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Introduction and Application of the Activity Concept
in the Chemistry of Fused Salts and Slags*

K. GRJOTHEIM, C. KROHN

Institute of Inorganic Chemistry, The Technical University of Norway,
Trondheim

Using the Temkin definition of activities in molten salts, a method for the
calculation of the thermodynamic activity in molten reciprocal salt mix-
tures is discussed. The method is based on classical thermodynamics, viz:
the metathetical reactions in'the system, the measured ionic exchange
equilibria and the Gibbs—Duhem equation.

1. Introduction

The activities of the respective components in a mixture of fused salts
or slags is of primary interest in theoretical metallurgy. Equilibrium calcula-
tions in metallurgy involve the application of the mass action law, but this
presupposes knowledge of how the activities of the reacting components
vary with the composition of the mixture.

The present paper will briefly review how the activity concept is intro-
duced in thermodynamics, and give some examples of its application in
fused salts. Thus, a method for calculating the activities in reciprocal salt
systems from experimental data is briefly sketched.

II. The activity concept

Although activity originally was defined as relative fugacity (Lewis, 1908),
the transition from chemical potential to activity is now best done in connection
with the following equation:

Una — U%a = RT In ayy — RT Ina¥y, (1)

where u,, and uy, are the chemical potentials of the two different states
and ay, and a}, are the corresponding activities of MA. It is customary to
attribute a specific value to 43, , namely, the chemical potential in an arbitra-
rily selected standard system where we set the activity of MA equal to unity
by definition.

Applying the mass action law to the chemical equilibrium:

i j
E va; A = E vg; By, (2)
i=1 i=1

* Presented at the Ist Czechoslovak Symposium on the Problems of Aluminium-Pro-
duction in Smolenice, CSSR, June 7—9, 1966.
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we get:

| | as; VB;

K==t (3)
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where K is a constant independent of the concentrations in the equilibrium
state. For an ideal mixture we can introduce the mole fractions instead of
the activities in the equilibrium state. For the non-ideal solution mole fractions
again may be introduced, but in this case also a concentration dependent ex-
pression containing the activity coefficients must be introduced.

In thermodynamics the following relation between the relative partial
molar quantities is valid (for a component in its standard state being trans--
ferred to a mixture):

AG; = AH; — T A8,. (4)

Since the chemical potential and the partial molar Gibbs’ free energy is the
same, the activities can be expressed as follows:

AG; = Au; = RT In a; = AH; — T AS;. (5)

The relative partial molar enthalpy is a measure of the difference in bon--
ding energy for one mole of the component in the mixture and in the pure
state. Correspondingly, the relative partial molar entropy represents the degree
of disorder in the mixture as compared to that of the pure state (when assu--
ming that the non-configurational contribution to the entropy is negligible).

The expression for the activity thus contains two entirely different terms.

that express deviations from ideality. Although AS; formally depends on AH;:.

oH as
— ) =0C=7(—]) .
T |, T )5

Many non-ideal mixtures have sufficient thermal energy to neutralize the
tendency to non-statistical distribution due to the difference in bonding:
forces. Mixtures of this type will therefore have approximately ideal entropy
of mixing. J. Hildebrand [1] has introduced the term regular solutions for

such mixtures, where then AH}§ = 0 and ASyE = ASI,
For an ideal solution, thermodynamics require that
AHya = 0 and AE;}Q‘*‘ = —RIn Nya.

Hence it appears that the choice of concentration measure is decisive for:
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what we shall understand as the ideal solution. From classical thermodyna-
mics it appears that the most convenient choice of concentration measure
is based on a knowledge of the structure of the mixtures under consideration
(compare with aqueous solutions or gas mixtures).

III. Definition of an ideal salt melt

The basis of a thermodynamic treatment of activities in molten salts is
based on the conception of salt melts being built up of ions. This is in accordance
with the accepted view on the structure of inorganic solids. These are for
a substantial part assumed to consist of electrically charged ions, where
each ion is surrounded by a certain number of ions of opposite charge. The
electroneutrality requirement is met by a reciprocal action between several
ions of opposite charge without referring to specific molecules. Because of
the coulombian repulsion between ions of the same charge and the reciprocal
attraction between positive and negative ions, we get a certain local ordering
in molten salts corresponding to that in the solid salt. However, while a long-
range order appears in the crystal, disorder prevails in the melt over longer
distances.

One consequence of this evaluation of experimental facts will be that the
activity of a salt in a salt solution is most conveniently expressed by the
concentration of the ions going into the salt. In classical thermodynamics,
the activities appearing in the mass action law will always refer to neutral
materials, i. e., atoms, molecules or ion pairs.

As an example where ion pairs are involved, we shall consider a salt disso-
ciating into ions according to the following scheme:

M, A, = v, MP— + p_A7+,

We can apply the thermodynamic mass action law, regardless of the degree
of dissociation:
a ’t.a b

K=2+ ' . (6)
ama

Since the constant K is unknown when the degree of dissociation is unknown,

we standardize the salt activity so that K = 1, i. e. the relation between the

salt activity and ion activity is by convention the following:

ama = ay ¥t a V. (7)

We thus can, if it is desirable, introduce as the concentration measure the
ionic product and activity coefficients as we use them in the treatment of
electrolytic aqueous solutions.

H. Temkin’s analogous definition [2] of an ideal salt solution is based in
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the statistical equality in an ,,ideal salt melt* of all ions with the same sign
of electric charge, regardless of the magnitude of the charge or the relative
ion sizes. Consequently, one can look upon an ideal ionic solution as consisting
of the two mutually independent cation and anion solutions. Then the integral
entropy of mixing for molten salts will consist of one cation and one anion
contribution. A salt melt consisting of ny, moles of Nat, nx moles of K+,
ncy moles of CI” and npr moles of Br™ ions, respectively, will, according to
Temkin, have an ideal entropy of mixing equal to:

AStdeal — — R(nna In Nxa + 7k In Nx + naIn Neai + 7ge In NBr) (8)
where the concentration measure N represents ionic fractions:

n
Nxa = e , etc. 9)

nNa + Nx
According to equation (5), the ideal partial molar entropy of a component
in the solution will be:

ASlliijt;e.t‘ll = —RIn (Nxa Na). (10)

Taking into account that for the ideal mixture AI?NB,CI = 0, the activity of
the component in the ideal salt melt may be expressed by

aif}:‘gl = NNg, Nc}. (11)
For a non-ideal salt melt, one introduces the activity coefficients:
axact = Nxa Nci YNacl- (12)

Temkin’s definition of an ideal ionic solution is, as can be seen, very simple,
and experimental results have demonstrated its applicability in approximate
calculations.

IV. Experimental results

A. Mixtures of salts with a common ion

The simplest ionic mixtures from a structural point of view are the alkali halides.
Since the ionic constituents of these salts have noble gas electron configurations, it must
be expected that theories based on simple ion models will best fit the experimental data.
‘There was, up to some years ago, except for phase diagrams, a lack of experimental
thermodynamic data available for these systems. Within the experimental and computatio-
nal limits of accuracy for the cryoscopic data, these melts can mainly be considered as
ideal according to Temkin’s definition.

During the last few years, H. Flood et al. [3] have studied ion exchange equilibria of
the following type:

AlkBr (1) 4 HCl(g) = HBr (g) + AIkCI (I).

From these equilibrium data and recent, very accurate calorimetric heat of mixing data.
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for these binary mixtures (O. J. Kleppa et al, [4]), one may calculate activities in these
systems.

Melts of this sort may exhibit both positive and negative deviation from ideality .
For the binary alkali halide systems with a common cation, the deviation is very small.
The accurate value of the deviation from ideal solution is most interesting from a theore-
tical point of view.

To the practical metallurgist it is satisfactory to know that the activities in these melts
can be calculated on the basis of ideal ion models, or for melts with 18 shell ions like
silver, as regular solutions.

The anions are usually the larger ions of a molten salt, and it is reasonable to expect
that the anions of a mixture may be distributed at random, even when the number of
charges on the anions is different. In the case of a wide difference in field strength of the
cations in an ionic mixture, extremely large deviations from random ionic mixing may
occur. In this case, the mixture may more conveniently be regarded as consisting of new,
complex, ionic species.

B. Reciprocal salt pairs

From classical thermodynamics and expression for the activity coefficients in melts
of reciprocal salt pairs is derived in the following, and the necessary experimental data
to put the formulae to use, are discussed.

We will consider as an example a melt consisting of the ions: Na*, K+, C1” and Br™.
Because of the electroneutrality restriction:

nNa + Nk = N1 + NBr (13)

this system will have only threé independent constituents. For the mathematical treat-
ment, it is more convenient to consider the system as consisting of the four components
NaCl, NaBr, KCl and KBr, respectively, with the corresponding activity coefficients.
To derive these, four independent thermodynamic equations are imperative. '
The first equation to combine the unknown activity coefficients is the Gibbs—Duhem
equation, which by the introduction of ionic fractions takes on the following form:

Ncidln yxact + (Nxa— Nei1) dln yxar + Nx dln yree = 0. (14)
Next, the anion exchange reaction may be considered. This can be written:
(Na,K)C1 (1) + HBr (g) = (Na,K)Br (1) + HCI (g).

The thermodynamic equilibrium constant for this reaction, in terms of Temkin’s activity
expressions, will be:

K = o0 P “Cl-(ymr i [l (15)
Na pasr  \ yyear YKCl
N — e’
K,

an is the denotation for the ,ideal equilibrium constant** for the anion exchange.-

Introducing the change in standard Gibbs’ free energy for the same anion exchange in
pure sodium-, AGY,, respectively pure potassium environment, AG%, into (15) gives
the following equation:
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1
g2 =In K2, = — — (Nya 4G%, + Nx 4G) — NxaIn (”‘“‘") — Ngln "’“") . (16)
RT - VYNacl YKC1

Exchange equilibria of this type were introduced by H. Flood and A. Muan [5], and
they have proved to be very useful for thermodynamic equilibrium calculations in molten
salts and slags.

In the equation (I6) the respective ionic fractions, vapour pressures and activity
coefficients refer to the equilibrium mixture in the reciprocal system. This equation gives
the apparent equilibrium constant as a function of the cation concentration in the mix-
ture. This function can be determined experimentally.

A third equation is in an analogous manner obtained by considering the cation ex-
change equilibria in the equilibrium mixture:

Na(CL,Br) (1) + K (g) = Na (g) + K(CLBr) (1).

Since the procedure is identical with the one already given, only the result will be pre-
sented:

Nx P 1
—InKS —In ”"‘“) =" (Na 4GY + Nu: 46%) — Noi In “‘C‘) -
Nxa px RT VNaCl
— Ner In ( i ) . an
YNaBr

A fourth equation may be derived from a consideration of the reciprocal equilibrium in
the system

NaCl (1) + KBr () = NaBr (1) + KOl (1).

Introduction of Temkin’s activity expressions in the equilibrium constant for this
reaction gives the equation:

AG°
In ynaar + In yxBr — In ynapr — In yrar = — R—;’x ’ (18)

where AGY, can be taken from thermodynamic tables.

From these four equations expressions for the activity coefficients are derived. For
ynac1 we get the following at an arbitrary concentration (Ny,, Ngy):

Nya
In yyac1 = (1 — Ny,) . ¢1(Ny,, 0) — f @1(Nwa, 0)dNna +

(1— N%) f [8?’2 Ny Nm)] dNer -+ 19)

'NCI
+ (1 — Ny)galNea» Ny — f 92(Nxa, Ne)dNar.

1


file:///AsapK/
file:///yN8Cl/
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Analogous expressions are obtained for the other activity coefficients. As can be seen
from this formula, it is possible to calculate the activity coefficient for sodium chloride,
yxac1, for any given concentration (Ny,, Ng) in the system, provided the anion ex-
change function, @,, is known over the whole concentration range in the reciprocal
mixture, and the cation exchange function, @,, is known only for the binary system
NaCl—KCL

H. Flood et al. [3] have, as previously mentioned, studied a number of bromine-
«chlorine exchange reactions in the alkali halides. Cation exchange equilibria, however,
are very difficult to study experimentally, and reliable data for the system NaCl—KCl
-are at present not available. It is possible, by using thermodynamic equations, to modify
further the equation for ynsc1 into expressions containing the activity coefficients of
NaCl and KCl in the binary systems instead of the cation exchange function. By intro-
-ducing experimental values into these modified equations together with Flood et al.’s
-data for the chlorine-bromine exchange, it has been possible to calculate yxaci. The
‘preliminary results must be expected to be only semi-quantitative, because the derived
:formula is very sensitive to inaccuracy in the exchange equilibrium constants close to the
‘integration limits. In addition, the applied activity data for the system NaCl—KCI are
uncertain. We are, however, working to improve both conditions.

The equations for the exchange equilibria have proved to be very useful in thermodyna-
‘mic calculations of a number of metallurgical equilibria. Many of these reactions may be
«considered as cation exchanges in mixed anion environment and anion exchanges in
Tmixed cation environment, respectively. As an example we can take the manganese
-distribution between the steel bath and a basic slag. This reaction can be formulated
as a cation exchange according to the scheme:

Mn + Fe?* (slag) = Mn?* (slag) + Fe.

The equilibrium constant for this reaction should depend on the anions present, and in
a simple basic slag containing only the anions 0%~ and SiO}-, the relation between the
equilibrium constant and the composition ought to be as follows:

log K = Nj,_ . log Ko + Njjot- . log Kgpo, - (20)

The parameters N62_ and Néiot" respectively, are the equivalent ionic fractions,
defined as:

, 2nga-
Ny = — s
2nge- + 4ngi01
dng;pt~
Ngoi~ = S0 (21)

Mgy~ + 4Ngiot~

Provided we have ideal ionic melts, or activity coefficients that mutually compensate,
we can set the equilibrium constant equal to:

NMM‘-'

. (22)
Nyez+ - [Mn] (in Fe)

K =

Ko and Ksio,, respectively, represent the distribution equilibrium constant in pure
oxide and pure silicate environment. As has been shown in a previous work [6] the expe-
rimental data by H. B. Bell, J. B. Murad and P. T. Carter [7] agree well with the theo-
retical values calculated from the above equation.
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H. Flood et al. have demonstrated by calculation of more complex equilibria that.
good results are obtained even though the activity coefficients are assumed to cancel.
one another. This is, for example, the case for the distribution equilibrium of phosphorous:

in steelmaking.
It should also be mentioned that in reciprocal salt reactions with AGQ% different from.

zero, as in our previous equation:

5 : 469
7NaBr YKCl — exp ( Tex ) (23)'
YNaCl YKBr RT

where the activity eoefficients must differ from unity, we can get a good approximation.
formula by assuming regular solution:

In yyact = Nk Nai byaci- (24)
By combining the equations (23) and (24), we find that:

AGY
bxact = R;’x . (25

Flood et al. have previously derived this formula by introducing some approximations:
when solving the four thermodynamic equations for the activity coefficients in a reci-
procal salt melt. A great advantage of this simplified treatment is that it can easily be
extended to multicomponent systems by introducing additional terms for every reci-
procal equilibrium that can be set up. The generalized formula can be written:

.
RT In yya; = E Nigisr - Mgy - A6, « (26
j=1
i

We have an example of the applicability of this formula in H. Flood et al.’s [8] calcu-
lations of the FeO activity in complicated slags containing the ions: Fe?+, Ca?*, Mn?+,
Mg:+, F~, 0=, PO}~ and SiO}-. The calculated yreo at different concentrations and tem-
peratures shows good agreement with experimentally determined values.

Even‘though approximate activity calculations are useful when considering a number
of practically important metallurgical equilibria, we still have only a limited understand-
ing of the laws involved. However, this is in most cases sufficient, the limits of uncer-
tainty for most of the measured metallurgical equilibria being taken into account. It is
to be hoped that future research work in this field will increase the available amount of
exact, thermodynamic data for molten salts and slags. Then, possibly, by means of
more refined theories, a simple expression of the form:

@magn mety = function of (concentrations, ionic radii, charges, electron configu-
rations etc. of the ions in the mixture)

for the solution of even more complicated systems, may be derived.
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UVOD DO KONCEPCIE AKTIVITY A JEJ APLIKACIA
NA ROZTAVENE SOLI A TROSKY

K. Grjotheim, C. Krohn

Ustav anorganickej chémie Nérskej vysokej $koly technickej,
Trondheim

Na zdklade Temkinovej definicie aktivity v roztavenych soliach sa rozoberd metdéda
“vypodtu termodynamickej aktivity v reciprodnych ststavdch roztavenych soli. Metéda
je zalozend na klasickych termodynamickych predstavéch, a to na vymennych reakecidch
v sustave, na rovnovéznej vymene iénov a na aplikdcii Gibbsovej—Duhemovej rovnice.

AHKTUBHOCTBh U EE NIPUMEHEHUE
B OBJIACTU PACINIABJIEHHBIX COJIEN U INIJIAKOB

K. T'punorreiim, II. Kporn

Hadenpa HeopraEnyeckoit xumuyu HOpBeKCKOT0 MOINTEXHUYECKOTO MHCTUTYTA,
Tpoupreitm

B pa6ore paccmarpmBaercsi BO3MOMHOCTE pacyeTa TepMOAMHAMUYECKON AaKTHBHOCTH
KOMIIOHEHTOB BO B3aMMHHIX CHCTeMaX PacCIIaBIEHHEIX COJeit, HA OCHOBAHMM ONpeelleHus
axtuBEOCTM MO Temkuny. Merox 6Gasupyerca Ha HpPefCTABIEHMAX KJIACCHYECKOH TepMO-
OMHAMMKN, 8 MMEHHO Ha B3AMMHEIX PeaKkUUAX B CUCTeMe, HA PaBHOBeCHOM o0MeHe MOHOB
¥ HaKOHeI| HA MpUMeHeHNN ypaBHeHusa I'm66ca—/orema.

Prelozil M. Malinovsky
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