and calculations but we lack, for the time being, enough reliable data to check and
improve them. Hence, we postpone these issues for future studies.
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FIGURE 2.12 Hofmeister effect on Langmuir’s spreading pressure π 0 of Cn H 2 n +1NMe+3 salts at the W|G
surface: dependence of −π 0 on −ui0/k BT. The spreading pressure is equivalent to the intercept of the quadratic
fits of πS(C 2/3) (Figure 2.10). π 0 shows strong correlation with the ion adsorption energy ui0. Data sources as
in Figure 2.11.

2.2.4.2 Adsorption in the Presence of a Mixture of Counterions
Often, ionic surfactants are used with a mixture of counterions, for example, refs. [18,20]. Wellstudied experimentally are systems with two counterions, one of which came with the surfactant
and the second one with the salt additive (e.g., C12H 25SO −4 Na + in the presence of KCl additive). To
derive an analogue of the isotherm (Equation 2.55); for a mixture of two counterions, one must use
the multi-ion form of the generalized Gouy equation (Equation 2.53) instead of its one-counterion
version (Equation 2.54). By analogy with the derivation of Equations 2.55 through 2.57, the expression for the zeroth approximation for the potential ΦS0 (Equation 2.38), is inserted into the Gouy
equation (Equation 2.53) to give:
 4K 
Γ s2 =  2 s 
 κ0 

2/3

∑C e
i

− ui 0 / k BT

i

Cs2 / 3
Ct1/ 3

(2.78)

After taking the square root of this equation and making some rearrangements, a generalization
of the adsorption isotherm (Equation 2.55) for ion mixtures is obtained:
Γs = K0 


∑x e
i

i

− ui 0 / k BT




1/ 2

Ct1/ 3Cs1/ 3

(2.79)

where K0 is given by Equation 2.40, Ct is the total electrolyte concentration, and xi = Ci/Ct is the
fraction of ith counterions from all counterions. For the most common case of two counterions,
Equation 2.79 can be rewritten as

(

Γ s = K 0 x1e − u10 / kBT + x 2e − u20 / kBT

)

1/ 2

Ct1/ 3Cs1/ 3

(2.80)
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We proceed now to the calculation of the surface pressure πS. If the adsorption of the coion is
neglected, Gibbs isotherm reads:
dπs = Γ1dμ1 + Γ2dμ2 + Γsdμs

(2.81)

If the bulk surfactant solution is ideal, Equation 2.81 yields Cs (∂π S /∂Cs )C1 ,C2 = k BT Γ s. This equation can be integrated, after substituting into it Γs from Equation 2.80. The result is:
1/ 2

Ct1/ 3Cs1/ 3 + π 0 (C1 , C2 )

(2.82)

The integration constant π0 is Langmuir’s spreading pressure. In the case of the W|O interface,
it is obvious that π0 = 0 if the small effect of the salt itself on σ0 [6,74] is neglected. If only one
counterion is present in the system, then C1 = Ct and C2 = 0, and the bracket in the above equation
simplifies to exp(−ui0/2k BT), and Equation 2.82 becomes identical to the one-counterion surface
tension isotherm (Equation 2.43). Equation 2.82 is compared in Figure 2.13 to experimental data
from ref. [18] for solutions of C16H33NMe3X and NaX, where X stands for Cl− and Br−. For these two
ions and the data in the figure, we assumed that the dependence of the spreading pressure π0 on C1
and C2 was negligible.
For the W|O interface, where π0 = 0, one can determine the adsorptions Γ1 and Γ2 of the two
counterions from the surface pressure isotherm (Equation 2.82). From Gibbs isotherm (Equation
2.81), it follows that
Γ1 =

40

 ∂π S 
 ∂C 
 1 C

C1
k BT

and Γ 2 =
2 ,Cs

(a)

40
Br−
πS (mN/m)

Cl − + Br −

20

Cl−

0

0.2

0.4

0.6

 ∂π S 
 ∂C 
 2  C ,C
1

(2.83)
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FIGURE 2.13 (See color insert.) (a) Surface pressure πS versus 2/3-power of the mean activity C 2/3 for
C16H33NMe3Cl with or without added NaCl (diamonds); C16H33NMe3Br with or without NaBr (triangles);
C16 H 33 NMe+3 in the presence of both ions Cl− and Br− (empty circles) at the W|G surface. The data for a single
counterion, Cl− or Br−, falls on separate master curves according to the salting-out effect (Equation 2.32), with
slopes 3k BTKBr and 3k BTKCl correspondingly. In contrast, the data for the counterion mixtures are dispersed
1/ 2
between these two curves. (b) Drawn in coordinates πS versus e − u10 /kBT x1 + e − u20 /kBT x 2 Ct1/ 3Cs1/ 3 , all data
fall on a single master curve with slope 3k BTK0, according to Equation 2.80. (Data from Para, G. et al., Adv.
Colloid Interface Sci. 122, 39–55, 2006.)

(

)

82

Surfactant Science and Technology
1

0.8

0.6
xS2

∆u

0.4

T

kB

/

0

=

0

/k
0
∆u

T
B

0.2

Downloaded by [Ivan Ivanov] at 06:00 28 May 2014

0

0

0.2

0.4

x2

=

5

0.

∆u

/k

0

0.6

T
B

=

1

0.8

1

FIGURE 2.14 Interface composition x 2S = Γ 2 / Γ s as a function of the bulk composition x2 = C2/Ct at different
values of the difference Δu 0 = (u20 − u10)/k BT. The surface is enriched with the ion having larger (in absolute
value) ion adsorption energy ui0.

Here, substituting πS from Equation 2.82 with π0 = 0, one can obtain the adsorptions of both
counterions and thereby, together with Equation 2.80, the composition of the interface in terms of
molar parts xiS ≡ Γ i / Γ s:

x = 1 − x = x2
S
2

S
1

1+

1
x1 [1 − e(u20 − u10 )/kBT ]
2
x 2 + x1e(u20 − u10 )/kBT

(2.84)

The dependence of the surface composition x 2S on the bulk composition x2 at three values of the difference (u20 − u10)/k BT is illustrated in Figure 2.14.

2.3 EOS AND ADSORPTION ISOTHERM OF DENSE MONOLAYERS
2.3.1 Nonlocalized Adsorption of Nonionic Surfactants
Most theories of the EOS and adsorption isotherms of ionic surfactants are obtained by simply
extending theories of nonionic surfactants to account for the electrostatic interaction. This is usually
done by using the Gouy equation (Equation 2.21), for example, see refs. [28,36,75]. Our analysis
revealed that most of the problems encountered in the theory of adsorption of ionic surfactants stem,
in fact, from certain drawbacks of the respective theories of nonionic surfactants. These problems
were dealt with in refs. [31–33]; for the readers’ convenience, we will present in this section a brief
account of some of the findings from these articles.
The two most widely used EOS for nonionic surfactants are those of Langmuir–Frumkin (usually called the Frumkin equation) and the two-dimensional (2-D) equation of van der Waals (also
known as the Volmer–De Boer equation):
1. Frumkin EOS [76,77],
πS
1
=−
ln(1 − α L Γ s ) − Battr Γ s2
k BT
αL

(2.85)
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		Here, αL is the area parameter of Langmuir’s model (we will show in Section 2.3.1.1 that
αL is different from the cross-sectional area of the molecule); Battr is the attractive part of
the second virial coefficient accounting for the long-ranged attractive interactions between
the adsorbed molecules (see Section 2.3.1.2).
2. Van der Waals EOS [78,79],
Γs
πS
=
− Battr Γ s2
k BT 1 − α V Γ s

(2.86)
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		Here, αV is the area parameter of Volmer’s model, also different from the cross-sectional
area of the molecule.
		 A third important EOS for hard discs (unfortunately, not much used in the literature)
was derived by Helfand et al. [80]. If their result is modified with the same attractive term
−Battr Γ s2 as in Equations 2.85 and 2.86, the following equation is obtained:
3. Modified Helfand–Frisch–Lebowitz (HFL) EOS [31,33,80],
πS
Γs
=
k BT
1 − αΓ s

(

)

2

− Battr Γ s2

(2.87)

		 The first terms on the right-hand sides of Equations 2.85 through 2.87 refer to hard
core interactions only and were proposed by Langmuir [76], Volmer [78], and Helfand
et al. [80], respectively. The attractive term −Battr Γ s2 was introduced into the Langmuir
isotherm by analogy with the three-dimensional van der Waals EOS by Frumkin [77], to
make it applicable to surfactants with large hydrophobic tails. De Boer [79] did the same
for Volmer EOS, and in refs. [31,33], it was done for the EOS of HFL. One must keep in
mind that an additive term, proportional to Γ s2 , strictly speaking, can account only for the
contribution of binary collisions, that is, it is correct only for low surface concentrations,
whereas the hard core parts are valid (in the framework of the respective model) for any
surface concentration.
Let us discuss the physical model behind these equations. The Langmuir EOS can be applied for
adsorption on a 2-D lattice of adsorption centers if the following conditions hold [81]: (i) each center
can be occupied only by one molecule, (ii) the molecules cannot exchange positions over the surface
and jump from center to center, and (iii) the adsorbed molecules do not interact with each other neither by attractive nor by repulsive forces. The first two limitations must also apply to Frumkin EOS
(Equation 2.85). Quite obviously, the combination of these conditions cannot be realized with a fluid
adsorbed layer—despite this, the Langmuir and Frumkin EOSs have been widely applied to such
systems. One possible reason is the fact that the integration of Langmuir EOS with Gibbs adsorption
isotherm to eliminate Γs leads exactly to the empirical Szyszkowski equation [82], which describes
well the dependence of the surface tension σ on the surfactant concentration Cs for low-molecular
weight nonionic surfactants.
Tonks [83] has shown that the equation of Volmer is rigorous for delocalized adsorption of solid
rods at a line. However, such a one-dimensional (1-D) model is hardly applicable to a 2-D fluid
interface. A more realistic model for the adsorbed monolayer of nonionic surfactant would be a 2-D
system of hard discs. Reiss et al. [84] developed a very astute procedure (which they called scaled
particle theory) for treating systems of hard core particles. They solved exactly several problems,
related to hard particles, but it turned out that the 2-D case (hard discs at interfaces) had in principle
no exact analytical solution [85]. Nevertheless, Helfand et al. [80] succeeded in deriving an almost
exact simple 2-D EOS for nonattracting hard discs (the original HFL equation is Equation 2.87 with
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Battr = 0). It is impossible to present in a concise manner their theory and we refer the interested reader
to their original article [80]. Rusanov [86] obtained their result using a totally different approach.
The respective adsorption isotherms can be obtained by integrating the Gibbs equation for nonionic surfactant (dπS = k BTΓsdlnCs): by substituting in it πS from either Equations 2.85, 2.86, or 2.87,
and integrating with respect to Γs, one finds the corresponding adsorption isotherms for nonionic
surfactants*:
1. Langmuir–Frumkin: K sCs =
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(2.88)

 αVΓs

Γs
exp 
− 2 Battr Γ s 
1 − αVΓs
 1 − αVΓs


(2.89)

 αΓ (3 − 2αΓ s )

Γs
− 2 Battr Γ s 
exp  s
2
1 − αΓ s

 (1 − αΓ s )

(2.90)

2. van der Waals: K sCs =

3. Modified HFL: K sCs =

Γs
exp(−2 Battr Γ s )
1 − αLΓs

The isotherm, following from the original HFL EOS, can be obtained by setting Battr = 0 in Equation
2.90. Equations 2.88 through 2.90 will be extended in Section 2.3.2 to ionic surfactants.
2.3.1.1 The Area per Molecule α
The reliability of the hard core parts of Equations 2.85 through 2.87 (with Battr = 0) can be checked
by comparing their virial expansions in terms of Γs with the exact virial EOS, obtained numerically
[80], namely,
π S /k BT = Γ s + 2αΓ s2 + 3.128α 2Γ s3 + 4.262α 3Γ s4 + 4.95α 4 Γ 5s + …

(2.91)

This expansion can be compared with the virial expansion of the hard core part of the HFL EOS
(Equation 2.87):
π S /k BT = Γ s + 2αΓ s2 + 3α 2Γ s3 + 4α 3Γ s4 + 5α 4 Γ s5 + …

(2.92)

Equation 2.92 nearly coincides with the exact expansion (Equation 2.91). This means that HFL
EOS (Equation 2.87) with Battr = 0, is a very good approximation for the nonlocalized adsorption
of rigid discs both at low and high surface coverages. In contrast, the expansions of the hard core
parts of Langmuir and Volmer EOS (Equations 2.85 and 2.86), are in obvious disagreement with
Equation 2.91:
Langmuir: π S /k BT = Γ s + α L Γ s2 /2 + α L2 Γ s3 /3 + α 3L Γ s4 /4 + α L4 Γ s5 / 5 + … ,

(2.93)

S
2
2 3
3 4
4 5
Volmer: π /k BT = Γ s + α V Γ s + α V Γ s + α V Γ s + α V Γ s + …

(2.94)

* Helfand et al. derived only the EOS with Battr = 0 (Equation 2.87). The adsorption isotherms (Equation 2.90), based on
this equation, and its modification for interacting surfactants (Equation 2.87), were also derived and extended to ionic
surfactants in refs. [29,31–33]. However, because these isotherms are virtually straightforward consequences of Equation
2.87, we prefer to call all of them modified adsorption isotherms of HFL.
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This could be expected because their physical bases are very different from nonlocalized adsorption at fluid interfaces. The above conclusions are visualized in Figure 2.15, where the curves correspond to the indicated EOS and the points refer to the exact numerical values. The plot of the
HFL equation almost coincides with the numerical values, which confirms that it is nearly exact.
The Langmuir and Volmer EOS are in substantial error compared with the exact numerical solution.
It is interesting to find out how the values of αL and αV are related to the actual area α used in the
HFL model. To answer this question, Ivanov et al. [31] compared the ratio πS/k BTΓs, predicted by
the three equations. Because the left-hand sides of the three EOS (Equations 2.85 through 2.87) are
model-independent and equal, so must be the right ones. After dividing the three equations by Γs (for
easier calculations) and setting the so-obtained right-hand side equal, one arrives at the following
conditions for the identity of Langmuir and HFL EOS:
−

1
1
ln(1 − α L Γ s ) =
αLΓs
(1 − αΓ s )2

(2.95)

1
1
=
1 − α V Γ s (1 − αΓ s )2

(2.96)

Equation 2.96 can be easily solved for αV(Γs):
αV/α = 2 − αΓs

(2.97)

In contrast, the relation between αL and α can be found only by numerically solving Equation
2.95. The asymptotic behavior of the solution for αL at Γs → 0 is
α L /α = 4 −

14
αΓ s + …
3

(2.98)
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Similarly, for Volmer and HFL EOS, one has:
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FIGURE 2.15 Dependence of the dimensionless surface pressure απS/k BT on the surface coverage αΓs: comparison of the hard core parts of HFL, Volmer, and Langmuir EOS (Equations 2.85 through 2.87; solid lines)
with Henry’s EOS (πS/k BT = Γs) and exact numerical calculations for delocalized adsorption of rigid discs at
fluid interface (points). Circles, Monte Carlo calculations [80]; diamonds, dynamic calculations [80]. For all
lines, α denotes the area per molecule (α, αV, or αL) corresponding to the plotted EOS.
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FIGURE 2.16 Dependence of the ratio of the area parameters αL and αV to the actual molecular area α =
πd2/4 (d − molecular diameter) on the surface coverage αΓs for the EOS of Langmuir (dash-dot line) and
Volmer (dashed line; cf. Equations 2.95 through 2.97). For comparison, we have plotted the dotted line, which
presents the analogous ratio (which is unity) for the molecular area of the HFL model.

whereas at αΓs → 1 it is αL/α = 2 − αΓs + … The obtained dependences of αL and αV on αΓs are
shown in Figure 2.16. Rusanov [87] had ideas similar to ours about the dependence of the minimum
area per molecule on the adsorption Γs. By using a different approach, he found the limiting values
4 and 1 at αΓs → 0 and αΓs → 1, respectively, for the Langmuir model. For the initial slope at Γs →
0, however, he obtained −6.616 instead of our value −14/3 (see Equation 2.98).
The results from this section lead to the conclusion that the area per molecule, determined by
using a model isotherm whose hard core part is different from the HFL equation, may not be a true
physical constant, but may depend on the model used and the adsorption Γs.
2.3.1.2 The Interaction Parameter β
At low coverages, EOS can be expanded into virial series with respect to the powers of Γs:
πs
= Γ s + B2Γ s2 + B3Γ s2 + …
k BT

(2.99)

The second virial coefficient B2 for hard particles of diameter d (cross-sectional area α = πd2/4)
with attractive potential u(r) between two particles at a distance r is (cf. e.g., ref. [81]):
∞

B2 = − π

∫ (e

− u / k BT

− 1) r dr = 2α − π

0

∞

∫ (e

− u / k BT

− 1) r dr

(2.100)

d

The second integral in this equation is, in fact, Battr in Equations 2.85 through 2.87. Its value depends
on the model used for u(r), as will be demonstrated below with two examples.
In the first example, it is assumed that u(r) is small and long-ranged. If |u/k BT| ≪ 1, then the
exponent in Equation 2.100 can be expanded into series up to the linear term. If in addition u(r) is
represented by the London potential, u = −L/r 6 (L is London interaction constant), then Battr is:
∞

Battr ≡ π

∫ (e
d

− u / k BT

π
− 1) r dr ≈ −
k BT

∞

πL

∫ u(r)r dr = 4k Td
d

B

4

(2.101)
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Battr has dimension of area, so it seems natural to scale it with the area of the molecule α. The
result is Battr/α = uc /k BT, where the contact potential uc = L/d6 is the absolute value of the attraction
energy at contact between the molecules (u at r = d). We will call the parameter β ≡ uc /k BT the
attraction constant. Consequently, Equation 2.100 reads:
B2 = 2α − Battr = 2α − αβ

(2.102)
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This result for B2 can also be obtained by expanding the modified HFL equation (Equation 2.87)
into a series in terms of αΓs and using Battr = αβ.
The second example, which we will use in Section 2.3.1.3, is the short-ranged “sticky potential,”
introduced by Baxter [88]:
 ∞,

u(r ) =  − E ,
 0,


r > d;
d < r < d (1 + λ);
r > d (1 + λ).

(2.103)

It is represented in Figure 2.17 by a solid line: up to the minimum distance d between the molecules the potential energy u is +∞; then, in the potential well between d and d(1 + λ), where λ < 1,
it remains constant and equal to −E(λ); after that it becomes zero. When two particles are in the
attractive potential well and λ → 0, the particles “stick” (hence, the name of the potential). It is
assumed that under these conditions, E → ∞ but in such a way that the attractive potential well gives
finite contribution to Battr. Baxter proposed an attraction potential depending logarithmically on λ.
We will use the following expression (slightly different from Baxter’s) for E:
E = k BT ln (uc/k BTλ)

(2.104)

In the limit λ → 0, the energy E → ∞. Here, uc is still an undetermined coefficient. Substituting
the expression (Equation 2.104) for E into Equation 2.101, and performing the integration (by keeping λ constant), one finds an expression that gives the evolution of Battr with λ; in the limit λ → 0, it
leads to the final expression for Battr:
 u

λ
u
→0
→ 4α c
Battr = 4α  C − λ   1 +  λ
k BT
2
 k BT


u
d(1 + λ)
d

r

–E

FIGURE 2.17 Scheme of the sticky potential (Equation 2.103; solid line).

(2.105)
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Thus, for sticky potential, one has
Battr = 4αβ;

B2 = 2α − 4αβ,

where

β = uc/k BT

(2.106)

Downloaded by [Ivan Ivanov] at 06:00 28 May 2014

The limiting transition λ → 0 affects only the well width λd. The “moment of sticking” corresponds
to λ = 0; hence, it is natural to assume that uc is again the absolute value of the contact energy—for
example, for discs attracting each other with the London potential, uc is given again by uc = L/d6.
Unlike B2 (and hence, Battr), which depends on the model used for u(r), the attractive constant
β = uc/k BT depends only on the nature of the interacting molecules and its value can be considered
as a measure of the strength of this interaction—this allows easier comparison between different
surfactants. The dependence of Battr on the model used for u(r) is reflected by the difference in the
numerical coefficients in the expressions in Equations 2.102 and 2.106 for the cases of small, longranged potential and sticky potential, respectively.
2.3.1.3 New EOS and Adsorption Isotherm for Nonionic Surfactants
We checked the reliability of the basic EOS, discussed in the beginning of this section, by using experimental interfacial tension data for C12H25SO4Na [51], C12H25NMe3Cl [65,89], and C12H25NMe3Br
[65] at the W|O interface. We considered the adsorption at the water–hexane interface because
for W|O systems, β must be positive and small [39], and this fact can be used as a criterion for the
correctness of a given isotherm. Ionic surfactants were selected because the nonionics are usually
soluble in oil. We processed the data using three adsorption isotherms (Equations 2.88 through
2.90), based on the three basic EOS with attraction: Frumkin (Equations 2.85), van der Waals
(Equations 2.86), and the modified HFL equations (Equations 2.87). The results for α and β, where
β = Battr /α as given by Equation 2.102, are summarized in Table 2.3 (the data processing is described
in Section 2.3.2.2).
All three isotherms were fitted with high-precision (coefficient of determination Rd2 higher than
0.999), but led to very different results for α and β. Thus, we reach a very important conclusion: the
good fit of the data does not guarantee that the adsorption model is correct. The data for α confirm
our conclusions in Section 2.3.1.1, namely, that the value of the area per molecule α strongly depends
on the model used, and only the HFL model leads to realistic values, of the order of 20 to 25 Å2. The
most troubling result, however, is related to the values of β, which theoretically is expected to have
positive value close to zero [39]. Instead, β was found negative for all isotherms. Because we had
no doubt about the validity of the HFL model with β = 0, we concluded that the reason for the poor
results was the way the attraction between the surfactant molecules was accounted for in Equations
2.85 through 2.87.
This gave us the impetus to derive in ref. [32] a new, hopefully more correct, EOS and adsorption
isotherm whose hard core repulsion part is the same as in the original HFL model (see Equations

TABLE 2.3
Adsorption Parameters α and β, Obtained by Curve-Fitting of the Interfacial Tension Data
for the Water–Hexane Interface by Using the Corresponding Models (Frumkin, van der
Waals, and Modified HFL)
C12H25SO4Na [51]
Model
Frumkin: Equations 2.85 and 2.88
van der Waals: Equations 2.86 and 2.89
Modified HFL: Equations 2.87 and 2.90

C12H25NMe3Cl [65,89]

C12H25NMe3Br [65]

α [Å2]

β

α [Å2]

β

α [Å2]

β

41.4
30.0
20.6

−1.7
−3.2
−1.3

48.1
35.3
24.4

−2.2
−4.3
−2.0

42.6
31.5
21.9

−1.7
−3.0
−1.0
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2.87 and 2.90 with Battr = 0). The new isotherm was thoroughly checked with experimental data for
several nonionic surfactants and performed quite well [33]. Here, we will present a brief account of
this model, and in Section 2.3.2 below, it will be extended to ionic surfactants.
To find some clues for the derivation for the 2-D case, first the 1-D case of nonlocalized adsorption was solved. The 1-D system considered consists of Ns rods, each of length d, strung on a straight
thread of total length ℓ (which is the 1-D counterpart of the surface area A), interacting with a sticky
potential. The convenient thermodynamic potential for this problem is the Gibbs isothermic–isobaric potential for Ns molecules: G = Nsμs (Chapters 1 and 2 in ref. [81]). The partition function Δp
for the system under consideration is:
∞

∆p =

∫ Z exp(−π /k T ) d, G = − k TN ln ∆


B

B

s

(2.107)

p
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0

where Z is the canonical partition function of the adsorbate, and πℓ is the line pressure (J/m). The
integration over ℓ in Equation 2.107 corresponds to an increase of the system length ℓ from 0 to ∞ at
constant temperature, pressure πℓ, and number of adsorbed molecules Ns. From the Gibbs–Duhem
equation of this system, one can calculate the adsorption Γs:
N s dµ s = dπ  →

 ∂ ln ∆p 

dµ
1
=
= s = − k BT 

Γ s N s dπ
 ∂π   N

(2.108)
s

The last equation leads to the EOS. This approach is rigorous but rather complicated because of the
necessity to know the partition function Z.
Hemmer and Stell [90] simplified the required calculation significantly. They argued that if the
intermolecular potential is short enough, it will act only between neighboring molecules. Hence,
they replaced the partition function Z in Equation 2.107 with exp(−u/k BT), where u is the short range
intermolecular potential (Equation 2.103). Because ℓ is variable, it was replaced in Equation 2.107
by the distance r between the interacting molecules. Thus, Equation 2.107 was simplified to [90]:
∞

∆p =

∫e

− u ( r )/ k BT



e − π r / kBT dr

(2.109)

0

This equation was used in ref. [32] to derive a new EOS by inserting the expression for u(r)
(Equation 2.103). One can easily solve the obtained integral to find:
ln ∆p = ln




k BT π  d
β β
−
+ ln  e − λπ d / kBT  1 −  + 

λ λ
k BT

π


(2.110)

where β = uc/k BT. From Equations 2.110 and 2.108, one has:


β
λe − λπ d / K BT  1 − 
λ

k T
1
= B +1+



Γ sd π d
β
β
e − λπ d / kBT  1 −  +
λ λ


(2.111)
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In the limit λ → 0, Equation 2.111 yields:
k T
1
β
= B + 1 −
Γ sd π d
1 + βπ  d /k BT

(2.112)

This is a quadratic equation with respect to πℓ; solving it, one obtains the EOS πℓ(Γs):
R1D − 1
Γ sd
π
, where Rβ1D = 1 + 4β
= β
2βd
1 − Γ sd
k BT

(2.113)
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This result was obtained by Gurkov and Ivanov [32] and also by Tutschka and Cuesta [91]. The
latter authors used a different method and Equation 2.113 for them was an intermediate result while
solving a different problem.
By multiplying Equation 2.113 by 1 + Rβ1D, one can transform it to
π
Γs
2
=
×
k BT 1 − Γ s d 1 + Rβ1D

(2.114)

The first factor in the right-hand side is the hard core part of the new EOS, which is the same as the
hard core part of Volmer EOS (Equation 2.86).
To derive the 2-D analogue of Equation 2.114, a heuristic approach was used in ref. [33]. It
was based on a useful procedure for deriving an EOS, proposed by Hemmer and Stell [90], which
2
accounts rigorously for the attraction between hard spheres up to terms of the order of Battr
. This
procedure was modified in ref. [33] for the case of a 2-D fluid composed of attracting hard core
particles. The respective result for πS is:
π S = π Shc +

Battr
Bhc

 S
∂π Shc 
π
−
Γ
hc
s

∂Γ s 


(2.115)

where the subscript “hc” denotes “hard core.” If π Shc is given by HFL EOS (Equation 2.87) with
Battr = 0, then Bhc = 2α (Equation 2.106). For sticky potential, Battr = 4αβ, so that Equation 2.115 yields:

Γs
πS
αΓ s 
=
1 − 4β
2 
k BT (1 − αΓ s ) 
1 − αΓ s 

(2.116)

On the other hand, Equation 2.114 can be expanded in power series in β:

Γs 
Γ sd
π
→0
1− β
β
→
+ …
1 − Γ s d 
1 − Γ sd
k BT


(2.117)

A comparison of Equations 2.116 and 2.117 reveals that they have an analogous structure: the
respective hard core terms, Γs/(1 − Γs d) for the Volmer and Γs/(1 − αΓs)2 for HFL equations, are multiplied by the same function of β and Γs, with the only difference being the numerical coefficients
1 and 4, respectively. In the case of Equation 2.117, this function stems from the expansion of the
factor containing Rβ1D, it is not difficult to realize that the two functions will become identical if the
numerical coefficient in Rβ1D (Equation 2.113), is changed from 4 to 16. Hence, it was hypothesized
that the analogue of the 1-D EOS (Equation 2.113) for 2-D adsorption must read:
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Γs
2
πS
αΓ s
=
×
, Rβ = 1 + 16β
k BT (1 − αΓ s )2 1 + Rβ
1 − αΓ s

(2.118)

The corresponding adsorption isotherm was obtained by substituting πS from Equation 2.118 into
Gibbs isotherm (dπS = k BTΓsdlnCs) and integrating. The result was
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 2 
Γs
K sCs =
(1 − αΓ s )  1 + Rβ 

1+8β
4β

 αΓ (4 − 3αΓ s )
2 
×
× exp  s
2
1
+
Rβ 
 (11 − αΓ s )

(2.119)

The new adsorption isotherm (Equation 2.119) was checked numerically in ref. [33] by direct
calculation of the third virial coefficient—it turned out to be very close to the one obtained by the
expansion in series up to Γ 3s of Equation 2.118. This gives hope that Equations 2.118 and 2.119
will work reasonably well at least for small β and moderate degrees of coverage αΓs. Note that the
expansions in β used above are much more general and precise than the virial expansions in Γs with
the same number of terms. The new adsorption isotherm was confirmed in ref. [33] by extensive
analysis of the adsorption data obtained with dimethyl alkylphosphine oxides in refs. [92] and [93],
and with aliphatic acids in refs. [94] and [95].

2.3.2 Dense Adsorption Layers of Ionic Surfactants: Ion-Specific Effects
2.3.2.1 Equations of State and Adsorption Isotherms of Ionic Surfactants
We will now modify the EOS of Equations 2.85 through 2.87 and 2.118, and the corresponding
adsorption isotherms Equations 2.88 through 2.90 and 2.119, to make them applicable to ionic
surfactants in the presence of ion-specific effects. A formal thermodynamic derivation similar to
the one in Section 2.2.1.4 is possible, but we will instead use the two-stage adsorption procedure
of Borwankar and Wasan [28], which better reveals the pitfalls of the derivation. These authors
accounted for the electrostatic and nonelectrostatic contributions to the adsorption Γs, by assuming
that (i) when the surfactant ion is in the bulk of the solution, it is under the action of the electrostatic
potential ϕ(z) only, and its concentration CsS at the subsurface z = 0 is determined by Boltzmann
distribution with the surface potential ϕS: CsS = Cs exp(−esφS /k BT ); and (ii) After the ionic head has
reached the surface z = 0, the hydrophobic tail is adsorbed. They also assumed that the adsorption
constant Ks of process (ii) was the same as for a nonionic surfactant with the same tail.
We now apply their procedure to all adsorption isotherms for nonionic surfactants. According
to assumption (i) above, the concentration of surfactant ions at z = 0 will be CsS. If applied to the
equilibrium between the subsurface and the surface (with CsS instead of Cs), all isotherms can be
written in the general form
K sCsS ≡ K sCs exp(− ΦS ) = Γ s γ S (αΓ s , β)

(2.120)

Here, γS is the surface activity coefficient of the ionic surfactant, which depends on the adsorption model: γS can be easily deduced by setting the right-hand side of Equation 2.120 to be equal
to the right-hand side of the adsorption isotherms, Equations 2.88 through 2.90 and 2.119. We will
use Equation 2.120 to obtain the adsorption isotherm Γs0(C) of ionic surfactants in the absence of
ion-specific effects, which will be used as a zeroth approximation afterward. We will denote by
subscript “0” the quantities pertaining to the case of absent ion-specific effects—these are Γs0, K0,
and α 0. Substituting in Equation 2.120 the factor exp(−ΦS) from the Gouy equation (Equation 2.25),
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after elementary algebra (see also Equations 2.33, 2.40, and 2.56), one obtains the nonspecific
adsorption isotherm of an ionic surfactant:
K0 C 2/3 = [γS(α 0Γs0, β)]1/3Γs0

(2.121)

K0 is defined by Equation 2.40 and C is mean activity (Equation 2.34). If one sets γS = 1, Equation
2.121 simplifies to Davies isotherm (Equation 2.39).
To obtain the first iteration of the adsorption isotherm of dense monolayers in the presence of
ion-specific effects, we will use the first equation (Equation 2.58), which is a direct corollary of the
generalized Gouy equation (Equation 2.54). We write it now as
Γs0 = Γs exp(ui0/2k BT)

(2.122)
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Substituting Γs0 from Equation 2.122 into the adsorption isotherm (Equation 2.121), one obtains
KC 2/3 = [γS(αΓs, β)]1/3Γs

(2.123)

Here, K is the ion-specific constant given by Equation 2.56. We have defined the ion-specific
molecular area α as
α = α 0exp(ui0/2k BT)

(2.124)

This equation is the quantitative formulation of the Hofmeister effect on the effective area per
molecule α, which will be discussed in Section 2.3.2.3. It reveals that the higher the absolute value
of the counterion adsorption energy ui0 is, the smaller the molecular area α. That α may depend on
the nature of the counterion was inferred by Goddard and coworkers based on their data obtained
with insoluble nonadecylbenzene sulfonate monolayers with different cations [96] or docosyltrimethylammonium monolayers with different anions [97].
By applying the result (Equation 2.123) to the adsorption isotherms (Equations 2.88 through
2.90) and using Equation 2.102, Battr = αβ, one obtains the respective isotherms of ionic surfactants:
1. Langmuir–Frumkin:
Γs
exp(−2βα L Γ s /3)
(1 − α L Γ s )1/ 3

(2.125)

KC 2 / 3 =


 αVΓs
Γs
2
exp 
− βα V Γ s 
Γ
3
(
1
−
α
)
3
(1 − α V Γ s )1/ 3
V s



(2.126)

KC 2 / 3 =


 αΓ (3 − 2αΓ s ) 2
Γs
exp  s
− βαΓ s 
1/ 3
2
3
(1 − αΓ s )
 3(1 − αΓ s )


(2.127)

KC 2 / 3 =
2. van der Waals:

3. modified HFL:

		 Setting in the last equation β = 0, one obtains:
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4. HFL:

KC 2 / 3 =

 αΓ (3 − 2αΓ s ) 
Γs
exp  s
1/ 3
2 
(1 − αΓ s )
 3(1 − αΓ s ) 

(2.128)

5. The new isotherm (Equation 2.119) leads to:

Downloaded by [Ivan Ivanov] at 06:00 28 May 2014

KC

2/3

 2 
Γs
=
1/ 3 
(1 − αΓ s )  1 + Rβ 

1+8β
12β

 αΓ (4 − 3αΓ s )
2 
×
× exp  s
2
Rβ 
+
1
 3(1 − αΓ s )

(2.129)

with Rβ given by Equation 2.118.
Next, we proceed to the surface pressure πS. For high surface potentials, ΦS, this task is easy
because the contribution of the electrical double layer to the surface pressure πS is 2k BTΓs (as we
already showed in Section 2.1.3). For dense monolayers, this can be proven rigorously in the following way. As a starting point, we use the Gibbs isotherm (Equation 2.32). To obtain the convenient
exponent C 2/3, we will rewrite it as
dπS = 3k BTΓsdlnC 2/3

(2.130)

Substituting C 2/3 from Equation 2.123, one obtains
dπS = k BTΓsdlnγSΓs + 2k BTdΓs

(2.131)

The first term in this equation is the same for both ionic and nonionic surfactants. The second
one refers to ionic surfactants only. Equation 2.131 can be written in integral form:
π S = π S0 (Γ s ) + 2 k BT Γ s

(2.132)

where π S0 (Γ s ) is the expression for the EOS of a nonionic surfactant. Hence, it is enough to add
a term 2k BTΓs to the right-hand side of EOS (Equations 2.85 through 2.87 and 2.118) for nonionic surfactants to obtain the corresponding EOS for ionic surfactants. The EOS (Equation 2.132)
determines the dependence of πS on the adsorption Γs and, together with the adsorption isotherm
(Equation 2.123), it parametrically defines the dependence of πS on Cs.
By expanding in series of Γs any of the adsorption isotherms (Equations 2.125 through 2.129),
and inverting the series, one obtains:
Γ s = KC 2 / 3 −

2
B2 K 2C 4 / 3 + …,
3

(2.133)

in which Battr = 4αβ for Equation 2.129 and Battr = αβ for the other isotherms. The corresponding
dependence of πS on C follows directly from the integration of Gibbs isotherm (Equation 2.130):
πS/k BT = 3KC 2/3 − B2K2C4/3 + …
This is the virial expansion of πS(C). We used this equation to determine K in Section 2.4.

(2.134)
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2.3.2.2 Experimental Results and Analysis
We already showed that Frumkin, van der Waals, and the modified HFL models yield some unreliable results (cf. Table 2.3). That is why we will perform analysis of the experimental data for πS(C)
only with two models, each comprising an EOS πS(Γs) and an adsorption isotherm Γs(C)—these
are the HFL model (Equations 2.87 and 2.128 with Battr = 0) and the new model (Equations 2.118
and 2.129). In both EOS, 2k BTΓs is added according to Equation 2.132.
Several factors complicate the determination of the parameters K, α, β and π0 of the two models
from experimental data. First of all, this is the number of fitting parameters (four for the new model
for W|G; three for HFL model for W|O interface). This leads to a broad minimum of the merit
function—the dispersion of π(C 2/3). The insufficient experimental information (small number of
available data for different surfactants and interfaces) makes the problem even worse.
A second problem is that the experimental data πS(C) are usually known with rather high errors.
The main reasons for these errors are [52,98]: (i) extremely pure water, salt, and surfactant and
careful formulation of the experimental conditions are essential for reliable results; and (ii) careful
calibration is needed for all types of tensiometric methods. The last factor usually affects the absolute value of the surface tension σ, but not the difference between its two subsequent values. Often,
quite different experimental curves for the same system can be made to coincide by suitably shifting
them in the vertical direction. An example with data for C12H25SO4Na at the water–hexane interface
is shown in Figure 2.18. The data of Aratono [99] are 3.5 mN/m lower than the results of Rehfeld
[51], and 5.5 mN/m higher than the results of Gillap et al. [62]. The original three sets of data differ
in Figure 2.18a but coincide when suitably shifted in Figure 2.18b. This problem makes it difficult
to determine exactly the spreading pressure π0, especially when the authors have not measured the
interfacial tension of the pure interface (at zero surfactant concentration).
A third problem is the assessment of the reliability of the obtained parameters K, α, β, and π0.
In the case of multiparametric nonlinear models (such as the HFL defined with Equations 2.128
and 2.87, and the new model defined with Equations 2.118 and 2.129), this assessment requires
detailed and cumbersome numerical analysis of the merit function (similar to the one in ref. [33]).

(a)

(b)
Original data
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Gillap et al.
Motomura et al.
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0
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20
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2
C 2/3 (mM2/3)
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40

30

πS (mN/m)
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FIGURE 2.18 (See color insert.) Surface tension versus C2/3 for C12H25SO4Na at water–hexane interface. (a) The
three sets differ in absolute values, which we attribute to incorrect calibration of the tensiometers. (b) When suitably
shifted, all data coincide. (Data from Rehfeld, S.J., J. Phys. Chem. 71, 738–745, 1967; Gillap, W.R. et al., J. Colloid
Interface Sci. 26, 232–236, 1968; Motomura, K. et al., J. Colloid Interface Sci. 67, 247–254, 1978.)
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These three problems will be tackled in a future publication in preparation, in which the verification of the adsorption theory will be performed on more systems. Instead of such a detailed
approach, which cannot be presented concisely in this chapter, we will use a simpler procedure for
illustrative purposes that yields, we believe, reasonable results.
This procedure involves the following steps:
1. Determination of Γs from the experimental dependence πS(C 2/3) by numerical differentiation. To calculate Γs, we followed Rehfeld [51] who proposed to smooth the experimental
data πS(C) with a quadratic regression model.
πS = b 0 + b1lnC 2/3 + b2ln2C 2/3

(2.135)
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where the coefficients bi are determined from the curve fitting. This dependence is further
used to calculate the adsorption Γs according to Gibbs isotherm (Equation 2.130):
Γs =

1
C 2 / 3 dπ S
(b1 + 2b2ln C 2 / 3 )
=
3k BT dC 2 / 3 3k BT

(2.136)

		 It turned out that the dependence (Equation 2.136) approximates these adsorption isotherms well in the moderate to high surfactant concentration region.* The approximation
fails at C → 0 because Equation 2.136 yields Γs → −∞, but this region is unimportant for
the concentration ranges considered below.
2. The values of Γs found by procedure (1) plotted versus C 2/3 represent numerically the
“experimental” adsorption isotherm C 2/3 (Γs). Similarly, the values of πS from the experimental curves πS(C 2/3) plotted versus the respective calculated values of Γs yield the
“experimental” EOS. As an example, the “experimental” πS(Γs) points for C12H25NMe3Br
at W|G and W|O interface are presented in Figure 2.19a. The processing of the soobtained EOS and adsorption isotherm is easy for two reasons. First, the fitting procedure
is performed with explicit theoretical functions πth(Γs; α, β, π 0) and Γth(Γs; K, α, β). These
are Equations 2.129 and 2.118, the latter with added 2k BTΓs. Second, the EOS and the
adsorption isotherm both involve one less parameter—Equation 2.118 for πS(Γs) does not
contain K, whereas Equation 2.129 for C 2/3(Γs) does not contain π 0. We chose to use only
the πS(Γs) data, as they are less sensitive to the failure of Rehfeld’s procedure (Equation
2.136) at C → 0. In summary, the parameters α, β, and π 0 are determined from the curvefitting of πS(Γs), obtained with Rehfeld’s procedure (Equations 2.135 and 2.136), with the
theoretical models Equations 2.129, 2.118, and 2.132. This procedure was applied with the
new adsorption model at the W|G interface and with the HFL model at the water–hexane
interface.
3. With α, β, and π0 obtained from (2), there is only one undetermined parameter left: the
adsorption constant K. To determine this, the theoretical adsorption isotherm and EOS
(Equations 2.129 and 2.118), were solved numerically with fixed values of α, β, and π0 as
obtained from (2). This leads to the theoretical relation πth(C 2/3; K). It was compared with
the original experimental data πS versus C 2/3, to determine the value of K (the simplex
method was used for minimization of the dispersion of πS vs. C 2/3). This step is illustrated
in Figure 2.19b, where the points are experimental data for C12H25NMe3Br at the W|G and
W|O interfaces and the fitting curves are shown.
* The results, presented in Table 2.3 and discussed in Section 2.3.1.3, were obtained by calculating the values of Γs using
the above procedure. These data for Γs were then used for the fits of the adsorption isotherms of Frumkin, van der Waals,
and the modified HFL (Equations 2.125 through 2.128).
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FIGURE 2.19 Illustration of the curve-fitting procedure used for determination of the adsorption parameters
of C12H25NMe3Br at W|G and W|O interfaces [65]. (a) EOS, πS versus Γs. “Experimental” values of Γs were
obtained using Rehfeld’s procedure (Equation 2.136). The lines are fits based on HFL EOS (W|O interface;
Equations 2.87 and 2.132), and the new EOS (W|G; Equation 2.118). The parameters α, β, and π 0 given in
Table 2.3 were obtained from these fits. (b) πS versus C 2/3. The points are experimental data [65]. The lines
are fits with HFL (Equations 2.87 and 2.128), and the new model (Equations 2.118 and 2.129). The values of
α, β, and π 0 are those determined from πS versus Γs in (a), and the values of K in Table 2.3 are determined as
fitting parameters.

The surfactants we chose to study using this procedure at the water–hexane and W|G interfaces were C12H 25SO 4Na [51,52], C12H 25NMe3Cl, and C12H 25NMe3Br [65,21,89]. The reason for
this choice was that such a combination of surfactants allowed us to study the main effects
that we were expecting: the effects of the ionic head and the counterion on the adsorption
parameters. For this reason, we chose the same hydrophobic tail (dodecyl), and the same oil
(hexane, the only one for which we found adsorption data for the three surfactants). For the
W|G surface, we used only the data for the LE state, that is, those after the kink in the W|G
curves π S(C 2/3) in Figure 2.19b.
The results obtained for the adsorption parameters (K, α, β, π0) are shown in Table 2.4. The
calculated values of the adsorption constant K and the excess pressure π0 in the LE state can be
compared with those obtained from Figures 2.3 and 2.10 after direct quadratic regression analysis
of the experimental data πS(C 2/3), see Equation 2.134, which does not involve any model for the
intermolecular interaction. The differences for the K values are less than 4% and those for the π0
values less than 15%. The standard errors for α vary between 2.5% and 5%, whereas those for β
vary between 20% and 30%. The relative values of the errors are in qualitative agreement with
the numerical analysis, performed in ref. [33], which revealed that the errors were smallest for α,
increased for K, and were even larger for β.
However, we met problems with fitting the data for the water–hexane interface with the new
model (Equations 2.118 and 2.129). We obtained reasonable data for α and β, but the errors in the
obtained values of K were large. Similar problems appeared in ref. [33] with the alkyldimethylphosphine oxide compounds with short chain length at the W|G surface—because they exhibited
very small values of β (~0.1), the fitting problems were then ascribed to the fact that the new
adsorption isotherm (Equation 2.129) contains a power (1 + 8β)/4β, which diverges at β → 0 and
thus probably makes the fit uncertain for small β. Similar small values of β were then obtained
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Quadratic Regression
(Equation 2.134)
Surfactant, Interface
C12H25SO4Na, water–hexane [51]
C12H25SO4Na, W|G [52]
C12H25NMe3Cl, water–hexane [21,65]
C12H25NMe3Cl, W|G [89]
C12H25NMe3Br, water–hexane [65]
C12H25NMe3Br, W|G [65]

π0 (mN/m)
5.9
−9.1
0
−4.0
0.26
−9.0

K
196
156
131
63.3
142
117

B2 (Å2)
21.3
12.0
30.4
20.4
20.8
19.2

HFL Model
(Equations 2.128 and 2.87)
π0 (mN/m)
3.45

K
266

α (Å2)
22.9

1.94

127

29.6

−1.14

187

23.5

New Model
(Equations 2.118 and 2.129)

Nonspecific Parameters
(W|G)

π0 (mN/m)

K

α (Å2)

β

ui 0 /kBT

K0

α0 (Å2)

−10.5

155

20.3

0.58

−0.33

131

24.0

−4.2

60.6

31.2

0.65

−1.43

29.6

63.8

−8.2

113

23.3

0.33

−2.32

35.4

74.3
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TABLE 2.4
Parameters of the Adsorption

Note: The parameters for the W|O interface were obtained by curve-fitting with the HFL model (Equations 2.128, 2.87, and 2.132), and those for W|G with the new model (Equations 2.118,
2.129, and 2.132).
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for the water–hexane interface from the new isotherm (Equation 2.129) and we believe that the
reason for the small values obtained for K is the same. We are currently working to resolve
this problem. That is why we decided to confine ourselves to the water–hexane interface with
data obtained from the HFL model only (Equations 2.128 and 2.87), with Battr = 0. The results
obtained with the HFL model are systematically larger for K and smaller for α (with 2–4 Å2) than
those obtained (but not shown here) with the new model. However, both of these follow the same
qualitative trends as expected on physical grounds (see Section 2.2.3): decrease of K and increase
of α with the decrease of −ui0/k BT. It is impossible to decide without detailed numerical analysis
(planned for the future), which one of the two models leads to more reliable results for the W|O
interface because, when applying the HFL isotherm, one forces the system to have β = 0, which
might not always be true.
An interesting and surprising effect, related to the parameters α and β, is exhibited by the
Γs(C2/3) plots for C12H 25NMe3Br at W|G and W|O interfaces in Figure 2.20: the adsorption Γs
at W|G at small concentrations of C is smaller than that at the W|O interface. However, as C
increases Γs at W|G increases faster than Γs at the W|O interface and the two adsorption curves
intersect (the same type of behavior was found for C12H 25NMe3Cl and C12H 25SO 4Na, as well
as with other surfactants studied; for lack of space, we do not reproduce the respective plots
here). Because the K values do not change with C, the reason must be sought in the role of the
other parameters, α and β, more precisely, in the second virial coefficient, which encompasses
both factors: B 2 = 2α(1 − 2β), cf. Equation 2.106. According to the data in Table 2.3, β ≈ 0.5 at
the W|G interface so that B 2 ≪ 2α for the three surfactants. For the W|O interface, B 2 = 2α
is larger because β = 0. This means that the repulsive forces between the adsorbed surfactant
ions will be larger in the latter case, thus hindering the increase of the adsorption. The effect
of B 2 on the adsorption isotherm is also visible from the plots of π S(C2/3) in Figure 2.3: whereas
the plots for the W|G systems are linear almost up to cmc, those for the W|O interface exhibit
noticeable curvature.
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FIGURE 2.20 Illustration of the difference in the adsorptions Γs versus mean surfactant activity C 2/3 for
C12H25NMe3Br at W|G and W|O interface. “Experimental” values of Γs were obtained using Rehfeld’s procedure (Equation 2.136). The lines are theoretical predictions based on the HFL model (W|O), (Equations
2.128), and the new model (W|G; Equations 2.129), with parameters as in Table 2.3.
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2.3.2.3 Electrostatic and Ion-Specific Effects on the Adsorption Parameters K, α, and β
The data in Table 2.3 exhibit a marked dependence of the area per molecule α on the ion-specific
adsorption energy −ui0, in agreement with Equation 2.124. We applied Equation 2.124 to calculate
the values of α 0 for C12H25SO4Na, C12H25NMe3Cl, and C12H25NMe3Br at the W|G surface by using
the values of −ui0 /k BT for the counterions Na+, Cl−, and Br− (cf. Table 2.3). If the theory and the
calculations are correct, the values of α 0, obtained from Equation 2.124, must coincide for different counterions, if the surfactant ion and everything else is the same. Indeed, the values of α for
C12H25NMe3Cl and C12H25NMe3Br differ significantly (31.2 vs. 23.3 Å2, respectively), whereas the
α0’s are closer (63.8 vs. 74.3 Å2) as required by the theory. The small difference of approximately10 Å2
is probably due to experimental errors. Despite the close values of the α’s, the α 0 is much smaller for
C12H25SO4Na than for C12H25NMe3Cl and Br (because −ui0 /k BT is also smaller). Unfortunately, for
the time being, we cannot perform similar calculations for adsorption at the W|O interface because
a complete theory of the ion-specific adsorption energy ui0WO at such interface is lacking. Still, the
same qualitative trend of α for C12H25NMe3Cl and Br at W|O interface is obeyed: αCl > αBr.
There should be no direct influence of the ion-specific effect on the attraction constant β because
it depends only on the van der Waals interaction energy. However, it can be affected indirectly by
the ion-specific effect through its dependence on α (e.g., see Equation 33 in ref. [33]). It is conceptually easy to account for this dependence but such effort is hardly worthwhile, first, because it
involves trivial but lengthy calculations, and second, because of the large errors in the β values.
The observed strong ion-specific effect on the area per molecule α is an indication of electrostatic
repulsion between the surfactant ions, which is dampened by the counterions. This suggests that
there is also probably some electrostatic effect on the values of the experimentally determined area
α. Indeed, the hard core cross-sectional areas of C12H25NMe3Cl and Br must be almost equal but the
values obtained for the respective α’s differ significantly. To check this hypothesis, we analyzed the
available data for adsorption of the same surfactant, C12H25SO4Na, at similar W|O interfaces but
at different concentrations of added NaCl. Because the surfactant and all ions are the same, there
should be no ion-specific effect. In Figure 2.21, lnα is plotted versus the square of the Debye length,
1/κ 2 ≡ εk BT /2e02Ct , because we hypothesized that at these relatively low salt concentrations, the area
α must be related to the square of the Debye length, 1/κ. The good linearity and the reasonable value
of α = 19.3 Å2 at 1/κ = 0 (i.e., in the absence of electrostatic effect) seem to confirm our hypothesis.
3.2
3.15

lnα (2)
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FIGURE 2.21 Dependence of the area per molecule α on the Debye length 1/κ. Plot of ln α versus 1/κ 2 for
C12H25SO4Na adsorption at W|O interface at various electrolyte concentrations: Cel = 0 for heptadecane [51],
0.05 M and 0.1 M for petroleum ether [53], and 0.01 M for hexadecane [34]. For the system, without added
electrolyte, the value of Cs at πS = 20 mN/m was used for the calculation of κ. Line, linear regression of the
data. The intercept lnα 0 = 2.96 corresponds to α 0 = 19.3 Å2.
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Unfortunately, in the absence of theory and of more experimental data, it is impossible to interpret
the obtained value for the slope. Levine et al. [100] and Warszynski et al. [7] have proposed theoretical models of this effect but, because of their complexity and lack of experimental confirmation,
we will not discuss them.
The relation between the adsorption constants K and K0 for the three surfactants under consideration at the W|G surface confirms the findings in Section 2.4.1 (Table 2.3). The difference in K
between C12H25NMe3Cl and C12H25NMe3Br is significant (60.6 vs. 113, respectively), but the values
of K0, calculated from Equation 2.56, are much closer (29.6 vs. 35.4). They are also close to the
value K0 = 26.6 from the intercept of the respective line in Figure 2.11—according to the theory, this
should be so for identical surfactant ions. The nonspecific adsorption constant K0 for C12H25SO4Na
at the W|G surface was found to be K0 = 131 (cf. Table 2.4), in fair agreement with the value 122
from Figure 2.11. This value is larger than the constants K0 for the two C12H 25 NMe3+ salts, certainly
because of the larger value of the adsorption constant Ks for dodecylsulfate surfactants (Equation
2.40; Figure 2.11). At the same time, the ratio K/K0 = 1.18 is smaller for C12H25SO4Na than it is for
the two C12H 25 NMe3+ surfactants (2.04 for C12H25NMe3Cl and 3.19 for C12H25NMe3Br) because of
the much smaller absolute value of the ion-specific adsorption energy ui0 of C12H25SO4Na.
We believe that the results in this section confirm the self-consistency of our theory and calculation procedures.

2.4 HOFMEISTER EFFECT ON cmc OF IONIC SURFACTANTS
AND DISJOINING PRESSURE IN FOAM FILMS
It was shown in Section 2.2.3 that the ion-specific energy ui0 depends only on the ion and its interaction with the bulk phases and not on the type of the surfactant. This makes it possible to use the
same value of ui0 for a given counterion for the interpretation of data obtained with various surfactants in different phenomena. To check the latter hypothesis, we attempted in ref. [30] to interpret
two phenomena that were rather different from the adsorption of surfactant: the cmc of the ionic
surfactant and the disjoining pressure in thin liquid films. In this section, we give a brief account of
the obtained results.

2.4.1 Effect of Counterion on the cmc of Ionic Surfactants
A number of properties of micellar solutions of ionic surfactants show correlation to Hofmeister
series. For example, the degree of binding [101], micelle aggregation number and shape [102],
clouding point [103], enthalpy of micellization [104], and viscosity of micellar solutions [105]. The
“classic” example is, of course, the cmc; the counterion effect on cmc was extensively investigated
experimentally [25,106]. Correlation to ion size and polarizability was observed [24].
In this section, the cmc of surfactant solutions will be explicitly related to the counterion adsorption energy ui0. Only the case of ionic surfactants that are 1:1 electrolytes will be considered. The
ion-specific effects will be investigated by extending the semiempirical approach of Shinoda et al.
[25], which predicts the cmc of ionic surfactants in the absence of a Hofmeister effect. Shinoda’s
approach is based on Gouy theory, and successfully explains the experimentally observed dependence of cmc on the electrolyte concentration Cel, known as Corrin–Harkins equation [107]:
lncmc = const − Kgln(cmc + Cel)

(2.137)

Following Shinoda et al. [25], we assume that the micellar solution can be regarded as consisting
of bulk solution of monomers (indexed with superscript “B”) and of micellar pseudo-phase (superscript “M”). The monomer bulk solution of concentration Cs is assumed to be ideal, and the ionic
surfactant to be totally dissociated. In such case, the chemical potential of the surfactant monomers
will be µ B = µ 0B + k BT lnCs (Equation 2.3). Next, we assume, as Shinoda did, that the electrostatic

101

Ionic Surfactants and Ion-Specific Effects

contribution to the chemical potential μM of the surfactant ion in the micelle is equal to the electrostatic work Eel = KgesϕS for transferring the surfactant (monovalent) ion into the micelle, that is,
µ M = µ 0M + K gesφS

(2.138)
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Here, Kg is an empirical correction coefficient, whose physical meaning was discussed by
Shinoda, who conjectured that 0 < Kg < 1 with the argument that “it is logical to assume that every
monomer introduces charge smaller than 1 into the micelle, due to the counterions that accompany
it” [25]. Similar approaches were used by other authors, such as Nagarajan [108] and Rao and
Ruckenstein [109]. The experimental values of Kg typically lay in the range between 0.4 and 0.6,
usually close to 1/2 [25].
The condition for chemical equilibrium is the equality of the potentials defined by Equations 2.3
and 2.138. If this equality is solved for the surfactant concentration Cs in the monomer solution, the
following relation is obtained:

lnCs =

µ 0M − µ S0
+ K g ΦS
k BT

(2.139)

where the dimensionless potential ΦS is given by Equation 2.24. To determine Cs and ΦS, we also
need the electroneutrality condition, that is, the Gouy equation. The curvature effect can be readily taken into account [110]; however, following Shinoda and for the sake of simplicity, we will
neglect this effect. Therefore, we will use the Gouy equation for flat surfaces with ion-specific
effects included (Equation 2.50).
Let Γs be the number of surfactant molecules per unit area of the micelle, that is, it is the micellar aggregation number divided by the area of the micelle. Once again following Shinoda, we
assume that Γs is a constant, independent of the salt concentration. This assumption, in which it was
assumed that the ion-specific effect modifies both the adsorption and the surface potential while the
surfactant and the electrolyte concentrations remain constant, makes the iterative procedure used in
Section 2.2.3.1 inapplicable. On the contrary, in the case of micelles, the adsorption Γs is constant
whereas the ion-specific effect changes only ΦS and thereby, through the equilibrium condition
(Equation 2.139), the surfactant concentration Cs, that is, the cmc. This modifies the calculation as
follows. The Gouy equation (Equation 2.50) written for one surfactant ion and one counterion reads:
φS

e Γ /2ε = e0Ct e
2
0

2
s

− ui 0 / k BT

∫e

e0φ / k BT − ( u ( z ) − ui 0 )/ k BT

e

dφ

(2.140)

0

When analyzing Equation 2.50 to obtain Equation 2.53, it was shown that the result was proportional to exp ΦS0 . We will make a similar approximation about Equation 2.140. However, in
this case, no iteration is possible because Γs is assumed constant. Therefore, to obtain meaningful
results, one must keep, as the upper limit of the integral in Equation 2.140, the true surface poten
tial ΦS corresponding to a given counterion concentration. Then, the integral must be replaced by
−k BT exp(ΦS)/e0, rather than by − k BT exp ΦS0 /ei, as in Equation 2.51 (where Fu is negligible). Then,
Equation 2.140 yields:

( )

( )

Γ s2 =

S
4
Ct e − ui 0 / kBT e Φ
2
κ0

(2.141)
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which is the counterpart of Equation 2.53. Thus, Equation 2.141 yields the following expression
for ΦS:
ΦS = ln

κ 20 Γ s2 ui 0
+
4Ct
k BT

(2.142)

Eliminating ΦS from the chemical equilibrium condition (Equation 2.139) and the generalized
Gouy equation (Equation 2.142), one obtains an equation for Cs:
lnCs + K g lnCt = (1 + K g ) lnC0 + K g

ui 0
k BT

(2.143)
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where C0 stands for the standard cmc:

lnC0 =

Kg
µ 0M − µ S0
κ 2Γ 2
+
ln 0 s
4
(1 + K g ) k BT 1 + K g

(2.144)

C0 is the hypothetical cmc of the ionic surfactant in the absence of ion-specific effects. An expression similar to (Equation 2.144) was derived by Shinoda et al. [25]. If the ion-specific adsorption
energy ui0 is set equal to zero, Equation 2.143 is reduced to the Corrin–Harkins equation (Equation
2.137), with explicit expression for the constant there.
In the absence of added electrolyte, the total electrolyte concentration Ct is equal to the surfactant concentration Cs, and Equation 2.143 can be solved for Cs (i.e., for cmc)

lnCs = lnC0 +

K g ui 0
1 + K g k BT

(2.145)

This simple equation explicitly accounts for the Hofmeister effect on the cmc of ionic surfactants in the absence of added salt (the cmc in the presence of added salt with the same counterion
is described in Equation 2.143). For the typical case where Kg = 1/2, one finds the dependence of
cmc on the counterion Cs = C0 exp (ui0/3k BT), where the values of ui0 are those listed in Table 2.2.
Equation 2.143 was generalized for the important case of different counterions of the surfactant
and the added electrolyte [30]. We will consider once again only the case of 1:1 electrolytes. We
must use the more general form of the Gouy equation for a mixture of counterions (Equation 2.53)
where ΦS0 must be replaced by ΦS. For a micellar solution with only two monovalent counterions,
the result reads:

(C e
1

− u10 / k BT

)

S

+ C2e − u20 / kBT e Φ =

κ 20 2
Γs
4

(2.146)

which is the analogue of Equation 2.142 for the case of two counterions. Usually, one of the counterions is introduced into the solution with the ionic surfactant (so that C1 ≡ Cs) and the other one
is introduced with the added electrolyte (C2 ≡ Cel). Eliminating ΦS from Equation 2.146 and the
condition for chemical equilibrium from Equation 2.139, one obtains

(

lnCs = (1 + K g ) lnC0 − K g ln Cs e − us 0 / kBT + Cel e − ue10 / kBT

)

(2.147)
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where C0 is defined by Equation 2.144; us0 and uel0 are, respectively, the adsorption energies at the
micellar interface of the counterions stemming from the surfactant (“s”) and the added electrolyte (“el”). Equation 2.147 is a generalization of Equation 2.143 and the Corrin–Harkins equation
(Equation 2.137) for the case of two different monovalent counterions.
Experimental results for the ion-specific effect on cmc are summarized in ref. [30]. Only data
for 1:1 electrolytes were used. The theory was checked with experimental data for alkyltrimethylammonium salts (Figure 2.22 through Figure 2.25) and dodecylsulfate salts. The data for cmc of the
homologous series of alkyltrimethyl ammonium salts (C10 H 21 − C18H 37 ) NMe3+ in the absence of
added salts [17,25,106,111–126] are presented in Figure 2.22. They were obtained with data from 62
measurements with 17 different surfactants. The data are plotted as lnCs versus −ui0/k BT according
to Equation 2.145. Because a complete theory of ui0 at the W|O interface is still absent, we assumed
that for micelles one can use the data for ui0 at the W|G interface from Table 2.2. One of the reasons for doing so was the fact that the average density of the hydrophobic chains inside the micelle
is probably lower than it is in a typical oil phase. This assumption is supported by the fact that the
calculated free energy per unit area due to the W|O interface of micelles is less than half of the
typical value for σ0 of the water–alkane interface [39]. The other reason was that our preliminary

2

1

0

nc =
OH–

18

1 –u /k T 2
i0 B

F–

Cl–

3

Br–

NO3–

FIGURE 2.22 Dependence of lnCs (mM) on the counterion adsorption energy −ui0 /k BT for different hydrocarbon chain lengths nC of the surface active ion Cn H 2 n +1NMe+3 [17,25,106,111–126]; T = 25°C to 30°C. The
black parallel lines are the theoretical dependences according to Equation 2.145 with Kg = 1/2. The slope is consequently Kg /(1 + Kg) = 1/3 for all lines. The values of lnC0, obtained from the intercepts, are used in Figure 2.23.
(Reprinted from Adv. Colloid Interface Sci., 168, Ivanov, I.B., R.I. Slavchov, E.S. Basheva, D. Sidzhakova,
and S.I. Karakashev, Hofmeister effect on micellization, thin films and emulsion stability, 93–104. Copyright
2011, with permission from Elsevier.)
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FIGURE 2.23 Dependence of lnC0 (mM) on the carbon chain length nC of the surface active ion Cn H 2 n +1NMe+3 .
The values of C0 were obtained from the intercept of the cmc dependence on the adsorption energy, lnCs(ui0),
shown in Figure 2.22. The value of the slope of the linear dependence lnC0 = A + B nC is B = −ln 2 [25,127].
(Reprinted from Adv. Colloid Interface Sci., 168, Ivanov, I.B., R.I. Slavchov, E.S. Basheva, D. Sidzhakova,
and S.I. Karakashev, Hofmeister effect on micellization, thin films and emulsion stability, 93–104. Copyright
2011, with permission from Elsevier.)
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FIGURE 2.24 Normalized cmc, Cs/C0, versus the counterion adsorption energy −ui0 /k BT for Cn H 2 n +1NMe+3
ion (nC = 10 – 18) with different anions. In agreement with Equation 2.145, the normalized cmc does not
depend on the carbon chain length nC—that is why all experimental points in Figure 2.24 now fall on a
single curve. (Reprinted from Adv. Colloid Interface Sci., 168, Ivanov, I.B., R.I. Slavchov, E.S. Basheva,
D. Sidzhakova, and S.I. Karakashev, Hofmeister effect on micellization, thin films and emulsion stability,
93–104. Copyright 2011, with permission from Elsevier.)
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FIGURE 2.25 Dependence of lnCs on the added salt concentration and the ion adsorption energy ui0, according to Equation 2.145. The points are experimental data for C14 H 29 NMe+3 ions with different anions and anion
mixtures, with and without added salt. The symbol “F−” refers to C14H29NMe3Br with the addition of NaF [128];
“Cl−” to C14H29NMe3Cl alone [106,113–115,23], or C14H29NMe3Br with the addition of NaCl [128]; “Br−” to
C14H29NMe3Br alone [112,114,117,121], or C14H29NMe3Br with the addition of bromides [128,112]; “OH−” to
C14H29NMe3OH alone [120,121]; “NO3− ” to C14H29NMe3NO3 alone [119], or C14H29NMe3Br with NaNO3 [128];
“N 3− ” to C14H29NMe3Br with the addition of NaN3 [128]. The line is the theoretical dependence (Equation
2.145), with slope Kg = 1/2. T = 25°C to 30°C. (Reprinted from Adv. Colloid Interface Sci., 168, Ivanov, I.B.,
R.I. Slavchov, E.S. Basheva, D. Sidzhakova, and S.I. Karakashev, Hofmeister effect on micellization, thin
films and emulsion stability, 93–104. Copyright 2011, with permission from Elsevier.)

estimates of ui0 for W|O showed that it was only approximately 10% higher than it was at the W|G
interface. Finally, the good agreement obtained below between the experimental data and the theoretical equations (Equations 2.143, 2.145, and 2.147) suggests that such an assumption is probably
legitimate.
The cmc data in Figure 2.22 follows the Hofmeister series (Equation 2.2). The linear dependence
from Equation 2.145 is obeyed, within experimental accuracy. The slope is fixed to 1/3, corresponding to Kg = 1/2. The intercept is the only fitting parameter, and gives the standard cmc, C0. The
value of C0 depends on the structure of the surface active ion, but not on the counterion (Equation
2.144). The C0 values, determined from Figure 2.22, are presented in Figure 2.23 as a function of
the carbon chain length, nC. The known linear dependence lnC0 = A + BnC is obeyed. Our value of
the slope B coincides with the known value B = −ln2, valid for all monovalent nonbranched ionic
surfactants [25,27]. The value of the intercept, obtained as fitting parameter, namely, A = 11.9, refers
to the whole alkyltrimethylammonium salts homologous series. The above values of A and B, along
with knowledge of the counterion adsorption energy ui0Table 2.2 for a list of ui0 values), allow the
prediction of the cmc of any alkyltrimethylammonium salt.
The data from Figure 2.22 are plotted in Figure 2.24 as Cs /C0 versus −ui0 /k BT. All data fall on
the same curve; indeed, according to Equation 2.145, the ratio Cs/C0 for a given surfactant head
depends only on ui0 /k BT. The effect of the counterion is quite large—its change can shift cmc by
approximately ±50%.
The data for cmc of C14 H 29 NMe3+ in the presence of a mixture of counterions are presented in
Figure 2.25. Typically, the Br− counterion comes with the surfactant, and the second counterion is
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FIGURE 2.26 Dependence of cmc of C12 H 25SO −4 salts on the counterion used: lnCs (mM) versus the
ion adsorption energy −ui0 /k BT according to Equation 2.145. Data from refs. [69,128]; T = 30°C to 33°C.
(Reprinted from Adv. Colloid Interface Sci., 168, Ivanov, I.B., R.I. Slavchov, E.S. Basheva, D. Sidzhakova,
and S.I. Karakashev, Hofmeister effect on micellization, thin films and emulsion stability, 93–104. Copyright
2011, with permission from Elsevier.)

added with the salt. The concentration of both ions was commensurable. The data compared well
with our Equation 2.147 with a slope of Kg = 1/2.
Other ionic surfactants exhibit similar behavior [30]. This is illustrated in Figure 2.26, where data
for the cmc of the anionic C12H 25SO −4 with different cations are shown. The model (Equation 2.145)
describes the data well within experimental error. Convincing results were also obtained for cmc
of C12H 25SO −4 in the presence of a mixture of cations [30]. Our model with dodecylammonium
C12H 25 NH 3+ and dodecanoate C12H25COO − salts with various counterions [25,106] was less successful, probably due to hydrolysis: the data followed the linear dependence of lnCs on ui0/k BT, as
required by Equation 2.147, but the value of Kg was significantly smaller than Kg = 1/2.
The order of decrease of cmc of the surfactants shown in Figures 2.24 and 2.26 is:
OH − < F − < Cl − < Br −  NO3−
Li + < Na + < K + < Rb+

for Cn H 2 n+1NMe3+
for C12H 25SO −4

(2.148)
(2.149)

The above sequences correspond to the order of increase of the adsorption constant K12 (Equations
2.76 and 2.77).

2.4.2 Ion-Specific Effect on the Disjoining Pressure of
Foam Films Stabilized with Ionic Surfactants
Although the adsorption energies of the counterions, ui0, are not very large, they may significantly
change the electrostatic component Πel of the disjoining pressure Π of a thin film. The theory of
the electrostatic disjoining pressure has been developed by many authors, above all by Churaev and
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FIGURE 2.27 Plot of lnΠ (Pa) versus h (nm) for foam films stabilized with C16H33NMe3Br and NaX
(X = F−, Cl−, Br−). (Reprinted from Adv. Colloid Interface Sci., 168, Ivanov, I.B., R.I. Slavchov, E.S. Basheva,
D. Sidzhakova, and S.I. Karakashev, Hofmeister effect on micellization, thin films and emulsion stability,
93–104. Copyright 2011, with permission from Elsevier.)

associates [129]. According to their theory, which neglects the ion-specific effects, if the electrostatic potential in the middle of the film is low (this is equivalent to either κh ≫ 1 or ΦS0  1 ), the
electrostatic disjoining pressure, Πel is given by the following expression:

(

)

Πel = 64 k BTCt tanh 2 ΦS0 /4 exp(−κh) ≡ Π0 exp(−κh)

(2.150)

where Ct is the total ion concentration. Because during the derivation of Equation 2.150 in ref. [129]
no assumptions about the surface potential were made, we decided that to account for the ion-specific
effects, it should be sufficient to merely replace ΦS0 in Equation 2.150 with ΦS from Equation 2.57.
The equation obtained was tested in ref. [30] by measuring the disjoining pressure Π in foam
films stabilized with* 0.01 mM C16H33NMe3Br with the addition of 0.09 mM of one of the salts NaX
(X = F−, Cl−, Br−). The films were formed in a thin film pressure balance by using the Mysels–Jones
porous plate technique [130,131], and the thickness h was measured interferometrically. Because the
films are rather thick, one can disregard the contribution of the van der Waals disjoining pressure.
This permits identifying Π with Πel, and therefore, Equation 2.150 can be used for the calculation of
Π, if ΦS0 is replaced with ΦS. The lines in Figure 2.27 obey Equation 2.150, which in logarithmic
form reads:
lnΠel = lnΠ0 − κh

(2.151)

These lines are shifted, but close to parallel, which means that the ion-specific effect affects
mainly Π0, which can be calculated from the intercepts. Thus, from Equation 2.150 (with ΦS instead
of ΦS0 ) one can calculate ΦS for the three systems. Equation 2.57 and the second equation (Equation
2.58) suggest to plot the experimental ΦS versus the dimensionless ion adsorption potential−ui0 /k BT.
This is done in Figure 2.28. The relatively good linearity and the value of the experimental slope
* A mistake was made in Section 4 of ref. [30], where the cited values of the surfactant and salt concentrations are a hundred
times larger than the true values given here.
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FIGURE 2.28 Combined surface potential ΦS versus −ui0/k BT for foam films stabilized with C16H33NMe3Br
and NaX (where X = F−, Cl−, Br−). The potential ΦS was determined from the line intercepts in Figure 2.27
and Equations 2.150 and 2.151. The intercept yelds the purely electrostatic potential, ΦS0 = 2.2 (Equation 2.58).
The absolute value of the slope is 0.4, which is close to the theoretical value 1/2 in Equation 2.58. (Reprinted
from Adv. Colloid Interface Sci., 168, Ivanov, I.B., R.I. Slavchov, E.S. Basheva, D. Sidzhakova, and S.I.
Karakashev, Hofmeister effect on micellization, thin films and emulsion stability, 93–104. Copyright 2011,
with permission from Elsevier.)

(0.4), which is close to the theoretical slope (1/2; cf. Equation 2.58), seem to confirm the role of the
ion-specific effect on the disjoining pressure. It was also confirmed qualitatively by experimental
studies on the effect of counterions on the stability of emulsion drops stabilizedby ionic surfactants
[30]. The efficiency of the counterions in decreasing the surface potential ΦS follows the order
F− < Cl− < Br−

(2.152)

This sequence is similar to the respective series (Equations 2.76 and 2.148) based on the adsorption
constant K and the values of the cmc.

2.5 SUMMARY AND CONCLUSIONS
Our analysis of Davies’ adsorption isotherm (Equations 2.39) revealed that (i) when neutral electrolyte has been added, it remains valid but instead of surfactant concentration, Cs, one must use mean
ion activity C (Equation 2.34); and (ii) the nonspecific adsorption constant K0 of ionic surfactants
must be independent of C and is closely related to a constant Ks accounting for the field-independent
contribution to K0 . The theoretical expression (Equation 2.7) for Henry’s adsorption constant was
corrected in two respects. First, a statistical derivation showed that the “thickness of the adsorbed
layer” δa is determined by the transfer energy uCH2 of a –CH2– group from water to the interface,
rather than being equal to the extended length (~20 Å) of the surfactant tail as suggested by Davies
and Rideal [26,27]. Second, the expression for the adsorption energy Ea was corrected by introducing a new term, σ0 α⊥, accounting for the disappearance of area α⊥, equal to the cross-sectional
area of the surfactant chain, when the latter penetrates the pure interface of interfacial tension σ0.
The last effect was checked by plotting ln K0 of C12H25SO4Na versus the interfacial tensions σ0
of the pure W|O interfaces for several oils—the plot in Figure 2.7 was linear with a slope equal to
the theoretical one.
The other theoretical conclusions and the surface tension isotherms (Equations 2.41 and 2.44)
were confirmed in Section 2.2.4 by using numerous data for the adsorption of ionic surfactants. It
was found that at the W|G surface, the dependence of the surface pressure πS on C 2/3 has a kink at
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intermediate concentrations, followed by a linear region with a negative intercept π0 (Figure 2.3).
This intercept is due to the hydrophobic tails forming an oil-like LE film on the water phase. There
is no intercept at the W|O interface, which is due to the absence of such an LE film. The dependence
of lnK0 on the number of carbon atoms nC in the hydrophobic chain revealed that the free energies
uCH2 for transfer of one –CH2– group to both interfaces are equal, that is, the oil-like LE adsorbed
layer behaves as an oil phase.
Section 2.2.3 is devoted to the counterion-specific effects on the adsorption of ionic surfactants.
The generalized Poisson–Boltzmann equation (involving the London potential; Equation 2.49) was
integrated analytically. This led to simple relations between the ion-specific adsorption energy, ui0,
the ion-specific quantities (surface potential ΦS and adsorption constant K) and the respective nonspecific ones (ΦS0 and K0; cf. Equations 2.56 and 2.57). Equations 2.65 and 2.66 for ui0 encompass
the most important effects, determining the occurrence of the ion-specific phenomena: radii of the
bare and hydrated ions, Rb and Rh, possible deformation of the hydration shells at the interface for
large ions, polarizabilities αp and ionization potentials I of the counterions and of the pure bulk
phase. Table 2.2 summarizes the values of ui0 /k BT for a number of ions, calculated without using
any adjustable parameter. They were tested in Figure 2.11 against the values of K from the plots of
πS versus C 2/3 for several surfactants and counterions. All data fall well within the lines lnK versus
−ui0 /k BT drawn with the theoretical slope 1/2.
The analysis of the popular models for adsorption of surfactants at fluid interfaces (those
of Frumkin [77] and van der Waals [79]) revealed that they are flawed in the definitions of all
constants involved: the adsorption constant K, the area per molecule α, and the attraction constant β [31–33]. Hence, in ref. [32], new EOS and adsorption isotherms for nonionic surfactants
were derived (Equations 2.118 and 2.119). Their hard core part is based on the practically exact
HFL model for hard discs [80] (Equation 2.87). The attraction interaction is accounted for by the
sticky potential (Equation 2.103) of Baxter [88]. In the present article, these results were used to
derive new analytical EOS and adsorption isotherms for ionic surfactants, accounting also for
ion-specific effects (Equations 2.129, 2.118, and 2.132). They were tested by adsorption data for
three surfactants (C12H 25SO 4Na, C12H 25NMe3Cl, and Br) on two interfaces: W|G and water–
hexane. The results obtained by this new model were encouraging (cf. Table 2.4 and the comments
thereafter). Moreover, some interesting new electrostatic and ion-specific effects were found. It
turned out that similar to the adsorption constant K, the area per molecule α exhibits strong ionspecific effects (cf. Equation 2.124): its nonspecific values α 0 at W|G for C12H 25 NMe3+ Cl − and
Br− are about two to three times larger than the respective α’s determined by the fit of the adsorption data with the adsorption isotherm (Table 2.4). However, because the repulsion is dampened
by the ion-specific effect, the experimental values of the α’s are smaller than the α 0’s and those of
the K’s are larger than the K0’s. More importantly, the α 0’s and K0’s are almost equal for the two
counterions, Cl− and Br−, as they should be according to the theory. We consider these results as
strong confirmation of our theory. The electrostatic nature of α was confirmed by plotting lnα versus the square of the Debye length 1/κ 2 for different electrolyte concentrations (cf. Figure 2.21 and
the related discussion). Another surprising effect is exhibited by the comparison of the adsorption
Γs of the same surfactant at W|O and W|G interfaces (Figure 2.20). At small concentrations C,
the adsorption Γs at W|G is smaller than that at W|O, but as C increases, the adsorption at W|G
becomes larger. This leads to an intersection of the two curves Γs(C). We attributed this effect to
the second virial coefficient B2 (leading to repulsion), which is smaller at the W|G interface than
at the W|O interface.
When deriving the expressions (Equations 2.65 and 2.66) for ui0, no assumptions were made
about the phenomenon studied or the nature of the ionic surfactants. Hence, we decided to use the
present theory of the ion-specific effects and the calculated values of ui0 from Table 2.2 to interpret
two other phenomena involving ionic surfactants: the cmc and the disjoining pressure of thin films.
In Section 2.4, Shinoda’s theory of the cmc of ionic surfactants was generalized to account for the
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specific effect of the counterion (Equation 2.143). The new theory was confirmed by experimental
data for cmc of several surfactants with different counterions (Figures 2.22 and 2.26)—in agreement with Equation 2.145, the plots of ln cmc versus −ui0 /k BT were linear with theoretical slope
−1/3. A model for a mixture of several counterions is proposed (Equation 2.147), and confirmed
with experimental data (Figure 2.25). Finally, the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory of the electrostatic disjoining pressure Πel of thin liquid films was also extended to account
for ion-specific effects. From the experimental curves Πel(h) (where h is the film thickness) for films
stabilized with C16H33NMe3Br and with the addition of excess amounts of the salts NaX (X = F−,
Cl−, Br−), the values of the surface potential ΦS were calculated and plotted versus −ui0 /k BT of the
respective counterions (Figure 2.28). Although we deal with three points only, the interpolation
gave a line with slope −0.4, slightly different from the theoretical value −1/2 (Equation 2.57).
Based on all these results, we may conclude that the simple theory of the counterion-specific
effects, presented above, is surprisingly efficient and universal—it has thus far been successfully
applied to several different phenomena and led not only to correct interpretations (in all cases,
quantitative) of the considered effects but also helped us predict and explain several new effects that
have not been observed previously. An important general result was that (with one exception—the
NH +4 ion) in all studied phenomena, the sequence of the ions was ordered by efficiency following
Hofmeister’s series (Equations 2.1 and 2.2) but the ordering of the anions was in reverse (compare
Equations 2.76 and 2.1). A similar reversal of the Hofmeister series was attributed in refs. [3,4] to
the sign of the interfacial charge. It is worthwhile to remind the readers that the theory is based on
a single quantity, the ion-specific adsorption energy ui0, which was calculated from Equations 2.65
and 2.66 without using any adjustable parameters. That is why we hope that ui0 is (at least for ionic
surfactants and, possibly, for proteins) the main quantity involved in Hofmeister effects.

2.6 PROSPECTS
As mentioned above, the theory of the ion-specific adsorption energy ui0 in Section 2.2.3 and its
experimental verification suggest that it depends solely on the nature of the counterion and, possibly, of the hydrophobic phase. Our preliminary unpublished calculations show that, at least for
W|O interfaces, the latter effect is quite small. This makes us believe that this study is a good basis
for further investigations of ion-specific effects. Part of these investigations should lead to a better
understanding of several new effects, described above. These are (i) the dependence of the intercept
π0 of πS(C 2/3) on the ion adsorption energy ui0 and its relation to the structure of the oil-like layer
formed by the hydrocarbon tails of the surfactant (Figure 2.12); (ii) the role of the surfactant head on
the value of the nonspecific constant K0 of the surfactant ion; and (iii) the electrostatic effect, mentioned above, on the area per molecule α. We are planning to clarify these issues in the near future.
There are several other phenomena, which seem closely related to the ion-specific adsorption
energy ui0. We hope that they could be tackled without need for significant modifications of the
present theory. These tasks are (i) the application of the present theory to a study of the ion-specific
effect on the electrostatic interaction of proteins; this can be done in at least three ways: by interpreting data for the second virial coefficient, by investigating spread protein layers, or by studying thin
liquid films stabilized by proteins at low ionic strength. In every case, one must vary at least the
counterion, pH, and salt concentrations; (ii) Application of the theory to interpret the ion-specific
effects on the micellar aggregation number and the transition from spherical to cylindrical micelles
[102]; and (iii) More detailed analysis of the ion-specific effects on the DLVO theory and use of the
results to modify the coalescence theory of drops and bubbles.
As the van der Waals forces are ever present, so are the ion-specific effects. This is confirmed
by a short list of phenomena in which ion-specific effects have been revealed and in which our
theory could possibly be applied: surface tension of electrolyte solutions [2,6–8,54], microemulsions [14] and vesicles [132], and properties of lipid monolayers [96,97]. Our approach might be
applicable even for systems not involving surfactants or lipids. Indeed, Parsons et al. [133] recently
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successfully calculated the interaction energy between silica and alumina particles using a theory
whose main features are similar to our theory of the ion-selective adsorption energy ui0, developed
in ref. [29] and used in the present article.

Downloaded by [Ivan Ivanov] at 06:00 28 May 2014

LIST OF SYMBOLS AND ABBREVIATIONS
B2
Battr
Bhc
Cel
Cs
Ct

second virial coefficient (B2 = Bhc + Battr)
attractive part of the second virial coefficient
hard core (repulsive) part of the second virial coefficient
concentration of added electrolyte in the bulk
surfactant concentration in the bulk
total electrolyte concentration, Ct ≡ Cs + Cel

C
d
Ea
Ehead
e0
ei
I
kB
K
K0
Ks
Lij
Nw
nw
ui0
uCH2
xi
xiS
z
α
αL
αp
αV
β
γ
Γs
Γ iDL
δa
ε
κ
κ0
μ
μS
σ
σ0
π0
πS
Π

mean ion activity C = γCt1/ 2Cs1/ 2
rod length (one-dimensional adsorption of solid rods)
adsorption energy
energy of transfer of the surfactant’s head from the bulk to the interface
elementary charge
charge of the ith component
ionization potential
Boltzmann constant
adsorption constant of an ionic surfactant (Γs = KC 2/3; K = K 0 e − ui 0 / 2 kBT )
adsorption constant in the absence of ion-specific effect, K 03 ≡ 4 K s /κ 20
Henry’s constant Γ s = K sCsS
London constant
number of water molecules displaced by an ion upon adsorption
number of water molecules in the hydration shell of an ion
specific adsorption energy of the counterion
free energy for transfer of –CH2– from water to the hydrophobic phase
composition of salt mixture, xi ≡ Ci /Ct
surface composition of salt mixture, xiS ≡ Γ i / Γ s
Cartesian coordinate
area of a molecule
area of a molecule in isotherms, based on Langmuir’s model
static polarizability
area of a molecule in isotherms, based on Volmer’s model
attraction parameter
activity coefficient
surfactant adsorption
adsorption of an ion in the diffuse double layer
adsorption thickness
absolute dielectric constant
reciprocal Debye radius
concentration-independent part of the Debye parameter, κ 20 = 2e02 /εk BT
chemical potential
chemical potential at the interface (function of Γs)
interfacial tension
tension of a pure interface (in the absence of surfactant and salt)
spreading (or negative cohesive) pressure
surface pressure, σ0 − σ
disjoining pressure

(

(

)

)
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ϕ
ϕS
ΦS
Ac−
cmc
EOS
HFL
LE
Me
W|G
W|O
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electrostatic potential
surface potential
the absolute value of the dimensionless surface potential, ΦS ≡ e0 φS /k BT
acetate ion, CH3COO −
critical micelle concentration
equation of state
Helfand–Frisch–Lebowitz model
liquid-expanded adsorption layer
methyl group, –CH3
water–gas interface
water–oil interface
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