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ABSTRACT 

Electromotive force measurements have been completed an 

formation cells of the type: 

A(1)/AX2(1) + MX(1)/C, X2(g) 

where AX2 is a molten divalent metal halide and MX a molten alkali 

metal halide. The following systems have been investigated: 

binary; 	PbBr2-MBr (4 = K, Rb, Cs), PbC12..CsC1 

-ternary; 	PbC12-CsCl-MC1 CM • Li, Na, K, Rb) 

reciprocal; 	CdX2-MaY (X • Br or Cl, Y • Cl or Br) 

The thermodynamic properties of the components have been discussed in 

terms of complex ion formation, association of the standard state 

(the pure divalent metal halide, AX2) and the influence of the alkali 

metal ion, Mt, on the stability of the complex ions. 

Activity models have been postulated to explain the deviations of the 

activity of AX2 from the ideal Temkin activity. 



CHAPTER 1 

1 . 

INTRODUCTION 



2. 

1.1 ELECTROLYTE SOLUTIONS  

Cases at the ideal approximation approached at high 

temperatures and low densities, are characterised by complete 

randomness on the molecular scale. The ideal crystal at the other 

extreme is completely ordered. Mathematically the two extremes of 

order and disorder can be treated rather simply. Liquids however, 

are intermediate between the two and have had no comprehensive 

theory derived. In an ideal gas, the molecules move independently 

of one another and the energy of the system is simply the sum of the 

energies of the constituent entities. The case of solids is the 

converse: translational effects are negligible and the system is 

constrained by strong forces between the particles (ions, Atoms, etc.). 

For the liquid, the cohesive forces are sufficiently strong for the 

condensed state to be maintained but not sufficiently strong to 

prevent translational motion of the constituent particles. A certain 

degree of short reuse order is thereby maintained, in a system of 

overall long range disorder. 

Owing to the prominence given the continuity of state between 

liquids near the boiling point and gases, in classical physical 

chemistry, the liquid state has usually been theoretically approached 

from the vapour and treated as a highly compressed fluid. Recent 

work on x-ray scattering and electron diffraction has initiated the 

approach to the liquid state from the highly ordered solid. 
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This latter treatment Is more reasonable for temperatures far removed 

from the critical temperature, as properties of solids and liquids 

in the vicinity of the melting point show 4 greater similarity see 

later. It is evident therefore, that the correct approach should be 

governed by the temperature. 

It is generally assumed that for solutions of strong 

electrolytes, the solute "molecules" are almost completely 

dissociated into ions; this apsuinption becomes increasingly valid 

as dilution increases. On the basis of the simplified model of 

electrolyte solutions used by Debye and Huckel"? and Falkonhagen (2) , 

these lone are regarded collectively as a gas dispersed throughout 

a,continuous medium the free solventvossessiwthe properties of 

dielectric constant and viscosity, :  In aqueous solutions, the 

interactions between ions and water.  molecules are considered to 

,give rise to hydration sheaths around the lone; the water 

molecules are regarded as being rigidly bonded to the ions. . 

For solutions more concentrated than those -to which the 

, Debye-Hickel theory applies,the interaction energy between the 

solute: end solvent species becomes of greater importance. The: theory 

of aqueous electrolyte solutions has beemextended - to solutions of 

1. Debye and Mickel: Physik. Z., 24 305 (1923) 

2. Falkenhagen: Electrolytes (English translation) Intern. Ser. 
Monographs, Oxford (1934) 
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greater concentration, by Robinson and Stokes (1) , Fuoss(2) and other 

workers (35).  If the range of concentrated solutions is extended to 

the extreme, in other words to the pore solute, then the shielding 

effect of water molecules is no longer present. 

Molten salts, which may be regarded as a special class of 

electrolyte solutions, are in effect pure liquids, consisting of ions 

and in some cases an additional mall proportion of undissociated 

molecular species (see later). This ionic nature is suggested by 

the fact that molten salts are in general, excellent conductors of 

electricity. For example, the Specific conductance of KC1 at 

800420 is approximately 22 times that of its molar aqueous solution 

at 20°0 (6) . 

In consideration of the molten alkali halides, which are 

perhaps the simplest representatives of this class of fluids, the 

mutual attraction between unlike charges will cause each cation to 

be surrounded by a group of anions as nearest neighbours and vice 

versa for the anions. At the same time, the repulsion between like 

charges will cause cations (and similarly anions) to be mutually 

I. Robinson and Stokes: J. Am. Chem. Soc., 70 1870 (1948) 
2. Fuoss and Kraus: J. Am. Chen. Soc., 55 3614 (1933) 
3. Onsager: Physik. Z., 28 277 (1927) 
4. Brunauer, Emmett and Teller: J. Am. Chem. Soc., 60 309 (1938) 
5. Bockris: Quart Revs., 3 173 (1949) 
6. Bloom and Bockris: Fused Salts, ed. Sundheim, McCraw Rill Book Co., 

(1964) 
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repelled. This leads to A more expanded structure than in normal 

aqueous electrolytes(1). Apart from electrical conductance however, 

simple ionic salts are not radically different from other liquids 

when all are compared at corresponding temperatures (2)•  if for 

example, the properties of molten sodium chloride and water are 

compared at the same relative temperatures above the malting points, 

(i.e. (9fr • T/Tmat. - 1.06) then a marked similarity is apparent 

(see Table 1.1). Although the density and surface tension of fused 

NpC1 is larger by a factor of 1.5, the viscosities of the two liquids 

are very nearly the same. On the other hand, the low vapour pressure 

and high surface tension of fused NAM reflect strong cohesive forces 

within the liquid. 

TABLE 1.1  

Properties of water and molten NaC1 (9-is 1.06)  

Property NAC1 
(850°C) 

B20  
(160C) 

Surface tension (dynes/cm.) 
	

110.8(3 ) 
	

73.3(4)  

Viscosity (centipoise) 
	

1.2o(5 ) 
	

1.11 (4)  

Density (gins./m1.) 
	

1.5295(6) 
	

0.9989(4) 

Vapour pressure (mm. Hg) 
	

0.89(7) 
	

13.63(4) 

1. Bloom: Discuss. Faraday Soc., 32 7 (1961) 
2. Reddy: Electrochem. Technol., 1, 325 (1963) 

3. Bloom, Davis and James: Trans. Faraday Soc., 56 1179 (1960) 

4. Hdbk. Chem. and Phys., 35th ed., Chem. Rubber Co., Cleveland (1953) 

5. Lorenz: Z. Physik. Chem., (Leipzig) 79 63 (1912) 

6. Van Artsdalen and Yaffe: J. Thy.. Chem., 59 118 (1955) 

7. Barton and Bloom: J. Phys. Chem., 60 1413 (1956) 
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In dealing with molten salts as liquids, the general 

difficulties of an exact interpretation of the liquid state is met. 

The molten salts, not too far from the melting point, exhibit short 

range structure eimilar . to that of the solid lattice but lack the long 

range order of the solid (see Section '1.4a). It has been shown, from 

the analysis of radial distribution functions, that surrounding each 

reference ion is a shell of other ions with co-ordination number 

between 3 and 11, very nearly the same as in the so1id (1-6) . Outside 

this sphere the highly ordered structure is lost but a second 

co-ordination shell is detectable and there is evidence for a third. 

This provides the greatest difference between the structure of ionic 

liquids such as molten salts and molecular liquids, as the ordered 

arrangement provided by the ionic entities is not present for 

uncharged species. 

I. Bloom and Bockris: Mod. 
ed. 

2. Harris, Wood and Ritter: 

3. Wood and Ritter: J. Am. 

4. Lark-Horowitz and Miller: 

5. Danilov and Krasnitskii: 

Aspects of . Electrochem., No, 2, 
Bockris, Butterworth Sci. Pubs., (1959) 

J. Am. Chem. Soc.,21 3151, (1951) 

Chen. Soc., if.t 1760, 1763 (1952) 

PhYs. Rev.j 14. 418 (1936); 
.51 61 (1937) 

Doklady Akad. Nauk. S.S.S,R., 101 661 
(1955) 

6. Zernike and Prins: Z. Physik 41 184 (1927) 
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1.2 THEORY OF LIQUIDS APPLICABLE TO MOLTEN SALTS 

a) Free volume models  

The concept of free volume developed by Eyring( 1 ) and 

co-workers and by Lennard-Jones and Devonshire (2),  is defined in terms 

of the Gibbs phase integral EN-, in the configuration space of N 

molecules, by the relation( 3): 

401-' eNVfN  exp. (•(EN)Av./kT) 	(14 

where Vf is the free volume and (EN)Av., the mean potential energy. 

The free volume is calculated without reference to the exact Gibbs 

theory by means of models, in Which each molecule is supposed to 

execute gas- like thermal motion in a cage formed by the average 

intermolecular force field of its neighbours. 

Qualitatively this free volume may be defined as the 

difference between the total volume available for movement of the 

particles within their cages and the volume of the particle. To 

overcome limitations of this model, e.g., failure to interpret the 

entropy of fusion (4) , Cohen and Turnbull (5) 'introduced a modified 

concept of free volume. They considered the free volume to be no 

longer associated uniformly with each cell, the contribution per cell 

being distributed thermally* The "liquid" free volume for molecular 

1. Eyring and Hirschfelder: 	J. Phys. Chem.,41 	249 (1937) 
2. Lennard-Jones and Devonshire: 	Proc.Roy.Soc., A163 53 (1937), 

A165 1 (1938) 
3. Kirkwood: J. Chem. Phys., 18 380 (1950) 
4. Bloom and Bockris: Fused Salts, ed. Sundheim, McGraw Hill Rook Co. 

(1964) 

5. Cohen and Turnbull: J. Chem. Phys., 31 1164 (1959) 
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liquids Is defined as: 

V WV° 	 (1.2) 

where Tr is the average volume per molecule (referred to the Whole 

liquid) and vo is the volume per mole when the cells correspond to 

those in Which the molecule would be in a hypothetical solid at the 

same temperature. In this case it is assumed that above a certain 

temperature non-energetic distribution of liquid free volume can 

occur in the liquid because of equal and opposite energy changes due 

to expansions and compensating contractions of pairs of cells( 1) . 

This redistribution of free volume may give rise to the required 

entropy term(2) . 

b) Quasi-lattice and Hole theories  

In pure liquid electrolytes, the change in molar volume on 

fusion is 1545% of the molar volume of the solid(3). However, the 

free volume per mole in the liquid alkali halides is about 2% of the 

molar volume. The change in the free volume*, as deduced from 

ultrasonic velocity measurements on melting the crystalline solid,. 

cannot therefore account for the total observed change in the Molar 

volume during fusion. The presence of a substantial fraction of holes 

* The "free volume" as defined by BockriO, and Richards - ref. 3 

1. Turnbull: G.E. RES. LAB. Reprint, 61-4-2671M 

2: Bloom and Bockris: Fused Salts, ed. Sundheim, McGraw Hill Book Co. 
(1964) 

3. Bockris and Richards: Proc. Roy. Soc., A241 44 (1957) 
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in the pure liquid must, therefore, be assumed to be present to 

acoount for this change. The introduction of such holes in a solid 

. lattice would decrease the mean co-ordination number for unlike ions; 

e.g. LiC1 on melting shows a decrease in the mean co-ordination 

number from 6 to 5 (1,2) . 

The quasi-lattice model (314) , assumes the ions to be 

situated on lattice sites and the holes (also on lattice sites) 

are regarded as Schottky defects. The hole model (5,6)  differs in 

that it assumes simple molten electrolytes to be constituted by 

spherical cations and anions, each behaving as independent linear 

harmonic oscillators, among which are randomly distributed a number 

of holes. 

In the quasi-lattice model, the work of making a vacancy for 

a cation is assumed to be analagous to the case of the solid 

1attice (7) , 1.e; 

6, HVAC. VHCAT. + HAN. HUT.) 
	

(1.3) 

where HCAT. and H. aro the work required to remove a cation and 

anion respectively to infinity and HLAT, is the lattice comma. 

1. Miller and Lark-Horowitz: 	Phys. Rev., 51 	61 (1937) 

2. Johnson, Agron and Bredig: 	J. Am. Chem. Soc., 77 	2734 	(1955) 

3. Frankel: 	Acta Physimochin. U.R.S.S., 	3 633, 913 	(1935) 

4. Bresler: 	Acta Physlochim. U.R.S.S., 	10 491 (1939) 

Altar: 	J. Chem. Phys., 	5 	577 	(1937) 

6. Furth: 	Proc. Camb. Phil. Soc., 	37 	252, 276, 281 	(1941) 

7. Bloom and Bockris: 	Fused Salts: 	ed. Sundheim, McGraw Hill Book Co. 
(1964) 
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Although both these models generally apply with relatively 

good agreement to molten salts, the applicability of the quasi•lattice 

theory to metallic and molecular liquids is questionable (") . 

c) Dislocation model  

Schottky defects are regarded as diffusing in from the 

surface of a crystal as the melting point is approached (5) . With 

increase in concentration these defects condense into dislocations (6) 

and the free volume produced requires fewer broken bonds than a similar 

increment of free volume due to isolated vacancies. The rate of 

formation of vacancies greatly increases as the melting point is 

approached. This is equivalent (79 9) to a breaking up of the crystal 

into crystallites with fluctuating boundaries. The heat of fusion 

predicted by this model should be approximately two orders of 

magnitude less than the heat of vaporisation(5)  because the bulk of 

the molecules are within crystallites rather than at the 

dislocations. The model has been justified in a theory pertaining 

to glasses (9)  and in the explanation of small changes in the partial 

molar volumes of 8102 in liquid silicates. (1°)  

I. Meyer and Nachtrieb: J. Chem. Phys., 23 1851 (1955) 

2. Lawson: Phys. and Chem. Solids, 2 250 (1957) 

3. Prokhorenko and Fisher: M. Fie. aim., 33 1852 (1959) 

4. Turnbull: G.R. Res. Lab. Reprint, 61-RL-2671m 

5. Rothstein: J. Chem. Phys., 23 218 (1955) 

6. Seitz: Phys. Rev., 79 890 (1950) 

7. Van der Marys: Proc. Phys. Soc., (London) A63 616 (1950) 

8. Read and Shockley: Phys. Rev., 78 275 (1950) 
9. Preston and Turner: J. Soc. Glass Technol., 26 331 (1932) 
10. Bockris, Tomlinson and White: Trans. Faraday Soc., 52 299 (1956) 
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d) Polyhedral hole model  

Frank (1)  observed that for substances with co-ordination 

number 12, the particles may be arranged in such a way that each 

sphere, the spheres being in contact, is situated at a face centre 

of a dodecahedron. This arrangement provides maximum short range 

cohesive energy and because spheres cannot be close packed within 

such a structural arrangement, holes are necessarily introduced. 

On consideration of a number of possible polyhedral arrangements, 

Bernal (2)  found that some had five-fold symetry which, because 

of their failure to close pack, contained holes. 

it is possible to calculate the mutual energies of inter-

action between a rgadom assembly of hard spheres by the Lennard- Jones 

(A/r6  + 	potential equation(2). From those arrangements of 

minimal energy, the mean radial distribution functions can be 

evaluated and these. very closely approximate those obtained from the 

x-ray and neutron diffraction studies on lead and liquid argan (384) . 

1. Frank: 	Proc. Roy. Soc., (London), A215 	43 	(1952) 

2. Bernal: 	Nature, 185 68 	(1960) 
3. Furukawa: Nature, 184 1209 (1959) 

4. Hinshaw: Phys. Rev., 105 	976 (1957) 
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e) Significant structure model  

On the basis of this model, a liquid is regarded as 

consisting, of three significant structures( 1'3): 

1. The solid-like binding of a molecule to an equilibrium position 

by its neighbours. 

2. Position degeneracy - molecules that can shift to different 

lattice sites at the price of storing up elastic energy due to 

structural distortion. 

3. The gas-like escape of a molecule from the lattice in at least 

one direction. The gas-like holes for the application to molten 

salts are treated as occuring in pairs, to correspond with their 

experimentally established state in the gas phase at normal 

pressures. 

Although the model has advantages, by using vacancy, 

crystallite and compressed gas models in the derivation, it has came 

under criticism in its application (") . 

1. Eyring, Rae and Hirai: Proc. Natl. Acad. Sci., U.S., 44 683 
(1958) 

2. Fuller, lee and Eyringt ibid., 45 1594 (1959) 

3. Carlson, Byring and Roe: ibid., .0 333 (1960 

4. Barton and Bloom: 3. Phys. Chan., 63 1785 (1959) 

5. Blomgren: Ann. N.Y. Acad. Sol" 79 781 (1960) 

6. Bloom and Bockris: Fused Salts, ed. Sundheim, McGrew Hill Book Co. 
(1964) 
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When comparing experimental data with that calculated 

theoretically for the quantities: volume change on fusion, 

entropy change on fusion, coefficient of expansion, compressibility 

and self-diffusion coefficients, the hble and then perhaps the quasi-

lattice model give the best agreement. The significant structure 

theory gives very good co-relation as far as it has been applied, 

i.e., to the volume and entropy changes on fusion. The liquid free 

volume model, is unsatisfactory for all but the volume change on 

fusion and the crystallite and polyhedral hole models, give 

qualitative information only. 
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1.3 THE CONCEPT OF MELTING AND COMPLEX IONS 

It is an empirical fact (1)  that the values of the heat 

capacity at constant pressure, Cp, at temperatures a few degrees 

below the melting point for the solid, are of the same order in many 

cases, as the values at temperatures a few degrees above the melting 

point for the liquid. This indicates that the processes responsible 

for heat intake, are much the same for the two phases. So far as is 

known, crystals of the inert gases can exhibit only a single mechanism 

of melting (2) . This involves extreme positional disorder of the 

atoms in the melt with respect to an ideal crystal lattice. For the 

alkali halides, which have been regarded as crystals of inert gas 

ions, entropies and volume changes on fusion are no longer 

independent of the ionic radii (3) . 

The ratio of the number of independent configurations of 

the liquid, WI, to that of the solid, W s , determines the magnitude 

of the entropy on melting and may be represented( 4) by the equation: 

sf 141 (W1/14) (1.4) 

(This ratio is always greater than Unity, implying greater randomness 

in the liquid.) Ubbelohde (4)  has indicated the principal effects of 

1. Kuhn and Grundmann: 	Bar., 	690 	224 	(1936) 

2. Rhodes and Ubbelohde: 	Proc. Roy. Soc., 	A251 	156 (1959) 

3. Schipke and Sauerwald: 	Z. anorg. u engem. Chem., 287 	314 (1956) 

4. Ubbelohde: 	Structure of Electrolytic Solna., ed. Hamer, Wiley & 
Sons inc., (1951 
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melting by assuming Sf to be made up of many contributing terms, i.e. 

Sf SVIB. SON. * SPOS. SCONF. SASSOC. 	(1.5) 

where SF'S. is the entropy change due to the possible lowering 

of vibrational frequencies owing to increased freedom of 

the ions on melting, (assumed to be small except in the 

case of presetting) 

• Sm•  is the entropy change due to increased orientational 

randomization of non" spherical ions, occuring either 

below the melting point at temperatures corresponding to 

lambda points in the solid state, or an expansion due to 

melting 

Sp. is the entropy increase due to an increase in positional 

disorder, with respect to the ideal lattice sites. This 

directly results in an increase in the volume on melting 

(except in non-ionic crystals), to allow for the greatly 

increased potential energy of repulsion 

" SCONF• is the entropy change due to internal configurational 

changes (very minor contribution) 

" SASSOC. is the entropy change due to changes in association or 

chemical bonding on melting. On melting, localized 

association complexes can be formed as a result of the 

positional disorder. The dissociation of normally paired 

groups may also contribute to this entropy term. 
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In comparing the alkali halides, the volume increase on 

melting decreases as the cation radius increases, thus substantiating 

the proposition that the repulsive effects between neighbouring anions 

contribute largely to the volume increase, especially when rqt- is 

small. For a given cation, the polatiaability of the anion increases 

as the atomic number increases and this tendency leads to increased 

association. When cation,anion pairs evaporate from the crystal 

to the vapour, then the lowered symmetry of the force field tends 

to give greater association than in the crystal. Although the 

asymmetrical force fields in the melt are less pronounced, the same 

effect of ion pair formation will occur in regions of local 

defective symmetry. This results in an increase in volume on melting, 

smaller than would be expected from non-elastic sphetes (1 ). 

In the melting Of ionic crystals containing polyatomic ions, 

e.g., group I nitrates, there is a comparatively large contribution to 

the entropy of fusion from the entropy of formation of association 

complexes, other than simple ion pairs (2),  The symmetry requirement 

of lattice structures, necessitates the equivalence of attractive 

forces between any one positive and the appropriate number of negative 

ion nearest neighbours. This requirement is in opposition to the 

tendency to form ion pairs and hence larger ion aggregates. Compared 

with ion pair formation, these larger "complexes" give a *till smaller 

volume increase on melting (e.g. the nitrates studied by Davis et al (q, 

1. Ubbelohde: Structure of Electrolytic Solutions, ed. Rimer, Wiley 6 
Sons inc., (1959) 

2. Davis, Rogers and Ubbelohde: Proc. Roy. Soc., A220 14 (1953) 
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It is evident that the requirement for ionic associations 

or compleiOn formation, depends upon the asymmetry of the force 

fields during and after melting. Once formed, the stability of such 

entities will depend upon two main factors; (1) the nature of the 

bonding forces between the ions within the species, and (2) the 

nature and strength of the force fields provided by surrounding ions. 

The lifetimes of such species will therefore depend on the nature of 

the malt. 

In order to substantiate the presence of such species, 

they must exist for a period such that their presence can be 

detected by some physical or chemical property. For pure salts, the 

presence of associated groups such as ion pairs and complex species 

can be understood from the point of view of melting mechanisms. Such 

ions as $042", CO32 , NO3, etc., are well established (see 

Section 1.4a). The situation is far more complicated for mixturea, 

as Compared to single salts however, where the interacting force 

fields are both increased in number and also more variable. 

Evidence for species other than simple ions has been 

obtained from the many methods used in the investigations of the 

nature of molten ;salts. Of these methods, those involving direct 

observations, such as x-ray and neutron diffraction and the various 

spectrographic methods, have yielded perhaps the most significant 

information. Deviations from ideal values* in thermodynamic, 

* By "ideal" is meant the values of the property, at different 
compositions, that are expected if the solution consists of 
unassociated and non-interacting simple ions. 
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transport and other properties have also provided a means for the 

substantiation of the presence of associated groups. The criterion 

of non-ideality of systems does not provide unequivocal evidence 

for complex formation and such evidence must be considered very 

carefully. 
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1,4 EXPERIMENTAL METHODS WHICH HAVE BEEN USED 
IN THE INVESTIGATION OF MOLTEN SALTS  

a) Diffraction studies  

An elucidation of the detailed structure of a liquid requires 

more information than that derived from x-ray and neutron 

diffraction studies. The radial distribution function, which gives 

the probability that pairs of atoms will be found separated by a 

given average distance, provides a good qualitative description and 

coupled with other information can yield a reasonably comprehensive 

picture. 

In a pure pimple fused salt (e.g. the alkali halides) there 

are three different radial distribution functions which describe the 

cation-anion, cation-Cation and anion-anion distributions. From 

these functions, the nature of the atomic arrangements within the liquid 

can be intered in so fat as the liquid is non-random and each ion is 

surrounded by an average number of oppositely charged ions. Figure 1.1 

shows such a radial distribution curve t . The first two maxima at 

2.5 and 3.8 A4 represent interatomic separations which are predominant 

in the melt and these are assigned to (Li-G1) and (C1-C1 and Li-Li) 

respectively. This assignment is consistent with the theoretical 

prediction that each ion is preferentially surrounded by ions of 

opposite charge. The area beneath the peaks, taking into account the 

1. Levy and Danford: Molten Salt Chemistry, ed. Blander, Interscience 
(1964) 
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inherent uncertainty in estimation, gives the average numbers of 

nearest neighbours. 

For neutron diffraction studies, if the metal atom hat a 

negative nuclear scattering amplitude (chlorine being positive for 

say Lila), then those regions in which the pair density function 

for unlike pairs is large, will produce negative fluctuations in the 

experimental radial distribution curve (I).  This lends confirmation 

to the theoretical predictions for concentric spherical shells of 

differing charge. 

The corresponding fluctuations for the positive peak in the 

x-ray radial distribution curve for Li 7C1 1  is negative at the same 

distance from the nucleus, i.e., in molten LiC1 the nearest 

neighbours are of unlike charge. Further information suggested by 

these two curves is that for molten LiC1, Unlike ions predominate at 

the intermediate separations of about 4.5 and 7.5 A. A similar sat 

of data can be obtained for' all the alkali ha1ides (2.6) . 

It has been found (586)  that the average number of nearest 

neighbours among the alkali halide melts is between 3.5 and 5.5, 

whereas the typical solid structure has a'co-ordination number of 6, 

1. Levy and Danford: Molten Salt Chemistry, ed. Blander, Interscience, 
(19644) 

2. Zarzycki: J. Phys. Radium, 19 13A (1958), 18 65A (1957) 

3. Zarzycki: Compt. reed, /AA 758 (1957) 

4. Levy and Danford: unpublished (refer: Molten Salt Chem., ed. 
Blander, Interscience (1964) 

5. Levy, Agron, Bradig and Danford: Ann. N.Y. Acad. Set. 79 762 (1960) 

6. Furukawa: Discuss Faraday Soc., 32 53 (1961) 
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i.e., there is a reduction of co-ordination number on melting. The 

moat frequent nearest neighbour distance is shorter than faiths solid 

by 0.04,4.27 A. 

Similar approaches have been made with alkali carbonates (1) , 

sulphates" ) , nitrates (2)  and nitrites (2) . The first peak in the 

carbonate system, accusing at 1.3 A, corresponds - to the shortest 

interatomic distance 0-0, of the CO32- ion. Estimation of the 

corresponding co-ordination number gives values from 2.6-3.2, 

suggesting that the carbonate ion is stable in fused alkali 

carbonates. In a like manner, the existence of the entities 

2-(1) 	.(3) (3) 
SO4 	NO3 	and NO2 

	
has been substantiated. 

To study the statistical distributions of the cations around 

polyatomic species, a model is required and predictions on the basis 

of the model compared to the experimental radial distribution curves. 

However, the estimation of areas subtended by peaks of the radial 

distribution curves 14 insufficiently precise to lead to definite 

conclusions. Indications are however, from the work of Zarzycki (1)  

on carbonates and sulphates, that as the cation is changed from 

lithium to potassium, there is an increased tendency for the cation to 

occupy sites nearer to the "corners" of the anions and to neglect the 

sites closer to their feces. This has the effect of allowing the 

anions greater rotational freedom. 

I. Zareycki: Discuss. Faraday Soc., 32 38 (1961) 
2. Furukawa: Discuss. Faraday Soc., 32 53 (1961) 

3. Furukawa: Sci. Reports Res. Inst. Tohoku Univ., Al2 151 (1960) 
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Because of the difficulties and inherent inaccuracies in 

both x•ray and neutron diffraction measurements, systems of greater 

complexity than pure simple salts have not been examined. 

b) Absorption spectra 

Despite the lack of detail from the absorption spectra of 

pure salts, a comparison of the spectra of, for example, the molten 

alkali halides, with those of the corresponding crystals and gases, 

gives useful indications of structure. The substitution of 	for Li, 

gives a slight shift of the absorption edge to the red end of the 

spectrum, while substitution of Br and 1 for Cl, produces a far more 

pronounced shift. . One explanation of thisvhenomenon (1)  is that an 

electron is transferred from the anion to a group of closely surrounding 

cations. This electronic state is pictured with the electron 

distribution over the walls of the cavity, composed of cations, in 

which the anion fits. The broad absorption bands characteristic of 

these salts are explained by the polarization effect caused by the 

penetration of the anion by the surrounding cations. 

The absorption spectra of some salts are very different from 

the Corresponding crystal spectra (e.g. AgCl(s) at 25 0C has an . 

absorption maximum at 254 1v4 while AgC1(1) at 475 °C has a maximum at 

535 nyA1) ). Such shifts are often interpreted in terms of complex 

ion formation. Sakai (2)  found that the ultra-violet absorption spectra 

1. Sundheim and Greenberg: J. Chem. Phys, 21 ,  439 (1958) 

2: Sakai: Bull. Chem. Soc. Japan, 31 500 (1958) 
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of aqueous solutions containing two salts, showed a shift towards a 

larger wavelength When the compbnents formed a complex. In the molten 

system NaCl-CdC12, by companion with the spectra obtained from the 

aqueous solution, Sakai postnlated.the existence of the complex ion 

m142% 

It has been possible to classify many spectra of molten 

transition metal salt solutions as octahedral-like or tetrahedral-like (1) . 

In cases where this dies not hold, it is proposed that the deviations 

represent ligand configurations, that can be reasonably described as 

small distortions from simple cubic geometr 'y(2 9 3) . 

c) Vibrational spectra 

Knowledge of the Chemical bonding and stereo-chemistry in 

inorganic melts can be advanced through the theory of molecular 

vibrationa (9. It is often posaible (5)  to distinguish the arrangement 

of atoms in a polyatomic,species fram,the.number of vibrational bands 

Observed in its infra-red and Raman spectra, by reference to the total 

number of symmetry elements present in thespecies.. 

In spectra of gases, the line shape (and intensity) has been 

semiquantitatively analysed in terms of environmental interactions (5) . 

1. Smith: Molten Salt Chemistry, ed. Blander, Interscience Pub.,(1964) 
2. Sundheim: The co-ordination of metal ion in Fused Salts, Proc. 

Intern. Conf. Co-ordination Chen., (1962) 
3. Gruen and MsBeth: J. Phys. Chem., 63 393 (1959) 

4. Bellamy: The I.R. Spectra of Polyatomic Molecules, Wiley & Sons Inc. 
N.Y., (1954) 

5. Breene Jr.: Rev. Mod. Phys., 29 94 (1957) 



24. 

Similar analysis of liquid systems has been precluded by the complex 

nature of the interactions and the lack of a satisfactory distribution 

function" ) . Qualitative information has however been obtained by a 

comparison of the intensity of a vibration of given frequency with 

those for different salts (2) . 

Most vibrational spectral information has been derived for 

single salts (3).  The studies on molten two-component systems have 

been confined mainly to: (a) two ionic component systems, and 

(b) two component systems containing an ionic solute in a co-valent 

inorganic solvent (e.g. R8C12-KC1 (3b) ). With reference to group (a) 

the pyramidal CdCli ion is evidently the predominant species in 

cadmiumn halide - alkali metal halide melts, with tetrahedral 

CdC1424' present in lower concentrations (341 .4) . Similarly PbC13 .  

(pyramidal) has been found to be the predominant species in 

2PbC12.I.C1 and PbC12.KC1 melts, from Raman spectral evidence (5) . 

1. James: 	Molten Salt Chemistry, ed. Blander,,Interscience Pub., (1964) 

2. Wilnshurst: 	J. Chem. Phys., 	36 	2415 	(1962) 

3. See for example: 
chlorides (a) Bees: Z. anorg. u allgem. Chem., 212 104 (1955) 

(b) Jens and James: 	J. Chen. Phys., 38 902 (1963) 
nitrates 	(c) Jane and James: 	J. Chem. Itys., 35 739 (1961) 
chlorates (d) Witmshurst: 	J. Chem. Phys., 	36 2415 (1962) 

4. Bredig and Van Artsdalen: 	J. Chem. Phys., 	24 	478 	(1956) 

5. Balasubrahmanyam and Mania: 	J. Chen. Phys., 	40 2657 	(1964) 
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d) Nuclear Magnetic Resonance 

Recently, nuclear magnetic resonance studies have been applied 

to molten thallium salts (1,2) . Although cations and anions are partly 

associated in the melte, the N.M.R. shifts of the thallium nucleus 

appear to be due to the covalent bond linkage, rather than to 

polarisation of the cation by the halide ions. This method of 

investigation is still in its infancy and little structural 

information is as yet available. 

e) Conductance  

As molten salts have specific conductance 20-100 times 

greater than that of aqueous electrolytes conventional techniques 

of measurement cannot be employed (3,4) . The conductance of pure fused 

salts has been used to study the extent of dissociation and the nature 

of the conduction process. Thus, in the case of lithium chloride at 

its melting point (equivalent conductance Is 183 mho cm equiv:1 ) and 

aluminium chloride at its melting point (equivalent conductance = 

1.5 le 10"5  mho cm equiv: 1 ), the conclusion is drawn that 11C1 is 

ionic and AlC13 is co-valent: EnC12 (equivalent conductance • 0.02 

2 	-1 mho cm equiv at its n6pt.) is regarded as intermediate between the 

two. Pram the conductance of mixtures, information concerning' the 

1. Rowland and Bromberg: J. Chem. Phys., 29 626 (1958) 

2. Hefner and Nachtrieb: J. Chen. Phys., 40 2891 (1964) 

3. Reddy: J. Electrochen. Technol., 1 325 (1963) 

4. Bloom and lockris: Mod. Aspects of Electrochen. No.2 ed. Bockris, 
Butterworth Sci. Pubs., (1959) 
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structure of molten salts has been obtained, as well as evidence for 

complex ion formation in many systems. 

The equivalent conductance of an electrolyte is given by: 

A. kvE  kE/73 (1.6) 

where k is the specific conductance, VE the equivalent volume, //' the 

density and E the equivalent weight. 

For mixed electrolytes: ,  

(1.7) 

where E • mean equivalent weight 

• flE1 f2E2 
	(1.8) 

where fl  is the equivalent fraction and El the equivalent weight of 

component 1, etc. 

The linearity of the plot of log k or log A vs. 1/T, 

has been explained by analogy to the conductance of solid salts (1) . 

For a simple salt consisting of cations and anions, the specific 

conductance is given by (2 ): 

k  • Ale-EORT A2e-E21RT 	(1.9) 

where El and E2 are the activation energies for ionic migration of 

cation and anion respectively and Al and AZ are constants. This 

equition assumes that no constitutional change takes place with 

increasing temperature. If El and E2 are either nearly equal or very 

different, then eqn. (1.9) reduces to the simple Arrhenius relationship: 

k 	-eEk/RT 	 (1.10) 

1. Frenkel: The Kinetic Theory of Liquids, Oxford, (1946) 

2. Eucken: Die Chemis t  51 163 (1942) 
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where Ek is the activation energy for ionic migration of the molten 

electrolyte. When Ek is not equal to EA. , then: 

A a  As-EA tRT 

•Plots of logAvs.ItT for pure fused alkali halides (except Lid) are 

slightly curved (102) . This has been explained qualitatively in terms 

of opposing factors, involving changes in coulombic interaction and 

numbers of nearest neighbours with change of temperature. 

For mixtures of molten salts: • 
Ae-EA/RT 4. A le-EA /IC 

where A, A are constants. Experimentally', logAis a  linear 

(1.12) 

function of 1tT and therefore EA .4 either approximately equal to or 

much greater than E A  . 

Bockris at al.
(4) have derived an equation for the 

temperature dependence ofAusing the transition state theory of 

reaction rates: 
2  

= 5.18 x 10-18  (E+ 2)di exp. (5j0,) exp. (E.ABI AT) (1.13) 

where di se half migration distance for the conducting ion 

E 	go ‘ dielectric constant of the medium 

"ASi0  * entropy of activation for ionic migration 

= energy of activation (0 E in eqn. 1.11) 

1. 

2. 

3. 

4. Bockrie, Kitchener, Ignatowicz and Tomlinson: Trans. Faraday Soc., 
48 75 (1952) 

Van Artsdalen and Yaffe: J. Phys. Chen., 39 	118 (1955) 

Yaffe and Van Artsdalen: ibid., 	60 1125 (1956) 
Bloom and Reymann: 	Proc. Roy. Soc., A188 392 	(1947) 
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Although values have been chosen for E (1-3),  the inherent 

unCertainties make estimation of.A. i difficult. 

Conductance investigations (38)  have indicated that the 

activation energy for ionic migration can suggest changes in the 

constitution of mixtures of molten salts. A maximum in the activation 

energy in relation to composition has been interpreted as a change 

in the size of the conducting species, or a change in the intwrionic 

force fields. 

f) Diffusion 

The self diffusion coefficients of individual mate species 

in molten salts has been measured by meow of radioactive and stable 

isotopes as tracers*. The self diffusion coefficient,D.of a species, 

may be expressed by an Arrhenius rate equation, i.e., 

D 0 A exp. (..AHDI/i/RT) 
	

(1.14) 

* Most tracer work in diffusion has been done using radioactive 
isotopes. However stable isotopes have been used by imam, e.g., 

Lunden: Z. Naturforsch, 1_4_4 801 (1959); 1.21 1019 (1960) 
Ann. N.Y. Acad. Sci., 11 988 (1960) 
Trans. Chalmers Univ. Technol., Gothenburg, 241 (1961) 

1. Van Artsdalen and Yaffe: J. Phys. Chem., 19_ 118 (1955) 

2. Yaffe and Van Arterial= ibid., le 1125 (1956) 

3. Bockris, Kitchener and Davis: Trans. Faraday Soc., A§ 536 (1953 

4. Karpachev, Stromberg and POltoratskaya: J. Phys. Chem., (U.S.S.R.) 
793 (1934) 

5. Harrap and Heymann: Trans. Faraday Soc., 11, 259, 268 (1955) 

6. Bockris, Kitchener, 

7. Bockris, Kitchener,  

Ignatowitz and Tomlinson: Trans. Faraday Soc., 
75 (1952) 

Discuse. Faraday Soc., 
265 (1948) 

Unatowits and Tomlinson: 
4 

8. Bloom and Heymann: Proc. Roy. Soc., A188 392 (1947) 
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where A is a constant, AHD°, is the energy of activation for diffusion, 

R is the gas constant and T is the absolute temperature. The diffusion 

coefficient is related to the equivalent ionic conductance by the 

Nernst-Einstein equation, viz: 

AL  • ZiF2/RT.DL 	(1.15) 

where Da, fli are the diffusion coefficient and equivalent ionic 

conductance of an ion it with valency Zi. The Nernst-Einstein 

relationship has been found inapplicable to molten salts and the 

following explanations have been suggested: 

(I) Mutual friction of the moving ions would result in such 

inapplicability, even if ionic movements were common to both 

diffusion and conduction (1.5) . 

(ii) A correction factor( 4) is applied to the calculation of ionic 

crystal conductance from measurements of self diffusion 

coefficients in the crystal, on the basis of nonrandom "tracer" 

jumps in the lattice. This phenomenon has been applied to ionic 

liquids by Bockria and Booper (5) . 

MO By means of paired vacancy diffusion(6,7)  simultaneous movement 

of cation and anion is assumed; such a mode of ionic migration 

should contribute to diffusion but not to conductance (5). 

1. Laity: 	Ann. N.Y. Acad. Set., 	79 	997 	(1940) 

2. Laity: 	J. Chan. Phys., 30 	682 	(1959) 

3. Klemm: 	Z. Naturforsch, 8a 	397 	(1953); 1.11 173 	(1960) 

4. Bardeen and Herring: 	Imperfections in nearly perfect crystals; 
Wiley & Sons, Inc., N.Y. (1952) 

5. Bockris and Hooper: 	Discuss. Faraday Soc., 32 218 	(1961) 
6. Seitz: 	Rev. Mod. Phys., 18 	384 	(1946) 

7. Dienes: 	J. Chem. Phys., 16 	620 	(1948) 
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Potentially the determination of diffusion coefficients may 

provide considerable information concerning the structure of a liquid. 

Unfortunately however, no method has been developed that will yield 

reliable and accurate experimental data. Essential to such measurements 

are the establishment of a sharp planar boundary at the connencement 

of diffusion, the prevention of transport by convection and the 

termination of the diffusion process without altering the. 

distribution of radiotracer about the boundary. (I) 

Bockris and Angell (2)  have studied the rate of self 

diffusion of cadmium ions in mixtures of CdC1 2  and KC1. Although 

contrary to the results of Raman spectra and electrical conductance 

Studies (3) , their results suggested the presence of the species 

CdC13- . Self diffusion in molten PbC12 has been investigated by 

Perkins et al. (145)  and the Arrhenius equation (1.14) shown to be valid 

for both ions; the activation energies.for diffusion were found to 

be nearly identical. The same workers, in investigating, the system 

PbC12-KC1, suggested Pb2C15-  as 4 complex species present in the melt (6) . 

1. Emotes': M4Sc. thesis, University of New Zealand, (1961) 

2. Bockris and Angell: Electrochim. Acta, 1 308 (1959) 

3. Bredig: ibid., 5 299 (1961) 

4. 

5. 

6. 

Perkins Jr., Escue, Lamb and Tidwell: 	J. Phys. Chem., 	64 

Perkins. Jr., Escue, Lamb and Wimberley: 	ibid., 	64 	1792 

Perkins Jr., Escue, Lamb, Tidwell and Wimberley: 	ibid., 

495 	(1960) 

(1960) 

64 	1911 
(1960) 
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g) Transport Numbers  

The concept of transport numbers in pure fused electrolytes 

is either meaningful or not, depending on the frame of reference 

chosen. Cation and anion transport numbers have no significance 

when defined with reference to the electrodes of the system( 2), for 

in this case the passage of one faraday of electricity discharges are 

equivalent of cations and anions at the cathode and anode respectively. 

Thus either t.c. a 1 and t. a 0 0  or tc. 0 0 and t. • 1. Transport 

numbers in aqueous solutions are defined with reference to the 

"stationary" solvent. Such a situation does not exist in a pure salt 

and therefore the transport number cannot be defined. The problem is 

overcome by dividing the transport cell into two compartments by a 

porous disc. Provided bulk flow does not occur, the ionic transport 

numbers can be measured with respect to the disc as reference (1,3 4) . 

A considerable discrepancy in the experimental results for 

the transport !numbers of molten salts is apparent in the literature 

and the theoretical interpretation which can be derived from this 

method of investigation is therefore questionable. For pure lead 

chloride for example, there are two sets of data: Duke and Laity (4) 

1. Bloom and Easteal: Proc. First Australian Conf. Electrochem., 
ed. Friend and Gutmann, Pergamon (1965) 

2. Swam Z. Elektrocham., 45 740 (1939) 

3. Bloom and Doull: J. Ph. Chem., 60 620 (1956) 

4. Duke and Laity: J. Am. Chem. Soc., 	4046 (1954) 
J. Phys. Chas., 59 349 (1955) 



32. 

0.758), Karpachev and Pa1lguev (1)  (t. al 0.8) Delimerskii, 

Turov and Citman(2 ) (t20  0.83), as opposed to Blom* and Dou1l (3)  

(t. 0 0.379) and Bloom and Eastea1 (4)  (t. • 0.37). 

Experiments involving binary mixtures are regarded (5,6)  

as giving more comprehensive results, because in such systems a 

common ion serves as a frame of reference against which to measure 

the relative nobilities of the other species. 

Aziz and Wetmore( 7) defined the transport fractions 

as the number of equivalents of the ith  ion transported per faraday 

of charge passing through the melt. Using expressions for material 

balance, they derived the equation: 

4)0 1- ;.. 10  (Y3  • n1 + n2 (NI.Nlo)/z 	(1.16) 

where NI°  is the initial and N1  the final mole fraction of component 1, 

after the passage of Z faradays of charge, n1 and 02  are the number 

of equivalents of species 1 and 2 in the anolyte after electrolysis, 

while the subscript 3 represents the common ion. The experimental 

results did not allow the computation of ar  

I. Karpachev and Pal'guev: Zhur. Fix. Khin., 23 942 (1949) 

2. Relimarskii, Turov and Citman: Ukrain. Khim. Thur., 21 314 (1955) 

3. Bloom and Doull: J. Fhys. Chem., 60 620 (1956) 

4. Bloom and Easteal: Proc. First Australian Conf. Electrochma., 
ed. Friend 6: Gutmann, Pergamon (1965) 

5. Bloom and Bockris: Mod. Aspects of Electrochen., No.2, ed. Bockris, 
Butterworth Sci. Pubs., (1959) 

6. Reddy: J. Electrocham. Technol., 1 325 (1963) 

7. Axis and Wetmore: Can. J. Chen., ,  30 779 (1952) 
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Duke et al. (1),  however, showed that changes in concentration 

and volumes combined, gave sufficient information to calculate all the 

transport fractions. In the system AgterhaNO3,0"3, for the nitrate 

ion was found to be constant over the whole range of composition, 

while 61. and 62 were linear with respect to mole fraction. From 

this it was concluded that the system Ag/NA/NO3  was completely 

dissociated. 

Duke and Flem4ng (2) have studied transference in the 

system PbC12-KC1, using radioactive chlorine to obtain the transference 

fraction of chloride Lens. From evaluation of the 4 function, they 

concluded that Pb2+  exists in equilibrium with PbC1+. 

h) Viscosity  

The viscosity ri • of molten salts is generally represented 

by the equation: 

m,  A exp. (Ens./RT) 	(1.17) 

where A is a constant for a particular liquid and Ens •  id the 

activation energy for viscous flow. Such equations have beea 

suggested by a number of workers (34.5) . According to eqn. (1.17), the 

plot of log q vs. 1/T is linear (this has been verified for a number 

1. Duke 	Laity and Owens: 	J. Electrochen. Soc., 104 299 	(1957) 

2. Duke and Fleming: 	J. Electrochema. Soc., 	106 130 (1959) 

3. Andrade: Phil. Nag., 17 698 (1934) 

4. Dunn: Trans. Faraday Soc., 22 401 (1926) 

5. de Guzman: Anal. Fis. Quim., 9 353 (1913) 
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of fused salts (")) and from the gradient the activation energy for 

viscous flow can be obtained. Bing. is always greater than H A  

indicating that a much greater configurational change is invblved in 

viscous flow than in ionic migration(4). Whereas conductance is 

determined by the transport of current due to the smaller ion, 

viscosity, measured in a field free envirOnment, is determined 

mainly by the shearing forces between larger ions or groups. Viscosity 

measurements can therefore give information regarding the nature of 

the entities present in the melt. 

In the systems PbC12.4C1 and CdC12-KC1 (5)  no maxima are 

present in the plots of (a), viscosity vs. composition and (b) ig 

vs. composition, suggesting the absence of large associated species. 

This conclusion however is contrary to the evidence obtained from 

conductance and density measurements. Harrap and Heymann explain the 

absence of maxima as follows: 

The free volumes in these systems display positive deviations 

from additivity. It is therefore considered (5)  that the 

"enlarged size of some of the flow units in the system as a 

result of complex ion formation, would be offset to a large 

extent by the increase in free volume of the liquid: 

consequently the viscosity isotherm would not necessarily be 

expected to show positive deviations from additivity". This has 

1. 

2, 

3. 

4. 

5. 

(1940 

259 	(1955) 

(1947) 
259, 268 	(1955) 

Bockris and Lowe: 	Proc. Roy. Soc., 	226A 	

1:2319f5:37 Bloom, Harrap and Heymann: 	Proc. Roy. Soc. 

Harrap and Heymann: 	Trans. Faraday Soc., 	11. 

Bloom and Heymann: 	Proc. Roy: Soc., 	18SA 	392 

Harrap and Heymann: 	Trans. Faraday Soc., 	11, 
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the effect of decreasing the energy of activation. This 

example demonstrates the care that must be taken in deducing 

the nature of the structural species present in the liquid. 

According to Mackenzie (2)  viscous flow is a passage from 

one equilibrium position to another in the direction of the applied 

stress, a movement requiring the presence of holes in the liquid. 

The total activation energy is regarded as being made up of: 

(1)energy required to establish a suitable configuration, and 

(2)energy required for the moving species to move into a new arrange-

meat. 

i) Density and Molar Volume 

Density measurements an single and mixed pure salts in the 

solid and liquid state, yield information concerning the volume 

increase accompanying melting. Values at different temperatures suggest 

changes in the structural groups present in the melt. The density 73  

of molten salts varies linearly with temperature and is normally 

expressed in the form: 

/Dm a bt, 	(1.18) 

where a and b are constants. Molar volumes Vm, are calculated from 

densities by the equation: 

Vm so 	, 	(1.19) 

where M is the molecular weight of the salt. 

1. Richards: Ph.D. thesis, University of New Zealand, (1956) 

2. Mackenzie: J. Chem. Phys., 28 1037 (1958) 
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For mixtures: 

Vm 	, 	 (1.20) 

where 
	

miNi miN2 
	 (1.21) 

( 0  mean molecular weight) 

and where M1 and N1 are the molecular weight and mole fraction of 

component 1, etc. Generally a linear relationship between molar 

' volume and mole fraction is regarded as representing ideal behaviour(1) * 

Density measurements are rather insensitive to interactions 

within the melt and therefore quantitative information about such 

cannot be deduced. It is worth noting however, that the system 

NaNO-NANO2 exhibits "ideal" behaviour, whereas other systems such as 

CdC12-10C1, PbC12-KC1, 	show positive and PbC12*CdC12, 

BaC12,C4C12, show negative deviations from the ideal value (2 .3) . 

It has been suggested (4)  that in systems containing polarizing 

and polarizable ions,4 change in bond type can occur, depending on the 

nature of the ions in the melt. Klonm( 5) proposed that melts consisting 

of covalent molecules (implying a certain degree of covalent bonding 

between interacting species) would have larger molar volumes than 

purely ionic melts ihere the interionic forces would be stronger. Hence 

an inference can be dkawn(4), for example, in the system CdC12-F41, 

1. See for example: 
(a) Bloom and Heymann: Proc. Roy. Soc. 188A 392 (1947) 
(b) Van Artsdalen and Yaffe: J. Phys. ;hem. 59 118 (1955) 
(c) Boardman, Dorman and Heymann: J. Phys. Chem., 53 375 (1949) 

2. Bloom, Knew, Molloy and Welch: Trans. Faraday Soc., 49 1458 (1953) 

3. Bloom and Bockris: Mod. Aspects of Electrochen„ No.2, ed. Bockrin 
Butterworth Sci. Pubs., (1959) 

4. Richards: Ph.D. thesis, University of New Zealand (1956) 

5: Klemm: Z. anorg. u allgen. Chen., 152 235 (1926) 
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where marked positive deviations from the ideal are observed (1 ), as to 

the more covalent nature of the Melt compared 'to the two pure components. 

3) Compressibility 

The isothermal compressibility of a substance can be derived 

from pressure-volume relationships when the substance is contained in a 

pressure vesse1 (2) . The compressibilities have also been measured at 

high pressures, using shock waves (3) . Bockris and others (4' 6) have 

measured ultrasonic velocities of some molten salts at high temperatures, 

where the adiabatic compressibility (73 ), is given by: 

/73s  17)u2 	(1.22) 

where 7)  , is the density and u the velocity of sound in the system. 

The isothermal compressibility (73 T), is calculated from knowledge of 

the ratio y 	Cp/Cv), by means of the equation: 

(1.23) 

where Cp  and Cv  are the heat capacity at constant pressure and constant 

volume respectively. Values of the compressibilities for various 

melts have been used by Watts and Richards(5)  to obtain an equation 

of state for molten salts. 

1. Boardman, Dorman and Heymann: J. Phys. Chem., 53 375 (1949) 

2. Bridgman: "Physics of High Pressure", Bell & Sons Ltd., (London) 
(1951) 

3. Rice, McQueen and Walsh: "Solid State Physics", Read Press Inc., 
N.Y., (1958) 

4. Bloom and Bockris: J. Phys. Chem., 61 515 (1957) 

5. Bockris a du Richards: Proc. Roy. Soc., 241 44 (1957) 
6. Richards, Branner and Bockris: British J. Appl. Phys., 	387 (1855) 
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k) Surface Tension 

Surface tension values for molten salts are usually obtained 

using the method of maximum bubble pressure( 1). Generally, surface 

tension 11 „ varies with temperature according to the linear 

relationship: 

Xs' a-bt 	 (1.24) 

Where a and b are empirical constants. When relationships for surface 

tensions of ordinary room temperature liquids are applied to molten 

salts, narked inconsistencies are found. 

For tiaMple: 

(i)The Satvos relationship (2) : 

XVm2/3  • K(4-6.•t) 	(1,25) 

Where Vm is the molar volume, K the EBtvos constant and tc the critical 

temperature, has been found to give anomalous values for K. 

(ii)Sugden es parachor (1) (3) , expressed by: 

m k 
P *7).-d 	 (1.26) 

wheref 	is the density of the liquid and d the density of the vapour, 

is temperature dependent for molten salts (46)• 

1. See for example: 	Boardman, Palmer and Heymann: 	Trans. Faraday 
Soc., 	51 	277 	(1955) 

2. Bloom: 	Rev. Pure and Appl. Chem., 	9 	139 	(1959) 

3. Sugden: 	"The Parachor and Valency", Rautledge (London, 1930) 

4. Bloom, Devis and James: 	Trans. Faraday Soc., 	56 1179 (1960) 

5. Peake and Bothwell: 	J. Am. Chem. Soc., 	76 	2653 (1954) 
6. Boardman, Palmer and Heymann; 	Trans. Faraday Soc., 277 	(1955) 
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The thermodynamic treatment of Guggenheim" )  for the surface 

tension of mixtures, has been applied to ionic liquids (20) . Certain 

systems, e.g., NaNO3-KNO3, have been shown(2) to give surface tension 

isotherms very class to the ideal values. Binary systems of PbC 12 

with the alkali chlorides on the other hand give deviations of surface 

tensions from ideality which increase with increasing alkali cation 

radius" ) . 

The surface heat of mixing has been used (4) in discussion of 

interactions in Molten salt mixtures, since the formation of complex 

ions would be expected to contribute to a decrease of the surface heat 

of mixing, as well as to a decrease of heat content on mixing in the 

bulk phase (5).  The surface heat of miming per unit area (60/a), is 

defined as: 

LAP/a as - [EU (49  + 	(g)  a 	1 	N ( a)1 	2 ( a)2 	(1.27) 

.1B 0 if the system is idea/ 

where Reia (*I(-T 4), is the value for the mixture and CRIVa)i is the 
value for the component whose mole fraction is NI, etc. For the system 

PbC12-RbC1, a minimum in the graph of Re/a against composition is 

found and this may be interpreted in terms of complex. formation. 

1. Guggenheim.: "Mixtures', Oxford Univ. Press, N.Y. (1952) 
m. 

2. Board, Palmer and Heymann: Trans. Faraday Soc., 51 277 (1955) 

3. Dahl and Duke: U.S. Atomic Energy COMM., ISO-923 (1958) 

4.. Bloom, Davis and James: Trans. Faraday Soc., 56 1179 (1960) 

5. Bloom and Bockris: "Fused Salts" ed. Sundheim, McGraw Hill Book Co. 
(1964) 
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Surface tension measurements have been further used to 

calculate the energy Eh, required to form holes in molten salts (1) , 

on the basis of the eiluation: 

Eh  ■ 4 iT rh2  ( 	 (1:28) 

where rh is the mean hole radius. 

1) Refractive Index and Molar Refractivity  

This method of investigation has received very little 

attention. The refractive index is found to have an inverse linear 

dependence on temperature for molten salts. Molar refractivity R is 

calculated using the Lorentz-Lorenz equation (2,3): 

n2.1 m 
R 741- /„J 	 (1.29) 

where M and /0 are the molecular '_weight and density respectively. 

For most molten salts, the molar refractivity is independent of 

temperature over small temperature ranges. For mixtures Ft the mean 

molecular weight (see eqn. 1.21) is substituted for M(40) . 

In simple molten salt binary systems, molar refractivity Is 

an additive property (6). Positive deviations from additivity have 

been observed in Such systems as CdCL2-KC1 and PbC1 2-KC1 (7). 

1. Bockris and Richards: Proc. Roy. Soc., 241 44 (1957) 

2. Lorenz: Ann. Physik, 11 70 (1880) 

3. Lorentz: Ann. Physik, 9 641 (1880) 

4. Thurmond: J. Am. Chem. Soc., 75 3928 (1953) 

5. Bloom and Rhodes: J. Phys. Chem., 60 791 (1956) 

6. Bloom and Bockris: Mod. Aspects of Electrochem., No.2, ed. Boekris, 
Butterworth Sci. Pubs. (1959) 

7. Bloom and Peryer: Mast. J. Chem., (1965) 
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nO Thermal Properties  

Measurementa of heat capital*, thermal conductivity and 

heat and entropy of fusion, have received little attention. This work 

La sumnarited by Kelley( 1 ), Gambill (2)  anti Bloom at al. (3)  

n) Thermodynamic Properties 

The following will be discussed in section 1.6: 

(i) Equilibrium distribution of a solute between two immiscible 

solvents. 

(ii) Vapour pressure determinations. 

(11i) Electromotive force measurements. 

o) Pelaroxraphy and Voltammetrv  

The term polarography refers to the measurement of current-

voltage turves with a dropping mercury electrode, while voltsmaetry 

La used to indicate the same measurement utilising a solid micro- 

electrode. Since electron transfer reactions are fast in fused salts, 

mass transfer often is the rate controlling step in an electrode process 

and under these conditions, such techniques give information concerning 

electrOde reactions. Current-potential curves frequently furnish 

information pertaining to the reversibility of an electrode system 

and often elucidate reduction steps, the number of electrons involved 

and the prevalence of diffusive conditions in electrode processes. 

Polarography and,voltammetry have also been used to study complex 

f‘rmation, electrode kinetics and mass transport in molten salts. 

I. 
2. 
3. 

Kelley: 	U.S. Bur. Mines Bull., 	393 	(1936) 
169 	(1959) 
(1965) 

Gambill: 	Chem. Engineering, 	66 	No.25 
Bloom and Dorostkowski: 	Aust. J. Sci.. 
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The use of the dropping mercury electrode has been extended 

from room temperature liquids to low melting systems by Nachtrieb and 

Steinberg 1 , 2), who studied the reduction waves of a number of molten 

ions in molten LiNO3 NH4NO3 * NH4C1.and LiNO3 NaNO3 e- B3MI3  at 

160°C. Apart from dropping mercury electrodes, which have been used 

by gexeral workers (3'),  the only other metal which has bean 

successfully tested has been biemuth (6) . However, technical 

difficnities, resulting from preparation and Chemical Attack, prevent 

this electrode from being used generally. 

For higher operating temperatures, 'solid electrode 

voltammetric techniques are used but these introduce such problems as 

the accurate measurement of the electrode surface'ared (7) . 

Difficulty is also encountered in the establishment of reproducible 

reference electrodes, where the nature of the solvent and the high 

'operating temperatures, cause .complications not encountered In 

aqueous solutions. 'Reference electrodes commonly used are: gas 

electrodes (e.g. Ch1orine (8)• oxygen (9) ), metal ion * metal 

1. Nachtrieb and Steinberg: J. Am. Chem. Soc., ig 2613 (1948) 

2. Steinberg and Nachtrieb: ibid., 11 3558 (1950) 

3. Undies and White; Z. ELektrochem., 22 666 (1955) 

4: Christie and Osteryoung:' J. Am. Chem. Soc., 82 1841 (1960) 

5. Egan: J. Ph. Chem., 65 2222 (1961) 

6. Hens and Egan: J. Electrochem. Soc., 107 824 (1960) 

7. Liu, Johnson and Laitinen: Molten Salt Chem., ed. Blander. 
'Inteiscience (1964) 

8. Wachter and Hildebrand: J. Am. Chem. Soc., 52 4655 (1930) 

9. Karpachev and Poltoratskaya: Th. Fie. Rhin., 9 145 (1931) 
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electrode(1-3), noble metal electrode (4)  and glass membrane e1ectrode (5) . 

Although experimental difficulty in molten salts and the 

lack of information on the solvent systems' have not enhbled precise 

knowledge of the electrode processes, the use of voltammetry has 

provided a convenient means of investigation in the field of electrode 

reactions. 

p) Chronopotentiometry  

Chronopotentiometry involves the measurement of the time 

interval between the onset of constant current electrolysis in an 

unstirred solution and the iipoint at which a state of complete 

concentration polarization is attained. The interval is referred to 

as the transition time and is a function of the concentration of 

the substance electrolysed. 

Laitinen and Ferguson (6)  have demonstrated the applicability 

of chronopotentiometry to fused salts (in .LiC1-1C1 eutectic) using a 

platinum mictoelectrode. They found that metallic impurities in the 

melt resulted in a residual transition time. Similar measurements 

have been conducted by Van Norman (7)  for liquid bismuth pool electrodes 

in contact with a fused LiCls.KC1 eutectic, to study the oxidation of 

1. Laitinen, Liu and Ferguson: Anal. Chem., •30 1266 (1938) 

2. Liu: J. Ph. 9hem., 66 164 (1962) 

3. P fistelli and Montanelli: J. Chem. Ttys„ 22 1781 (1954) 

4. Delimarskii, Panchenko and Shilina: Collect. Czech. Chem. Commun., 
25 3061 (1960) 

5. Delimarskii: Zapiski inst. Khim., Akad. Nauk. Ukr., R.S.R., 
8 23 (1946) 

, 6. Laitinen and Ferguson: Anal. Chem., 29 4 (1957) 

7. Van Norman: Anal. Chem., 33 946 (1961) 
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lithium and sine dissolved in the bismuth. Diffusion cOefficients 

for these Metals in bismuth were calculated and evidence for an 

intermolecular compound between Bi and Li was found. Inman and 

Bockris (1)  have used chronopotentiometry,in the liquid mixture. 

KNO
3-NaNO3 (equimolar) to study complex formation constants 

(using the method Of Defoid ina . Uume(2 )) for various complexes. 

Chronopotentiometry has proved to date to be one Of the 

most accurate and important analytical methods in fused salts, with a 

reported accuracy of 2-4%. 

1. Inman and Bockris: Trans. Faraday Soc., 57 2308 (1961) 

2. Deford and Hume: J. Am. Chem. Soc., 73 5321 (1951) 
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1.5 THE. CONCEPT OF THERMODYNAMIC ACTIVITY 
IN MOLTEN SALTS  

General 

The activity of component A in a mixture is defined by: 

• RT In aA 	(1.30) 

where i4t A° is the chemical potential of A in its pure state snd //2 A is 

the chemical potential in the Mixture. The activity may also be 

expressed as the relative ‘ fugacity, which at low pressures, approximates 

the relative vapour pressure, i.e., 

Am  aA  fA!LA  -At= cAf rA  (1.31) 

where fA and PA are the fugacities and partial pressures of A above 

the mixture and fA° and PA°  refer to the standard state at the same 

temperature.' Thus in the standard state the activity a °  = 1. 

For molten salts the standard state is chosen as the pure 

liquid, i.e., the standard state of component A is that mixture for 

which the mole fraction of A is unity. In thermodynamic considerations 

it is important that no matter what changes component A may undergo 

on mixing with B, e.g., complexing, dissociation, etc. )  tfie value 

of 8A  obtained will always reflect changes in degree of ionization 

or structure of the solvent with reference to the standard state. 
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b) The relationship between activity and composition in 
molten salt mixtures  

By analogy 'with aqueous solutions, where the activity of a 

salt is expressed by its ionic activity product, Temkin" )  assumed 

complete ionisation and derived the expression 

n(NOlm(XOn  (NIP • (NX1)71 	(1.32) 

Where a(momocon  is the activity of the salt (M1)m,(Xl)n  

Oki) 	is the cationic fraCtiOn of H1 

(Nx1 ) 	is the anionic fraction of X1 

Temkin defined the ionic fractions as: 

NM1 nM1RnM1 nit 4' 

a 	12141i 

m nx1/ ( xi alc2  4" 	 nXi) 

 

(1.33) 	* 

" nu/ 2Enx 

where n141  is the number of Hi ions and :E=nmi  is the total number of 

cations, etc. Statistically this means that the cationsA, 142, etc., 

are randomly distributed over the cation positions of a quasiwlattice 

in the mixture regardless of the magnitude of their charge, and 

likewise for the anions. 

Thus for a mixture of MI+  and 14224*, NI+ and NH22+ are given by: 

14141+ 1114141(nM1+ °M2244  
(1.34) 

14122+ m nH2244(nbe + 

and an inalagoUs expression holds for the anions. 

I. Temkin: Acta. rhysiochim. U.R.S.S., 20 411 (1945) 
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Flood et al. (1 9 2) , with reference to mixed ionic crystals, 

regarded the isomorphous substitution of a monovalent ion by a divalent 

ion as requiring the formation of a vacant cation position according 

to the scheme (0+ + 0 * 2M 4 ).A divalent cation is therefore 

regarded as equivalent to an adjacent pair of monovalent cations. 

Hence the cation, fractions become, (c f. eqn. 1.34): 

NM224-  nm22+/(nH22+ hnHif) 
(1.35) 

11/41+ 3/4111e/(n1122+  + 4044+)  

The ionic fraction model proposed by Herasymanko( 3), regards 

the cations and anions to be distributed in the melt regardless of 

the sign or magnitude of their charge. 

Hence: 

nmen nme + 	nu') 	(1.36) 

This situation parallels that of an ionic gas. However, the 

temperatures required for the thermal motion to exceed the electro* 

static binding energy between oppositely charged particles is ao great, 

(e.g., 100,000°C for HAC1) that this model is impractical. 

The implied degree of disorder increases in going from the 

solid solution model for the ionic fractions as proposed by Flood 

et a1. (1 9 2) , to the gas-like model of Herasymenko (3) . It may be 

supposed that the Temkin model gives the truest representation of the 

molten state, lying as it does somewhere between the extremes of the 

. Flood, Ferland and Grjotheim: Inst. Min. Amt. Symp., Molten Slags 
(1953) 

2. Flood, FArland and Grjotheim: Z. anorg. u allgeta. Chem., 276 289 
(1954) 

3. Herasymenko: Trans. Faraday Soc., 94 3243 (1938) 
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other two This is not quite the case however: excluding the 

Herasymenko model for its impractability, the Temkin model generally 

gives the best agreement, especially for binary systems but that of 

Flood et al., is found to be more applicable for reciprocal systems (1) . 

For molten salts, the activity coefficient 	Is defined 

by the expression: 

(1.37) 

where a smixi is the ideal Temkin activity calculated from eqn. 1.32. 

For binary systems the ideal. Temkin activity for component 1 is 

equivalent to the mole fraction of that component, i.e., emix i  Nmixl . 

The ideal Teekin activity in a mixture of 141,11 and M4X2 may be 

explained qualitatively as follows. If the two cations and the two 

anions have the same physical properties,. then the cations can mix 

. randomly in the cation regions of position which are adjacent to the 

anions and vice versa for the anions. The total enthalpy and energy 

of the solution is the same as that of the pure components and the 

heat and energy of mixing are zero. The total entropy of mixing can be 

calculated from the total number of possible equivalent and 

distinguishable configurations. 

Most molten salt systems exhibit non-ideal behaviour, in 

that they show either positive or negative deviations from the ideal 

Temkin activity. This can be interpreted in terms of interactions 

within the melt resulting in non-random mixing of the cations and also 
1, 

of the anions. Interaction effects which would influence the magnitude 

I. See for example - Bloom and Welch: Trans. Faraday Soc., 2 61 
(1961) 
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of the activity are as fol1ows (1) : 

1. Coulomb effects resulting in repulsion between next-nearest 

neighbours. 

2. Polarization effects which would be present because of the 

different sizes and charges of ions of like alga. For example, 

an anion having as nearest neighbours two cations of similar 

size but different charge, will be polarised, owing to the 

resulting coulombic field intensity, in such a way that the 

negative charge on the anion will tend to accumulate near the 

cation of greatest charge density., 

3. Van der Waal's interaction effects. 

4. Ligand field effects which tend to stabilise the pure salts of 

transition metal ions and result in more probable configurations 

of nearameighbour anions. 

3. Packing and steric effects. Highly charged cations will tend 

to have a larger number of anions as nearest neighbours, than 

cations of low charge. Energy changes related to this effect 

will depend on the anion-cation radius ratio. 

1. Blander: Molten Salt Chemistry, ed. Blander, Interscience, (1964) 
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1.6 METHODS OF MEASURING ACTIVITIES IN MOLTEN HALTS 

a) Vapour pressure measurements  

The chemical potential /Gil, of a component 1, in a mixture, 

is related to the fugacity fl, of that component by: 

	

RI In fl 	(1.38) 

For the pure liquid: 

/00  • RT In fe 
	

(1.39) 

and hence (c.f. eqn. 1.30): 

	

• RT in fiffe • RT lu'al 
	(1.40) 

It is assUmecithat except for the formation of associated species or 

compounds in the vapour, the vapour behaves ideally, so that the 

fugacity of a species in the vapour is equal to the partial pressure 

of the species" ) , so that fl em pi, etc. 

Then from 1.40: 

	

AriUl°  RT In pl/plo • RI In al 	(1.41) 

/f a monomeric molecule MI, in the vapour, associates into &mars, 

trimers, etc., then: 

1 	1 

	

M1 "is  ii (M1 )2 "Imai  ri )3 	i(MOi 	(1.42) 

where (141)2  represents the diner, etc. Then the total pressure P, 

assuming the presence of only one component in the.vapour (i.e. Mi, 

( 41)2, etc.);will be given by: 

P (PO' + 0 + 	 01 	(151 )1 

w 2:01 )1  
(1.43) 

1. Blander: Molten Salt Chemistry, ed. Blander, Interscience (1964) 



51. - 

where (p1)1, is the partial pressure of the associated species 

(Mi)i. 

At equilibrium: 

goi4x 1 (vapour) 
	

(1.44) 

and the chemical potential of one mole of component 1 in the vapor= 

IA given by: 

(P1)1 	(P1)2  + 	, ) $/02 /4 1 (vapour) 0 :Ei(poi 	.=>itp1.1 

, 1?..._4014 SXA)* 

••■ 

(1.45) 

  

•Where 	cheMicil potential of the associated species 

(provided the non...ideality of the vapour is due 

to the association only), 

RT In (ry i  

(1)14 	mig the number ofisoles of species i per mole,of/41. 
and 	

(pdi 

Since the system is in equilibrium: • 

1 
b.$402 • 35,)3 Ea 	 etc.  

From 1.45, 1.46: 

Hence: 

Ai (vapour) • 39,0 1.  (1.47) 

(P1)1 //u1-/U1o RT in (p10)1 

. :2  
. (pi )i 

RT ln al 

(1.48) 
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Hence, provided the partial pressure of one species containing only 

component 1 is known, al can be calculated. At low pressures, 

eqn. 1.48 is valid for component 1, independently of all other species 

in the vapour. 

There are three main methods of determining the vapour 

pressure of fused salts: 

1. Measurement of the boiling point of the pure molten single 

component or mixed salts (1 8 2) . This method is applicable for 

vapour pressures > 10'9  atmos. 

2. Transpiration method (3,4) . Here the vapour pressure of the salt 

La determined from the amount of salt vapour condensed from a 

known quantity of saturated carrier gas (10' 9  - 10 '3  atmos). 

3. Effusion method (5-9)  ( 4: 10'9  atmos). 

b) Cryoscopic measurements  

Cryoscopic measurements have been used for determining the 

degree of dissociation in dilute mixtures where the activity 

I. Bloom, Bockris, Richards and Taylor: J. Am. Chem. Soc., 80 2044 
(1958) 

2. Barton and Bloom: J. Phys. Chem., 62 1413 (1956) 

3. Bloom and Welch: J. Phys. Chem., 62 1594 (1958) 

4. S ense and Stone: J. Phi,...  Chem-, 62 1411 (1958) 

5. Langmuir: Phys. Rev., 2 329 (1913) 

6. Knudsen: Ann. Physik., 21 75, 299; 22 179 (1909) 

7. Berkowitz and Chupka: Ann. N.Y. Acad. Sci., 29_ 1073 (1960) 

8. Porter and Schoonmaker: J. Chem. Phys. • 22 1070 (1958) 
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coefficients are unity (1)'. The Claussius-Clapeyron equation can be 

applidd to the equilibrium between the solid phase of component ,1 and a 

dilute solution of component 2, i.e., 

d ln pl/pi° 	Lf 	(1.49) 
• dT 	RT2  

where pi  and pi° are the vapour pressures of component 1 over the 

solution and the pure liquid respectively and L f  is the molar heat of 

fusion at the melting point of component 1. If the molten system 

obeys Raoultb law, then pi/pio • Ni, so that eqn. 1.49 may be 

rewritten as: 

d In N1 = Lf 

dT 
(1.50) 

For most systems; Raoult's law is not appLicable and therefore: 

d In al 4 	(1.51) 
dT 

If ae, the activity of the pure liquid, is unity, then on integration 

one obtains: 

in al  • •Lf LSTf/RT0T1 	(1.52) 

where Ti is the freezing point of the mixture To the freezing point ,  

of the pure.  solvent and 4Tf • Teri . 

In order that the integration is valid, L f  is assumed to be independent 

of temperature and composition and hence eqn. 1.52 can only be 

.applied ta dilute volutions of mutual1y . soluble salts. 

1. See for example: Van Artsdalent J. Phyi. Chem" 60 172 (1956) 
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The activity of a component has also been determined from 

fusion diagrams(1 * 2 ), using the relationship: 

in al 	R ( T 0') 
( 1 	1) 

R  
in( 	. (1.53) 

where al is the activity of the component in the mixture that 

separates on cooling,Alla and 0", represent the heat and temperature 

of fusion of this component in its pure state and ZC p  the difference 

between the molar heat capacities of the component in its solid and 

liquid states. ACp  is assumed to be constant. Rcpt. 1.53 holds only 

in the absence of mixed crystals and chemical compounds separating 

on cooling. A simplified formula can also be used when calorimetric 

data is unavai1ab1e (3) . 

• la al  ...411g&- (1 1 ) • R 	(T 	C5P) 

Generally the calculation of the temperature correction for the 

activity requires knowledge of the partial molar heat of solution 

of component 1, a quantity seldom known. The recalculation at a 

given temperature can be made (3)  by assuming the system to behave as 

a regular solution, i.e., 

	

RT in 	B (1-N1) 2 	(1.55) 
(Ni)  

where B is a constant. From this expression is obtained the equation (4) : 

	

Ti 	T2:T1 
log a l (T2 ) ** 	log a(Tl)  +. T2  log N1 	(1.56) 

• . "sales.4 --d Ste.".erg: Rev. Chem. 1 1/Acad. R.P.R., .3 55 /loco. 

2. Sternberg: ibid., 3 77 (1958) 

3. Rey: Discuss. Faraday Soc., 4 257 (1940 

4. Murgulescu and Sternberg: Discuss. Faraday Soc., 32 107 (1961) 

(1.54) 
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where a l (T1) and a(T1) are the activities at : the absolute temperatures 

T2 and Tl respectively. 

The main merit of this method of investigation, as opposed 

to e.m.f. determinations (see later), is that-the activities in the 

systems, such as binary nitrates, And mixtures of alkali halides 

having a common cation (e.g. KBr and XCl), where formation cells are 

difficult to realike are capable of estimation. 

c) , The equilibrium distribution of a solute. between 
two immiscible solvents 

This method has been used by Heymann et al." ) , but has 

limited applicability to molten salts because the phenomenon of 

immiscibility between molten salts is not common. 

d) Electromotive force measurements ' 

(i) s  Formation cells  

Consider the cell: 

1 

A(1)/AX2(1) + MX(1)/C,X2(g) 

(N1) 	(N2) 

where AX2 is.a divalent metal halide (mole fraction N1) and MX an 

alkali metal halide (mole fraction N2) and.where.the,electrodee A.(1) 

. and X2(g) are reversible to .A 2+  and X-  ions respectively. The 

electrode reactions are: 

, 1; Heymann, Martin and Mulcahy: J. Phys. Chem., 47 473 (1943) 
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A 	A2 	2e  - 
	

at the metal electrode 

X2 + 2e- 	2X- 	at the halogen electrode 

Thus the overall cell reaction is: 

A(I) + X2(g) 	AX2(1) 

i.e. the formation of AX2 frge its elements. 

Let E° be the e.m.f. of the cell when the mole fraction of AX2 

(component 1) is equal to unity (i.e. pure AX2), the metal is in its 

standard state and the pressure of halogen (assumed to behave as a 

perfect gas) is one atmosphere. Let El be the e.m.f. of the cell 

when the mole fraction of AX2 is N1 and the electrodes in their 

standard states as before. For pure AX2 the free energy of formation 

is related to the e.m.f. E° by the equation: 

6.00 a ..eFE0 	(1.57) 

where x is the number of electrons transferred in the formation of 

one male of AX2 and F is the Faraday. 

In a mixture for which the mole fraction of component 1 is N 1 , the free 

energy of formationLG1 is given by: 

AG1 go -2FE1  (1.58) 

Hence from 1.57. 1.58: 

.-217 (E10E°) 6,Gl■ LS,G°  
(1.59) 

where Adi is the partial molar free energy of Mx2. The relationship 

betweeaLS -61 and the activity of AX2 is given by the expression: 

AZil • RT in al/a° 	(1.60) 
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But since the activity in the standard state of component 1 is chosen 

as unity, eqn. 1.60 becomes: 

,6,41 RT in al 	 (1.61) 

and from eqn. 1.59: 

-0(111-E°) = RT in al 

RT El 	E° 7si ln al 
(1.62) 

'Hence the activity of the component with respect to which the electrodes 

are reversible, can be determined by equation 1.62. The activity a2, of 

the second component MX,can be determined by graphical integration 

of the Gibbs-Duhem equation in the form: 

	

log )1/ 2  s 	&i/N2 d log )111 	(1.63) 
0 

where )(1 and X2 are the activity coefficients of AX2 and MX 

respectively. 

The use of this method for the determination of the activities 

of the components in molten salt solutions, is limited according to 

the availability of suitable reversible electrodes. Formation cells 

have been used in the present investigation. 

(11) Concentration cells  

Consider the concentration cell with transference: 

1 	1 	2 
A(1)/AX2(1) IAX2(1) + MX(1)/A(1) 

NI s 1 I 	NI 	N2 

where A, AX2 and MX have the sane significance as before. The e.s.f. 

of this cell, where the mole fraction of component 1 in the right hand 

cell is NI, is given by the expression: 

E" s - AZ ln al • E 	 (1.64) 
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where al is the activity of AK2  in the mixture and 6 is the 

diffusion potential between pure AX2 and the mixture. (Here the 

activity of pure AX2, ao, is assumed to be unity as before.) By 

comparison of 1.64 with 1.62 it can be seen that: 

E" 	(E1-E° ) 
	

(1.65) 

where E" refers to the cell with transport and (E 1-E°) to the cell 

without transport. 

Hence, provided the value of the diffusion potential is 

known, the activity of AX2 can be evaluated. MUrgulescU and 

Sternberg(1 ) have assumed E to be zero and have obtained reasonable 

agreement between the activities calculated from formation and 

concentration cel1s (20)  for systems such as: AgCl-KC1, AgBr-KBr. 

Easteal (4)  has found the diffusion potential to be very significant 

in studies on the binary lead/alkali halides. Therefore, Unless E 
can be determined:accurately, concentration cells do not provide a 

reliable method for the calculation of activities. 

(iii) Oscilloarashic measuzdments  

The thermodynamic activity of the Components cannot be 

determined for mixtures of the alkali halides either by formation or 

concentration cells, owing to the difficulty in obtaining reversible 

alkali metal electrodes. This difficulty can be overcome (1)  by 

1. Murgulescu and Sternberg: .Discuss. Faraday Soc., Aa 107 (1961) 

2. Hurgulescu and Marchidan: Rev. Chem. l'Acad. R.P.R., 2 69 (1958) 

3. Murguleseu and Marchidan: J. Phys. Chem. Russ., 24 2534 (1960) 

4. Easteal: Ph.D . thesis, University of Tasmania (1964) 
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building up formation cells with preliminary electrolysis and 

measuring the back e.m.f. after the current is cut off. Such cells 

have been constructed (1 $ 2)  for the silver halides*, i.e., 

Ag/Ag hal (melt)/C, hal. 	(hal • Cl, Br I.) 

For temperatures between 450-6000C, the back e.m.f., measured by an 

oscillographic method (1)  was found to be independent of the current 

density in the range 6.1-2.0 amps./cm. 2  and practically equal to the 

e.m.f. of the above reversible foymation cell. Murgulescu and 

Sternberg (3)  have suggested this method as a means of measurement 

of activity from normally impractical formation cells. 

* For such a cell the e.m.f. can also be measured in the normal way 
without oscillographic techniques, e.g. Hildebrand Salstrom, etc., 
(see Section 1.8). 

1. Mbrgulescu, Sternberg, Hedintev and MUstetea: Electrochim. Acta., 
8 65 (1963) 

2. Sternberg and Marchidan: Z. Physik. Chem., (Leipzig), 218 250 (1961) 

3. Murgulescu and Sternberg: Discuss. Faraday Soc., 32 107 (1961) 
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1.7 CALCULATION OF THERMODYNAMIC QUANTITIES FROM 
THE E.M.F.'S OF FORMATION CELLS  

Consider the cell: 

1 	2 
A(1)/AX2(1) + MX(1)/C, X2(8) 

NI 	N2 

a) For pure AX2  

The standard free energy of formation .AG° of pure A2C2 is 

given by equation 1.57, i.e., 

LC°  mi -zFB°  cal/mole 	(1.66) 

where F is the Faraday (23,062 cal/volt equivalent), E° the eaa.f. of 

the cell containing pure AX2 and z the number of electrons involved 

in the formation of one mole AX. 

The standard entropy of formation /NS° is given by: 

LS.S° 	FdEo/dt cal/deg/mole 	(1.67) 

where dE°/dt is the rate of change of e.m.f. with temperature of the 

cell containing pure AX2. 

The heat, LSH0, for the reaction, A(I) + X2(g) 	AX2(1), is given by: 

COI°  'a AG0  + T A So 

= zF Cr dE°/dt•E0) cal/mole 	(1.68) 

where T is the absolute temperature. 

b) For AX2 + MX 

(Mole fraction of AX2 is N1  and the mole fraction of ?IX 

is N2). We have: 
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LSG1 = -0M cal/mole 

= zF dE/dt cal/deg/mole 

= 	dE/dt•E) cal/mole 

where E, LG1, S 1  and LH1  have the same significance as before 

but are apprppriate to the mixture and not the pure salt. The 

difference between these thermodynamic quantities (i.e. AZ1- 1Z 0 ) 

represent the change in the property resulting from the transfer of 

one mole of AX2 from the standard state to a solution of concentration 

N1. Thus the partial thermodynamic functions are given by: 

Lsigo 	(E.,E40 ) 

(from 1.62) 	= RT In al cal/male 	(1.72) 

= 	AS0  = a(dE/dt-dEo/dt) 

	

cal/deg/mole 	(1.73) 

1711 all  'Mir a° 	6.4 + T 

	

cal/mole 	(1.74) 

If the components form an ideal solution, then the value for al will 

be the ideal activity, which, in the case of binary systems is res. 

presented by the mole fraction of component I. Thus for binary 

systems, criteria of ideality are: 

Li (ideal) = RT in N1 cal/mole 	(1.75) 

Ail (ideal) = *R in N1 cal/deg/mole 	(1.760 

Lsiil (ideal) = 0 	 (1.77) 

The differences ,  between these values and the calculated quantities 

(1.72-1.74) are called the excess partial thermodynamic quantities. 

The magnitudes of the excess thermodynamic quantities give a measure 
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of the deviations from ideal solution behaviour. Thus: 

Aalig  = Adi- .Aidl (ideal) 

= RT In Y i  

where )( 1  a a1/N1, is the activity coefficient of component 1. 

LS 	6i, (ideal) 

a 2F (dE/dt-dEo/dt) 	R in N1 

(1.78) 

(1.79) 

ARIE . Ail  6.80y 

The integral values of the thermodynamic quantities are estimated by 

graphical integration, by use of the equation( 1 ): 

6,z la (1.-N1) d N1  (1-N1) 

where AZ and 	are any integral and partial thermodynamic 

(1.81) 

function of state. 

The thermodynamic data for the other component MX, in the mixture of 

MX and AX2 may be found from the expression: 

AZ m N1  Ail  + N2Ai2 	(1.82) 

1. Lantratov and Shevlyakova: Zh. Priklad. Khim., 24. 1065 (1961) 
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1.8 REVIEW OF PREVIOUS WORK ON CHEMICAL CELLS 
• 

Most of the earlier work on formation cells was carried out 

by Hildebrand, Salstrom et al. (") , on cells of the type: 

Ag/AgX, MX/X2 (p • 1 atmas) graphite, 

where M + Li, Na, K, Rb. Results were explained in terms of the 

malts acting as regular solutions, where: 

a) The entropy increase is the same as for an ideal solution, i.e., 

Ail, 	-R in Ni, 	2 • -R In N2 ; 

b) The excess partial free energies of the components ( Zal E  and 

zst2E) change with composition in direct proportion to the square 

of the mole fraction of the other component, i.e., 

'  
LA1B  + 	AG2E 	b2N1

2 
 (1.83) 

where bl and b2 are constants. 

It was assumed (7)  that the ions of both the pure components and the 

salt mixtures, arrange themselves in a definite order, reminiscent of 

the crystal lattice. Hildebrand and Ruh1e (1) , in measuring the e.m.f. 

of the cell: 

Pb/PbC12(N1 ) + KC1(N2)/C , C12 

1. Hildebrand and Ruhle: J. Am. Chem. Soc., 49 722 (1927) 

2. Salstrom and Hildebrand: ibid., 52 4641 (1930) 

3. Salstrom and Hildebrand: ibid., 52 4650 (1930) 

4. Wachter and Hildebrand: 	ibid., 52 4655 (1930) 

5. Salstrom: ibid.; 53 1794 (1931);. •53 3385 (1931); 54 2653, 
4252, 4257 (1932); 55 1029 (1933); 55 2426 (1935); 
56 1272 (1934) 

6. Salstrom, Kew and Powell: ibid., 58 1848 (1936) 

7: Hildebrand and Salstrom: ibid., 54 4257 (1932) 
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with a chlorine electrode prepared by polarisation, found that the 

activity of lead chloride exhibited negative deviations from ideal 

values and postulated the existence of complex ions, Pb,2C15, 

PbC142" and PbC164". The e.m.f. of the cell: 

Pb/PbC12 + PbBr2/C, Br2 

was measured by Hildebrand and Salstrom, with a bromine electrode 

made by ".passing bromine over a graphite rod. A negati:ve excess 

partial free energy for PbBr2  was observed. 

Voskresenskaia (2)  has expressed the view that two salts 

forming a continuous series of solid solutions yield melts which are 

closest to ideal solutions. This is in contrast to the- deductions of 

Salstrom(3),who found a positive partial excess free energy of AgBr 

in the system AgBr-NaBr, although the components formed a continuous 

series of solid solutions. This phenomenon has alsobemobserved in 

the systems AgBr-LiBr (4) , AgCl-LiC1 (5) , MgC12-LiC1( 6) somd 

PbBre2aBr2 (7) . The excess negative partial free energy of PbBr2 in 

the system PbBr2-PbC12 , may be explained by postulating a reaction 

involving the exchange of anions between PbC12 and PbBr2 and the 

subsequent formatida of PbBrC1 (8). 

1. Salstrom and Hildebrand: J. Am. Chem. Soc., 52 4641 (1930) 

2. Voskresenskaia: Isv. Sektora. Fiz-Khim. analiza,Aivad.Nauk., 
S,S.S.R., 23 155 (1953) 

3. Salstrom: J. Ant. Chen. Soc., 53 1794 (1931) 

4. Salstrom and Hildebrand: J. Am. Chem. Soc., 52 4650 (1930) 
5. Salstrom, Kew and Powell: ibid., 58 1848 (1936) 
6. Narkov, Delimarskii and Panchenko: Zh. Fig. Khim", 29 51 (1955) 

7. Salstrom: J. Am. Chem. Soc., 55 1029 (1933) 

8. Delimarskii and Narkov: Electrechem. of Fused Sales Sigma Press 
(1961) 
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Bloom and Richards (1)  have investigated the activities of 

lead and cadmium chlorides in mixtures with sodium and potassium 

chlorides, using combinations of two types of cells: 

a) concentration cells with liquid junctions of the type: 
1 

A(1)/AC12(1) + MC1(1) : AC12(1)/A(1) 

gas cells with liquid junctions of the type: 

A(1)/AC12(1) 	AC12(1) + MC1(1)/C, C12 

where A refers to Cd2+ or Pb2+  and M to Nil+ or K. When connected 

back to back, these cells are together equivalent to the formation cell: 

A(1)/AC12(1) + MCI(1)/C, C12 

Although information regarding the diffusion potential at the liquid 

junction can be obtained, this does not result in a satisfactory method 

for the measurement of activities compared to direct e.m.f. 

measurements on formation cells, as two sets of measurements must be 

carried out; this involves two sources of error. 

Lantratov and Shevlyakova (2,3)  have calculated thermo-

dynamic quantities from the e.m.f's of formation cells, for molten 

salt system involving measurements of lead and cadmium halides with 

sodium and potassium halides, but the information derived regarding the 

nature of the melt is sparse. Other Russian workers(4) have calculated 

thermodynamic data for PbC12, CdC12 and ZnC12 in their solutions with 

the chlorides of K, Na, Li and Ba. Deviations from ideal solution 

1. Bloom and Richards: To be published: Richards: Ph.D. thesis, 
University of New Zealand (1956) 

• 523 (1959); 
• 95 (1961) 

1065, 2570 (1961) 
Inst. in M.I. 

2. Lantratov and Shevlyakova: Russ. J. Inorg. Chem., 

3. Lantratov and Shsvlyakova: Zh. Priklad. Khim., _IA 
4Alab shay and Lantratov: Trudy Leningrad Politekh. 

Kalinina Elektromet. Tsvetnykh Metal, 93 (1957) 
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behaviour are found to increase with decreasing radius of the divalent 

metal ion. These workers state that this behaviour is related to the 

increase in the stability of the complex ions present in these melts. 

Recently e.m.f. measurements have been conducted on three 

component systems. The association constants, Kl and K2, for the 

formation of lobBi*  and PbBr2, were evaluated from the data from molten 

mixtures of NaNO3 and KNO3 (1) . For equimolar mixtures of N103 and 

KNO3 at 2400C the constants KI and K2 were found to be .250 and 125 

(in mole fraction units). Variation of the composition of the solvent 

changed the value of the association constants in such a way as to 

indicate an increasing strength of bonding as the proportion of 1(1403 

increased = an effect similar to that in the system 

A8NO3 » NeBr » NaNO3 (2) . 

Delimarskii and Roms (3) , in investigating the ternary 

eutectic PhC1 2  » KC1 • Ned, found the e.e.f. of the cells: 

Pb/48 : 36 : 16 mole 7. PbC12 - KC1 » NaCl/C, C1 2  

to be not linearly dependent on the temperature » an effect in 

contrast to the behaviour of normal binary molten salt mixtures. 

Further e.m.f. measurements of three component systems have been 

completed(4,5), but to date, little structural information has been 

deduced from such investigations. 

1. Manning, Blander and Braunstein: J. 'Borg. Chem., 2 345 (1963) 
2. Manning, Bansal, Braunstein and Blander: J. Ant. Chem. Soc., 84 2028 

(1964 
3: Delimarskii andRAMO: Ukr. Khim. Zh., 29 781 (1963) 

4. Storonkin Shul tts and Bushueva: Fie. Klan. Rasplavlen. Solei 
Sh1;kov. Acad. Nauk. S.S.S.R. Ural e sk. Filial. Inst. 
Elektrolehim Tr. Vses Soveshch Sverdlovsk 177 (1960 

5. Bushueva and Shul'ts: Vestn. Leningr. Univ. 18 Ser. Fie. i Khim. 160 (1963) 
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The only application of formation cells to reciprocal salt 

systems has been carried out, by Bloom and Welch (1) , in order to. 

calculate the activity of PbBr2 in the systems PbBr2-NaC1 and 

PbC12-NaBr. The cells used were: 

Pb/PbBr2 NaCl/C, Br2 

• 	 N1 	(1-N1) 

Ph/PbC12 - NaBr/C;Hr2 

(1-N1) 

Concentration cells of the type: 

1 KNO3 
Ag 	AgNO3 Ag 

`15"u3  KM 

have been used by Blander et al. ( 
2-4) 

for calculation of the activity 

of AgNO3 and comparison of the values obtained thereby with those 

predicted on the basis of the quasi-lattice model for reciprocal 

molten salt systems( 4) . 

Although this is by no means a complete tummary of work done 

using fused salt formation cells, it is indicative of the use to which 

these cells have been put. Apart from the initial work done by 

Hildebrand and Salstrom it is not until recently that this method has 

been more extensively used in calculatingthermodynamic properties of 

molten salt systems. 

1. Bloom and Welch: 	Trans. Faraday Soc., 59 410 (1963) 

2. Braunstein and Blander: 	J. Phys. Chem., 64 10 (1960) 

3. Hill and Blander: 	J. Phys. Chem., 	65 1866 (1961) 

4. Blander: J. Phys. Chem., 63 1262 (1959) 
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1.9 OBJECTS OF THE PRESENT INVESTIGATION 

Measurements of the electromotive force of formation cells 

have lead to conflicting results for not only the absolute values of 

the e.m.f. and thermodynamic quantities but also in the interpretation 

of these results in terms of interactions within the melt. In this 

investigation it was hoped to clarify and at the same time provide 

information regarding the nature of the species in various molten salt 

systems. This work has been divided into three parts - the formation 

cells employed contained three different classes of molten salt 

electrolytes: 

a) binary (AX2 + MX) 

b) three component (AX2 + MX + M sX) 

c) reciprocal (AX2 + MY) 

For the binary systems it was intended to show the influence 

of alkali metal ions M+, on the stability of complex ions in the 

molten mixtures AX2 +MX and also to derive the activity of AX2 

theoretically. 

In the three component systems it was hoped to find a 

relationship between the ratio of two different alkali metal ions 

.. 
and the departures from ideal solution behaviour of the activity 

4 

of AX 2 within these molten systems. 

The reciprocal molten salt systems were investigated with 

the idea of comparing existing activity models with the experimental 
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activities of the components. It was intended to either substantiate 

or modify at least one of these models to explain the experimental 

results, or, in the event of no existing model being applicable to 

the systems investigated, to propose a new theory. 

The following systems were investigated: 

a) (i) PbBr2 KBr 

(ii) PbBr2 RbBr 

(iii) PbBr2 	CsBr 

using the cell: 

Pb(1)/PbBr2(1) + MBr(1)/C, Sr2(g) 

b) 	(i) PbC12 • CSC1 

(ii) (x PbC12 + x CsC1) 	(1•2x) LiC1 

(iii) (x PbC12 + x CsC1) 	(1-2x) NaCl 

(iv) (x PbC12 + x - CaC1) ...m■ (1-2x) KC1 

(v) (x PbC12 + x Cad) 	(1.4x) RbC1 

(vi) (2x PbC12 + x CsC1) 	(1..3x) Lid1 

(vii) (2x PbC12 x C8C1) • 	(1..3x) NaC1 

(viii) (2x PbC12 + x Cad) Aum■ (1.3x) KC1 

(ix) (2x PbC12 + x Cad) • 	(1.63x) RbC1 

using the cell: 

Pb(1)/PbC12(1) + CsC1(1) + MCI(l)IC, C12(g) 

c) 	Car2 + NaC1 

(ii) CdC12 + NaBr 

using the cells: 

Cd . 812(1)/C4Br2(1) + NaC1(1)/C, Br(g) 

and Cd . Sn(1)/CdC12 (1) + NaBr(1)/C, Br2(g) 
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CHAPTER 2 

EXPERIMENTAL 
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2.1 APPARATUS  

a) Furnace 

The block of the electric resistance furnace consisted of a 

stainless steel tube 2" in external diameter, 1/16" in thickness and 

174" in length. It was wound with a coil of 19 B and S gauge Kanthal 

A.B. wire, of total resistance 39.0 ohms. The windings were 

insulated from the metal tube by 1/32" thick mica sheeting and were 

held in place by a 1/4" coating of high alumina content ceramic cement. 

The furnace frame was constructed from 1" x 1" x 1/8" angle iron with 

overall dimensions 13" x 13" x 17". Around this was a case made 

from 3/8" "Sindanyo" asbestos sheeting. The case was packed with 

asbestos wool lagging. Four angle iron supports held the furance 

in a vertical position 34" above bench level. The stainless steel 

tube was supported within the furnace by the "Sindanyo" ends. A 

3/8" thick "Sindanyo" plate, 1 13/16" in diameter and 84" from the bottom 

of the furnace, served to support the cell and to hold the indicator 

thermocouple (see Section 2.1b) in position. The plate was attached to 

the end of a 3/16" diameter stainless steel rod which passed through a 

3/16" hole in the "Sindanyo" base of the furnace. It is evident that 

convection currents did not exist and hence a steady temperature was 

able to be maintained. 
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b) Temperature control and measurement  

Power to the furnace was supplied from the 240 volt mains via 

an Ether Ltd. "Transitrol" (type 990) indicating temperature-controller 

and a "Variac" variable transformer. In practice the "Transitrol" 

served only as a temperature indicator because the best control 

offered by this was only about t 2°C. The temperature sensing element 

was a chromel-alumal thermocouple, sited beside the base of the cell. 

For the precise temperature control required in the experimental 

measurements, the "Variac" was adjusted so that the rate of heating of 

the furnace at the required temperature, was balanced by the rate of 

loss of heat by radiation. The temperature could be controlled in 

this manner to within ± 0.20C over a period of about one how. 

The furnace temperature was measured by means of a chromal-

alumel thermocouple sheathed by a siiica tube, the hot junction being 

immersed in the melt. The therm° electric force was measured with a 

"Tinsley" (type 3184 D) portable potentiometer. The thermocouple was 

calibrated at the following thermometric fixed points: 

M.Pt. RC1 (A.R.) 

F.Pt. Zn (As Free) 

F.Pt. Pb (A.R.) 

F.Pt. Ag (electrolytically pure) 

F.Pt. Cd (99.9957. pure) 

770.4°C 

419.50C 

327.5°C 

960.5°C 

320.9°C 
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c) Formation (or chemical) cells  

The cell is a slightly modified version of that used by 

Richards (1)•  All components were made from transparent silica 

supplied by Thermal Syndicate Ltd. Unless otherwise stated all silica 

tubing had wall thickness between 1132" and 1/16". 

The outer portion of the cell (see fig. 2.1) consisted of 

* 13/8" external diameter silica tube, sealed at one end and 12" long. 

lt" from the top was a side arm, lh" long and 15132" external diameter. 

Since the upper end of this tube MIS above the furnace, the temperature 

was low enough to allow a rubber bung to be used to position the 

other components within this casing. The bung had to be replaced 

from time teetime owing to halogen attack. 

The 15" long reference half-cell was constructed from 

silica tubing, h" in external diameter. A sintered silica disc, 

produced by Thermal Syndicate Ltd., of 3/8"- 7116" diameter and of 

known porosity (see Section 2.4C), was sealed into the tube 	from 

the base *  care being taken in the sealing to ensure that the central 

portions of the disc were not fused. Electrical contact with the pool 

of molten metal in the base of this half-cell was effected by a 

sheathed tungsten wire. SiliCe capillary tubing, approximately 18" 

long and e in external diameter, was collapsed (by heating under 

vacuum) onto the wire, leaving about 31/2" of unsheathed tungsten wire 

at the top end. Within the sealed portion, the tube was cut at right 

angles to a length of 16" and ground as illustrated in fig. 2.2, to 

1. Richards: Ph.D. thesis, University of New Zealand (1956) 
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• Sintered disc 

Tungsten wire to potentiometer 

Molten natal 

Molten salt mixture 

Thermocouple and sheath 

T I 	Thermocouple leads to potentiometer 



	 X2 
r=:=.• 

HALOGEN  
ELEC TRODE 

MOLTEN METAL 
ELECTRODE 

 

, 

FIG. 2.1 

 

DIAGRAMMATIC REPRESENTATION 
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expose approximately 3/16" of tungsten wire. This was found to give 

the most satisfactory electrode, for other methods failed to produce 

effective seals and offered little structural protection to the 

tungsten wire. A copper wire clamped to the upper end of the tungsten 

wire made contact with the potentiometer. 

The sheath for the carbon rod (see fig. 2.1) was made by 

joining a silica tube of 7/16" external diameter and 8" in length, 

to another piece of silica of 11/...11 Jh external diameter and A" in 

length. The free end of the larger tube was sealed and two holes, 

approximately 1/8" in diameter, were blown in either side, 3/4" from 

the base of the tube, to allow escape of bromine and chlorine. The 

larger diameter portion of the sheath accommodated the slight 

swelling of the carbon rods in experiments with the cadmium systems. 

An adaptor, 11/32I 

admission of halogen, was attached to the top of the sheath by a short 

lengthcf rubber tubing. Halogen gas was admitted half-way down this 

via a side arm, h" external diameter and 2" long. 

Electrical contact between the carbon rod and the 

potentiometer was provided by the following arrangement: A threaded 

platinum rod ( 1/8" Whitworth) h" long, welded onto the end of a length 

of platinum wire was screwed into a pretapped hole in one ea of a 

carbon rod. his wire was sealed into a ,piece of pyrex tubing, 

h" in external diameter and 33/4" in length and the latter was 

positioned vertically in the side arm adaptor as shown in fig. 2.1. 

A short piece of rubber tubing at the top of the adaptor provided a 

seal to prevent the escape of halogen gas. A copper wire made contact 

in external diameter and 21/4" in length, for the 
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between the platinum wire and the potentiometer as before*. 

Contained in the cell, in addition to the reference half-cell 

and the halogen electrode, were a thermocouple sheath of k" external 

diameter and 13" long and an inlet tube, which allowed dry 

hydrogen halide to be passed in order to remove "oxy" compounds from 

the melt; the inlet tube had an external diameter of 3/16" and a 

length of 14". 

The silica used in construction of the cell was found to 

be resistant to attack by most salts. Only.in the systems involving 

LiC1 and NaC1 was there any appreciable corrosion. In measurements 

involving lithium chloride, certain components of the cell 

(especially the reference half-cell) had to be replaced after each 

run. As a result of salt attack, the silica walls became considerably 

corroded and often resistant surface coatings were formed. Replacement 

was necessary for structural reasons and also to prevent 

contamination of successive mixtures. 

d) Gas flow apparatus  

The function of the gas flow apparatus (see fig. 2.3) was 

to ensure a constant flow of ,dry halogen gas at a known pressure. 

Chlorine or bromine was admitted to the cell via a 

concentrated sulphuric acid gas washing bottle (to indicate flow rate) 

and a U-tube, Al, packed with "anhydrone" drying agent and glass wool, 

"Suck-back" of the sulphuric acid to the halogen supply was prevented 

by the trap T1, and splashing of acid into the pahhydrone" tube WAS 

* As both the W - Cu and Pt - Cu junctions were at room temperature, 
no thermo-e.m.f. due to these was introduced 
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eliminated by the splash bulb, T2. The gas pressure was measured by 

a sulphuric acid manometer. As the levels in the two arms were 

equalised during measurements, knowledge of the acid density was 

unnecessary. Halogen from the ccell first entered a glass wool 

trap, T3, to collect the small amounts of salts volatilised from the 

melt and was finally absorbed in caustic soda solution. Halogen in 

excess of that absorbed was washed away via a water vacuum pump. 

A secnnd"anhydrone" trap, A2, prevented back diffusion of water vapour 

into the cell. Pyrex tubes fitted with "Ball and Socket" ground 

glass joints and connected to the gas flow system, conveyed halogen 

gas to and from the cell. Coupling to the cell was made with short 

lengths (approximately 1") of Teflon tubing. The joints and Teflon 

couplers allowed a certain degree of flexibility in the apparatus. 

When the cell was not in operation taps 611 and W2 were 

closed, tap W3  opened and dry, deoxygenated argon continually 

circulated through the gas flow apparatus. Although the argon used 

was specified as oxygen free, traces of oxygen were removed by passing 

the gas over a tightly wound roll of copper gauze, heated to 600°C 

by a small furnace. The oxide produced was reduced from time to time 

by the passage of hydrogen over the heated gauze. 

All joints and taps were lubricated with silicone grease. 

Although attack by chlorine and bromine took place, this was 

relatively slow and surfaces required cleaning and regressing after 

four or five experimental runs. 
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2.2 SOURCE OF CHLORINE AND BROMINE 

Chlorine was supplied to the gas flow apparatus directly 

from a cylinder (see Section 1.5g)1 .  

Bromine was obtained in the same manner as by Welch" ) . 

The apparatus (see fig. 2.4) consisted of a sealed pyrex tube 1/32" 

thick, lb"  external diameter and 12" long, fitted with a ground glass 

cone at its extremity. On this cone was seated a ground glass socket, 

supporting a 7/8" ,iexternal diameter pyrex tube, at the end of which a 

coarse sintered pyrex disc was fused. The two three-way taps allowed 

deoxygenated argon, either to be passed into the bromine, or to by-pass 

the transpirer for flushing purposes. The depth of bromine was 

usually about 8" to enable the carrier gas to become saturated with the 

halogen. Joints and taps were lubricated with silicone grease. The 

transpirer was connected to the gas flow system by means of pyrex 

tubing and ball and socket ground glass joints. It was kept at a 

constant temperature (about 150C) by immersion in a water bath. 

The lower the partial pressure of bromine, the smaller will 

be the measured e.m.f. and hence the larger the percentage error in 

the measured value. For greatest accuracy it was therefore desirable 

to have as great a partial pressure of bromine as possible. 

1. Welch: Ph.D. thesis, University of New Zealand (1960) 
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2.3 ERPERI14ENIAL PROCEDURE 

Salt mixture which would melt to about 40 mls., was placed 

in the outer container of the cell, care being taken to expose the 

salt to the atmosphere for the minimum possible time. The various 

cell components were positioned within the rubber bung, the carbon rod 

adjusted within the silica sheath and the assembly lowered into the 

outer cell casing. When the salt had melted, the correct weight of 

metal (to give a volume of 0.5 mls.) was added to the reference half-

cell, followed by sufficient salt mixture to give a head 40 greater 

than 0.5-0.7 cms. above the surrounding melt level, after all the 

cell components, including the sheathed tungsten wire, had been 

firmly fixed. Thus, any diffusion was mostly in the direction of the 

bulk electrolyte. During this assembly process, , call components 

were heated to 130-1500C before coming in contact with any of the 

mixtures in order to ensure the absence of water. 

If the melted salt had solid oxy-halide in suspension, 

dry hydrogen chloride or hydrogen bromide as appropriate, was 

bubbled through the melt until the melt had cleared. 

The hydrogen chloride or bromide tube was then closed to 

the atmosphere and the cell connected to the gas flow equipment. With 

a relatively fast initial halide flow rate (approximately 250 bubbles 

per minute), the furnace was allowed to reach the lowest temperature 

for the run. When the cell had attained thermal equilibrium, the gas 

flow rate was decreased to 60.-70 bubbles per minute and the gas 
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pressure within the cell reduded to atmospheric by the bleeder tap (1145 

in fig. 2.3). The e.m.f. was recorded when constant to within t 0.1 

millivolts for approximately 4 minutes. Initially a period of about 

1 hour (greater for the bromide electrode) elapsed between attainment 

of thermal equilibrium and stability of the e.m.f. For subsequent 

readings, the delay was usually of the order of 5 minutes. This 

delay was probably due to the period required for the melt to become 

saturated with halogen gas. 

The furnace temperature was raised in a series of steps 

(approximately 200C increments) and when the cell had reached 

equilibrium at each temperature the e.m.f. was noted. The prevailing 

atmospheric pressure was recorded from a Fortin barometer at each 

equilibrium position for the chloride systems. For the bromide 

systems, the temperature of the water bath was recorded, or, on a few 

occasions, the room temperature, when this was lower than the 

temperature of the water bath. 

In this manner the cell e.m.f l a were determined from 

30-50°C above the melting points of the mixtures, over a temperature 

range of 150-200°C. For each reading taken, the internal resistance 

of the cell was also measured. If the resistance of the cell showed 

unexpected changes during any series of measurements, the run was 

repeated. Electromotive force readings were also recorded at 

decreasing temperatures. Such measurements showed a slight 

divergence (about 3 milivolts) from the measurements recorded at 

increasing temperature and these were attributed to slight composition 
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Changes with time (e.g. volatilization of the more volatile component). 

Consequently e.m.f. measurements at increasing temperatures only, 

were recorded. 

After the completion of measurements, the halogen gas was 

flushed from the cell by the passage of argon and the salt poured out. 

Samples from the bulk electrolyte and reference half.;cell were kept 

for analysis. Between runs, the carbon rods were heated to a bright 

orange in an oxrcoal gas flame to volatilise all absorbed salt and 

then subjected to the treatment outlined in Section 1.4b. The carbon 

rods for a particular system were used in successive runs, until 

thinned by oxidation accompanying the heat treatment. 
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2.4 STANDARDIZATION OF APPARATUS  

a) Determination of the carbon-tungsten therm° e.m.f.  

The therm° e.m.f. of the carbon-tungsten couple contributes 

to the total e.m.i. of the formation cell and must, therefore, be 

evaluated in order that the electromotive force, due to the cell 

reaction alone, can be determined. 

A carbon rod and sheathed tungsten wire were positioned in 

the outer tube of the cell, in the same relative positions as in an 

experimental run. Contact between the two was made by a platinum wire, 

welded to the end of the tungsten wire and attached to the base of the 

carbon rod. This eliminated the electrode potentials encountered 

experimentally, in the systems studied. It was assumed that if the hot 

junction was at a certain temperature, the temperature gradients in the 

tungsten and the carbon would be the same in every cell. 

The thermo em. f. was measured over a temperature range of 

450-8000C. Results are tabulated in table 2.1 and a plot of the 

e.m.f. of the carbon tungsten couple vs. temperature is shown in 

fig. 2.5. The carbon lead of the couple is negative whereas in the 

formation cell the carbon electrode is the anode. Since the thermo 

e.m.f. operates in the opposite direction to the cell e.m.f., the 

correction must be added to the measured cell e.m.f. 



FIG. 2-5 
E.M.F. vs TEMPERATURE PLOT FOR THE  

TUNGSTEN-CARBON COUPLE  

700 800 600 
TEMPERATURE ( °C)  
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TABLE 2.1  

Thermo e.m.f. of the carbon-tungsten couple 
as a function of temperature 

temperature 
(ac) 

C-W e.m.f. 
(n.v.) 

temperature 
(0C) 

C-W 
(n.v:) 

436.2 0.967 638.5 4.607 

489.9 1.843 662.2 5.123 

511.0 2.188 699.9 5.853 

529.0 2.514 714.8 6.201 

547.0 2.940 737.0 6.653 

562.4 3.220 757.8 7.192 

576.6 3.521 774.5' 7.580 

594.2 3.706 787.6 8.010 

607.4 4.078 802.6 8.347 

621.4 4.358 

b) Choice and treatment of carbon rods  

For all the lead systems, spectrographically pure soft 

graphite rods, 30 cms. long and 6.5 mms. in diameter were used. These 

were supplied by Johnson, HAtthey Co. Ltd. For the cadmium reciprocal 

systems, this form of carbon was found to be less successful because 

of the tendency of the rods to swell. Harder rods from the same source 

were substituted as these were much more resistant to swelling. The 

disadvantage with these rods, compared to the rods used in the lead 

systems, was a slight increase in the time required for the halogen 

electrode to attain equilibrium. 
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To decrease the time required for the halogen electrode to 

reach equilibrium, the carbon rods for all the cells were presaturated 

with halogen gas. After salt had been volatilised from the carbon 

(see Section 1.3) they were placed in the tube shown in fig. 2.6a and 

connected to the gas flow apparatus. Chlorine or bromine gas, depending 

on the system, was passed through the tube for l hours at about 

600°C and then the tube WAS cooled to room temperature While 

continuing the passage of gas. The rods were then stored in a 

desiccator (see fig. 2.6b). 

c) The internal resistance of the cell and the  
choice of silica discs  

The function of the disc in the formation cell was merely 

to provide a means of separating the halogen gas from the metal 

electrode, but in so doing it was necessary that it did not influence 

the e.m.f. of the cell. 

In order to keep atmospheric oxygen and moisture from the 

reference half-cell, the upper portion was sealed with a small rubber 

bung (see fig. 2.1). With increasing temperature however, the pressure 

of the enclosed gas above the melt in this half-cell, was sufficient to 

force salt into the bulk electrolyte via the disc. This was the case 

with coarse (porosity 1) discs. On such occasions, the volume of melt 

in the reference half-cell was reduced to approximately 1 mi. and was 

thereby subjected to relatively large composition changes. This 

condition was remedied by the use of very fine (porosity 4) discs, but 
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these produced a relatively high internal cell resistance (approximately 

10,000 ohms), which lowered the sensitivity of the galvanometer and led 

to errors in the measured e.m.f. A further disadvantage of the 

porosity 4 disc was an increase in the cell resistance with time, 

possibly due to trapped air within the pores of the disc reacting with 

the electrolyte to form insbluble oxy*halide compounds which bloated 

the disc. It was found, however, that silica discs of porosity 2 or 

3 were the best to overcome both high cell resistance and loss of 

electrolyte. These discs gave a cell resistance of approximately 

30-50 ohms. 

d) Reversibility of the chlorine and bromine electrodes  

Earlier investigators, (see for example Salstramand 

Hildebrand(1) , and Welch (2) ) using a cell similar to that employed in 

this work, have shown that a pure graphite electrode allows the 

following thermodynamic reaction to take place reversibly: 

1/2X2 + e 	X' 	(Idhere X is CI or Br) 

This was established by plotting log P • -Br2 against the observed (soma. 

According to the Nernst equation which may be written as: 

Eobs. " E°PbBr2 + RT/ZF In Pisr2 	(2.1) 

such a plot should produce a straight line. For this work the e.m.f. 

of the cell: 

Pb(1)/PbBr2(1)/C, Br2(g) 

• 1. Salstrom and Hildebrand: J. AIL Chem. Soc., 52 4641 (1930) 

2. Welch: Ph.D. thesis, University of New Zealand (1960) 
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was measured at constant temperature (50300 as the partial pressure 

of bromine was varied between 40 and 120 mms. Hg. The plot of 

log. PBr2  vs. e.m.f. yielded a straight line, which verified the 

reversibility of the bromine electrode. Experimental points showed 

a deviation from the straight line of no greater than * 0.03%. 
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2.5 MATERIALS USED IN THE EXPERIMENTS  

Throughout the text, the names of the various chemical 

manufacturers will be abbreviated as follows: 

Hopkin and Williams Ltd. 

British Drug Houses Ltd. 

May and Baker Ltd. 

L. Light and Co. Ltd. 

New Metals and Chemicals Ltd. 

By-produtte and Chemicals Pty. Ltd. 

Ajax Chemical Pty. Ltd. 

Imperial Chemical Industries of 
Australia and New Zealand Ltd. 

H. & W. 

.B.D.H. 

M. & B. 

LIGHT 

N.M. & C. 

B.P. 6 C. 

AJAX 

a) Alkali halides  

The alkali halides were of the highest quality available 

and were used without further purification. Following is a'list of 

the alkali halides used together with the manufacturer and the purity 

of the chemical: 

RbC1 : N.M. & C., greater than 99.7% pure 

: LIGHT, not less than 99.9% pure 

CsC1 : N.M. & C., greater than 99.5% pure 

•I : LIGHT, not less than 99.9% pure 

KC1 : B.P. & C., "Univar" grade, not less than 99.87. pure 

NaC1 : B.P. & C., "Waver" grade, not less than 99.97. pure 

LiC1 : B.D.H., "Laboratory reagent" grade, not lees than 
98.5% pure 

CsBr : N.M. & C., "pure" 

RbC1 : N.M. & C., 99.7% pure 

KBr : 14. & B., "analar" grade 
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b) Lead chloride  

(i) The method of Bloom and Heymann (1 ): 

Lead chloride was precipitated from an aqueous solution of M. & B., 

"analar" grade lead nitrate, with a slight excess of AJAX "analar" 

grade hydrochloric acid. The precipitate was washed with distilled 

.water and evaporated to dryness in the presence of cone.HC1. The 

solid was than rewashed thoroughly with cold water, recrystalised from 

hot water and dried at 120°C. 

(ii) B.D.H. "Laboratory reagent" grade lead chloride, of not less 

than 99% purity, was recrystalised from boiling water. 

Analysis of the lead chloride prepared by both methods gave 

an assay of 99.97.. 

c) Lead bromide  

An analagous procedure to 1.5(b)(i) for lead chloride, WAS 

used with M. & B. "analar" grade hydrobromic acid. Here the 

precipitated bromide MSS not evaporated with excess HB as this process 

tended to decompose the salt. The analysis of PbBr2 corresponded 

to a purity of 99.8%. 

d) Cadmium chloride  

Cadmium chloride was prepared by direct eaddriation of molten 

cadmium and chlorine gee, using the 'method described by Barton et al. 0  

1. Bloom and Heymann: Proc. Roy. Soc., A188 392 (1947) 

2: Barton, Bloom and Richards: Chemistry and Industry 439 (1956) 
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Cadmium metal was supplied by the Electrolytic Zinc Company, Taimania, 

and was specified as 99.995% pure. 

It was imperative that air was excluded at all times in 

the procedure to prevent the formation of oxy-chlorides. This was 
free 

ensured by a constant flow of oxygen/gas through the apparatus. When 

all the cadmium metal and cadmium subschloride had been converted to 

CdC12, the melt was poured out into preheated silica basins and 

immediately stored in an evacuated desiccator to lessen the time of 

exposure to the atmosphere. It was found that a better quality 

cadmium chloride was produced, if, after the cadmium had melted and 

the exothermic reaction between metal and chlorine started, only 

slight external heat was applied. Continued vigorous heating, apart 

from decreasing the rate of reaction, tended to produce relatively 

large quantities of oxy-chlorides. Analysis of samples of CdC12 taken 

from each batch, gave a range in purity of not less than 99.3-99.8% 

CdC12. 

e) Cadmium bromide  

Cadmium bromide was prepared by direct combination of molten 

cadmium metal and bromine as above. Here however, the halogen gas 

was transferred to the reaction flask by transpiring heated liquid 

bromine with deoxygenated argon. Analysis of samples of cadmium 

bromide taken from each batch, gave a range in purity of not less than 

99.449.7% CdEr2. 
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f) Bromine  

Distillation of the "analar" grade bromine supplied by M. & B. 

was the only purification carried out. The specified purity was not 

less than 99.5% w/w and the MEd= impurity (chlorine) was present 

to the extent of not more than 0.057 w/w. 

8) Chlorine  

This was supplied by I.C.I. and was not further purified 

before use. 

h) Lead metal  

Both H. 6CW. and B.D.R. "analar" foil were used without 

further purification. 

i) Tin end cadmium alloy 

B.D.H. "smiler" grade granulated tin and cadmium supplied 

by the Electrolytic Zinc Co., Tasmania, were alloyed in equinolar 

ratio, poured into small pyrex fusion tubes and allowed to solidify. 

Any oxide formed in the malting process was left in the alloying vessel 

Subsequent oxidation was prevented by sealing the upper end of the tube 

until the alloy was required for use. 
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2.6 PREPARATION OF MIXTURES 

In all cases, salts were weighed as the calculated amounts 

of the anhydrous components, according to the relationship; 

WI/M1 
NI si  	(2.2) 141 + W2/142 + 	Wn/Ma  

where NI, W1, MI are the mole fraction, weight and molecular weight of 

component 1 etc. The salts were mixed by melting and poured into 

preheated silica basins. The solidified melts were ground finely 

while hot to ensure complete homogenuity, since one component often 

separated first, in the cooler regions of the container on cooling. 

Binary and three component lead mixtures were stored in an oven at 

120°C, while mixtures of the reciprocal cadmium systems were kept in 

vacuum desiccators Until required. 
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27 ANALYSIS OF MIXTURES 

In the binary lead bromide-alkali metal bromide systems, 

it was found sufficient to analyse for lead alone. In the three 

component lead chlorideaalkali metal chloride systems, it was necessary 

to analyse for both chlorine and lead in order to obtain the 

composition of the mixtures. For the reciprocal cadmium halidesalkali 

metal halide systems it was necessary to analyse for wail= and 

either the total halogen or else both chlorine and bromine depending 

on the procedure chosen: Volumetric techniques were used in all cases: 

It oust be pointed out that in the following analyses for lead and 

cadmium, although accurate and reliable estimations were obtained, a 

great deal of experience was required for the estimation of the end 

paints: 

a) Analysis for lead. as Pb(NO3)2 using Solochrome Red B indicator 

This method is similar to that mentioned by Prizce( 1) : A 

sample of the lead halide mixtUre containing approximately 1 gm: 

FbEr2 or PbC12 was weighed out aCcurately: This was dissolved in 

50 : 50 concentsated nitric acid/water and evaporated to dryness 

' beneath a drying lamp: This evaporation procedure was slow, bit 

. prevented loss of solution by bumping: When the evolution of 

hydrogen halide had ceased, the resulting lead nitrate was acidified 

with two drops of dilute nitrit acid and made up to 250 mils: with 

distilled water. 25 ml: aliquots of this solution were than titrated 

1. Pri/ce: Comprehensive analytical chemistry, ed. Wilson &Wilson, 
Elsevier Pub. Co., (1962) 
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with standardised sodium molybdate (approx.:. 6.0- gms;'per 

solochrome red B 123 isindicator. Titrations were repeated until 

three consecutive titres agreed to within 0.02 mls. From the titre of 

sodium molybdate, the mole frnction of lead halide in the mixture 

could be evaluated. The Na2Mo04 . 2020 used was B.D.H. "analar" 

grade material. 

Both in this and in succeeding standardisations of the 

titrating solution, the standard solution employed consisted of a 

solution of the salt being analysed (e.g. a standard solution of 

CdBr2 for analysis of the system CdBr2 • NaC1). In this way 

corresponding end points for unknown and standard solutions could be 

obtained. 

b) Analysis for lead as lead chloride using; 	, 
dinhenyl carbaxone 	indicator(1) 

The above procedure (1.7a) was lengthy because of the 

evaporation step and so the following method was preferred. The end 

points in this and the proCeeding method were equally reproducible. 

The binary bromide mixtures could not be analysed by this method, as 

bromide ions interfered with the absorption indicator and no definite 

end point could be obtained. 

A salt sample containing approximately 1 gm. PbC12 was 

dissolved in hot concentrated ammonium acetate solution and made up to 

250 mls. with distilled water when cool. A 25 ml. aliquot of this . 

1. Method suggested by - Duhrosvkaya and Filippova: Zavod. Lab., 
21 523 (1955) 
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solution was acidified with glacial acetic acid and titrated with 

standardised Na2M604 . 2E20 (approximately 6.0 (Os, per litre), using 

diphenyl carbazone as indleator. Titratious were repeated Until 

agreement to within 002 ils. was obtained. From the titre of sodium 

molybdate, the weight of lead chloride in the mixture could be 	' 

calculated. 

c) Analysis for chloride using dichlorofluorescein indicator 

Alsamyle . containing about 0.4 vs. chloride was dissolved 

in boiling ccncentrated ammonium acetate as before (boiling water' 

in the case of cadmium chloride) and mide up to 250 mils. An aliquot, 

of volume governed by the total Chloride present, was adidified With 

two drops of glacial acetic acid and titrated with standardised silver 

nitrate polUtion (approximately 15 gms.'per litre), using 

dichloroflUotescein as indicator. Titrationt were carried out under 

artificial lights to prevent decomposition of the resulting AgC1 

precipitate due to sunlight; such decomposition obscured the end point. 

d) Analysis of the three component mixtures: PbC1, • CsC1 • /1C1 

The composition of a binary mixture containing a common 

anion, may be determined by volumetric estimation of the anion. 

Consider the system AB + CB: 

	

Let W 
	

• 	total weight of B from analysis 

	

mi 	• molecular weight of AB 

" 142 
	molecular weight of CB 
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Let W1 	weight of AB present in sample 

	

" W2 
	weight of CB present in sample . 

	

It w3 	total weight of sample for analysis. 

11 A 	atomic weight of 	B 

Then total weight of B 	W) is given by: 

WIA 	W2A 
W no 

142 • 

(W3 • W2)A M2 • W2AMI, 

On rearrangement: 

14 (WA - WM1)  
W2 • MO 	(2.3) M-M2 •  

Consider the system PbC12 CsC1 - MC1 (Di 0 Li, Na, Its  Rb): 

(i) Weight of 2bC12 in sample  

The weight of lead chloride (W3) was obtained by volumetric 

estimation of lead with standardised sodium molybdate and diphenyl 

carbazone as indicator; 

(ii) Weight of MC1 in sample 

Let W 
	

total weight of chloride in sample. 

obtained by titration with standardised 

AgNO3 solution 

" 
Mj 
 so 	molecular weight CsC1 

molecular weight MC1 

• molecular weight PbC12 

weight of CsC1 in sample 

• weight of MCI in sample 

a 
mim2 
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Let W3 	weight of PbC12  in sample 

W4 	total weight of sample for analysis 

+ W2 + W3 

1,75. 	• 	total chloride present in PbCl2 frill' lead 

analysis . 

A , • 	atomic weight chlorine 

(2.4) 
A(N2 - M1) 	

'  

and WI (2.5) V4' (W2+ W3) 

Hence the mole fractions of each component can be calculated. 

e) Analysis of reciprocal cadmium halide systems  

(i) The method of Barton, Bloom and Richards (1)  for the analysis of 

binary cadmium mixtures, was found to be equally applicable to 

reciprocal cadmium mixtures. The experimental technique was altered 

however, to give improved end point determinations. 

Consider a standard solution of C6C12 containing a gas. CdCl2 per. 

mls. of solution: 

Let
t  

..0 	aliquot taken for analysis 
s• 14 	• 	molecular weight of CdC1 2  

Sl  #1 	titre of Nat* forstandard CdC12 

"72 	m 	titre Of Ag1403 for' Standard C4C12 ,11 

titre NaOH for unknown sample 11 

titre AgNO3 for minimal sample 11 

• 	weight of sample 

1. Barton, Bloom and Richards: Analyst, 81 245 (1956) 

Then from eqn. 2:3: 

 
W2 	= 	

W3)A ' (W ' W5)M1] 
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Then from the NaOH titration: 

a x Number of moles CdC12 present a 	. — CM Sl (2.6) 

0 number of gm. atoms cadmium 

2ab aL: (2.7) CM 	S1 

• number of gm, atoms bromine 

and number gm. atoms chlorine 

From the AgNO3 titration: 

Total number of gm. atoms 

chlorine 2ab • 
CM 	S2 (2.8) 

• total number gm. atoms bromine 

The NaOH titration gives the total amount of . halogen associated with 

cadmium. The excess halogen, i.e., 2.8-2.7 must be that associated 

with the alkali halide. 

2abiz_ 
Excess halogen 	 (2.9) 

CM I_ S2 Slj 

a number of moles NAX 

No. moles Cd72  mole fraction CdY2 a' NO. moles CdY2 + No. moles MaX 

ab • x 
CM SI  

[ - A_] cm s 1 	CM S2 Sf 

which on simplification yields: 

mole fraction Ca2 • 	a 	(2,10) 
2[ 82 ] *x 

This is equivalent to the Barton at al. equation. 

A salt sample of 0.1 to 0.2 gins. was dissolved in about 

25 Ads. of distilled water. The total halide (Br + Cl), was estimated 

by method 1.7c. Dichlorofluorescein gave the end point When all the 

Chloride had been precipitated; the bromide having the lower solubility 
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product was precipitated first. At the completion of the titration, 

the solution, together with the precipitated silver halide, was 

transferred to a Budhner funnel and filtered under vacuum. The 

precipitate was washed well with distilled water and the filtrate . 

transferred to a 250 ml. beaker where it was tested for neutrality 

with methyl red indicator, After the solution had been made up to 

125-150 ale., it was heated to 85-900C to prevent the formation of 

basic cadmium compounds and then titrated with standardised NaOH 

solution containing approximately 4 gas. NaOH per litre. It has been 

found(1)  that under these conditions Cd(OH)2 precipitates quantitatively. 

The patheshold for precipitation of cadmium as cadmium hydroxide 

is 7.6(2)  and precipitation may be considered to be complete at pH. 10. 

Thymol blue, with a pH. range 8.0..9.6, was used as indicator and found 

to give a much more satisfactory end point than the thymol phthalein 

used by Barton et al. (3)  About 15 drops of thymol blue (0.2 gas. per 

250 mls. of SO% ethyl alcohol/water) was used, the colour change being 

from yellow to blue. The sodium hydroxide titre was corrected for the 

blank end point correction by repeating the titration with hot distilled 

water. 

Removal of the precipitated silver halide was necessary for 

the production of a clearly visible end point. By test analyses on 

known samples, no lees of accuracy occured due to the possible 

retention of Cd2+  ions by this precipitate. 

1. Coetsee: J. Chem. Soc., 997 (1951) 
2. Britton: Ann. Rep. Chem. Soc., 40 43 (1943) 

3. Barton, Bloom and Richards: Analyst, 81 245 (1956) 
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(ii) Separate estimation of chlorine and bromine was also achieved 

quantitatively. In this method, about 3.5-4.0 gms. of salt were 

weighed out accurately, dissolved in warm water and made up to 250 mas. 

Chloride and bromide were estimated potentiometrically using a 

differential method of analysis. Two coiled silver sires were 

employed as electrodes. One electrode was enclosed in a separate 

compartment to which was attached a rubber bulb; connection between 

this compartment and the bulk solution was via a capillary tube. A 

10 ml. aliquot of the solution containing the ions Cd2+, Nti+, Cr and 

Br', was transferred to a 250 ml. beaker and diluted to about 150 mls. 

__ Standardised silver nitrate was added 1 ma. at a time, the e• M• f•  

recorded and the composition of the electrolytes in the two compartments 

equalised using the bulb. As the end point of the titration for either 

bromide or chloride ions was approached, each aliquot of AgNO3 was 

progressively decreased to about 0.03 el. 

The condition of the electrodes was important in regard to 

the rate at which equilibrium electrode potentials were attained. The 

most satisfactory treatment was found to be as follows: 

Electrodes were cleaned in hot concentrated nitric acid: Silver was 

then electrodeposited an these as cathodes, from a solution of 17. A5NO3 

in 907. methanol/water, for 1 hour, with a current of 3 milliasps. A 

platinum wire sealed in glass functioned as the anode. Electrodes were 

then washed in distilled water and assembled in the titration vessel. 

At the completion of each potentiometric titration, the eaves 

chloride/bromide precipitate was filtered off and cadmium estimated as 

in 1.7e(i). 
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Although the second method for mixed halide estimation was very 

precise, it was also time consundng and the no less accurate first 

method was preferred. Inaccuracies introduced in weighing out salt 

samples, due to contamination by air and water vapour, were absent 

in the first method. 

Salt samples taken before and at the completion of runs 

were all stored in small wax' sealed containers until required for 

analysis. (Lead salt samples were stored in an oven at 120°C until 

required.) 
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2.8 COMPOSITION CHANGES  

a) Sublimation effects  

In all the lead halide systems studied, with the exception 

of the system PbBr2-KBr, composition changes daring experimental 

runs were no greater than t 0.1 mole V. PbX2. For the system 

PbBr2-KBr, the greater range . (3000C) over which the e.m.f. was 

measured, contributed to greater composition Changes; these changes 

were no greater than ± 0.3 mole V. PbBr2, Variations in the mole V. of 

CdBr2  and CdC12 in the reciprocal systems were no greater than 

- 0.3 mole %. 

b) Solubility of metal in salt  

The solubility of metallic lead in all lead systems, 

combined with sublimation effects in the reference half cell, contributed 

to an error of no greater than 0.3 mole V. PbX2, The greater 

solubility of liquid cadmium in the reciprocal systems gave a 

composition error of no greater than t 0.7 mole % CdX2. 



CHAPTER 3 
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3.1 THE BINARY SYSTEMS PbBr2-MBr 	c K,Rb,Ce)  

a) Pure PbBr2  

The e.m.f. Eco, of the formation cell containing pure lead 

bromide, was measured over the temperature range 460°-7300C; the 

cell may be represented by: 

Pb(1)/pure PbBr2(1)/C, Br2(g) 

The e.m.f. measurements are recorded in Table 3.1 and are plotted in 

fig. 3.1. Values obtained by previous workers are also indicated in 

the same figure. Values of e.m.f. for this and all the following 

systems, have been corrected for both the carbon' tungsten thermo 

e.m.f. and for the partial pressure of bromine. 

The values obtained by Lantratov and Shevlyakova (1)  show 

considerable scatter about the calculated "line of best fit"; 

deviations range from 25 millivolts at 320°C, to 70 millivolts at 5600C. 

The curved nature of the line, especially at temperatures above 500°C, 

indicates that the e.m.f. of the cell is made up of at least two 

temperature dependent contributions - that due to the cell reaction 

and possibly that due to variations in the nature of the cell components, 

e.g., electrolyte, electrodes, etc. 

The form of the halogen electrode used by Lantratov and 

Shavlyakova, relies on the evaporation of bromine from a reservoir of 

liquid bromine above the graphite rod. Because the temperature of this 

1. Lantratov and Shevlyakeva: Russ. J. Inorg. Chem., 4 323 (1959) 
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reservoir will, to some extent, be affected by the temperature of the 

cell, it is likely that the partial pressure of Br2 at the electrode 

will change as the cell temperature is varied. This will result in a 

non-linear dependence of the cell e.m.f. an temperature. 

By analogy with the case of pure lead chloride (see 

Section' 3.2a) it may be argued that the curved plot of e.m.f. vs. 

temperature coild be due to depression of the partial pressure of 

bromine by the salt vapour. From the vapour pressure data of 

Bloom et al. (1) , however, the pressure of PbBr2 above the pure salt at 

550°C is only about 2.5 mms. and this would have negligible effect 

an the partial pressure of halogen, =les* the latter partial pressure 

was very Mull. 

The solubility of lead metal in molten lead chloride has 

been estimated at about 0.05% (2) . It is possible, therefore, that the 

method of Lantratov and Shevlyakova(3)  of using a capillary to separate 

Pb/PbBt2 and PbBr2/C, Br2 half cells could allow chemical interaction 

between the dissolved bromine and dissolved lead' by mixing in this 

capillary tube. This cauld affect the reversibility of the Pb/Pb 24  

and Br2/Be electrodes. 

The results of Welch (4), uncorrected for the partial pressure 

' of the bromine electrode, show far lest scatter than those of 

Lantratov ,  and Shevlyakova(3) . The former have been recalculated by the 

I. Bloom, Bockris, Richards and Taylor: J.A5Ie Chem. Soc. 2  80 2044 
(1958) 

2. Corbett: Fused Salts, ed. Sundheim, McGraw Hill Book Co., (1964) 

3. Lantratov and Shevlyakova: Russ. J. Inorg. Chem., A 523 (1959) 

4. Welch: Ph.D. thesis, University of New Zealand (1960) 
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present author for P3r2  sit 760 mm. (see fig. 3.1) and they show 

reasonable agreement ,t6 this work. The slope of the line, however, is 

more consistent with the work of Salstrom( 1 ), where the absolute valves 

at corresponding temperatures are approximately 0.01 volts higher. 

The present values of E0  for the cell with pure lead bromide 

are reproducible with both increasing and decreasing temperatures 

and the points show a mean deviation of not more than 0.2 my. from 

the line of best fit. The line is represented by the equation: 

110  gm 1.2813 - (5.275 x 10-4)t 

Where t is the temperature in °C. Thermodynamic properties of pure 

lead bromide are listed in Table 3.2. 

b) The system PbBr2-KBr 

Variations of the e.m.f. of the formation cells with 

temperature for each of five mixtures, Are presented in Table 3.3. 

The equations to the lines of best fit, calculated by the method of 

least squares, are listed in Table 3.4 and plotted in fig. 3.2. 

Isotherms of e.m.f. vs. composition are shown in fig. 3.3. For some 

reason the results for the cell containing 19.7 mole % Pb8r2 seem to 

be rather anomalous, for not only is the gradient of the line 

inconsistent with the mixtures richer in lead bromide, but also thermo-

dynamic data etc. for the system PbBr2-KBr, in this region, shows a 

difference in trendhe other binary PlAr2 nixtures. This does not 

necessarily mean that the e.m.f./temperarare relationship for this 

composition is in error but this possibility must be considered in the 

1. Salstrom: J. Am. Chem. Soc., 54 2653 (1932); 55 1029 (1933) 
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discussion of the system. 

Values for the activity and activity coefficient of PbBr 2  

at different compositions, are listed in Table 3.5 for three 

temperatures. The values for KBr, calculated from the graphical 

integration of the Gibbs-Duhem equation at 600°C, are shown in 

Table 3.6. Corresponding quantities are plotted in fig. 3.4. The 

error in apbBr2  is estimated as ranging from 0.0015 units at 0.2 

mole fraction PbBr2 to 0.007 units at 0.8 mole fraction PbBr2, 

whereas that for aKBr, because of the uncertainty in extrapolating 

to infinity in the graphical estimation, is approximately 0.03 

units for compositions in excess of 0.60 mole fraction PbBr2 and as 

high as . 0.08 units for 0.20 mole fraction PbBr2. 

Partial molar thermodynamic quantities for PbBr 2  are 

tabulated in Table 3.7 and are plotted in figs. 3.5-3.7. Integral 

thermodynamic functions, obtained by graphical integration of equation 

1.81 and partial thermodynamic functions for KBr derived using equation 

1.82, are listed in Table 3.8 and represented graphically in figs. 3.5 

and 3.6. Assuming the uncertainty in the e.m.f. of the formation 

cells to be within a. 0.3 my., then the uncertainty in the therraodynamic 

functions can be estimated as follows: 

AC' - 15 cals/moles, 	AG1, PoiE  ± 20 cals/mole s  

AS1 t. 0.2 cals/deg/mole, 	ASt,AhE  1.* 0.3 cells/deg/mole, 

160 cals/mole, 	AN1 	250 cals/mole. 

Because of the inherent errors in the data obtained from graphical 

integration, the errors in both AG and nit will be much greater than 
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for the corresponding partial quantities for PbBr2. This is especially 

true in the case of AR, where the absolute error is in excess of. 

350 tals/mole and care must be taken in the interpretation of the 

.position and magnitude of the maximum. As the quantities LA and 

AR2 are derived from both the integral and the partial functions of 

component 1, the errors associated with them will be of the same order 

of magnitude at for the integral quantities. 

c) The system PbBr2-RbBr 

The e.m.f. variation of the formation cells with temperature, 

for each of seven mixtures, is represented in Table 3.9 and the 

equations to the lines of best, fit, together with the mean deviation 

of the experimental points, are found in Table 3.10. These equations 

are plotted in fig. 3.8 and the e.m.f. isotherms are shown in fig. 3.9. 

Activities and activity coefficients for PbBr2 are listed 

in Table 3.11 and the values for RbBr, calculated from the graphical 

integration of the Gibbe-Duhem equation, are found in Table 3.12. 

Results are plotted in fig. 3.10. Partial integral and excess therm... 

dynamic quantities for both components, are found in Tables 3.13 and 

3.14 and these are plotted in figs. 3.11-3.13. The values for the 

quantities /42 and 6312, listed In Table 3.14 were obtained Ltd 

integral mole fractions of PbBr2 by interpolation from the plots of 

.6-es1 and Ai; vs. N1 and AR' and AR vs. Ni respectively. The 

uncertainty in this procedure is far lees than the inaccuracies due 

to graphical integration. 
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The era in both the activities and the other thermodynamic 

quantities are of the same order of magnitude as for the system 

PbBr2-KBr. 

d) The system PbBr2-CsBr 

The e.m.f. of the formation cells with PbBr2 + CsBr as 

electrolyte are .summarized in Table 3.15 together with the em. f. 

deviation from the line of best fit. The equations for the lines and 

the mean deviations of the experimental points are represented in 

Table 3.16. These equations are plotted in fig. 3.14 and the e m f • _• _• 

isotherms are illustrated in fig. 3.15. 

Activities and activity coefficient* of PbBr2 are summarized 

in Table 3.17 and the corresponding values for CsBr are found in 

Table 3.18. The quantities for both components are plotted in fig. 3.16. 

Partial, integral and excess thermodynamic quantities for PbBr2 and 

CsBr, are listed in Tables 3.19 and 3.20 and are graphically presented 

in figs. 3.17•3.19. Tabulated values for 652  and Ai-12 are obtained 

in a similar manner to the systems PbBrelibBr and PbBr•KBr. 

The magnitudes of the errors in this system are similar 

to those in the two preceding systems. 
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TABLE 3.1  

Values of 4.m.f. and temperature for the cell  
Pb/pure PbBr2/C, Br2 

temperature e.m.f. AE* 	temperature e.m.f. La* 
(oc) (volts) (millivolts) 	(°C) (volts) (millivolts) 

461.6 1.0375 -0.3 601.2 0.9648 +0.6 

493.0 1.0213 +0.1 635.0 0.9463 0.0 

520.4 1.0064 -0.4 667.2 0.9297 +0.3 

548.0 0.9923 +0.1 699.5 0.9121 -0.2 

575.8 0.9776 0.0 727.1 0.8977 -0.1 

• 

* CIE refers to the deviation of the experimental points from the 
line of best fit. 

TABLE 3.2  

Thermodynamic properties of pure PbBr2 

temperature 
(oc) 

&Go 	is go 	AB0  
(K cal/mole) 	(cal/deg/mole) 	(K cal/mole) 

500 

600 

700 

-46.93 

s44.50 

-42.07 

s24.33 •65.74 
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TABLE 3.4 

lAtinnahtp bAtuesm,a.m.f4  and temperature from the 
lines of best fit for the formation cells:  

Pb/PbBr2(NI) + Kft(N2)/C, Br2  

composition 
(m.f.PbBr2) 

eon.f. at temperature tOC 
(volts) 

maan deviation of 
exptl. pte. from line 

(iuv.) 

0.801 1.2981 .  - 	(5.391 x 10-4)t 0.3 

0.595 1.3176 • (5.455 x 10-4)t 0.1 

0.503 1.3469 - 	(5.567 x 10-4)t 0.2 

0.395 1.3616 4 	(5462 x 10-4)t 0.3 

0.197 1.3064 - 	(3.757 x 10-4)t 0,3 

TABLE 3.5 

Value of the activit and activit coefficient of PbB 
at erent compbs tions 	• t.4 system PbBr2-EBr 

composition 
(m.f.PbBr2) 

Activity PbBr2 Activity coeff. PhBr2 

5000C 6009C 7008C 5000C 600°C 7000C 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 

0.801 0.7190 0.7707 0.8)27 0.8979 0.9625 1.0149 

0.595 0.4409 0.5079 0.5684 0.7408 0.8535 0.9550 

0.503 0.2165 0.2787 0.3406 0.4302 0.5538 0.6769 

0.395 0.0881 0.1160 0.1440 0.2233 •0.2941 0.3650 

0.197 0.0483 0.0456 0.0437 0.2454 0.2317 0.2221 



TABLE 3.6 

Value of the activity and activity coefficient of 
EBr (600°C) at various compositions in the  

system PbBr2-KBT 

composition activity KBr activity coefficient 
(m.f. KBr) (600°C) KBr (6000C) 

0.200 0.0386 0.1932 

0.250 0.0507 0.2026 

0.333 0.0730 0.2192 

0.400 0.0931 0.2327 

0.500 0.1374 0.2748 

0.571 0.1929 0.3378 

0.667 0.3064 0.4594 

0.800 0.5257 0.6570 

1.000 1.000 1.000 

TABLE 3.7 

Partial molar thermodynamic functions of 
PbBr2 in the system PbBr2*KBr 

600°C 

mole fraction PbBr2 1.00 0.801 0.595 0.503 0.395 ' 	0.197 

AG1 (K cal/mole) -44.50 444.95 -45.68 ..46.72 ,48.24 -49.86 

AB' (cal/deg/mole) °24.33 •24.87 ..25.16 -25.68 -24.27 -17.33 

(K cal/mole) *65.74 •66.66 -67.64 •69.14 -69.43 -64.99 

6.4-1 (K cal/mole) • 0.45 • 1.18 - 2.22 • 3.74 - 5.36, 

LS:g1 (cal/deg/mole) 0.54 im 0.83 - 1.35 + 0.06 + 0.70 

(K cal/mole) • 0.92.  • 1.90 3.39 - 3.69 + 0.75 

6 E  OK cal/mole) - 0.04 - 0.27 - 1.03 2.12 - 2.54 

A§LE  (cal/deg/mole) • 0.98 1.86 • 2.71 - 1.79 t 4.55 
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Table 3.7 (contd.) 

5000C 

mole fraction PbBr2 1.00 0.801 0.595 	0.503 0.395 0.197 

(K cal/mole) -46.93 -47.44 -48.19 	-49.28 -50.67 -51.59 

(K cal /mole ) - 0.51 1.26 	- 2.35 - 3.74 - 4.66 

AkE  (K cal/mole) - 0.17 - 0.46 	• 1.30 - 2.30 - 2.16 

7000C 

(K cal/mole) -42.07 -42.47 -43.16 	-44.15 -45.82 -48.13 

(K cal/mole) - 0.40 - 1.09 	- 2.09 - 3.75 - 6.06 

LAIE  (K cal/mole) + 0.03 - 0.09 	- 0.75 - 1.95 - 2.91 

TABLE 	3.8 

Integral thermodynamic functions for the stem PbBrrKBr 
and partial molar thermodynamic functions far KEW at 6000C 

mole ftection PbBr2 1.00 0.90 0.80 0.70 0.60 

AG  (K cal/mole) 0 -0.92 -1.63 -2.17 -2.54 

6.62 OK cal/mole) .4.10 -6.35. -.5.30 -4.55 

AR  (K cal/mole) 0 -0.99 -1.35 -1.44 -1.36 

Lsg2 OK cal/mole) -5.20 -3.05 .-1.60 

mole fraction PbBr2 0.50 0.40 0.30 0.20 0.10 

AG 	(K cal/mole) -4.76 -2.73 -2.48 .4.10 -1.46 

LA2  (K cal/mole) -3.18 -2.05 -1.56 -1.29 - 

(K cal/mole) .4.05 -0.52 -0.04 40.09 +0.02 

AR2 (K cal/mole) +1.30 41.58 +0.54 -.0.04 



Values of eon.f. 

TABLE 3.9 

the formation cells: 
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and temperature for 
Pb/PbBr2(NI) + Rb8r(N;)/0, Br2 

composition temp. e.m.f..  zE temp. e.m.f. 
(m4.12b8r2) (00) (volts) (mv.) (°C) (volts) (my.) 

0.872 505.2 1.0204 -0.3 607.0 0.9670 0 

531.4 1.0068 -0.1 	- 628.3 0.9558 0 

556.5 0.9940 +0.4 657.1 0.9405 -0.1 

581.8 0.9804 +0.1 

0.799. 511.8 1.0221 -0.5 615.4 0.9686 -0.1 

542.0 1.0069 0 640.3 0.9558 0 

567.0 0.9941 +0,2 . 	669.9 0.9403 .40.1 

593.0 0.9809 +0.5 

0.696 515.1 1.0295 619.8 0.9754 -0.3 

541.8 1.0158 4.0.3 647.3 0.9617 40.2 

568.0 1.0032 40.7 677.1 0.9461 0 

593.2 0.9896 +0.1 

0,600 521,6 1.0396 •0.8 627.4 0.9875 +0.1 

548.3 1.0268 -0.3 651.2 , 0.9755 0 

574.6 1.0145 +0.6 679.3 0.9614 0 

601.2 1.0011 +0.5 

0.497 519.0 1.0654 -0.1 628.0 1.0121 +0.2 

546.0 1.0518 -0.4 656.1 0.9979 ..0.2 

573.2 1.0389 0 685.9 0.9836 +0.2 

600.0 1.0259 +0.2 

0.400 525.0 1.0869 -0.4 633.2 1.0359 +0.1 

554.0 1.0733 -,0.2 660.1 1.0230 0 

581.8 1.0605 +0.2 687.3 1.0102 +0.1 

607.2 1.0482 0 

0.302 548.6 1.1031 -0.2 654.4 1.0567 +0.4 
575.0 1.0912 679.3 1.0453 0 

601.2 1.0800 0 703.7 1.0345 +0.1 

627.0 1.0687 +0.2 
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TABLE 3.10  
Relationship between e.m.f. and temperature from 
the lines of best fit for the formation cells of 

the system PbEr2a.RbBr  

composition 
(n.f.PbEr2) 

(soma. at temperature toC 
(volts) 

mean deviation of 
nxptl. pts. from line 

(mw.) 

0.872 1.2872 - (5.275 x 10' 4)t 0.2 

0.799 1.2888 - (5.202 x 10'4)t 0.2 

0.696 1.2966 - (5.177 x 10-4)t 0.3 -  

0:600 1.3017 - (5.009 x 10' 4)t 0.3 

0.497 1.3207 - (4.917 x 10-4)t 0.2 

0.400 1.3369 - (4.755 x 10"4)t 0.1 

0.302 1.3472 • (4.445 x 10" 4)t 0.2 

TABLE 3.11 

Value of the activity and activity coefficient of 
PbBr2 at different compositions in the system 

PbEr2-Rbar 

composition Activity Pb8r2 Activity coeff. PbBr2 

(n.f.PbEr2) 5000C 6009C 7000c 5000C -  6000C 100°C 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 

0.872 0.8377 0.8544 0.8688 0.9610 0.9811 0.9967 

0.799 0.7147 0.7290 0.7389 0.8943 0.9122 0.9245 

0.696 0.5455 0.5696 0.5891 0.7835, 0.8183 0.8462 

0.600 0.3639 0.3802 0.3938 0.6064 0.6334 0.6562 

0.497 0.1793 0.1985 0.2149 0.3606 0.3992 0.4322 

0.400 0.0865 0.1000 0.1116 0.2161 0.2499 0.2789 

0.302 0.0398 0.0462 0.0521 0.1318 0.1530 0.1726 



TABLE 3.12 

Value of the activity and activity coefficien t,  
of RbBr at various compositions and at 600 00 

in the system PbBr2-RbBr  

composition 
) 

activity .Rb.sr(6000C) activity coefficient .RbBr 
(6000C) 

0.128 0.0079 0.0614 

0.167 0.0109 0.0650 

0.200 0.0140 0.0702 

0.250 0.0196 0.0783 

0.308 0.0273 0.0885 

0.364 0.0370 0.1017 

0.444 0.0573 0.1290 

0.500 0.0793 0.1585 

0.571 0.1192 0.2087 

0.667 0.2035 0.3052 

0.800 0.4035 0.5044 
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TABLE ,3.13 
molar thermodynamic functions of PbBr2 in the system PbBr2,11bBr Partial 

6000C 

mole fraction PWW2 1.000 0.872 0.799 0.696 0.600 0.497 0.400 0.302 

,LG1 	(K cal/mole) . -44.50 -44.77 -45.05 +45.48 -46.18 -47.31 -48.50 -49.84 

6.51 .(cal/deg/mole) -24.33 -24.33 -23.99 -23.88 -23.10 -22.68 141.93 •20.50 

LYB1 	(K cal/mole) -65.74 -66.01 -65.99 -66.33 -66.35 -67.11 -67.65 -67.73 
Ad, 	OK cal/mole) - 0.27 - 0.55 - 0.98 - 1.68 • 2.81 - 4.00 - 5.34 

Agi 	(cal/deg/mole) 000 +034 +0.45 +1.23 1.65 +2.40 +3,82 

(K cal/mole) 0.26 - 0.25 - 0.59 - 0.61 - 1.37 • 1.91 1.99 

pkE (B cal/mole) • 0.03 - 0.16 - 005 - 0.79 - 1.59 2.41 - 3.26 

LAO (cal/deg/mole) - 0.27 - 0.11 - 0.27 4- 0.21 + 0.26 + 0.58 + 1.45 

5000C 

A 	(K cal/mole) -46.93 -47.20 •47.43 -47.86 -48.49 .49.57 750.70 •51.89 

AC1 	(K cal/mole) - 0.27 - 0.52 • 0.93 • 1.56 - 2.64 • 3676 • 4.95 

LAE (K cal/mole) 0.06 - 0.17 - 0.38 - 0.77 - 1,57 • 2.35 • 3.12 

7000c 
LG1 	(K cal/mole) •42,07 -42.34 •42.65 -43.09 --43.87 -45.04 -46.31 *47.78 

Adj. 	(K cal/mole) - 0.27 - 0.57 - 1.02 - 1.80 - 2.98 7  4.24 .■ 5.72 

4,48  (K cal/mole) 0.01 • 0.15 - 0.32 • 0.82 • 1.62 • 2.47 • 3.40 



TABLE 3.14 ' 

Integral thermodynamic functions for the system PbBr2-RbBr  
and partial molar thermodynamic functions for RbBr at 6000C 

mole fraction Pb8r2 1.0 0.90 0.80 0.70 0.60 

EC 	(K cal/mole) 0.0 -1.18 -2.06 -2.76 . -3.22 

po2 (K cal/mole) -10.30 -8.10 -6.77 -5.55 

611 	(K cal/mole) -0.43 -0.61 -0.74 "0.81 

AR2 OK cal/mole) -2.18 *0.62 u.1.08 •4.10 

mole fractipn PbBr2 0.50 0.40 0.30 0.20 0.10 

LG 	(K cal/mole) -3.49 03.81 ..3.32 .4.90 -2.09 

isk (K cal/mole) -4.24 *3.18 -2.43 

LH 	(K cal/mole) -0.79 .0.62 -0.40 -0.20 -0.05 

AR2 (K ca/mole) -0.24 +0.24 +0.28 
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TABLE 3.15 

yalues of eat.f. and temperature for the formation cells:  
Pb/PbBr2(111)  4. Ciar(N2)/C, Br2 

composition 
(n.f.PbBr2) 

temp. 
(0() 

e.m.f. 
". 	(volts) 

LE 
Ow.) 

temp. 
(°0) 

e.m.f. 
(volts) 

INE 
Ow.) 

0.872 565.5 0.9853 ..0.4 672.6 0.9312 ..0.3 

595.0 0,9710 +0.2 700.1 0.9179 +0.3 

619.2 0.9587 +0.2 727.9 0.9037 • +0.1 

645.8 0.9449 -0.2 

0.794 582.0 0.9831 +0.1 686.2 0.9310 -0.9 

608.4 0.9702 +0.1 710.7 0.9199 0.0 

634.0 0.9578 +0.3 737.6 0.9068 +0.1 

660.0 0.9450 +0.3 

0.701 618.0 0.9777 00.3 722.6 0.9259 -0.9 

644.0 0.9657 +0.4 751.9 0.9125 +0.1 

669.5 0.9534 +0.6 777.6 0.9000 +0.2 

696.7 0.9396 +0.1 

0.629 613.0 0.9896 .-0.3 723.2 0.9378 +0.3 

641.0 0.9768 +0.2 751.3 0.9243 +0.2 

668.0 0.9638 +0.1 778.0 0.9112 -0.2 

694.6 0.9509 ..0.2 

0.552 614.4 1.0023 0.0.1 719.8 0.9539 . -0.5 

642.0 0.9898 ..0.1 745.2 0.9426 -0.3 

667.0 0.9792 +0.7 771.7 0,9308 0.0 

603.2 0,9667 +0.2 

0.451 	, 613.2 1.0301 +0.2 717.0 0.9840 +0.6 

638.8 1.0182 -0.2 745.5 0,9709 +0.3 

662.8 1.0073 -0.4 770.1 0.9597 +0.1 

690.0 0.9952 -0.3 

0.352 597.0 1.0777 +0.1 699.0 1.0349 0.0 

623.0 1.0668 +0.1 727.1 1.0231 0.0 
648.2 1.0563 +0.1 755.7 1.0113 +0.1 
673.2 .1.0456 -0.1 
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TABLE 3.16 

Relationship between e.m.f. and temperatate from the 
linesof best fit for the formation cells!  

Pb/PbBr2(N1) CsBr(Nz)/C, Br 

composition 
(s.f.PbBr2) 

e.m.f. at temperature t°C 
(volts) 

mean deviation of 
axptl. pts. from line 

Ouv.) 

0.872 . 1.2718 - (5.059 x 10' 4)t 0.3 

0.794 1.2686 - (4.907 x 10'4)t 0.3 

0.701 1.2807 • (4.898 x 10"4)t 0.4 

0.629 1.2815 - (4.757 x 10'4)t 0.2 

0.552 1.2823 - (4.555 x 10'4)t 0.3 

0.451 1.3046 * (4.480 x 10"4)t 0.3 

. , 02352 1.3275 - (4.186 x 10'4)t 0.1 

ABLE 3.17 

Value of the activity and activity coefficient of PbBrz 
at different Compositions for the System PbBr2-CeBr 

composition Activity PbBr2 Activity coeff. PhBr2 

(m.f.PbBr2) 5000C 600ft 	• 700ft 5000C 6000C 7000C 

1.000 1.000 1.000 1.000 1.000 .  1.000 1.000 

0.872 0.9618 0.9111 0.8730 1.1034 1.0450 1.0015 

0.794 0.8428 0.7791 0.7318 1.0613 0.9811 0.9215 

0.701 0.5776 0,5575 0.5406 0.8242 0.7956 0.7714 

0.629 0.4571 0.4354 0.4189 0.7269 0.6923 0.6662 

0.552 0.3296 0.3091 0.2937 0.5976 0.5604 0.5325 

0.451 0.1506 0.1516 0.1522 0.3341 0.3362 0.3376 

0.352 0.0489 0.0518 0.0540 0.1389 0.1471 0.1534 



TABLE 3.18 

Value of the activity and activity coefficient of CsBr 
at various compositions and at 600 0C for the  

system PbBr2•CsBr  

composition activity CsBr activity coefficient 
CsBr) (6000C) CsBr (600°C) 

• 0.182 0.0025 0.0137 

0.222 0.0040 0.0178 

0.286 0.0081 0.0284 

0.333 0.0128 0.0384 

0.400 0.0219 0.0548 

0.444 0.0331 0.0745 

0.541 0.0563 0.1040 

0.645 0.1304 0.2021 

0.800 0.3242 0.4052 
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TABLE 3.19 

Partial molar thermodynamic functions of PbBr, in the systeniPbBrrCsBr 

sole fraction Pb8r2 

6000C 

1.000 0.872 0.794 0.701 0.629 0.552 0.451 0.352 

LNG' 	(K cal/mole) •44.50 •44.66 .45.52 *45.94 •46.54 • 7.78 •49.64 . 

AS' 	(cal/deg/mole) -24.33 -23.33 -22,63 -22.59 -21.94 -20.99 -20.66 .49.31 

(K , cal/mole) ...65.74 -65.04 -64.69 -65.24 -.65.10 .44.88 -65.81 .46.50 

Ad, 	(K cal/mole) - 0.16 0.43 1.02 - 1.44 2.04 - 3.28 - 5.14 

Ail 	(cal/deg/mole) + 1.00 + 1.70 + 1.74 + 2.39 + 3.34 + 3.67 4 5.02 

(K cal/mole) + 0.71 + . 1.05 + 0.50 + 0.73 + 0.86 - 0.07 • 0.76 

AalE (K cal/mole) + 0.08 - 0.03 - 0.04 0.64 - 1.01 - 1.89 - 3.33 

AilE (cal/deg/mole) + 0.72 4 1.24 + 1.03 + 1.47 + 2.16 + 2.08 2.95 

5000C 

Ls, 	(K cal/mole) -46.99 -47.19 -47.78 -48.64 •49.84 -51.58 

(K cal/mole) - 0.06 - 0.26 - 0.84 • 1.20 • 1.71 - 2.21 - 4.65 

AkE  (K cal/mole) + 0.15 + 0.09 - 0.30 - 0.49 • 0.79 - 1.68 - 3.03 

7000C 

,AC1 	(K cal/mole) -42.07 -42.33 42.67 -43.26 -43.75 44,44 45.71 47.72 
AO' 	(K cal/mole) - 0.26 - 0.60 - 1.19 - 1.68 - 2.37 - 3.64 - 3.65 Pth 

hi 
PNE (K cal/mole) 0.00 - 0.16 --, 0.50 - 0.79 - 1.22 - 2.10 - 3.63 PA 



TABLE 3.20 

Integral thermodynamic functions for the system PbBr2-CsBr  
and partial molar thermodynamic functions for CaBr at 6000C 

mole fraction PbBr2 1.0 0.90 0.80 0.70 0.60 

AG  (K cal/mole) 0.0 - 1.22 •2.28 -3.09 -3.70 

b.a2 (K cal/mole) . -11.90 •9.70 -7.93 -6.80 

AB  (K cal/mole) 0 .0 + 0.45 40.38 +0.13: 

AR2 (K cal/mole) -2.29 •00.75 •1.32 

mole, fraction EbBr2 0.50 0.40 0.30 0.20 0.10 

AG 	(K Cal/mole) -4.12 • 4.28 -4.19 ..3.54 -2.32 

A (K Cal/mole) -5.62 • 4.47 -3.19 IMP 

Ali  (K cal/mole) -0.26 -0.31 -0.23 .40.13 -0.04 

A (K cal/mole) -0.92 .40.24. . . . 
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3.2 THE THREE COMPONENT  SYSTEMS PbC12-CsC1-MC1  
(14 EP Li, Na, K, Rb)  

a) Pure PbC12  

The e.m.f. of the formation cell with pure PbC12 as 

electrolyte, was measured over the temperature range 550-900 0C. The 

results are presented in Tables 3.21a and 3.21b and are plotted in 

fig. 3.20. Within the range 500-7600C there is a linear dependence 

of the e.m.f. on temperature, while above 760 °C, the plot becomes 

curved and exhibits greater deviations from the extrapolated straight 

line plot with increasing temperature. This, by analogy to the case of 

sine chloride( 1 ), is explained by the high partial pressure of salt 

vapour, causing the chlorine above the melt to be depressed; this 

gives rise to a decrease in the e.m.f. according to the equation: 

El-E2 • RTAP In Pl/P2 	(3.1) 

Using the date of Barton and Bloom(2 ), for the vapour pressure of 

PbC12, the partial pressure of chlorine was evaluated at each 

temperature ( -PPbC12 4' PC12 "I 760 mm. Hg pressure) and the e.m.f. 

recalculated for pc12  81,  1 atmosphere, using equation 3.1. Whereas the 

uncorrected experimental results all showed negative deviations from 

the extrapolated "least squares" line, the corrected values showed 

much smaller positive deviations (see Table 3.21b). This could be due 

to non-equilibrium vapour-liquid conditions, causing a lower partial 

pressure of PbC12 than for the equilibrium measurements of Barton and 

Bloom. 

1. Delimarakii and ftrkov: "Electrochem. of Fused Salts", Sigma Press 
(1961) 

2. Barton and Bloom: J. Phys. Chem., 60 1413 (1956) 
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The results of other workers are also shown graphically in 

fig. 5.20. The present work agrees reasonably (to within ± 7.0 my.) 

with those of Lorenz and Velde( 1 ) and Richards (2) , although the 

,temperature coefficient of the e.m.f. is closer to the latter. 

Other workere such As Czepinski (3)  And Grube and Rau (4) , published 

results which were much lower than obtained in the present 

investigation. The early work of Czepinski (3)  gave values for the 

e.m.f. up to 55 millivolts lower, with uncertainties of 15 millivolts, 

Whereas the data of Grubs and Rau, although 20 millivolts lower than 

the present work, gave reasonable agreement with respect to the 

temperature coefficient. The results of Hildebrand and Ruh1e (5)  show 

much greater temperature dependence than those of any other worker 

and thii is attributed to the technique used to produce the 'halogen . 

e1ectrode (2) In this case, the cell containing pure PbC12 was 

initially electrolysed to form chlorine (as) and lead (liquid), after 

Adel the current was stopped and the potential measured. All other 

workers used electrodes produced in a similar manner to the ones used 

in the present investigation. Other work shown in fig. 3.20 is that 

by Lantratov and Alabyshav( 6) and WaChter and Hildebrand (7) . 

Thermodynamic properties for pure PbC12 are listed in Table 3.22. 

1. Lorenz and Velde: Z. anorg. u allgam. Chem., 183 81 (1929) 

2. Richards: Ph.D. thesis, University of New Zealand (1956) 

3. Czepinski: Z. anorg. u allgem. Chem., 19 208 (1899) 
4. Grub* and Rau: Z. Elektrocham., 40 352 (1934) 

5. Hildebrand and Ruble: J. Am. Chem. Soc., 49 722 (1927) 

6. Lantratov and Alabyshev: Zhur. Priklad. Min., 26 263, 353 (1953) 

7. Wachter and Hildebrand: J. Am. Chem. Soc., 52 4655 (1930) 



125. 

b) The binary system PbC12•CsC1 

The value of 	and temperature for the formation cells 

containing PbC12 and CsC1 as electrolyte, are found in Table 3.23, 

• together with the deviations from the line of best fit at each 

temperature. The equations to these lines are listed in Table 3.24 and 

are plotted in fig. 3.21. In the e.m.f. isotherms (fig. 3.22), the 

small maximum in the vicinity of 0.85 mole fraction PbC12 may not 

have any significance, as the uncertainty of this point is of the 

order of 2.2 millivolts. It is therefore necessary to exercise care 

When interpreting properties in the vicinity of this composition. 

The activity and activity coefficient for lead chloride are 

summarized in Table 3.25 and are illustrated in fig. 3.23. The 

dotted curves represent the smoothed values of both the activity 

and activity coefficient of PbC12 at 700°C. The activity and activity 

coefficient of CsCl, calculated by graphical integration of the Gibbs-

Duhem equation, are shown in Table 3.26 andin'fig. 3.23. As in the 

binary lead bromide systems, the uncertainty of extrapolating to 

infinity in the evaluation of these quantities, leads to an error of 

approximately t 0.1 units for the activity of CsC1 in the composition 

range 0.2.-0.3 mole fraction PbCl2. This reduces to about t 0.02 units 

for compositions richer than 0.6 mole fraction PtiCl2. 

Partial molar thermodynamic quantities and excess functions 

for PbC12, are listed in Table 3.27 and illustrated in figs. 3.24 and 

3.25. Partial free energies of Cel and integral free energies in the 

system PbC12*CsCI, calculated from equations 1.82 and 1.81 respectively, 

are shown in Table 3.28 and in fig. 3.24. 
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Assuming the uncertainty in the nand'. of the formation cells 

to be within ± 0.6 millivolts, except for the compositions 0.848, 

0.485 and 0.398 mole fraction PbC1 2 , the errors in the thermodynamic 

functions will be of the following order: 

LSIGI  t: 30 cals/molu. 	4161,Aö1 	± 45 eels/mole, 

AS1 t 0.5 cal./deg/mole, 	AilE 1: 0.8 cals/deg/mole, 

AR1  ".1: 350 eels/mole, 	- 500 cats/mole. 

For such compositions as 0.848 mole fraction PbC12, the uncertainty 

is much greater (see Table 3.24) and the validity of maxima in these 

regions is questionable, . For the integral free energies and the 

derived partial quantities for the second component, it is difficult 

to estimate the error because of the graphical integration procedure, 

but the uncertainty is probably within the range a 100-350 cats/mole 

for both . AG and 6b2. 

c) The three component systems Cx PhC1 + x CsC1 — 1-2x MC1 

The values for e.m.f. and temperature for the cells: 

Pb/(x PbC12 + x Cad) 	(1-4x)MCl/C, C12, 

are found in Tables 3.29-3.32 and in figs. 3,26-3.29. Eon.f. isotherms 

as a function of composition are illustrated in figs. 3.30•3.33. 

The dashed lines in the latter represent the corresponding isotherms 

for the arm= PbC12-CsC1. 

The activity and activity coefficients of PbC12 in the three 

component systems are summarised in Tables 3.37-3:40. Activity and 

activity coefficient isotherms, together with the isotherms for.. the 

system Pbag • CsC1 are plotted in figs. 3.34A-3.37A and fig. 3.38 

respectively. Since the 0.50 mole fraction PbC12 + 0.50 mole fraction 
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•CsC1 mixture was not investigated, the value shown has been obtained 

by interpolation. The limited data available from e.m4f. measurements 

on the three component systems, prevented the evaluation of the 

activities etc. for either CsC1 or MC1. The errors in activites and 

activity coefficiente of PbC12, do not exceed 2..0,02 units for any 

of the systems. 

The partial molar thermodynamic functions of PbC12 for each 

of the four systems, were calculated at three temperatures and are 

listed in Tables 3.41-1.-.44. The partial and excess molar free energies 

are plotted as functions of the mole fraction of lead chloride in 

figs. 3.39A-3.42A. In Table 3.45, the deviations of the partial molar 

free energies of PbC12, ( Aal*), in each of the systems 

(x PbC12  + x CsC1) 	(1-2x)MC1, from the binary PbC12-CsC1 system 

at corresponding compositions of PbC12, are presented as functions of 

the ratio [MC1] / [Cecil . These quantities are plotted in fig. 3.43. 

Because the partial molar free energies of lead chloride in the two 

systems (x PbC12 + x CaC1)— (1-2x)MC1 and FbC1 .2 • C0C1 were obtained 

by interpolation at corresponding integral compositions of PbC12, it 

Was necessary, for the plot of Aal *  as a function of the ratio 

(mole fraction MC1)/(mole fraction CACI), to assume equinoler proportions 

of CsC1 end PbC12. With reference to Tables 3.33-1.36, this can be • 

seen to be approximately true only. This assumption led to errors in 

the value of [MC1] / 	of approximately 10%. Errors in 

interpoLeting values of Aal  from the graphs of 6 -61  vs. composition, 

in the binary and three component systems, gave rise to errors in 
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A-al*  of approximately t 200 cals/mole. 

Errors in the partial thermodynamic functions were of the 

same order of magnitude in each of the four systems and wore estimated 

as follows: 

AG1 	15 cals/mole, 	L 	dolE  : 20 cals/nole, 

6.81 	0.3 cals/deg/mole, 	0.5 cals/degbaele, 

LAII .1., 180 cals/mole, 	lit 	+ 300 eels/mole. 

d) The three comoonent systems (2x PbC12 + x CsC1)— (1.3x)MC1  

The experimental values for e.m.f. and tenperatute for the 

formation cells: 

Pb/(2x PbC12 + x Cad) 	(1-304C1/C, C12, 

are presented in Tables 3.46-3.49. The equations to the lines of best 

fit are summarized in Tables 3.50.3.53 and are plotted in figs. 3.44- 

3.47. Isotherms of e.m.f. vs. composition are also plotted in figs. 

3.48-3.51. 

Calculated activities and activity coefficients are found 

in Tables 3.54.3.57. The errors in both these quantitiet are similar 

in the four systems and are of the same orderLof magnitude as in the 

series (x PbC12 + x CsC1) ,— (1-24MC1. Insufficient information 

prevented the calculation of similar quantities for either MC1 or 

CsCl. The activities and activity coefficients for PbC12 in each 

system are represented in figs. 3.348.3.378 and 3.52 respectively. 

Partial molar quantities for PbC12 are found in Tables 3.58- 

3.61. Partial and excess free energies of PbC12 are illustrated in 

figs. 3.398.3.42B, together with the values for PbC12 in the system 

PbC12..C.C1. As before, the value of apbc1 2  --4bC128 etc., for the 
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mixture 0.667 mole fraction PbC12 + 0.333 mole fraction CsC1 was 

obtained by interpolation from a plot of the corresponding thermodynamic 

quantity as a function of composition, for the system PbC12 - CsCl. 

Deviations of the partial molar free energies of PbC12 in the system 

(2x PbC12 + x CsC1) 	(1-3x)MC1, from those in the binary system, 

are given as functions of the alkali halide ratios and are set out in 

Table 3.62 and plotted in fig. 3.53. 

The same limits of accuracy apply to both the thermodynamic 

quantities ZN51, 	etc., and to the ratio riti/NdsCli  in the 

two series (x PbC12 + x CsC1)--- (1-2x)MCI and (2x PbC12 + x Cad) 

(1-3x)MC1. 

TABLE 3.21(a)  

Values of e.m.f. and temperature for the formation cell:  

Pb/pure PbC12/C, C12 

temperature 
(°C) 

e.m.f. 
(volts) 

tE temperature 
(oc) 

e.m.f. 
(volts) .  

6E 
(imo.) 

551.6 1.2369 ..0.1 676.8 1.1658 +0.4 

590.0 1.2154 *0.4 698.8 1.1530 +0.2 

607.0 1.2055 40.2 728.6 1.1361 40.4 

637.6 1.1875 •0.3 763.2 1.1149 .1.0 

Equation to line: E • 1.5527 - (5.723 x 10' 4)t 

Mean deviation: 	• 0.4 mv. 



TABLE 3.21(b)  

Measured values of e.m.f. at various temperatures for the cell Pb/pwre PbC12/C. Cl, and 
values calculated  for the  reduced partial pressure of  chlorine  due to  PbCli vapour above the melt 

temp. 
(00 

e.m.f. 
meas. • 
(volts) 

PisbC12 
(mm.) 12(gii) ;-  

correction 
rC12 

corrected 

(volts) 

AE Onv.) 

uncorrected corrected 

800.4 1.0913 :  126.2 633.8 G.0084 160997 - 3.3 +5.1 

819.0 1.0778 162.6 	• .597.4 0.0113 1.0891 • 6.2 +5.1 

853.8 1.0511. 256.4 503.6 0.0200 1.0711 .13.0 +7.0 

858.4 1.0472 271.0 489.0 0.0215 160687. •14.2 +763 

900.1 1.0012 444.6 315.4 0.0445 160457 ..36.4 484 

TABLE 3.22  

Thermodynamic properties of pure PbC11 

temperature 	AG° 	AS° 
(°C) 	(K cal/mole) 	(cal/deg/mole) 	(K cal/mole) 

600 

700 

800 

•55.78 

e.53.14 

•50:50 

-26.40 -78.82 
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TABLE 3.23 

Values of e.m.f. and temperature for the formation cells:  

Pb/PbC12(N1) + CsCl(N2)/C. Clz 

composition 
(n.f.PbC12) 

temp. 
(0C) 

e.m.f. 
(volts) 

LE 
(my.) 

temp. 
(°C) 

e am. f . 
(volts) 

E 
(my.) 

0.886 539.0 1.2499 -1.2 638.5 1.1945 44.1 .  

568.6 1.2335 -0.4 686.2 1.1658 '0.0 

591.2 1.2208 0.0 735.0 1.1371 •0,1 

667.2 1.2115 -0.1 781.0 1.1111 +0.2 

0.848 546.0 1.2520 +2.3 666.0 1.1866 44.4 

588.0 1.2242 -2.6 695.5 1.1644 ..3.7 

590.1 1.2257 +0.1 721.6 1.1563 44.3 

606.1 1.2195 +0.4 748.4 1.1343 i.4.9 

621.3 1.2084 460.2 778.0 1.1276 

636.2 1.1971 .  -3.4 800.9 1.1105 0.0 

0.789 554.2 1.2443 a1.7 697.0 1.1688 +0.1 

581.0 1.2341 +2.6 723.8 1.1550 +0.9 

604.0 1.2177 •1.4 744.0 1.1425 -0.7 

633.4 1.2044 +1.3 753.6 1.1379 -0.1 

651.4 1.1932 •0.2 789.4 1.1188 +0.2 

672.4 1.1819 4.04 796.2 1.1150 +0.1 

0.745 540.0 1.2574 •0.9 751.4 1.1419 •.0.6 

572.0 1.2423 +1.5 776.6 14288 +0.1 

601.8 1.2235 •1.0 781.0 1.1260 *0.3 

632.7 1.2077 +0.2 802.9 1.1145 -0.2 

660.5 1.1928 +0.5 828.6 1,1005 +0.2 

691,0 1.1754 Ei0.2 834.9 1.0968 0.0 

721.8 1.1590 +0.3 

0.676 582.0 1.2441 +0.1 741.0 1.1560 ...0.6 

590.6. 1.2391 ..0.2 759.0 1.1466 =042 

621.0 1.2226 0.0 786.0 1.1319 0.0 

649.0 1.2075 40.3 795.0 1.1272 +0.2 
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Table 3.23  (contd.) 

composition 
(n.f.PbC12) .  

temp. 
(ft) 

e.m.f. 
(votts) (n.) 

temp. 
(00 

e.m.f. 
(volts) 

LIE 
(mv.) 

0.676 673.2 1.1937 ..0.2 823.0 1.1115 *0.1 
(contd.) 696.4 1.1818 40.6 827.0 1.1094 0.0 

722.4 1.1671 +0.2 

0.622 	. 592.7 1.2496 .4.3 693.6 1.1945 0.0 

609.3 1.2410 ..0.7 716.3 1.1844 +2.5 

620.0 1.2359 40.2 752.4 1.1635 41.8 

630.9 1.2281 .4.5 778.3 1.1472 0.0 

652.2 1.2169 -0.8 - 801.1 1.1344 ..0.1 

663.6 1.2117 +0.4 

0.485 613.0 1.2673 40.3 749.9 1.1995 +2.4 

630.9 1.2584 40.4 775.1 1.1826 *1.6 

663.3 1.2417 40.4 787.2 1.1806 +2.6 

686.6 1.2281 -1.3 820.5 1.1608 *0.2 

710.2 1.2192 +1.8 824.8 1.1590 +0.2 
722.0 1.2094 -1.9 . 	849.9 1.1460 0.0 

744.6 1.1974 .-2.4 

0.398 615.0 1.3036 +3.5 750.8 1.2314 +0.8 

640.6 1.2846 ..2.4 767.0 1.2200 -2.3 

663.3 1.2753 d-0.1 787.0 1.2132 +1.1 

679.3 1.2672 0.6 798.6 1.2053 *0.9 

690.0 1.2595 *2.2 821.7 1.1947 +0.3 

712.0 1.2534 +2.9 824.9 1.1942 +1.5 

730.8 1.2386 -2.3 851.3 1.1791 e.0.1 

0.307 602.2 1.3446 +1.1 742.6 1.2741 0.0 

_627.0 1.3312 -0.1 756.7 1.2660 .4.1 

659.0 1.3160 +1.4 ' 783.0 1.2549 +0.8 

685.2 1.3017 *0.8 788.2 1.2512 -0.3 

704.0 1.2934 +0.2 819.6 1.2316 +1.6 
725.0 1.2815 -1.3 822.6 1.2345 0.0 
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TABLE '.24 

Relationship between e.m.f. and temperature from the 
lines of best fit for the formation cells:  

Pb/Pb012(N1/4) + CsCl(N2)/C, C12 

composition 
(ma. PbC12) 

it temperature toC 
(volts) 

mean deviation of 
exptl. pts. from line 

(my.) 

0.886 1.5632 - (5.791 .x la-4)t 0.4 

0.848 1.5479 	(5.461x 10•4)t 2.2 

0.789 1.5463 	(5.418 x 10'4)t 0.8 

0.745 1.5540 - (5.476 x 10'4)t 0.5 

0.676 1.5639 - (5.496 x 10-4)t 0.2 

0.622 1.5822 • (5.589 x 10'4)t 0.8 

0.485 1.5802 - (5.109 110"4)t 1.1 

0.398 1.6145 - (5.113 x 10' 4)t 1.5 

0.307 1.6415 - (4.948x 10" 4)t 0.7 

TABLE 3.25 

Value of the actkvity and activity coefficient of PbC12 
at different iompotitions in the system PbC12-00C1  

composition 
(m.f.PbC12) 

Activity PbC12 Error Activity coeff. PbC12 

600°C 700°C 800°C 
aPbC12 
(7000C) 600°C 7000C 8000C 

0.886 0.8435 0.8730 0.8976 '10.011 0.9520 0.9853 1.0131 

0.848 0.7485 0.7247 0.7060 20.038 0.8827 0.8546 0.8325 

0.789 0.7290 0.7009 0.6776 <1'0.005 0.9240 0.8883 0.8588 

0.745 0.6519 0.6418 0.6351 II 0.8750 0.8615 0.8525 

0.676 0.5174 0.5241 0.5308 Iii 0.7654 0.7753 0.7852 

0.622 0.3682 0.3956 0.4193 11  0.5920 0.6360 0.6741 

0.485 0.1806 0.1862 0.1909 el 0.3724 0.3839 0.3936 

0.398 0.0732 0.0779 0.0787 11 0.1839 0.1957 0.1977 

0.307 0.0275 0.0331 0.0384 11 0.0896 0.1078 0.1231 

1.000 1.0000 1.0000 1.0000 if 1.0000 1.0000 1.0000 
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TABLE 3426 

Value of the activity and activity coefficient of Cad). (700 °C) 
at different compositions in the system PbC12-CsC1 

composition activity CsC1 activity coefficient 
(m.f. CsC1) (700°C) (700°C) 

0.118 0.0033 0.0281 

0.133 0.0040 0.0302 

0.154 0.0053 0.0347 

0.182 0.0074 . 0.0406 

0.222 0.0103 0.0462 

0.267 0.0138 0.0515 

0.333 0.0201 0.0605 

0.400 0.0300 0.0749 

0.500 0.0542 0.1083 

0.571 0.0807 0.1414 

0.667 0.1471 0.2205 

0.769 0.2702 0.3514 

0.870 0.4793 0.5509 



TABLE 3.27 

Partial molar thermodynamic functions of Pbc1 2  in the system PbC1r-CsC1 

mole fraction PbC12 

700°C 

1.000 0.886 0.848 0.789 0.745 	0.676 0.622 0.485 0.398 0.307 

AG' 	(K cal/mole) -53.14 -53.40 *53.76 .43.82 -54.00 	*54.39 -54.93 -56.39 *57.96 49.74 

, L1G1 	(cal/deg/mole) 26.40 -26.71 .45.19 -.24.99 *25.26 	.45.35 *25.78 -23.57 -23.58 42.82 

(K cal/mole) -78.82 -79.39 -78.27 -.78.14 -.78.57 	-.79.06 -80.02 •79.31 -80.91 -81.94 

. 4n:e1 	(K cal/mole) - 0.26 - 0.62 0.69 • 0.86 	*.1.25 - 1.80 • 3.25 - 4.82 - 6.60 

64 	(cal/deg/mole) - 0.31 + 1.21 + 1.41 + 1.39 	+ 1.05 + 0.62 + 2.83 + 2.81 + 3.58 

• Aial 	(K cal/mole) - 0.57 + 0.55 + 0.68 + 0.25 	0.24 -. 1.20 - 0.50 - 3.12 

6.6.18  (K cal/mole) • 0.03 0.30 0.23 -- 0.29 	0.49 -- 0.87 •. 1.85 • 3.15 -- 4.31 

L lE (cal/deg/mole) - 0.55 + 0.88 +0.94 + 0.55 	+ 0.27 • 0.33 + 1.39 + 0.98 + 1.23 

6000C 

AG1 	(K . cal/mole) -55.78 -56.07 46.28 -56.23 -46.52 	46.92 47.51 48.75 -60.32 -62.02 

6, d1 	(K cal/mole) • 0.30 • 0.50 -0.55 -0.74 	-1.14 - 1.73 -2.97 4.54 • 6.24 

LAB  (K cal/mole) - 0.09 - 0.22 - 0.14 - 0.23 	-- 0.46 -0.91 -1.71 2.94 - 4.19 

800°C 

LAI 	(K cal/mole) -50.50 -50.73 -51.24 -51.33 -51.47 	-51.85 *52.36 -54.03 -55.40 -57.46. 

LA 	(K cal/mole) - 0.23 • 0.74 • 0.83 - 0.97 	1.35 - 1.85 3.53 5.10 - 6.96 

AE (K cal/mole) + 0.03 0.39 - 0.32 - 0.34 	‘4.' 0.51 * 0.84 1.99 • 3.46 • 4.43 



TABLE 3.28 

Integral free enersv for the avitom PbC12-Ceel and 
partial molar free energy of CeC1 at 700°C as a 

function of comuogition 

mole fraction PbC12' • 1.00 0.90 0.80- 	0.70 	0.60 

(K cal/mole) 0.00 • 1.59 is 2.84 	- 3.82 	74.61 

6a2  (K cal/mole) •13.20 -11.50 	-10.23 	-8.58 

mole fraction PbC1 2  0.50 0.40 0.30 	0.20 	0.10 

AG 	(K cal/mole) -5.16 • 5.42 • 3.37 	• 4.93 	-3.50 

p-o2  (K cal/mole) •7.26 • 5.80 (-5.18 at 0.35 m.f. PbC12) 
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TABLE 3.29 

Values of e.mi.f. and temperature for the formation cells:  

Pb/(x PbC12 + x CaC1) - (1-2x)  Ltd/C, CU  

composition 	temp. 	e.m.f. 	LSE 	temp. 	•.m.f. 
(m.f.PbC12) 	(°C) 	(volts) 	(my.) 	(°C) 	(volts) 	(uw.) 

	

0.399 	649.6 	1.2423 	+0.1 	' 755.2 	1.1818 	+0.1 

	

676.8 	1.2264 	-0.2 	782.0 	1.1665 	+0.2 

	

703.6 	1.2110 	-0.2 	805.1 	1.1529 	-0.2 

	

729.0 	1.1971 	+0.4 	827.3 	1.1404 	0.0 

	

0.324 	652.6 	1.2470 	+0.5, 	753.0 	1.1970 	40.2 

	

679.8 	1.2324 	-0.6 	779.1 	1.1840 	40.1 

	

704.2 	1.2207 	-0.3 	803.5 	1.1716 	-0.3 

	

728.0 	1.2094 	+0.2 	821.7 	1.1631 	+0.2 

	

0.245 	640.6 	1.2552 	+0.3 	747.0 	1.2070 	-0.4 

	

667.8 	1.2427 	0.0 	771.2 	1.1966 	0.0 

	

693.4 	1.2314 	+0.1 	801.9 	1.1830 	+0.1 

	

720.4 	1.2193 	0.0 	837.4 	1.1669 	-0.2 

	

0.150 	643.0 	1.2599 	-0.5 	746.4 	1.2151 	+0.5 

	

670.7 	1.2478 	-0.3 . 	770.0 	1.2041 	0.0 

	

695.5 	1.2372 	0.0 	801.4 	1.1903 	+0.1 

	

721.0 	1.2262 	40.3 	829.9 	1.1775 	-0.1 
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TABLE 3.30 

Values of e.m.f. and temperature for the formation cells;  

Pb/(x PbC12 + x CsC1)- (1-2x) NaCl/C, C12 

composition 
(n.f.PbC12) 

temp. 
(0C) 

em.f. 
(volts) (my.) 

.temp. 
(n) 

•on.f. 
(volts) (w.) 

0.398 608.2 1.2777 +0.6 727.7 1.2159 +0.4 

634.0 1.2637 -0.1 157:0 1.2004 . 	0.0 

655.0 1.2525 -0.5 782.0 1.1878 +0.2 

680.6 1.2396 .  -0.2 710.0 1.1727 • -0.4 

703.6 1.2285 +0.5 

0.329 674.8 1.2480 -0.2 767.0 1.2028 0.0 

695.5 1.2380 0.0 793.6 1.1895 -0.1 

721.6 1.2256 +0.5 	. 815.3 1.1789 0.0 

744.0 1.2141 0.0 840.1 1.1668 +0.1 

0.250 676.8 1.2593 +0.4 , 780.4 ,1.2115 .  +0.3 

702.4 1.2472 +0.1 803.5 1.2004 -0.1 

726.2 1.2353 -0.8 830.1 1.1882 -0.1 

752.8 1.2240 +0.1 851.1 1.1785 -0.1 

,0.145 755.8 1.2382 +0.1 829.9 1.2070 +0.2 

781.4 1.2273 0.0 855.1 1.1958 -0.4 

802.6 1.2183 0.0 
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TABLE 3.31 

Values of e.m.f. and temperature for the formation cells: 

Pb/(x PbC12 + x Cod') (1-2x) KC1/C, C12 

composition 
(m.f.PbC12) 

temp. 
(°C) 

e.m.f. 
(volts) 

AE 
(mv.) 

temp. 
(°C) 

e.m.f. 
(volts) 

LSE 
(mv.) 

0.396 652.0 1.2646 +0.2 753.0 1.2173 +0.3 

674.2 1.2535 -0.5 777.6 1.2052 -0.2 

699.3 1.2426 +0.4 802.1 1.1938 -0.1 

726.5 1.2294 0.0 835.1 1.1783 -0.1 

0.322 652.0 1.2933 0.0 751.4 1.2464 +0.7 

676.5 1.2812 -0.3 776.0 1.2329 -1.0 

701.7 1.2706 +1.1 802.5 1.2212 0.0 

724.0 1.2582 -0.6 828.1 1.2091 +0.1 

0.248 669.5 1.3063 -0.3 768.6 1.2592 +0.3 

695.5 1.2938 ..0.3 793.1 1.2471 0.0 

721.0 . 1.2821 +0.3 822.2 1.2333 +0.2 

744.0 1.2707 -0.1 850.1 1.2196 -0.1 
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TABLE 3.32 

Values of e.m.f. and temperature for the formation cells: 

Pb/(x PbC12 +x Cad) (1-2x) RbC1/C, C12 

composition 
(m.f.PbC12) 

temp. 
(0C) 

e.ma. 
(volts) 

LSE 
(mv.) 

temp.. 
(0C) 

e.m.f. 
(volts) 

6,E 
(my.) 

0.396 644.9 1.2797 +0.3 753.6 . 	. 1.2277 +0.7 

672.0 1.2662 -0.1 780.0 1.2145 +0.2 

698.0 1.2538 0.0 809.1 1.2006 +0.3 

725.0 1.2402 -0.6 832.0 1.1887 -0.5 

0.322 637.0 1.3130 +0.5 741:8 1..2629 -0;5 

663.6 1.3000 0.0 778:2 1.2463 +0.2 

690.8 1.2876 +0.3 .  805:7 1.2337 +0.2 

717.6 1.2743 -0.4 

0.250 621.6 1.3487 -0.4 731.5 1.2965 +0.5 

649.0 1.3356 -0.2 758.2 1.2830 -0.1 

675.3 1.3227 -0.4 785.9 1.2696 .-0.1 

704.0 1.3097 +0.4 810.1 1.2583 +0.2 
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TABLE 3.33 

Relationship between e.m.f. and temperatute from the 
lines of best fit for the formation cells:  

Pb/(x PbC12 + x CsC1) 	(1.2x) Lid/C, C12 

composition e.m.f. at temp. toC 
• 	(volts) 

mean 
deviation 

/h24.7-1:-  m.f.PbC12, m.f., CsC1 rn.f. Lidl 

0.399 ' 0.406 0:195 1.6142 - (5.727 x 10' 4)t 0.2 

0.324 ' 0;330 0.345 1.5692 - (4.945x 10' 4)t 0.3 

0.245 ' 0.258 0.497 1.5407 - (4.462 x,10' 4)t 0.15 

0.150 . 0.154 0.696 1.5454 - (4.432 x 10' 4)t 0.2 

TABLE 3.34 

Relationship between e.m.f. and temperature from the 
Hiles of best fit for the formation cells:  

Pb/(x PbC12 + x CsC1)—  11-2x) Nel/C, C12 

P 

composition e.m.f. at temp. toC 
(volts) 

mean 
deviation 

14 E41412 131.LCmC1  m.i.NaC1 

0.398 0.402 0.199 1.5906 - (5.154 x 10'4)t 0.3 

0.329 0.325 0.346 1.5810 - (4.932 x 10" 4)t 0.1 

0.250 0.251 0.499 1.5704 - (4.603 x 10"4)t 0.2 

0.145 0.153 0.702 1.5564 - (4.212 x 10-4)t 0.1 



' 
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TABLE 3.35 

Relationship between e.m.f. and temperature from the 
lines of best fit for the formation cells:  

Pb/(x PbC12 + x CsC1)— (1-2x) KC1/C, C12 

composition e.m.f. at temp. t°C 
' (volts) 

mean 
deviation 

4v1.1.7-  
m. f .PbC12 m. f.C!Cl td..f .KC1 

0.396 0.408 0,197 .1.5708 -,(4.699 x 10-4)t 0.2 

0.322 0.333 0.345 1.6053 - (4.786 x 10-4)t 0.5 

0.248 0.249 0.503 1.6290 - (4.815 x 10-4)t 0.2 

TABLE 3:36 

Relationship between e.m.f. and temperature from  the 
lines of best fit for the formation cells:  

Pb/(x PbC12 4. m: Cad)  (1-2x) ibel/C, C12  

composition 	0.m.f. at temp. t°C 	mean 
(volts) 	deviation m.f.PbC12 	m.f.RbC1 	 ewt 

0.396 0.410 0.194 1:5900 - (4.817 x 10-4)t 0.3 

0.322 0.331 0.347 1.6107 0. (4.682 x 10.44)t 0.3 

0.250 0.255 0.495 1.6491 ,.. 	(4.827 x 10-4)t 0.3 



composition 	  
(n.f.PbC12) 600°C 

activity PbC12 	activity coeff..PbC12 

700°c 	800°C 	600°c 	700ft 	800ft 
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TABLE 3.37, 

Value of the activity and activity coefficient of PbC12 
at different compogitions in ;the system 

(x PbC12 + x CsC1) 	(1.2x) LiC1 

activity PbC12 	activity coeff. PbC12 
composition 	  
(n.f.PbC12) 6000C. 	700°C 	800°C 	600°C ' 	700a ^ 6000C 

	

0.399 	0.1962 	0.2325 .  0.2670 	0.4921 	0.5831 	0.6697 

	

0.324 	0.1866 	0:1846 	0.1825 	0.5752 	0.5691 	0.5626 

	

0.245 	0.1842 	'0.1623 	0;1468 	0.7509 	0.6616 	0.5985 

	

0.150 	0.1550 	0.1380 	0.1259 	0.0361 	0.9225 	0.8416 

TABLE 3.38 

Value of the activity and activity coefficient of PbC12 
. at different compositions in the system 

(u PbC12 + x CsC1)- (1-2x) NAC1  

	

0.398 	0.1473 	0.1570 	0.1648 	0.3697 	0.3941 	0.4137 

	

0.329 	0.1335 	0.1360' 	0.1385 	0.4061 	0.4138 	0.4218 

	

0.250 	0.1048 	0.1012 	0:0984 	0.4192 	0.4048 	0.3936 

	

0.145 	0.0815 	0.0736 	0.0678 	0.5617 . 0.5072 	0.4673 
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TABLE 3.59 •  

Value of the activity and activity coefficient of Pba, 
at different compositions in the system 
"(x PbC1; +x Cad) '(1-20'Kel 

composition 
(in.f.PbC12) 

activity PbC12 'activity coeff. PbC12 :  

600°C 700°C 800°C.  600°C 7000C 800°C 

0.396 

0.322 ' 

0.248 

0.1207 

0:0566 

0.0310 

0.1176 

0.0597 

0.0363 

0.1152 

0.0635 

0.0400 

, 
0.3049 

0.1725 

0.1251 

0,2970 

0.1852 

0.1465 

0.2910 

0.1970 

0.1614 

TABLE  3.40 

Value of the activity and activity coefficient of PbC12 
at different compositions in the system 

(x PbC12 + x CsC1) 	(1-2x) AbC1  

activity PbC12 	Activity coeff. PbC12 
composition 	  
(m.f.PbC12) 600°C 	7000C 	8000C 	6000C 	700°C 	8000C 

0.396 

0.322 . 

0.250 .  

0.0875 

0.0407 

0.0185 

0.0908 

0.0442 

0.0225 

0.0933 

0.0473 

0.0265 

0.2209 

0.1265 

0.0741 

0.2292 

0.1374 

0.0901. 

0.2355 

0.1470 . 

0.1062 
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TABLE 3.41 

Partial molar thermodynamic functions of MCI, 
in the system (x PbC12 + x Cad) 	(1-2x)LiC1 

mole fraction Pb012 

(K cal/mole). 

LS r (cal/deg/Mole) 

AkAK cal/mole). 
6,61  (K cal/mole). 

LS (cal/deg/mole) 

'(K cal/mole). ' 
Ade (K cal/mole). 

LAO (cal/des/mole) 

(K cal/mole) 

zsa, (K cal/mole) 

651E  (K cal/mole) 

LAi (K cal/mole) 

(E cal/mole) 

Ado (K cal/mole) 

7000C 

1.000 0.399 0.324 0.245 0.150 

-33.14 -55.96 •56.41 -56.66 -56.97 

-26.40 .  -26:42' •22.81 -20.58 .40.44 

-78.82 -81.66 -78.60 -76.69 •76.86 

• 2.82 • 3.27 - 3.52 • 3.83 

• 0.02 + 3.59 + 5.82 + 5.96 

• 2.84 + 0.22 + 2.14 ' + 1,96 

- 1.04 - 1.09 - 0.80 - 0.16 

• 1.85 +1.35 +3.02 +2.18 

6000C 

-55.78 -58.61 -58.69 -58.72 -59.02 

• 2:83 • 2.92 • 2.94 • 3.24 

- 1.23 • 0.96 • 0.50 + 0.06 

8000C 

-50.50 -53.32 -54.13 -54.60 -54.92 

• 2.82 • 3.63 .  - 4.10 - 4.42 

- 0.85 • 1.23 - 1.09 • 0.37 
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TABLE 3•40'. 

Partial molar thermodynamic functions of PbC17 
in thaisystins:.(x PbC121. z CsC1).. (1-!2x)NaG1 

7000C 

mole fraction PbC12 1.000 0.398 0.329 0.250 0.145 

LNG' 	(K cal/mole) -53.14 -56.72 -57.00 -57.57 -58.19 

AB1  ' (cal/deg/mole) -26.40 -23.77 -22.75 =21.23 -19.43 

Lflj 	(K cal/mole) *78.82 -79.85 -79.14 -78.21 -77.09 

Ad' • (K Cal/mole) • 3.58 - 3.86 • 4.41 • 5.05 

- (cal/deg/mole) + 2.63 + 3.65 + 5.17 + 6.97 

Alit • (K cal/mole) - 1.03 - 0.31 + 0.59 + 1.73 

LA1E (K cal/mole) - 1.80 - 1.71 • 1.75 - 1.31 

AtIE. (cal/deg/mole) + 0.80 + 1.44 + 2.41 .  + 3.13 

6000C 

(K cal/mole) •55.78 -5.10 -59.27 -59.69, -60.13 

(K cal/mole) - 3.33 • 3.50 - 3.92 - 4.35 

LAE (K cal/mole) . 1.73 - 1.56 • 1.51, - 1.00 

8000C 

. (K cal/mole) -50.50 -54.35 -54.72 -55.45 -56.24 

Lj 	(K cal/mole) - 3.85 - 4.22 - 4.95 - 5.74 

.6.4111 	(K cal/mole) - 1.88 - 1.84 - 1.99 -1.62 



TABLE 3.43 

147. 

Partial molar thermodynamic functions of PM" 
In the system (x PbC1 + 	Cad) 	(1-2x)KC1 x 

700°6 . 

mole fraction PbC12 1.000 '0.396 0.322 0.248 

(K cal/mole) -53.14 ' -57.28 -58.59 

6,E1 	(cal/deg/mole) -26.40 -21.61 -22.08 -22.21 

6,1i1 	(K . cal/mole) -78.82.. , -78.37 -80.07 -81.20 

(K cal/mole) - 4.14 - 5.45 - 6.45 

6'6. 1 	(cal/deg/mole) +4.72 + 4.32 + 4.19 

L 111 	(K cal/mole) ,+ 0.45 - 1.25 - 2.38 

aalE (K cal/mole) - 2.35 - 3.26 3.71 

LAO (cal/deg(Mole) +2.88 + 2.07 + 1.42 

600°C 

(K cal/mole) -55.78 -59.45 	. -60.80 -61.81 

(K cal/mole) - 3.61 - 5.02 - 6.03 

AGE 	(K cal/mole) - 2.06 - 3.05 • 3.61 

8 0 0 C 

(K cal/mole) •50.50 -55.11 -56.38 -57.37 

(K 
•

.cal/mole) - 4.6/ 5.88, - 6.87 

AE (K cal/mole) - 2.63 3.46 • 3.89 
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TABLE 3:44  

Partial molar thermodynamic functions of PbC19 
in the system (lc  PbC12 + x Cad].)  (1-2x)RbC1  

7000C 

mole fraction PbC12 
AG1  (k cal/mole) 

LA' (cal/deg/mole) 

tHi (K cal/mole) 

LA (K cal/mole) 

LA1 (cal/deg/mole9 

(K cal/mole) 

LAE (K cal/mole) 

LS -i18 (tal/des/mole) 

(K cal/mole) , 

LA (k cal/mole) 

61E (K cal/mole) 

1.000 0.396. 0.322 0.250 

-53.14 . -57.78 -59.18 -60.48 

-26.40 -22.22 -21.60 -22.26 

-78.82 ..79.40 -80.19 -82.14 

• 4:65 • 6.04 - 7.34 

+ 4.18 + 4.80 + 4.13 

- 0.58 - 1.37 - 3.32 

-2.85 -3.84 -4.65 

+ 2.34 + 2.55 + 1.38 

600?C 

-55.78 -60.01 -61.34 -62.71, 

- 4.23 • 5.56 - 6.93 

- 2.62 4. 3.59 - 4.52 

8000C 

-50.50 -55.56 -57.01 -58.25 

• 5.06 • 6.51 - 7.75 

- 3.08 - 4.09 - 4.78. 

tic cal/mole) 

(K cal/mole) 

LAE (K cal/mole) 
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TABLE 3.46 

Values of e.m.f. and temperature for the formation cells:  

Pb/(2x PbC12 + x CACI) - (1-3x) Lid/C, C12  

composition 	temp. 	e.m.f. 	6E 	temp. 	e.m.f. 	AS 
(m.f. 14412) 	(°C) 	(volts) 	(my.) 	(°C) 	(volts) 	Osv.) 

	

0.551 	636.0 	1.2170 	*0.5 	744.9 	1.1674 

	

663.0 	1.2050 	-0.1 	770.3 	1.1561 	0.0.1 

	

686.8 	1.1947 	+0.4 	797.2 	 1.1439 	0.0 

	

712.2 	1.1832 	+0.5 	821.0 	1.1333 	+0.2 

	

0,491 	618.0 	1.2315 	-0.7 	729.8 	1,1770 	+0.7 

	

646.1 	1.2182 	0.0 	721.3 	1.1807 	+0.2 

	

672,0 	1.2051 	-0.1 	749.1 	1.1664 	*0.2 

	

698.0 	1.1922 	0.0 	777.3 	1.1524 	-0.1 

	

0.418 	626.0 	1.2337 	+0.4 	733.0 	1.1806 	0.0 

	

650.2 	1.2210 	-.0.3 	160.1 	1.1671 	-0.1 

	

678.8 	1.2074 	+0.1 	789.2 	1.1528 	-0.1 

	

705.8 	1.1936 	-.0.4 	810.0 	1.1428 	+0.2 

	

0.322 	640.6 	1.2268 	+0.4 	749.0 	1.1743 	0.0 

	

667.4 	1.2134 	--0A 	771,2 	1.1636 	0.0 

	

692.8 	1.2010 	-0.3 	805.1 	1.1475 	+0.2 

	

722.0 	1.1872 	.-0.1 	821.3 	1.1391 	-0.4 

	

0.250 	653.0 	1.2273 	-0.1 	759.0 	1.1803 	+0.5 

	

679.2 	1.2158 	+0.2 	,787.2 	1.1672 	0.0 

	

706.0 	1.2029 	-0.7 	807.1 	1.1580 	-0.3 

	

732.1 	1.1921 	+0.2 	830.0 	1.1480 	0.0 
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TABLE 3.47 

Values of e.m.f. and temperature for the formation cells:  

Pb/(2x PbC12 + x CsC1)- (1-3x) NaCl/C, C12 

composition 
(m.f.PbC12) 

temp. 
(°C) 

e.m.f. 
(volts) 

LE 
(my.) 

temp. 
(oc) 

e.m.f. 
(volts) 

6i 
(my.) 

• 	0.561 636.8 1.2233 +0.4 .  734:0 - 1:1686 =0:2 

662.4' 1.2094 +0.8 	. 759.8 1.1556 44:1 

686.0 1.1948 -0.7 782.1 1.1420 -0:1 

709.2' 1.1816 -1.0 799:8 1:1325 +0.3 

0.461 652.8' 1.2237 -1.1' 7530 1:1765 +0.6 

679.0' 1.2120 0.0 .  776:4 1:1645 0.0 

704.8. 1.1998 +0.4 .  805:1 1.1502 -0:3 

729.4' 1.1875 +0.1 .  830.2 1.1382 -0.1 

0.355 683.5. 1.2130 -0.4 .  7830 1.1653, -0:2 

708:7 1.2018 +0.5' 606:8 1.1536 =0:5 

732.4 .  1.1903 +0.4 831.2 1:1424 +0:1 

759.0' 1.1770 -0.1 8555 1.1303 -0.3 

0.237 748.6 1.2032 0.0 .  823.2 1.1678 -0:1 

773.0' 1.1911 -0.5 848:0 1.1568 +0.7 

796.5 .  1.1804 -0.1 .  862:1 1.1495 0:0 
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TABLE 3.48 

Values of e.m.f. and temperature for the formation cells: 

Pb/(2x PbC12 + x CsC1) '(1-3x) KC1/C. C12 

composition 
(m.f.PbC12) 

temp. 
(°C) 

e.m.f. 
(volts) 

AE 
(my.) 

temp. 
(oc) 

e.m.f. 
(volts) 

AE 
(my.) 

0.501 644.0 1.2382 -0.2 752.0 1.1851 +0.3 

673.0 1.2239 -0.1 775.4 1.1729 -0.3 

697.2 1.2119 -0.1 799.2 1.1614 0.0 

723.6 1.1990 +0.1 

0.407 628.4 1.2714 0.0 733.4 1.2205 +0.6 

655.0 1.2580 -0.4 760.2 1.2065 -0.3 

680.0 1.2460 -0.1 787.9 1.1932 0.0 

707.5 1.2330 +0.4 810.1 1.1825 +0.2 

0.330 652.6 1.2785 0.0 755.2 1.2295 0.0 

679.2 1.2655 -0.3 781.8 1.2164 -0.4 

704.0 1.2542 +0.2 805.7 1.2055 +0.1 

729.0 1.2424 +0.4 829.9 1.1936 -0.2 

0.241 685.8 1.2915 +0.3 763.4 1.2556 +0.3 

712.2 1.2788 -0.2 789.1 1.2435 +0.1 

737.0 1.2670 -0.5 815.7 1.2310 70.1 
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TABLE 3.49 

Values of e.m.f. and temperature for the formation 

Pb/(2x PbCli + x CsCi) (1-3x) RbC1/C, C12 

composition 
(n.f,PbC12) 

temp. 
(°C) 

e.m.f. 
(volts) 

CE 
(my.). 

temp. 
(°C) 

e.m.f. 
(volts) 

ZSE 
(mv.) 

0.594 627.0 1.2288 0.0 735.8 1.1765 +0.6 

653.0 1.2158 -0.3 760.1 1.1641 0.0 

679.0 1.2028 -0.7 789.2 1.1497 -0.2 

707.5 1.1899 +0.3 817.1 1.1360 -0.3 

0.524 649.0 1.2352 .-0.8 757.4 1.1825 +1.3 

677.7 1.2212 -0.3 783.2 1.1682 0.0 

705.6 1.2070 -0.4 808.7 1.1552 -0.1 

732.7 1,1940 +0.3 

0.444 648.0 1.2601 +0.2 755.8 1.2089 +0.2 

675.0 1.2470 +0.4 780.1 1.1971 0.0 

703.2 1,2342 -0.3 819.0 1.1782 -0.3 

729.2 1.2216 +0.1 840.2 1.1682 -0.1 

0.374 637.0 1.2894 0.0 745.2 1.2372 +0.1 

666.0 1.2754 0.0 771.3 1.2240 -0.1 

693.0 1.2622 ,0.2 795.2 1.2133 +0.3 

719.5 1.2497 +0.1 819.9 1.2009 -0.2 

0.278 643.0 1.3237 -0.3 747.4 1.2745 -0.2 

669.8 1.3114 +0.1 771.7 1.2632 0.0 

694.6 1.2997 +0.1 79861 1.2506 -0.1 

722.6 1.2865 +0.1 
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TABLE 3.50. 

Relationship between e.m.f. and temperature from the 
lines of best fit for the formation cells:  

Pb/(2x PbC12 + x CsCl) 	(1-3x) Lid/C, C12 

composition e.m.f. at temperature tOC mean 
deviation m.f.PbC12 m.f.C.C1 m.f.LiC1 (volts) 

0.551 0.281 0.168 .  1.5076 - (4.562 x 10-4)t 0.3 

0.491" 0.260 0.249 1.5414 - (5.003.x 10-4)t 0.3 

0.418 0.205 0.377 1.5417 - (4.927 x 10'4)t 0.2 

0.322 0.169 0,510 1.5341 - (4.804 x 10-4)t 0.2 

0.250 0.122 0.628 1.5201 • (4.483 x 10-4)t 0.2 

TABLE 3.51 

Relationship between e.m.f. and temperature from the 
lines of best fit for the formation cells:  

Pb/(2x PbC12 + x CsC1) 	(1-3x) Ned/C, C12 

, composition 	  e.m.f: at temperature toC. 	mean. 

m.f.PbC12 m.f.C.C1 . (volts) 	deviation 
, 	 • /NW' 

0.561 0.293 0.147 1.5770. -.(5.561 x 10-4)t 0.6, 

,0.461 0.234 0.305 1.5431 - (4.876 x 10-4)t 0.3, 

0.355 0.170 0.475 1.5423 - (4.812 x 10-4)t 0.3, 

0.237 0.122 0.641 - (4.732 x 10"4)t 0.2 
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TABLE 3.52 

Relationship between e.m.f. and temperature from the 
lines of best fit for the formation cells:  

Pb/(2x PbC12 + x CsC1) 	(1-3x) RCli C, Cl 

composition e.m.f. at temperature t°C mean 
(volts) 	deviation 

ihkr .  m.f.PbC12 	m.f.RC1 

0.501 0.254 0.245 1.5576 - (4.957 x 10.14)t 0.2 

0.407 0.212 0:381 . 1.5795 - (4.903 x 10'4)t 0:2 

0.330 0.164' 0:506 1.5904 - (4.779 x 10'4)t 0.2 

0.241 0.122' 0:637 1.6084 - (4.625 x 10" 4)t 0.3 

TABLE 3.53 

Relationship between e.m.f. and temperature from the 
lines, of best fit for the formation cells:  

Pb/(2x PbC12 + x Cod].) — (1-3x) RbCX/C, tt2 

composition e.m.f. at temperature t°C 
(volts) deviation 

 

mean, 

flaadkr 
m.f.PbC12 m.f.C8C1 m.f.RbC1 

0.594 0.320 .  0.086 1.5337 - (4.863 x 10' 4)t 0.3 

0.524 0.254 0.222 1.5641 • (5.055 x 10-4)t 0.4 

0.444 0.232' 0:324 1.5706 - (4.788 x 10"4)t 0.2' 

0.374 0.195' 0:430 1.5970 - (4.829 x 10' 4)t 0.2 

0.278 0.133 0.590 1.6276 - (4.722 x 10" 4)t 0.1' 
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TABLE 3.54 

Value of the activity end activity coefficient of PbC12 
at different compositions in the system:  

(2x PbC19 + x CsC1) - (1..3x) LiC1 

composition 'activity PbC12 actinity'coeff.,PbC12 

ona,PbC12) 600°C, 700°C, 800°C 600°C 700°C . 800°C 

, 	. • 
0.551 0.5202 0.4220 0.3567 . 0.9436 0.7655 0.6470 

0.491 0.426 0.3938 0.3676 . 0.8722 0.8015 0.7482 

0.418 0.3762 0..3445 0.3207 0.9006 0.8248 ,  0.7678 

0.322 0.3782 . 	0.3364 0.3053 . 1.1756 1.0457 ,  0.9490 

0.250 0.3291 0.2748 0.2370 1.3180 1.0992 0.9480 

TABLE 3.55 

Value of the activity and activity, coefficient of PbC12 
at different compositions in the system: 

(2x PbC12 + x CsC1) (1-4) NaC1 

composition activity PbC12 activity coeff. PbC12 

(m ' f * PbC12)  600°C 700°C 800°C 6000C 700°C 800°C 

0.561 0.4053 0.4282 0.4476 0.7225 0.7633 0.7979 

0.461 0.3147 0.3059 0.2848 0.7260 0.6636 0.6178 

0.355 0.3082 0.2801 0.2596 . 0.8679 0.7888 0.7311 

0.237 0.1818 0.1710 0.1673 . 0.7671 0.7215 0.7059 
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'TABLE 3.58 

Partial molar thermodvnamic functions of 
PbC12 in the system: 

(2x PbC12 + x Cad') (1-3x) Lid1 

700oi 

mole fraction PbC11 1.000 0.551 0.491 0.418 0.322 0.250 

'NG' 	(K cal/mole) . •53.14 -54.81 -54.94 -55.20 -55.25 -55.64 

AS' 	(cal/deg/mole) -26.40 :•21.04 -23.08 -22.73 •22.16 -20.68 

LAI1 	(K . cal/mole) -78.82 -75.28 47.40 -77.33 -76.81 -75.76 

(i cal/mole) . - 1.67 • 1.80 - 2.06 . - 2.11 • 2.50 

64 	(cal/deg/mole) +:15.36 + 3.32 + 3.67 + 4.24 + 5.72 

Ak 	OK cal/mole) + 3.54 + 1.43 •+ 1.49 + 2.02 + 3.06 

zalE (K cal/mole) - 0.52 - 0.43 • 0.37 + 0.09 + 0.18 

(cal/degimo1o) 4. 4.17 + 1.91 + 1.94 + 1.99 + 2.97 

6000C 

LW' 	(K cal/mole) -55.78 -56,91- -57.25 -57.48 -57.47 -57.71 

Ai 	OK cal/mole) - 1.13- - 1.47 - 1.70 - 1.69 - 1.93 

Lai! (K cal/mole) -0.10-0.24  - 0.18 +028 +0.48 

l000c 

(K cal/mole) -30.50 -52.70 .  -52.64. •52.93 -53.03 -53.57 

(K cal/mole) - 2.20 - 2.14 - 2.43 • 2.53 - 3.07 

Ado 	(K cal/mole) .• 0.93. 0.62 - 0.56 ..- - 0411 - 0.11 
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TABLE 3.59 

Partial molar thermodynamic functions of 
Pb.C11 in the system: 

(2x PbC12 + x C8C1) - (1•3x) NaC1  

1000C 

mole fraction ibci2  1.000 0.561 :0.461 0.355 :0.237 
AG]. 	(K cal/mole) -53.14 -54.78- -55.43 -55.60 --56.56 
ABi 	(cal/deg/mole) -26:40 -25465 -22.49 -22.20 •21.83 
LH1 ,(K cal/mole) -78:82. -7974 -77.31 -77.20 -77.79 
Aci 	,.(K cal/mole) -1.64 -229. -2.46 -3.42 

'(cal/deg/mole) - 0:75 +, 3.11 + 4.20 + 457 
LR1 .(K cal/Mole) ' - 0.12 + 1.51 + 1.62 + 1.03 
pelt (K cal/mole) 0.52 0.79 • 0.46 - 0.63 
AkE'(Cal/dealliole) - 0.40 + 2.37 + 2.14 + 1.71 

6000c 

• AGI 	(K.cal/mote). -55.78, -57.35 -57.68 -57.82 -58.74 
Ak 	(K cal/mole) - 1.57 1.90 -2.04 • 2.96 
651E (K cal/mole) - 0.56 .  0.56 0.25 0.46 

800°C 

AG1 	(K cal/mole) -50.50 -52.22 -54.37 

661 	(K cal/mole) - 1.72 7  2.68 - 2.08 • 3.87 

AdiE (K cal/mole) - 0.48 - 1.03 - 0.67 - 0.74 
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TABLE 3.60 

Partial molar thermodynamic functions of 
PBC12 in the system:  

(2n PbC19 + x Cad) (1-3x) KC1 

' 7000C 

mole fraction PbC12 1.000 0.501 0.407 0.330 0.241 

AC1 	(K cal/mole) -53.14 -55.84 -57.02 -57.93 •59.25 

.1,St 	(cal/deg/Mole) =26:40 ' ,42.86 -22.62 '22.04 -21.33 

6, 181 	(K cal/mole) .48.82 -78.08 ‘79.03 -79.38 *80.01 

(K cal/mole) - 2.70 - 3.88 4.79 - 6.11 

6,1iI 	(cal/deg/mole) .4. 3.53 . +.3.78 + 4.35 + 5.07 

(K cal/mole) + 0.74 - 0.21 • 9.55 - 1.19 

OLE.  (K cal/mole) 1.36 - 2.14 7 2.64 • 3.36 

LAO (cal/deg/mole) ,+ 2.16 + , 2.00 + 2.15 + 2.24 

6000C 

AGI 	(K cal/mole) -55:78 -58.13 .-59.28 -60.13 -61.39 

iNdi 	(K cal/mole) • - 2.35 . 	-.3.51 - 4.35 - 5.61 

LAE (K cal/mole) -1.15 -1.94 -2.43 -3.14 

; 800°C 

'AG1 	(K Cal/mote) .40.50 -53.55 •-54.76 -55.72 -57.12 

A01 	(K cal/mole) - 3.05 - 4.26 - 5.22 - 6.62 
, LE (K cal/mole) - 1.57 ‘• 2.34 - 2.85 • 3.58 
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TABLE 3.61 

Partial molar thermodynamic functions of 
PlIC12 in the SYStem: 

(2x PbC12 + x Gel) 	(1-3x) Iltbd 

7000C 

mole fraction PbC12 

AG1  (K cal/mole) 

LA' (cal/deg/mole) 

(K Cal/mole) 

öi (K cal/mole) 

Li (cal/dog/mole) 

LA-11 (K cal/mole) 

Ade (K cal/mole) 

,6§1E (cal/deg/mole) 

(K cal/mole) 

Ad' (K cal/mole) 

AdiE (K cal/mole) 

L\Cri  (K cal/mole) 

(K cal/mole) 

6,60 (K cal/mole) 

1.000 0.594 0.524 '0.444 0.374 0.278 

-53.14 -55.04 -55.81 . -56.98 -58.07 '-59:83 

-26.40 -22.43 -23.31 . '-22.08 -22.27 -21:78 

-78.82 -76:87 -78.51 '..78.47 -79.74 -81.02 

- 1.90 2.68 	- 3.84 -4.93 '-"6:69 

+ 3.97 + 3.08 .+ 4.31 + 4.12 + 4.62 

+ 1.96 + 0.31 •+ 0.35 - 0.92 •, 2.20 

• 0.89 - 1.43 ,- 2.27 • 3.03 - 4..20 

+ 2493 + 1.80 ,+ 2.70 + 2.17 4-2.07 

6000C 

-55.78 -57.28 -58.15 	-59.19 -60.30 -62.00 

- 1.50 - 2.38 	- 3.41 - 4.52 - 6.23 

- 0.60 - 1.25 	- 2.00 - 2.81 - 4.00 

800°C 

.50.50 -52.80 -53.49 	-54.78 -55.84 -57.65 

- 2.30 - 2.99 	- 4.28 - 5.34 - 7.15 

- 1.18 - 1.61 	- 2.54 - 3.24 - 4.40 



TABLE 3.62 

Differences in the partial molar free energies ( 6.di*(14C1) of PbC12 in the systems 
Ii2S12-CsC1  and (2x PbC12 + x . CsC11 	(1-3x)MC1 as -functions of the ratio 

' 	(sa.f.MC1)/(m.f.CsC1) at 7000C  

composition 
(m.f.PbC12). 

NMC1 601*(LiC1) 41tt(NaC1) 	,6,art(K.C1) .6.a1k(ltbC1) 
NCBC1 

i 

0.667 0.00 0.00 0.00 	0.00 0.00 
0.65 . 0.077it: 0.04 0.14 0.13 	0.05 0.03 
0.60 0.333 ± 0.05 0.-50 0.47 	0.17 0.10 
0.55 0.636 ± 0.07 0.82 0.79 	0.29 0.12 
0.50 1.000 ± 0.09 1.26 1.03 	0.37 0.08 
0.45 + 1.444 - 0.12 	, 1:92 1.55 	0.55 0.15 
0.40 2.000 ± 0.18 2.72 2.37 	0.84 0.29 

0.35 2.714 ± 0.25 3.70 3.26 	1.22 0.-63 

0.30 3.667 1: 0.36 -4.69 4.04 	1.70 0.63 
0.25 5.000 ± 0.55 5.-75 5.00 	2.-30 0.87 

Errors arise in NMC1 the uncertainty NPbC12-„ because of in the ratio 	Om x) 
NCsC1 	 °CaC1 

Experimentally x is not always equal to 2.. 
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3.3 THE RECIPROCAL SYSTEMS Cd 4.. NZ+ . Br ' , Cl  

a) Pure CdBr2 

The e.m.f. E0, for the formation cell: 

Sn,Cd/Pure CdBi2/C, Bt2, 

was measured over the temperature range 600-800°C. The results are 

recorded in Table 3.63 and are illustrated, together with the values 

obtained by other workers *  in fig. 3.54. The present results lie 

between those of Lantratov and Shevlyakova( 1)  and Weber(2)  oaths 

One hind and Lorenz aid Kaufler (3)  oi the other. The temperature 

, coefficient of the e.m.E. is 'more closely related to the former group. 

The rather laige disciepancy in E °, could well be due to the solubility 
,  1  c 

of the molten cadmium metal electrode in the melt. In this work, the 

solubility was depressed by alloying the pure cadmium with A.R. grade 

tin (see Section 2.50.'According to Richards( 4) the solubility of 

the metal from an equimolar alloy is ,mpost 9 mole % in pure CdC12, but 

falls to approximately 1 mole % in the mixtures CdC12 + NaC1 and 

CdC12 + KCl 

The present results conform well to a linear relationship 

between e.m.f. E, and the temperature VC; for the cell: 

Sn, Cd/pure Cd3r2/C, 3r2, 

E w 1.3981 • (5.645 x 10' 4)t 

1. Lantratov and Shevlyakova: Zhur. Priklad. Khim., 34 1065 (1961) 

2. Weber: Z anorg. u engem. Chem., 21 305 (1899) 

3. Lorenz and Kaufler: quoted by Lantratov and Shevlyakova (see ref.1) 

4. Richards: Ph.D. thesis, University of New Zealand (1956) 
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where the mean deviation of the experimental points is 0.2 millivolts. 

Thermodynamic data for pure CdBr2 are presented in Table 3.64. 

b) The system CdBrrNaC1 

The variations of e.m.f with temperature for the cells: 

Sn, Cd/COr2(111) + NaC1(82)/C, Er2, 

are listed in Table 365.  The equations to the lines of best fit are 

recorded in Table 3.66 and illustrated in fig. 3.55. Isotherms of 

e.m.f. vs. mole fraction of CdBr2 are also shown in fig. 3.56. 

Activitiee and activity coefficients for CdBr2 are 

presented in Table 3.67 andfig. 3.57, together with the ideal Tezokin . 	, 

activities., Values for the other component were calculated from the 

Gibbs.41uhem equation and are 'shown in Table 3.68 and fig. 3.58. Errors 

in  aCillt2 are less than t0.003 units for mixtures below 0.65 mole 

.fraction Calt2•but above,thievalus the error steadily increases to a 

maximum of t0:034 units at 0.00 Mole fraetion CdBr2. 

In the reciprocal systems, ideal thermodynamic quantities 

cannot be calculated with any degree of certainty. For the binary' 

systems, ideal properties can be obtained, by assuming the melt to be 

completely dissociated into non‘interactingsions. For reciprocal , 

systems, an exchange equilibrium must be postulated, Which is associated 

with an energy change depending on the equilibrium reaction: 

Cd8r2 + 28101 
l< 
 CdC12 + 211aBr. 

) 
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Because of the difficulty in estimating the equilibrium constant; ideal 

thermodynamic functions cannot be obtained simply and hence excess 

thermodynamic functions are not accessible. Partial molar quantities 

for CdBr2 are shown in Table 3.69 and in figs.. 3.59 and 3.60. 

• Integral free energies for the system CdBr•Nel, are listed in 

'Table 3.70 and draWn in fig. 3.59. Errors in the thermodynamic 

quantities are of the same order of magnitude as those for the binary 

lead bromide-alkali metal bromide sysiteme. 

c) The system CdC19-NaBr 

Values of e.m.f. over a 170°C temperature range for the cells: 

Sn, Cd/CdC12(N1) + NaBr(N2)/C, Br2, 

are given in Table 3.71. The cell reaction i$ the formation of 

CdBr2 from its elements. As the exchange reaction made it difficult to 

interpret the thermodynamic quantities with respect to the mole 

fraction of CdBr2 (See Section 4C.1), these properties were discussed 

with reference to the mole fraction of cadmium chloride. Equations 

to the lines of best fit are given in Table 3.72 and are illustrated 

in fig.3.61. E.m.f. isotherms as functions of composition, are shown 

in fig. 3.62. 

The activities and activity coefficients of CdBr2 at three 

temperatures are presented in Table 3.73 and are plotted in fig. 3.63. 

Because of the relatively large differences between E and E0 , as 

compared to the system CdBr2-NaC1, errors in the activity were less 

than I: 0.0015 units o‘er the whole composition range. Because of the 
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exchange reaction and the associated difficulties mentioned above, ,  the 

activity and activity coefficient of sodium chloride could not be 

estimated from the pibbs-Duhem equation. 

Partial molar thermodynamic quantities for COr2 as 

functions of the =Ole fraction of CdCli, are sumearized in Table 3.74. 

The errors in these values are of the same magnitude as in the system 

Cd3r2-Nel. 
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TABLE 3.63 

Values of e.m.f. and temperature for the cell:  

Cd/Pure Cd8r2/C, 8r2  

temperature 
(oc) 

e.ma. 
(volts) 

LSE 
' 	(we.) 

temperature 
•ft) 

e.m.f. 
(volts) 

6E 
(Inv.) 

612.8 1.0525 +0.3 700.1 1.0032 +0.3 

636.4 1.0384 -0.5 717.8 0.9931 +0.1 

664.5 1.0230 ' 0.0 741.3 	• 0.9797 +0.1 

680.0 1.0142 0.0 775.1 0.9601 -0.5 

691.0 1.0079 ..0.1 802.1 0.9453 0.0 

Equation to line : E so 1.3981 • (5.645 x 10' 4)t 

Mean deviation 	: 0.2 my. 

TABLE 3:64 

Thermodynamic properties of pure CdBr2 

temperature 
(oc ) 

LGO 
(It cal/mole) 

1 So 
(cal/deg/mole) 

110  
(K ° cal/mole ) 

600 	s48.86 ' 

700 	.46.26 	-26.04 	-71.59 

800 	-43.66 
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TABLE 3.65 

Values of eauf. and temperature for the formation cells:  
. 	. 

Cd/eme2(NO + NaC1(N2)/C, 42  

composition 
(s.f.Cd8r2) 

temp. 
(PC) .  

e .m.l. 
(Volts) 

6 Z 
(my.) 

temp., 
(PC) 

e 	f 
(volts) 

A E 
(my.) 

0.901 607.8 1.0614 -1.5 711.6' 1.0017' -0.9 

634.0 1.0474 -0.3' 736.4 0.9863 -1.9 

661.0 1.0343 +2.3 759.1 0.9765 +1.5 

687.0 1.0193 +3.6 787.2 0.9574 -1.3 

0.790 603.2 1.0162 +0.5 713.0 1.0085 +2.2 

:-627.8 1.0509 -1.7 738.2 0.9914 -1.3 

654.0 1.0392 +0.9 765.1 0.9786 +0.5 

680.2 1.0237 -0.4 789.8 0.9640 -04 

0.723 604.6 1.0851 0.0' 712.2 1.0216 1.0.5 

611.2 1.0686 -0.7 738.8 1.0045 -0.8 

658.1 1.0528 +0.5, 762.1 0.9912 ..0.2 

687.9 1.0368 +1.1 789.0 .0.9753 -0.1 

0.657 611:8 1.0927 -0.1 717.0 1.0377 ,  +0.5 

641.0 1.0783 0.0 743.2 1.0219 ,  -1.7 

666.6 1.0647 +0.3 770.1 1.0091 +0.6 

691.6 1.0515 •0.6, 797.7 0.9932. -024 

0.561 .615.0 1.0978 0.0 687.9 1.0629 +0-.1 

640.4 1.0857 +0.1 713.0 1.0515 +0.8 

662.8 1.0747 -0.2 742.0 1.0362 -0.6 

0.449 624.5 1.1186 -0.1 723.0 1.0758 +1.5 

• 151.1 1.1059 -0.8 749.9 1.0620 -0.1 

675.0 1.0959 0.0 778.1 1.0494 0.0 

• 698.6 1.0854 +0.1 802.5 1.0382 -0.2 
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Table 3.65 (contd.) 

	

- composition 	temp. 	e.m.f. 	temp. 	a.m.f. 	AE 

	

(x.f.CdBr2) 	(°C) 	(volts) 	(mnv.) 	(ft) 	(volts) 	Om.) 

	

0.348. 	636.6 	1.1377 	70.6 	733.0 	1.0996 	+0.8 

	

660.0 	1.1284 	'-0.3 	759.0 	1.0875 	-0.7 • 

	

685.6 	1.1188 	+0.6 	783.1 	1.0782 	-0.1 

	

707.8 	1.1094 	+0.3 	807.5 	1.0683 	0.0 

	

0.247. 	689.7 	1.1486 	0.0. 	764.6 	1.1246 	-0.6 

	

713.3 	1.1403 	-0.7 	778.5 	1.1203 	+0.8 

	

738.2 	1.1320 	+0.5 

TABLE 3.66 

Belatioinship betuien e.m.f. add temperature from the 
lines of best fit for the formation cells:  

Cd/C48r2(141) + NaCI(N2)/C, Br2 

	

.composition 	a,m.f. at temperature t 0C 
	

mean 

	

(n.f.Cd8r2) 
	

(volts) 
	

deviation 

0.901, 

0.790 

0.723 

0.657 

0.561 

' 0.449 

0.348 

' 0.247 

	

1.4160 - (5.809,x 10"4)t 	1.6 

	

1.3932 - (5.426 x . 1014)t 	1.0 

	

1.4445 - (5.945 x 10"4)t 	0.5 

	

1.4246 - (5.403 x 10'4)t 	0.5 

	

1.3932 - (4.803 x 10'4)t 	0.3 

	

1.4007 - (4.515 x 10-4)t 	0.4 

	

1.3989 - (4.094 x 10.4)t 	0.5 

	

1.3747 - (3.278 x'10-4)t 	0.5 



TABLE 3.67 

Value of activity and activity coefficient of Cd8r2 
at different. compositions (mole fraction CdBrp) 

for the system CdBro-NAC1 

..composition activity.  CdBr2 Error 
aCar2. 

Activity cooff. COr2 

Os.f.Cd8r2) 600°C 700°C 800°C (7000) 660°C 7600C 8000C 

1.000 1.060 1.000 1.000 . 1.000 1.000 1.000 

0.901 0.8063 0.9015 0.8563 t0.034 0.997 1.058 1.114,  

0.790 0.8042 0.7617 0.7787 .1:0.019 ,  1.306 1.265 1..237 

0.723 0.4703 0.6163 05459 1:0.007 0.924 1.072 1.211 

0.637 0.3164, 0.3709. 0.3546 Ct0.003 0.815 0.859 0.899 

0.651 0.2978 0.2590 0.2754 1.027 0.950 0.893 

0.449 0.1540 0.1340 0.1427 0.892 0.826 0.776 

0.348 0.0826 0.0673 0.0738 0.888 0.794 0.724 

0.247 0.0428 0.0277 0.0337 1.106 0.871 0.716 

170: 
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TABLE 3.68 

Value of the activity and activity coefficientd Nal (7000C)  
at different compositions in the system.CdBrrNaC1 

composition_ 
(n.f.Cd8r2) 

activity NaC1 
(700°C) 

ideal Temkin 
activity 

activity coeff. 
Nal (7000C) .  

0.900 0.010 0.005 1.995 

0.889 0.013 0.007 1.824 

0.875 0.014 0.009 1.596 

0.857 0.013 0.010 1.334 

0.833 0.016 0.015 1.081 

0.800 0.019 0.022 0.855 

0.750 0.026 0.037 0.692 

0.706 0.034 0.052 0.656 

0.667 0.046 0.068 0.673 

0.600 • 0.072 0.100 0.718 

0.500 0.124 0.167 0.745 

0.429 0.178 0.230 0.773 

0.333 0.274 0.335 0.819 

0.200 0.475 0.534 0.889 



TABLE 3.69 

Partial molar thermodynamic functions of CdBr, at different compositions 
Cable fractions CdBr2) in the -system CdBr2-NaC1 	' 

7000C 

mole fraction Car2 

441  (K cal/mole) 

1.000 

-46.26 

:0.901 

,-46.56 

0:790 

-46.74 

0.723 ,  

.-47.43 

0.657 

-48.26 . 

0.561 

-48.75 

0.449 	, 

.-50.03 

0.348 

-51.30 

0.247 

-52.82 

4B1 (cal/deg/mole) -26.04 -26.79 -25.03 r -27.42 -24.92 -22.15 -20.83 -18.88 -15.12 

(K cal/mole) -71.59 -72.63 -71.09 -74.11 -72.51 -70.31 -70.29 -69.68 -67.53 

Aö 	(1( cal/mole) •• 0.30 :- 0.48 - 1.17 • 2.01 - 2.50 • 3.77 - 5.05 • 6.56 

Adl (cal/deg/mole) ,- 0.76 I+ 1.01 - 1.38 + 1.12 + 3.88 + 5.21 + 7.15 +10.92 

Üj  (K cal/mole) - 1.03 '+ 0.50 - 2.51 • 0.92 + 1.29 + 1.31 + 1.92 + 4.06 

6000C 

6 ,G1 (K cal/wile) -48.86 -49.24 .469.24 -50.17 .•50.76 -50.97 -52.11 •53.20 -54.33 

LA.  OK cal/male) - 0.37 - 0.38 - 1.31 - 1.89 - 2:10 - 3.25 - 4.33 - 5.47 

8000C 

(K cal/mole -43.66 -43.88 -44.24 •-44.69 -45.77 -46.54 -47.95 -49.42 -51.51 

Adi OK cal/mole) - 0.22 - 0.58 1.03 - 2.12 2.88 - 4.29 • 5.76 - 7.66 
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TABLE 3.71  

Values of e.m.f. and temperature for the formation cells:  

Cd/CdC12(N1) + NaBr(N2)/C, Br2 

composition 
(n.f.CdC12) 

temp. 
(0C) 

, 
(volts) (my.) 

temp. 
(°C) 

coma. 
(volts) 

,AE 
(ixv.) 

0.918 600.0 1.1576 -0.2 699.1 1.1074 +0.3 

626.6 1.1440 -0.2 726.5 1.0929 -0.2 

649.6 1.1319 -0.5 748.3 1.0819 0.0 

673.0 1.1210 +0.5 771.0 1.0700 -0.3 

0.854 593.6 1.1620 +1.0 728.5 1.0864 +0.3 

616.0 1.1474 -1.1 757.1 1.0696 -.0.7 

640.2 1.1346 -0.5 790.8 1.0521 +0.5 

699.0 1.1026 +0.1 

0.820 591.5 1.1603 +0.3 688.5 1.1038 -1.6 

614.6 1.1461 -0.9 712.6 1.0925 +0.7 

639.1 1.1347 +1.5 736.6 1.0786 +0.3 

664.5 1.1188 -0.1 762.5 1.0636 f0.1 

0.741 589.6 1.1613 -0.1 683.5 1.1076 +0.3 

615.4 1.1470 +0.5,  710.0 1.0916 -0.5 

638.5 1.1325 -0.7 736.0 1.0782 +1.1 

660.4 1.1202 -0.4 762.1 1.0618 -0.3 

0.564 588.0 1.1623 -0.4 681.2 1.1151 +0.1 

613.0 1.1502 +0.3 706.0 1.1024 +0.2 

635.4 1.1383 -0.1 731.5 1.0888 *0.4 

659.8 1.1255 -0.4 758.9 1.0755 +0.4 

0.450 590.9 1.1618. +0.3 685.0 1.1176 -0.2 

615.0 1.1506 +0.1 711.0 1.1047 -0;9 

635.8 1.1416 -0.6 736.0 1.0944 +0.6 

664.5 1.1279 +0.4 752.1 1.0862 0.0 
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Table 3.71 (contd.) 

composition 
(n.f.CdC12) 

temp. 
(0C) 

e.m.f. 
(volts) Onv.) 

tamp. 
(°C) 

eon.f. 
(volts) 

LIE 
(my.) 

0.350 588.4 1.1725 -0.9 684:7 1.1288 . 

613.0 1.1633 +0.9 708.7 1.1190 -4.4 

635.0 1.1533 +0.8 729.8 1.1103 +0.4 

658.7 1.1424 +0.5, 

0.248 601.8 1.1756 -0.3 697.0 1.1397 +0.3 

625.7 1.1664 +0.1 722.0 1.1300 0.0 

648.2 1.1577 ..0.1 747.2 1.1204.  s0.1 

673.2 1.1476 -0.8 778.5 1.1090 +0.3 

0.124, 655.0 .1:1849 +0.3,  747.4 1.1511 -0.1 

678.2 1.1768 +0.6 171.0 1.1432 +0.5 

702.0 1.1659 -1:7. 795.0 1.1348 +0.8 

723.4 1.1602 +0.3 .  

TABLE 3.72 

Relationship between e.m.f. and temperature from the 
lines of best fit for the formation cells:  

Cd/CdC12(141) + NaBr(N2)/C. 8r2  

composition 	eon.f. at temperature toC 	,mean 
' 	(n.f.CdC12) 	(volts) 	deviation • 

0.918 1.4651 - (5.121 x 10-. 4)t 0.3 

0.854 1.4903 -• (5.548 x 10'4)t 0.6 

0.820 1.4931 .. (5.631 x 10 4)t. 0.7 

0.741 1.5007 - (5.755 x 10"4)t 0.5 

0.564 1.4640 - (5.124 x 10' 4)t 0.3 

0.450 1.4401 - (4.705 x 10"4)t 0.4 

0.350 . 1.4377 - (4.491 x 10" 4)t 0.7 

0.248 1.4020 - (3.767 x 10' 4)t 0.3 

, 0.124 1.4212 - (3.612 x 10" 4)t 0.6 
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TABLE 3.73 

Values of fctivity and activitt coefficient of CdBr2 
at different compositions (mole fractions CdC19) 

for the system CdC12-NaBr 

composition 
(u.f.CdC12) 

activity CdBr2 Error 
acd8r2 
(7000c) 

activity coeff. Car2 

600°C 700°C 800°C 600°C 70000 80000 

0.918 

0.854 

0.820 

0.741 

0:564 

0.450 

0.350 

0.248 

0.124 

0.0733 

0.0740 

0.085 

0.0780 

0.0757 

0.0733 

0.0556 

0.0451 

0.0212 

"0.0848 

"0.0946 

- 0.1014 

0.1041 

0.0871, 

_0.0766 

_0.0566 

0.0396 

0.0194.  

00951 

0:1152 

0:1253 

0.1317 

0.0977 

0.0794 

0.0578 

0.0358 

0.0181 

<i0 .0015 
11 

• II 

11 

ft 

11 

11 

1 1 

43.117 

13.962 

9.812 

4.756 

1.728 

1.133 

0.686 

0.501 

0.282 

49.588 

17.849 

12.675 

6.347 

1.989 

1.184 

0.698 

0.440 

0.258 

55.941 

21.730 

15.660 

8.030 

2.231 

1.227 

0.713 

0.398 

0.240 



TABLE 3.74 

Partial molar thermodynamic functions of Cdlir2 at different compositions 
(mole fractions CdC12) in the system CdC12-NeBr 

7000C 

' mole fraction CdC12 pure 
Cd8r2 0.918. 0.854 0.820 0.741 0.564 0.450 0.350 0.248 0.124 

A01 (K cal/mole) -46.26 -51.04 .-50.82, ,-50.64 -50.98 7,51.23 -51.81 -52.50 -53.89 

LS' (cal/deg/mole) -26.04 -23.62 25.59 -25.97 -26.54 -23.63 -21470. -20.71 -17.38 -16.66 

LHi (K cal/mole) -71.59 -74.02 -75.72 -75.96 -76.46 -73.98 -72.35 -71.97 -69.41 -70.10 

Adt(K cal/mole) - 4.78 - 4.57 - 4.43 - 4.38 4.72 • 4.97 - 4.55 - 6.25 - 7.63 

Li (cal/deg/Mole) +.2.42 A. 0.45 +0.07 0.51 +.2.40 + 4.14 + 5.32 + 8.66 + 9.38 

, afil (K cal/mole) 2.43 - 4.13 - 4.36 - 4.87 - 2.38 - 0.75 - 0.37 + 2.19 + 1.49 

, 6000,C 

A01  (K cal/mole) -48.86 -53.40 -53.38 -53.28 '-53.29 -53.35 753.40.  • -53.88 -54.24 -55.56 

60-al  (K cal/mole) - 4.54 - 4.52 • 4.42 - 4.43 - 4.48 /- 4.54 - 5.02 - 5.38 - 6.69 

800°C 

(K cal/mole) -43.66 -48.68 -48.27 -48.09 -4798 -48.62 -49.06 -49.74 -50.76 -52.22 

cal/mole) - 5.02 4.61 • 4.43'- 4.33 - 4.96 - 5.41 - 6.08 - 7.11 - 8.57 
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DISCUSSION OF RESULTS  

SECTION A 

THE SYSTEM PbEr2-HEr 

(H • K, Rb, Cs) 
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4A.1 INTRODUCTION 

In consideration of the alkali halides, Lumsden (1) , 

concludes that in the liquid state the local arrangement bears some 

resemblance to the NaC1 structure. In other words, for the molten 

alkali halide M4X- , each anion will have as nearest neighbour, six 

cations situated approximately at the ends of three mutually 

perpendicular diameters of a sphere of radius rmx, where rmx is the 

interionic separation of be and X. For a molten mixture of two 

alkali metal halides with a common anion, i.e., teX' and fee, each 

cation will be surrounded by six anions on three mutually perpendicular 

axes, at distances rmx and rmx respectively. The immediate 

environment of each cation in the solution will be the same as in 

the pure halide melt and there will be no change of energy on mixing 

due to simple interaction between nearest neighbours. Lumsden regards 

the interactions between more distant neighbours to be of two types: 

(1) London forces (2)  between cations, and (2) polarizing forces due 

to dissimilar cations in contact with the same anion. 

The nonivolar London forces acting between the ions give an 

energy term of the form: 

EL g,  C1r6 , 	(4.1) 

where C is a constant. Since this function decreases rapidly with 

distance, the only important non-polar interactions will be between 

next nearest neighbours. It can be deduced (1)  that the Change of 

1. Lumsden: Disc. Faraday Soc., 32 138 (1961) 
2. London: Z. Physik. Chem., 811 222 (1930) 
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potential energy on mixing due to the London forces is: 

EL = KL mn/(m + n) 

N[CMM 	
CNN 	2ONN 

where KL = 6  (2r7103 	( -2712-N-ii)3 	(r2MX+ r2NX) 

m4n = no. of moles MX and MX respectively, 

" CMM 

 

• interaction constant for Mt — M .+  pairs, etc., 

u r -MX separation between Mt  and X" pairs, etc., 

N • Avogadro number. 

It can also be shown, that the polarization energy Ep, can be 

represented by: 

(4.2) 

(4.3) 

• polarizability of the anion, 

I II 	e me- electronic Charge. 

The heat of mixing of in moles of MX with in moles of MX is: 

LS11 = EL + Ep  

Kmn/(m + n) 	 (4.6) 

where K • KL + Kp 	 (4.7) 

Equation 4.7 implies that the two cations M+ and Nt are 

randomly distributed over the cation sites. This condition is not 

realistic because the non-polar interactions tend to cause like cations 

to occupy neighbouring sites, while the polarizing forces tend to 

cause unlike cations to occupy sites on opposite sides of the same anion. 

Lumsden maintains that provided the interactions are not too large, the 

1. Lumsden: Disc. Faraday Soc., 32 138 (1961) 
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distribution of cations will be approximately random and the inter-

actions will not cause any appreciable change in the vibrational entropy; 

in this case the entropy of mixing will be approximately ideal. 

Partial differentiation of eqn. 4.6 with respect to m, leads to the 

following expression: 

(11,1) 
6141 	( m)Y9T•P 

n2 
• K (m + n) 2 

K Nn2 

(m + n)n mn] • [  K Om + n)Z 

Now Aom 	• Aiim T 6im 

and because Aim  is considered to be ideal, then the excess functions 

may be represented as: 

ama ARM 

• K Nn2 (4.8) 

RT ln \t( ni  

where )r m  and )f n  refer to the activity coefficients of the components 

MX and NX respectively. Lumsden and others (1),  have found good 

agreement between thermodynamic quantities calculated from experimental 

results and from eqn. 4.8. 

This theory has been extended to multicomponent systems 

containing cations of different valency. Here for example, a divalent 

cation is regarded as replacing two monovalent ions of somewhat 

smaller size. Thus generally: 

AR :E Kii mi mg =) in 	(4.9) 

I. Hildebrand and Salstrom, and Flood et al. (see later) 
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where ml refers to the number of moles of cation i etc., and 	, is 

the cationic valency. Partial differentiation of eqn. 4.9 with respect 

to m4 leads to expressions for the excess partial molar free energies 

of the components, corresponding to eqn. 4.8 (1) . 

This regular solution approach to the problem of explaining 

the thermodynamic properties of molten salt solutions, was originally 

put forward by Hildebrand and Salstrom( 2) . From the data on the 

systems AgEr + alkali metal bromides, they found the excess chemical 

potential of AgBr to be a linear function of N2mgr. They suggested 

that the behaviour in these systems depend upon the nature of the bond 

existing in AgBr on one hand and the alkali bromides on the other. 

By considering the potential of the lattice, the following expression 

was deduced for the excess chemical potential: 

RT in Apr  • N2  - r  NB (2E12 Ell E22) 	(4.10) 

where Ell, E22 and El2 are the contribution to the lattice potentials 

of Ale — Ag+, le- Mt and Ag+  — M*  pairs, respectively. The 
constant R' Os 2E11 - Ell - E22) in eqn. 4.10 is of the same form as 

K in eqn. 4.3, derived by Lumsden. The slope of the line when 

L-0AgBr is plotted against tille r, depends upon the relative 

magnitude of En, Eli and E22. 

Apart from mixtures of alkali halides and the AgBr-M3r 

systems, molten mixtures of CaCO3 and alkali metal carbonates, 

I. Lumsden: Disc. Faraday Soc., 32 138 (1961) 

2. Hildebrand and Salstrom: J. Am. Chem. Soc., 54 4257 (1932) 
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investigated by Flood et al.,
(1,2) 

have also been found to exhibit 

properties of regular solutions. 

Although the thermodynamic properties of the components 

in the above systems can be explained by such a regular solution 

model, the same does not hold for the mixtures of PbBr2 with alkali 

metal bromides, investigated by the present author. In Table 4.1 are 

summarized the excess partial molar free energies in each of the 

. systems PbBr2 + MBr, Where M 	Rb or Cs. The plots of ,LtEpbBr2  

versus N2ler  are shown in fig. 4.1. 

The marked departures from linearity of the plots of 

641abBr2 versus N2mr, in the present work, can be explained by 

complex ion formation. These species transform the mixtures from 

true binary systems having a coon anion (i.e. Pb2+, le.  mm 	, Br), to 

systems containing two cations and two or more anions (i.e. Pb 2+, Mt, 

PbBrn
(n-2)-

). In this case the heats of mixing of unlike anions, 

as well as unlike cations, should be considered. The application of 

regular solution theory, in addition to calculations of ionic 

association constants involving a number of possible complex ions, 

would create considerable difficulties and the actual nUmerical 

calculations would be impossible to solve. Hence, in the following

•discussion, the heats of mixing of like ions in solutions containing 

complex ions will be neglected; the solutions will be regarded as 

ideal solutions involving the mixing of ions, both simple and complex. 

1. Flood, FOrland and Roald: J. Am. Chem. Soc., 71 572 (1949) 

2. Flood, FArland and Grjotheim: Z. anorg. u allgem. Chem:, 276 289 
(1954) 
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TABLE 4.1 

of Plar, Excess chemical potentials 
in the systems PbBr2-ler (6000C) 

Ni N2 N2-2 - AagpbBr2 OK calfznole) 

RBr RbBr CsBr 

0.20 0.80 0.64 2.55 (4.12) 

0.30 0.70 0.49 2.44 3.28 (4.10) 

0.40 0.60 0.36 2.05 2.42 2.61 

0.50 0.50 0.25 1.07 1.54 1.40 

0.60 0.40 0.16 0.26 0.80 0.73 

0.70 0.30 0.09 0.08 0.33 0.33 

0.80 0.20 0.04 0.04 0.18 0.00 

0.90 0.10 0.01 0.02 0.03 -0.10 

The errors involved in neglecting the heat of mixing of ions, i.e., 

in neglecting to treat these solutions as "regular", will affect the 

magnitude of calculated association constants - hence the values of 

association constants for complex ions, calculated in the following, 

are approximations obtained on the .assumption that ideal mbrlag 

takes place. 
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4A.2 THERMODYNAMIC ACTIVITY OF THE COMPONENTS 

a) General  

In the following discussion it will be assumed that PbBr2 

in the standard state - the pure salt • is partially associated. In 

the case of lead chloride, measurements of electrical conductance 

indicate that the melt consists largely of ions (1) . Bloom and 

Heymann(2), on the basis of their measurements of the electrical 

conductance on the system PbC12-CdC12, have suggested either partial 

dissociation or auto-complexing of the lead chloride, as an 

explanation of the positive deviations from additivity. For very 

dilute Solutions of PbC12 in molten NaNO3, Van Artsdalen (3)  has 

evaluated a dissociation constant for the lead halide. However, 

conclusions regarding the presence of undissociated species at higher 

concentrations cannot necessarily be considered valid. It will be 

assumed that lead Chloride consists mainly of dissociated Pb 2+  and C1 

ions in equilibrium with undissociated molecules (or alternatively 

associated groups of ions) and that the same arguments apply equally 

to lead bromide. 

(i) Positive deviations from the Temkin activity 

Because of the associative tendencies of pure lead bromide, 

it will be assumed that a certain degree of overlap between the ion 

1. Richards: Ph.D. thesis, University of New Zealand (1956) 

2. Bloom and Heymann: Proc. Roy. Soc., A188 392 (1947) 

3. Van Artsdalen: J. Phys. Mom., 60 172 (1956) 
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clouds of Br-  and Pb2+  occurs. As the lead ion has two outer 6s 

electrons, it is considered that the interaction between bromide and 

lead ions takes the form of a "bond" which possesses a certain degree 

of covalent character. In an idealised system in which no complex 

ions are formed, the introduction of Akan metal ions will have the 

effect of polarizing the Pb — Br bond and thereby decreasing the 

interaction between lead and halide ions. Thus there will be an 

increase in the number of dissociated Plz a*  and Be ions above that 

present in the standard state, thus increasing the activity 

coefficient of lead braaide. Even though Le is the only alkali 

metal ion with greater polarizing power than Pb 2+  (polarising power 

being assumed to be proportional to the surface charge density - see 

Table 4.2), the effect wil/ be in the same direction with all alkali 

TABLE 4.2 

Charge densities for the ions of lead and the alkali metals  

metal 
ion 

radius (I) 

(X) 

Pb2+ 1.21 

Le 0.60 

Na+  0.95 

e 1.33 

RV*  1.48 

Cs + 1.69 

surface area 	charge density 
(X)2 

	

18.4 	0.109 

	

4.5 	0.222 

	

11.3 	0.088 

	

22.2 	0.045 

	

27.5 	0.036 

	

35.9 	0.028 

1. Pauling: Nature of the Chemical bond: Cornell Univ. Press (1948) 



187. 

ions, although the tendency will diminish through the series Le', Na, 

kf , Rlif , Cs+ . The positive deviations of the actual activity values 

from those of the ideal Temkin values (see Section 1.5b) will, for an 

idealised system, be greatest for Li+  and smallest for the Cs+ ion 

which has smaller polarizing power. In the system PbC12-NaC1, where 

complex ion formation takes place only to a very limited extent (if at 

all), the positive deviations of apba 2  can be explained in the 

above terms. 

(ii) Negative deviations from the Temkin activity 

Case I: Alkali metal ions of low polarizing power. 

The addition of such alkali metal halides as RbBr to 

pure lead bromide will cause a dilution effect resulting in a greater 

separation between nearest neighbour Pb2+  ions. The interactions 

between these will therefore occur to a lesser extent than in pure 

PbBr2. Consequently, the tendency will be for the bromide ion 

atmospheres to be deformed towards the more polarizing fb lf  ion. This 

can have one of two consequences: (1) increased interaction between 

the Pbil.  and Br' ions of lead bromide, or (2) provided sufficient 

orbital overlap is established, co-valent species, containing lead ions 

and more than twice the number of halide ions can be formed, for 

example, associations such as PbBri . , PbBr4
2- and PbBr64- . (Throughout 

the following discussion these entities will be referred to as complex 

ions.) Both these tendencies will have the effect of removing "free" 

Pb2+  and Br-  ions from the melt and so laver the activity of lead 

bromide. The following discussion is based on the second alternative. 
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Consider the formation of the complex ion PbBr3 6.  after the 

addition of a small amount of MBr (for example, a mixture containing 

80 mole % PbBr2 and 20 mole % MBr). Then, if quantitative formation 

is assumed, such an entity will be present in the proportion 

PbBr2 : PbBr3-  go 1 : 3. This species, however, will still be subjected 

to the polarizing forces of the remaining Pb 2+  ions, so that no one 

Pb2+ ion will remain associated with the same three Br -  ions, but 

rather an equilibrium between all the lead and bromide ions will result. 

Similar equilibria can be proposed for species having more than one 

extra halide ion in equilibrium, such as PbBr4 2- etc. At the 

composition corresponding to the stoichiometry of a complex ion, 

the only "free" lead and bromide ions in the melt will be those due 

to the dissociation of that species, (provided that this is the only 

complex ion present and provided that all the PbBr2 and Mar 

go to form the appropriate complex). 

Investigations of molten salt systems suggest that in many 

cases, complex ions of more than one type exist in equilibrium. For 

the moment it will be assumed that in the system AX2-MX, the only 

ions present in an equimolar mixture are A 2+ 1  X- , Mt and AX3". 

Additions of further alkali halide to the mixture will have one of two 

effects: (1) increase in the number of "free" X-  ions and at the same 

time, increased polarization of the A— X bond as a result of the 

intensification of the electrostatic field (due to more m+ ions), or 

(2) deformation of further halide ionic atmospheres, leading to the 

formation of species containing a greater ratio of X -  to A24. Effect 

(1) will result: fin an increased activity of AX2 due to the dissociation 
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Of AX3', whereas (2) will result in a decreased activity. The 

measured activity coefficients can be used to decide between the 

alternatives. If I AX2 exhibits a continued decrease below the 

value at 0.5 mole fraction AX2, then it is probable that the number 

of dissociated A2+  and X-  ions has decreased from that present in the 

equimolar mixture. Provided that the activity coefficient still shows 

the same tendency when the mole ratio of AX2 : MX m 1:2, then either the 

AX3-  species has associated with a further halide ion, or the trihalide 

species does not exist in this composition region and the decrease in 

ii4X2 up to 0.33 mole fraction AX2, is due solely to an increase in 

the concentration of AX42- . Similarly, if )( AX2 continues to show a 

decreased value below 0.33 mole fraction AX2, it is indicative that 

species having more than 4X-  ions per A2+  ion are predominant, e.g., 

4- 
AX6 • 

In each case, the decrease in the activivy coefficient with 

increasing concentrations of MX, is associated with an increase in the 

co-valent character of the bonding between separate ions in the melt. 

From considerations of the packing of ions, it is unlikely that the 

number of halide ions associated with each lead ion exceed six. Hence, 

further additions of alkali halide to mixtures containing 20 mole% AX2 

in which the six co-ordinated ion is present, can result only in a 

decreased association between A2+ and X7 ions, with the result that 

the activity coefficient will show a minimum value at this composition. 

However, for the case where an ion such as AX6 4-  is sufficiently stable 

to be unaffected by polarizing influences, then further additions 
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of MX to mixtures containing 80 mole?., will have no effect on the 

dissociation of the complex. The activity coefficient of AX2 will 

therefore tend to a constant value and exhibit no minimum. 

On the basis of the preceding considerations, the following 

dissociation scheme may be formulated, involving the three complex 

4* 
/OW AX3% AX42- and AXE,: 

A2+ + 3X' ".5====-7. AX3-  

' 

	

A2+ + 4X" =f= K2 
	2- 

===-7. AX4 

	

K3 ,  4.. 
A?"/' +6X  .. -====7. AX6 

'4- 

	

or A2+  + 3e15-==5; AX3 	AX4 	AX6 

	

+1 	+21' 

 Kl, K2 and K3 are the association constants of the three species. 

A less conventional scheme may also be proposed involving 

large ionic species such as A4X9", by analogy with known inorganic 

compounds (1-3) , though the presence of such species in molten salts 

has yet to be confirmed at temperatures other than those near the 

melting points of the mixtures. It is considered possible that species 

such as A4X9-  may be formed in mixtures rich in AX2, e.g. 80 mole % 

AX2. Subsequent additions of alkali halide would cause dissociation 

into species containing a higher proportion of Wide ions per lead 

ion. Such a scheme may be represented as follows: 

A4X9.b-z== 2A2X5 -== 4AX5 4AX42.  ... etc. 

+X" 	+ 2X" 	+ 4X- 

1. Powell and Tasker: J. Chem. Soc., 119 (1937) 

2. Hastie: 8.Sc.(hons.) thesis, University of Tasmania (1964) 

3. Easteal: Ph.D. thesis, University of Tasmania (1964) 
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Lantratov and Shevlyakova (1) , in their measurements of the activity 

of lead bromide, have proposed the presence of the complex ion 

Pb2Br5- , in the system PbBr2 --KBr. However, more evidence is needed 

to confirm (or deny) this proposition. 

Case II:  Alkali metal ions of high polarizing power. 

Strongly polarizing cations 06, will tend to polarize 

co-valent "bonds" of complex species, so that the bonds will acquire 

a higher degree of ionic character. The stability of the complexes 

will therefore be greatly reduced and in most cases the complex ions 

are regarded as being largely dissociated. The reiulting decrease in 

the equilibrium concentration of these species, will result in a more 

ideal activity, compared to case I. 

Thus the addition of MBr to PbBr 2  will theoretically present 

two opposing effects: on one hand, dissociation of lead bromide into 

the simple ions Pb2+  and Br- , thereby resulting in an increase in the 

activity of PbBr2; on the other hand, the formation of associated 

species which remove "free" Pblf  and Br-  ions from the melt and 

contribute to a decrease in amr2. The observed activity will 

therefore depend upon the stability of the complex and the polarizing 

field of the alkali metal cation to which it is subjected. In the 

case of Le the first tendency may be regarded as the only one in 

operation, so that over the whole composition range a positive deviation 

from the ideal activW will be observed. This is the case for the 

I. Lantratov and Shevlyakova: Russ. J. Inorg. Chem., 4 523 (1959) 



192. 

system PbC12 - LiC1 (162) . The sodium ion on the other hand, with a 

Charge density A times lessthan that of Le will, because of its 

lower polarizing power, tend to permit to a certain extent, the 

formation of Complexes, so that less positive or small negative 

deviations in the activity will result. The magnitude of the negative 

deviation will (*lend on the stability of the complexes and hence on the 

alkali halide component present. The deviations from Temkin activity 

values will become more negative as the polarizing power of the 

alkali metal cation decreases. 

Theoretically, if a complex ion has an infinite stability 

constant, then effectively all but the alkali metal ions are bound 

within the species, thereby reducing the activity of each component 

to zero*. Thus in the system AX2 kik, at the composition 1/(z-1) 

mole fraction AX2, corresponding to the stoichiometric composition 

of the complex ióñ AX 2 , the activity of either AX2 or ilk can 

vary between 0 to 1/(z-1) and 0 to (.4)/(z-1) respectively, depending 
(2-2).* 

on whether the melt is completely associated into AX z 	aid M , 

or completely dissociated into the independent simple ions. 

Theoretically, the maximum deviation possible for e t,f2  and akc , 

assuming the complex ion AX z (z-2)-, will therefore -be 1/(z-1) and 

(z-2)/(z..1) respectively. 

1. 

2. 

t, 

Lantratov and Alabyshev: 	Thur. Priklad. Khim., 	26 	263 	(1953) 

Markov, Delimarskii and Panchenko: 	Zhur. Fiz. Khim., 	29 	51 	(1955) 

This is only true if no excess of either component is present. 
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In the view of the present author, many activity results 

have been wrongly interpreted. Consider the case Where z • 3. 

Suppose in the system AX2 - MX, that the activity versus composition 

isotherm for AX2, deviates from the Temkin activity by 0.25 units at 

50 mole % AX2 and 0.20 units at 20 mole 1 AX2 (0.20 units deviation 

for AX2 for the composition 20 mole % AX2 is the maximum possible 

value, i.e., aAX2 0, and therefore no "free" ions of A2+  and X-

can be present). The maximum deviation of aAx2 for the equimolar 

mixture of AX2 + MX has been attributed to the presence of the 

complex ion AX3-  elien though the entity AX64-  may be completely 

undissociated. Therefore the fact that a maximum deviation from the 

Tonkin activity occurs at a certain mole fraction, doei not necessarily 

mean that the greatest interaction takes Place at that composition. 

The only criterion for estimating the greatest interaction 

(greatest co-valent character of the bonding between ions) within the 

melt, is by the minimum value of the activity coefficient, which has 

already been mentioned. Unfortunately, few mixtures have been 

investigated above about 80 mole % alkali halide, so that the position 

of the minimum in many cases cannot be ascertained. An alternative 

procedure is to compare the percentage deviation ( Aa%), from the 

ideal activity at different compositions, i.e. ( La exptl./ La max.) .  x 

100, where As exptl., is the deviation of the experimental from the 

Tedkin activity and tiltIMM., the excess of the Temkin activity above 

zero at the same composition. This however does not give a precise 

comparison because the deviation is not directly proportional to the 

degree of dissociation. 
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(iii) The effect of temperature on the thermodynamic activity 

1) As the temperature is raised, the increase in the thermal vibration 

of the ions in the melt will cause the degree of dissociation of 

co-valently bound species and ion pairs to increase. The 

increased number of "free" ions will thereby result in an 

activity closer to the ideal. 

2) A Change in temperature will have a slight effect on the heat of 

.mixing. If the mixture, in the first instance, is. regarded as 

approximating to an ideal solution, then the heat of mixing, 

(1). AR mix., will be given by . 

2 A 

	

All *ix. 	(1-1102 	 (4.11) 

	

Where N1 and N. 	mole fraction of components 1 and 2 

	

A 	(2E12 E E22) • see Section 4A.1 

Z' ■ no. of cation nearest neighbours 

Of each cation 

	

R 	gas constant 

	

T 	absolute temperature 

If the -syifem PbC12eKC1, investigated by Lantratov and A1abyshev (2) , 

is used as an example, thew Z' ■ 12; A • -5700 cal/mole 

(assumed to be independent of temperature); N1 ■ 0.4; N2 la 0.6; 

R ■ 1.987 cal/deg/mole. 

For T • 1000°R, LAI mix. ■ -1524 cal/mole. 

For T ■ 1100°K, LAI mix. is .4510 cal/mole. 

1. Blander: Molten Salt Chemistry, Interscience (1964) 

2. Lantratov and Alabyshev: Zhur. Priklad. Khim., 26 263 (1953) 
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Thus, a temperature increase of 100°C, changes the heat of mixing 

by 14 cal/mole in the direction of a more ideal solution. This 

is such an insignificant change that the effect on the activity 

of the components will be negligible. Because it is found 

experimentally that activity results show considerable changes 

with temperature, such solutions can neither be regarded as ideal, 

nor regular. 

3) When the (ionic) crystals and the vapours of alkali halides are 

compared, a decrease in the interionic distance is observed on 

vaporization. This is correlated with a distruction of the 

symmetrical electrostatic forces in the ordered solid acting on 

any particular ion. As a result, the attractive forces between 

oppositely charged ions are increased. The vapours of the alkali 

halides in fact g are regarded as consisting largely of couivalently 

bound ion pairs, e.g., NaC1 (these may also be associated into 

dimers, e.g. (NaC1)2 and trimers, e.g. (NaC1)3 etc.) The melt, 

lying between the extremes of solid and vapour, is also 

accredited with a more co-valent nature of the "bonding" between 

ions relative to the crystalline state, because the randomisation 

of the constituent species increases the asymmetry of the 

electrostatic forces. 

An increase in temperature of the melt, will cause a more random 

distributionat species, with an increase in the asymmetry of the 

force fields due to the increase in molar volume. If in the 

system PbBr2-MBr, the melt is regarded as consisting of the ions: 
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(n-2)- 

	

Pb2+, Br', te, PbBrn 	, then as the temperature is raised, 

so will there be an increased tendency for oppositely charged 

ions to associate. Such associations may be represented as follows: 

	

Pb2+ . 2Br- 	these effects will also occur 
in the standard state 

Mt. Br' 

Mt. PbBru(n-2)- 

(m-2)- 
Pb2+ . PbBrn 

these effects will occur in 
addition to those in the 
standard state 

  

The overall tendency with increase of temperature, will therefore 

be for the number of "free" ions to be decreased and thus result 

in a decrease in the activity of the component salts. This effect 

is in opposition to effect (1). 

The two most predominant effects with increase in temperature 

are considered to be increased dissociation of co-valently bound ions 

and increased association as ion pairs. The nature of the interaction 

between Pb2+ and X-  and the environmental influence of the alkali 

metal ion present will determine the dominant effect. It is the 

opinion of the author, that the stronger the Pb 2+  X-  "bond", the 

less will be the thermal dissociation with increase of temperature. 

In such a case, the relative increase in the numbers of co-valently 

bound ion pairs will exceed the "free" Pb 2+  and Br-  ions caused by 

dissociation of complex ions on heating and a decrease in the activity 

of the component salts will thus result. 

Pb2+ . Br 
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b) The system PbBr7-KBr 

The activity and activity coefficient of PbBr2 show. small 

negative deviations from ideal values in the composition region 

0.6.1.0 mole fraction PbBr2 (see fig. 3.4, Table 4.3). The 

magnitude of the activity deviation in this range of composition is 

TABLE 4.3 

• Percent4ge deviation of the activity of PbBr2 
from the Temkin activity, in the system PbBr2-KBr (600°C)  

PbBr2 ,.20 .25 .30 .35 .40 .45 .50 .55 

L arobBr2 80 80 77 74 70 62 46 24 

m.f..PbBr2 .60 .65 .70 .75 .80 .85 .90 .95 

LapbBr2 C4) 14 9 6 5 4 3 2 1. 

very similar to that for the system PbBr2-NaBr which was investigated 

by Lantratov and Shevlyakova (1) . As the proportion of KBr increases 

from 40 to 60 mole %, the activity and activity coefficient of PbBr2 

decrease at a much greater rate. This is attributed to interactions 

within the melt resulting in the formation of associated species. 

For mixtures richer (in KBr) than 40 mole %, the rate of decrease of 

the activity coefficient with composition becomes progressively smaller, 

until in the region of 0.2.0.3 mole fraction PbBr2 Where it is 

approximately constant. The calculated activity for the composition 

0.197 mole fraction PbBr2 is not sufficiently accurate to ascertain 

Whether the activity coefficient does in fact reach a minimum value in 

1. Lantratov and Shevlyakova: Russ. J. Inorg. Chem., 4 523 (1959) 
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such mixtures or not. It appears that complex ion formation plays 

a minor role in the range l.0"0.6 mole fraction PbBr2. The greater . 

rate of change of the activity coefficient with composition thereafter, 

can be explained either in tares Of the formation of the complex ion 

PbBr42- or an equilibrium between PbBr3' and PbBr42- , i.e., 

Pblf. 28r-  + 	P11423" 	PbBr4  

+ Br  

The presence of the tribromide anion alone is insufficient to account 

for the still rapid deviation of YPbBr2 and L aPbBr2 in mixtures 

richer than 50 Mole % KBr. The stoichiometry of the species PhBr4 2-  

corresponds to the composition 0.33 mole fraction PbBr2 and because of 

the pronounced decrease in gradient of the activity coefficieintnviterr: with 

composition curve (and also the much smeller increments in 

z a 

 

further additions of KBr, it is considered that the four co-ordinated 

ion is the most stable in these solutions. The LOU PbBre', if present, 

is only a minor constituent because there is a negligible decrease in 

PbBr2 between 0 and 0.30 mole fraction PbBr2. 

This work is not in quantitative agreement with that of 

Lantratov and Shevlyakova (1) , where much larger activity deviations 

are recorded at corresponding temperatures and compositions. However, 

the accuracy of their work is somewhat questionable in the light of 

their measured values for e at various . temperatures (see fig. 3.1). 

By analogy with the two incongruently melting compounds, 2PbBr2.KBr and 

Ph8r2.2KBr, from the phase diagram, Lantratov and Shevlyakova state 

that the complexes present are Pb2Sr3 and PbBr42- , a deduction whith 

1. Lantratov and Shevlyakova: Russ. J. Inorg. Chem., 4 523 (1959) 
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is plausible but not necessarily correct. In this work', the fact that 

at 0.667 tole ftactien PbBr2, the deviation of the activity of PbBr2 

from: the ideal value is of the Order of 7% (ooMpared tip A aptwil2  88% 

at 0.25 mole fraction PbBr2), suggests that Pb28r5 .  is not a 

predominent species. 

Over almost the Whole compoiition range, the activity of 

Pbtr2 shows an increase with increase of temperature. In the 

composition range 0.45-0.60 mole fraetion PbBr2, an increase of 0.06 

units is observed for a 100°6 temperature rise, a difference which 

gradually diminishes as the mixture becomes richer or Poorer in 

PbBr2. This trend is consistent With the view that polarization by 

potastion Lone weaken the Pb — Br li!bonds" 'sufficiently to anew 

increased thermal vibration to predominate over the tendency for 

increased ion pair formation with increase of temperature. In the 

vicinity Of the 20 mole % PbBr2 composition, the reverse effect is 

observed. The interpretation of this phenomenon is dubious however, 

owing to the uncertainty in the measured activity at this composition. 

c) The system PbBr90RbBr 

From the initial addition of RbBr to PbBr2, the activity and 

activity coefficient of PbBr2 show a - steadily increasing deviation 

until the 45 mole % PbBr2 composition (see fig. 3.10, Table 4.4). 

The activity then tends to zero (with correspondingly lower values than 

for the previous system) as the mole fraction of RbBr tends to unity. 



.20 .25 .30 .35 .40 .45 .50 .55 

90 88 87 80 75 	. 69 59 46 

.60 .65 .70 .75 .80 .85 .90 .95 

33 25 17 11 6 2 1 

n. f. PbBr2 

A aPbBr2 (Z) 
	

• 

m.f. PbBr2 
• Li 5PbBr2 (%) 
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TABLE 4.4 

Percentage deviation of the activity of PbBr9 
from the Telkin activity in the system PbBr2-RbBr (600 0C)  

Over the composition range studied, there is no tendency for the activity 

coefficient to show a minimum value, although the percentage deviation 

of the activity of PbBr2 (obtained by extrapolation) from the ideal 

curve, shows a less rapid increase between 70 and 80 mole 7. RbBr. 

Although the activity coefficient of PbBr2 shows a more gradual change 

as theconcentration of alkali halide increases from 0-0.25 mole 

fraction MBr in comparison with more dilute PbBr2 solutions, it still 

indicates a greater interaction between Pb2+  and Br-  in this region 

than for the system PbBr2=KBr. it is assumed therefore, that co-

valently bound complex ions are formed with the initial additions of 

rubidium bromide. This, in the first instance, would be due to the 

1.25 times lower polarization of the Pb— Br bond by the Rb .  ion in 

comparison to the le ion. The continued rate of decrease of the 

activity coefficient with composition for mixtures containing less 

than 33 mole % PbBr2, indicates that the strongest interactions occur 

for mole fractions of lead bromide of 0.2 or greater. This is also 

suggested by the percentage deviation of apighl . Thus, it seems 

reasonable to assume that the most stable ion in molten PbBrrRbBr 
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-, solutions is PbBr64 . 

For mixtures containing more than 45-50 mole % RbBr, the 

rate of decrease of Y ptar2  with composition is smaller with respect 
to mixtures containing less than 45 mole % RbBr. This is indicative 

of the presence of complex ions with smaller ratios of Be:Pb 2+. 

The absence of these would result in a more uniform decrease in 

PbBr2 up to 80 mole % RbBr. Therefore, for this system, the 

f011owing ions are assumed to be in equilibrium: 
Kl 	, K3 

Pb2+  + 2Ret_g==.7. PbBr3='.==;,-  PbBrir== PbBroli.  

+ Br  + Br. 	+ 2Be 

where Kl, K2 And 1(3 are the association constants for the species 

PbBr41.  abd PbB44-o respectively,and 1(3 > K2 > Ki• 

With increasing temperature the activity of PbBr2 shows 

an increase over the 'whole composition range. This increase is, 

however, much smaller in magnitude than in the system PbBreKBr 

(0.01-0.02 mole fraction units). Although the rubidium ion will 

polarize the Pb — Br "bond" less than the potassium ion, it still 

weakens the bonds of the complex ions sufficiently, to allow the 

increased dissociation of complex species due to increased temperature 

to be the more dominant effect. 

d) The system PbBr2-CsBr 

For mixtures containing up to 43 mole % PbBr2, the values of 

the activity of lead bromide in this system, although lower by 

approximately 1La1 units, are very similar in magnitude to those for 

the system PbBr2-RbBr (see fig. 3.16, Table 4.5). The decreased 
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TABLE 4.5 

Percentage deviation Of the activity of PbBr2 
from the TeMkin activity in the system PbBr2-atE16222C1  

m.f. PbBr2 .20 .25 .30 .35 .40 .45 .50 .55 

.6"11PbBr2 (4)  95 92 90 86 79 67 54 45 

PbBr2 .60 .65 .70 .75 .80 . 	.85 .90 .95 

6apbBr2 (4) 35 26 18 8. 1 -4 -6 

activity is to be expected because of the lower polarizing power of the 

alkali metal ion and the resulting increased stability of the co-valent 

complexes. For compositions between 43 and 70 mole % PlAr2, activities 

of PbBr2 in both the PbBr2-RbBr and PbBr2-CsBr systems are very 

similar, while for mixtures containing more than 75 mole % PbBr2 the 

systems differ appreciably. The positive deviation in the activity 

of lead bromide in mixtures with CsBr (for compositions rich in PbBr2), 

is contrary to the tendency expected. The cesium ion has a lower 

charge density than the rubidium ion and would have been expected, 

therefore, to polarize any co-valent complex species to a lesser 

degree, thereby contributing to a lower activity of PbBr2. There are 

two possible explanations for this behaviour: (1) The activity of 

PbBr2 is in agreement with that predict:le by Hildebrand for the complex 

species PbBr42".  (see Section 4A.6410); 

(2) Consider the proposition, that interactions between Pb2+  and Br-

ill concentrated solutions of PbBr2 with alkali metal bromides lead to 

the formation of large ionic aggregates such as Pb4Br9 . It would 

then be possible for the large size of the cesium ion to prevent the 
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peeking Of simple ions into these large clusters. Not until higher 

concentrations of CsBr, When the formation of smaller complex ions 

is favoured, will this effect be overcome. 116 the composition range 

80.400 mole % PbBr2, the only effect of the Cs+  ion will, therefore be 

the polarization of the Pb — Br "bonds of the undissociated lead 

bromide, resulting in an increase in the number of "free" Pb 2+  and Be 

ions. Thus the resultant effect will be for an increase in the 

activity of PbBr2  above the ideal value. 

Arguments against this latter postulate are: 

(1) Positive deviations of 5mr2  from the Tonkin activity, are 

larger than expected for the low polarizing CS+  ion. 

(2) The increase in excess free volume (see Section 4A.3) would be 

thought to allow the orientation of large complex ions in spite of the 

size of the CS+  ion. 

(3) The presence of ions such as Pb4Br9 in the melt is unlikely. 

However, apart from the two suggestions for the positive deviation 

in aPbBr2 no others are at present apparent. 

Over the composition range studied, no minimum in the 

activity coefficient for lead bromide is observed, although between 

20 and 30 mole % PbBr2, --aPbBr2 tends to become constant. It is 

concluded therefore, that as in the previous system, the predominant 

complex ion is PbBr647. Also the more uniform decrease in YPbBr2 from 

20..63 mole % CsBr, compared with the system PbBrrAbBr, suggests 

that species such as Pb8r3" and PbBr4  are not so predominant as in 

the other systems. 
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The charge density of the cesium ion is approximately 30% 

less than for the rubidium ion. The stability of complex ions in 

the system PbBr2-CsBr will therefore be noticeably greater than for 

the system PbBr2-RbBr, so that lets "free' ions will be produced due 

to thermal dissociation in the former system. The most predominant 

effect of an increase in temperature may therefore be an increase in 

ion pair formation resulting in an overall decrease in the activity 

of PbBr2. This is observed experimentally for mixtures containing 

45-100 mole % PbBr2 	0-53 mole % CsBr). Below this composition, 

4 very small increase in activity per 100 °C rise in temperature is 

'noted but this is of the same order as the experimental error. 

Throughout the series of alkali bromides ., Ur, RbBr, CsBr, 

in the systems PbBreMBr, the tendency is for an increase in the 

deviation of both apbBr2  and any  from the ideal Temkin values due to 

an increase in the stability of the complex ions. This is attributed 

to a decrease in the polarization of the Pb 	Br "bonds" of the 

complex species by the Mt ions. The species PbBre .  is regarded as 

being the most stable in the systems PbBr•RbBr and.PbBrrCsBr, for 

mixtures rich in MBr, with the ions PbBr4 2.  and PbBri" being of lessmr 

importance as the size of the alkali metal ion increases. In the 

system PbBr2-KBr the most important complex species is regarded as 

being PbBr42- . 

Support for the proposition that the degree of covalent 

character of the bonding in the Complex ions varies inversely with the 
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polarization by the alkali metal ions, comes from the activity versus 

temperature relationships. The decreasing dissociation of complex 

ions as the temperature is increased through the series PbBr 2-Dr, 

PlarrRbBr, PbBreCsBr, is apparent, since the more dominant tendency 

is ion association. 
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4A.3 FREE ENERGIES  

The variation of the partial molar free energies of Pb3r2 

with composition, for mixtures with KBr, RbBr and cast, acre shown in 

figs. 3.5, 3.11 and 3.17 respectively, as are the corresponding 

partial free energies for the alkali halide component. These show 

the same deviations as the activities of the salts inthetse binary 

mixtures and because of the relationship between them, (emqn. 1.61), 

can be interpreted in the same manner. Excess partial =Aar functions 

for PbBr2 are represented in the same figures and time slre directly 

correlated to the deviations of the experimental activity from the 

ideal Temkin activity. The tendency for the excess chemical 

potential to become more negative in each case represents the energy 

evolved as a result of complex formation. The excess positive value 

in the case of the system PbBr2-CsBr, in the regime 80.100 mole % 

PbBr2, is indicative of energy expended in the bresauksim of associated 

PbBr2 molecules, as suggested by the activity remalts. 

The integral free energies of mixing (1qA3r2wital Mk), are 

shown in figs. 3.5, 5.11 and 3.17 and the excess free ensrgies are 

presented in Table 4.6. The latter have been calculated from the 

relationship: 

AGE  a 	 (4.12) 

where ZSGi a ideal free energy of mixing 

a N1 	+ N2 6.162i 
	

(4.13) 
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where Ai  im ideal partial molar free energy of 

component 1 

RT ln Ni  

Ad2i 	RT ln N2 
(4.14) 

TABLE 4.6  

Excess free energies ;in the system PbBr2-MBr (600 0 )  

- GE (K cal/mole) 
N2 

ideal KBr RbBr Csfir 

	

0.10 	0.90 

	

0.20 	0.80 

	

0.30 	0.70 

	

0.40 	0.60 

	

0.50 	0.50 

	

0.60 	0.40 

	

0.70 	0.30 

	

0.80 	0.20 

	

0.90 	0.10 

Position of maximum 
(mole fraction PbBr2) 

Maximum deviation* 
(..R cal/mole) 

* estimated values 

0;566 

0.870 

1.063 

1.171 

1.205 

1.171 

1.063 

0.870 

0.566 

0.52 (NaBr) 

0.48 (NaBr) 

0.89 

1.23 

1.42 

1.56 

1.55 

1.37 

1.11 

0.76 

0.35 

0.45 

1.57 

1.52 

2.03 

2.26 

2.34 

2.28 

2.05 

1.70 

1.19 

0.61 

0.40 

2.34 

1.75 

2.67 

3.13 

3.11 

2.91 

2.53 

2.03 

1.41 

0.65 

0.34 

3.14 

Because AG is a measure of the energy evolved on mixing the two 

components PbBr2 and MBr (i.e. the spontaneity of the process), it is 

evident that the stabilities of the associated groups formed, increase 

from le to Cs+  over the entire composition range. This supports the 

deduction from the activity results, that ions of low polarising power 
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have a lesser effect on the dissociation of complex species than highly 

polarizing ion*. 

It is interesting to note the shift in the position of the 

maximum for the excess integral free energy towards mixtures richer 

in the alkali halide component, as the radius of the alkali metal ion 

is increased. The value of LSGE  for the system PbBrrNar, has 

been obtained from the work of Lantratov and Shevlyakova (1) . The 

position and magnitude of the maxima are compared in Table 4.6. This 

indicates that as the polarizing power of Mt is decreased, so Species 

consisting of a higher ratio of Br to Pb2+  become more 'Stable. Thus 

in the case of PbBr2-NaBr, the most ideal of the systems, the position 

of the maximum deviation suggests, that the most predominant species 

present will be anions with less than four bromide ions per lead ion, 

e.g., PbBr3 . As the size of the alkali metal ion increases (i.e. 

through the series Kt, Le, Ca t), so the proportion of complexions 

having a higher ratio of Br-  to . Pb2+  will increase. Thus, in the system 

Pb8r2-CsBr, it may be inferred that Pb8r3-  is not a dominant species, 

the deviations from ideal solution behaviour being attributed to such 

ions as Pb8r42' and PbBr64% 

It is difficult to make a direct comparison of the excess 

free energies of mixing with the activity results, since the *errors in 

the calculated values of AGIE  are relatively large, due to the 

integration procedure employed. Nevertheless, the above conclusions 

are in reasonable agreement with those deduced from the activity results, 

in so far as the shift of Aemax. to lower mole fractions of PbBr2 with 

progressive increase in the size of Mt is concerned. 

1. Lantratov and Shevlyakova: Russ. J. Inorg. Chem., 6 95 (1961) 
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4A.4 ENTHALPIES  

The partial molar enthalpy of lead bromide in the system 

PbBr2-Rar (see fig. 3.6), shows an increasing negative value as the 

mixture becomes richer Jo. Tar, until approximately 40 mole % PbBr2. 

This is attributed to an increase in co-valent species in the melt. 

For mixtures richer in Kar, A --5PbBr2 shows a rapid increase with 

composition and this can be interpreted as due to either breaking up' 

of associated species or to the uncertainty in the experimentally 

determined enthalpy value for the mixture containing 19.7 mole % PbBr2. 

The system PbBr2-RbBr (see fig. 3.12), exhibits an increased 

negative partial molar enthalpy for PbBr2 over the whole composition 

range studied, whereas in mixtures of PbBr2 with CsBr (see fig.3.18), 

'e pronounced positive value is observed over the composition range 

50-100 mole % PbBr2. It is questionable whether the minimum value of 

AR' at 70 mole % PbBr2 is significant, on account of the relatively 

large error inherent in the calculation of this property 	250 cals/ 

mole). Nevertheless, the positive value for the enthalpy in this 

region is indicative of the breakdown of "bonded' groups and in this 

instance, the dissociation of lead. bromide molecules is 'inferred (by 

analogy with the deviation of the activity of pbBr2 in this system) !  

In all cases, the integral values for the enthalpy of mixing - 

show minimum negative values, which mean that the formation Of PbBr2 

and MBr solutions are accompanied by an evolution of heat. This is 

attributed to the formation of complex ions within the melt. In the 
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system PbBr2-CsBr, the heat absorbed in the region 0.64-1.0 mole 

fraction .PbBr2, is considered to be due to the dissociation of 

'asiociated Pb2+  and Br ions. Although the integral enthalpies, in 

each case, thaw a similar trend to that of the integral free energies, 

no comparison will be drawn because of the inherent inaccuracies in 

the calculated quantities. 
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4A.5 ENTROPIES 

Associated with the formation of complex ions in molten 

salts, one mould expect departures from random mixing in the sense 

of increased order; hence negative excess entropies should be 

observed. For the systems PbBr2-RbBr and PbBri-CsBr (figs. 3.13, 

3.19), this is not the case; in fact, relatively large positive 

Values are observed especially in the PbBr2-CsBr system.' It has been 

stated (1 ' 2) , that the volume Change on mixing should contribute to 

the excess entropy, a term of the order of ( 01  //q )V8 , where 0( , 

is the thermal coefficient of expansion for the mixture, //S , is the 

isothermal compressibility and V8, is the excess molar volume. 

Information concerning 04 and 	for the systems studied is 

unavailable but McCarty and Kleppa (1)  have mentioned, that for ionic 

substances, the ratio is often of the order of 1-2 cal/deg.cm. 3. From 

the information presented by Bloom (3)  the values of V8  for equimolar 

mixtures in the systems PbC12-KC1, PbC12-RbC1 and PbC12-.CsC1 are 

estimated (from a plot of molar volume versus composition) to be 0.8, 

1.5 and 2,0 cm. 3/mole, respectively. It is assumed that the excess 

molar volumes are of similar magnitudes for both the binary lead 

bromide and lead chloride systems. Although the ratio 0(1/3  cannot 

be estimated exactly for these binary systems, it is evident that the 

1. McCarty and Kleppe: 	J. Phys. Chem., 68 3846 	(1964) 

2. Scatchard: 	Trans. Faraday Soc., 	33 160 (1937) 

3. Bloom; 	Pure and Appl. Chem., 	1 	389 (1963) 
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contribution of the term (0(0 )VE to the entropy of mixing is 

large and for the two systems PbEr2-11bEr and PbErreislir, this is 

considered the major effect. 

In the system PbBr2-KBr (see fig. 3.7), it can be assumed, 

by comparison with the PbC12-1M1 system, that the excess molar volume , 

is not large and /hence there appears a negative value for the excess 

entropy, For the system PbEr2eRbEr, the initial negative excess 

partial molar entropy of PbEr2 could be due to the formation of 

misociations within the melt, the molar volume between 70 and 

100 iiobilr2 being assumed to have very nearly ideal values. At higher 

concentrations of alkali halide the increased vibrational, rotational 

and translational entropies due to an increased excess molar volume, 

have a greater effect then the ordering due to complex formation and 

- E the value of AS' therefore, assumes an increasing positive value. 

The large increase in the molar volume in the system PlarrOsEr, 

results in a positive excess - partial mailer entropy over the whole 

range of composition. 

Owing to the error in estimation of the values of al and 

AtlE, it is doubtful whether the maxima and minima have any 

signifiCance. . It is interesting to note however, that a minimum 

. appears in the partial entropy curves in each of the three systems at 

50 mole % PbEr2 and at 65-75 mole % PbBr2 as well, in the systems 

PtarcRblir and PbBr2-CoBr. These minima could be explained by an 

increased degree of ordering within the melt, being more predominant 

than the opposite effect due to the increase in molar volume, when the 
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concentration of associatid species reached a maximum. The minima at 

30 more % PbBr2, would then correspond to the complex ion PbBr 3-  and 

that at 65..75 mole % to perhaps Pb2Br5'. However )  owing to the 

uncertainties in the entropy calculations, no reliance can be placed 

on any of the latter deductions. 
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4A.6 ACTIVITY MODELS FOR THE SYSTEMS PbBr2-MBr 

a) The Hildebrand method 

The theoretical derivation of activities using this model, 

applies in principal, to molecular liquids such as the acetone-

chloroform system, where, for the formation of an equimolar compound, 
•t 

the following equilibrium is estab1ished (1) : 

A + B 	AB 	 (4.a) 

For the molten salt system PbBr2-MBr a reversible equilibrium reaction 

for the formation of a complex of stoichiometry A:B 1:1 may be written: 

PbBr2 + MBr 	PlAr3 + 	(4.b) 

or since the le ion is not regarded as being an intimate part of the 

complex ion: 

PbBr2 + Br= ; PbBr3- 	(4.c) 

The activity of component A (i.e. PbBr2) will be given by the 

derived equation (see later, eqn. 4.21a), but the activity of 

component B (i.e. MBr) cannot be derived, since, according to reaction 

4.c k  component B is represented by Br.  only. The activity of the 

alkali halide in these mixtures must therefore be obtained by the 

graphical integration of the Gibbs•DUhem relationship, utilising the 

calculated (theoretical) activity of PbBr2. 

1. Hildebrand and Scott: Solubility of Non-Electrolytes, Reinhold 
(1950) 
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(i) Calculation of the activity of PbBr2,  assuming the formation 
of the complex ion PbBri- 

Let reaction 4.c be represented as: 

A 	B 	AB 

If moles taken 

Then moles at equilibrium 0 NA(0ni-nA3) 	n ( 122'nAB) 	nAB 

Total number of moles 	al '4' n2nAB 

Now assuming that the species behave in an ideal manner, i.e., they 

obey Recruit's law, then the mole fractions and the activities of the 

components are given by the• equations: 

''"uAB  
I. NA gs  bl * nl--  nAB 	(4.15a) 

• - n AB 82 	N ' 	_ 	, 
• a2 uAB 

(4.15b) 

nAB  
(4.15c.) a3 " HAB " ni  4. n2  . nAB  

The three activity terms are related by the equilibrium constant K 

as follows: 

aAB  K 	
el •a2 

 

(4.16) 

Substituting in eqn. 4.14) from eqns. 4.15, we obtain: 

 

 

nAB(111 + 112 .1 11AB)  

 

(4.17) 

    

Cml • riAB)(n2 nAB) 

To obtain a practical expression for the activity of each component, 

equations 4.15 must be written in terms of K, Ni and N2, where NI and 

N2 are respectively, the analytical mole fractions of A and B. 

From 4.15a: 



a1 (111 n2 - 'AB)  n1 nAB 

al (n1 nAB)  a1n2 	n1 

	

(nl nA8)(81 1)  aln2 	° 

a
1
n
2 

nAB al- 1 

Substitute (4.18) in (4.17): 

	

[ 	

. aln2 1 
nAB 	n2 - ;] 7:7i 

ain2 
a. (n2 • CAB) 1777-1—  

npa(- 122 )  mg 	
(n2 - nAB)aln2 

nAg 

al (12 nAB)  

On rearranging: 
K ain2 

nAB 1 + K al 

Substitute (4.19) in(4.15a): 

[I.( 41112  
11] 4' 1 + K 

K ala2 
al 02 a* [1 + K aj, 

n1 (1 + K al) K a1n2_ 
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aj 

(4.18) 

(4.19) 

(n1 + 02)(1  + K al) - K an 

al [(n1 + n2)( 1  + K al) - K alnl a n1(1 + K al) - K an 

Divide both sides by (al  + n2): 

1 

K aln2 m  n1(1 + K al) 	K aln2 
al - 1 + K al m.. 711-713i 	n1 + n2 	01 4' 12 
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al (1 + K al - N2K al) 	+ K al) 	N2K al 

which on rearrangement gives: 

- al 
MI 	a. 	  

[ N2(1 - al) - (Ni-  al)] 
(4.20) 

Similar expressions can be derived in terms of a2 and aAB for the 

other equilibrium components. 

Eqn. 4.20 hat been solved for al in terms of Ni,  Ng and K by 

Hildebrand" ) , i.e.: 

k N1 • 2 + 2(1 - k N1N2) 1/2  
al k Ni 

(4.21a) 

2 - k N1N2-  2(1 • k N1N2 )k aAB 
k NIN2 

4K  where k as (K + 1) 

and similarly for 82 and aAB, i.e.: 

k N2 - 2 + 2(1 - k NAN20  
a2 
	

k N2 

By tieing as reference point the experimental activity at 

50 mole % PbBr2 (corresponding to the stoichiometric composition of 

the ion PbBrBs ), as obtained from the plot of apbBr2  versus composition, 

the association constant for the reaction PbBr2 + Br - 	PbBri", can 

be estimated for each system, using equation 4.20. By substituting 

this value of K in equation 4.21a, the value of apbBr2  can be 

calculated over the whole range of composition. The experimental and 

theoretically determined activities for each system are compared in . 

Table 4.7 and are illustrated in figs. 4.2, 3, 4. 

1. Hildebrand and Scott: Solubility of Non-Electrolytes, Reinhold, 
(1950) 
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al  si n1 ' nAB2 
n1+ n2 • 2nAB2 

nAB2 
aAB2 ss 

n1 + n2 - 2nAB2 

(4.22c) 
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Agreement between theoretical and experimental curves is 

reasonable and in the case Of the system PbBr2-RbBr it is very good. 

From the values of K, it can be seen that the stability of the ion 

PbBr3" is proportional to the deviations of apbBi 2  from the ideal 

TeMkin line at 50 mole % PbBr2. For both systems PbBr2-KBr and 

lobBr2-CsBr, the positive deviations of the Hildebrand activities 

from the experimental activities in the region 30-40 mole % PbBr2, 

indicate that Species having a greater number of Br" ions per Pb 

ion*  compared to Pb8r34- *  are present. 

(ii) Calculation of the activity of PbBr2,  assumina the formation of 
the complex ion PbBre" 

Let the reaction 	ibBr _2 	+ 	2Bk- 	> PbBr42` 

be represented as: , 	A 	2B 	—9 AB2 

If moles taken 	go 	n1 	n2 

Then moles at equilibrium • Cal - nAB2 ) 	(n2 - 2nAg2) 	nAB2 

Total number of moles 	= • nl n2 - '2nAB2 

Assuming the species behave in an ideal manner as before *  then the 

activities are given by the following equations: , 

(4.22a) 

a2 
n2 " 2nAB2 	 

+ n2 - 2nA32  (4.22b) 

Hence: 
StAB2  
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i.e. 
nAB2(n1 + n2 ' 2%82)2  

so 
nAB2)(u2 2nAB2) z  

(4.23) 

From eqn. 4.22a: 

n1 aAB2  
at 69 (nj - nAB2) +(n' nAB2) 

which on rearrangement gives: 

(ftl- nA32 ) 	-•
(n2 - nia2 ) 

Substitute (4.24) in (4.23): 

nAB2  [ ( 12 " nAB2) al  . 1 (n2 - nAB2 
al 

K • 	 % al 	(n2  - 	
2 nAB )012 ' 2nAB2/

2  

	

• 	r  
1 	I 

nAB2 022 nAB2 ) ' L - 	1  
al m_ 	.2 

(02 amABZ ,  ul • 1  

DAB2(n2 nAB2)  

' al (al ' 1)(n2 2%2 )2  

From (4.22a): • 

A1011 + n2) • 21102111 	ul uAB2 

al(ni + n2) - nl 
nAB2 ft 	(2al - 1) 

(4.24) 

(4.25) 

(4.26) 

Substitute (4.26) in (4.25): 

al (n1 n2 )  '  a1 [ u2 al Cal + n2) - al  
(2111 	1) . 	(2al - 1) 

2a (n1 + n2)  - 27]  2  
"  411.011 ' 1 ) [ u2 	(2al - 1) 
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which on team-enactment gives: -  

K 	
[al Cal + 112) • ni ] [n2 (al - 1) - el (al  . 1)] 

-:al (al - 1)(2n1 - n2 - 2n1e1)z 

[al (al + 112) ' all [112 ;  
al(2n1 - n2 - 2nInl )' 

By dividing nominator and denominator of this equation by Oft + n2) 2  

and substituting values for ni and m2, where: 

n1 	a2  
and N2 * NI  * na 4. n2  

al a2 

the final expression for K is obtained: 

(NI ' al)(N2 N1)  K ■ (4.27) 
 aj [2N1 (1 • al) N2] 2 

It is worth noting, that whereas the equiliqrsm between 

A, B and AB produces negative deviations from the ideal activity over 

the whole composition range, the present equilibrium, i.e. 

A + 23 	AB2, produces negative deviations of al when N1 4:N2 

and positive deviations when NI > N2. When the experimental activities 

of PbBr2, at different compositions, are closely approximated by the 

calculated Hildebrand activities, the value of K, for the association 

constant of the complex ion, is virtually independent of the 

composition chosen as reference point. When there is a large discrepancy 

between experimental and theoretical values for most of the compositions 

between 0 and 100 mole % PbBr2, the composition chosen as reference 

point is found to be very critical for the value of K obtained. If 
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the value of the activity at Ni • 0.33, N2 • 0.67 is chosen, then 

subsequent values of apbBr2  for mole fractions of NI  <0.33 show 

pronounced negative deviations from the experimental curve. If on the 

other hand, the reference point N I  • 0.25, N2 0.75 is chosen, then 

although for N1 <0.25 a greater similarity is shown, the value of K 

so determined is for different. Because it is difficult to obtain 

accurate quantitative information using the association scheme for° 

PbBr42`, the theoretical activities for this complex ion will only be 

discussed in a qualitative manner. 

To obtain an expression for al, in terms of K, N 1  and N2  

from eqn. 4.27, a complex cubic equation must be solved and hence to 

determine al, for compositions other than the reference point, a trial 

and error procedure was used. The value of the association constant 

for PbBr4
2- has been calculated for each of the three binary systems, 

using as reference point the composition N1 = 0.25, N2 • 0.75. The 

results are summarized in Table 4.8. IC is to be noted, that when 

N1> N2, two values for apbBr2  are possible, depending on whether 

2N1(1-a1) > N2 or 2N1 (1 - al) < N2. The values in Table 4.8 are 

calculated for 2N1(1 - al) > N2. In Table 4.9 and fig. 4.5, are 

represented the magnitude of the association constant and the 

activities for PbBr2 for the system PbBrvgbBr at the two reference 

points (N1 • 0.25 and NI • 0.33). 

The activities calculated assuming the association scheme 4.d, 

explain two phenomena in the deviations of the Hildebrand activity 

for PbBr2, assuming the complex ion PbBr3" , from the experimental 

activities: 
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TABLE 4.8 

Comparison of experimental activities of PbBr2 with those derived usinst 
the Hildebrand association scheme for. the complex PbB1.42-, 

at the reference point Ni  =I: 0.25,  Ng • 0.75 

asiociation 	ma. 	Exptl. 	' Hildebrand 
system 	constant 	PbBr2 	activity 	activity 

PbBr2-EBr 	23.0 	0.1 	0.023 	0.006 	- 0.017 

	

0.2 	0.072 	0.027 	• 0.045 

	

0.25 	0.057 	0.055 	- 0.002 

	

0.3 	0.072 	0.113 	+ 0.041 

	

0.4 	0.123 	0.275 	+ 0.152 

	

0.5 	0.274 	0.500 	+ 0.226 

PbBr2-RbBr 	42.9 	0.1 	0.006 	0.004 	- 0.002 

	

0.2 	0.020 	0.015 	- 0.005 

	

0.25 	0.033 	0.035 	+ 0.002 

	

0.3 	0.046 	0.100 	+ 0.054 

	

0.4 	0.100, 	0.300 	+ 0.200 

	

0.5 	0.205 	0.500 	+ 0.295 

PbBr2-CsBr 	80.35 	0.1 	0.002 	0.002 	0.000 

	

0.2 	0.011 	0.009 	- 0.002 

	

0.25 	0.019 	0.021 	+ 0.002 

	

0.3 	0.033 	0.061 	+ 0.028 

	

0.4 	0.088 	0.184 	+ 0.096 

	

0.5 	0.224 	0.500 	+ 0.276 

* Deviation of the Hildebrand activity from the experimental activity. 

1) In the region of 30.40 mole % PbBr2 in the systems PbBr2-KBr 

and PbBr2-CsBr, the lower experimental value for 5m r2  can be 

attributed to the complex species Pb8r4 2". This is not unequivocal 

however, as other association schemes involving, for example, such ions 
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TABLE 4.9  

Competition of the Hildebrand activities assuming the complex PbBrie2.  at 
the two reference points, /41 • 0.25 and Ert • 0.33 

for the systeie_PbBreRbBt (6000C)  

composition 	 aPbBr2 	 aPbBi2 
m.f.PbBt2 	ref. pt . Ni • 0.25 	ref. Pt. : Ni 0.33 

	

0.10 	 0.004 	 -0.000 

	

0.20 	 0.015 . 	 0.001 

	

0.25 	 0.035 

	

0.30 	 0.100 

	

0.33 	 0.060 

	

0.40 	 0.300 	 0.235 

	

0.50 	 0.500 	 0.500 

	

0.60 	 0.650 	 0.670 

	

0.70 	 0.765 	 0.780' 

	

0.80 	 0.856 	 0.870 

	

0.90 	 0.930 	 0.940 

Association constant: 
	42.9 	 904.0 

as Pb3t53',Pb2Brs-  PbBre", etc., could well produce such deviations 

in this range of composition. However, the complexity of the 

calculations involved put such models outside the scope of this 

discussion. 

2) The positive deviation of 5pbgt2  from the ideal Tettkin value 

between 80-100 mole % PbBr2 in the system PbBr•CsBr, can also be 

attributed to the presence of Species such as Pb3r4 on the basis 

of this model. 
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It is quite conceivable, that a combination of both these 

association schemes may provide theoretical activities which would 

coincide with those determined experimentally. This of course 

necessitates the assumption that both species PbBr3" and PbBr4 2% 

are present in the melt.: 

b) The Bredin method 

In this essentially "ionic" model, the formation of complexes 

with infinite stability constants are assumed (1) . A similar approach 

has been used by Beusman (2) . Because only the final attivity equations 

were presented by Bredig, the following derivation of the general 

equations has been presented by the present author. 

Consider the general reaction for the binary system AX2 + Mx: 

AX2 + (z - 2) AX/0 (2  2)° 	(4.e) 

where AX2 is a divalent metal halide, (z - 2)X' is the halide ions 

contributed by the alkali halide and z is the number of halide ligands 

per divalent metal ion. 

Now, if the reaction goes to completion, then the activity of AX2 will 

only have a value greater than zero when N1 > 1/(z • 1) and the 

activity of MX will be greater than zero only when Hi 4.1/(z 1). 

Here N1  is the mole fraction of AX2 and N2 is the mole fraction of MX. 

From the Temkin equation relating composition and activity, we have: 

1. Bredig: J. Chem. Phys., 37 451 (1962) 

2. Beusman: U.S. Atomic Energy Comm., ORM 2323 (1957) 



 

• m -e4.(Nd.1/AX2 
. Nf •)(mx 
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(4.28) 

(4.29) 

where Y and Y mx  ■ activity coefficients of AX2 

and MXtespectively 

 

NA2+ 
	

cationic fraction of A2+ 

-A2  n + 

nA2++Dm  

m • cationic fraction of Mt 

nif  
um+ nA2+  

■ anionic fraction of X' 

Dr • 
nxo + nAx2 (z 2 

na 	em. no. of gm ..:ions of species '!a" present. 

(i) Determination of amx 

Since amx  is canty greater than zero when N1 41/(z • 1), then 

we must only consider the case when excess MX is present above the 

quantity required to remove all the. free AX2 as the complex species 

.ABz (z 	2)‘. 

Now  NI -
nm+ nA.  2+ 	+ o 	1 

nr 
nx-  nAXi(n  - 2).  

N2 (z - 2)(1 - N2) 
N2 - (z 2)(1 - N2) + (1 - N2) 

1 - (z - 1)(1 - N2) 
1 - (z - 2)(1 - N2) 
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where N2 	ga mole fraction of MX 

and where 1-Ne mole fraction of AX2 

Now 	a1v1X 	•• NX-  • l(MX 

Assume that ‘ mx  1 

In which case: 

1 - (2 - 1)(1 - N1) (4.30) 
1- (2 - 2)(1 -.N2) 

(it) Determination of IIMX2  

Because aAN2 is only greater than zero when Ni > 1/(2* 1), 

then only the case when excess AX2 is present above the quantity 

required to remove all the free MX as the complex species AX 5 (2 - 2)-

can be considered. 

Now N2+ 
A  

1 
(1 - N2) 	(z - 2) * N2  

1 
(1 - N2) * 	- 2). NI 4. N2  

(1 - N2)(2 - 2) - N2 

(1 • N2)(z 2) - N2 + N2(2 - 2) 

(2 - 2).- (2 - 1) .N2 
(z - 2) - N2 

2(1 - N2) - 	
2 

nIr. nAx  (2 - 	
as 	z - 2 . N2  

1 
2(1 - N2) • ------ 2 N2 

2(z - 2)(1 - N4) 2No 
2(2 - 2)(1 - N2) - N2 

Now 

. (22 - 4) - (22 - 2) Na 
(22 - 4) - (22 3) N2 

5Ax2 	142+  .(N5-)2  • )( Ax2  



Assume that )60c2  

In which case: 

AAN2 ea 
(a • 2) • (a • 11 N7  [  (221 •  •  ( 2z - 2) N2] 

(x - .2) - N2 	• (2x - 4) 	(2x - 3) N2 031) .  

Calculated values for alix2  and am for different mole fractions of 

PbEr2 are shown in Table 4.10, for three different values of i, 

namely, x * 3, 4 and 6,, which correspond to the complex ions PbEr3', 

PbEr42.  and PbBr64'. 

.The above expressions for arix and aAX2 are calculated on 

the basis of the Temkin ion fractions. A similar 'set of expressions 

can be calculated on the basis of the Flood at al. equation, relating 

composition and activity0 ' 2) , i.e. 

sAx2 

nMIC 

where N'a 

NI 
 A

2+ 

go 	10,A24" . (10x.)2 • )(Ax2 (4.32) 

SD 	 N I  1,1+ • N 1r. . /(mtc 	(4.33) 

Equivalent ionic fraction of "a" and is given by: 

nA2+  
nA,Z+  %RH+ 

op 	kale  
linm+ aA2+ 

1 	. 
(z a 2) sqr  

1 
(z - 2) nra nAgz (a - 2)a 

1. Flood, FArland and Grjotheim: Inst. Min. Met. Symp., Molten Slags, 
(1933) 

2. Flood, Orland and Grjotheim: Z. anorg. u allgem. Chem., 276 289 
-7954) 

2. 

N Iter 
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TABLE 4.10 

Values for Auxe  and amx (calculated using Tonkin ion fractions) for 
different compositions of the system AX2 - MX Bredig Model  

mole fraction 
AX2 

eAx2  mole fraction 
AX2 

3 0.50 0.000 0.00 1.000 

0.55 0.017 0.10 0.889 

0.60 0.083 0.20 0.750 

0.65 0.184 0.30 0.571 

0.70 0.302 0.35 0.462 

0.80 0.551 0.40 0.333 

0.90 0.787 0.45 0.182 

0.95 0.897 0.50 0.000 

1.00 1.000 

4 0.33 0.000 0.00 1.000 

0.40 .0.023 0.05 0.944 

0.50 0.148 0.10 0.875 

0.60 0.320 0.15 0.786 

0.70 0.501 0.20 0.667 

0.80 0.678 0.25 0.500 

0.90 0.844 0.30 0.250 

1.00 1.000 0.33 0.000 

6 0.20 0.000 0.00 1.000 

0.25 0.012 0.05 0.938 

0.30 0.052 0.10 0.833 

0.40 0.174 0.12 0.769 

0.50 4).315 0.14 0.682 

0.60 0.459 0.16 0.556 

0.70 0.601 0.18 0.357 

0.80 0.739 0.20 0.000 

0.90 0.872 
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(iii) Determination of amx using Flood et al. ion fractions 

fe le m 1 (as before) 

112 	(z - 2)(1 - N2)  
s 2 7 	(a - 2)  

, N2 -  (a • 2)(1 - Ng). 
2) - 	+ (1 - N2) (a  

(z - 2)(1 • N2) 

1 - (z - 1)(1 • NO  
N2 

From 4.33, assuming %( MX n 1, we have: 

230. 

*MX 
1 • (z • 1)(1 • NO S .  

N2 
(4.34) 

(iv) Determination of 4AX2 using Flood at 4. ion fractions 

1 (1 - N2) 	. 2).142 ni2+ 

nA2+ IAN+ 	(1 - N2) - (1-77-11) * N2 4' 3/4112 

.1.1.1..t.21=1".:11M (g • 2) - 3/41422: 

• 1 
(z 	nAxz (it • 2)- 

1 
2 ) [2(1 N2) • 	2  *N2 

* (a
1  

(a • 2)  

(z 2) [ 2 " - N2 )  (a- 
2 77) °N2 	6-7.1. Ng 

2(z - 2)(1 - N2) - 2N2  
2(x • 2)(1 - N2) 2N2 + N2 (z • 2) 

OE 

(z • 2) - (z - 1) N2 
• (z - 2) - iN2z 
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From 4.32, assuming )6a2 m 1,  we have: 

[ (a - 2)  (a - 1) 149 

aAx2 	(z 2) - Vila ] 3  
(4.35) 

Values for aAx2  and emx. on tbe basis of tbe Flood et al. relationship 

between activity and composition, for different mole fractions of 

AX2, are pre:anted in Table 4.11. Theoretical activities for AX2  

(e.g. PbBr2) and Mir using both Temkin and Flood et al. ion fractions, 

are represented in figs. 4.6 and 4.7. Of the two methods of 

calculation of aAx2  and amx, eqns. 4.30 and 4.31 probably give the best 

representation. It is generally accepted that the Temkin ion fractions 

are applicable with least error to simple binary mixtures such as the 

systems PbBr2-1.05r, whereas the equivalent ion fractions•of Flood et al. 

are really only applicable to reciprocal molten salt systems (see 

Section 1.5b). 

Provided the experimental activity isotherm shows a positive 

deviation from that calculated theoretically for a particular complex 

ion, then the deviation of the experimentally determined activities from 

ideal values can be attributed in part, if not wholly, to the presence 

of this complex. The theoretical line for each value of a, represents 

the maximum deviation possible it each . composition for that species. 

If the experimental activity has a lower value than that calculated 

for a given a (e.g. a0 m), then either the compound ii)c om(m 2)-  

is not present, or else it is present in conjunction with another species. 

As this model is applicable to both components, the Gibbs-

Whem relationship must also apply and the species AX 101(m  - 2)-  must show 
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TABLE 4.11 

Values for aAx2  and amx (calculated using Flood et al. ion fractions) . 

for different compositions of the system AX241Br 4 Bredin model 

mole fraction' 
A.X.2  

mole frattion 
AX2 

ems, 

3 0.50 0.000 0.00 1.000 

0:55 0.029 0.10 0.889 

0.60 0.125 0.20 0.750 

0.65 0.252 0.30 0.571 

0.70 0.385 0.35 0.462 

0.75 0.512 0.40 0.333 

0.80 0.630 0.45 0.182 

0.90 0.834 0.50 0.000 

4 0.33 0.000 0.00 1.000 

0.40 0.016 0.05 0.895 

0.45 0.059 0.10 0.778 

0.50 0.125 0:15 0.647 

0.60 0.296 0.20 0.500 

0.70 0.485 0.25 0.333 

0.75 0.579 0.30 0.143 

0.80 0.670 0.33 0.000 

0.85 0.758 

0.90 0.842 

0.95 0.923 

6 0.20 0.000 0.00 1.000 

0.25 0.003 0.05 0.789 

0.30 0.018 -  0.075 0.676 

0.40 0.094 0.10 0.556 

0.50 0.216 0.125 0.429 

0.60 0.364_ 0.15 0.294 

0.70 0.525 0.175 0.152 

0.80 0.687 0.20 0.000 

0.90 0.846 
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deviations of the experimental activities of MX from the theoretical 

activities in the same sense. The difficulty in interpretation here, 

results from the inaccuracy of the graphical integration in the 

determination of fa  (experimental). The lower values of the 

activity of MX for the' complex ions AX4 2  and AX64. , using equivalent 

ionic fractions, give a greater versatility to this model, in that a 

greater variety of species are possible. However, the validity of 

the use of equivalent ion fractions for these systems, as mentioned 

above, is questionable. 

When the activities of both components in the three systems 

PbBr2-KBr, PbBr2-RbBr and PbBr2-CsBr, are compared with the values 

calculated using the Bredig equation, the only value for z which is 

in any way satisfactory, is z * 4. This takes into account the 

inaccuracies in the determination of gmg. Thus, according to this 

model (using Temkin ion fractions), the complex species contributing 

greatest to the experimental activity deviations is PbBr4
2-

. 

c) A model based on the assumption of partial dissociation 
of complex ions  

The following method of calculation of the activities of both 

components of a binary mixture AX2 MX, is based on the partial 

dissociation of complex species formed within the melt. In the 

derivation, it is assumed that: 

(i) The alkali metal ion (le) is not an integral part of the complex; 

(ii)The following reactions lie completely to the right: 
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Excess MX: 4 NlAx2  N2mx---- NiAxi (z - 2)" + a2 all)X*  + N2144  

Excess AX2: 	N1Ax2  N2mx 	1
• 2)  N2AXa (z  - 2)-  + N2M+ 

2 + 2N1 (z•7-1)N2  X- 

where NI and N2, are the mole fractions of AX2 and MX respectively and 

z is the number of X-  ions per A2+  ion. 

(iii) The complex partially dissociates into A2+ and X' ions, i.e. 

Ny  (1 • 	AX 	(Ny00 Alf  + (Nyzo) X- 

where Ny , is the mole fraction of the complex ion and 	is the degree 

of dissociation of the complex. 

The activities of AX2 (e.g. PbBr2) and MX (e.g. MBr) will be deduced 

separately, for the formation and partial dissociation of the three 

complex species AX3-  (PbBr3-), AX41" (PbBr42- ) and AX64" (PbBr64.9. 

(i) The complex PbBr3" (PbBr2:MBr 1:1)  

Let the following scheme be considered representative of the 

dissociation of the complex ion: 

PbBr3- = 	Pb2+ + Mr" 

Let:- N1 and N2, be the mole fractions of PbBr2 and MBr in the 

original mixture; 

I I 	 na, be the number of gm, ions of species "a"; 

Na, be the ion fraction of species "a"; 

amBr  and amr2 , be given by the Temkin relationships: 

aMBr ' NM+ • NBr-  • )CMBr 

Ne . NBr- 	rMar s. 



235. 

aPbBr2 	NPb2+  • (NBre)2 	 PbBr2 al 1)  

There arethree cases to consider, namely: 

1. The mole fraction of PbBr2 is in excess of that required 

for the stoichiometric formation of the complex ion. 

2. When- Mar is in excess. 

3. When the mole fraction of PbBr2 is equal to the mole 

fraction of MBr. 

Case 1. N1 .N2 

nPb2+  • Nio( 

= N2 N1 + 3N1ot 

am+ 	11. N2 

nPbBr3" ge NI (1  " c4)  

N 2+ -Pb 

N14+  

NBr-

aPbBr2 

atiBr 

MI 

NICA 

N2 + N1 (30( • 1) 

N10( 	+ N2 

N2 
N2 + Nip 

N2 - N1 + 3Nrx 
N2 - NI + 3N1ot + N1 - 

Nicx 	+ N1 (3o( - 1) 1 2  

N2  + 2N1ot 

(4.36) 

(4.37) 

[ N2 

+ N2 	N2 + 2Nia 

N2 	N2  + NJ.  (30( 	1) 
N2 + Nio( 	N2 + 2N1c4 
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Case 2. 	N1> N2 

gi 

is 

al 

si 

- N2 + N204 

2N1  - 2N2 + 3N2ct 

N2 

N2 (1 - 

N1 - N2 + N2a 	N1 + N1 ( CX • 1 ) 

2) 

2+ nPb 

°Br-

am+ 

nPbBr3- 

Npb2+  

Nie 

NBr 

aPbBr2 

aMBr 

NI 	N2 + N20(  + N2 
N2 

N1 + N20( 

2N1  + N2 (3a• 

N1 + No( 

-  2N 	2N2 + 3N24a 1 
2111 - 2N2 + 3N2a 

+ N2 (a - 1) 

+ N2 • N2a 	2N1 + 

[2N1 + N2 (3a • 2) 

N2 (2a - 1) 

2  
(4.38)  

(4.39) 

+ N2a 

N2 	2N1  

L2N1 + N2 (2a 	1) 

+ N2 (3a • 2) 
+ N20( 	X 2N1 + N2 (20( " 1) 

Case 3. Nr• N2 

0Pb2+ 	N 

nBr" es 3N10( 

amf 	i• N2 

11PbBr3- 	" N1 (1  c()  

N1cx  
Npb2+  

Nia + N2 

N2 
NM+ 	" Nic< + N2 
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3Nioe 	 3Nio< 

aPbBr2 

• 	 
3Nia + 	• Nlcx 	N1 (2a- 1) 

20c + 	

2 
•

no( 	3cx 
!ha + N2 

Ng  3a 
abiBr 111  gia + N2 	2a + 1 

(4.40) 

(4.41) 

(ii) The complex PbBr424.  (PbBr2:MBr • 1:2) 

Let the following schema be considered representative of 

the dissociation of the complex ton: 

PbBr42- e==FPb2+  + 4Br- 

Case 1. 2N1 < N2  

npb2+ 	Niof 

aBr- 
 

• N2 - 2N1 + 4Th.01  

Um+• N2 

aPbBr42- 65  N1 (1 " 

not 
NPb • 	

 
N2 

Nm+ 	Nia + N2 

N2 - 2N1 + 

N2 - 2N1 

aPbBr2 	Na + N2 
	 [  

4N1°( 	N2 + 2Ni (2a- 1) 
4N1°( + N1 NO 	N2 + N1 (3a- 1) 

N2 + 2Ni (2cf 1)] 2  

N2 	+ 	(3a - 1) 

NBr" 

(4.42) 

aMBr • N2  
Nlc< + N2 

N2 + 2N1 (2of - 1) 
N2 +N1 (301 -1) (4.43) 



nBe • 2111 	N2 + 21420( 

aPbBry2- 

NI 2+ 
+ 142  (a+ 1) 

2141 + N2 (a + 1) 

• tN2 (1 - a) 
N1 • 1/2112 + 3/4N2ot 

• 	   th • 1/2142 + 4N2a+ 112 In 

2142  
NI+ 	"1  2N1 + N2 (0(+ 1) 

2Ni - N2 + 2N2a 

2N1 • N2 + 2142a+ kN2 3/4N2et 

4N1 + 2142 (2 01- 1) 

N13r- 

Case 2. 2N1> N2 

npb2+ a N g•-2 	-u-2a 

n11+ 	• N2 

4111 + N2 (3a- 1) 

2Ni + 2 (pc• 1) [ 4N1 +  2N2 (2 0( - 1) .1 2  N  
2Ni + N2 (a + 1) 4N1 + N2 (3a • 1) 

2142 	 4N1 + 2142 (2a- 1) 
al4Br 2141 + N2 ( 01 + 1) 	4111 + 142 (3a- 1) 

(4.44) 

(4.45) 
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a 

aPbBr2 

Case 3. 	2141 • N2 

'Pb2 a  

• 

tim+ • 

aPbBr42-• • 

b2+  NP • 

14101 

4Nta 

N2 
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NM+ 

NBr- 

aPbBr2 

aMBr 

N2 
• 	 

Nloc, + N2 

4N10( 	4N1d  
• •4NIN + N1 - Nvid 

= 
N1 (30( 4. 1) 

2 ] N c< 

Nrx + 	N2 [ 40( 

NiCX + N2 X  3c<+ 1 

3c< + 1 

N2 	40( 

(4.46) 

(4.47) 

- (iii) The complex PbBr64  (PbBr2:MBr • 1:4) 

Let the following scheme be considered representative of 

the dissociation of the complex ion: 

PbBr64" 	Pb2+  + 6Br" 

Case 1. 4N1 < N2 

nPb24" " Niox 

nBr- 
 • N2 - 4N1 + 6N1a 

ne ga N2 

• npbBre- 	N1 (1 -°1)  
No 2+ 

aPb 	Nvx + N2 

N2  
NM+ 	Nvio + N2 

N2 	+ 6N10( 

N2 - 4N1 + 6Nia + N1 - No 	N2 + NI (5ct- 3) 

NO [N2 + 2N1 (30( - 2) 2 
8Pb3t2 	Nla + N2 [ N2 + N1 M( ,- 3) 

NBr- 
N2 + 2N1 (30( - 2) 

(4.48) 



aPb8r64" al km2 (1 -a) 

2 + N2c(  4m1 + m2(0( - 1) 1/4N 	4s  
10 2+ impb   go 	  111 	3/4N2d+ N2 	4Ni + N2 (d+ 3) 
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N2 	N2 + 2Ni (3d - 2) 
alar 	Nip( + N2 X  N2 + 	(5a.* 3) (4.49) 

Case 2. 4N1. > N2 

aPb2+ 	N1 '1/4N2 kNe 

nBr 	as 2N1 	3/4142 + 3/2 N20(  

nm+ 
	as N2 

4N2 
Nm+ 	4Ni + N2(d+ 3) 

214 • 	+ 3/2msoc 
NBr. as  2tii • AIN2 	kI42 020( 

a pbBr2 

aler 

a 

° 

814i + 2142  (301  4. 1 ) 

2 

(4.50) 

8N1  + N2  (5d. 1) 

4Ni + N2 (d 4• 1) [
8
81,11 + 2142 (3a- 1) 

4N1 	Nd + 3) + 	2 ( 

4N2 

141 + 	2 	- 1) N 	(5d 

+ 2142 (3c( - 1) 
4Ni + N2 (d+ 3) (4.51) 8Ni. + N2 (5d- 1) 

Case 3. 4141 se N2 

apb2+ 	Ni. o( 

nBr" • 6N1 

amt- 	no N2 

nPbBr64. 	Ni (1 - 0() 



[Pb2+][Br-]  3  
- m  OMAryl 

1 + 3a [ 

3ot 
1 + 3 

oi 3 

Npb2+ 

IS1*  

NBr 

8PbBr2 

Eger 

gis 

gm  

• 

tie( 

• 
6Nia 
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(4.52) 

(4.53) 

Ne 4. N2  

N2 

N2 4-  NID(  

6Nia 

6Nia+ 	- 

Nip( 6a 

Ni (5a + 11 

2  Nia + N2 

N2 

5a 4 1 

6e< 

Nip( + N2 x 	50k + 1 

(iv) Calculation of dissociation constants  

The complex PbBr34.-  

PO+  + 3Be 

No. moles 
at equi- 
librium mi (1 -a) 	o 	30( 

Total 
no.moles (I + 3a) 

1 - 
1 + 

4 
27a 

 

(4.54) • (1 -0)(1 + 30 3  
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The complex PbBK42-  

PbBr42-  Pb2  + 4Br' 

No. moles 
at equi• 
librium 40( 

Total no. 
of moles (1 + 40) 

[Pb24a BT] 
Eptok.42-1 

F 	1 4 
1 + 4a Li + 4N 

1 ..0( 
1 + 4N 

 

256d1 

(1 -a) (1 + 404 
	

(4.55) 

The complex PbBr64" 

4- 	+ PbBr6 	Pb2 	+ 6Br' 

No. moles 
at equi,  
librium (1 -a) 60( 

Total no. 
of moles 
	

(1 + 60) 

• 

ga 

[Pb24][Br-] 
 6 

[PbBr641 

a 	r 	60( 6 

(4.56) 

1+ 60( 	Li + 60(j 
.0( 

1 + 60( 

4.669 x 104 o( 7  

(1 -0)(1 + 60 6  
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The values for a have been calculated from eqns. 4.40, 

4.46 and 4.52, by a trial and error procedure, having assumed the 

value for apbBr2  as read from the plots of the activity of PbBr2 

versus composition for each of the three alkali halide mixtures. The 

activity reference point for a was taken as the composition corresponding 

to the stoichiometry of the complex ion. To calculate the activity 

of lead bromide, the value for cx, for a particular complex ion in 

each system, was inserted in the corresponding equation. The 

dissociation constants for the complex ions PbBr r (z - 2)- were 

calculated for each system using eqns. 4.54-4.56. The theoretical 

values for Cx, K (dissoc.) and apbBr2 , are found in Tables 4.12-4.14 

and the activities are represented diagrammatically in figs. 4.8-4.10. 

In the Bredig method of theoretically estimating the 

activities, the only ions of M+, Pb2+  and Br', which contribute to 

the ion fractions, are those in excess of that required for the 

stoichiometry of the complex. For thid method, although 14* ions are 

unaffected by complex formation (being independent of partial dissociation 

of the species), the numbers of Pb 2+  and Br-  ions are increased (to an 

extent dependent on ct) as a result of incomplete stability of the 

complex ions. The activity of PbBr2 will therefore lie between the 

two extremes of the ideal Temkin activity (al= 1) and the activity 

calculated from infinite complex stability (ass 0). The activity of 

MBr need not, and in fact does not, fall within these same limits. 

Only for a limited range of values for ck(see Table 4.15) does the 

theoretical activity of MBr fall between that of Bredig and Temkin. 
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TABLE 4.12  

The system PbBr2-KBr  
Comparison of theoretical and experimental activities of PbBr2, 

assuming partial dissociation of complex ions  

complex ion and 
relative data 

mole fraction 
PbBr2 

a(theoretical) 
a(exptl.) 
(600°C) 

PbBr3 0.10 0.062,E; 0.027 

Ref. pt. : N1 a0.5 0.20 0.120 0.046 

al a 0.277 0.30 0.175 0.072 

c(  =  0.64 -  0.40 0.227 0.123 

K  ■ 	5.05 x 10-1  0.50 0.277 0.274 

0.60 0.422 0.517 

0.70 0.571 0.655 

0.80 0.718 0.770 

0.90 0.861 0.884 

PbBr42' 0.10 0.035 0.027 

Ref. pt. : NI a 0.33 0.20 0.063 0.046 

al a 0.084 0.30 0.079 0.072 

C'. 	m 0.38 0.33 0.080 0.084 

K  ■ 0.12 x 10' 2  0.40 0.160 0.123 

0.50 0.295 0.274 

0.60 0.439 0.517 

0.70 0.584 0.655 

0.80 0.727 0.770 

0.90 0.866 0.884 

PbBr6  4' 0.10 0.030 0.027 

Ref. pt. : NI ■ 0.20 0.20 0.045 0.046 

al ■ 0.045 0.30 0.147 0.072 

e4  •  0.34 0.40 0.265 0.123 

K  a  4.71 x 10 2  0.50 0.387 0.274 

0.60 0.514 0.517 
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Table 4.12 (contd.) 

complex ion and 
relative data 

mole fraction 
PbBr2 a(theoretical) a(exptl.) 

(600°C) 

PbBr64 	(contd.) 0.70 

0.80 

0.90 

0.639 

0.761 

0.882 

0.655 

0.770 

0.884 

TABLE 4.13 

The system PbBr2-RbBr 
Comparison of experimental and theoretical activities of PbBr2, 

assuming partial dissociation of complex ions  

complex ion and 
relative data 

mole fraction 
PbBr2 a(theoretical) a(exptl.) 

(600°C) 

PbBr3-  0.10 0.051 0.005 

Ref. pt. : N1 = 0.5 0.20 0.096 0.020 

al • 0.206 0.30 0.137 0.046 

o( 	a 	0.53 0.40 0.174 0.100 

K 	• 	2.61 x 10' 1  0.50 0.206 0.205 

0.60 0.363 0.380 

0.70 0.528 0.579 

0.80 0.691 0.749 

0.90 0.849 0.892 

PbBr424.  0.10 0.030 0.005 

Ref. pt. : NI • 0.33 0.20 0.051 0.020 

al • 0.060 0.30 0.061 0.046 

C4 	a 	0.323 0.33 0.060 0.060 

K 	• 	4.82 x 10
-2 0.40 0.136 0.100 

0.50 0.274 0.205 

0.60 0.422 0.380 

0.70 0.573 0.579 

0.80 0.715 0.749 

0.90 0.863 0.892 
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Table 4.13  (contd.) 

complex ion and 
relative data 

mole fraction 
Pb8r2 a(theoretical) a(exptl.) 

(600°C) 

PbBr64.  0.10 ' 	0.021 0.005 

Ref. pt. : N1 • 0.2 .0.20 0.025 0.020 

al • 0.025 0.30 0.120 0.046 
e4 	so 	0.24 0.40 0.240 0.100 

K 	• 	1.33 x 10-2  0.50 0.368 0.205 

0.60 - 	0.499 0.380 

0.70 0.628 0.579 ,  

0.80 0.755 , 	0.749 

0.90 0.879 0.892 

TABLE 4.14 

The system Pb8r2•CsBr  
Comparison of experimental and theoretical activities of PbBr2, 

assuming partial dissociation of complex ions  

complex ion and 
relative data 

mole fraction 
PbBr2 a(theoretical) a(exptl.) 

(600°C) 

PbBr3" 0.10 0.054 0.001 

Ref. pt. : Ni • 0.5 0.20 0.103 0.011 

al • 0.224 0.30 0.147 0.033 ' 

e4 	.. 	0.56 0.40 0.188 0.088 

K 	• 	3.14 x 10-1  0.50 0.224 0.224 

0.60 0.180 0.387 

0.70 0.540 0.570 

0.80 0.698 0.796 

0.90 0.852 0.947 

PbBr42.' 0.10 0.026 0.001 

Ref. pt. : NI • 0.33 0.20 0.043 0.011 

al • 0.045 0.30 0.048 0.033 

C4  n 	0.28 0.33 0.045 0.043 

K 	• 	3.03 x 10 -2  0.40 0.123 0.088 
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Table 4.14  (contd.) 

complex ion and 	mole fraction 	a(theoretical) a(exptl.) 
relative data 	PbBr2 	 (600°C) 

,PbBr42"  (contd.) 
	

0.50 
	

0.258 
	

0.224 

0.60 
	

0.409 
	

0.387 

0.70 
	

0.564 
	

0.570 

0.80 
	

0.715 
	

0.796 

0.90 
	

0.861 
	

0.947 

PbBres. 	0.10 	0.018 , 	0.001 

Ref. pt. : N1  • 0.2 	0.20 	0.012 	0.011 

al • 0.012 	0.30 	0.101 	0.033 

' ck Is 0.17 	0.40 	0.222 	0.088  

K 	3.39 x 10' 3 	0.50 	0.354 	0.224 

0.60 ' 	0.487 	0.387 

0.70 	0.620 	0.570 

080 	0.751 . 	0.796 

0.90 	0.877 	0.947  

TABLE 4.15  

Range in values for the degree of dissociation of complexes producing 
activities of MBr which lie between the Temkin and BrediR values  

complex ion 	composition range 
values for 0( for which 
amBr  > Bredig < Temkin 

PbBr3' 

PbBr42 - 

PbBr6 

Ni <N2 
Ni >N2 

2N1 <N2 
2111 >N2 

4N1  < N2 

4Ni > N2 

0 - 0.5 
0 • (2N2 NØ/2N2 

00.667 
0 - (3N2 	2141)/3N2 

0 a. 
0 - (5N2 410/5N2 
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Other values produce small positive deviations from the ideal Temkin 

activity over the corresponding range of composition. This occurs 

because of the reciprocal dependence of pie and; as 0( decreases, 

then, Nit increases Npb2+ decreases and Nile decreases (the rate 

of decrease of Ngr- is fast when for N1 < N2, 0( <0.5 and for N1 > N2, 

0( < (2N2 Ni)/2N2 for the complex ion Pb8r3 etc.). For the 

species PbBrr Ne increases faster than Elie decreases, for values 

of 0<between 0.5-1.0 When N2 > N1, and (2N2 Ni)/2N2-1.0 When 

N2 < Nl. This results in an increase in the theoretical activity of 

MBr above that of the Temkin activity. Similar phenomena occur for 

the other complex ions. This model is therefore considered inadequate 

• for deriving the activity of the alkali halide component. 

. It is obvious, from a comparison of the theoretical with the 

experimental activities and also from figs. 4.8-4.10, that on the basis 

of this model, the postulate of the presence of a single complex ion 

is insufficient to explain the behaviour of each aystem over the whole 

composition range. Nevertheless, it is more realistic than the model 

of Bredig, in that by postulating a dissociation scheme for each 

complex ion, the calculated activity curve for PbBr2 approximates 

more closely that calculated from the experimental data. 

d) A model based on the assumption of stepwise complex formation 

. 	It was found that the activity model for partial complex ion • 

dissociation was applicable only for email composition ranges in the 

vicinity of the stoithiometric composition of the associated species. 
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On the basis of a continuous complex formation hypothesis, it seems 

plausible that a series of dissociation steps may be formulated, e.g., 

commencing with the ion PbBr3 and terminating with the ion PbBr6 4'. 

Each species will have its own dissociation constant and hence contribute 

to the overell activity of PbBr2 to different extents. The resultant 

plot of apbBr2  versus composition, will therefore be representative 

of the sum of the interactions for each complex species present at that 

composition. Further, it will be assumed that for each composition, 

the melt may be considered to consist of many complex species in 

equilibtium. 

Owing to the analogy of this scheme to that of partial 

complex dissociation, the inapplicability Of this model to the 

calculation of anr, unfortunately still holds. For simplicity, the 

following derivation will be concerned only with the three complex ions 

PbBrf, PbBr42' and PbBrePs, having degrees of dissociation o< 

and )( respectively. Only the case. where excess PbBr2 is present 

above that required for quantitative complex formation will be considered. 

The scheme is based on the reaction on page 250. 

Consider a mixture of PbBi2 and MBr, of mole fractions Ni 

and N2, respectively. Let the symbols have the dame significance 

as in the previous model. 



Model pertaining to stepwise complex ion formation 

250. 

Excess Pb2+ and Br in the 

• stoichiometric proportions 

Pb2+:Br" = 1:2, over and above 

the amount required for the 

previous complex 

Remainder of Br' not required 

by either Pb2+  for PbBr2, or 

for the stoichidmetric make-up 

of the previous complex (= A) 

Pb2+  not required for 

complex 

Br' not required for 

complex 

Complex of concentration 

(A) divided by (the number,  

of Br' ions in excess of 

the number present in 

previous complex) 

1[ 
n7IPb2+  + mjriBes , where n 

and m are the numbers of 

Pb and Br-  ions per 

complex ion and II is the 

degree of dissociation 
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2N1 + N2(c4+ 3/40y+ 3/2tysY- 2 + 1 • 3/4c4 .. torS ... 3/44') 

taNi  + 2N2(2 pc + 0,6 + 3Q54 1(• 4) 
824 + N2 (2 (A 4- oy3 + 5c,A,r- 4) 

' NPb2+  • (NBr" )2 	6188ume YPbBr2 sa 1)  

414 + N2(20( + 0,,A + c(/ Y- 4) 
4N1 + N2 (2 cA +byS + oysY) 	 (4.57) 

a  	. 

[ 8Ni + 2N2  (2 c.Y. + oyl + 3f• 0,8 4) 1 2  
8N1 + N2(2 oyS + 5)(. 4) 

Total Pb2+ 	in N1 - N2 + 4020( 	+ 

+ N2  

Total Br" 	• 2N1 2N2 + N20( + 3/41N2c,4 + 3/2 (X, 1( 

II. 2Ni + N2 (cA + 3/4 6 + 3/2 cy5 Y- 2) 

Total M+ 	• N2-  

Total complex • N21 ..;0() + 1/22041 	02c,6(1 -r) 

• N2 N20; + ?WV.* 1012'73+ tftcyl• 02°c/1)(  

• N2(1 • /so(  • )4o 	t 	Y) 

4N1 + N2 (2 0.  + 00 + °Y31/•• 4)  Npb2+ 	la 
4241 + N2(20(4-0 +0,6Y) 

2N1 + N2(0(+ 3/4(0+ 3,/20y31(- 2) 

aPbBr2 

252. 

NBr" 

The final expression for the activity of PbBr2 (eqn. 4.57) 
• 

involves three independent dissociation constants and is of such a 

nature as to be insoluble in terms of apbBr2  by the method of trial and 

error. Time did not permit a more detailed analysis, other than a 

trial substitution of a randomfaet of values forot, /3 and / and 

observation of the shape of the activity-composition curve. Such a 

substitution was carried out with c< , /4 and Y, respectively equal to 
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0.8, 0.6 and 0.5. The results are presented in Table 4.16 and fig. 4.11, 

together with the 600°C isotherm for the system PbBr2•RbBr to serve 

as a comparison; Although this does not exactly reproduce the 

experimental activity isotherms, it does illustrate the potential 

of such a model. 

TABLE 4.16 

Trial calculation of the activity of PbB'i2 
for stepwise complex formation with 

1.2  0.8_.fro 0.6, Yes 0.5  

mole fraction mole fraction aPhiBr2 aPbBr2 (exptl.) 
PbBr2 (Ni) MBr.(N2) (calc.) System PbBr2-RbBr 

(6000C) 

0.30 0.70 0.012 0.046 

0.40 0.60 0.080 0.100 

0.50 0.50 0.217 0.205 

0.60 0.40 0.376 0.380 

0.70 0.30 0.539 0.579 

0.80 0.20 0.700 0.749 

0'.90 0.10 0.854 0.892 

1.00 0.00 1.000 1.000 

e) Comparison of the activity models  

None of the four models discussed, defines the experimental 

activity of lead bromide exactly. The closest approach is obtained 

with the Hildebrand model and potentially also, the model based on 

the assumption of stepwise formation of complexes. The former is 

capable of explaining the positive deviation of a pbBr2  from the 

Temkin value in the system PbBr2-CsBr. In order to explain this 
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deviation using the latter model, further dissociation schemes are 

necessary which are applicable to solutions containing 80.400 mole IS 

PbBr2 and involving an equilibrium between FbBr2, Pb 2+ and Br'. 

Although the Bredig and partial complex dissociation models give poor 

agreement with the experimental activity of PbBr2, they are valuable 

in indicating the species present in the mixtures. This is also true 

for the Bredig model, with reference to the activity of !Ur, 

although, in this case, the error in the experimental value for 

emBr  prevents any accurate qualitative comparison. None of the models 

proposed is capable of estimating the activity of the alkali halide 

component. 

That there Is more than one species in the molten mixtures 

is suggested by all the models, with perhaps the exception of the 

Hildebrand model as applied to the system PbBr2+RbBr, where agreement 

between theory and experiment for the ion PbBr3 .  is extremely good. 

The need for postulating more than one complex, is especially 

necessary in the case of activities calculated on the basis of a step+ 

wise formation of complexes. The dissociation constants of the three 

complex ions, PbBr3", PbBr42" and PbBre', as calculated from the 

Hildebrand and partial complex dissociation models, show a similar 

trend, in so fat as their magnitudes and their gradation through the 

series KBr Rbar CsBr are concerned. (The dissociation constants 

for the complexes calculated from the Hildebrand model are given by 

the reciprocal of the association constants.) The two sets of values 

are summarised in Table 4.17. The dissociation constants indicate 

two trends. Firstly, the stability of the complex ion increases with 
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TABLE 4.17  

Comparison of the dissociation constants of the complex ions PbBr 3', 

PbBr42-  PbBr4416  calculated from the Hildebrand and Partial 
Dissociation models 

complex 
ion System 

Hildebrand model Part. dissoc. 

K assoc. K dissoc. K dissoc. 

PbBr3' PbBr2,KBr 6.02 1.66 x 10- 1  5.05 x 10'1  

PbBr2-RbBr 13.81 0.72 x 10-1 2.61 x 10-1  

PbBreCaBr 11.12 0.90 x 10°4  3.14 x 10'1  

Pb3r42". PbBr2-KBr 23.00 4.35 x 10-2  8.12 x 10 2  

PbBr2-RbBr 42.90 2.33 x 10 2  4.82 x 10-2  

PbBr2-.CsBr 80.40 1.24 x 10-2 3.03 x 10 2  

PbBre' PbBr2-KBr 4.71 x 10-2  

PbBrrRbBr 1.33 x 10- 2  

PbBr2-CsBr 3.39 x 10'3  

increasing co-ordination number. This, however, assumes that each 

complex ion is alone responsible for the decreased activity of PbBr2 

at the composition corresponding to the stoichiometry of the compound, 

Which is not in accordance with the assumed theory of stepwise complex 

formation. Secondly, the stabilities of the complex ions increase with 

increasing ionic radius of the alkali metal ion, except for an 

inversion of order in the case of PbBr3 for the systems PbBr2-RbBr and 

PbBr2-CsBr. However, the actual magnitudes of the dissociation 

constants are questionable (although these conclusions have been reached 

in a previous section), on account of the influence of other complex 
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ions within the welt*. Consider the mixture cOrresponding to the 

stoiChiometrio composition of the complex ion Pb3r6 , i.e. 20 mole % 

PbBr2 and 80 mole % Dar. If in this mixture it is assumed that the 

three complex ,ions Pb3r3', Pb8r42" and PbBre• exist in equilibrium, 

then the deviition of apbBr2  from the Temkin activity will be due to 

all these species. Thus, the contribution due to PbBr6 4" may only 

constitute a small proportion of this and the magnitude of K (dissoc.) 

for this ion Would therefore be much less than the quoted' value. 

Any heat of mixing of like ions will also have an effect an the 

deviations of the experimental ,activity from the Temkin value (see 

Section 4A.I).and this will affect the value of K. 

* The value of K in the partial dissociation of complexes scheme is 
calculated at mole fractions, N1 • 0.2, 0.33, 0.5, for the complex 
ions PbBr64', PbBr42  and PbBrr, respectively and it is assumed 
that at each of these reference points the corresponding complex 
ion ii theonly one present. 
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SECTION B 

THE THREE COMPONENT SYSTEMS 

OIHERE 	.f-itqaxn,c8) 
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48.1 THE BINARY SYSTEM PbC19•01C1 (i.e. M • Cs)  

a) Activity of the comnonenti  

As in the case of the binary lead bromide systems, it will 

be assumed that in the standard state (the pure salt), PbC12 is 

associated toe certain extent (e.g. as PbC12 molecules). 

The deviations of the 700°C activity isotherm from the ideal 

Temkin curve in this system (see Table 4.18, fig. 3.23), show a 

marked similarity to those of the 600 °C isotherm for the system 

PbBr2-CsBr. The main difference is the point of inflection in the 

TABLE 4.18 

System PbC12-CsC1 
Deviation of the 700°C A tivit isotherm for PbC1 

from the ideal Temkin value  

•ma. PbC12 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 

' - AnpbC12 (7.) 95 92 90 86 80 71 61 51 

PbC12 	' 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 

• LsaPbC12 (%) 40 29 ' 	17 12 13 14 0 

8PbC12 versus composition curve in the range 804-85 mole % PbC12. The 

errors in this region have been discussed in Section 3.2b. The 

deviations of nPbC12  from the Temkin activity for compositions 80-85 

mole % PbC12, could be explained by the formation of complex iams such 

as Pb4C19- . However, the magnitude of the errors in the determination 

of the activity of PbC12 for these compositions, together with the 
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unlikelihood of this species so far (200°C) from the melting point 

of the Mixture (see Section 14.2a), make such an explanation 

inadequate.- 

. The smaller =Sanity& of the positive deviation of a pbc12  

in the system PbC12..CsC1 (compared to apta r2  in the system PbBt2-CsBr) 

and the smaller composition range over which this occurs (90.400 mole % 

PbC12 compared to 80-100 mole % PbBr2), can be explained in either 

of two ways. The tendency to form comp/ex species may be greater than 

that for the dissociation of PbC12 "molecules", or alternatively, 

complexity plays no major role in this composition region and molten 

• PbC12 is less'astociated.than molten PbBr2 in the first place. The 

latter explanation seems more probable. 

Since the activity coefficient isotherms of PbBr2 and PbC12 

for the systems involving CsBr and CeC1 respectively, are so similar 

for the compositions rich in alkali halide, they may be interpreted 

• in the same way. The absence of a minimum in Ipbci2 and the tendency 

for the estimated values of LSipbc12 to become constant between 20 and 

30 mole % PbC12, suggests that' the most predominant complex species may 

be PbC164'. 

In the composition region between 30 and 70 mole % PbC12, a 

slight increase in the activity of PbC12 with temperature is noted. 

Nowhere within these composition limits is the increase greater than 

0.005. units - a value noticeably less than that for the system 

PbBrrRbBr. The reverse temperature dependence of aPbBri it observed 

for the System PbBr2-CsBr. This suggests that the polarization of the 
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Pb — Cl "bonds" of the chloro complexes by Cs + is intermediate 

' between the polarization of the Pb — Br "bonds" of the bramo 

complexes by Rb+  and Cs. Thus it is inferred, that the lead halide 

complexes show a slight decrease in stability as the site of the 

halide ion decreases. Similar conclusions have been reached by 

Arhland, in his :Wady of the stability of metal halide complexes in 

aqueous solutians(1 ). The increase in apbc1 2  with increasing 

temperature, for compositions between 30 and 70 mole % PbC12, may 

therefore be explained by the tendency for dissociation of the complex 

VMS (i.e. the formation of "free" Pb 2+  and Cl" ions) with increased 

thermal vibration, to predominate over the increased tendency to 

form ion pairs. 

The inverted temperature dependence of the activity of 

PbC124 - for mixtures containing 75-85 mole % PbC12 in the system 

PbC12*CsC1, may not be teal as it falls within experimental error. 

b) Free energies  

The dependence of the partial molar free energies of lead 

chloride and cesium chloride on composition, are shown in fig. 3.24. 

Apart from a greater negative value and the slight maximum in LA'  

at about 85 mole % PbC12, they are very similar to the partial molar 

free energies of the components in the system PbBr2eCsBr, at 

corresponding compositions. The magnitude of the positive value for 

the excess chemical potential of PbC12 Is very much smaller than that 

1. Arhland: Acta Chem. Scand., 10 723 (1956) 
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for PbEr2 in the corresponding bromide system and is indicative of a 

much lower energy to dissociate PbC12 molecules. The proportion of 

undissociated lead chloride molecules in the standard state is therefore 

considered lower than in pure lead bromide., (This ties up with the 

explanation of smaller positive deviations of emu thnn;,nptiti - in the 

PbX2-PAVsystems.) 

Integral free energies of PbC12-CsC1 solutions are plotted 

in fig. 3.24 and the excess quantities, calculated using eqns. 4.12-4.14, 

are given in Table 4.18a. The estimated composition for the maximum 

TABLE 4.18a 

Excess integral free energies in the system 
ymirceci  at 7000C 

mole fraction 
PbC12 (Ni) 

mole fraction 
Cod 	(N2) 

AG(ideal) 
(K cal/mole) 

*AGE 
(K cal/mole) 

0.10 0.90 0.630 2.87 

0.20 0.80 0.968 3.96 

0.30 0.70 1.182 4.19 

0.40 0.60 1.302 4.12 

0.50 0.50 1.340 3.82 

0.60 0.40 1.302 3.31 

0.70 0.30 1.182 2.64 

0.80 0.20 0.968 1.87 

0.90 0.10 0.630 0.96 

Estimated position of maximum deviation • 0.32 m.f. PbC12 

Estimated value for AGE (max.) 
	

• -4.20 K cal/mole 
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value of AO, corresponds very closely to that for the system 

PbEr2-CsBr, but the value of the excess quantity is more negative by 

approximately 1.0 K cal/mole. If, however, the partial molar free 

energies of PbC12 and PbEr2 are compared at similar temperatures 

(see Tables 3.19 and 3.27), than although the values still differ in 

the same sense, the magnitude of the deviation is much smaller and 

hence the difference between AGE derived from Aapbx2 for the two 

systems will be less (estimated at approximately 250 cals/mole). 

e) Enthalpies and Entropies  

Even allowing for an error of ± 500 cals/mole in the 

enthalpy values Lpbc12 shows an increasing negative value asthe 

proportion of Cal is increased from 30 mole % (see fig. 3.25). 

This is consistent with an increased tendency to form complex ions 

as the proportion of CsC1 in the melt increases (see the relevant 

discussion for the systems PbBr2-MBr). The initial negative change 

of enthalpy in mixtures containing 90-100 mole % PbC12, does not have 

any significance, as the magnitude of the minimum is of the same 

order as the error in the calculation. 

The partial molar entropy of PbC12 shows, apart from two 

minima, increased positive values) as the proportion of alkali chloride 

increases (see fig. 3.25). Owing to the magnitude of the error in 

this thermodynamic quantity ("k 0.8 cal/deg/mole) and in the excess 
quantity, it is very doubtful whether finch minima can be regarded 

as physically significant. The excess positive entropy for lead 

chloride, La accounted for by the contribution to the entropy of an 
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excess volume change on mixing, as in the systems PbBr2-MBr. This 

effect is regarded as being greater than the ordering due to complex 

ion formation. In comparing this system with that of the corresponding 

bromide system, it is apparent that the partial molar entropy of PbC12 

approaches more closely the ideal values. This may be due to increased 

stability of the complex species, to a decrease in the excess free 

volume of the mixtures, or to heat of mixing effects, all of whieh 

could result in a lowering of the partial entropy of that component. 

It can be predicted from electro-negativity data, that the "bond" 

between lead and chlorine, should possess less co-valent character 

than that between lead and bromine, in complex ions PbC1n 0 - 2)- 

and PbBrn(a 2)-  respectively. It follows that Pb--C1 complex ions 

should tend to be less stable than Pb — Br complex ions (see Sect.4B.1b). 

Because the halide ion is the larger in the PbBrrCsBr system, the 

excess free volume may be larger for this system than for the 

PbC12-CsC1 system, hence, the contribution of the free volume to the 

partial molar entropy of PbBr2 would be greater. 
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4E.; THE THREE COMPONENT SYSTEMS (x PbC12 + x Cad) 	(1 • 2x)MC1 

(WHERE 14 go Li, Na, 1C, Rb) 

a) Activity of the components  

The following activity results will be discussed, assuming 

that the stability of complex 101A is influenced by the proportion of 

more polarizing le species relative to that of the less polarizing 

Cs+ ion. The effect of increased temperature, as in the previous 

systems, will be regarded as resulting from the relative dominance of 

two effects: (a) the tendency for dissociation of complex ions to 

take place due to thermal vibration, and (b) the tendency for increased 

"ion pair" formation with rising temperature. 

Table 4.19 represents the deviations from the Temkin activity 

as a function of the mole fraction of the components and of the mole 

fraction ratio CsCl:MC1. In order to find some correlation between the 

activity of the components and the ratio of CsC1:MC1, the quantity 

CSaPbC12 is Plotted against log ((mole fraction CsC1)/(mole fraction 

MC1)). Here' AaPbC12 is the percentage deviation of the experimental 

activity from the Temkin value. These curves are illustrated in 

fig. 4.12. It has been assumed, in calculating both the mole fraction 

of MCI and CsCl, that the concentration of CsC1 is equal to the 

concentration of PbC12. (With reference to the tables in Chapter 3, 

1163C1 N#W12 	2'5%0 



LOGio  (MOLE FR.CsCI / MOLE FR. MCI)  

FIG. 412 

SYSTEM (x PbCl2   + xCsCI )— (1-2x) MCI ( 700 °C)  
% DEVIATION aPbCl 2   FROM TEMKIN ACTIVITY AS A  
FUNC TN. OF THE RATIO m.f. CsCI /m.f. MCI  
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TABLE 4.19  

Series. kuttga + x CaC1) - (1 * 2x)MC1 (700°C)  
Deviations in the activity of PbC12 from the ideal Temkin activity 

m.f. 
PbC12 

m.f. 
CACI 

m.f. 
MC1 

CsC1 CsC1 - spbc 2 (7. ) (Z4 
MC1 log.= 

Cs+ Li+ Na+ e Rb+  

0.15 0.15 0.70 0.214 *0.670 95 0 49 91 95 
0.20 0.20 0.60 0.33 -0.477 95 15 54 89 93 
0.25 0.25 0.50 0.50 •0.301 92 27 58 86 91 
0.30 0.30 0.40 0.75 -0.125 90 37 59 83 88 
0.35 0.35 0.30 1.17 +0.068 86 45 60 77 83 
0.40 0.40 0.20 2.00 +0.301 80 52 60 71 77 
0.45 0.45 0.10 4.30 +0.653 71 57 60 66 69 
0.50 0.50 0.00 00 Qo 61 OP GS 

(i) 	The system (x PbC17 + x CsC1) (1 - - 2x)LiC1 

As the concentration of Lid 1 is increased to 70 mole % Lid, 

the activity and activity coefficient of PbC12 show a tendency to 

approach more ideal values. For mixtures containing more than 70 mole % 

Lid', aPbC12  exhibits positive deviations from the ideal values, Which 

are presumed to decrease to zero as the mole fraction of PbC12 tends 

to zero. This is consistent with the view that as the ratio of CsC1 

to MCI decreases, so does the stability of complex ions of the form 

PbC111 (11  • 2)• decrease. When CsCl/MC1 < 0.214, then the only prevalent 

tendency LS the dissociation of species present in pure lead chloride 

Which yield an increase in the number of "freen . Pb2+ and Cl" ions and 

produce an activity in excess of that predicted by the Temkin model. 
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For the system PbC12-LiC1, Lantratov and Alabyshev(t) found positive 

deviations of the activity from the Temkin values over the whole 

composition range and Markov at al. (2)  observed positive deviations 

for various compositions. 

In the system PbC12-CeCl, the effect of increasing the 

temperature WWI observed to cause a slight increase in the activity of 

lead Chloride. The reverse was true for the system ObBrzwCsBt. This 

was attributed to the leadechlorine "bonds" being more susceptible to 

polarization than the lea&bromine bonds in the complex Plan (n 2)% 

The main effect in the chloride system was therefore an inarease in 

dissociation with increase in temperature. In the binary lead bromide-

cesium bromide syitem, on the other hand, the dissociation of complex 

ions with increased temperature was inhibited to a certain extent 

(due to the increased strength of the Pb 	Br "bond"), so that the 

resultant effect was increased ion association within the melt, and 

hence reduced activity of PbBr2. With RbBr and to a greater extent . 

with KBr, the polarization Of the "bonds" of the complexes was sufficient 

to allow the dissociation process to become relatively more important 

than the tendency for "ion pair" formation to take place. In respect 

of systems of the types PhKriNaK and PlArLiX, complex ions are assumed 

to be so unstable that such mixtures are likely to exist largely as 

discrete, simple ions. For solutions containing Pb 2+, Li+  and C1', 

in fact, evidence suggests that there are no complex ions (see earlier 

in this Section). For binary systems of whieh one component is either 

1. Lantratov and Alabyshev: Zhur. Priklad. Khim., 26 263 (1953) 

2. Markov, Delimarskii and Panchenko: Zhur. Fix. Khim., 29 31 (1955) 
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Li* or Na, temperature increase will promote negligible dissociation 

but will stimulate an increase in ion pair formation in the melt. 

Thus, one would expect such systems to exhibira decrease in activity 

with increasing temperature. This is observed in the binary systems 

PbBrrNar and PbC12*LIC1, investigated by Lantratov and Shevlyakova (1)  

and Lantratov and Alabyshev (2) , respectively. 

In the present system, for compositions between03.33,and 0.50' 

mole fraction PbC12, i.e. until the ratio Cad, to LiC1 diminishes 

to 1.0, the concentration of complex species in the malt is 

sufficiently high, for an increase in temperature to cause a greater 

overall dissociation. This explains the increase in ap1)c12 , although 

the magnitude of the deviations are much larger than anticipated. 

As the ratio of Le:Cs+ increases, the concentration of the species 

PbC1:4 °M " 2) would be expected to decrease due to the increasing 

polarization of the Pb 	Cl 'bonds' of the complex ions, The most 

predominant effect of an increase in temperature, for solutions Where 

Le/Ca+  > 1, would therefore tend to be a decrease in the number of 

"free" Pb2+  and Cl-  due to ion 'left formation rather than-the reverse 

effect due to thermal dissociation; a decrease in apbc12  could then 

be predicted. This is observed experimentally in the system 

(x PbC12 + x CsC1)— (1 - 2x) Lid, for mixtures containing 

0-33 mole % PbC12. 	 •• 

1. Lentratov and Shevlyakova: Russ. J. Inorg. Chem., 6 95 (1961) 

2. Lantratov and Alabyshev: Thur. Priklad. Shim., 26 263 (1953) 
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(ii) atTEMEtooi9.---L11112  x Cad) — (1 - 2x)NAC1  

Pb 	Cl complex species tend to be unstable in the presence 

of NaC1, although this effect is less marked for Nei than for Lid. 

For mixtures whose composition falls in the range NNaC1 << NM/ to 

NNaC1 • Ni (where Na refers to the mole fraction of component "a"), 

the deviations in activity are constant, indicating that in this region 

of composition, sufficient Cs+ ions are present to "screen" the complex 

ions, to .a certain extent, from the polarizing influence of Eif ions. 

In the case of the lithimn_lon, which is 2.5 times more polarizing 

than the sodium ion, the electrostatic forces are able to overcome this 

"screening" effect, so that polarliation bf the Pb 	Cl "bonds" of 

the complex species .  is not inhibited by the Cs+  ions present. For 

mixtures for which the ratio CsCl/NAC1 < 10, both the activity 

deviations from the Temkin value and the activity coefficient of 

PbC12, show a tendency to become more nearly ideal. As the concentration 

of CsC1 and PbC12 tend to zero, so does the polarization of the "bootie 

of the complex ions increase and thereby leads to an increased pro-

portion of "free" PO+  and C1 ions in the solution. 

The effect of increasing temperature can be explained in 

exactly the same way as for the system (xsPbC12 + x CsC1)— (1 - 2x) 

Lid. From 0.5 to 0.3 mole fraction PbC12 (approximately the range 

CsC1/NAC1 1..00 ) the proportion of complex ions is still sufficiently 

high to produce an increased number of simple ions, due to the 

dissociation of complex species at higher temperatures. The more 

pronounced reduction in the number of complex ions for compositions 
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between 0 and 30 mole % PbC12, allows for ion association to become 

more important than for mixtures containing 30 to 50 mole % PbC12, 

at the temperature is raised.. The decreased polarizing power of the 

NZ+  ion compared to the le ion, gives rise to a somewhat lesser 

dissociation of complex species and hence the smaller decrease in the 

activity of PbC12 for a similar temperature rise, in the present system 

compared with the system (x PbC12 + x Cad) --, (1 - 2x)LiCl. 

(it) The systems (x FbC12  2LatgL/=_CL=jtEIER1, 
cx PbCI, + x cow — ( 1 • 2x)RbC1  

From the graph/s of the activity and activity coefficient of 

lead chloride as functions 66 composition, it can be seen that, for 

both these systems, the le and Rb +  ions produce far less dissociation 

of the complex ions than either Le or Ne. For both of the former 

systems, the deviations from the Temkin activity of apbag show a ' 

continual increase as the ratio Of CsC1 to 14C1 decreases. Although 

this effect is less marked than for the system PbC12•C5C1, this would 

be expected, as the polarising powers of Rb+  and K.' (in this order) 

are progressively greater than that of the Cat ion. Thus the stability 

of the complexes PbC1n(n ' 2)', show anslightly greater decrease, (and 

thr: activity of PbC12 shows an increase) from the system 

(x PbC12 + x CsC1) 	(1 - 2x)Rbel to the system (x PbC12 + x esel) 

(I - 2x)KC1. 

Since the complex ions in both these systems are largely 

unaffected by the presence of e and RV+ (e.g. the deviations of ' 

aPbC12 from the Temkin activity are similar to those for apbc1 2  in the 

system PbC12-CsC1), increase in temperature should have the same effect 
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on the activity at for the system PbC12-CsC1. Thus:  an increase in 

the numbers of "free" ions should result, due to increase in thermal 

vibration of the complex ions. This is observed experimentally in 

both systems. The very slight displacement in the opposite direction 

at the 40 mole % PbC12 composition in the system (x PbC12 + x Cad) — 

(1 - 2x)KC1, le attributed to experimental error. 

As the proportion of CsC1 (relative to MC1) decreases, the 

tendency to dissociate complex ions is increased by the presence of 

Li+  and Ma+  , but is only slightly affected by Kb+  and K+  . In the 

case of lithium and sodium, when the concentration of MC1 > 

the proportion of complex ions decreases to such an extent, that an 

increase in temperature produces 4 decrease in the activity of PbC12 

due to increased ion pair formation. When MC1 CsCl, for the 

systems containing Li+  and Ma+  and for all values of CsC1/MC1 with 

K+ and Kb+, the higher concentration of complexes is sufficient to 

produce an increase in the activity of PbC12 with increase of temperature, 

due to the dissociation of complex ions. 

b) Free energies  

The partial molar free energies and excess free energy 

functions of PbC12 are plotted in figs. 3.39-3.42. The tendency 

shown by 6.61 and zsialE, to deviate from the corresponding quantities 

for the system PbC12-CsCl, is indicative of increased dissociation 

of complex ions, as the cesium ion is replaced by alkali metal ions of 

higher polarizing power. Because these thermodynamic quantities are 
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related to the activity of lead chloride, the chemical potentials of 

PbC12 for each system will not be discussed separately. 

In fig. 3.43, are plotted A( Ls -6), i.e., the deviations 

of the partial molar free energies of lead chloride in the system. 

(x PbC12 + x CsC1) — (1 - 2x)MC1, from those in the binary system 

PbC12-C2C1, as functions of the ratio MC1/CaC1. Taking into account 

the errors in Ls( Aal ) and in the calculation of the alkali halide 

ratio (see Sections 3.2c and 4B.2a), a linear dependence of L( A-61) 

on alkali halide ratio is noted. Whether the Change in slope of the 

plots for Li + and Ma+, has any significance or not, is doubtful. It 

could, however, be due to some difference in the interaction of the 

polarizing fields of the alkali metal ions with the Pb 	Cl "bonds" 

of the complex ions. Generally, however, the deviation in the Chemical 

potential of lead Chloride increases in direct proportion to the 

ratio of MC1 to CsCl. 

c) Entropies  

Table 4.20 and fig. 4.13, contain a summary of. the excess 

partial molar entropies of lead Chloride for each of the systems 

IS 

(x PbC12 + x CsC1) — (1 - 2x)MC1. The values for each composition 

are estimated from the tables in Section 3. The value of 4bC129  

for the system PbC12-CsC1, is also included for comparison. Inaccuracies 

in the calculated values in tables 3.41-3.44, as well as those 

introduced by estimation in Table 4.20, pre/clude an accurate comparison 

of the excess partial entropies. Hence, only the trend in the 

properties with respect to (a), increasing proportions of MCI, and 
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TABLE 4.20 

Comparison of the excess partial molar entropies in the systems 

(x PbC17 + x CsC1)--, (1 - 2x)MC1 (700°C)  

m.f. 
PbC12 

m.f. 
CsC1 

m.f. 
MC1 

CsC1 AglE  (cals/deg/mole), M 

MC1 Cs + Lit  Nat  Kt Rbt 

0.500 0.500 00 +1.10 

0.400 0.400 0.200 2.00 +1.20 -1.85 +0.80 +2.88 +2.34 

0.325 0.325 0.350 U.93 +1.00 +1.35 +1.44 +2.07 +2.55 

0.250 0.250 0.500 0..50 +3.02 +2.41 +1.42 +1.38 

0.150 0.150 0.700 0.21 +2.18 +3.13 

(b) increasing ionic radius of Mt, will be discussed. 

For most mixtures over the composition range studied, the 

excess partial molar entropy of PbC12 is greater than those values 

appropriate to the corresponding mole fractions of PbC12 in the system 

PbC12-CsC1.. Unfortunately, no mixtures containing less than 30.7 mole % 

PbC12 were investigated for the latter system, so that for mixtures more 

dilute in PbC12, no comparison can be made. Generally the introduction 

of smaller, more polarizing ions relative to Cs+, will have two 

effects on the entropy of mixing (see Section 4A.5) : (a) decrease in 

the molar volume of the mixture, which contributes to a decrease in 

the entropy. and (b) decrease in the concentration of complex ions, 

which results in an increase in entropy. From the values of 

'AV3PbC12 with additions of MC1 to solutions of PbC12 and CsC1 (Where 

M mi Li, Na, K, Rb) the dissociation of the complex ions appears to be 

the more dominant effect. 
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Initially it appears that additions of LiC1 to a mixture of 

lead chloride and cesium chloride, cause a sharp increase of order 

within the melt*. This is attributed to a rapid decrease in the molar 

volume of the solution. The sharp increase in the excess partial 

molar entropy for values of the mole ratio CsC1:LiC1 < 2.0, can be 

explained by the rapid dissociation of,complex ions by the highly 

polarizing Lit  ion. 

d) Enthalpies  

In Table 4.21, are summarized the partial molar enthalpies 

of PbC12 for the three component systems, and for the system 

PbC12-CsCl. Because similar approximations have been made to obtain 

the data in Tables 4.20 and 4.21, the error in the following values for 

are relatively large (approximately 500 , cals/mole). The 

TABLE 4.21, . 
Comparison of the partial molar enthalpies of PbC12 in the systems 

(x PbC12 + x CsCl)' 	(1 - 2x)MCI (700°C)  
. 	, 

m.f. 
PbC12 

m.f. 
CsC1 

m.f. 
MCI 

CsC1 
Lj (1( cal/mole), M a* 

MCI. Cot Lit 	. Nat . Kt ,  

0.500 0.500 . co +0.67 - . . . 

0.400 0.400 0.200 2.00 +2.10 +2.84 +1.03 -0,43 +0.58 

0.325 0.325 0.350 0.93 +3.00 -0.22 +0.31 +1.25 +1.37 

0.250 0.250 0.500 0.50 . -2.14 -0.59 +2.38 +3.32 

0.150 0.150 0.700 0.21 - -1.96 -1.73 . . 

* A similar tendency is noted for low concentrations of Had. However, 
in this case, the deviation of &SO from the value for the system 
PbC12-CsC1 is less than the experimental error. 
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thermodynamic quantities are plotted in fig.4.14. 

Apart from the large negative value for alpbc1 2  in the 	• 

system (x PbC12 + x CsC1) --- (1 - 2x)LiC1, the partial molar 

enthalpies for lead Chloride in the three component mixtures all show 
• 

more positive values than those for the corresponding binary system 

PbC12-CsCl. From the investigations of McCarty and Kleppacl) on the 

systems PbC12-MC] (where M = Li, Na, K, Rb, Cs), the magnitude of the 

negative deviations of the partial enthalpy of lead chloride from 

the ideal solution values, are assumed to bear a direct relationship 

to the degree of complex ion formation within these systems. Thus, 

as the ratio of CsC1 to MC1 decreases below 2.0 in the systems 

involving lithium and sodium ions, ARPbC12  shows increasing positive 

values which are attributed to the breakdown of complex ions. For 

the systems containing le" and RV+, increasing negative values of 

AiPbC12 (as the mole fraction of PbC12,decreases) are assumed to be 

.due to an increase in complex ion formation. The only effect of 

replacing cif with e or RIO", is to reduce the stability of the 
associated species of lead and chlorine to a slight extent. However, 

neither are sufficiently polarizing (compared to Le or Me) to induce 

extensive dissociation. 

- I. McCarty and Kleppe: J. Phys. Chem., 68 3846 (1964) 
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48.3 THE THREE COMPONENT SYSTEMS  

(WHERE Kim Li :  Na, K. Rb) 

a) Activity of the components  

The deviations of apbc1 2  from the Temkin activity as 

functions of the mole fraction of the components and of the ratio 

CsC1/MC1, are presented in Table 4.22. The quantity 	aPbC12 (1)  
versus log. ((mole fraction. CsC1)/(mole fraction MCI)) is plotted 

in fig. 4.15. The same assumptions apply to the calculations of the 

mole fraction ratio as 'to the systems (x PbC12 + x CsC1) 	(1 - 2x)MC1. 

TABLE 4.22  

Systems (2x PbC12 + x Cad].) — (1 - 3x)MC1 (700 0C)  
Deviations of 4PbC12  from the Temkin activity 

PbC12 
m.f• 
CsC1 

f • 
ma 

AIM 
MC1 

CsC1 AaPbC12 (1)8 11+  
Ca + Li+ Na+ K+  Rb+ 

0.20 0.100 0.700 0.14 -.0.854 95 .4.2 33 83 92 

0.25 0.125 0.625 0.20 ...0.699 92 -11 28 82 90 

0.30 0.150 0.550 0.27 -.0.569 90 • 9 23 79 87 

0.35 0.175 0.475 0.37 -0.432 86 - 2 - 22 74 82 

0.40 0.200 0.400 0.50 -0.301 80 15 27 67 76 

0:45 0.225 0.325 0.69 -0.161 71 19 33 59 68 

0.50 0.250 0.250 1.00 0.000 61 22 27 51 59 

0.55 0.275 0.175 1.57 +0.200 51 23 23 44 47 

0.60 0.300 0.100 3.00 +0.480 40 24 23 35 36 
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(i) The system (2x PbC12 + x CsC1) 	(1 - 3x)LiC1  

As the mole fraction of LiCtis increased to 40 mole % 

(CsCl/MC14 0.5, mole fraction LiC1 am mole fraction PbC12), the 

activity coefficient of PbC12 gradually approaches its ideal value. 

When the concentration of cesium chloride exceeds that of lead 

chloride, this tendency becomes more pronounced. Initially, additions 

of LiC1 are presUmed to cause a decrease in the concentration of 

complex species, due to the dissociation of the Pb 	Cl cOmplex ions 

resulting from polarization of the Pb — Cl "bonds". Later, when Le 

ions are in *nesse ot the Pb2+ ions, the tendency is for all complex 

ions and undissociated lead chloride molecules (present in the 

standard state of pure PbC12)'to be dissociated -into single ions of 

.Fblf and Cl . , an effect which finally results in positive deviations 

of oPbC1 above the Temkin activity. 

For all mixtures of the system (2x PbC12 + x CsC1) — 

(1 e 3x)LiC1 investigated, the activity of lead chloride decreaises 

with increasing temperature. This can be explained, if the concentration 

of complex ions is at no stage sufficiently high for the thermal 

dissociation of these ions to be of any importance, compared with the 

general increase in ion association (as ion pairs) in the melt. In 

the system PbC12-CsC1 (i.e. the limit of the system (2x PbC12 

x CsC1)— (1 - 3x)LiC1 when the mole fraction of LiC1 is zero), the 

concentration of complex ions at 66 mole % PbC12, is much less than at 

50 mole % PbC12. This deduction follows from the analogy with 

deviations of the activity of PbC12 from the ideal value in the system, 



277. 

i.e., 297. at 0.66 mole fraction PbC12 and 617. at 0.50 mole fraction 

PbC12. Hence, the effect of increase of temperature on the overall 

dissociation of the complexes, will be considerably less in the three 

component system (2x PbC12 + x CsC1)— (1 • 3x)LiC1, than in the 

system (x PbC12 + x CsC1) — (1 - 2x)LiC1 - hence the tendency for 

ion association in the melt to increase, will be more marked. 

(ii) IheAnto_(231213912 + x CsC1) 	(1 - 3x)NaC1  

In the composition range studied, the activity of lead 

chloride is closer to its ideal value for this system than for the 

binary system PbC12*CsCl. As in the previous series where lead chloride 

and cesium chloride are in the ratio 1:1 however, the Ns& ion has a 

less pronounced effect than that of the Le ion. Taking into account 

the likely errors in the activity at 0.561 mole fraction PbC12 

(approximately t 0.1 units), apbc12 shows a linear dependence on the 

function log. ((mole fraction CsC1)/(mole fraction NaCl)), similarly 

to the behaviour in the system (x PbC12 + x CsC1) — (1 2x)NaC1, 

for the initial additions of NaCl. The activity of lead chloride 

can therefore be interpreted in the same way, with reference to the 

"screeningn action of the Cs+ ion. For mixtures whose compositions 

are close to equimolar, in NaC1 and PbCl2, this effect is largely 

nullified and the concentration of complex species shows a more 

rapid decrease as the mole fraction of NaC1 increases, until the 

stage at which the interactions within the melt are assumed to be of 

the same type and magnitude as in the system PbC12*NaCl. Thus, when the 

mole ratio CsC1/MC1 is less than about 0.35, the activity of lead chloride 

approximates to that in the system PbC12-NaC1 (investigated by 
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Lantratov and Alabyshev( 1 ).) 

Over most of the composition range studied, increase in 

temperature stimulates an increase in ion pair formation in the melt. 

Because the concentration of complex species is presumed to be 
r - 

somewhat greater in this system than in the corresponding lithium 

chloride system, the contribution to the activity of "free" ions, 

resulting from the thermal dissociation of such species, will be 

larger and the negative deviationsof the activity from the 700 0C 

isotherm will be less. This is observed experimentally. The value for 

aPbC12 at 800°C fFr the mixture containing 56.1 mole % PbC12, deviates 

in the opposite sense from the value at 700°C and apart from experi-

mental error, no other explanation can be offered. 

(iii) Ay_112.2_2. esstemtPbC1 +.x CsC1) --•• (1 • 3x)KC1, 
(2x PbC19 + x Cad) --- (1 • 3x)RbC1 

The activity and activity coefficientsfier PbC12 in both 

these systems, show increasing deviations from those values expected 

of an ideal solution. The deviations increase slightly as the size of 

the alkali metal WI is increased and a similar interpretation as that 

proposed for the systems (x PbC12 + x CsC1)— (1 • 2x)Rc1 and 

(x.PbC12 + x.00C1) 	(1 • 2x)RbC1 can be applied. It can thus be 

concluded, that whereas the stabilities of complex ions are very 

dependent on the ionic radii (r), of alkali metal ions for values of 

r less than IA (e.g. Le, Ni+), they are comparatively insensitive to 

the actual size of Nt when r is greater than 1/ (e.g. 	Rb+  and Cs+). 

1; Lantratov and Alabyshev: Thur. Priklad. Khim., 26 263 (1955) 
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Because of the inferred increased concentration of complex 

ions in thede systems, compared with the Systems (2x PbC12 + x CsC1) 

(1 3x)LiC1 and (2x PbC12 + x UM) 	'(1 3x)NaC1, an increase of 

temperature will cause increased, dissociation of such species. This 

explanation is completely analagous to that given for the systems 

(x PbC12 + x CsC1) — (1 - 2x)RbC1 and (x PbC12 + x tad') 

(1 - 2x)KC1. Thus there is an overall increase in the activity of 

PbC12 with increase of temperature,up to approximately 45 mole % 

lead chloride. For solutions richer in PbC124cup to the limit when 

Cad/MCI. 0, increased temperature hat the reverse effect. A 

similar tendency is noted for mixtures containing more than 70 mole % 

PbC12 in the system PbC12-tsCl. No satisfactory explanation can be 

offered for the temperature coefficient of apbc12.in this composition 

region. 

The relative effect of the polarizing power ( f(l/r 2 )) of 

the alkali metal ions on the complex Pb — Cl species in this series, 

is essentially the same as the previous series having the higher ratio 

of PbC12 to Cad. The main difference in the values of 5p bc12  in the 

two series (x PbC12 + x CsC1)— (1 a. 2x)MC1 and (2x PbC12 + x Cad) 

— (1 - 3x)MC1, is in the magnitude of the deviations from the 

Temkin activity at similar mole ratios of CsC1 to MCI.. This, by 

analogy with the system PbC12•CsCl, is assumed to be due to a higher 

concentration of complex ions in the former case. 
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b) Free energies  

The partial molar free energies and excess free energy 

functions of lead chloride, are plotted in figs. 3.39-3.42. The 

variations of the partial molar free energy and. the excess free 

energy of PbC12 (with respect to the system PbC12 ,C8C1), are 

interpreted, as before, as indicating decreased concentration of complex 

ions as the radius of Mt is decreased in the systems (2x PbC12 + x CsC1) 

— (1 - 3x)MC1. The results for the systems fall into two categories, 

depending on Whether M+ is represented by e, Rb+ or Le, Nat, e and 

Rill' have little decreasing effect on interactions within melts 

containing Pb2+  Cl*  and Cs+, whereas a marked approach to ideal 

solution behaviour is apparent with Le and Na+ . 

Fig. 3.53 shows the deviations of the partial molar free 

energies of lead chloride,6(A aPbC12)* in the systems (2x PbC12 + 

x CsC1)— (1 - 30MC1, from those of the system PbC12-.01C1 as 

functions of the ratio (sole fraction MC1)/(mole fraction CsC1). The 

limits of error are listed in Table 3.62 for each value. In this 

series, the linear dependence ofA(AaPbC12)  for each system, on the 

ratio MC1/CsC1, is more striking than in the series (x . PbC12 + 

x CsC1)— (1 • 2x)MCI. This linear relationship seems to indicate 

that the deviations of the thermodynamic properties of the three 

component systems from those of the binary system, are fundamentally 

related to the relative polarizing power (or radii) of the alkali metal 

ions themselves. Fig. 3.53 also illustrates the great similarity 

between the properties of Ma+ and Li + ions in their molten mixtures 

and the validity for the classification of the Mt ions into the two 
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categories mentioned above. 

Such a classification has also been proposed by Ukshe (1)  

at al., in their investigations of the electric double layer. in salt 

melts. They found that molten halides of alkali metals may be 

divided into two completely distinct groups (i.e. LiX, NaX and KX, 

RbX, CsX), according to their influence on the double layer 

capacitance of a lead electrode. 

c) Entropies  

The excess partial molar entropies of lead chloride, per-

taining to each of the systems (2x PbC12 + x CsC1) — (1 3414C1, 

are summarized in Table 4.23 and are illustrated in fig. 4.16. The 

values for each composition have been estimated from a plot of 

APFbC12 versus mole fraction PbC12. Errors in the tabulated values 

are of the same order of magnitude and are derived from the same 

source, as for the values in Table 4.20. 

By analogy with the series (x PbC12 + x Cad) 	(1 - 2x)Me1so 

it is concluded that the general tendency of the excess entropy of 

PbC12 to show increasing positive values (relative to the system 

PbC12•CsC1) as the mole fraction of PbC12 is decreased, is due to an 

increase in the diasocistion of complex ions. The increase in numbers 

of "free" ions are regarded as contributing to a more disorganised 

structure. The magnitudes of AV3pbc12 , for the systems (2x PbC12 + 

x CsC1) — (1 • 3x)LiC1 and (2z PbC12 + x CsC1)— (1 • 3x)NaC1, 

1. Ukshe, Bukun, Leikis and Frumkin: Electrochim Acta, 	431 (1964) 
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TABLE 4.23 

Comparison of the excess partial molar entropies of PbC12 in the systems 

(2x PbC1, + x CsCI) (1 - 3x)MC1 at 700°C 

ma. 
YbC12 

mia. 
CsC1 

ma. 
MC1 

CsC1 .LSS1E  (cal/deg/mole), M * 

. MC1 
Cs + Lit  .Nat Kt  Rh+  

0.667 0.333 0.000 oo 0.20 

0.600 0.300 0.100 3.00 0.20 3.5 -0.3 1.5 2.9 

0.500 0.250 0.250 1.00 1.10 1.0 2.3 2.2 2.2 

0.450 0.225 0.325 0.69 1.20 1.9 2.4 2.1 2.7 

0.375 0.188 0.437 0.43 1.20 :1.95 2.2 2.1 2.2 

0.300 0.150 0.550 0.27 1.20 2.2 2.0 2.2 2.1 

0.250 0.125 0.625 0.20 • 2.9 1.8 2.25 

relative to the systems (2x PbC12 + x CsC1) -- (1 - 3x)KC1 and 

(2x PbC12 + x Cad) - (1 • 3x)RbC1, for low concentrations of MC1, 

are contrary to the tendency expected (compare the series (x PbC12 + 

x CsC1)- (I • 2x)MC1.) It would appear that with Lid, the tendency 

to break up complex ions outweighs the tendency to decrease the molar 

volume of the mixture. The reverse is true for Mal. The errors in 

LSti/PbC12 are of the order of It 0.9 cal/deg/mole but the error 

associated with the value of A -36PbC12$ for the mixture containing 

56 mole % lead chloride in the system with Mt * Na t, is of the order of 

* 1.8 cal/deg/mole (see Section 3.2). No accurate interpretation Of 

the entropy data can therefore be made, especially in relation to the 

magnitude of A0PbC12  for low concentrations of MC1. 
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d) Enthalpies  

The partial molar enthalpies for the systems (2z PbC12 + 

z CsC1)- (1 - 3x)MC1 and PbC12-CsC1, are summarized in Table 4.24 and 

are plotted in fig. 4.17. The values at each composition have been 

. estimated from a plot of A 0PbC12 versus mole fraction of lead Chloride. 

• Errors in these values have similar magnitude to those associated with 

the enthalpy values for the system (z PbC/2 + z CsC1) --- (1 - 2x)MC1; 

i.e. of the order 600 cala/mole. 

TABLE 4.24 

Comparison of the partial molar enthalpies of PbC12 in the systems 

(2x PbC19.+ x CaC1)- (1 - 3z)MC1 at 700°C 

m.f. 
PbC12 

m.f. 
CsC1 

m.f. 
MC1 

CsC1 (K cal/mole), M ot 
MCI Cs t Lit  Nit Kt Rb+  

0.667 0.333 0.000 6.0 *0.45 

0.600 0.300 0.100 3.00 -1.20 ' 2.25 ' *1.00 0.50 0.45 

0.500 0.250 0.250 1.00 -.0.66 1.20 1.00 0.75 0.35 

0.450 0.225 0.325 0.67 -1.20 1.40 1.50 0.25 0.35 

0.375 0.188 0.437 . 0.43 -2.33 1.70 1.60 -0.35 *0.90 

0.300 0.150 0.550. 0.27 ..3.20 2.25 , 1.40 -0.75 -1.95 

0.250 0.125 0.625 0.20 3.10 1.15 -1.10 

The partial molar enthalpies of lead chloride for all the 

three-component systems, over the Whole range of composition, show 

more positive values than for the binary system PbC12-CsC1 at 

corresponding compositions; i.e. for the same mole fractions of PbC12. 



o M - Li + 

No.  

o M 

Q 

MEM SYSTEM PbC12-CsCI 

+3- 

• 

-4 	 
.71 	 .5 

MOLE FRACTION PbC1 2  

FIG. 4.17 
PARTIAL MOLAR ENTHALPIES OF PbC12   IN THE  
SYSTEMS (2x PbC1 2  + xCsCI ) — (1-3x ) MCI ( 700 ° C )  
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This can be explained in terms of the tendency for M 4  ions to 

reduce the stability of complex ions. The degree to which this occurs 

is evident in mixtures where the ratio CsCl/MC1 40.35. The magnitude 

of the deviation of 0PbC12  from the .value for the system PhC12-CsCl, 

then increases in each system as the radius of le decreases, 
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4B.4 DERIVATION OF EXPRESSIONS FOR THE ACTIVITY 

OF LEAD CHLORIDE IN THREE COMPONENT MIXTURES, 

AS FUNCTIONS OF THE - POLARIZING POWER 

OF THE ALKALI METAL IONS 

The correlation between the stability of complex ions of the 

form PbC1ri(11 2)'  and the nature of the polarizing Mt species, has 

already been discussed. It is proposed that the activity of lead , 

• chloride in the three component systems studied, is defined by the ' 

two limits of the systems ibC12CsCl-MC1; L.e when the concentration 

of CsC1 im 0 (the system PbC12-MC1) and the concentration of Mel 0 

(the system PbC12•CsC1) and by the relative polarizing power of 

mixtures of ions Mt and Cs+. 

Let us assume that the polarizing powen (p) of an alkali 

metal ion is related to its size by the equation: 

P 	1/12 , 	 (4.58) 

where r is the radius of the ion. The polarizing power, PI, relative 

to that of the Cs+ ion, is given by: 

■ Pe/Pcs+ 	(4.59) 

The relative polarizing power of a mixture of Mt and Cst is then given 

by PaMt,Csts where: 

P eMt,Cst 	(Nrit • PM+) + (1 - Nm+)P 1C0+ 	(4.60) 

Where Ne = concentration of Mt ions (in mole fraction units) and 

1 - NH+ a concentration of Cs+ ions (in mole fraction units) 

The relative polarizing powers of the alkali natal ions are given in 

Table 4.25. 
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TABLE 4.25  ' 

Relative polarizing powers of the alkali metal ions compared with Cs+ 

Alkali 
metal 
ion 

Ionic radii,(r)(1) 
(Ao) r2 polarizing. 

power (P) 
Relative polarizing 

power (P'bit) 

LL+  0.60 0.360 2.777 7 •933 

Nat 0.95 0.903 1.108 3;162 

H+  1.33 1.769 0.565 1.769 

Rb 1.48 2.190 0.457 1.304 

Cs+  1.69 2.856 0.350 1.000 

If P•mt,ts+ is now plotted against Ne/Nc e+ ( M) (see 

fig. 4.18), then for each experimental concentration of PbC12, Ni,  the 

relative polarizing power of any mixture of the ions Mt and Co t  can be 

evaluated (see Table 4.26). Here the value of M is equivalent to the 

ratio of the true mole fractions of MC/ and CsC1 in the three component 

mixture PbC12-CsC14.MC1. 

Consider the system PbC12-CsCl-MC1. For a given composition, 

the value of the activity of PbC12 for this system, is considered to be 

intermediate between the values of apb12  for the systems PbC12.0C8C1 

and PbC1241C1. The actual magnitude of the activity for a given mole 

fraction of PbC12, is assumed to depend on the relative polarizing 

power of the mixture of Mt and Cot  ions, at the same composition of 

lead chloride. Then if: 

1. Pawling: Nature of the Chemical Bond, Cornell Univ. Press (1948) 



1 7 	5 	5 2 	3 	14 	i 
NM  +/NC  + s 

_RELATIVE POLARIZING POWERS OF MIXTURES OF THE  IONS M AND Cs' 

(WHERE M=.Li,Na,K or Rb) AS A FUNCTION OF THE RATIO NM+/NCs+ 	. 

FIG. 418 
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TABLE 4 ..26 

Relative polarizing powers of mixtures of the ions Cs +  and le 
(where Mt • Li+, Na+, Kt, Rb+) 

Pe Nce 11'14 	1"Le,C's+ 	PiNdf,Cs+ 	P' gbt,Cs+ 
NCs+ 

0.10 0.90 -0.111 	1.693 	/.216 	' 	1.077 	1.030 

0.20 0.80 '0.250 	2.386 	1.432 	' 	1.154 	1.061 

0.30 0.70 13.429 	3.080 	1.649 	' 	1.231 	1.,091 

0.40 0.60 '0.667 	3.773 	1.865 	' 	1.308 	1.1E22 

0.50 0.50 1.000 	4.467 	2.081 	1.385 	1.152 

0.60 0.40 1.500 	5.160 	2.297 	1.461' 	• 1.182 

0.70 0.30 2.333 	5.853 	2.513 	1.538 	1.213 

0.80 0.20 4.000 	6.546 	2.730 	1.615 	1.243 
0.90 0.10 9.000 	7.240 	2.946 	1.692 ' 	1.274 

P ° 2c  • excess relative polarizing power of the ions bit and Cs+  

above that of Cs+  alone, at a value NeNci, M and 

NPbC12 NI- 

P le,Cs+  - 1 ; 

P ix  (max.) • Maximum excess relative polarizing power of the icnma 

Mt and C. ahoie that of pure Cs+, at a value 

Nmt/NCe • M and NPbC12  Ni; here M 00  

• P'm+ - 1; 

a 'PbC12 
	activity of PbC12 at Npbc12 	in the binary system 

PbC12-CsCI; 

auPbC12 
	• activity of PbC12 at Npbc1 2  N1 in the binary system 

PbC12-MC1; 
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AaPbC12 • difference between the activities of PbC12 at 

corresponding values N1, in the binary system PbC12-MC1 

and PbC12-CsC1 

auPbC12 ' aiPbC12' 

The activity of lead chloride in the three component mixtures is then 

given by: 

(apbc12 )141,14 
Plx  
rox(max.) ' ,A4PbC12 	alPbC12 (4.61) 

Results for the binary systems have been obtained from the , 

work of Langratov and Alabyshev( 1 ) and Markov, Delieurskii and Panchenko (2) , 

except for the system PbC12*CsC1 Which has been investigaged in the 

present work. Althoughthe systems PbC12.44C1, PbC12-NAC1 and 

PbC12..KC1, were investigated fully by both sets of authors, the results 

of Lantratov and Alabyshev were preferred as they appeared to be more 

accurate. Activity results for the system PbC12-Rba, were obgained from 

the data of Markov et al., as they were the only authors to investigate 

this system. All the activity data used are tabulated in Table 4.27 

and plotted in fig. 4.19. 

Disadvantages of combining results from this work with that 

from other sources, lie in the systematic errors present in the 

measurements of one investigator compared with those of another. 
, 

Compare for example, the discrepancy in the values of V, for PbBr2 

1. Lantratov and Alabyshev: Zhur. Priklad. Khim., 26 263 (1953) 

2. Markov, Delimarskii and Panchenko: Thur. Fiz. Khim., 29 51 (1955) 



9 	L ( LANTRATOV & ALABYSAEV 

• M No* 	• 	 • 

• M 	 • • 

• M Rb*  ( MARKOV DELIMARSKII & PANCHENKO 

TEMKIN ACTIVITY 

.8. 

.6 

.4- 

00 
0 	1 	 •4 	.5 	.6 	.7 

MOLE FRACTION PbCl2 

FIG. 4.19 
ACTIVITY PbCl2   (700°C) IN THE SYSTEMS  

PbCl2—MCI FROM RUSSIAN INVESTIGATIONS  
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TABLE 4:27 

The activity of PbC12 at 7000C in the systems PbC12-MC1 from the work 
of Lantratov and Alabyshev, and Markov. Delimarskii and Panchenko  

system Ni al System Ni al 

PbC12-KC1 0.1 0.018 PbC12-Nal 0.30 0.254 

0.2 0.045 0.50 ' 0.437 

0.3 0.084 0.60 ' 0.532 

0.4 0.150 0.75 ' 0,709 

0.5 0.260 0.90 0.898 

0.6 0.405 PbC1244(bC1 0.800 0.592 
0.7 0.578 0.749 0.564 
0.8 . 0.758 0.667 0.434 
0.9 0.907 0.602 , 0.319 

PbC12-LiC1 0.466 0.492 0.502 0.193 

0.663 0.684 0.403 0.097 

0.840 0.844 

and PbC12 (figs. 3.1 and 3.20). Thus, the calculated values for 

(aPbC12)N1,14 will have reasonably large errors attached. 

Because the activity of lead Chloride in the systems 

PbC12*CsCl-RbC1 is greater than in the system PbC12•CsC1, the 

indications are, that as in the binary bromide systems, the 700 0C 

activity isotherm for the system PbC12•1bC1, will be above that for the 

system PbC12■CsC1. The values for a PbC12  in the PbC12-RbC1 system, 

obtained by Merkov at al. fall below those obtained in the present 

investigation for PbC12-CsC1 over most of the composition range. 

Therefore, the theoretical estimation of (apbC12)Ng4 using eqn.4.61 
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cannot be accomplished. 

Values for (apbc12)N ,m, for each of the experimental 

compositions in the systems (x PbC12 + x Cad) 

 

(1 - 2x)MC1 and 

 

(2x PbC12 + x 	(I- 3x)MC1, are listed in Tables 4.28 and 

4.29 respectively and are plotted in figs. 4.20 and 4.21 for the 

cases Mt • Lit,. Nat  and K. 	• 

When the discrepancy between the Russian work and the present 

work is taken into consideration, reasonable agreement between 

theoretical and experimental results is obtained. It appears that 

deviations in the ACtivity of lead Chloride from the ideal values in 

the three component systems studied are directly related to the 

polarising powers of the alkali metal cations in the mixtures. 



293. 

SECT/ON C  

THE RECIPROCAL SYSTEMS 

Cd2*iNe/C1'/Be  
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4C.1 GENERAL INTRODUCTION 

From the investigations of Van Artsdalen( 1 ) and some Russian 

workers(2,3) , csidmium chloride and to a larger extent cadmium bromide, 

are regarded as being associated (as CdX2 molecules) in the pure state. 

Van Artsdalen has evaluated the equilibrium constants (K) for the 

reactions: 

AX2 	Aa+ 	2r 

(where AX2 PbC12, CdC12 and Car2),. for very dilute solutions of AX2 

in molten NaNO3. The values obtained for K were: 0.033 t 0.005, 

0.0031 *a0004, and 0.00035 1:1100011, for PbC12, CdC12 and cdBr2, 

respectively. The systems CdC12 + alkali metal chlorides,. 

investigated by Lantratov and Alabyshev (2) , show appreciable positive 

excess chemical potentials (e.g. + 250 cal/mole for the system 

CdC12.-NaC1, for the Mixture containing 0.80 mole fraction CdC12) for 

certain compositions and these have been attributed to the presence of 

undissociated molecules in the standard state of pure CdC12. In the 

present investigations of the systems PbBr2 - alkali metal bromides, 

no correspondingly large positive values for Am are observed. The 
present author considers therefore, that the extent of the , association 

in the pure cadmium halides is much greater than for the corresponding 

lead halides. 

1. Van Artsdalen: J. Thy.. Chem., 60 172 (1956) 

2. Lantratov and Alabyshev: Thur. Priklad. Khim., 26 353 (1953) 

3. Delimarskii and Harkov: Electrochem. of Fused Salts, Sigma Press, 
(1961) 
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Consider the following equilibria: 

Cd8r2 	Cd2+ + iBr' 
	

K = 3.5 x 10 4 	' (4.0 

CdC12 -=-- Cd2+ + 2C1 	K = 3.1 x 10'3 	(4.11) 

If in the cryoscopic investigations of Van Artsdalen( 1 ), it is 

assumed that the solvent (NaNO3) has no effect on the equilibria 4.f 

and 44, then, from the relative magnitudes of the dissociation 

constants, it is evident that bromine will replace chlorine in 

solutions of cadmium chloride and bromide ions, i.e.: 

CdC12 + 2Br'--- CdBr2 + 2Cl`, K • 	(4.h) 

If in a reciprocal cadmium halide, sodium halide mixture, the 

following exchange reaction is assumed: 

CdX2 + 2NaW.-9-i.CdY2 + 2NaX, 	(4.1) 

(where X is either Be or Ce.and Y either C1or Br"), then cadmium 

ions Will, atcording to the results of Van Artsdalen, preferentially 

become associated with bromide ions. Apart from workers such as 

Lantratov and Shevlyakova (2) , who suggest the presence of the , 

species CdX64.  in mixtures of' cadmium and potassium halides ., Van 

Artsdalen(1) , Btedig (3)  and Ellis at al. 0) , infer that the most 

predominant species in these melts is CdX4 2. . ' Van irtSdalenhSs 

evaluated the association constant for cadmium chloride and chlotide 

ions as: 

(4.j) CdC12 	+ 	 K = 4.4 

1. Van Artsdalen: 	J. Phys. Chem., 	60 	172 	(1956) 

2. Lantratov and Shevlyakova: 	J. Appl. Chem., (U.S.S.R.) 34 2433 
(1961) 

3. Bredig: 	J. Chem. Phys., 	37 	451 	(1962) 

4. Ellis, Smith 	Wilcox and Crook: 	J. Phys. Chem., 	65 1186 (1961) 
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Ellis et al., by consideration of the reciprocal system CdC12 ,KBr, 

have assumed that the association constant for the above reaction will 

be less than that involving Cdlir2 and bromide ions, in which case: 

• 	CdC14 	+ '4Br" 	Cd3r42- + 4C1, K > 1 	(4.k) 

Thoz, 	thOregion oi complex.- ion formation, the concentration of free 

bromide ions will be low, except for mixtures very rich in the, alkali 

bromide. it is therefore likely, that interactions in the system 

cadmium 	metal chloride, will be ' similar ' to those 

involving the corresponding alkali metal bromide. 

Consider the equilibrium reaction:, 

CdC12 + 2NaBlr='E=CdBr2 + 2NAC1 

Let Ni and NI be the mole fractions of CdC12 and NaBr respectively. 

Then the'mole fractions of C4C12 3NaBr and cdBr2, can vary 'between 

the limits 0*1 10.0 and 0-0.33 mole fraction units, respectively. The 

maximum stoichiometric concentration of CdBr2 occurs In the mixture , 

containing 0.33 mole fraction CdC12. As the mole fraction of cadmium 

bromide either decreases to zero or increases to unity from this value, 

the mole fraction of Cdft2 will tend to zero. Thus, for each value of 

the mole fraction of CdBr2, there are two possible mixtures of 

components, depending on whether NaBr or CdC12 is in excess in the 

original mixture. Consider that the above equilibrium reaction lies 

completely to the right. Then the two cases may be represented as 

follows: 
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Excess CdC12 (N1> 2N2) 

(N1)CdC12 .+ (N2)NaBr--3-(102)Cd3r2 + (NI 7  iiN2)CdC12 (N2)Nad1 

Excess NaBr Oh 2N2) 

(N1)CdC12 + (N2)NaBF--*(N1)CdBr2 + (N2 - 2N1)NaBr + (2NI)NiC1 

The Interpretation of thermodynamic data for CdBr2 in relation to either 

the weighed in mole fractions of C4d12 and NaBr s  or to the mole fraction 

of CdBr2, is considered to be so involved as to be impractical and 

therefore such quantities will not be discussed.' 

The same difficulties are not encountered in the system 

Cd3r2-Nadl and hence thermodynamic properties of ddBr2 will be 

discussed as functions of the mole fraction of CdBr2. 
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4C.2 THE SYSTEM Cd8r7-NAC1 

a) Activity of the components  

The activity coefficient of Cd8r2 and the deviations of the 

activity of Cd8r2 from the Temkin activity in the system Cd8r2.8.41, 

show very similar, tendencies to those for the binary system Cd8r2-Naft 

(investigated by Lentuatov'and Shevlyakava (1) ) 4. see Tables 4.30 and 

4.31. This supports the earlier statement that the interactions in the 

two systems may be similar. 

'TABLE 4.30  

Percentage deviations of ',the activity of Cd8r2 from the ideal Temkin 
values in the system C48r2•NaC1 at 700 0C 

ma. Cd8r2 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 

AaCdBr2 ,0 -17.5 .43 ..21 -15 .41 * 8 - 7 

ma. car2 .  0.60 '0.65 0.70 0.75 0.80 0.85, 0.90 0.95 

Aac4Br2  (%) - 9 *10 3 +30 +26 	• +14 ,+ 6 + 1 

TABLE 4.31  

Percentage deviations of the activity of Cd8r2 from the ideal Temkin 
values in the system CdBr2*Maft at 700°C  

m.f. Cd8r2 	0.20 0.30 0.40 0.50 0.80 0.70 0.80 0.90 

iSaCar2 (%) 	"29 	•26 	• 3 	+ 4 	-4-8 	+ 8 	+ 6 

1. Lantratov and Shevlyakova: J. Appl. Chem., (U.S.S.R.), 34 2433 
(1961) 
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The initial additions of NaC1 to pure CdBr2 are accompanied 

by a sharp increase in the activity coefficient of cadmium bromide. 

This can be attributed to the dissociation of cadmium bromide 

"molecules". The magnitude of 1(cdft 2  for mixtures rich in CdRr2 is 

much greater than the magnitudes of )(pbBr2  and l(PbC12  in the systems 

PbBrrCsiir and PbC12-00C1 respectively, for corresponding compositions. 

The difference in magnitude is considered to be due to the greater 

degree of association in Cd8r2 mixtures, compared to the degree of 

association in the PbX2-CsX mixtures. 

For mixtures containing more than 28 mole % NeCl, the tendency 

to form complex ions becomes greater than the tendency for the 

dissociation of Cd8r2 "molecules" and hence negative deviations of 

aCd8r2 from the Temkin activity are observed. 

Because the polarizing power of the Nal' ion is sufficiently 

large, the concentration of complex species is relatively small 

compared to systems such-as PbX2-CsX (see for example the systems 

PbC12-CsCl-NaC1) and the deviations from the Temkin activity are 

therefore small. The maximum in activity deviation between 0.3 and 0.35 

mole fraction CdBr2 and the minimum in the activity coefficient 

isotherm in the composition region 0.3-0.4 mole fraction CdBr2, indicate 

that the greatest interaction occurs in this composition range. The 

most predominant complex species is therefore presumed to be the ion 

CdBr42'. 

In the composition range 0-60 mole % Cd8r2, the effect of 

increasing the temperature is to increase the negative deviation from the 
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Temkin activity. Owing to the presence of the sodium ion, the 

concentration of complex ions can be assumed to be low (see Section 

4A.2a(ii)) and the dissociation of these species due to increased 

thermal vibration will constitute only a minor effect. The observed 

temperature effect therefore, is attributed to an increase in ion 

association in the melt. For mixtures containing between 60 and 100 

mole % CdBr2, the predominant effect is an increase in acdp r2  with 

increase of temperature. This is to be expected, if, for these 

compositions, the positive deviation in activity is due to the 

dissociation of Cd8r2 molecules, because an increase in temperature 

will cause greater dissociation. For this range of compoiiiion, the 

increase in ion pair formation with increase in temperature is 

evidently a minor effect. For mixtures containing between 80 add 100 

mole % CdBr2, the errors in the activity are relatively high compared 

to the activities at other compositions, so that it is quite conceivable 

that the reversal of the temperature dependence of accar2  at 0.79 mole 

fraction Ce12 is unreal, 

b) Free energies ,  

Interpretation of the values of the partial molar free 

energies of CdBr2 and the integral free energies is difficult because 

of the lack of knowledge of the excess quantities. The exchange 

reaction in reciprocal molten salt mixtures gives rise to thermodynamic 

quantities which differ markedly from those of the corresponding true • 
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binary systems. Blander( 1)  inter alia, using the theory of 

conformal ionic mixtures( 2) , has obtained the following expression 

for the excess molar Helmholtz -free energy of mixing, AAEm, of the 

salts At and BD: 
0 

L\ AM gs NAND  AA + ND  iA l2  + tic  AE34 + NA LS AB13 
(4.62). 

+ NB AA.E24 + NaliBttelp-A-+ 	 

where Na  refers to the ion fraction of "a"; 

" LAL is the standard molar Helmholtz free energy change for 

the reaction: 

AC(liq.) + 	+ BC(11q.); 

" AD is designated as salt 1, BD as 2,AC as 3 and BC as 4; 

" LAjj, is the excess free energy of mixing of the binary 

mixture of salts i and j, and up to the second order terms 

is given by: 

A AE12'NN 	12 

AE13 " NCND 13 

etc. 

where kij, is an energy parameter. 

Inability to estimate the energy termZ,bakes such excess quantities 

inaCcessible to calculate. Partial and integral free energies" for the 

system CdBr2-NaC1 cannot be compared to those for other binary systems; 

nor can' the magnitude and type of interactions within the melt be 

estimated. 

1. Blander and Topol: to be published 

2. Blander and Yosim: J. Chem., Phys., 39 2610 (1963) 
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c) Entropies and Enthalpies  

Similar limitations hold for these thermodynamic functions 

as for the free energies. They will therefore not be discussed. 



303. ,  

4C.3 THE SYSTEM CdC12*NaBr 

a) Activity of the components  

A* both extremes of the concentration scale (mole fraction 

CdC12 0, 1), the value of 	La zero for this system (see 

fig. 3.63). Although systems such as PbSO4-NaC1 (1)  and PbCleNaBr(;), 

have shown maxima for 8PbBr2  at compositions which are in reasonable' 

agreement with those predicted by the Temkin equation, the present 

system shows considerable disagreement for acdBr2 . The activity of 

CdBr2, calculated by both the Teekin and by the Flood et el:. models, 

wildlits a maximum value, When plotted against compoiitiosi, it the 

composition corresponding to' 25 Sole 7. C___2. The experimental 

maximUm however, occurs at about 75 mole % CdC12. This phenomenon, 

together with the positive and negative excess activities, can be 

explained in terms of (a) compiles ion formation, and (b) dissociation 

of the cadmium halide "molecules". 

The large value for the activity coefficient of cadmium 

bromide and consequently the large positive deviation of a cdBr2  from 

the Telkin activity, is possibly due to the dissociation of CdC12 

"molecules" (or CdBr2 "molecules" formed according to reaction 4.h), on 

the addition of He ions. This causes an increase in the ion fractions 

of Cd2+  and Be and hence gives rise to a larger value for the activity 

of Cdllr2. The magnitude of this deviation compared to that for the 

1: Bloom and Welch; Trans. Faraday Soc. .57 61 (1961) 

2: Bloom and Welch: Trans. Faraday Soc., 59 410 (1963) 
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system CdBreNaC1 is rather puzzling and no satisfactory explanation 

can be offered. As the mole fraction of sodium bromide increases, so 

the tendency to form complex species is increased, resulting finally, 

in a negative deviation in the activity for mixtures containing more 

than 58 mole % NaBr. Although the nature of the species cannot be 

ascertained from these measurements, it is possible that these 

deviations are due to the complex ions CdBr42  and perhaps CdC142', 

which previous workers have assumed to be present in binary cadmium 

halide-alkali metal halide melts (see Section 4C.1). 

Assuming the dissociation of cadmium halide molecules with 

initial additions of Ne to predominate over the tendency to form 

complex ions, an increase in temperature would be expected to cause 

an increase in the activity of Cer2 (as in the previous system). -  

This is observed experimentally in the region of the positive 

excess activity. In the composition region in which the negative excess 

activity of CdBr2 pertains, adecrease in the activity of CdBri with 

increase in temperature is observed. This phenomenon can be interpreted 

in the Same way as for the system CdBr2-NaC1. 

b) Free energies, entropies and enthalpies  

These thermodynamic functions will not be discussed for the 

reasons already mentioned (see Section 4C.1). 
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4C.4 ACTIVITY MODELS. FOR THE SYSTEMS  

Cdgm-NaC1 AND CdC12-NaBr 

• a) Temkin and Flood. FArland and Griotheim models* 

For the systems CdBr2-NaC1 and C4C12•NaBr, both the Temkin 

and the Flood et al. models predict activities of cadmium bromide 

which are different in magnitude to those observed experimentally - 

see Tables 4.32 and '4.33. 

TABLE 4.32 

gystem CdBr2-NaC1 
Comparison of the TeMkin and Flood et al. activities for Cd8r2, with 
those obtained experimentally (values interpolated from fin.3.57 - 700 0C)  

mole fraction 
CdBr2 

aGdBr2- -  

Temkin Flood et al. 'Observed 

0.00 0.0000 0.0000  . 0.000 

0.10 . 	0.0023 0.0060 ,0.003 

0.20 0.0223 0.0370 0.019 

0.30 0.0640 0.098; 0.050 

0,40 0.1304 0.1866 0.108 

0.50 0.2225 0.2963 0.207 
0.60 	• 0.3375 0.4218 0.319 

0.70 0.4753 0.5585 0.453 

0.80 0.6322 0.7023 0.784 

0.90 0.8071 0.8501, 0.860 

1.00 1.0000 1.0000 1.000 

* See Section 1.5b 
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TABLE 4.33  

System CdC12-Nar 
Comparison of the Temkin and Flood et al. activities for CdBr2,  with those 

obtained.  experimentally (values interpolated from fie. 3.63 7000C) 

mole fraction 
CdC12 

acdBr2 

Temkin Flood et al. Observed 

0.00 0.0000 0.0000 0.0)0 

0.10 . 0.0669 0.12/7 " 0.015 

0.20 0.0890 0.1481 0.0315 

0.30 0.0868 0.1338 0.049 

0.40 0.0736 0:1050 0.066 

0.50 0.0555 0.0741 0.082 

0.60 0.0375 0.0469 0.094 

0.70 0.0217 0.0257 0.1015 

0.80 0.0099 0.0110 0.102 

„0.90 0.0025 0.0026 0.087 

1.00 0.0000, 0.0000 0.006 

The discrepancy between experimental and theoretical activities, 

has been explained in terms of interactions within the melt which are 

not present in the hypothetical solution for which the Temkin 

equation is valid. It has been proposed that these interactions result 

in complex ion formation which reduce the numbers Of "free" e.g.'.  and 

Br ions. 

b) Welch model  

To explain the deviations of the observed activity of Pbar2 

from that predicted by Temkin for the reciprocal systems Pb241141a+/3eiC1d's 
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Welch 	proposed that the formation of PbC1Br as well as PbBr2 was 

an integral part of the cell reaction. He considered three possible 

reactions for the formation of the binary lead halide, i.e.: 

1. Pb----,-Pb2+  + 2e" 

Br2 + 2e1"---)-2Be 

Pb 	Br2---.PbBr2 

2. Pb--->Pb2+ + 2e" 

Pb2+ + C1-->PbC1+ 

Br2 + 2e 	> 2Br" 

PbC1+  + Br 	PbC1Br 

Pb + Dr2 + Cl"----4-PbC1Br + Br 

3. Pb--0-Pb2+  + 2e" 

Br2 + 

PO+ + Be-----Jo-PbBr+ 

lobBi#  + C1"----a.PbBrC1 

Pb, + Br2 + C1"----0-PbBrd + Br" 

The total free energy Change must therefore include terms for both 

,PbBr2 and PbBrCl. Hence the activity will be given by: 

'aPbBr2 	aPbBr2 	ilaPbBrC1 	kaPbC1Br 

aPbBr2 	aPbBrC1 	(4.63) 

(if the method of formation of PbBrC1 it 

assumed to bathe same as that for PbC1Br) 

1. Welch: Ph.D. Thesis, University of New Zealand (1960) 
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Hence if Nj represents the ion fraction of species i etc., then; 

aFbBr2 	. Nib2+  0(11Be)2 	1414)2+ • 14Be NC1' 

. 	 (4.64) 

Oince Die + 	■ 1) 

(compare the Temkin definition, aPbBri . " 41,b24" ,- (NBe1 )2 ) 

Eqn. 4.64 gives good agreement with the experimental values for the 

reciprocal lead systems. 

When applied to the reciprocal cadmiUm systems however, 

agreement is poor. The fact that the term Nie. is not squared, 

produces activities in excess of those predicted by the Terakin . equation 

and hence gives rise to greater positive excess activities compared 

to the experimental values. 

c) Bloom and Welch model  (l2) 

Consider the reaction: 

Apq + A2X 2 	ALX2 + A24 

Then at equilibrium: 

altik •aA2BI  
w exp. (.;41 Oat) 

4A1X1 • 41142X2 
(4.65) 

If it is assumed that the ideal entropy of mixing is that defined by 

Tonkin, then: 

aA1xl- 	a a I 
Am • Y A1X1 
	(4.66) 

where as 	is the ideal Temkin activity of A1X1 and 	AIX', is the 

activity coefficient of Alk. 

I. Bloom and Welch: Disc. Faraday Soc., 21 115 (1961) 

2. Bloom and Welch: Trans. Faraday Soc., 11 410 (1963) 
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In place of eqn. 4.65 therefore, we can write: 

JAIN' . iA2X2 
2(A1X2 • (A24 • exp. ( .AGIRT) 	(4.67) 

From eqn. 4.67 and the Gibbs-Dutton relationship, we have: 

NAlxi 

1(  Alk (NA2X2/HAIX1) d in ' A2x2, 	.(4.68) 

AIX' • 1  

where NAlxi  is the original mole fraction of,A1Xladded and NA0 2  

Os 1 • NA1x1 ), ie the original mole fraction of A1X2 1 . .Flood et al., 

hive shown from Considerations of bond energies, that molten salts' 

cannot be treated as ideal. They assumed that the deviations from 

ideality for reciprocal salt,systems could be attributed to the inter* 

action of nearest 'neighbours(1 9 2 ). If these solutions are assumed 

to be regular, then the aCtivity of component NiA l  in a reciprocal 

molten salt mixture is given by: 

%Al 	NI41+  • NAle  • iM1+  • 

x exp.X[Nlmi+ 	(LS,Gij/RT)] 	(4.69) 

where . 6,0ii is the change in Gibbs free energy for the reaction of 

one mole of MIA' with an equivalent of MiAl and where 2E, denotes 

that the contributions from all oppositely charged pairs must be 

considered. Flood at al., assumed that iNe, etc. • 1 and that 

deviations from the ideal value were due to differences in bond energies 

between components in the mixture. 

1. Bloom and Welch: Trans. Faraday Soc., 1.2 410 (1963) ' 

2. Flood, FArland and 0rjotheim: Z. anorg. u allgem. Chas., 171. 289 
(1954) 



310. 

Eqn. 4.69 may be rewritten as: 

	

iAlk • exp. [=,/i'Ari... 	. Gii/RT] 	(4.70) 

where N'Ai.*  and N'xj.., are cation and anion equivalent fractions of 

the cations Ai+ and anions Xj - , respectively. They further showed that 

the contributions to the activity coefficient from interactions other 

	

. 	. 
than those from between ions of like sign were negligible. 

In the regular solution model of Flood et al., the free 

energy of mixing, Lki, is assumed to be entirely due to the exchange 

reaction. Hildebrand and Salstrom (1,8 2) , have shown from considerations 

of systems such as AlEr A2X1 , that although no exchange reaction can 

take place because of the common ion, there is in fact a partial molar 

free energy change due to the mixing of ions of like sign to form 

regular solutions. 

Thus in the system Alk- 

RT in i Arf  b(NA24)2 8 	(4.71) 

	

and in the system Ai 	Alx2 : 

	

RT In 	• b' (¼2.)2 . 	(4.72) 

Thus in a molten salt solution containing two different cations Al+, 

A2+ and two different anions X1•, Re eqn. 4.70 may be modified 

using 4.71 and 4.72, i.e.: 

)(Aix 	exp. (AG 14 11,K24. • N'xr. + b (NA24 )2  + bl (Nx2•)2)/RT, (4.73) 

where b and b', are constants for the regular heat of mixing of cations 

and anions respectively. Eqn. 4.73 has been used successfully by 

Bloom and Welch, to calculate aptan  in the reciprocal systems 

1. Bloom and Welch: 	Discuss. Faraday Soc., 	32 11$ (1961) 

2. Hildebrand and Salstrom: 	J. Am. Chem. Soc., 54 4257 	(1932) 
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1112247Na+/Br-/Cr. 

Consider the reciprocal molten salt mixture COVNe/Be/Cr. 

Then the exchange reactions theoretically possible for CdBr2 are: 

CdBr2 + 2NaC1:!=;.-CdC12 + 2Na8r 	'6•G1 

CdBr2 + 	CdBrC1 + NaBr 	LSG2 

From equ. 4.70: 

1CdBr2 "Ps (N $N40. • lea- • LNWRT + beNs4  • N'Cl- • 6002/RT) 

exp. (N 1Na+ • N icl•AT ( ZSG1 + 1 ,02)) (4.74) 

Taking into account the heats of mixing NO with Cd 24  and Cl-  with Br 

we obtain: 

1CdBr2 exp. (( LG1  + 632) bi t/4a+ • lea-  + b (NNa+)2  + 2b $  (N0l-) 2 ) 

RT 

If LA is set equal to (ZSG1 + ING2) and the equation rearranged, then: 

RT In 'IcdBr2  • ( '64  NINO • N'1- ) 4 b (Nme)2  + 2b$ (Nci..)2  

(4.75) 

where 
	

WU+ ' NNW(' 4 Ncd2+) 

Wane  " NC1' 
 (4.76) 

The system CdC19-NABE  

Using M.  4.75 in conjunction with eqn. 4.76, we have: 

NNa+   1  NCd2+ 
1 + Ncd2+  1 + NW+ 

NIC1' 	2Ncd2+ + NN0 NC1" 
	2Ncd2+ 



2Ncd2+ 
(from 4.76) 
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2Ncd2+ + fetid+ ( 1  + NCO+) 

 

2Ncd2+ 
2N2+ 4. (1 - Hiy12-0(1 NeA2+)  

(1 4' Nu24 ) 

2ftd2+ 

• 1 + N612+ 

and hence: 

IT In XICdBr2  0 2 LA (Ncd2+)(1 Ncd2+)/(1 + Ncd2+)2  

+ b (1 - Ncd2+) 2  + 8b° (Ncd202/(1 + N2+) 2)2  

(4.77) 

 

In the limit: 

Ncd2+ 0 0, RT in  

• 1, RT in 

icdBr2 

1(CdBr2 at 21;0 

(4.78) 

(4.79) 

The system Cd8r2-NaC1  

Dividing ego. 4.73 by N °Ns+ • 119C1", WO have: 

RTlnicdBr2 	Nga+ (1 + Nc42+) 
LS0 + b 	 m 

NiNsir • '1  C1' 	NCI' 
+ 210 (4.80) 

Now 

NNie (1 + NCO+)  . N INd+ (1 + Nc42+) 2  

 

No- 

No.-  1  - Nol2+  
1 •• Nad2+ + 2NCd2+ 

1  ' NCd2+  
NI Na+ 1 - Ncd2+ + 2Ncd2+ 
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• N iNa+ 	1 ••• 
NCI- 

 

(4.61) 

and 	NNi+ (1 + Nc42+) 
so (1 + Ncd2+)2  (4.82) 

  

Substituting 4.81 and 4.82 in 4.80, we have: 

RT ln Cd8r2/N 'Ns+ • NIC11" =AG + 210 + b (1 + Nc420 2  (4.83) 

In the limit: 

NCd2+ 
	

0, RT in 1/ C48r2/N INa+ • NIC1- = AG + 210 + b (4.84) 

NCd2+  a 
 
1, RT In IlcidBr2/ 14111d# • N$C14" = AG + 210 = 4b (4.85) 

Therefore in the eystem CdC12-NaBr, b and 10 may be 

evaluated from extrapolation to Ncal2  = 1, 0 of the plot 

NT 16  S'Cd8r2 versus Ncdc12  and for the system CdBr2-NaC1, b and 10 

may be evaluated by extrapolation. to NCd8r2 • 1* 0 of the plot 

RT In ‘cdBr2/8'1410 • N'cr versus Noun.  On substituting the values 

of b and b' in eqns. 4.78, 4.79, 4.84, 8.85, LA can be evaluated. The 

activity of cadmium bromide can then be calculated using eqn. 4.75. 

This model was found to be unsatisfactory for the cadmium 

systems, because (a) extrapolation of the plots for the functions 

NT 	i'CdBr2 versus Ncdc12  and RT in icar2/8 'Nd+ . N'cl. versus 

NCUr2 to the limits NuNI • 0, 1, for the systems C4C12-NaBr and 

Cd8r2-NAC1 were far too inaccurate, owing to the scatter of the values, 

and (b) this regular solution approach involving interactions between 

ions of like sign, produces activities in excess of those predicted 

by the Temkin model. These deviations are contrary to the observed 
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negative deviations from the Temkin activity for most compositions. 

The Bloom and Welch model therefore predicts activities for CdBr2 

that are inconsistent with the experimental values of 5uft 2  in 

both systems. 

d) Proposed model  

The following expressions for the activity of cadmium 

bromide have been deduced, assuming an equilibrium between complex 

cadmium halide ions, cadmium ions and halide ions. Of the complex 

species theoretically possible, only the four co-ordinated CdX42  ions 

have been considered, because from previous investigations of binary 

cadmium halide, alkali metal halide systems they appear to be the 

most predominant species (see Section 4C.1). Since two different-

species of halide ions are present in these mixtures, then theoretically, 

the stoichiometry of any one complex can vary between CdC14 2' and 

CdBr42", with the resulting possibilities: Cd8r42", CdBr3C1 2s , 

Cer2C122', CdBrC1321 , CdC142", From the previous discussion regarding 

the relative stability of the ions CdBr42' and CdC142', it is probable 

that the dominant species is CdBr421: 'Whether nixed halide complexes 

do in fact exist is unproven. However, activities will be estimated 

from the dissociation schemes of all the above CdX4 2' species, in an 

attempt to explain the experimental results. 

For both systems CdBr2-NaC1 and CdC12-NaBr, values for 

the degree of dissociation of each complex ion, have been estimated at 

a composition reference point, by a trial and error procedure. 
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Subsequent determinations of 5u13r2  have been accomplished by the 

substitution of this value in the appropriate activity equation. 

In the following expressions, let N1 be the original 

concentration, in mole fraction units, of the cadmium halide specie* 

and N2 the concentration of the other component. Let ni be the number 

of ions of species i present at equilibrium and let Ni be the ion 

fraction of i. 

(i) The System Cdar2NaC1  

1. The comnlex CdBri02' 

Let the following scheme be representative of the 

dissociation of the complex ion: 

43r 

The following calculations apply over the whole composition range. 

At equilibrium: 

ncd2+ a  iNi 

nBr. 0 2N10( 

ntid+ 0 . N2 

Aciso 
	Nz  

=tore-. • 101(1  -co 
3/4 	Ni  (1 +0) 

NCO+ 	1/2N1 + ½NIcx + N2 " Ni (1 + ) + 2N2 

2Nlcx 	4N1cx  
2N1C( + N2 + 	• 1/4N10( 	

NI 
 N1 (3 cx+ 1) + 2N2 NBr" 

2 
N (1 +O() 	4Niot 1 	 (4.86) aCdBr2 al  N1 a + 	2N2 [N1 (30( + 1) + 	2N21 
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2. The complex CdBr3g1 2: 

Let the following scheme be representative of the 

dissociation of the complex ion: 

Case 1. 	2N1 < 3N2 

CdBr3C12------Cd2+  + 3Be + 

/ 1.3141 	+ 	2/311.0( 

2N1a 

N2 

N2 - 2/3111  2/3gee 

2/3N1 (1 - 0() 

1/3N1 + 2/3N10( 	N1  (1 4- 20<) 

(4,87) 

At equilibrium: 

nCd2+  

11Br• 

aNi+  

0C1-  

71Cdar3C12-  

NCd2+  

NBr • 

aCd2r2 

1/3N1 	2/3No + N2 

2N 0( 

N1  (1 

2N oc 1 

+ 2 (X) + 3N2 

2 
2N1°< + N2 
N1  (1 + 	) 

Ni 	4' 2a) 	3N2 2N10( +N2 

Case 2. 2N1.> 3N2 

At equilibrium: 

Cd2+ gi N1 N2 N2°< 

°Br* sa 2N1 3N2 3N2 c<  

nNa+ m N2 

■ N2(,( 

nCdBr3C1 2.1 sa  N2 ( 1  



NN2  +No( 1 	2  
NO12+ 	N2 + N2a + N2 N2a + 

2N1 - 302 + 302a 
lige "11  2111  3N2 + 3N2a + N2cx + N2 • 02' 

317. 

302 (c(- 1) + 214  
02 (342( • 2) + 224 

al  
02 	- 1) + NJ, [302 	( a 1) + 

4Cd8r2 	N20( + 	
224  2  

N2 (3a- 2) + ZNiJ 

3. The complex CdOr9C122-  

Let the folio* ins scheme be representative of the 

dissociation of the complex ion: 

Cd.81-2C127- 	C■12+ + 211r-  + 2C1" 

Case 1. 201 <02  

At equilibrium: 

ncd2+ - 010( 

IN 

(4.88) 

Br 
	2Nio( 

nNa+ " 02 

acr " 02 • 201 + 2N1 0( 

11C48r2C122"a N1 (1  "°() 

010(  
NCd2+ a  Nia + 02 

2Nia 
2240< + N2 2N1 + 2Nrx + 	- tip 

214 0( 
(3 00- 1) + 02  



nCdBr2C122" I" lilt (1 

kN20( + Ni4CIN2  •  
)1N20( + 	3/4N2 + N2 Ncd2+ 

318. 

N10( 	 2 2Ni« 
aCd8r2 	Nrx + N2 [N1 	(3« - 1) + 

Case 2. 2W1> NA 

(4.89) 

At equilibrium: 

nCd2+  

"Br- 

uNa+ 

Mk 3/4N20( + N1 4.  V412 

111/ 2N1 N2 + N20( 

MI N2 

N2c< 

N 
2N1 N2 + N2o( 
3/2N2cx 3/4N2 + 2Ni  

½N2(o( - 1)+ NI  
3/4N2 (0( + I) + N1 

N
2  (a - 1) + 2N1  

liN2 (30(  • 1) + 214 

N2 ( 0( - 1) + 2N1 	N2 ( 0"0 . + 2N1  
5Cd8r2 a  N2 (« + 1) + 2% [kit (30(- 1) + 2N1 

2 
(4.90) 

Case 3. 2N1 N2 

At equilibrium: 

nCd2+ 
nye 

11Na+ 

nCl" 

nCd8r2C122" • 

,2 	+ ai amCd 2   

MI 

« 

2N10( 

N2" 

2111N 

N1 (1 -0() 

NIA 
N10(1" N2 
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21410< 
(30( + 1) 

2N10( 
5CdBr2 " N10( + N2 	NI (3a + 1) 

Nia 
(4.91) 

4. The complex CdBrClq2" 

Let the following scheme be representative of the 

dissociation of the complex ion: 

CdBrC132"-'--- Cd2+  + Br" + 3C1" 

Case 1. 3N1 < N2  

At equilibrium: 

ncd2+ • Nio< 

nBe ul  N1 N1c(  

IINa+ • N2 

per 

 

• N2 ' 3N1 3N10(  

uCdBrC132' Ni (1  " c‹ ) 
Alt o< 

Ncd2+ • 	 NV(  + N2 

111 + Nio( 
NBr- 	NrNroc + N2 - 3111 + 3Nr< + 	Nio< 

N1 (ot 4- 1) 
Ni 	0(4- 1) + N2 .  

Nl cx r 	N1 (°(+i) 	2  
5CdBr2 	N10(+ N2 	(30k• 	+ N2 

(4.92) 



Case 2. 3N1 > N2  

At equilibrium: 

11Cd2+ • N1 1/3N2 1/3N2°(  

aBr 2N1 - 1/3N2 + 1/3N20( 

IWO a  N2 

nCl" 	N2(x  

aCdBrC132" 	1/3N2 (1 

1/  Ni 	+ 	N2 (0(- 1) + 3N1 • • 3N2 1/3N2  Ncd2+ es 	  
N1 • I 3N2 + 113N2 cX + N2 	N2 (cx+ 1) + 3N1 

/ 2N1 - 1/3N2 + 1/3N2ot 

2N1 • 113N2 + 1/3N210+ N2o( + 1/3142 • 1/3N20( 

320. 

NBr• 

N2 (o( • 1) +  6N1  
• 3N20( + 6N1 

aCdBr2 
N (cc- 1) + 3111 N2 (cx 1) + 6N1  2  

2 	3B2c< + 61i1 (4.93) 

5. The complex CdC142" 

Let the following scheme be representative of the 

dissociation of the complex ion: 

CdC142'-e----Cd2+ + 4C1` 

Case 1. 4N1 Z. N2  

At equilibrium: 

ncd2+ 	N10( 

nBr. mg 2N1 

liNe um NI 

nCl" 
	N2  - 	+ 4N10( 



ned8r2 
[

NiO( + N2 	Ni (304- 1) + N 
N10( 	 2N1 

(4.94) 

321. 

nCdC142-  61  N1 (1 - 

Nicx 
NCd2+ • N10( + N2 

2N1 
• 2N1 + N2 - 4N1 + 4Nicx + 	N10( • Ni (3c(- 1) + N2 NBr" 

281  

Case  2. 4N1> N2 

At equilibrium: 

ncd2+ 
	Ni - 1012 + 3/4A2 (X 

nB  0 2N1 

nNo. • N2 

nC1' 

nCdC142- •  

NCdI. • 

N2 o< 

02 (1 

k.N2 ( 0( - 1 ) + Ni • 4N1 + N2 (cc-1) 
4N1 + N2 (0(+ 3) N1 • 3/4N2 + 44N20( + N2 

2N1 	 8N1 
NBr" • 	 

2N1 + Nex + 	1/4N20( • 	  
8N1 + N2 (Ix+ 1) 

aCdBr2 
4N1 + N2 (oke. 1)  8N1 

• 
4N1 + N2 (0(+ 3) 	8141 + N2 (3c(1-1 ). 2  .]  

(4.95) 

Calculated values for the activity of cadmium bromide at 

various compositions are presented in Table 4.34 and ire plotted in 

fig. 4.22. Values for the degree of dissociation of each complex ion 

are also found in Table 4.34. 
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TABLE 4.34 

System CdBr7-NAC1 
Values for the activity of CdBr2 and the degrees of 

dissociation of complex ions of the form CdX4i' 

complex ion and mole fraction 
relative data 	Cd8r2 a(theoretical) a(exptl.) 

(7000C) 

Ref. pt. N1 • 0.5 

al • 0.183 

0.86 

	

0.10 	0.0024 	0.003 

	

0.20 	0.0167 	0.019 0 

	

0.30 	0.0496 	0.050 

	

0.40 	0.105 	0.108 

	

0.50 	0.183 	0.207 

	

0.60 	0.285 	0.319 

	

0.70 	0.411 	0.453 

	

0.80 	0.560 	0.784 

	

0.90 	0.731 	0.860 

SAMI3g12 	0.10 	0.0023 	0.003 

Ref. pt. N1 • 0.4 	0.20 	0.0161 	0.019 

al se 0.105 	0.30 	0.049 	0.050 

0il. 0.845 	0.40 	0.104 	0.108 

0.50 	0.187 	0.207 

0.59 	0.283 	0.319 

0.70 	0.447 	0.453 

0.80 	0.619 	0.784 

CdBrC122 	0.10 	0.0022 	0.003 

Ref. pt. N1 • 0.3 	0.20 	0.0159 	0.019 

al • 0.05 	0.30 	0.0499 	0.050 
c(g, 0.835 	0.33 - 	0.067 	0.065 

0.40 	0.116 	0.108 

0.50 	0.213 	0.207 

0.60 	0.335 	0.319 

0.70 	0.478 	0.453 

0.80 	0.638 	0.784 

0.90 	0.813 	0.860 
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Table 4.34 (contd.) 

complex ion and 	mole fraction 
relative data 	Cd8r2 a(theoretical) a(expt16) 

(700oC) 

CdC142-  

Arbitrary value 

of cx al 0.8 

	

0.10 	0,0021 	0:003 

	

0.20 	060169 	0:019 

	

0.30 	0,059 	0:050 

	

0.40 	0:113 	0:108 

	

0.50 	0:238 	0:207 

	

0.60 	0.357 	0:319 

	

0.70 	0:498 	0:453 

	

0.80 	0:655 	0784 

	

0.90 	0,823 	0:860 

NO value of « was found as the complex 

CdC142" produces no deviations of acar2  

which are negative with respect to the 

ideal Temkin line over the range of 

composition investigated: Hence no value 

of aCdBr2 was estimated: 

(ii) The system CdC12-Na3r 

I. The complem CdC142.  

Let the following scheme be representative of the dissociation 

of the complex ion: 

CdC142- - 	Cd2+ 	4C1" 

The following calculation applies over the whole composition range: 

At equilibrium: 

nCd2* 	41N1 Vie(  

aBrq" " N2 



ncdcl424. a iiN1 (1  " 0( ) 

kNi (1 400 	Ni (1 4.00 
Ncd2+ a %NI (1 	) + N2 	Ni 	+o() + 2N2 

•324. 

nNa+ mg N2 

acr' • 2Niot 

N 
N2 + 2N1o( + 11N1 •1/2140( 

2N2 

2N2 	(30(+ 1) 

2 
(4.96) 

CA) 	 2N2  
aCdBr2 	N1 a + 	+ 2N2 	2N2 Ni (3o(+ ) 

IX a 1 acdBr2 a Temkin model value 

110 	

2 

aCdlir2 Ni 	2 [ 
 2N2 

N2 2N2 + 

21 The complex CdBrC13 1" 

Let the following scheme be representative of the 

dissociation of the complex ion: 

CdBrC1326 -1---- Cd1*  + Br' + 3C1-  

Case 1: 2N1 4:3N2  

At equilibrium: 

Cd 	113N1 	13N1Q(  

N2 " 213N1 2/3N1°k „Br. 

(4.97) 

raNd* go M2 

aci- 2N1°c 

ncarc132- 

1/3N1 2/3N10c 	Ni (1 + 2 09  
Nco2+ m 

-i3N1 213Nici+ N2 	N1 (1 t 20().+ 32 , 
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N2 2/3N1 + 2/3N1a 
NBf 	N2 - 2/3N1 + 4/314110( + 2N10 + 2/3N1 	4/3Nic< 

3N2 . + 2N1 (a- 1)  
3N2 + Oka 

N1  (1 + 200 	[3112 + 2N1 (a- 1)]  2  
aCdllr2 a Ni (1 + °C) 3N2 	3N2 6Nia 	(4.98) 

0( 1 aCdfir2 1111  Temkin model activity 

	 [ 3N2 - 43.1] 2  
(X.' 0, scd8r2 m  N1  + 3N2 	3N2 	(4.99) 

Case 2. 2W1> 3N2 

At equilibrium: 

ncd2+ Is N1 • N2 +N200 

ig N20( 

aNa+ 	N2  

nci-  • 2N1 - 3142 + 3N2 c<  

nCarC132- 	N2 (I -a) 

N1  a. N2  + N2 0( 	+ N2 (a - 1) 
N2+ Cd N1 N2 + 	+ N2 N20( 

• 

N204 
• N20( + 2N1 • 3142 + 3N2 0(-4 N2  - Nix 

N2N 
2N1 + 142 (30( • 2) 

Ngr• 

+ N2 (ck - 1) [ 	N2a  
aCd8t2 	Ni + N20( 	2141 + N2 (30( - 2) 

CX gm 1 aCdBr2 me Temkin model activity 

0 , 8CdBr2 0  



3. The complex CdBr9C1921.  

tei the following scheme be representative of the 

dissociation of the complex ion: 

CdBr2C122' 	Cd2+ + 2Br" + 2C1-  

Case 1. 214, <N2  

At equilibritim: 

ncd2+ a  N1 °<  

up 	2N1 2N10( 

326. 

Na 	• N2 

nCl- • 224X 

,aCdBr2C122" • N1 (1 • 09 

NCd2+ t"---1 (1-)—(Nic,(4. N2  

N2  2N1 + 2N10( 
N2 - 2N1 + 2N1X+ 2N10< + Ni 

. N2'• 2N1' ( 0( - 1) 
N2 + N1 (30(o.  1) 

acdBr2 	tiv 	[4"
N2 + 2Ni (0( 1) 2  

x + N2 	N2 	(3°(- 1)  

Nioc 	 -  

°(" 1 , aC4Br2 • Temkin model value 

°( I" 0 , aCdBr2 • 0 

case 2. 2N1> N2  

At equilibrium: 

ned2+ 	N1 u•  1012 1/2N2 

NBr" 

a 

(4.102) 

(4.103) 

uBr 



2111 + N2 (c< • 1) 
3/4N2 +4ipie+ N2 	2N1 + N2 (c(+ 1) NW+ Ni - kit + 1/2112 °(  

ntia+ ug N2 

2N1 • N2 + N2 o< 

liCar2Ci22' 41/12 ( : 1  

32Z. 

N2 o< 
N2c(+ 2N1  • N2  + N2a+ tN2 • 3/4N20( 

2N2 c< 
4N1 + N2 (3 0(- 1 

	

• 	2 
aCdBr2 	2N1 + N2 (c<+ 1) 	4N1 + N2 (30( - (4.104) 

°(' 1,  aCdBr2 Temkin MOdel value 
(4.105) 

cx le 0 acer2  is 0 

4. The complex CdBr3C12"  

Let the following scheme be representative of the 

dissociation of the complex ion: 

Cd2+ 	3Br" + Cr 

Case I. 3N1 < Nz 

At equilibrium: 

acd2+a N10( 

use NI N2 • 3N1 4 UV< 

liNa+ 	N2 

nCl" 	N1 + N1 c< 

nCdBr3C12"  • NI (1 - 

2N1  +• N2 ( cx 1) 	2N2o( 



NI 0( 
Ne,42+ as 

N2 • 3141 + 3Ni cX 
• 

	

	  N2  • 3N1  +3N1  N1  + Nix+ N1  • Nix 

N2 + 3N1 (x• 1)  
N2 + Ni.(3°" 1) 

NV< [  N2 +  3N1  (c< 

	

5C4Br2 a 	N2 4.  Ni (3C4• 1) 

ai 1, acdBr2  Temkin model value 

O* acdBr2  • 0 

328. 

+ N2 

(4.106) 

(4.107) 

' Case 2. 3N1>N2 

At equilibrium: 

aCd2+  * N1 ' 1/3N2 1/3N2cK  

riBr. 
	N2o< 

nNi+ ge N2 

nci- 
	2N1 1/3N2 + li3N2 cX 

Itedk3C12. II  /3N2 (1 "I  00 

cd2+ • 	  
N1 "i '/3N2 + 3N2CX 	3N1 +  N2 (oo. 1)   
N1 ''' 113N2 	

• 
'/3N20( + N2 	3N1 + N (0(4. 2) 

 

• 
Ne + 2N1 • 1.13N2 + 1/3N20(• 1/3N2 0( + //3N2 

N20C • 

	

	 
N20(+ 214 

3N1 + N2 0" 1) 	N2 O( 	2  
aCdar2 	3N1 + N2 (o(+ 2) LN20 + 2N1 (4.108) 



0< I. 1 aCdBr2 411  Temkin model value 

Nio< 	N2 + 4N1 -(c" 	2  
[

NVX 4.  N2 2N2 + 4N1 ( CK g•  1) acdBr2  (4.1101 

329. 

1 aCd8r2 Temkin model activity 

0( • 0, 5cdgr2  an 0 

5. The complex CdBre" 

Let the following scheme be representative of the 

dissociation of the complex ion: 

Cd2+  + 4Br" 

Case  1. 4N1<N2 

At equilibrium: 

ncd2+ • Nrx 

• N2 4N1 1614  

nNa+ • N2 

11/41" 	41° 2N1 

aCdBr42'. 	Ni ( 1 • 

Ncd 
ir  go 	No< 

kok + N2 

(4.109) 

N2 - 4Ni + 4N1 	N2 + 4N1 (c(. 1)  
NBr" 81  N2 - 4N1 + 4Nio< + N2 'I  2N2 + 4N2.  (0(.. 1) 

o( • 0, 5CdNr2 
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Case 2. 4141> N2  

At equilibrium: 

aCd2+ 	N1 02 + 02°(  

nBr' 	N20( 

nNa+ 	2 

nCI 
	• 2N1 

nCdBr42* -' 02 (1  -°() 

1/4142 + 02°( 	4N1 + N2  (o(. 1) 
as NCO+ as  N1  .0 012 + %Be+ N2 	4N1 + N2 (c(+ ,  3) 

NBr" 

aC•dBr2 

1120( 	_ 	4N2°(  
N20( + 2Ni + kN2 02 0( 8Ni + 142 (30c+ 1) 

4N1 + N2 (cx ‘... 1) 2 [ 	4N0( 	2 

4N1 + N2 (ok+ 3) 8N1 + N2 (3o( + 1) 

0( NI 1, ecOr2 • Temkin model activity 

se 0, actiBr2  as 0 

Case 3. 4N1 N2 

At equilibrium 

nriA2+ se 	ok 

nitre ' 	4N1 	* N200 

aNa+ 'I  N2 

Is 2N1 

ncor42- 

 

• Ni (1 -(x) 

Bi c< 
Cd 	N10( + 112 



NBr 
4Nio( 

4(+2N1  + N1 NV(  " 
4cx 

331. 

3(1 + (4) 

 

Ni0C [ 	40(  I 2  
aCdBr2 	Niok+ N2 3(1 +c.) (4.114) 

0(.1. 1, accuir2  me Tonkin model aCtivity 

(4.115) 
°(" 0 9 5CdBr2 

Calculated values for the activity of cadmium bromide at 

various compositions are presented in Table 4.35 and are plotted in 

fig. 4.23. Values for the degree of dissociation of each complex 

ion are also found in Table 4.35. 

(iii) Discussion of model applied to both systems  

For both reciprocal systems, activity values, calculated 

on the basis of the postulate of the presence of complex ions CdBre.  

and Cd3r3C12' in the molten mixtures, show least discrepancy with 

experimental values. It is deduced therefore, that on the basis of 

this model, CdBre' and CdBr3C1 2' are the complex ions which, of all 

the ions considered, are most likely to be present in the mixtures. 

For the system CdBreNaCI, the model which assumes the 

species CdBr42" gives very good agreement up to about 0.55 mole fraction 

CdBr2. Thereafter the experimental curve shows a considerable positive 

deviation, Which for compositions in excess of 55 mole % CdBr2, is 

attributed to the greater , tendency for cadmium bromide "molecules" 

to dissociate. Apart from the activity model assuming the ion 

CdBr3C12", which shows equally good agreement between 8cdB r2  (exptl.) 

and acdBr2  (theoretical) over the same composition range, the models 
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TABLE 4.35 

System CdC12-NaBr  
Values for the activity of cadmium bromide and the degree of 

dissociation of complex ions of the form CdRA2°  

complex ion and 	mole fraction 
relative data 	CdC12 

a(theotetical) a(exptl.) 
(7000C) 

CA1142- . C4C13BrIm These complex ions do not contribute to 

8CdBr2 sufficiently to give deviations to 

match the experimental curve, even when 

0( Ng 0 

	

0.10 	0.014' 	0.015 

	

0.20 	0.018 	0.0315 

	

0.30 	0.009 	0.049 

Cd8r2C122  

Ref. pt. N1 	0.1 

al ak 0.014 

0( 	0.17 

Cd8r3C12' 0.10' 0.0148 0.015 

Ref. pt. NI mil 0.1 0.20 0.0114 0.0315 

al gi 0.014 0.30 0.0066 0.049 

0(  0.23 0.40 0.0063 0.066 

Car42.  0.10 0.0122 0.015 

Ref. pt. NI mt 0.2 0.20 0.0303 0.0315 

al 00  0.031 • 0.30 0.0346 0.049 

0Hill 0.58 0.40 0.0297 0.066 

0.50 0.0221 0.082 

0.60 0.0144 0.094 

assuming species containing a higher proportion of chlorine, give poor 

agreement for most mixtures. 

For the system CdC12*NaBr, of all the complex ions possible, 

the model assuming the complex ion Care" gives the best agreement 

between experimental and theoretical activities for Cd8r2. However, 

the agreement As reasonable over a small range of composition only. 
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Although the proposed model for estimating the activities 

of CdBr2 on the assumption of complex ion formation, gives the best 

agreement with the experimentally determined activity over relatively 

large composition ranges (compared to the other models), it is still, 

nevertheless, inadequate for the following reasons: 

(1) The actual range of composition over which the model is 

applicable is small for the system CdC12•NaBr. 

(2) The model is inapplicable to solutions containing high proportions 

of CdBr2 and CdC12. The deviations of the activity of CdBr2 for 

these composition ranges are attributed to the dissociation of 

CdBr2 and CdC12 "molecules". In this case a different model 

for aCdBr2 may apply; for example, a model based on the 

dissociation scheme CdX2=':=;.- 	22`, maybe proposed. 

(3) The values act, calculated for similar complex ions in the 

systems CdBr2-NaC1 and C4C12-NaBr, are very different. For 

similar mole fractions of CdiX2, the stability of a given complex 

ion will be slightly influenced by the different environments 

in the two systems; therefore a slight variation in c< will 

result. However, large differences in the degree of dissociation 

of, for example, the ion CdBr3C12'. in the two systems (c< ■ 0.845 

for the system CdBr2-NaC1 and 0( m 0.23 for the system 

CdC12-NaBr), suggest that either the model is inapplicable, or 

else the complex ion CdBr3C1 2" does not contribute to the 

experimental deviations of acdBr2  from the Temkin activity. The 

agreement between c< , for the ion Cd8r4 2" in the two systems is, 
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however, much closer ( 0( • 0.86 for the system Cd8r2aNaCi and 

0(sip 0.58 for the system CdC12•NaBr). 

It is felt therefore, that the model for the activity of 

Cd8r2, assuming the complex ion Cd8r42', applies for mixtures of 

Cd8r2 and NaCl, and CdC12 and NaBr, containing a high proportion of 

alkali metal halide,' but is inadequate for other mixtures. 
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SECTION D 

SUMMARY 



336. 

The thermodynamic properties of the divalent metal halides 

(AX2), can be explained in terms of complex ion formation and 

association of the standard state. The variation of aAx2  with 

increasing temperature can be attributed to two opposing effects: 

(a) dissociation of covalent complex ions and ionic associations due 

to increased thermal vibration, and (b) increase in the tendency to 

form ion pairs; the nature of the alkali metal ion present determines 

the more dominant effect. 	
and Pbb - Cs Br 

In the systems PbBrrRbBr, for solutions rich in the alkali 

halide, the most predominant complex ion is:litcely to be PbBr64* , with 

the ions PlAr42.  and Pb8r3 present to lesser extents. For the system 

PbBreKBr, the most predominant ion is likely to be FbBr4 2- . As the 

 of the alkali metal ion becomes smaller however, the four and 

three coordinated ions become of greater importance. Of the activity 

models proposed for these systems, the Hildebrand and stepwise complex 

formation models give the best agreement with experiment; the latter 

is regarded as having the greatest potential as a model. 

The partial thermodynamic quantities of PbC12 in the three 

component systems PbC12-CsC141C1 (where M go 1.4,.Na, K. Rb), have been 

discussed in terms of the relative polarizing influence of the two 

alkali metal cations Cs+  and M4. This has resulted in a classification 

of the alkali metal cations into two groups, i.e, Le, Nei *  and 

Rb+, Cs+. The presence of the former drastically reduce 5the stability 

of doWlex ions of the form PbC1 /1(n 2)- , whereas the latter have 

little effect. The activity model proposed, shows reasonable agreement 
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with the experimental results for apbc1 2  in these systems. 

The reciprocal systems C43r2-NaC1 and CdC12-Na3r, are 

complicated by complex ion formation, appreciable association of the 

standard state, as well as the exchange reaction between cations and 

anions. The deviations of limn from the Temkin activity have been 

attributed to the presence of complex ions (of the type CdX4 2") and 

undissociated CdC12 and CdBr2 "molecules". Previous activity 

models for reciprocal molten salt mixtures are found to be 

inapplicable but the proposed model gives reasonable agreement with 

experiment, for mixtures containing excess of alkali halide. 
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