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Abstract

Ole Kleppa and coworkers have accurately measured the enthalpies of mixing of a large number of binary molten salt systems. These
results have also been proven to be useful in the analyses of phase diagrams and in creating a reliable database on free energies of mixing
of a large number of systems. He made a general confirmation of a specific result by Hildebrand and Salstrom that excess free energies of
mixing of simple binary molten salts could be represented by a simple polynomial, an important result for ionic systems with very long
range ionic pair interactions. His measurements of the enthalpies of mixing of all binary alkali nitrates led to an expression which was
close to that deduced from a simple model by Førland. This result also catalyzed the Conformal Ionic Solution Theory, the only theory
fundamentally valid for molten salts. This theory later led to methods for accurately predicting the solution properties of multicomponent
molten salt systems from data on the subsidiary binaries and the pure component salts. His measurements of binary systems with the two
components having the same cation and two different anions indicated that deviations from ideality were generally very small. A
theoretical extension of this conclusion to silicates and other polymeric slags led to reliable predictions of the solubilities (and sulfide
capacities) of ionic compounds. Kleppa’s work has had a major influence on molten salt chemistry  2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction 4. The same measurements led to the development of the
Conformal Ionic Solution theory [14], the only theory

Ole Kleppa and associates have accurately measured the fundamentally valid for molten salts. This theory not
enthalpies of mixing of a large number of binary molten only confirms the intuitive Førland model but also
salt systems. These results are an important database. In confirmed a collection of intuitive models for the very
addition, his results catalyzed the deduction of concepts accurate predictions of the properties of multicom-

1 1and theories which are necessary for the representation and ponent reciprocal molten salt systems, e.g. Li ,K /
2 1 1 1prediction of the thermodynamic properties of molten salt F ,Cl, and additive ternary systems, e.g. Li ,Na ,K /
2solutions. Some of his significant contributions are as F , from data on the subsidiary binaries and the pure

follows. component salts [15].
5. His measurements of binary systems with two com-

1. He confirmed and extended a specific result by Hilde- ponents having the same cations and two different
brand and Salstrom [1–7] that excess free energies of anions [16] demonstrated much more broadly than prior
mixing of simple binary molten salt systems could be work [17] that deviations from ideal solution behavior
represented by simple polynomials [8,9]. were generally very small. This result was important in

2. His measurements led to the use of equivalent fractions many thermodynamic predictions in complex molten
for the simplification of the representation of excess salt and silicate systems [18–23].
free energies and excess enthalpies of mixing of molten
salt systems with mixtures of cations with different Clearly, the accomplishments of Professor Kleppa were
charges (e.g. KCl–MgCl [10] and KCl–CeCl [11]). driven by a deep understanding of the properties of molten2 3

3. Measurements of the enthalpies of mixing of alkali salts and an infallible intuition. A fraction of his work has
nitrate mixtures led to an expression for the relative enabled the development of several fundamental concepts
magnitude of these enthalpies consistent with a form and theories for the prediction and description of the
deduced from a simple model by Førland [12,13]. thermodynamic properties of molten salt solutions and the
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remainder of his work on molten salts is an important where the excess chemical potential is
database for future developments. In this paper, I will ex

m 5 RT ln g (6)AX AXdiscuss the contributions 1–5 mentioned above.

For relatively simple binary mixtures of organic materi-
als, it is found that a simple quadratic expression for the

2. Representation of deviations from ideality total excess free energy of mixing is adequate to describe
the thermodynamic properties

In order to discuss deviation from ideality of molten salt
systems we must define an ideal system. We start with a

ex ex
DG 5 AX X 5 Dm (7)m A B mreal molar Gibbs free energy of mixing, enthalpy of mixing

and entropy of mixing DG , DH and DS which repre-m m m
For more complex solutions, a higher polynomial maysents the changes of these three quantities upon mixing of

be necessarythe pure liquid components. The relationship between
exthese three quantities is given by DG 5 AX X 1 1 b X 2 X 1 cX X . (8)s s d dm A B A B A B

DG 5 DH 2 T DS (1)m m m
Analogous equations can be written for DH . Suchm

polynomials lead to a quadratic first term for the excessAn ideal molar entropy of mixing has been defined by
chemical potential change upon mixingTemkin [24] as

ex 2
m 5 AX 1 ? ? ? (9)AX BXi

DS 5 R O ln X 1O ln X (2)S Dm c a
c a

where c represents the cations; a the anions; and X is an 3. Experimental observations
ion fraction (cation fraction or anion fraction). By defini-
tion, the ideal enthalpy of mixing is zero so that the ideal In a series of publications, Hildebrand and Salstrom

exfree energy of mixing is given by [1–7] have demonstrated that Dm in mixtures of alkaliAgBr

i i bromides with silver bromide could be well represented byDG 5 2 T DS (3)m m the quadratic term in Eq. (9). This is important since
excess free energies of the only other important ionicThe differences between the real and the ideal values of
solutions, those of salts in water, were described by thethe three thermodynamic quantities in Eq. (1) is defined as
Debye–Huckel term with a square root of the concen-the excess free energy, enthalpy and entropy of mixing
tration. The representation of the excess chemical po-symbolically exhibited in Eq. (4) below. Thus the real free
tentials by a polynomial greatly simplifies the representa-energy, enthalpy and entropy of mixing can be transformed
tion of solution properties. Hersh, Navrotsky and Kleppato excess free energies, enthalpies and entropies
[25] measured enthalpies of mixing of these bromides

i ex ex which were mostly lower (less positive or more negative)DG 2 DG 5 DG 5 DH 2 T DS (4)m m m m m
than the excess free energies of Hildebrand and Salstrom

where the enthalpy of mixing is the same as the excess indicating that the excess entropies were usually negative.
enthalpy of mixing. For systems with several different In addition, the representation of the enthalpies and
cations and one kind of anion or one kind of cation and entropies of mixing required the use of an equation such as
several different anions, Eq. (2) reduces to that for a Eq. (8) with all the terms in Eq. (8). In other works on
simple solution. Solutions with more than one cation and simple binary systems with two univalent cations, includ-
more than one anion are defined as reciprocal systems ing mixtures of alkali halides, sulfates, nitrates, and
which are more complex. The chemical potential, m of aAX metaphosphates [26,27], Eq. (8) gave an accurate descrip-
single component AX is the derivative of the total value of tion of the enthalpies of mixing which were largely
nDG (where n is the total number of moles of salts) withm negative. Of the enthalpies of mixing of alkaline earth
respect to the number of moles n . For an ideal solutionAX chlorides MgCl , CaCl , SrCl and BaCl [28], only the2 2 2 2

enthalpies of mixing of the last three alkaline earthid o
m 5 m 1 RT ln X X (5)AX AX A X chlorides were simple enough to represent with the terms

id of Eq. (7). Mixtures with MgCl were not simply repre-2where X X is the ideal activity of the component, aA X AX
o sented, probably because it tends to be an ordered assem-and m is the standard chemical potential of the salt AX.AX

bly of four coordinated magnesium ions connected byThe real activity, a, of the component defined by m 5AX
o chloride ions to form a stable network (parallel to zincm 1 RT ln a divided by the ideal activity (id) is theAX

chloride and silica liquids) which leads to positive contri-activity coefficient, gAX
butions to DH from the partial breakup of the very stablem

ida /a 5 g network by the addition of more ionic alkaline earthAX AX AX
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chlorides. Similar effects have been observed in silicates. negative when the cation of component 1 is smaller than
Thus structural ordering of molten components such as that of component 2. Measurements of all of the systems
MgCl , BeF , ZnCl and SiO can complicate the repre- can be represented using Eq. (8). The authors, by using the2 2 2 2

sentation of DG , DH and DS of binary solutions. The enthalpies of mixing at 50–50 mol.% mixtures of thesem m m
0.5strongest ordering of this type is for small divalent (for nitrates (DH ) as a measure of the magnitude of them

monovalent anions) or tetravalent (for divalent anions) deviations from ideality, deduced an empirical equation
0.5cations which can be just large enough to accommodate which represented these values of DH m

four anions as nearest neighbors.
2d 2 d1 20.5A different type of ordering can be seen in binary ]]4 DH 5 U (10)S Dm d 1 d1 2mixtures such as, e.g. KCl–MgCl , or KCl–MCl where2 2

21 21M is a divalent transition metal where Mg and M tend
where d is the sum of the radii of the cation and anion ofito form tetrahedral complex ions. The maximal ordering is
the component salt i and U is about 2140 kcal /mol,at the 2:1 KCl–MgCl composition. Kleppa and coworkers2 which is about the magnitude of the lattice energy of the[10,29–31] have performed measurements of the enthal-
alkali nitrates. This quantity differs little from the coeffi-pies of mixing of such systems with tendencies for minima
cient of a simple but ingenious model by Førland [12,13]near the composition of 33 mol.% of the divalent salt.
who calculated the coulomb energy of mixing of a linearAnalogous minima for mixtures of alkali halides with
array of cation–anion–cation triplets of salts 1 and 2 totrivalent halide salts with trivalent cations which have
form two triplets each with cations 1 and 2 as a nearrelatively large radii [32,33] were observed near 25 mol.%
neighbor on opposite sides of the anion. The change inof the trivalent halide. These minima are often difficult to
energy is given by the expressiondescribe in terms of Eq. (8). The use of equivalent

fractions substituting for ion or mole fractions in Eq. (8) 2 2 2d 2 de e 1 2for these two cases greatly simplified the mathematical ] ] ]]DE 5 2 1 (11)S DS Dc d d d 1 d1 2 1 2description of such systems [34] and is generally used in
calculations based on Eq. (8) and other more sophisticated where e is the electronic charge and the first term in
equations. Equivalent fractions, Y , for MX–NX mixturesi n parentheses on the r.h.s. is close to an average lattice
is defined as energy of the two salts. The form is similar to the

empirical Eq. (10). Lumsden [35] calculated the effect ofnXX NXMX n
]]]] ]]]] polarization of the anions between two different cations ofY 5 and Y 5MX NX3X 1 nX X 1 nXMX NX MX MXn n different size. The equation deduced is similar to Eq. (11)

24The quantitative measurements of Kleppa and coworkers d 2 d1 1 1 22 ] ] ]]DE 5 2 ae 1 (12)S DS Dpwere the key information for this important tool in d d d 1 d1 2 1 2
theoretical solution thermodynamics. However, equivalent
fractions can not be used universally. What really happens where a is the anion polarizability factor. This result
is that most binary MX–NX , mixtures have a minimum suggests that all terms in a pair potential which can be2

22 2nwhere the major solution species are NX complexes at a described by a factor containing a term d will lead to4

2:1 composition and many MX–NX binaries have a equations similar to Eqs. (11) and (12).3
32major species of NX at a 3:1 composition. For divalents An extension of Førlands calculation to a hypothetical6

with a large radii (e.g. Sr, Ba) and for trivalents with small infinite linear array of charged hard spheres of a solvent
31radii (e.g. Al ) the use of equivalent fractions do not salt with alternating charges along the length of the array

apply since the coordination numbers are very different and one ion of salt 2 [36]. Although this one dimensional
21(e.g. Ba ) often has coordination numbers close to 6 and model is not realistic, it does give insight into the effect of

31Al has a coordination number of 4 for chloride and coulombic ionic interactions of longer range than the next
larger anions. nearest neighbors in Førland’s model. The results of the

Perhaps the most important fundamental results were calculation indicate that the energetic asymmetry in the
deduced from the measurements of Kleppa and Kleppa and data on alkali nitrates is, at least partially, related to the
Hersh [8,9] on 10 mixtures of alkali nitrates. All of the long range coulomb interactions.
observed enthalpies of mixing were negative and are more Perhaps the most important development based on the
negative the greater the differences of the cationic radii of experimental results of Kleppa and Kleppa and Hersh [8,9]
the two alkali metal ions. In all systems, an energetic is the conformal ionic solution (CIS) theory of Reiss, Katz
asymmetry in the enthalpies is present so that the values of and Kleppa [14]. This ingenious theory was the first which
DH is more negative for a given pair of salts in a mixture took into account the long range ionic interactions inm

dilute in the large cation nitrates than in a mixture dilute in molten salts solutions and ultimately helped to verify that
the small cation nitrates. The parameter b in Eq. (8) is a
measure of this energetic asymmetry and is generally 1. One expects that the excess free energies and enthalpies
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of mixing of simple molten salts could be well repre- products and solubilities of a slightly soluble salt, AX in
sented by a polynomial. reciprocal systems [18–20,41] we can use, e.g. for the

2. The equations deduced bit by bit by various authors for simplest case in which BY is the solvent, a cycle for such
the description of multicomponent systems, based only dilute solutions which is broken down to three equilibria
on nearest neighbor interactions, were valid for the case AX(s) 1 BY(l)⇔BX(s,l) 1 AY(s,l) (14)
in which long range interactions were also taken into
account. AY(s,l)⇔AY(soln in BY(l)) (15)

3. The theory predicts that the equations for the excess
free energies and enthalpies of mixing in binary 50–50 BX(s,l)⇔BX(soln in BY(l)) (16)
mol.% mixtures in terms of interionic nearest neighbor
distances of the two salts are: At equilibrium, the sum of the free energies for Eqs.

2 (14)–(16) per mole of AX(s) is zero. One can thus deduced 2 d1 20.5 ]]4 DG 5 A ;S Dm an equation for the solubility product, K , and for thespd d1 2
activity coefficient of AX at infinite dilution with solid as

2d 2 d1 20.5 *standard state, g .]] AX4 DH 5 B (13)S Dm d d1 2
*RT ln g 5 2 RT ln K 5 2 RT ln a aAX sp AY BX

which, for all practical purposes, is very close to Eq. o o o* *5 DG 1 (G 2 G ) 1 (G 2 G ) (17)14 AY AY BX BX(10).
where the last three terms are for the standard molar free
energies for reactions (14)–(16) and where G* is theAlthough the original CIS theory was based on a simple
standard free energy (or chemical potential) defined athard sphere pair potential, it was shown that the calculation

oinfinite dilution. If the first free energy term, DG , is largewas much more general [37] and included conformal soft 14

and positive, i.e. AX and BY are the stable pair of salts,sphere repulsions between the ions and much more com-
this term will dominate the summation. The standard freeplex attractive pair potentials. This paper [37] extended the
energy changes for the dissolution processes in Eqs. (15)original second order theory to at least fourth order
and (16) are generally not very large. For Eq. (16), whichpolynomials for the description of the excess free energies
is for mixing two salts with a common cation and twoand enthalpies of mixing. Ultimately, the theory was
different anions, deviations from ideality are generallyapplied to multicomponent systems [15,38] where the
small as observed by Kleppa and coworkers [16], and theresults of the calculations were constructed to predict the
choice of zero for this term is often a good approximation.properties of the multicomponent systems from the prop-
For this case, the solubility product for AX is a very smallerties of the subsidiary binaries and the pure components.
number and the activity coefficient of AX(s) is a largeBy transforming the results of the calculations to real
number indicating that AX(s) exhibits very large positivevalues of the binary and unary terms, the accuracy of the
deviations from ideality. Analogous equations for thispredictions for the multicomponent systems was greatly
cycle have been used for calculations of solubility productsenhanced. Several works had cobbled together concepts
and solubilities for fundamentally and technologicallyand equations for the predictions of the thermodynamic
important systems [18–20]. The solubility of salts, e.g.properties of multicomponent solutions from unary and
MX, in molten silicates, e.g. MX–SiO which containbinary data using crude approximations which only include 2

42anionic species ranging from SiO to very large poly-nearest neighbor interactions. The CIS theory confirmed 4
22the validity of these concepts and equations. For reciprocal meric anions designated as (SiO ) O . Adapting Flory’s2 n

systems, the equations led to surprisingly accurate predic- theory for the thermodynamic properties of a simple
tions of the thermodynamic properties of a large number of molecule mixed with polymers to a mixture of simple
systems [34,39,40]. This entire development sprang from anions with polymeric anions and assuming that the non-
the measurements of Kleppa and Kleppa and Hersh and the entropic mixing term in Flory’s theory is ideal (zero)
subsequent involvement of Kleppa in the development of which in effect says that the entropic term in Flory’s
the CIS theory. theory is the only significant term, led to equations that

Another important observation by Kleppa and coworkers accurately predicted, e.g. sulphide and phosphate solu-
is that binary mixtures of salts with a common cation and bilities [21–23]. This appears to broaden the observation
two different anions generally have very small enthalpies of Kleppa and coworkers.
(and undoubtedly small excess free energies) of mixing
and tend to be close to ideality [16]. This result has been
important for deducing solubility products and solubilities 4. Conclusions
in reciprocal systems and the solubilities of salts (including
halides, phosphates, sulfides, nitrates, etc.) in molten We see that the works of Kleppa and coworkers have
silicates [21–23]. For example, to calculate solubility been a major contribution to molten salt chemistry. They
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