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An attempt is made to explain the dependence of the strength of repulsion between two charged parallel
plates immersed into an electrolyte solution on the nature of the electrolyte. The theory provides a
sequence of ions which almost coincides with the Hofmeister series for both anions and cations. The
repulsive force is calculated by taking into account that the ions are hydrated; this hydration generates a
negative volume exclusion entropy, which is considered to be responsible for ion specificity. In contrast to
the traditional theory in which the electrolyte solution is considered to be ideal, the present one includes
a nonideal contribution caused by ion hydration. It will be also shown that at high salts concentrations
the anions of the same counterion provide strong specificities (large differences between the repulsive
interactions of successive ions) for positively charged surfaces, and the cations of the same counterion

strong specificities for negatively charged surfaces.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

At the end of 19th century, Hofmeister observed a sequence
for the ability of salts to precipitate the egg white [1]. He sug-
gested that this ability depends on their water ordering capacity.
Since then, numerous physicochemical properties of electrolyte
solutions were found to be dependent on the nature of the salt
employed. They include the surface tension at the air/water inter-
face [2-4], the hydrogen bond network of water [5], the repulsive
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force between two charged surfaces [6,7], the micelle formation [8],
the osmotic stress of macromolecular solutions [9],and many more,
the sequence of their strengths being that observed by Hofmeisters
for proteins.

A number of attempts have been made to explain the physical
mechanism which provides ion-specificity [10-18]. Ruckenstein
and Schiby derived an expression for the excess chemical poten-
tial of ions caused by their hydration [10,11]. The resulted negative
volume exclusion entropy is responsible for ion specificity.

The dispersion interactions, which are dependent on the ion
polarizability, were suggested to provide ion specificity [12].
The dispersion interactions predict repulsive forces between the
water-air interface and the highly polarizable ions (Cl-, Br—, I7)
and attractive ones between the interface and the less polarizable
ions (Na*, Li*, K*). However, the old experiments of Frumkin [13]


dx.doi.org/10.1016/j.colsurfa.2014.07.003
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2014.07.003&domain=pdf
mailto:feaeliru@buffalo.edu
dx.doi.org/10.1016/j.colsurfa.2014.07.003

152 E. Ruckenstein, H. Huang / Colloids and Surfaces A: Physicochem. Eng. Aspects 459 (2014) 151-156

revealed that the more polarizable anions are positively adsorbed
on the interface and the less polarizable cations are negatively
adsorbed on the interface, opposite to the predictions of the ion
dispersion theory [14]. Collins suggested that the surface charge
density of hydrated ions constitutes an important parameter that
controls ion specificity [15]. Recently, a model was proposed
which explains the ion-specificity of the surface tension of elec-
trolyte solutions and their surface potentials [16]. In both cases
the specificity has the order provided by Hofmeister. These authors
suggested that ionic hydration is the consequence of a competition
between cavitational and electrostatic energies. The cavitational
energy is a result of the perturbation by the ion of the hydrogen
bond network of water and results in a force which drives the ion
toward the interface. This force is counterbalanced by an electro-
static Born force. For weakly polarizable ions, the Born energy is
much larger than the cavitational one favoring bulk solvation. In
contrast, for large polarizable ions the balance is shifted toward
the interface. Aninteraction potential that quantifies this effect was
derived.

The quantitative evaluation of the repulsive force between two
charged parallel plates in an electrolyte solution is relevant for col-
loidal systems and biological processes. In most cases, such forces
have been calculated using the DLVO theory [17]. In that approach
the ions are treated as point charges and the ion specificity is dis-
regarded. The corrected version of the traditional DLVO theory
[18] also disregards ion specificity. However, numerous experi-
ments revealed that ion specificity is present in the interaction
between colloidal particles [19-22]. For this reason, in addition to
the interactions involved in the DLVO theory, other interactions
which account for ion specificity must be included into the theory.

In solution, the ions are hydrated and for this reason are rela-
tively large. This means that the number of possibilities to locate a
hydrated ion is smaller than that of a nonhydrated one. Compared
to the case in which the ions are not hydrated [17,18], the entropy
is smaller when the ions are hydrated because a larger number of
sites are occupied. This excess negative entropy changes the chem-
ical potential and introduces in this manner the specificity of ions.
In other words, the present theory considers the electrolyte solu-
tion to be nonideal with a nonideality caused by ion hydration. In
contrast, the corrected traditional theory considers the electrolyte
solution to be ideal.

In the present paper, the effect of volume exclusion of hydrated
ions on the double layer repulsion is examined in more details than
in our recent short letter [23].

2. Theoretical framework
2.1. Free energy of formation of the double layer

The system examined in the present paper involves two charged
parallel plates immersed in a reservoir containing an electrolyte
solution. The free energy of the double layer is given by the sum of
the following three contributions

F:Fele+Fion+Fv (1)

where F,, is the electrostatic free energy, Fj,, is the free energy
of ions in the double layer minus the free energy of the same ions
under the conditions in the reservoir, F, is the change in the free
energy of ions and water due to the volume exclusion generated by
hydration.

At constant surface potential, the electrostatic free energy has
the form [17]
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whereas at constant surface charge density, the electrostatic free
energy is given by
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where D is the distance between the two plates; ¢, the electrical
potential; ¢s, the surface potential; ¢, the dielectric constant; &,
the vacuum permittivity; and o, the surface charge density.

Assuming the solution to be ideal, the electrolyte contribution to
the free energy is provided by the difference between the entropies
of ions in the double layer and (of the same ions) under the con-
ditions in the reservoir. Consequently, for ideal solutions, one can
write
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where kg is the Boltzmann constant, T is the temperature in K,
¢; and x; are the concentrations (number densities) and the mole

fractions of the ions of the electrolyte, ¢,y and x,, are the concentra-
tion and the mole fraction of water, and subscript b indicates their
values in the reservoir. Because x,, > Zi:l ,Xi, One can expand

In((1 = i=12%:)/(1 = > i=12%;p)) in series to obtain [18]
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2.2. Excess chemical potentials of ions and water

A hydrated ion cannot occupy the space already occupied by
other hydrated ions. The number of positions available to locate a
hydrated ion is therefore smaller than when it is assumed to be
nonhydrated. Assuming that 7; water molecules are hydrating one
ion i, the total fraction of sites occupied by cations (i=1) and anions
(i=2)is > i-12¢iTi/n, where n is the number of sites per unit volume
(assumed to be the concentration of water). Hence the fraction of
freesitesis givenby 1 — Ziﬂ'zciri/n. Tolocate anioni, 7; free neigh-
boring sites are required. The probability P;j(x) of finding t; free
neighboring sites is approximately given by (1 -3, ; ,¢wi/n) i
Using the Boltzmann relation, this probability provides the follow-
ing excess entropy for ion i

T
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As a result, the ions possess excess cherr%_ical potentials per

ion given by uf = —kgTIn (l - Zi:] 2c,»‘L'i/n) ', which has to be

added to the chemical potential of an ideal solution. Therefore, the

excess free energy due to the decreased entropy of the two kinds
of hydrated ions of the electrolyte is given by the expression

Ti
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+ the contribution of water (7)

The excess chemical potential of water can be calculated using
the Gibbs-Duhem equation. The excess chemical potential of water
can be obtained from
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