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ABSTRACT 

Studies on the properties of pure sulphides, inter-

actions between different sulphides or the different gas-

sulphide or liquid-sulphide systems and also the behaviour 

of sulphur in molten as well as solid metals and alloys have 

been, for a long time, of pirticular concern to the geologists, 

chemists, metallurgists and material scientists for a better 

understanding of the formation and characteristics of mineral 

deposits, extraction and refining of pure metalsfrom sulphur-

bearing raw-materials and development of new metallic materials 

for specific applications. A critical study of the published 

work indicated that although extensive work has been done on 

the properties of pure sulphides and their mixtures,yet only 

few studies have been conducted on the behaviour of sulphur 

in the dilute solution range. Here again most of the work 

reported has been carried out on the behaviour of sulphur 

in ferrous-systems only. Thus little is known on the beha-

viour of sulphur in non-ferrous metals and their alloys, 

although many important metals of this group are recovered 

from their sulphide deposits occurring in nature. 

The present work has, therefore, been taken up to 

systematically study the behaviour of sulphur in non-ferrous 

metallic systems. Three pure metals namely lead, silver and 

copper and their binary and ternary alloys of different com-

positions have been used for the experimental studies at 
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different temperatures for dissolution of sulphur from the 

gaseous phase of known sulphur potentials in equilibrium with 

the raoltem metallic solvents. Further, for a quantitative 

interpretation of the experimental data so obtained, several 

statistical thermodynamic solution models based on free-

volume theory have been developed. The entire work reported 

in this dissertation has been spread over five chapters. 

Chapter-1 deals with the review of the available 

literature on different studies made on sulphide systems and 

methods employed for this purpose, different theoretical 

thermodynamic models developed to interpret properties of 

actual solutions and finally the formlation of the problems 

Chapter-II describes the experimental set-up, materials 

and methods used for carrying out the equilibria runs and for 

chemical analysis for sulphur in the equilibrated metal-alloy 

samples. 

Chapter-III presents the results of experimentation 

in tabular fortes and also the different thermodynamic proper-

ties of sulphur computed from these, namely, the equilibrium 

constants, interaction parameters, free energy, enthalpy and 

entropy for the dissolution reaction equilibria at differerit 

temperatures for pure metallic solvents and their binary and 

ternary alloys of different compositions. The results obtained 

in the present work have also been compared with the available 

data obtained by others workers4, 
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In Chapter-IV, for interpretation of the experimental 

data, presented in Chapter-III, eight different thermodynamic 

models for multicomponent substitutional solutions have been 

developed based on free volume theory and different simpli-

fying assumptions. Expressions for the free energy of dis-

solution of sulphuy in binary, ternary and multicomponent 

solvents have been derived assuming linear and non-linear 

forms of energy and free volume and also preferential amd 

random distribution of solute and solvent atoms. Calculated 

values of the thermodynamic parameters, based on the dif-

ferent expressions,derived, have been plotted and compared 

with the experimental values to ascertain and establish the 

applicability of the theoretical solution models developed. 

Chapter-V summarizes the different results obtained and 

conclusions drawn from the present work. 

Finally, suggestions for further work in this direction 

have been incorporated. 
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(at.3 S)A 	atomic percent sulphur dissolved in A. 
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I 
EA 	total energy of all n dl
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E 	 total energy of the system 

vo total energy of all npxy o  atoms ,2  

E1P  energy of all nril  atoms 
BoC 
	 C total energy of all nrto atoms 

f° 	fugacity of sulphur 
S2 
fS(x) 	Henrian activity coefficient of sulphur in x 

fS   l;--B 	self-interaction coefficient of sulphur in 

(k-B) 

fB 
	

interaction coefficient of effect of B on 

sulphur 
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4G°  
HS(x) 

G° HS(A-B) 

free-energy for equilibrium reaction 

H2S-H2-A(x), where x represents pure metal-

lead, silver or copper 

free-energy for equilibrium reaction 

H2S-H2-S(A-B), where (A-B) represents binary 

alloys of metals-lead, silver and copper. 

AG
o
HS(k-B-C)  free-energy for equilibrium reaction 

H2S-H2-S(A-B-C), where (A-B-C) represents 

ternary alloys of metals-lead, silver and 

copper. 

free-energy for S(Pb)-S2  equilibrium 

free-energy for S(Ag)-S2  equilibrium 

free-energy for S(0u)-S2  equilibrium 

free-energy for S(Pb-Cu)-S2  equilibrium 

free-energy for S(Pb-Ag)-S2  equilibrium 

free-energy for S(Ou-lig)-S2  equilibrium 

GS(Cu) S(Cu) 

G°  
S(Pb-Cu) 

° AG 
S(Pb-Ag) 

° AG 
S(Cu-Ag) 

AG
S(Pb-Ag-Cu) 
°  free-energy for S(Pb-Ag-Cu)-S2  equilibrium 

excess partial molar free-energy of sulphur 

in (A+B) at infinite dilution where A and B, 

are two component meta's:- of the solution 

 

AG°  free-energy for H2S-H2  equilibrium reaction 

AG(T) 

 

1  free-energy for S2-S(1) equilibrium at T°K 

 

AG2  free-energy for SW-3 equilibrium 

AeX,00 
"S(A+B) 
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4G
2
d 
	free-energy for BaouItin. behaviour of 

sulphur in melt. 

AG2 	free-energy for S(1)-S equilibria for 

Henrian behaviour 

ArIex, co 
--"S(A+P+0) 

Ano 
-u-S(A+P+C) 

excess partial molar free energy of sulphur 

in (t.+P+C) at infinite dilution• 

free energy of sulphur at infinite dilution 

in (A+P+C) determined experimentally 

A,,ex uktmlx(h+p+o)  excess free energy of mixing of solution con- 
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CHAPTER- I  

GENERAL  

1.1 Introduction 

Sulphur has been considered to be an element of great 

significance by metallurgists and material scientists for a 

long time. It generally tends to seggregate in the metallic 

systems, invariably along the grain boundaries when, present 

in concentrations in excess of the solubility limits in the 

parent phase or phases present. Thus, as a general rule, 

its effects on the physical, mechanical and other engineering 

properties of metals and alloys are undesirable. Some of 

its deleterious effects include introduction of hot shortness, 

increase in hardness, electrical resistance and reduction 

in ductility, toughness, electrical conductivity, corrosion 

resistance etc., of both ferrous and non-ferrous rietallic:: 

materials. However, in one case, this seggregation is 

advantageously used e.g. in the production of alloys with 

high machinability such as free machining steels, brasses etc. 

Because of the adverse effects of sulphur, on properties 

of materials, from the viewpoint of alloy development or deve-

lopment of new metallic materials suiteble for specific 

service requirements and production of high-purity metals 

from their primary sources (e.g. sores, minerals, marine 

water or sediments etc.) or secondary sources (viz. scrap, 

slags, fumes etc.), metallurgists and other scientists have 

concentrated their efforts to minimise the contents of this 



harmful element in the metallic materials and hence have 

conducted several studies on systems containing this element 

in past few years. 

The position of sulphur in the Periodic Table, in the 

sixth group below oxygen, reflects to its chemical reactivity 

and all naturally occurring ores and minerals especially 

those of common base metals are of the 'sulphide type' and 

are invariably associated with a large number of other 

elements as 'impurity', only a few of which have by-product 

value. The in of mine (R.O.M.) ore, therefore, contains 

invariably a large proportion of the country rock and other 

gangue minerals and hence in the first stage of extraction 

of metals from these - namely the mineral beneficiation,using 

differences between the physical or physico-chemical pro-

perties of 'values' and the 'gangue', most of the mechanically 

associated impurities are eliminated. For the second stage, 

i.e, chemical separation of impurities from the metallic 

values, generally achieved by simple chemical or electro-

chemical reduction reactions, any of the three-pyrometal-

lurgical,hydrometallurgical or electrometallurgical paths are 

adopted. Of the three paths, named above, pyrometallurgical 

path is commonly adopted one, especially in case of common 

base metals, because of several technical and economica 

advantages over other two types, of which high production 

capacity, productivity and applicability are most significant. 



The different unit processes adopted in pyrometal-

lurgical techniques include agglomeration by sintering or 

pelletization, roasting, calcining, reduction or natte-

smelting, converting, fire-refining by preferential otidation 

and slagging, or special techniques such as distillation, 

thermal, dissociation, zone refining etc. to obtain high purity 

metals from their sources. These processes have advantages of 

improved feasibility and enhanced reaction rates due to 

higher temperatures used in such chemically reactive systems 

using, solid, liquid and/or gaseous reactants including 

charge materials, fuels, fluxes, reductants or oxidising 

agents etc. Further, such systems involve one or more of 

the solid-solid, solid-liquid, solid-gas, liquid-liquid, liquid-
gas reacting systems. Thus both chemical reactions and dif-

fusion or mass transport rates control the rate and efficiency 

of the chemical reactions involving condensed phases, whereas 

in gaseous phase reactions, due to complete mixing, primarily 

chemical reaction rates control the process. In both cases 

higher temperatures, used during these processes, favOur both 

the reaction feasibility and kinetics. The ultimate chemical 

efficiency of the process adopted and purity of the products 

obtained essentially depend upon the phase-equilibria 

considerations. 

Sulphur may enter the reacting systems in any of these 

pyrometallurgical operations from various input materials 

either as sulphide, sulpha.tic or organic sulphur and is 



removed invariably either in the slag, fumes, vapours or 

gases emrging out of the furnaces used for these pyrometal-

lurgical unit-processes as a result of partition between 

different condensed or gaseous phases present. The residual 

sulphur in the refined metallic phase is generally present 

as a dilute solution because of its low concentrations. 

Importance of physico-chemical properties of sulphur such as 

its activity in the condensed phases end partial pressure 

and chemical potential in the gaseous phase, therefore, cannot 

be.  oVer-ern.phaOsed 	for perfecting the processes of extrac- 

tion and refining and production of high purity metals. 

Laboratory scale studies on the thermodynamic properties of 

sulphur in metallic solutions and other metallic systems 

including studies on metal sulphides, metal-metal sulphide 

equilibria etc. have therefore, been exclusively conducted 

using a variety of methods. These will be reviewed in the 

next section. However, as will be seen. in'this section, most 

of these have been restricted in the ferrous systems and 

only a few are reported on nonferrous metals or metal sulphide 

systems. 

1.2 Literature Survey 

Having realised the importance of thermodynamic data 

on metal-sulphides and sulphur dissolved in metals and alloys 

both in the solid and liquid states for a better understand-

ing and control of different pyrometellurgical processes and 

alloy-design especially in the ferrous systems, a large number 



of thermodynamic studies have been carried out. The different 

studies made may broadly be classified in the following three 

categories: 

i) Properties of pure metal sulphides. 

ii) Studies on metal-metal sulphide equilibrie ,• and, 

iii) Properties of dilute solutions of sulphur in metals 

and alloys. 

Extensive reliable thermodynamic data have been obtained, 

by a large number of investigators, on solid as well as molten 

metal sulphides on their melting points, boiling points, heats 

and entropies of fusion, free energies of formation etc. and 

presented in tabulated and other forms [1,2,3] for ready 

reference. The existing data is also corrected or replaced 

by more reliable data as and when obtained by using more 

accurate modern research techniques. 

It has long been felt that the data available on pure 

sulphides is insufficient to analyse and control smelting of 

sulphide ores or concentrates because of the presence of 

several other sulphides in the matte which interact among 

each other, and also in presence of air or oxygen, with the 

slog, to obtain the final product. For example tin matte - 

smelting of chalcopyrite, the roasted charge, fed to the 

smelting furnace, may contain Cu2S, Fes, NiS, Ag2S, Sb2S3, 

As2S3 etc., together with some oxides of the impurity metals, 

and those present in the copper concentrates as the gangue 

constituents. Therefore, for a better understanding of the 



physico-chemical principles, governing such smelting and/or 

converting processes, extensive reliable data on all such 

systems, analysing also the effects of the interaction of 

other constituents present in the system, is required. 

Schuhmann [4] has reviewed the available thermodynamic 

data applicable to copper smelting and presented it in 2, 

tabulated form. The important gaps in the thermodynamic data 

have been pointed out for further investigations and experi- 
. 
mental research programme proposed to supply the missing data 

that appepr most essential for a better quantitative under-

standing of physical chemistry of copper smelting. Rosenqvist 

[5] reviewed the data available on the different phase equili-

bria that are of importance in the roasting and smelting of 

certain important sulphide ores. Experimental techniques 

used to study such systems have also been discussed. 

Schuhmann et al [6] have reviewed the available thermo-

dynamic data on Pb-S-0 system. Thermodynamic properties of 

Pb-S liquid solutions have been critically reviewed and a 

thermodynamic model proposed for a continuous process of 

converting gtierna concentrates to a crude lead product. 

Friedrich and Leroux [7] carried out thermal and micro-

scopic measurements on Pb-PbS system to determine the liquidus 

temperatures and compositions and reported that no miscibility 

gap exists in this system. Melting point of PbS was estimated 

to be 1103°C. Guertler et al [8] and Leitgebel et al.[9], in 

their investigations, reported complete miscibility and their 



data corroborate the earlier work [7]. Miller and Komarek 

[10] used DTA technique to measure the solubility of PbS in 

lead, between 10.03 at.% and 50 at.%S, and found no misci-

bility gap. Kohlmeyer [11] concluded from his investigations 

that a miscibility gap existed above 1040°C and between 2wt% 

and 12wt%S. Kullerud [12] claimed immiscibility in the com-

position range 4.8 wt'iL and 6.95 wt'S. Measurements by him 

were made by using DTA and quench test techniques. Recent 

investigations by Esdaile [13] also suggested the existence 

of miscibility gap in the temperature range between 1041-1058°C 

by critically reviewing the data available on Pb-PbS system 

and carrying out calculations using Margules' equation, Esin 

and Sryvalin [14] conducted studies on Pb-PbS system by using 

emf method and claimed immiscibility region in the composition 

range of 4.0 to 8.5 wt%S. They also determined the activity 

coefficient of sulphur and lead at 1180°C. 

Blank and Willis [15] determined solubility of sulphur 

in lead in equilibrium with lead sulphide over the compara-

tively large range of temperature from 427 to 923°C ensuring 

that equilibrium was approached from both high and low sulphur 

contents. The equilibrium constant for the reaction, 

Pb + H2  - S PbS + H2 - 

may be expressed as , 

in K = 664 - 2.59 .... (1.2) 

Stubbles and Birchenall [16] measured the equilibrium 

H2S/H2 ratio in gaseous mixture under equilibrium with lead- 



lead sulphide mixture at temperatures between 585-920°C and 

arrived at the following expression for the free energy of 

formation of PbS in the above temperature range, 

4G° 	- 77280 + 41.3 T cals 	... (1.3) 
for the reaction, 

2Pb(1) + S2(g) = 2 PbS 
	

(1.4) 

As reported in this investigation, equilibrated lead samples 

were not analysed for sulphur and only gas-mixture was 

analysed. Kellog [17] critically reviewed the work by Stubbles 

and Birchenall [16] and corlmented upon the straight line cor-

relation of lo g(PH2S/PH2 ) Vs. (l/T) and further on the calcu-

lation of AG°  and its applicability even when extrapolated to 

low temperatures (427°C). The results of Blanks and Willis 

[15] and Stubbles and Birchenall [16] have been found to be 

in good agreement. 

Studies conducted on It-PbS.system in the liquid region 

by different investigators show very contradicting results 

which suggests the necessity of carrying out further work on 

the system, to obtain concurrent and reliable data. 

Ag-Ag2S portion of the silver-sulphur system has been 

studied by Rosenqvist [18] and also by Yazawa et al.119]. 

Rosenqvist [18] determined the activity of sulphur in Ag-S 

melts by measuring equilibrium H2S/H2  ratio of the gaseous 

mixture, circulating over the sample, by using buoyancy balance 

in the temperature range of 400-1300°C; established the 

phase relationships in the liquid region and showed a 

big miscibility gap between the silver - rich liquid and 



sulphur-rich liquid and further used the data obtained for 

calculating the enthalpy, entropy and free energy changes for 

the metal-metal sulphide reaction. Yazawa et al. [19] used 

S2-N2 mixtures of known partial pressures of sulphur for 

attaining kg-Ag2S-S2  equilibria at temperatures 1000 , 110) 

and 1200°C, determined the values of activities of silver and 

silver sulphide and found that a miscibility gap existed in 

the liquid region as reported by Rosenqvist [18]. Further 

standard free energy changes for the formation of Ag2S at 

1000°C and 1105°C were calculated and found to be equal to 

-10410 and - 9480 cal/mole respectively. The results obtpined 

in this study were in agreement with those reported by 

Rosenqvist [IS]. 

Cox et al„ [20] studied the Cu-S equilibria, in the liquid 

region by using different H2S/H2  gaseous mixtures in the tem-

perature range of 1150 to 1350°C and used the data obtained 

to calculate the free energy of formation of Cu2S. Schuhmann 

et al.[21] carried out extensive studies on Cu-S system by 

equilibrating molten Ou2S with H29/112  gaseous mixtures at dif 

ferent temperatures. At equilibrium,the relation between 

temperature and partial pressure of sulphur was found to be 

as follows; 

log ps2 
	14,36Q 	3.721 	... (1.5) 

for the liquid copper sulphide molts ranging in composition 

from saturation concentration of copper to about 21.5%S. 
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Solubility of sulphur in these Ou2S melts was found to be 

19.4, 19.6 and 19.8 wt% respectively at 1150 , 1250 and 

13500C temperatures. The equilibrium partial pressure 

measurements by Schuhmann et al. [21] for the system con-

taining liquid copper and liquid Ou2S at different tempera-

tures were represented by the following expression, 

505  log ps2 	15T.  + 4.56 ... (1.6) 

Nagamori et al. [22] determined the equilibrium solubility 

of sulphur in liquid Cu-S melts to be about 20.34 wtli,  by 

equilibrating N2-S2  gaseous mixtures with the melts at 11.100°C. 

Johannsen and Vollmer [23] reported 19.52 wt4S solubility for 

copper saturated compositions of molten copper sulphide at 

1200°C. Bourgon et al [24] determined the sulphur content 

of molten Ou2S saturated with copper at 1170°C and 1250
oC to 

be 20.75 wt%S and 20.66 wt%S respectively,. Bale et al. [25] 

have carried out en extensive thermodynamic study of Ou-S 

system and have established phase relationships in the liquid 

region upto 35 at.%S. Equilibrium p, values have also been 
'2 

determined in the copper-rich liquid, in the two-phase region 

and in the sulphur-rich liquid. A large miscibility gap has 

been reported. Solubility of sulphur in copper-saturated 

Cu2S melt has been reported to be about 19.4wt4 at 1200°C. 

A comparative study of the data obtained by different 

researchers reveals that the results of Bale et al. [25], 

Schuhmann et al. [21] and Johannsen et al. [23] are in good 

agreement, whereas those of Nagenori et al.[22] and 



11 

Bourgon et a1. [24] are quite close to each other but appre-

ciably different from those of the above mentioned workers. 

Hirekoso and Tanaka [26] have studied Cu-S system at three 

different temperatures viz.. 1145 , 1196 and 1247°C by equi-

librating copper with H2S-H2  gaseous mixture aid determined 

the maximum solubility of sulphur in copper rich liquid res-

pectively as 0.97, 1.06 and 1.22 wt 4 at above temperatures. 

Esin et a1..[14] carried out investigations to determine the 

activity coefficient of sulphur in molten Cu-S system at two 

different temperatures viz 1200qband 1300°C in the melts 

with compositions ranging from 0.0022 to 0.318 atom fraction 

of sulphur. Values of the activity coefficients of sulphur 

were determined as 2.0 and 1.3 respectively at these tempera-

tures. 

Bale et al. [25] have studied Fe-3 system at 1200°C with 

liquid sulphide and Y-iron in equilibrium with H2S-H2 gaseous 

mixture. Lctivity of Y-Fe, dissolved in the sulphide melt, 

was determined and value of the free energy of formation of 

Fe-S calculated. Cox et al.[20 ] studied Fe-S system in the 

temperature range of 770 -1275°C and derived a relationship 

between partial pressure of sulphur and temperature for the 

formation of FeS as follows, 

21810 log p
g2  = 
	y- + 7.51 p52 

 
(1.7) 

Lin et al.[27]determined the activity of sulphur in pyrrhotite 

by equilibrating tt. with H23-H2  gaseous mixture at 1073°K. 
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The results obtained are in good agreement with those of 

Rosenqvist [28] in the temperature range of 400 - 1200°C. 

As Cu-Fe-S system constitutes the matte obtained in 

copper smelting process, investigations have been carried 

out by many researchers on this system. Krivsky et al.[29] 

measured the ratio of H2S/H2  in mixtures of these gases in 

equilibrium with Ou-Fe-S systems of varying compositions at 

temperatures 1150 , 1250 and 1350°C. From the experimental 

measurements of activity of sulphur , various other thermo-

dynamic properties of iaatte were calculated. Activities of 

the different constituents of the matte viz.. Cu2S and YeS 

and also of copper and iron were calculated as a function of 

its composition by using different alternative forms of 

Gibbs-Duhem equation. Bale et al. [25) studied Cu-Fe-S system 

at 1200°C at mole fraction ratios, expressed by the 

NFe  parameter', (v 	), ranging from 0.232 to 0.856. The 
Fe 'Cu 

interpolated values of solubility of sulphur at different 

values of P
S2 

compare well with the results of Krivsky et al. 

[29] who found that the Ou2S-FeS pseudo-binary system exhibited 

small negative deviation from ideality. 

Yoshiyuki and Tozawa [30] have studied the Cu-Fe--S 
0 

system at 1200 and 1250 C for determination of activity of 

iron as g function of composition and concluded that the sul-

phur content in the melt decreases with an increase in its 

iron content at the same sulphur potential of the gaseous 

phase in equilibrium with the melt. These workers [31] further 



13 

examined the effect of other elements such as nickel, silver, 

and tin also on the activity coefficients of sulphur dissolved 

in copper in equilibrium with the molten Cu2S, and reported 

that it increases with an increase in the concentration of 

above elements in the system. Hagiwara [32] carried out in-

vestigations on the reactions between copper and sulphur in 

lead to study the thermodynamics of refining of pig lead. 

Removal of copper from lead-copper alloys is one of the impor-

tant reactions in lead refining from the metallurgical viewpokt 

[33] . Studies were made to measure the equilibrium constant 

for the displacement reaction, 

Cu2S(s)+Pb(1) =2 Cu(in 1-Pb)+Pbr> (s) 	... (1.8) 

in the temperature range of 420 to 800°C, under two different 

conditions, (i) when the two phases of Cu2S and PbS existed 

in the melt, for which, 

logs = _ 2  10.4  + 2.28 	 (1.9) 

and,(ii) when the melt was saturated with Cu2S and PbS remained 

in the melt, for Which the equilibrium constant was derived as t. 

log 	- 4412.8  +3.378 	 ... (1.10) 

Wagner and Wagner [34] determined the free energy change for 

the following displacement reactionl  

2CU(s) + PbS(s) W Cu2S(s) + Pb(s,l) 	... (1.11) 

in the temperature range 250 - 350°C by emf measurements of 
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the following cell, 

0u/(CuBr /Cu1.98S)/(Ou1.98S, PbS)/(PbC12+1% K01)/Pb 

and calculated the value of standard free energy of formation 

of Cu2S at 300°C to be equal to - 22607 cal. 

Investigations carried out by different researchers to 

understand the l thermodynanics of smelting of copper and lead 

from their sulphide values are not very systematic and suf-

ficiently detailed, except that by Bale et al. [25] and 

Schuhmann et al. [21]. The data reported so far on the be-

haviour of systems involved in copper and lead smelting at the 

smelting temperatares are quite meagre. Detailed investiga-

tions are necessary to obtain more reliable data on such 

systems. 

In recovery of values in a state of high purity, from 

sulphide ores or concentrates using nette-smelting, converting 

and/or fire-refining, the sulphur content continuously de-

creases during processing till the refining stage, when it is 

present in very small concentrations forming very dilute 

solutions. A knowledge of the properties of dilute solutions 

of sulphur is therefore essential for a proper analysis and 

control of such processes. Also behaviour of sulphur in iron 

and its alloys in dilute solution range is of great importance 

for making quality steels, with very low sulphur content. 

Therefore, for producing ferrous as well as non-ferrous metals 

and alloys with extra-low sulphur content in the finished 
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product, large number of investigations have been carried 

out on the thermodynamic properties, of sulphur in molten 

metals and alloys in the dilute solution range. 

White and Skelly [35] determined the solubility of 

sulphur in iron in the temperature range 1555 - 1600°C, 

using H2S-H2  gaseous mixture of known composition in equili-

brium with molten iron. Activity of sulphur was determined 

and the equilibrium constant for the dissolution reaction 

was represented as a function of temperature by the following 

relationship, 

62 log X= - 45  T  - 0.20 (1.12) 

Ban-ya and Chipman [36] studied the following equilibrium 

reaction, 

S (in Fe) + H2  = H2S 	... (1.13) 

at three different temperatures viz. 1500 , 1550 and 1600°C 

and for sulphur concentrations upto 7.2 wtio and found from 

the thermodynamic treatment of data, employing composition 
n3  variable zs  = 7 kn S 	

and activity coefficient, defined 
Fe  

as Vs  Vzs  , the following relationship to hold good for 

o 	el tion of composition with the activity coefficient, 

log Vs  = - 2.3 Zs  (1.14) 

The standard free energy change for the above 	reaction 

was also expressed as a function of the temperature by the 
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following relationship , 

1.1 	= - 32,280 + 13.65 T 	 (1.15) 

Sherman et ai.[37] also investigated the thermodynamic pro-

perties of'sulphur dissolved in molten iron by equilibrium 

method using H2S-H2  gaseous mixture in the temperature range 

of 1530 -1730°C and sulphur concentration3upto 4.8 wtio. The 

free energy change for the reaction, 

112(s) 	s ..-4.H25( ) 	 ... (1.16) 

was studied as a,  function of temperature and was found to 

follow the following relationship, 

AG°  = 9840 + 6.54 T 	 (1.17) 

Values of activity coefficient of sulphur were also deter-

mined and using the data of Morris et al. [38], the effect 

of silicon on activity coefficient of sulphur were computed 

to conclude that the experimental results were in good agree-

ment with the computed values. Chipman [39] critically re-

viewed the then existing data on activity of sulphur in iron 

alloys mainly due to Morris and Williams [38], Morris and 

Buehl [40] and Sherman and Chipman [41] and concluded that 

aluminium, 	silicon, carbon and phosphorus increase the 

activity coefficient of sulphur in iron alloys whereas mangy- 

ganeee, copper and sulphur (by self-interaction) decrease it. 

Cordier's [42] work, who also studied the activity of sulphur 

in iron-nickel alloys over the entire composition range and 

concluded that the interaction parameter es'' = 0 has also 
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been quoted by Chipman [39]. Similarly effects of other 

alloying elements, j, on activity of sulphur hr.-7e also been 

reported in terms of the interaction parameters, es , as 

presented in Table 1.1 below : 

TABLE-1.1 o Interaction parameters of different 
elements on sulphur in iron. 

element 	j ej S 

Carbon + 0.11 

silicon + 0.065 

Phosphomas + 0.042 

Manganese - 0.025 

Aluminium + 0.055 

Copper - 0.012 

Nickel 0.000. 

Ohtani et al.[43] have determined the self-interaction 

parameter of sulphur in iron as well as the effect of other 

elements such as carbon, nitrogen, oxygen, aluminium, silicon 

etc., on the activity coefficient of sulphur in molten iron. 

Rosenqvist et al.[44] found that small amounts of copper 

' lowered the activity of sulphur in steel. Griffing and 

Healy [45] studied the effect of chromium on activity of 

sulphur in Cr-Fe-S melts and concluded that chromium has a 

pronounced negative effect on the activity coefficient ,fscr  , of 

sulphur which upto about 20i0 Cr may be represented by the 

following expression 
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log fs
Cr  = - 0.019 [o Cr] 
	 (1.18 ) 

It was also found that the influence of chromium on the 

activity of sulphur was unaltered even in presence of appre-

ciable amounts of carbon and silicon. Fishel et al. [46], in 

their investigations have shown that titanium has a positive 

effect on desulphurisation of steel since it reacts with 

sulphur in preference to carbon and separates it out as a 

second phase. Alcock and Cheng [47] studied the thermodynamic 

behaviour of sulphur in dilute solution range in iron, cobalt, 

nickel and their binary alloys by equilibrating small beads of 

metals with gaseous H2S-H2  mixtures of controlled ratios. 

Partial molar free energy of dissolution of sulphur in indi-

vidual.metal has also been determined and it has been shown 

that whereas the behaviour of sulphur departs appreciably 

from Henry's Riff in dilute solution range in liquid iron, the 

solutions in liquid nickel and cobalt conform to this law upto 

a sulphur content of 6 at.% and 1et./0 respectively. Venal 

and Geiger [48] determined the thermodynamic prioperties of di-

lute solutions of sulphur in pure nickel and its alloys with 

iron, chromium, molybderm, silicon and aluminium at tempera-

tures 1500 , 1550 and 1575°C and for sulphur concentrations 

upto 0.7 wt %. With the assumption of 1 wt ik standard state 

for sulphur, the equilibrium constant for the reaction, 

H2(g) + S (in liquid Ni) = H2S(g) 
	

(I.19) 

was expressed as a function of tempernhire by the following 

relationship, 
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6  log K 	14T9  1.772 (I.20 ) 

Activity coefficient of sulphur at 1575°C in the dilute 

solution range in nickel was similarly represented as a 

function of the sulphur content of the metallic phase by the 

following relationship, 

log fs  = - 0.035 [;6Z] 	... (1.21) 

Effect of alloying elements on the activity coefficient of 

sulphur in liquid nickel were also determined by calculating 

the corresponding interaction parameters, values of which are 

presented below in Table-I.2 

TABLE-I.2 o Interaction Pn.rameters of different 
elements on sulphur in nickel. 

element ( j) 
••■•■•■••••■•••■■•••■••••■•■••■110/1111.0■1i 

Interaction parameter (q) 

Iron + 0.005 

Chromium + 0.03 

Molybdenum + 0.053 

Silicon + 0.16 

Aluminium + 0.133 

It is to be noted that results of Alcock and Cheng [47] 

showed Henrian behaviour of sulphur upto 6 at S whereas the 

results obtained by Venal et al. [48] showed deviation from 

Henri an behaviour. 
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These studies contributed positively to a better under-

standing of the behaviour of sulphur in iron and steel making 

processes. 

Hirakoso et al.[49] studied the behaviour of sulphur in 

dilute solution range in molten copper at three temperatures 

viz., 1145, 1196-  and 1247°0 by equilibrating molten copper 

with H2S-H2  gaseous mixture and determined the free energy'of 

dissolution of sulphur in copper. Bale et al.[25] also deter-

mined the solubility of sulphur in dilute solution range in 

molten copper at three temperatures yip., 1100 , 1150 and 

1200°C and showed that sulphur does not obey Henry's law in 

the solution and instead shows a negative deviation. 

ilcock and Richardson [50] determined the activity coef-

ficient of sulphur in molten pure copper and binary alloys of 

copper with gold, silicon, platinum, cobalt, iron and nickel 

at temperatures between 1100' and 1500°0 and showed that 

platinum and gold increase the activity coefficient of sulphur 

vher‘reas n ckel and iron decrease it. 

Rosenqvist [18] determined the solubility of sulphur in 

molten silver and using the solubility data in the dilute 

solution range calculated the free energy of dissolution of 

sulphur. from the following expression, 

AG°  = — 16400 + 1.0T 	 (1.22) 

Grant and Russell [51] studied the thermodynamic pro-

perties of sulphur in dilute solution range in lead by using 
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a closed-gas circulation system and H2-H2S gaseous mixture 

in the temperature range 600 - 900°C. For the equilibria 

S (atk in Pb) + H2  = H2S 	... (1.23) 

equilibrium constant, E, was found to vary with temperature, 

T, according to the following relationship, 

log T: = - 9-12  - 1.707 	... (1.24) 
Further, maximum solubility of sulphur in lead at 60000 was 

calculated to be 0.46 et% and variation of the activity coef-

fioient of sulphur, ys  , referred to a pure hypothetical liquid 

sulphur as standard state, with temperature, T, was found to 

obey the following relationship, 

2321 log y()  = - 0.1228 - T ... (1.25 ) 
They also determined the effect of copper on sulphur dis-

solved in liquid lead and arrived at the following relation-

ship for the temperature dependence of the Cu-S interaction 

coefficient in lead in the dilute solution range, 

log(-4u) = 19-r4242  - 0.558 	... (La; ) 

Maximum solubility of sulphur in lead, calculated from the 

expressions derived was found to be 0.47 at,%. Gerlach and 

Grigel [52] also determined solubility of sulphur in molten 

lead by equilibrating with H2S/H2  mixture at saturation and 

sub-saturation levels. The equilibrium constant for the 

reaction 

+ H2( g) = H2S (g) 	... (1.27) 
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was expressed as a function of temperature by the following 

expression, 

log K=- 4T1 - 1.53 	... (1.28) 

in the temperature range of 700 to 950°C. Alcock and 

Cheng [53] carried out studies on thermodynamic behaviour of 

sulphur in lead and tin in the temperature range 500 to 

680°C by using radiochemical methods for analysis of the 

equilibrated H2S-H2  gaseous mixture and sulphur dismayed in 

the metal beads, to derive expression for equilibrium cons-

tant K and LG.°  as functions of temperature for the reaction 

S (in Pb or Sn) + H2  (g)--- H2S(g). 	1W9) 

as 

log Ksn  - 2i2  - 1.461 	... (1.30 

GSn. 	
...- 3362 + 6.68T Cal/mole .... (1.31) 

log Kpb  - 1.578 (1.32),.' . 

p' G° 	= 1564 + 7.22 T Cal/mole 	(1.33) AGPb 

They further reported that the maximum solubility of sulphur 

in lead was about 0.42 atk at 600°C and also found that sul-

phur in lead and tin in dilute solution range obeyed Henry's 

law. Hagiwera [54] studied the equilibrium between H2S-H2  

gaseous mixture and molton lead in the temperature range 

between 800'' to 950CC and expressed the standard free energy 

change, AG°, for dissolution of sulphur in lead as a function 

of temperature given by the following expression, 
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A G.°  = 10,285 - 1.565 T 	(1.34) 

HagiwPra [55] using the similar technique determined the 

solubility of sulphur in tin in the temperature range of 

8004.5(fc and expressed free energy of dissolution of sulphur 

in molten tin by the following expression 

aG° = 11,058 - 2.544 T 	 (1.35) 

Equilibria measurements were also ll'iade for Pb-Sn alloys with 

mixtures of H2S-H2  at 80000 and it was inferred that the 

activity of sulphur in molten lead WS increased by presence 

of tin but this effect was very small. Hagiwara [56] studied 

the effect of different alloying elements viz. silver, 

copper, bismuth and tin on the activity coefficient of sulphur 

in liquid lead by equilibrium method using H2S-H2  gaseous 

mixture in the temperature range 800--900o0 and concluded 

that the value of the activity coefficient of sulphur in 

liquid lead was increased by the presence of silverrPntimony 

and bismuth but decreased by that of copper. Hagi7Tara r57] 

further investigated the behaviour of sulphur in multi-

component metallic alloys of lead, silver, copper, bismuth 

and antimony by equilibrating the melts with H-H2  gaseous 

mixture and found the following expressions to hold good for 

determining the activity coefficient of sulphur in liquid 

lead alloys, 

log fs  = log fs + fog 	+ 	. 	... (1.36) 

where, the symbols fs, f, f3s7  etc. represent respectively 
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the activity coefficients of sulphur in liquid Pb-S-x-y-..., 

Pb-S-x, Pb-S-y,... etc. alloy melts. 

Twidnell_ and Larson [58] studied the effect of different 

elements such as gold, silver, antimony, bismuth, tin and 

copper on the activity coefficient of sulphur in liquid lead 

pt 60000 by circulating H2S-H2  gaseous mixture over different 

melts and computed the interaction parameters, presented in... 

Table-I.3, to quntify the effect of different elements-

present. 

TABLE+I.3 : Interaction Parameters of elements on sulphur 
in lead. 

Element (j) 
	

Interaction . 

parameter es 

Gold 

Silver 

Antimony 

Bismuth 

Tin 

Copper 

▪ 5.4 
• 3.3 

0.0 

0.0 

0.0 

-55.0 

10~11•1•■■■■••■ 

Maximum solubility of sulphur in lead at 600°0 was precise1y 

measured to be 0.46 ..t1:4 1. 

Solubility of sulphur was also measured in multicompo-

nent alloys. Interaction parameters determined in the in-

vestigation were used to predict the activity coefficient of 

sulphur in multicomponent alloys by using Wagner's interpola-

tion formula. [59] and the calculated values were compared 
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with the empirical values. 

The results obtained by Grant and Russell [51] compare 

well with those of Alcock and Cheng [53],Twidwell and Larson 

[581 and Gerlach and Clrige1 [52 ] but differ considerably 

with those obtained by Hagiwara [54]., Blank and Willis [15],  

Miller and Komarek [10] and Stubbles and Birchenall[16]. 

The results of these two groups of Workers differ consi-

derably. Mohapetra and Frohberg [60] determined solubility., 

of sulphur in liquid silver-lead and silver-tin alloys at 

temperatures 827 and 950°C using the gas-metal equilibria 

technique incorporating quartz twin capsules and calculated 

the activity coefficient of sulphur in these alloys. 

1.3 Methods of Thermodynamic Study 

Systematic thermodynamic studies on metallic systems 

st temperatures abovel000°C started largely from the early 

1930's but were seldom carried out above 1650°C till about 

1945. The different techniques [61,62] used for determining 

the physico-chemical properties of metallic systems at high 

temperatures ii,ay be classified as follows: 

i) calorimetry 

ii) emf measurements 

iii) vapour pressure measurements, and, 

iv) chemical equilibria. 

These techniques will be very briefly reviewed below. 



26 

I.3.1 Calorimetry 

Calorimetry may be defined as the measurement of 

energy in the form of heat% Calorimetric techniques measure 

changes in enthalpy or heat content of a substance or a 

system associated with, (a) changds in its temperature (b) 

changes in its state, such as on melting, boiling or phase 

transformation or (c) changes in chemical combinations, such 

as interaction of one constituent with the other in chemically 

reacting systems, alloying or dissolution in non-reactive 

systems. 

Different types of calorimeters have been used and a 

wide ranging application of these calorimeters has been 

established. The different calorimetric techniques, adopted 

in practice, may be grouped keeping in view the factors 

common to them and classified as follows: 

i) Reaction calorimetry 

ii) Bomb calorimetry, and , 

iii) Specific heat calorimetry 

In reaction calorimetry, variety of modifications 

have been developed depending upon the type of substance 

under study and therefore the technique can be subclassified 

further as follows: 

a) Reaction calorimetry with low temperature environment. 

b) annealing calorimetry, and, 
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c) solution calorimetry, further sub-classified as, 

i) Aqueous solution calorimetry , and , 

ii) Liquid-metal. solution calorimetry 

In reaction calorimetry, two methods viz. the direct and 

indirect methods are generally used to determine the thermo-

dynamic properties. The direct method offers an advantage 

over the indirect method in that the quantity measured 

depends directly on the accureby of the method of measure-

ment. However; this method suffers from the uncertainty in 

the final state of the system and in some eases from the 

difficulties in the measurement of first arid last part of tie 

reaction. This is particularly true in cases where the 

kinetics of reaction are being investigated. The tempera-

tures, to which.the measured reaction energy refers, are not 

always clearly defined with direct measurement methods, and 

it is not possible to measure heats of reactions at low 

• temperatures directly. 

Indirect methods clearly define the initial end final 

states of the sample, but the energy change of interest may 

be a small difference between two large quantities with the 

consequent need for high precisidin in the measurement tech-

niques adopted. The tenperature to which a-measured reaction 

energy refers is well-defined and it is possible to measure 

indirectly the heats of reaction at or below room tempera-

tures. Kinetic studies are, however, tedius in this case. 

In bomb calorimeters, combustion is carried out with a 



28 

gas as one of the reactants. Basically the calorimeter 

compares the amount of heat liberated from the combustion 

of a sample with a known amount of electrical energy. 

This may involve use of an intermediate substance e.g., a 

material which has been calibrated. Values of the heats of 

combustion, when converted to heats of formation and then 

combined with entropies obtained from heat capacity data, 

provide free energy data which are otherwise most difficult 

to obtain in any otherway. In fact, values of entropy can 

frequently be estimated in this manner with considerable 

accuracy if experimental determinations are not possible 

otherwise. This is specially true of reactions in the 

condensed state where entropy changes are small. Different 

kinds of bomb calorimeters used for the determination of 

thermodynamic data may be classified as follows: 

i) Static bomb in isothermal jacket 

ii) Static bomb in adiabatic jacket , and 

iii) Rotating bomb. 

one of the most important considerations in calorimetry 

involving combustion reactions is the identification of the 

specific reaction or reactions responsible for the measured 

heat. 

Sources of error in colorimetry are many e.g., due 

to improper temperature measurements or computation of energy 

equivalents, ignition energy, presence of impurities and 

side reactions initiated by them, incomplete reactions etc. 
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These, if not taken care of with precision, may yield un-

reliable and non-reproducible results. 

1.3.2  LutzlELEiuz;2121mEmaaL2 
Vapour pressure measurements of pure metals and alloys 

provide direct information on the thermodynamic properties of 

the systems under study as the data on vapour pressure es a 

function Of temperature are used to compute the standard free 

energy and entropy of vaporisation. Further, rate of vapori-

sation, activities of cornonents in en alloy, bonding of oxide 

or sulphide molecules etc. may also be determined by vapour 

pressure techniques. Method 	employed in any particular 

case is dependent on the vapour pressures encountered and on 

the need for absolute or relative measurements of pressure. 

For metals with relatively high vapour pressures, the entrain-

ment method has been extensively used to provide absolute 

values of pressure for the liquids. An inert gas, generally 

hydrogen, is swept over the specimen at a steady measured tate 

at constant temperature. Under equilibrium conditions of 

flow, the carrier gas must be saturated with the metallic 

vapour and this vapour content is analysed by condensation or 

absorption in the cooler portion of the experimental set-up. 

Several determinations are carried out at different steady 

rates of flow of the carrier gas and the criterion for satura-

tion is in the constancy of the concentration of metallic 

vapour with varying flow rates. The entrainment method has 

been used in the pressure range from about 0.2 to 200 mm Hg. 
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With proper precautions taken against thermal diffusion, the 

method is quite reliable and is often the only absolute method 

which can be used, especially for the more volatile metals. 

Vapour equilibrttion techniques,' or the isopiestic 

techniques have been used extensively for determination of the 

comparative vapour pressures. In this method, samples are 

partially equilibrated through the vapour state so that they 

display a common vapour pressure of a particular component. 

knal7sis of these samples then provides the necessary informa-

tion to describe the system. 

Knudsen effusion technique can be used only in cases 

where the vapour pressures are quite low. The rate at which 

a gas or vapour escapes through a small orifice into vacuum 

is measured and is used to compute the vapour pressure of the 

substance under study. 

The different conditions to be satisfied in the use of 

Knudsen method may be briefly mentioned as follows: (i) the 

mean free path of the vapour inside the cell must be several 

times longer than the orifice diemeter,(ii) the effective 

sample area must be very large Compared will the orifice area, 

and, (iii) orifice temperature must be the same as that of the 

other portions of the cell. Provided these simple conditions 

are satisfied, the method is very reliable. 

For measurement of very low vapour pressures, the free—

evaporation method ofIiIngvnix offers interesting possibilities 
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in that it allows measurement of pressures as low as 10-7mm 

Hg. In this method, the rate of evaporation of a heated 

specimen in vacuum is measured. All evaporating vapours must 

be condensed, and in addition to a good initial vacuum, the 

method of heating must be such as to ensure that the tempera-

ture of the specimen is considerably higher than that of the 

surrounding walls. Considerable care in surface preparation 

must be taken in order to obtain dependable results. 

These effusion methods can only be employed when the 

vapour species effusing is simple or chemically well-defined. 

This is because the molecular weight of the vapour species must 

be known in order to calculate the vapour pressure from the 

effusing mass. However, where the vapour has a complex compo-

sition, application of these simple methods can be extremely 

difficult. The mass spectrometer offers a valuable method 

for the identification of vapour species in a complex vapour. 

It is also useful in the determination of vapour pressure and 

heat of vaporisation of refractory elements and compounds 

whose low vapour pressures make it necessary to work at high 

temperatures. Further, the reversibility of mass spectrometer 

makes it possible to detect the presence of minor species. 

Finally the mass spectrometer permits the study of vapour 

pressures of a particular species without fear of interference 

by impurities. 
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1.3.3 e.m.f. Measurements 

Measurement of the em. f. of a cell is one of the most 

useful methods of determination of thermodynamic dsta. How-

ever, the main difficulty in designing en electrochemical 

experiment for high temperature studies is in securing a suit-

able materiel of construction for the cells, which does not 

react with the melt and in most cases which should be an 

electric insulator. Below 10000C, a variety of stable refrac-

tory materials are available, and measurements can be made 

with sufficient accuracy but above this temperature, only a 

few materials are inert and accuracy may be considerably ;e-
duced. For accurate measurements of the e.m.f. of the cell 

due to the reaction under study a number of precautions, 

enumerated below must be observed: 

i) The cell reaction must be thermodynamically reversible. 
ii) Thermoelectric and/or eddy-current potentials must either 

be avoided or compensated. 
iii) The cell must be allowed to attain equilibrium. 

iv) Unless a redox system is being studied, ions in the 

electrolyte must not be present in different valence' 

state. 

v) The electrolyte must exhibit ionic conduction only and 

no electronic conductance. 

vi) Secondary reactions must not be alloyed to take place 

in the cell at the electrodes end it must be established 

that the e.m.f. generated and measured 119 oh23 dit tb the 
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cell reaction under study and no other reaction. 

A number of thermodynamic studies on metallic and 

oxidised (silicate) systems using both liquid and solid 

electrolytes have been conducted by several -investigators. 

1.3.4 Chemical E uilibria Technime  

Gas-condensed phase equilibria techniques have been 

extensively used to determine the chemical potential of the 

species under study in a number of systems such as solid-gas 

molten metal-gas, molten slags or salts-gas systems etc. In 

studies involving reactions between a gaseous and a condensed 

phase at elevated temperatures, the chemical potential of the 

reacting Species is readily controlled by an appropriate choice 

of the gaseous mixtures used and bringing them into equilibrium 

with the condensed phase. Alternatively, gases may be made 

to attain equilibrium with substantial quantities of conden-

sed phases of the desired composition and chemical potential 

may then be measured by analysing the gases. The type of 

gaseous mixtures used for controlling the chemical potentials 

of certain species are not unlimited. VPXIOUS possible gaseous 

mixtures 	used and potentials established [62 ] are given 

in Table-I.4. 

■ 
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TABLE-I.4 : Gaseous mixtures used for establishing dif-
ferent chemical potentials. 

Gas mixture 

	 .1•••••••••■••■••■••■■■■■■■••• 

Chemical potential 
established 

CO-0O2  0
2
(0) 

H2-H20 °2 

CO2-H2 02(0) 

CO2  02(0) 

H2S-H2  52 

H2-S2  S2 

N2-S2  32 

SO2-02 S2(02)  

'32-02 S2'02 

SQ2-00-002  62'02 2 

SO  H -CO 2'  2  2 S2'02 

CO-CO2 C(02) 

CH4-H2 C 

HC1-H2 Cl2 

NH3-H2 N2 

H2-H2O-SiO Si 

The choice of gaseous mixture to be used in any specific case 

depends on a large number of factors. Besides the specific 

chemical potential required, it elao depends on the ease of 

developing the gaseous mixture and simple apparatus design 

as well as the capability of transporting the reacting species 



at a reasonable rate so as to attain equilibrium in a reason-. 

able period of time. Different techniques have been used for 

establishing the gaseous mixtures of definite chemical poten-

tials of the desired species. Constant pressure head flow-

meters have been used for multicomponent gaseous mixtures 

which are formed by mixing the gases obtained from cylinders. 

This method was first developed by Johnston and Walker [63] 

and was later modified by Darken and Gurry (64]. 

Mixing of gases is not always the convenient way of 

establishing the chemical potentials of the reacting species. 

The chemical potentials of certain gaseous species can best 

be controlled more readily by reacting a suitable gaseous 

mixture with a particular condensed phase (or phases). The 

gaseous-mixture of definite composition, thus obtained is 

then allowed to react with the system under study. There are 

many ways of establishing the chemical potential in the re-

acting systems. The different techniques used may be clas-

sified into three categories. 

i) Open circuit experiments 

ii) Closed circuit experiments , and, 

iii) Static atmosphere experiments 

In open circuit experiments, a gas is passed over a 

particular condensed phase to saturate it with the desired 

vapour species, and then allowed to react with another con-

densed phase contained in the same reaction vessel. lin 

example of this includes gas-mixtures used for definite 
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phosphorus end oxygen potentials or those for the definite 

silicon potential etc. 

In closed circuit experiments, the reacting species are 

transferred from one condensed phase at any temperature Ti 

to other condensed phase at a different temperature T2  via 

a suitable circulating gas. 

Experiments in a static gas atmosphere can be carried 

out only in special cases, e.g., a single component gas or 

encapsulated gaseous mixtures under isothermal conditions. 

A sealed capsule technique is often employed in the study 

of reactiohs between condensed phases, since matter is 

transferred from one condensed phase to another via the 

gaseous phase. 

In these equilibrium techniques, one of the most impor-

tant problems faced is the 'thermal diffusion'. This occurs 

because a gaseous mixture is held in an apparatus, one part 

of which is kept at higher temperature and the other at 

lower temperature and hence the components of low molecular 

weights in the gaseous phase tend to seggregate in the high 

temperature parts and the heavier ones in the low temperature 

parts. The degree of seggregation increases with increasing 

differences between the temperatures of the cold and hot 

zones of the apparatus and also by a larger difference between 

the molecular weights and the sizes of the constituent 

species in the gaseous mixture. In such experimental set-ups, 

therefore, flow of the gaseous mixtures should be sufficiently 
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high enough to keep this thermal seggregation to the minimum. 

For establishing the sulphur potential in the gaseous 

phase, both the above mentioned techniques have been used 

by different investigators. The required sulphur potential, 

over a wide range, may be obtained by mixing hydrogen and 

hydrogen sulphide gases. This technique was used by 

Rosenqvist and Dunicz [65]. However, it is not every much 

suited for establishing very low potentials of sulphur. 

Yazawa et al.,[19] have used N2-32, mixture for developing the 

required sulphur potential for thermodynamic studies of 

solution of sulphur in condensed phase. By closed-circuit 

circulation of mixtures of H2S-H2  gases, number of investi-

gators have carried out equilibria. studies (18,47,58]. 

Mohapatra et al.,[60] have used encapsulated metal and metal-

metal sulphide mixtures in their investigations. Of these, 

the H
2S-H2 gaseous mixture equilibria technique has been 

most widely used. These methods differ only in one respect, 

i.e. the technique of analysis of the gaseous mixture wherein 

Buoyancy balance [28], thermogravimetric balance [25], 

radiochemical techniques [53], etc. have been used to estab-

lish and measure the equilibrium conditions in the systems 

studied by different research workers. 

1.4 Theoretical Studies-Thermodynamic Models 

Extensive empirical data obtained on the thermodynamic 

properties of metallic solutions by different investigators 
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have been summarized, analysed and compiled by Hultgren 

et al.[66]. Wilson [67] also compiled experimental data on 

several physical and physico-chemical properties of pure 

liquid metals and indicated qualitative and empirical rela-

tionships amongst them. 

In the past few years, considerable theoretical work 

has been done by a large number of workers-to name a few 

Kubaschewski, Ansara, Bonnier, Priathieu, Hildebrandt, Fowler, 

Bethe, Guggenheim, Wagner, Lupis, Elloit, Frohberg, Kapoor etc. 

Several thermodynamic models developed by these workers have 

been ,critically reviewed by Kapoor (68]. 

Theoretical analysis of metallic solutions has been done 

using both classical as well as statistical thermodynamic 

approaches. In the latter approach, the different models 

proposed are based on the 'quasi-crystalline lattice concepts'. 

The solute atom can occupy either a lattice site substituting 

for the solvent atom (substitutional solutions), or an inter-

stitical position between the solvent atoms (interstitial 

solutions). The formation of solution results in breakage 

of some bonds between the like atoms (of solvent) and making 

of some new bonds between unlike atoms (solvent and solute). 

It is this phenomenon which is considered, in different models 

proposed, to be responsible for the thermodynamic behaviour 

of the system on mixing. The changes on mixing are explained 

to different degrees of accuracy in terms of regular solution 

model, quasi-chemical theory and central-(or surrounded-) 
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atom model, developed primarily for binary solutions and then 

extended to ternary and other multicomponent systems. 

The basic assutptions, on which the different models 

have been developed, alongwith their limitations are briefly 

reviewed below: 

The word 'regular solution' was coined by Hildebrandt 

[69] for binary substitutional solutions having their excess 

entropy of mixing as zero and the enthalpy of mixing 

M = W.NA.NB  ,  whe'e W is a systeM dependent constant but 

independent of temperature and composition of the solution 

and Na end NB are respectively the mole fractions of compo-

nents £ and B of the binary solution (A-B). In the statis-

tical thermodynamic analysis, these solutions are assumed to 

have ,(i) random distribution of atoms in the lattice, (ii) 

total energy of any state equal to the sum of the bond energies 

and each bond (like or unlike type) having the same fixed 

energy, and,(iii) the volume or internal partition function 

of the system does not change on mixing. This model only 

qualitatively explained the properties of solutions because 

of the above assumptions. To overcome its limitations, 

Hardy [70] proposed an empirical 'semi-regular solution' 

model and explained the assymetrical behaviour of some metallic 

solutions. 

Quasi-chemical theory was next developed jointly by 

Fowler [71,72], Bethe [73], Rushbrooke [74] and Guggenheim[75], 

primarily to explain the thermodynamic properties of simple 
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and polymer organic solutions. This takes into account the 

preferential distribution of atoms, arising from the different 

intetection energies of like and unlike atoms. The mearest 

neighbours of an atom are assumed not to be present in the 

first coordination shell of each other. The other assump-

tions of regular solution model have been taken to be valid 

for this model also. The model explained the properties of 

solutions in a menner slightly better than the first model 

but still could not explain assymetric behaviour of the 

solutions. 

Central-(surrounded-) atom model, simultaneously deve-

loped by Zupis and Elliot [76] (as the central-atom model) 

and by Mathieu et al. [77,78)(its the surrounded 'atom model) 

differs from the previous approaches in that it treats the 

atom as the basic unit rather than the bonds. Hence energy 

and partition function are both functions of the central 

atoms and their nearest neighbours and therefore, both, 

energy and internal partition function, are assumed to change 

on mixing. Energy and internal partition function may either 

be assumed as linear or parabolic functions of the atoms 

present in the solution. Thus, the different expressions 

developed in this treatment explained the assymetric behaviour 

of the binary and the ternary systems. Wagner [79], Blender 

[80] and Kapoor [81], have extended this approach to explain 

the thermodynamic properties of dilute solutions. 

Recently kapoor [82] developed a new model based on 
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the free volume theory using lattice concept with .additional 

assumptions that the energy and free volumes of any atom 

are functions of both number and types of the nearest neigh-

bours i.e.jirth'sfirst coordination shell and has derived 

semi-empirical relationships for the energies and free volumes 

of atons present in the binary solution and, from these, for 

. the thermodynamic properties of the solutions. The expres-

sions derived in this treatment have been applied to a very 

large number of binary substitutional solutions to test their 

applicability. 

The brief discussion above, thus shows that a unified 

approach for theoretical treatment of the thermodynamic 

behaviour of multicoinponent dilute solutions is yet to be 

developed. 

1.5 Formulation of the Problem 

In sections (1.2) - (1.4), it has been amply demon-

strated that although several studies have been made on 

solutions of sulphur in metallic systems, in general, the 

data obtained by different workers differ substantially. 

Further, explanations of the empirical data, on the basis of 

theoretical models have also been inedequate. 

In the present investigation, therefore, properties of 

sulphur in dilute solution range in copper, silver end lead 

PS solvents and in their binary and ternary alloys will be 

studied experimentally. Mixtures of hydrogen sulphide and 
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hydrogen gases of different known sulphur potentials will 

be equilibrated with the above metals and their binary and 

ternary alloys of varying compositions at different tempera-

tu'es to arrive at the values of thermodynamic properties of 

sulphur in such Solutions. 

Further, theoretical models based on free volume 

theory and statistical thermodynamic concepts will be deve-

loped and the available data from the present investigation 

and, if possible, of other workers will be used to test the 

validity of the different expressions developed for the thermo-

dynamic properties of sulphur. For development of theoretical 

models, the quasi-crystalline lattice concept of the solution 

and both linear and quadratic forms of energy and free volumes 

of atoms in relation to their positions and also both random 

and preferential distributions of solute and solvent atoms 

will be assumed. Attempts will also be made to generalise, 

the different expressions go developed, for multi-component 

solvent systems and also to predict the properties of solute 

in solvents of known compositions. 



CHLPTER-II 

MERILIS SIND EETHODS MED 

Of the various techniques used for the study of 

behaviour of sulphur in metallic phases as briefly described 

in the previous chapter, the gas-condensed phase equilibria 

using closed circuit technique has been employed for the 

present investigation, to study the thermodynamic properties 

of sulphur in pure lead, silver and copper solvents and also 

in their binary and ternary alloys. The different materials 

and methods used are briefly presented in this chapter. 

II.1 Experimental Set-up 

The apparatus used in the present investigation is 

schematically shown in Fig. II.1 and consists essentially of 

two resistance tubular furnaces, mercury manometer, flowmeter, 

an all-glass gas-circulating pump and moisture traps. The 

gas purifying train which constitutes. a. part of the experi-

mental set-up is not shown in this diagram. Recrystalliged 

alumina tubes of 25 meinternal diameter were used as the 

reaction tubes in the two furnaces and both ends of these 

refractory tubes were cemented to standard B-36 pyrex glass-

joints with the help of araldite. The ends of these tubes 

were also water-cooled by using appropriately designed water-

jackets made of copper. In one furnace, to be referred to as 

'metal furnace later in the text, metal beads, kept in a high 

alumina boat, were placed. In the other furnace, termed 
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similarly as the 'sulphide furnace', a well-mixed powder of 

copper and cuprous sulphide, kept in a. similar boat, was 

placed. Each furnace was provided with two thermocouples, 

one for controlling and the other for accurate measurement 

of temperature using OSAW make (Oriental Scientific Apparatus 

Workshop, Ambala, India) portable potentiometer. For measure-

ment and control of temperatures upto 973°K, alumel-chromel 

thermocouples were used but for higher temperatures,'platinum-

platinum 13% rhodium thermocouples were used. Temperature of 

each furnace was automatically controlled with an 'on and off' 

type temperature controller of AHAB make (Applied Electro-

nics, Thana, India). Power Was supplied to the furnaces 

through an automatic solid-state voltage stabilizer (NEMO-

Indian make 7.5 KVA, 230V output, 175/260 V input) and auto-

transformers (15A,260V). The uniform high temperature zone 

of each furnace was sufficiently long as to cover the entire 

_Length of the boats referred to above and containing the 

reacting materials. Temperature of this high temperature 

even zone of both the furnaces could be controlled within 

+ 200. Mercury manometer and flowmeter using dibutyl-

phthalate were used to measure respectively the pressure and 

rate of flow of gaseous mixture in the apparatus. Magnesium 

perchlorate was kept near the ends of the reaction tubes as 

well as in a. wash bottle to absorb any moisture, if present, 

in any part of the apparatus. The double-acting all-glass 

gas circulating, pump, designed and fabricated locally, con-

sisted of four non-return valves. A single solenoid coil, 
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supplied with 30V, 3 amp. D.C. power (OFOOSET, Indian-make, 

IC regulated power supply), was used to actuate the piston 

which fell under its own weight, on itt return downward stroke. 

The piston armature was a piece of iron contained in a pers-

pex sheath, carefully matched with the internal diameter, of 

the glass tube, to slide comfortably within the glass tube of 

the pump assembly. In the lower portion of the glass tube, 

small rubber tubing was connected to act as a shock absorber 

for the falling piston. A relay-operated circuit energized 

the solenoid at a controlled rate resulting in a reciprocating 

speed of the piston varying from 60 to 130 strokes perlAinate-- 

a range at which the pump was found to circulate gaseous 

mixture at a flow rate of 100 - 200 ml/min. in the apparatus. 

The apparatus, therefore, consisted of no other metallic 

surface exposed to the flowing gaseous mixture except the 

reactants under study. 

The gas purifying train consisted of two furnaces. In 

one furnace, porous alumina balls were packed in the even 

temperature zone and in other, copper dips were placed. In 

between these two furnaces, a bubbler containing concentrated 

sulphuric acid was incorporated. Alkaline pyrogallol and 

concentrated sulphuric acid in bubblers and magnesium per-

chlorate in wash bottle were connected, in the sequence 

mentioned, next to the furnace containing the copper chips. 

photograph of all the components of the experimental set-
up is shown in Fig. 11.2. 
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11.2 Preparation of Materials  

11.2.1 Pure Metals andLlosrpraELIlon 

Itnalytical grade pure metals lead, silver and copper 

(+ 99.0 purity) were further purified by-melting them under 

a stream of hydrogen. TheSe were kept in molten state for 

about three hours and cooled to room temperature under hydrogen 

flow to remove &4•y traces of oxygen present. The binary and 

ternary alloys of these metals were also prepared in refractory 

boats in the hydrogen atmosphere. 

-II. 2.2 Preparation of Sulphides 

For preparation of cuprous sulphide, cupric sulphide 

was precipitated from aqueous solution of cupric sulphate 

(Analar-grade) by passing hydrogen sulphide. The precipitated 

cupric sulphide was filtered, washed with distilled water con-

taining some dissolved hydrogen sulphide gas. This precipi-

tate was then dried and mixed with pure sulphur (recrystal-

lised with carbon-di-sulphide). This mixture was then charged 

in a i7orcelain crucible and heated for about 15 minutes in a 

stream of hydrogen, in the tube furnace, first at lower tem-

perature (730°K) and then at a high temperature ( 1050°K) for 

few minutes. The excess sulphur was finally driven-off by 

heating the above mixture at about 900°K in the stream of 

hydrogen for about an hour.lead sulphide was similarly pre-

pared using Ilnalar grade reagents. 
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II. 2.3 Purification of Gases 

High purity hydrogen and nitrogen gases, both sgpplied 

in •cylinders(by Indian Oxygen Limitedi Poonefvere further 

purified to render them oxygen,free by first passing them 

over alumina balls heated to a temperature of about 823°K 

and then consecntivelz bubbling through concentrated 

sulphuric acid, passing over copper chips kept at 873°K, 

again bubbling through alkaline pyrogallol and concentrated 

sulphuric acid and finally passing through anhydrone to 

remove the ltist traces of moisture. 

II. 3  PLUSIMEli111-112S±E2 

II. 3.1 Flushing and Drying of  

The apparatus was first flushed with nitrogen and 

temperatures of both the furnaces were raised between 723 -

773°K. Flow of nitrogen was then stopped and the apparatus 

was sealed to the atmosphere by operating the appropriate 

stop-cocks and the gas-circulating pump was started. This 

continued for about 20 hours and helped eliminate moisture 

completely from the apparatus. Removal of moisture was 

indicated by drop of pressure which maintained at a con-

stant level when moisture was completely removed. 

II. 3.2 Equilibria Runs 

To start the equilibria runs, metal or alloy beads 

(approx. 1 gm in weight) and about 10 gm weight of either 
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Ou-CU2  mixture or Pb-PbS mixture, both kept in dried high 

alumina refractory boats, were quickly inserted in the res-

pective furnaces. The ends of the tubes were closed and 

the apparatus was flushed with purified hydrogen. Ls 

the flushing operation continued, temperatures of both the 

furnaces were slowly raised to the desired levels. Flush-

ing with hydrogen was then stopped and the apparatus was 

sealed to the atmosphere. The gas-circulating pump was 

then switched on and its speed adjusted. This circulation 

of hydrogen gas, in the sulphide and metal 	furnaces 

resulted in transfer of sulphur from Cu-Cu2S (or Pb-PbS) 

mixture kept in 'sulphide furnace' to the metallic bead 

in the 'metal furnace'. This is because at the temperature 

of Cu-Cu2S (or Pb-PbS) mixture, gaseous hydrogen reacts with 

the metal-sulphide mixture to produce a 112-H2S mixture of 

specific sulphur potential depending upon the temperature 

of the 'sulphide furnace'. This gaseous mixture as it 

passes over: the metallic beads transfers sulphur to the 

later in the'metal furnace'. To avoid error introduced 

due to the thermal diffusion phenomenon, the speed of the 

pump was adjusted between 120 - 150 ml/min. After the 

stipulated period of time, depending upon the temperature 

of the'metal furnace! ,thegas circulating pump was stopped 

and the'metal furnace' was disconnected from the 'sulphide 

furnace' and flushed with nitrogen for about 15 to 20 minutes.  

The alumina, boat containing the metal beads was then taken 

out and cooled rapidly in a stream of nitrogen. Trial-runs 
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were carried out to determine the minimum time of equili-

bration of metal beads with the reacting H2-H2S gaseous 

mixture. To ascertain the attainment of equilibrium between 

the metal beads and sulphur - bearing gas in these runs, 

samples were taken out at different intervals of time for 

which the metal beads were exposed to the reacting H2-H2S 

mixture of known sulphur potential. These exposed samples 

were analysed for their sulphur content by evolution and 

spectrophotometric method. It was observed that the sulphur 

content of the metal beads did not change after about 16 

hours exposure to the reacting sulphur-beating gas. 

Although equilibrium was reached in about 16 hours 

time as indicated by trial-runs, yet all experimental runs 

for equilibrium of different solvent samples with sulphur 

in gaseous-mixture were carried out for a period of twenty 

hours or more. 

II. 4 Chemical Analysis 

Different methods have been used for determination 

of sulphur in metals and alloys. The evolution method 

used by Twidwell and Larson [58] was tried but was found 

unsuitable as complete dissolution of the alloys containing 

silver could not be attained. In the present work, therefore, 

the evolution of H2S was accomplished by using hydriodic-

hypophosphorus acid mixture [85] and the evolved gas was 

absorbed in zinc acetate solution. The quantity of sulphur 
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in the zinc acetate solution was determined spectrophoto-

metrically using p-aminodimethyleniline [84]. The procedure 

adopted for analysis is outlined below. 

II. 4.1  kpparatus Used  

Apparatus used for analysis of sulphur in metals 

leed, copper, silver and their alloys consisted of the 

following: 

i) Evolution apparatus, and, 

ii) Spectrophotometer. 

The distillation or evolution apparatus, shown in 

Fig. 11.3 consisted of a thick-walled corning glass round 

bottom flask of 50 ml capacity fitted with a 29/32 ground 

glass socket. The corresponding cone of the socket carried, 

(i) an inlet tube for the carrier-gas (nitrogen) which 

reached almost upto the bottom of the flask end (ii) a 

horizontal outlet tube, which was attached'VieLa ground 

glass joint to a right angled tube leading to a 50 ml volu-

metric flask acting as receiver. Bausch and Lamb spectro-

photometer (spectronic-20) was used for determining the 

absorbance of the solution samples prepared. 

II. 4.2 Reagents Used 

Following reagents of A.naler grade purity were used 

in the analysis. 
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i) Standard potassium sulphate solution - 1 ml of this 

solution corresponded to 5 11 gm of sulphur. 

ii) Redistilled hydrochloric acid 

iii) Redistilled nitric acid. 

) Redistilled formic acid. 

v) Hydriodic-hypophosphorus acid mixture rof- rolurtric 

ratio 4:1 e.g. containing 100 mi. EL and 25 ml H2P03, 

vi) p-aminodimethylaniline 	w/v prepared in 1:1 

sulphuric acid). 

vii) Zinc acetate (210 aqueous solution) , and , 

viii) Ferric chloride (lair aqueous solution). 

II. 4.3 Procedure 

knalysis of sulphur in the metallic samples makes 

use of the absorbance of zinc acetate solution containingabs-

atbecl E ,, in which a methyline blue colour is developed 

using p-aminodimethylaniline and ferric-chloride solutions. 

For the correspondence of absorbance of the solution with 

the sulphur content, standard curve was plotted between 

absorbance and amount of sulphur using potassium sulphate 

solution. For this purpose 0, 2, 4.... ml of standard 
potassium sulphate solution from a burrette were taken 

in 50 ml round bottom corning flask and evaporated to 

dryness over a bunsen flame taking due care that no sul-

phurous fumes were around the place of this analytical work.. 
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The dried sample was cooled to room temperature and 5 ml 

of redistilled hydrochloric acid and 15 ml of hydriodic-

hypophosphorus acid mixture were added making sure that a 

drop or two fell on the ground glass joints also so that 

latter was wet enough to eliminate any leakage of vapours 

through it during subsequent distillation and flushing 

operations. The flask was stoppered at once with the cone 

and the horizontal tube-arm was dipped into 35 ml of 214 

zinc acetate aqueous solution kept in a 50 ml capacity volu-

metric flask. The round bottom flask was placed on a sand 

bath, temperature of which was maintained at 185' + 5°C. 

Flow of nitrogen in this assembly was started at a constant 

rate, 200 ml/min, to get reproducible results. The distil-

lation operation was carried out for 30 minutes after which 

the flow of nitrogen gas was stopped and the volumetric 

flask was detatched from the evolution apparatus and kept 

for a period of about 30 minutes in the thermostat bath at 

25°C. 1.5 ml of p-aminodimethylaniline solution was added 

slowly down the wall with a 2 ml pippette -to the contents 

of this volumetric flask, followed by addition of 0.5 ml of 

ferric chloride aqueous solution.' The flask was vigorously 

shaken for about 2 minutes and a methylene blue colour 

developed. It was further kept at 2500 for another 15 

minutes in the thermostat bath. The solution was then made 

up to the mark in the volumetric flask by addition of disL-

tilled water and its absorbance was measured at 660 nm 



2 3 4 5 6 7 8 9 10 11 12 13 14 15 
MICROGRAM, S 

FIG.11.4 STANDARDISATION PLOT BETWEEN, ABSORBANCZ 
AND MICROGRAM OF SULPHUR. 
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against a blank run. A standard curve shown in Fig. 11.4 

was thus prepared by plotting microgram of sulphur against 

absorbance by adopting the same procedure for all other 

samples of the standard potassium sulphate, referred to 

above. 

II. 4.4 Analysis of Metallic Beads 

For analysis of equilibrated metallic samples, about 

0.2 to 0.5 gm of sample weight, varying with the type of 

material, was taken and dissolved in redistilled nitric 

acid or a mixture of hydrochloric acid and nitric acid. In 

case of the samples containing silver, after dissolution 

in nitric acid, silver was completely precipitated by 

adding sufficient quantity of hydrochloric acid and the 

solution was decanted into a 50 ml distillation flask. 

The precipitate was washed twice by decantation using 3 ml 

portions of hydrochloric acid. The decanted solution and 

the washings were boiled down to 15 ml volume. To this 

solution, redistilled formic acid was added to destroy 

nitric acid. The solution was then boiled down to 1 to 

2 ml volume on bunsen flame to expel formic acid. To 

this, 10 ml HC1 was added and boiled down to 5 ml.' This 

solution was then allowed to cool down to room temperature 

a n d. analyais 	of sulphur present in it carried 

out using hydriodic-hypophosphorus acid mixture as in case 

of standard samples. 
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In. case of samples of lead,dissolution P.S achieved 

in nitric acid with gentle heating and the solution so 

obtained was boiled down to 1 ml. 15 ml of HCl was adds(' 

to this solution which was tre ated With formicmciri :to 

destroy nitrates on •heating. The solution was boiled down 

to 5 ml and further addition of 15 ml of HC1 was made. 

This solution was then analysed for its sulphUr content 

using hydriodic-hypophosphords acid mixture as in case Of 

other samples. Lead-copper alloys were dissolved in a 

mixture of hydrochloric acid and nitric acid. However, 

pure copper was dissolved in nitric acid. 



CHAPTER- III  

RESULTS AND DISCUSSION 

III. 1 Results 

The results of equilibria runs of H2S - H2  

gaseous mixture with pure lead, copper, silver and 

their binary and ternary alloys are given in 

Tables III.1 - 111.33. 
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TABLE-III.1 : Amount of sulphur dissolved in pure 

lead at different pHZ ioa - 
PH2 and temperatures. 

Sample 
No. 

TempoK. 
PH2S x104 	at 

P 2S 
S 

H2  PH2  

P3 723 0.2857 0.073 -7.8458 
P4 0.333 0.091 -7.913 
P5 0.4872 0.125 -7.85 
P7 0.572 0.147 -7.85 

P9  d 773 0.334.? 0.0565 -7.433 
P12 0.4138 0.0701 -7.4334 
P13 0.5667 0.096 -7.435 
P15 0.7486 0.127 -7.4363 

P16 823 0.409 0.048 -7.068 
P21 0.5117 0.06 -7.067 
P22 0.7006 0.082 -7.066 
P24 0.9405 0.11 -7.0644 

P25 873 0.4289 0.0375 -6.773 
P27 0.527 0.046 -6.77 
P28  0.7286 0.0634 -6.768 
P30 0.957 0.083 -6.7685 

P32 923 0.4868 0.032 -6.4882 
P33 0.5948 0.039 -6.4856 
P34 0.8202 0.0535 -6.48 
P36 1.08 0.07 -6.474 
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: amount of sulphur dissolved in pure 
copper at different pp s/PH  

-2  2 ratios and temperatures. 

Sample 
No. 

Temp.°K 
PTA-  
-2  4 --- -x10  at 'A S PH2SX -1=-) 
PH 2 

ln( pH  at 2  

C6 1423 2.88 0.145 -6.22 

07 7.047 0.337 -6.17 

C
9 12.457 0.65 -6.25 

0
10 16.947 1.02 -6.40 

0
12 

26.33 1.70 -6.47 
0
14 28.57 2.275 -6.680 

015 
1473 2.974 0.12 -6.00 

016 6.794 0.30 -6.09 

018 13.59 0.65 -6.17 

021 25.835 1.325 -6.24 

022 31.84 1.95 -6.442 

023 1523 10.59 0.425 -5.995 

024 24.86 1.25 -6.22 

C 25 34.90 1.79 -6.40 

027 38.70 2.40 -6.43 
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TABLE-III.3 : Linount of sulphur dissolved in pure 
silver at different p o/p  ratios wind temperatures.  H2„ 

Sample 
No. 

Temp.
o
K 

4 
a 

ph 2S  
1  ln(--Z-x  ) - x10 

PH2  PH  at )4 
2 

.L3 1273 0.4887 0.0014 -3.356 

1 5  1.234 0.00355 -3.359 

1,6 2.136 0.0062 -3.368 

1.7 3.276 0.00937 -3.353 

.11.8 4.401 0.0129 -3.378 

1.
9 

1323 0.352 0.0011 -3.442 

1110 0.648 0.0020 -3.429 

J'.12 1.988 0.00635 -3.464 

11.
13 3.296 0.0102 -3.432 

1
14 4.15 0.0132 -3.459 

1.15 
1373 0.4008 0.00137 -3.531 

L16 1.482 0.0049 -3.498 

1.18 
1.97 0.0067 -3.526 

1.19 2.874 0.00973 -3.522 

1.20 3.17 0.0106 -3.5097. 
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	  limount of sulphur dissolved in binary. 
alloy(Np130.92, NI  ,0.18 	dif- 

ferent p„ s  / pi., 	ratios ,and temp- 
eraturee:2 	"2 

Sample 
No. 

Temp°K 
rH 

 4  x10 

	

2 	1 	\ S 	lnk----x 	- 7 ) 

	

PH 	
7 

2 	a  11112  

P.A.1  1273 4.711 0.056 -4.778 

PL.3  9.86 0.115 -4.759 

P,L4 16.079 0.184 -4.74 

'1)11 5  21.54 0.234 -4.688 

13.1"6 1323 5.778 0.068 -4.768 

P.t.7 10.9148 0.130 -4.78 

P1i.9  17.19 0.189 -4.70 

PA12 21.01 0.231 -4.70 

Pli.13 27.263 0.288 -4.66 

PL14 1373 4.2577 0.047 -4.704 

P1'15 10.9132 0.113 -4.64 

15.8386 0.164 -4.64 

a17 24.6904 0.236 -4.56 

21'18 40.1203 0.354 -4.48 



64 

TLBLE-IIL5  kmount of sulphu 
alloy(Npb,_ 

ferent pH s/pH  
. 2  2 

temperatures. 

S ample 
No.  

Temp0K 
-T-12  Sy 4 at 	 S 

PH2S 
x10 

P
H2 

In (  --x--77,) p
H2 

at  0 

FA19 1273 3.27 0.028 -4.450 

1)1
20 7.057 0.058 -4.409 

PA
2l 10.71 0.089 -4.42 

PA22 15.59 0.1245 -4.38 

'`l23 1323 5.4825 0.054 -4.59 

a
24 12.4693 0.118 -4.55 

Pi',27 19.5323 0.187 -4.54 

Pi.28 29.8359' 0.274 -4.52 

PL.30  37.8534 0.3575 -4.548 

P.:131 1373 6.46 0.057 -4.48 

PL.32 .11.48 0.0966 -4.433 

PL.
34 

16.2061 0.132 -4.40 

a.
35 24.858. 0:198 -4.378 

PA36 31.0754 0.236 -4.33 

r dissolved in binaxy 
0.824,NAg0.176) at dif- 

ratios and 
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TL BI,E-III.6 : r,,, cunt of sulphur dissolved in bincry 
aloy(Dpb.0.61,NAg0;39) at 

different pH s/pH  ratios and 

to  2  

Sample  Temp°K  .1'22. x104  
No.  PH2 

, -PH2S 1 at m 
 s lnl7--x 7"351 

rH2 

40 1273 3.9 0.018 -3.832 

P.:,41 9.716 0.044 -3.813 

Pi,42 14.40 0.067 -3.84 

PL.
45 

19.412 0.088 -3.814 

46 24.858 0.116 -3.843 

P 1323 ' 7.1903 0.047 -4.18 

11
49 17.9487 0.115 -4.16 

PL.50 27.3286 0.1744 -4.156 

Pi',52 40.6940 0.266 -4.18 

1/4.
54 55.8499 0.368 -4.188 

Pi.,56 1373 10.613 0.068 -4.16 

11
57 18.764 0.113 -4.098 

Pi, 
59 24.03 0.145 -4.10 

Pi'60 33.787 0.192 -4.04 

61 43.687 0.239 -4.002 
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TABLE-III.7 0 Lmount of sulphur dissolved in binary 
Pb-Ag alloy (Y2100.438, MAs0.562) at 

different pH2s/PH2  ratios and temperatures. 

Sample  Temp°K 
No. 

2
S  4 ----x10 

P
H2 

at  S 
PH2S 

ln(T---x Ta7) 
H2  

ilimatimaNYINI■pall.......■••••■=.••••••■■•■■•■•■■ 

PA62 1273 7.327 0.026 -3.569 

PA63 11.48 0.053 -3.60 

PA65 22.18 0.082 -3.61 

PA66 28.96 0.106 -3.60 

PA68 

PA69 1323 

35.178 

11.2226 

0.134 

0.056 

-3.64 

-3.91 

PA72 26.186 0.136 -3.95 

- 73 38.108 0.194 -3.93 

P4 75 
50.053 0..266 -3.973 

62.378 0.344 -4.01 

PA
79 1373 9.9033 0.053 -3.98 

PA81 14.1014 0.07309 -3.948 

PA82 
\ 26.1701 0.128 -3.89 

PA83 30.687 0.148 -3.88 

PA84 50.4978 0.228 -3681 



67 

TABLE-III.8 : Amount of sulphur dissolved in binary 
Pb-Ag alloy (Na.0.283, NAgO.717)at dif- 

ferent pH2s/pH2  ratios and temperatures. 

Sample 
No. 

Temp°K 
PH S 
--x107 

PH2 

at % S 
PH2S 

ln( 
 x  pH 2  TT-ZS)  

PA86. 1273 10.474 0.034 -3.48 

PL87 19.75 0.067 -3.524 

PA88 27.879 0.094 -3.518 

PA90 46.457 0.165 -3.57 

PA91 
1323 16.6111 0.075 -3.81 

PA.93  24.6078 0.110 -3.80 

Pi 
L94 

30.6870 0.138 -3.806 

PiL
95 

38.285 0.176 -3.878 

PA
96 44.2197 0.212 -3.87 

PA
99 

1373 10.474 0.0476 -3.818 

PL100 14.1041 0.064 -3-.815 

PA
102 . 22.18 0.966 -3.774 

PA103 27.3651 0.118 -3.764 

PA104 43.3303 0.1788 -3.72 



68 

: iLmount of sulphur 
Pb-1.g. alloy (Npb 0 
different pH s/T, 

-2 r temperatures. 	2  

dissolved in binary 
.148,NAg0.852) at 

ratios 	and 

Sample 	T emp 
No. 

PH2Sx2.04 
P at S ln( p-2-x 	

 
%,9) 

2 

PA105 1273 4.168 0.013 -3.44 

"106 14.428 0.046 -3.462 

P11107 23.625 0.076 -3.471 

109 
33.27 0.108 -3.48 

P~i110 36.736 0.123 -3.511 

L111 1323' 13.38 0.052 -3.66 

PA112 22.3812 0.089 -3.683 

"114 31.504 0.1301 -3.72 

Pi.115 42.03 0.1702 -3.70 

Ps 116 48.652 0.2101 -3.765 

"118 55.335 0.236 -3.753 

PL119 1373 9.3949 0.038 -3.70 

"120 18.583 0.072 -3.657 

P11122 27.1391 0.104 -3.646 
PA124 39.425 0.144 -3.598 
Pf '126 49.1991 0.173 -3.56 
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TLBLB-III.10 : !mount of sulphur dissolved in binary 
Pb-Cu alloys (Npb0.92, Neu0.18) at 
different pa2s/p112  ratios and tem- 
peratures. 

Sample 	Temp°K 
No. 412- x104  

'II2 

PH 2S 
at k.  S ln(PH —2  x at 4

00 
,) 

2 

PC4 1273 3.837 0.108 -5.64 

PC
5 8.8997 0.248 -5.63 

PC6 15.681 0.414 -5.576 

PC7 22.484 0.596 .-5.58 

PC8 29.803 0.744 -5.52 

PC9 1323 4.573 0.13 -5.65 

PC10 12.338 0.335 -5.604 

2012 18.759 0.528 -5.64 

PC13 26.216 0.704 -5.593 

PC16 
1373 10.337 0.274 -5.58 

PC18 15.421 0.58 -5.507 

PC19 22.051 0.556 -5.53 
PC21 29.536 0.707 -5.478 
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TABLE-III.11 : Amount of sulphur dissolved in binary 
Pb-(u alloys (N1100.734, Nau0.266) at 
different pH  jpu  ratios and tem-peratures. 2' "2 

Sample  Temp°K 
No. 

PH2S 4  

PH2 

at /0 ,-P- H2S  x  ink-- ;, 
PH 77 2  

PC22 
1273 1.8149 0.106 -6.37 

PC
24 

4.28 0.250 -6.37 

PC
26 7.3126 0.412 -6.334 

PC
27 

9.269 0.536 -6.36 

PC28 12.167 0.676 -6.32 

PC29 
1323 2.967 0.184 -6.43 

PC
30 

5.586 0.343 -6.42 

PC32 8.109 0.492 -6.408 

PC
34 

10.846 0.67 -6.426 

PC36 1373 3.067 0.196 -6.46 

PC
38 

6.288 0.39 -6 43 

PC
42 9.435 0.584 -6.428 

PC
45 

14.279 0.868 -6.41 
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TABLE-III.12 : Amount of sulphur dissolved in Pb-Cu 
binary alloy (Npb0.417, NOu0"583) at 
different pH2s/pH2  ratioeand tempera- 
tures. 

ONO 

   

Sample 	Temp?K 	1:71-14104 	at %S 
No. 	 1112 

 
PH2S 

775-5) 
P-2 

.......••■•••■•■••••■•••■=10....m.4■1••••••••1.1•■■••■■••••■■=11 

  

  

PC46 1273 1.1078 0.09 -6.70 

PC47 3.101 0.254 -6.708 

PC49 4.681 0.388 -6.720 

PC50 6.421 0.55 -6.753 

PC52 8.329 0.736 -6.784 

2053 
1323 1.264 0.092 -6.59 

P054 3.387 0.254 -6.62 

PC57 5.926 0.448 -6.628 

PC58 8.363 0.666 -6.68 

PC59 10.906 0.894 -6.709 

PC60 1373 1.524 0.108 -6.63 

PC61 3.45 0,272 -6.67 

2062 5.557 0.456 -6.71 

PC63 8,284 0,673 -6.70 

PC65 10.703 0.896 -6.73 
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TABLE-III.13 Amount of sulphur dissolved in binary 
Pb-Cu alloy (N1130.28, Nc110.72) at dif- 
ferent pH2s/pH2  ratios and temperatures. 

Sample 
No. 

Temp.°K 12x104  
P
H2  

at o S H2S  1 ln(--x T-7 
2

) 
PH  a, , 

PC66 1273 1.332 0.104 -6.66 

PC69 2.913 0.232 -6.68' 

PC70 4.621 0.368 -6.68 

PC72 6.354 0.508 -6.684 

PC
73 7.9317 0.664 -6.73 

PC76 1323 2.169 0.156 -6.578 

PC
79 

4.081 0.300 -6.60 

PC80 6.475 0.476 -6.60 

PC81 8.187 0.614 -6.62 

PC82 10.477 0.826 -6.67 

PC84 1373 2.109 0.152 -6.58 

PC85 4.814 0.35 -6.589 

PC87 7.074 0.55 -6.656 

PC89 10.95 0.872 -6.68 
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: kmount of sulphur dissOlvpd in binary 
Pb-Cu alloy (Npb0.17)  Nou0i83 at dif- 

ferent pH2s/pH2  ratios and teiperatures. 

pa s  
----x104  at S ln Sample Temp. °K 

( No.  PH2  
;17-2-x 770 

PC90 1273 1.6207 0.124 -6.64 

PC91 4.0456 0.308 -6.635 

PC93 5.566 0.425 -6.638 

PC
94 7.431 0.568 -6.639 

PC97 10.33 0.788 -6.637 

PC
98 

1323 1.925 0.136 -6.56 

PC
99 4.385 0.316 -6.58 

PC100 6.063 0.436 -6.578 

20102 8.017 0.580 -6.584 

PC104 10.467 0.785 -6.62 

PC106 1373 1.656 0.108 -6.48 

PC107 3.900 0.262 -6.51 

PC109 7.015 0.468 -6.503 

PC111 9.08 0.633 -6.547 

PC114 12.046 0.868 -6.58 
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TABLE-III.15 : Amount of sulphur dissolved in binary 
Pb-Cu alloy (N p100.0930.907) at 

different pt,  ratios and tem- 
peratures. "2' "2 

Sample 
No. 

Temp.°K 
PH2S 	A 

'.."""*".""'Xi0 r  at  A  S 
PH2  

Plig 	1 ln(----x ----- 
PH2  a

t /0.3) 

PC
115 

1273 1.0134 0.076 -6.62 

PC
118 

2.7349 0.208 -6.634 

PC
120 4.3393 0.332 -6.64 

PC
121 6.2214 0.476 -6.64 

PC
124 9.0817 0.716 -6.67 

PC127 1323 2.2989 0.156 -6.52 

P0129 4.8822 0.328 -6.51 

PC130 7.3794 0.516 -6.55 

PC131 9.686 0.676 -6.548 

PC134 12.0277 0.836 -6.544 

PC135 
1373 1.8125 0.108 -6.39 

PC
137 

5.0162 0.308 -6.42 

PC
140 

8.3387 0.512 -6.42 

PC
141 

11.6218 0.728 -6.44 

PC
145 14.3335 0.916 -6.46 
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TABLE-III.16 : Amount of sulphur dissolved in binaryCtAg 
alloy (N0110.83,NA80.17) at different 
PH
2
s/PH

2 
ratios and temperatures. 

Sample 	Temp.°K 
No. 

P 2S 4  
----x10 
PH2  

at S 
u S 

ln(p--- -2  -x  1  pH2  at o 

CA6 1273 0.7233 0.038 -6.264 

CA7 1.1715 0.0638 -6.30 

CA9 1.6159 0.088 -6.30 

CA10  2.0879 0.116 -6.32 

CA12 2.6222 0.147 -6.329 

CA13 3.2283 0.179 -6.318 

CA14 
1323 0.4656 0.024 -6.245 

CA16 1.0539 0.054 -6.239 

CA17 1.5894 0.084 -6.27 

CA19 2.1963 0.1183 -6.289 

CA21 2.7085 0.1475 -6.30 

CA23 1373 0.4979 0.024 -6.178 

CA24 1.2105 0.058 -6.172 

CA26 1.7821 0.0872 -6.193 

CA27 2.5718 0.128 -6.21 

CA30 3.2471 0.160 -6.20 
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TABLE-M.17 : Amount of sulphur dissolved in binary 
Cu-L.g alloy (Nou0.759, N40.241) at 

different pH  ratios and tem- 
peratures. 2' "2 

Sample 
No 

Temp.°K 
S PH23  ,n4  at /0.S In (p

- 2
7- x 1 

PH2  n2 at 
77; 

CA31 
1273 0.6692 0.032 -6.17 

CA32 1.3357 0.064 -6.172 

CA34 2.0557 0.0985 -6.172 

CA36 2.7353 0.1295  -6.16 

CA39 3.3584 0.159 -6.16 

CA41 
1323 0.5838 0.0272 -6.144 

CA42 1.2136 0.0585 -6.178 

CA45 1.9242 0.0935 -6.186 

CA46 2.5875 0,1275 -6.20 

GA48 3.2232 0.1635 -6.229 

CA51 
1373 0.7177 0.032 -6.10 

CA53 1.5174 0.0682 -6.108 

CA55 2.2770 0.1078 -6.16 

CA56 3.1050 0.147 -6.16 

CA
59 3.8077 0.1767 -6.14 
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: Amount of sulphur dissolved in binary 
Cu-kg alloy (Ncu0.675, N40.325) at 

different pH s/pt,  ratios and tem- 
peratures. 2 "2 

Sample 
No. 

Temp. °K 
PH2S ,n4 

pH 2  

P 2S 
at % S ln(----x 

PH2 at 

CA62 
1273 1.0959 0.0362 -5.80 

CA63 1.8160 0.074 -6.01 

"65 3.2697 0.108 -5.80 

CA67  3.5446 0.143 -6.00 

CA70  4.3314 0.1765 -6.01 

CA72 
1323 0.8294 0.0338 -6.01 

CA73 1.7126 0.0722 -6.044 

CA74 2.4277 0.104 -6.06 

CA76 3.3031 0.1415 

CA77 
3.9803 0.175 -6.086 

CA 7S 1373 0.6878 0.028 -6.009 

CA81 1.4378 0.059 -6.017 

CA82 2.3432 0.098 -6.036 

CA85 3.3359 0.1373 -6.02 

CA87 4.2037 0.179 -6.054 
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: Amount of sulphur dissolved in binary 
Cu-Ag alloy (Ncu0.47759  N40.5225) at 
different pH  jp,„ ratios and tem;- 
peratures. 2' "2 

Sanple 
No. 

Temp.°K 
Pu s 
'2 4 at %, S 

PH2S 
pv 	at As 
"2 

CA88 
CA00  

CI,91 

CA,93 

C1a.96  

1 

CA 100 
CA101 
CA102 

CA105 

CA106 
CA108 

CA110 
CA112 

CA113 

.1273 

1323 323  

1373 

1.0555 

2.3173 

3.5127 

5.265 

7.0786 

1.2169 

2.565 

3.7903 

5.3186 

6.3702 

0.9368 

2.1041 

3.3789 

4.2885 

5.5361 

0.023 

0.049 

0.077 

0.112 

0.1583 

0.032 

0.068 

0.1025 

0.1424 

0.174 

0.028 

0.0639 

0.102 

0.1334 

0.1688 

-5.384 

-5.354 

-5.39 

-5.36 

-5.41 

-5.572 

-5.58 

-5.60  

-5.59 

-5.61 

-5.70 

-5.716 

-5.71 

-5.74 

-5.72 
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TABLE-III.20 kmdrnt of sulphur dissolved in binary 
-Cu-kg alloy (Nov  0.3614, Ykg  0.6386) 

at different p  ratios and tem- 
peratures.  "e "2 

..O■mply•■■■■■•••, 

Sample  Temp. °K 
No. 

2H28x1o4  
pH 2  

at S 
PH 2S  1 ) 

77:77 
112  a  

CA115 

at.116 

CA
120 

CA
122 

Ck124 

CA127 

at.128 
CA130 

CI '132 

CA
133 

CA136 

CL138 

Ck139 

0k
140 

CA
141 

1273 

1323 

1373 

2.0234 

3.9457 

6.9414 

9.3833 

11.7631 

1.5222 

3.3704 

5.0089 

710268 

8.9757 

1.8779 

3.8163 

5.5190 

7.4858 

8.9716 

0.028 

0.057 

0.0978 

0.1338 

0.1674 

0.0263 

0.058 

0.089 

0.1284 

0.165 

0.038 

0.078 

0.1128 

0.147 

0.183 

-4.93 

-4.973 

-4.948 

-4.96 

-4.958 

-5.152 

-5.148 

-5.18 

-5.208 

-5.214 

-5.31 

-5.32 

-5.32 

-5.28 

-5.318 
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.mount of sulphur dissolved in binary 
Cu-4 alloy (Noll  0.095, Nilz  0.905) at 

different pu s/p„, ratios and tem- 
peratures. '2 "2 

aill••••••••■■•-■es■war..willasIgNsp.IF 

Sample 
No. 

PH2 x104  Temp.°K 
PH2  

at % S 
PH2S  1 

ln(----

2

x  0- 0 ,) PH  au  

%45 1273 4.384 0.023 -3.96 

CA146 11.247 0.059 -3.96 

Ck148 16.032 0.0893 -4.02 

01.
149 

23.107 0.128 -4.01 

a
150 

29.603 0.173 -4.068 

CL151 
1323 4.011 0.023 -4.049 

•Cii153 10.045 0.059 -4.073 

CL155 16.231 0.096 -4.08 

OL.158 20.705 0.1324 -4.158 

0161 26.298 0.1685 -4.16 

a162 1373 4.398 0.0279 -4.15 

O1l163 9.208 0.059 -4.16 

0,166 17.247 • 0.1016 -4.076 

a169 22.625 0.139 -4.118 
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TLBLE-III.22 e Amount of sulphur dissolved in teznary 
Do-Cu-41g alloy (0.135 Npbi 0.7407 Noll. 

0.1243N4) 2t different pH2s/pH2 

ratios and temperatures. 

Sample 
No. 

Temp. °K 
PH2S  4 

at  S 
PH2S 

----- x10 

PH2 

ln(----x 
Pu  at ko 
"2 

3 

5 

6 

TA,7 

TA9 

T1;10 

TL12 

TL14 

111 18 

TL21 

T~i
2 

T"24 

TL27, 

TA
30 

1273 

1323 

1373 

1.453 

2.1845 

3.241 

3.951 

4.780 

1.47 

2.157 

2.565 

3.097 

1.1282 

1.5481 

2.0641 

2.88 

3.375 

0.088 

0.132 

0.203 

0.2475 

0.2343 

0.0785 

0.114 

0.1383 

0.167 

0.057 

0.081 

0.108 

0.148 

0.178 

-6.406 

-6.404 

-6.44 

-6.44 

-6.52 

-6.28 

-6.27 

-6.297 

-6.29 

-6.225 

-6.26 

-6.26 

-6.242 

-6.268 
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: ',mount of sulphur dissolved in ternary 
2b-Ou-1,.g alloy (Npb  0.27,  CuN  0.6327, 

is 	0.0937)  at different pi, q/lotT  
"2'  "2 ratios and temperatures. 

Sample 
No. 

Temp.°K 
H2S 

----x104 

1 H2 
S 

PH2S 
111(17---  at 

"2 

T.A.32 1273 1.1494 0.066 -6.353 

TA33  1.972 0.112 -6.342 

T1.35  2.808 0.164  -6.37 

Ti1.36  3.376 0.198 -6.374 

T/'37 
1323 1.38 0.079 -6.35 

TL.39  1.658 0.094 -6.34 

T1,
42 

2.098 0.1182 -6.334 

T!43 
 

2.431 0.1382 -6.343 

T1 
'45 

2.7378 0.158 -6.358 

T1,
46 

1373 1.38 . 0.079 -6.35 

TI1
48 

1.9635 0.117 -6.39 

TL
49 2.493 0.149 -6.393 

TA52 2.791 0.168 -6.401 



TLBLE-III.24 : imount of sulphur dissolved in ternary 
Pb-Cu-4 alloy (Nit  0.445, Neu  0.481, 

Nii.g 
0.074) at different  

" 
pH (dia  ra tios 

 and temperatures..  2  2  

Semple Temp.o  1 H2'xio4  T, 
112 

---- 
P 2x  1  

ln( 
PH  

at UT/ 
2 

	■•••/•■••■■•••71.10••■■•■■•OMI•PIOMI 

T1i53 

T1L56 

Tl
57 

58 Ti.  

TIL69 

T.L.70 

TA72 

TA
73 

1273 1.656 0.092 -6.32 

2.411 0.136 -6.335 

2.9287 0.166 -6.34 

3,097 0.178 -6.354 

1323  1.2009 0.073 -6.41 

1.431 0.087 -6.41 

1.8:,65 0.117 -6.43 

2.2897 0.142 -6.43 

2.531 0.1586 -6,44 

1373 1.4851 0.0978 -6.49 

1.8675 0.128 -6.53 

2.2967 0.159 -6.54 

2.6441 0.186 -6.556 

59 

T11'61 

63 

T.k
66. 

67 
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• TLBLE-III.25 : Amount of sulphur dissolved in ternary 
0.135 J ll e  0.634, • Pb--Cu-lig alloy (Npb  

N,0.231) at diffe2,ent pu s/pu  ratios 
"2 "2 and temperatures. 

Sample 
No. 

Temp. oK 
PH 2S -  

F-2-x104  H2  
at % S 

PH2S 
ln(T;-x 71.7u) 

-2 

TA
74 

1273 1.6357 0.068 -6.03 

TA76 2.4286 0.103 -6.05 

TA
78 

3.328 0.144 -6.07 

TA
79 

3.601 0.159 -6.092 

TA81 
1323 1.3716 0.058 -6.047 

TA82 2.1624 0.089 -6.02 

TA85 2.747 0.1165 -6.05 

TA86 3.601 0.1538 -6.057 

TA
88 

1373 1.564 0.067 -6.06 

TA92 2.0316 0.0895 -6.088 

TA
93 2.539 0.109 -6.062 

TA
95 

- 2.886 0.1245 -6.067 

TA
96 3.314 0.146 -6.088 
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TABLE-III.26 : Amount of sulphur dissolved in ternary 
Pio-011-Ag alloy (Npt 0.27, N  0.5353, 

NA8  0.1947) at different pH20/pH2  ratios 

and temperatures. 

Sample 
No. 

Temp.°K li2 x1o4  
PH2 

at  S 
9112S 1 
----  ln(x Tnr-T) 
PH
2  

a-u 

TA
99 

1273 1.2825 0.052 -6.005 

TA102 2.041 0.084 -6.02 

TA103 3.1595 0.134 -6.05 

TA
104 3.652 0.155 -6.051 

TA105 
1323 1.212 0.0535 -6.09 

TA106 1.7968 0.079 -6.086 

TA 
109 2.537 0.112 -6.09 

TA11-0  ' 3.573 0.1593 -6.10 

TA111 
1373 1.325 0.062 -6.148 

TA114 1.7885 0.083 -6.14 

TA115 2.264 0.103 -6.12 

TA117 2.656 0.123 -6.138 

TA
118 3.0416 0.144 -6.16 
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T1BLE-III.27 : Amount of sulphur dissolved in ternary 
Pb-Cu-Ag alloy (Npb  0.445, Ncil  0.407, 
Nkg 0.148) at different 	

'' 
pH  /p,. ratios 
" and temperatures. 	2 	2  

••••••••••••••■•.*....rn.... ..■os..or,sorsuanw..... 

Sample 	Temp. °K 
No. 

12x1o4  
PH2 

at 70S 
PH / 2 	1 ,,T7/  Pu 	al 4.0, 
"2 

T1,119 1273 1.8066 0.064 -5.87 
TA
123 3.18 0.096 -5.71 

TA124 3.775 0.154 -6.011 

TA125 4.7387 0.1872 -5.979 

TA126 1323 1.6928 0.077 -6.12 

TA129 2.2957 0.1038 -6.114 
TA130 3.043 0.1394 -6.127 
TA132 3.543 0.1657 -6.148 

TA135 1373 1.5843 0.0776 -6.194 
TA136 2.0169 0.1018 -6.224 

TA138 2.6656 0.134 -6.22 

TA141 3.184 0.1638 -6.243 
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TABLE-III.28 Amunt of sulphur dissolved in ternary 
Pb-Cu-Ag alloy (Npb  0.135, Nal  0.481, 
Nig 0.384) at different pH2S/pH2 ratios 
and temperatures. 

die•O■saa.. 

7PP3x104  Sample 	Temp. °;< 
No. 	 -H2  

PH2S 
at % S 	In 	976-v-g) 

1-1-12  

• 

TA144 1273 1.3046 0.034 -5.563 

TA147 2.5801 0.067 -5.559 

TA148 3.244 0.086 -5.58 

TA149 4.082 0.108 -5.578 

TA150 5.755 0.158 -5,615 

TA151 
1323 1.324 0.0372 -5.638 

TA153 2.216 0.063 -5.65 

TA154 2.984 0.084 -5.64 

TA155 4.206 0.1184 -5.64 

TA156 5.657 0.1644 -5.672 

TA159 1373 1.519 0.046 -5.713 

TA161 2.066 0.063 -5.72 

TA163 2.546 0.0785 -5.731 
TA164 3.334 0.101 -5.71 
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TABLE-III.29 : Imount of sulphur di 
Pb-Cu-L.g paloy (Nit  
N.

Lg 
0.3244) at diffe 

and temperatures. 

ssolved in ternary 
0.27, Nata  0.4056, 
rent pH2s/pH2  ratios 

Sample 
No. 

Temp.°K 
PHS 
-L x104  at 

PH2S 
S 	ln(----x --1=7) 

P u  aI 
"2 

n  

IH2 

TA165 1273 1.232 0.031 -5.528 

T/..
166 2.323 0.058 -5.52 

TA
168 3.65 0.0923 -5.533 

TA171 5.703 0.147 -5.552 

T1.172 1323 1.929 0.0554 -5.66 

TAL
174 2.823 0.0818 -5.669 

TA175 3.806 0.115 -5.69 

178 4.895 0.144 -5.684 

TA
180 1373 1.5801 0.0495 -5.753 

TL181 2.295 0.0716 -5.743 

TA
183 3.103 0.0985 L5.76 

TA184 3.7498 0.119 -5.76 
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: Amount of sulphur dissolved in ternary 
Pb-Cu-:gig alloy (PbN 	0.445, Nou  0.308, 
N, 	0.247) at different pH 	ratios 
and temperatures. 

Sample 
No. 

Temp. DK 
PH S 
? x104  

Pri2  
at o 3  

PH2S 
 x at 	S )  H2  

TA185 1273 1.164 0.028 -5.483 
TA186 2.225 0.055 -5.51 

TA188 3.652 0.089 -5.496 
TA192 4.867 0.122 -5.524 
TA194 7.17 0.179 -5.520 

TIL196 1323 1.779 0.0515 -5.668 

TA198 2.409 0.072 -5.70 
TA199 2.89 0.087 -5.707 

T11201 4.054, 0.123 -5.715 

TA206 1373 1.33 0.0426 -5.769 
TA

207 1.808 0.059 -5.788 
TA209 2.706 0.0886 -5.791 
TA210 3.542 0.117 -5.801 
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TABLE-III.31 : Amount of sulphur dissolved in ternary 
Pb-Cu-g alloy (Na  0.135, Nal  0.247, 

L 0.618) at different pH  ,/pu  ratios kg  
and temperatures.  

2 " " 2 
 

Sample 
No. 

Temp. °K -13114104  at•°74' S 
H2S 

ln(----x ;TVS) 
PH2 PH2 

.■••••■■■•■•■••••• 10.■•■•••■■•••*,..1.1....., 

Tk213 
1273 2.656 0.028 -4.654 

TA215 
4.825 0.052 -4.678 

TA216 7.5708 0.082 -4.685 

TA217 10.45 0.116 -4.709 

TA
218 

1323 1.484 0.0184 -4.82 

221 
2.384 0.0292 -4.808 

TA222 3.337 0.042 -4.835 

TA225 5.122 0.0635 -4.82 

TA226 
1373 1.232 0.018 -4.984 

TA228 2.368 0.033 -4.937 

TA229 3.527 0.0493 -4.94 

TA
231 

4.525 0.062 -4.92 

TA
232 

6.15 0.083 -4.905 
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TABLE-III.32 : Amount of sulphur dissolved in ternary 
Pb-Cu-kg alloy (Npb  0.27, Nou  0.2086, 

Nig 0.5214) at different pH  chu ratios 
2' "2 and temperatures. 

Sample  Temp.°K 
No. 

at % 
P 2  1 ln(pr-T—aa.77-) 

2 

TA234 

TA235 
TA
239 

TA
240 

TA241 

TA242 

TA244 

TA246 

TA
247 

TA248 

TA250 

TA253 

TA
254 

TA257 

1273 

1323 

1373 

1.16 

2.308 

3.792 

6.551 

9.37 

2.622 

3.726 

5.353 

6.69 

1.604 

2.938 

4.177 

6.177 

7.563 

0.012 

0.024 

0.0397 

0.069 

0.1023 

0.0335 

0.0475 

0.069 

0.087 

0.024 

0.0427 

0.062 

0.0895 

0.1098 

-4.64 

-4.644 

-4.651 

-4.657 

-4.693 

-4.85 

-4.848 

-4.859 

-4.868 

-5.008 

-4.979 

-5.001 

-4.976 

-4.978 
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; Amount of sulphur dissolved in ternary 
,Pb-Cu-Ag alloy (Na  0.445, N 0.1586, 
Nkg 0.3964) at different pu 

2' " 
q/p„ 

2 
 ratios 

" and temperatures. 

Sample 
No. 

Temp.oK 12xio4  
PH2  

PH2S 
at 4 S 

PH2  '' 

TA261 1273 1.7807 0.0182 -4.627 
TA262 2.759 0.028 -4.62 

TA263 5.11 0.052 -4.623 

TA264 7.845 0.0818 -4.647 
TA268 10.45 0.1081 -4.639 

TA269 1323 1.6276 0.021 -4.86 

TA270 2.751 0.0355 -4.86 

TA271 4.78 0.0645 -4.905 

TA
273 6.537 0.0892 -4.916 

TA276 1373 1.9101 0.029 -5.022 

TA277 3.242 0.049 -5.018 

TA278 4.893 0.074 -5.0187 

TA281 6.495 0.098 -5.0165 
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111.2 Calculations and Discussion of Results 
mil••••••■••••■■•■001•Mlyel•••••■■•• •••••••••■■■••■•■■•••■■■••■••■••••=11 

Equilibration of sulphur between a gaseous phase 

containing a mixture of hydrogen and hydrogen sulphide, 

and any solvent, X, which may either be a pure metal or 

an alloy, can be expressed by the following chemical 

equation: 

S(X) + H2  = H2S 

where, the symbol S(it) refers to the sulphur dissolved in 

the solvent X. Since the solubility of sulphur in metals 

and alloys is observed to be low, one can consider the 

resulting solutions, on dissolution of sulphur'in res-

pective solvents, as dilute solutions of sulphur . One 

can, therefore, work with Henrian activities with any 

standard state, because of ease of its conversion to 

'infinite dilution' and '1 wt 	standard states. 

111.2.1 Sulphur in pure Molten Metals 

L.ssuming 1 at ';1;S as standard state, one can write 

the following expression for equilibrium constant, Kils(Y), 

for eq. (111.1), 

KHS(X) 
PH  2S  

PH; s(X) 

PH2S 

P17.177T717777 



94 

where, p
H2
3 and p11  are respectively the partial pres-

sures of hydrogen sulphide and hydrogen in the gaseous 

phase and hsw, fs()  and at % S are respectively the 

Henrian activity, Henrian activity coefficient and percent 

sulphur dissolved in the pure molten metal. In the above 

expressions, fugacities of different gases have been sub-

stituted by their partial pressures. 

In logrithmic form, the above expression may be 

written as, 

PH S 	1  
GG 

	

HS('4)/RT 
	In [T--- x (at ks) ] + in fs(x) 

H2  

= - In PH2S 
	1 x (at  ix)) + cs. at I.S).  

PH2 	 (III.4) 

	

where, A GHS( 	is the free energy ofeTanation of sulphur 

in solvent in the pure metallic solvent referred to 1 at i0C3 

as standard state and es. the self interaction parameter of 

sulphur in solvent X, defined by the following expression, 

0 ln 
[.' 	 ...(III, 5) 
o (at 	) at % 

S is i As seen from eq. (111.4), if es  s ndependent 91(f the sulphur 
'112S 	1 

content of solution, the plot of function [-in( 
. pH2 

Vs. (at (kS) should be a straight line. One can therefore 

calculate the values of AGH°s(x) and eg from such linear 

plot o. In the following analysis, such plots shall be drawn 



95 

from the experimental data, already reported for the 

different pure metallic solvents. 

III. 2.1.1 Sulphur in Pure :Lead Solvent 

In Fig. III.1, function [-in (pH2s/pH2  . 1/ata,S)3, 

calculated from the experimental data reported in Table- 

plotted against at.-1  at different temperatures 

viz., 723, 773, 823, 873 and 923°K of study of equilibration 

in the solvent lead. Further, linear regression analysis 

of the data plotted at different temperatures yields, the 
following expressions, 

i) At 723°K 

1  
• at l'4S.  - - 7.84 -0.08 x(at 48) 

• (III.6) 

ii) 1t 773°K 

PH2S 
ln(-----•  1, 	) - • 7.43 - 0.05 x(at %S) pH 	at at 'I. 

▪ (III.7) 

iii) At 8230K 

PH2S 
ln(----- •  

1  
- 7.07 + 0.05 x(at °AS) p

H2  
at PS 

... (111.8) 

iv) At 873°K 

P 2 
 ) ln( p  • ;-77-)  6.78 + 0.18 x(at 'As) 

H2  
(III.9) 
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and, v) at 923°K, 

PH 1 	= - ln( 	 6.50+0.37 x (at VoS) 
pu 777) 
"2 	 (III.10) 

11 comparison of above expressions with eq. (III.4) yields 

respectively 11248, 11416, 11584, 11751 and 11919 cals 

values ofAGo
H S(Pb)  for the equilibration reaction (III.1) 

and -0.08, -0.05, 0.05, 0.18 and 0.37 as the respective 

values for self interaction parameter, 4, at the different 

temperatures of study viz., 723, 773, 823,873 and 923°K. 

The free energy )f reaction, 

H2(g) + 1/2 32(g) = H2S(g) 	(I1I.11) 

is known to be given by the following expression 

AG°  = - 21580 + 11.8T 	(III.12) 

Combination of the calculated values of AG°  for the reac-

tion (III.11) at different temperatures of study with the 

values ofAGlls(pb)  for eq. (III.1) in pure lead solvent 

yields the values -16.8, -15.44, -14.25, -13.2 and -12.25 

respectively for In KS(Pb)  at 723, 773, 823, 873 and 923°K 

temperatures, for the equilibrium reaction, 

S(Pb) . 1/2 82(g) 	(III.13) 

In Fig. 111.2, the function In KS(Pb)  is plotted against 

(1). Regression analysis of the d ta plotted in this figure 

leads to the following expression, 
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ln KS(a) = 4025 	
).5300 	(111.14) 

Thus the enthalpy and entropy of the dissolution of 

sulphur in pure lead solvent, represented by eq. (I1I.13) are 

found to be 30400 cats and 8.44 e.u.respectively. 

Free energy of the above reaction has also been deter-

mined by Hagiwara [ 54 ] and Alcock and Chong [53 ] in the 

temperature ranges 1073 - 1223°K aria 773°  - 953°K respect-

ively. As will be noted the data obtained in the present 

investigations corresponds well with that reported by 

Hagiwara. 

III. 2.1.2 Sulphur in Pure Liquid Copper Solvent 

The experimental data on dissolution of sulphur in 

pure liquid copper as solvent is presented in Table 111.2 

and has been used to calculate the function 
PH,S 

x 7Ti-7)], values of which are also given in 
PH2 	 PH2S 	1 the above table. Further, function [-ln(---- x 77§-)] has 

PH2 
been plotted against at.%S in Fig. 111.3 at different tem- 

peratures of study viz., 1423, 1473 and 1523°K and linear 

regression analysis of the data so plotted yields the follow-

ing expressions, 

i) At 1423°K 

PH2S  
x 	1 ) = -6.22-0.192 x (at.45")... (III.15) pH 	at.pD 

"2 
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ii) Lt 1473°K 

ln( p 
 
X--717—r) = —6.00-0,203 x (Pt.VvS)...(III.16) 

PH2 	
EIT• '16-' 

and 

iii) At 15230K 

x=- 5.94-0.199 x 
PH2 	ate I°  

On comparing the above expressions with eq. (III.4), one 

obtains the values of AGH8(,)Cu) as 17510, 17780 and 18050 

cals end those of self interaction parameter, co  as -0.192, 

-0.203 and -0.199 at temperatures 1423, 1473 and 1523°K 

respectively. 

L,s done in case of lead solvent, a combination of 

above values of free energy, a G1,( Cu)with  the free energy, ho  
LIG°, for the reaction (11 .11) yields the values of equili-

brium contant, hs(cu), as -7.80,  -7.54 and -7.26 at 1423, 

1473 and 1523°K temperatures, for the reaction, 

"(Cu) = 1/2 S2(g)  ...(III.18) 

where S(Cu) is the sulphur in solution with pure molten 

copper. 

In Fig. 111.2, function [ln  KS(0u)] is plotted against 
1 

(T). Further, regression anelysis of the data plotted in 

this figure leads to . the following expression 

in —15(Cu) = 3.211 •- 
15803 	...(III.19) 



102 

From eq. (111.19), values of enthalpy and entropy for the 

reaction expressed by eq. (III.18) are computed and found 

to be 31400 cals and 6.39 e.u.respectively. 

Values of free energy for the above reaction.  (III.18) 

have also been determined by Bale et al. [25 ). Ls will be 

noted, the results obtained in the present work are in good 

agreement with the work of these investigators. 

III. 2.1.3 Sulphur in Pure Liquid Silver. Solvent 

Experimental data on dissolution of sulphur in pure 

liquid silver are presented in Table 111.3 and 
PH  

1 
Q 

used to calculate the function [1n(  x —r—Tm 
PH
2  

au.00 

given in the above table. Further, the function 

9112S  1 x 777)] has been plotted against at. PS in 

H2 
Fig. 111.4 at temperatures 1273,. 1323 and 1373°K. By doing 

linear regression analysis of the data so plotted, following 

expressions have been obtained 

i) 1273°K 

PH2S 
x  ) = —3.353-1.354x(at.i0S)... (III.20) at„iki S 

"2 

ii) lit 1323°K 

have been 

)), also 

PH2S  1 
ln(---- x 7,77) = 3.437-1.21 x( at. %S) 

pH  
2 .6. (Mal) 
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and, iii) L.t 1373°K 

H2S 	1 x 	= 3.523+0.958x(at.,X) PH2 	at.9 0 

(111.22) 

By comparing the above expressions with eq.(III.4), values 

of free energy AGI°/su,g) for the reaction (III.1), snd self 

interaction parameter t es,rre computed and found to be res-

pectively equal to 9550, 9120 and 9667 eels and —1.354,-1.21 

and 0.958 at temperatures 1273, 1323 and 1373°K respectively. 

1.gain for the equilibrium between the sulphur in gaseous 

phase and sulphur dissolved in pure silver, represented by 

the following ezpression, 

	

S(!Lg) = 1/2 S2(g) 	 ... (111.23) 

values of free energy, Aq(4), can be computed from the 

values of L GL(118)  and eq. (111.12) at 1273,  1323 and 1373°K 

respectively and are found to be 15100, 15076, and 15040 cals. 

From these free energy values, in Ksulg)  is computed and 

plotted against (1/T) in Fig. 111.2. The regression analysis 

of this data leads to the following expression, 

In Ks(1l6)  = 0.467 — -up 	... (111.24) 

The values of free energy of reaction, represented by 

eq. (111.23), obtained in the present work compare well with 

those obtained by Rosenqvist [ 18]. 
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III. 2.2 Sulphur in Binary Molten Metallic Solvents 

Let us consider a binary metallic solvent contain-

ing components A and B (where L. and B represent any two 

of the pure metals lead,silver o oppe sed in the present 

study), in equilibrium with a gaseous phase, having p, 
nr 

and pH2  as the partial pressures of the components HIS 

and H2  respectively. According to eq. (III.?), for equili-

brium between sulphur dissolved in binary solvent and the 

gaseous mixture containing H25 and H2, one can write the 

following expression for the equilibrium constaint,KHs( B), 

P2S 1  \ ln 	 1_ fsui,-B)  A-B) 	in  ( 	et. 	n  
-H2  

PH2S = ln(---- x —177—) es 	x (at.-kB) pH 	at.at. PS  

... (111.25) 

where, fsS  (.41-13 ) and 93  are respectively the interaction 

coefficient and self interaction parameter of sulphur in 

the binary solvent (A-B). The above expression also shows 

i that, if 	is ndependent of the amount of sulphur present 

in the binary solvent, the intercept (at at. 3 equal to 
PH2s 

zero) of the linear plot of function [1n(---- x 76)] 
PH2 

against at.'S for a binary solvent of constant composition, 

will lead to the 	value of In Klls(L....B), whereas the slope 

will yield the value of self interaction parameter, c, of 

sulphur in that solvent. 
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Further, one can also arrive at the values of inter-

action parameters, for the effect of B and A on sulphur in 

the solvents A and B respectively. To arrive at a suitable 

relationship for. the calculation of these interaction para-

meters, one considers a solvent which is a dilute solution 

of component B in A. As In KHs(s„..B)  is a continuous function 

of the composition, one can write the following Taylor's 

expansion for the above mentioned solvent 

(22.111111§1kg/ In KHs(k_B) = In kusuivq 	3. (at 470B) 
/ o( at 	B) 	( at % B)--- o 

02  In K 
+[--- 

o (at % 
jat % B)2  

• 2 
(at % B) ---o 

 

 

ln K 	
o In K 

/ 

L 0(at5,  B) 	
J • tat 90 B) 

 (at 	B) ---0 
... (111.26) 

Further, one can also write the following expression for 

the ratio of at.4' S dissolved, under the same H2S - H2  

mixture (i.e., for the same sulphur chemical potential), in 

pure liquid solvent A and a binary solvent consisting of a 

dilute solution of component B in component A, 

(pt.% 
(111.27) In 	- f 	in HS(A-B) - In 'NHS (IS) (at° °°)(A-B) 

For the above mentioned conditions, one can, therefore, 

write the following expression, 
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(at.'is )1. in 

	

	= - In fls3  = 	es.(at.k B)...(III.28) at. -16" (14.-B) 

where, fB  and e
s 

are respectively the interaction coef-

ficient and interaction parameter. Thus, from eqs. (111.26) 

and (111.28), one can infer, 

o In kHst A...10 
es  = 	

o (at.4 
_ 	 ...(111.29) 

. B) 	(at. B) 	o 

i.e., the value of slope at at. .4 B ---o on the in Ks(l_B) 

Vs. at. '4 B curve is equal to the negative of interaction 

parameter, es. Thus one can also derive values of inter-

action parameters from present investigations. The above 

expressions shall now be applied to the binary systems 

studied in the present investigations to make calculations. 

III . 2.2.1 Sulphur  in Binary bead-Silver Solvents 

From the data reported in Sec. (III.1) in Tables 
S 

	

111.4 - 111.9, the function [-ln(PH 2 
	1  --- x 	)] is plotted 

	

PH2 	
at.* S 

in Figs.III.5, 111.6 and 111:7 against at.SS respectively 

at temperatutes 1273, 1525 and 1373°K for the binary lead-

silver solvent of different compositions. These figures 

show a linear relationship between the two functions. 

Values of functions In F HS(Pb-4) and the self-interaction I  

parameters of sulphur, es, have been computed by linear 

regression analysis of the above plotted .data. From a 

knowledge of the values of function RT In Kils(a_Ag) and 

free energy, AG°, of the reaction expressed by eq.(TII.11),  
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the free energy, LiG (213...Lg), of the reaction 

S(in Pb-Lg alloy) = 1/2 S2(g) 	... (111.30) 

for different binary alloy solvents has been calculated and 

plotted against composition for different temperatures in 

Fig. 111.8. Regression analysis of the data plotted in 

this figure shows the values computed within an average 

accuracy of +554 +550 and +530 cals at temperatures 1273, 
AG°  

1323 and 1373°K respectively. Further, from 

Vs. (1/T) plots, the entropy,'c 	and enthalpy; o(Pb-lig) 
dHs(pb..2i6)  of the•reaction expressed by eq. (III.30) for 

different binary Pb-Lg alloy solvents are evaluated. These 

thermodynamic properties are also plotted in Fig. 111.8 

together with the values of AGs(pb_z.,.g)  for the same reaction 

as reported by Mohapatra and Frohberg [85 ]. It will be 

noted that values of free energy obtained in the present 

investigations differ slightly from those obtained by these 

investigators at 1100°K. This difference is attributed to, 

(i), the different e:qperimental techniques employed, 2nd, 

(ii) the basic assumptions made for calculations. In their 

Fork, Mohapatra et al. [ 85 ] have assumed that the behaviour 

of sulphur in the solvent, a mixture of chlorides, follows 

Henry's law. However, this assumption is not substantiated 

by the experimental work, and is considered to be mainly 

responsible for the difference pointed out above. 

The method employed in the present investigations is 

a direct one and yields. reproducible and reliable data on 
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These plots also show a linear relationship between these 

two functions end hence values of In Kas(2104,0 and the 

self-interaction parameters, es  , are evaluated by linear 

regression analysis of the above plotted data at different 

temperatures and alloy composition. From a knowledge of 

the values of the function RT in Kiis(Pb-cu)  and values of 

AG°  for the reaction expressed by eq. (III.11), the values 

for free energy, AGs(pb_cu), for the reaction. 

S(Pb-Cu alloy) = 1/2 S2(g)  (III.31) 

are determined for different binary Pb-Cu alloys at the 

above mentioned temperatures. These values of free energy, 

Las(pt_cu), have been plotted for different alloys against 

composition in Fig. 111.12. Regression analysis of the 

free energy date plotted in this curve shows that the 

free energy values obtained have an average accuracy of 

+540, ±560 and ±580 cals respectively at temperatures 1273, 

1323 and 1373°K. 

Enthalpy and entropy for the reaction (111.1) for 

these alloys have also been determined from the plots 

dC) n 
(---= 1- 1) and (1/T). These are also plotted in Fig. 111.12 

against the composition. From the LG° 	Vs. compo- 
S(Pb-Cu) 

Cu sition plots,values of interaction parameter , es (Pb),  nd 

P 
cs
b
ou)  have been calculated and are found to be-5.972,-7.817 

and-8.705 and-0.05_ ,-0.245 and-0.512 respectively at tem-

peratures 1273,.1323 and 1373°K. The values computed for 

different functions are given in Table 111.35 . 
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Twidwell and Larson (58 ] have also carried out in-

vestigations on lead-copper alloys containing 0.43, 1.87 

and 2.54 at. Cu at 873°K and have reported the value of 

interaction parameter of copper on sulphur, csOu  , in lead 

as - 55.0. 

111.2.2.3 Sulphur in Binary Copper-Silver Solvents 

Experimental data on equilibrium between copper-silver 

binary alloys and H2-H2S gaseous mixture are reported in 

Tables 111.16 - 111.21 and has been used to calculate the 
PH2S  

function [1n(707-- x 1 	for different compositions of at .% 0] 
'112 

the solvent at different temperatures. Function 

PR2S  (-1n(---- x aler7)] is plotted in Figs. 111.13 - 111.15 
PH2 

against at.% S at temperatures 1273, 1323 and 1373°K for 

the different studies made. These plots also show a linear 

relationship between these two functions and hence linear 

regression analysis of the above data is used to calculate 

the values of In Ells(cu_Lg)  and the self interaction para- 

meters c,S  , of sulphur at these temperatures and for alloys 

of different compositions. By making use of the free energy 

of the reaction expressed by eq. (I11.11) end the computed 

values of the function RT In KHS(011-1.g), values of the free- 

energy, 	 , for the reaction. 
S(Cu-L.g) 

S(0u-1.g alloy) = 1/2 S2 	... (111.32) 

for different alloys at temperatures 1273, 1323 end 1373°K 
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have been calculated. Further, values of AGs(Cu..4 ), so 

obtained, have been 1),.otted for different temperatures against 

the composition of binary alloy solvents in Fig. 111.16. The 

average accuracy in the computed values of free energy, as 

evaluated by the linear regression analysis of the data, 

has been found to be respectively +520,+530,+560 cals. At the 

three temperatures of investigation -1273, 1323 and 1373°K. 
Ag 

From these plots values of interaction parameters s ou)snd 
Cu C3(4)  have been calculated and are found respectively 

1.5, 1.033and 0.437 and-4.66,-5.33 and-6.11 at tempera-

tures 1273, 1323 and 1373°K. 

Values of the entropy and enthalpy change for the 

reaction expressed by eq. (111.32) in different Cu-Ag alloy 

solvents have been computed from the plots of the functions 
° LA. (24u-A )  ). 	1 Vs. (-) and shown in Fig.III.16. The 

values of different functions computed above are given in 

Table III. 36. In literature no work has been reported on 

solubility of sulphur in these alloys in the dilute solution 

range. 

111.2.3 'Sulphur in Ternary Molten Metallic Solvent 

In case of ternary solvents, consisting of components 
A, B and C (whee A, B and 0 represent lead, copper and 

silver in the present investigations), in equilibrium with 
PH2s 

gaseous phase of known ---- ratio (corresponding to a 
PH2 
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definite chemical potential of sulphur), one can write 

the following expression for the equilibrium constant, 

KHS( 	for the equilibrium reaction represented by L-B-C)'  

eq. (III.1). 

PH2 S 	1 ) x 76-m, - 	I n f S( 	 s in KHA-B-0) = "Lri PH2 • 

2 
... (111.33) 

where fs and e501...-13-0 respectively represent the self-

interaction coefficient and self interaction parameter of 

sulphur in ternary molten metallic solvent. 
PH2S 

Plot between the functions [1n(---- x 	 )] and 
PH2 	

at.o 

at.VQS-  will yield the values of the equilibrium constant, 

 and self interaction parameter, e in the KHS(11.-B-0) 	p 	s  

ternary solvent. Different interaction parameters quanti-

fying the effect of other solute components on the behaviour 

of sulphur in ternary solvent can similarly be defined, as 

described in Section 111.2.2 for binary metallic solvents. 

111.2.3.1 Sul hur in TerEELLIJ221729212=AlarSolyents 

Experimental data on dissolution of sulphur in ternary 

Pb-Cu-1.g alloy solvents of different compositions in equi- 

librium with gaseous mixtures of known ---- ratios have been 
PH2 

reported in Tables 111.22 - 111.33. From these data, values 

PH9S 	1 
= 	x 	= ES 

PH 	atkS 	S(A-B-C) x (at. %3)  



132 

PH2S 	1  of the function )] have been calculated 
PF x at. hs 
2 	PH2S 

for each composition of the alloy at different - 
P 	

ratios 
H2 

and at different temperatures used for study viz., 1273, 

1323 and 1373°K respectively. The function 

P2S 	1 is then plotted against at.AS in 
PH
2 

x  77b--)3  

Figs. 111.17 - 11E.19 at temperatures 1273, 1323 and 1373°K 

respectively which clearly indicates linear relationship 

between these two functions. Linear regression analysis 

of the data,thereforetyields the values of In Km( 

and self interaction, parameter of sulphur, es, at above 

temperatures for different ternary alloys. 

The RT In KHS(Pb- Cu-Ag) values computed above, when 

combined with the free energy, AG°, for the reaction ex-

pressed by eq. (111.11), yield the value of free energy, 

L'uS(Pb-Cu-lig) for the following equilibrium reaction. 

2(Pb-Cu-Ag alloy) = 1/2 $2 	(111.34) 

for different ternary alloys. These values are plotted in 

Fig. 111.20 against composition (varying with respect to 

one of the constituents)of the ternary alloys at tempera- 

tures 	1273, 1323 and 1373°K. Further, linear regres- 

sion analysis of the data on free energy for different 

alloy solvents at these temperatures yields values of an 

average accuracy of +600, +580, +550 cels at temperatures 

1273, 1323 and 1373°K respectively. Also from the 

Pb-Cu-Ag) 
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FIG.111.8 FREE ENERGY ENTHALPY AND ENTROPY OF SULPHUR 

EQUILIBRIA IN BINARY LEAD-SILVER ALLOYS. 
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pure metallic solvents (as already discussed in Secs. 

(111.2.1.1 - 111.2.1.3) above). Therefore, the data 

obtained in the present study on binary lead-silver alloy 

solvents are considered to be more reliable than those 

reported by Mohapatra et al. Twidwell and Zerson [58 ] 

have also studied the behomiour of sulphur in dilute solution 

range .at temperature 873°K for lead-silver alloys contain-

ing 4.5, 9., 16.6 and 32.2 at.. Silver and reported 

activity coefficient values of sulphur as 1.151, 1.355, 

1.725 and 2.43 respectively. 

From plots of ZIGs°(pb...1,8)  Vs. composition interaction 

parameters Pb)  and E; Pb  u,0 have also been calculated. 

Values of these parameters are found to be • 5.68, 4.39 

and -3.08 and-0.330,-0.47 and-0.63 respectively at tempera-

tures 1273, 1323 and 1373°K. Twidwell et al. [ 58 3 have 

reported the value of interaction parameter es  as 3.3 

at 873°K. The values of different function calculated above 

are given in Table 111.34. 

111.2.2.2 Sulphur in Binary Lead-Copper Solvents 

The experimental data on equilibria-runs for different 

lead-copper alloys is presented in Tables 11-1.10 - 111.15 

and from these,the function [1n(--- 
PH2s  

- x 177)3 has been 

calculated for different binary Pb--Cu alloy solvents at the 

three temperatures of investigation i.e., 1273, 1323 and 

1373°K and plotted against et :7- S in Figs. 111.9-111.11. 

PH2 
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FIG.III.21 ISOREE ENERGY CURVES FOR EQUILIBRIA OF SULPHUR 

IN DIFFERENT Pb-cu-Ag 
TERNARY ALLOYS AT DIFFERENT 

TEMPERATURES• Dq( 	
cat pb_cu_Ag), ] 
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FIG.III.22 ISO-ENTHALPY CURVES FOR EQUILIBRIA OF SULPHUR IN 
DIFFERENT Pb-cu-Ag TERNARY ALLOYS. 

[AH0S(Pb-cu-Ag) in cal.] 
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SO-ENTROPY CURVES FOR EQUILIBRIA OF SULPHUR IN 
FIG.III.23 I  

DIFFERENT Pb-Cu-Ag TERNARY ALLOYS. 
in e.u.] 

PS°S(Pb-Cu-Ag) 
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TABLE-37_ : Different thermodynamic parameters 
calculated from experimental data 
for ternary Pb-Cu-Ag alloy solvents 

Composition 
NPb 	11Cu NAg 

TempoK S 
ES/Pb-Cu--Ag) AG° a(Pb-Cu 

-Ag) cals.  

0.135 0.7407 0.1243 1273 -6.37 -0.516 22680 
(±0.23) (+0.03) (±540) 

0.135 0.634 0.231 -6.02 -0.308 21790 
(+0.25) (±0.03) (+570) 

0.135 0.481 0.384 -5.55 -0.378 20580 
(+0.29) (+0.04) (+620) 

0.135 0.247 0.618 -4.65 -0.401 18340 
(+0.22) (±0.05) (+520) 

0.27 0.6327 0.0937 -6.33 -0.437 22580 
(+0.29) (+0.105) (+620) 

0.27 0.5353 0.1947 -5.99 -0.196 21730 
(+0.30 (+0.02) (±630) 

0.27 0.4056 0.3244 -5.51 -0.385 20500 
(+0.25) (+0.03) (+570) 

0.27 0.2086 0.5214 -4.64 -0.297 18300 
(+0.27) (±0.03) (+590) 

0.445 0.481 0.074 -6.32 -0.319 22 540 
(+0.26) (+0.07) (±580) 

0.445 0.407 0.148 -5.96 -0.187 21650 
(±0.25) (+0.04) (+550) 

0.445 0.308 0.247 -5.48 -0.237 20430 
(±0.22) (+0.04) (±510) 

0.445 0.1586 0.3964 -4.63 -0.198 18270 
(+0.23) (+0.04) (±530) 
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Table-37 (Contd.) 

Composition 
NPb Ou NAg 

o Temp In 	,..„. K  AD 
S 
eS(Pb+OU 
+Ag) 

Arlo 
"S(Pb+Cu 

+Ag) 
cals. 

0.135 0.7407 0.1243 1323 -6.26 -0.234 22440 
(±0.29) (±0.05) (±610) 

0.135 0.634 0.231 -6.04 -0.287 21840 
(±0.23) (+0.04) (±570) 

0.135 0.481 0.384 -5.63 -0.322 20770 
(+0.21) (±0.05) (+530) 

0.135 0.247 0.618 -4.81 -0.298 18600 
(+0.19) (±0.03) (+500) 

0.27 0.6327 0.0937 -6.34 -0.326 22640 
(+0.28) (±0.09) (±580) 

0.27 0.5353 0.1947 -6.08 -0.172 21940 
(+0.28) (±0.03) (+570) 

0.27 0.4056 0.3244 -5.64 -0.336 20800 
(+0.27) (+0.02) (±570) 

0.27 0.2086 0.5214 -4.83 -0.216 18670 
(±0.21) (+0.04) (±500) 

0.445 0.481 0.074 -6.41 -0.126 22830 
(±0.29) (+0.03) (±600) 

0.445 0.407 0.148 -6.11 -0.150 22040 
(±0.25) (±0.03) (+570) 

0.445 0.308 0.247 -5.66 -0.133 20850 
(±0.21) (±0.03) (±520) 

0.445 0.1586 0.3964 -4.85 -0.117 18700 
(±0.23) (+0.05) (+540) 
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Table-37 (Contd.) 

Composition 

NPb 
N
Cu 

N Temp°K 

In KEls  
S 
cS(Pb-Cu 
-Ag) 

o AG 
S(Pb-Cu 
-Ag) 

cals. 

0.135 0.7407 

0.135 0.634 

0.135 0.481 

0.135 0.247 

0.27 0.6327 

0.27 0.5353 

0.27 0.406 

0.27 0.2086 

0.445 0.481 

0.445 0.407 

0.445 0.308 

0.445 0.1586 

0.1243 

0.231 

0.384 

0.618 

0.0937 

0.1947 

0.3244 

0.5214 

0.074 

0.148 

0.247 

0.3964 

1373 -6.23 
(±0.21) 

-6.07 
(±0.21) 

-5.73 
(+0.23) 

-4.97 
(+0.25) 

-6.345 
(±0.26) 

-6.12 
(+0.25) 

-5.76 
(±0.27) 

-4.99 
(+0.23) 

-6.46 
(±0.27) 

-6.20 
(±0.25) 

-5.79 
(±0.23) 

-5.02 
(+0.21) 

-0.135 
(±0.05) 

-0.173 
(±0.04) 

0.087 
(+0.03) 

-0.107 
(+0.05) 

-0.486 
(±0.06) 

-0.187 
(±0.05) 

-0.115 
(±0.03) 

-0.168 
(+0.03) 

-0.285 
(+0.04) 

-0.116 
(±0.02) 

-0.098 
(+0.03) 

-0.073 
(+0.03) 

. 22380 
(+500) 

21940 
(±510) 

21010 
(±540) 

18940 
(+560) 

22690 
(±590) 

22090 
(±550) 

21080 
(±570) 

19010 
(+520) 

23000 
(±570) 

22280 
(+540) 

21170 
(±510) 

19080 
(+500) 
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AGSiPb-Cu-Ag)  Vs. (1/T) plots for these elloys,vslues of 

enthalpy and entropy for the reaction given by eq.(III.34) 

have been evaluated for these alloys. Finally from these 

values,iso-free energy, iso-enthalpy and iso-entropy plots 

have been drawn in .Figs.. 111.21 - Fig. 23. The values of 

different functions computed are shown in Table 111.37 

It has been inferred from the literature review that no work 

has so fax been carried out on Pb-Cu-Lg ternary alloys for 

Study of behaviour of sulphur. 



CHAPTER- IV 

STATISTICAL THERMODYNAMIC INTERPRETATION 
OF RESULTS 

IV.1 Introduction: 

In the previous chapter, different experimental 

parameters namely, the interaction parameters and the 

equilibrium constants for dissolution of sulphur from 

the gaseous phase in pure liquid metallic solvents and 

alloy solvents have been calculated from the experimental 

data. This chapter is devoted to a quantitative inter-

pretation of the experimentally determined values of 

equilibrium constants. For this purpose, the statistical 

approach to the study of thermodynamics of solutions is made 

use of. In such treatments either the composition of the 

system is arrived at from a knowledge of the chemical 

potentials of the surroundings or expressions for free 

energy of solution and the different partial molar pro-

perties of each of the constituents are derived for a 

solution of known composition.In the present case, the 

later approach shall be followed for the sake of simplicity 

of treatment although the first approach is considered to 

be mor -,,  rigorous. However, the end results obtained in 

both the cases are found to be the same. 

As the experimentally determinable variable is equi-

librium constant for the reaction expressed by eq-(,11.34) 
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and the different theoretical expressions shall be in 

terms of the excess partial molar properties of the 

compon,mts of the solution under study, so one would 

first require a relationship between these two parameters. 

For its derivation, one proceeds as follows : . 

Eq. (ITI.34) is split into the following two reactions. 

1/2 S2  = S(1) 	 (IV.1) 

and 
S(1) = S 	 (IV.2) 

The first reaction pertains to the condensation of sulphur 

from the gaseous phase into a hypothetical atomic liquid 

sulphur phase. Let A GI(T) be the standard free energy of 

the reaction, which will obviously be a function of tempera-

ture, T. Thus, according to this reaction, the fugacity, 

f o ' of gaseous sulphur in equilibrium with pure liquid 
2  

sulphur shall be given by the expression 

f o 
S 2 

= pro  
' 

L 

[ 
2. {LeiCrii 

RT (IV.3) 

Eq. (IV.2) expresses the dissolution of sulphur from 

its pur::,  liquid form in the alloy. Hence, if one takes 

pure liquid sulphur as the standard state, then free energy, 

AG2, of this reaction shall be given by the expression, 

AG2  = RT In as  (IV.4) 

where, as  is the activity of sulphur in the solution. For 

ideal or Raoultian behaviour of sulphur in a melt, the above 
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expression will take the form, 

Gid = RT in  Nsid 
2 • (IV.5) 

whereas, for Henrian behaviour (with infinite dilution as 

standard state) eq. (IV.4) takes the form, 

	

AG 2 	RT In yo +11T In 	

• 	

(IV.6) 

where yo is the Henry's law constant and Nid and Ng  are 

mole fractions of sulphur in tho ideal and Henrian solu-

tions respectively. 

With the help of eqs. (IV.3) 	(IV.5), one can express 

the solubility of sulphur for its ideal behaviour under its 

low partial pressure,, (at which fugacity can be taken 
"2 

to be equal to partial pressure) by the following expression: 
ps 	1/2 

Nid = (--2—) fo 
S2 

1/2 	
..,pGIfT)] 

ps 	. ex 	RT  p 	 (IV.7) 
2 

whereas, from eqs. (IV.3), (IV.4) and (IV.6) for a Henrian 

solution, one can write similarly the following expression, 

AGc)(T) 1 /2 	y 

	

Ps 	= 	. exp 	RT 	 (IV.8) 
2 

Eqs. (IV.7) and (IV.8) yield for a given partial pressure 

of sulphur the following relationship, 
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Nid
s 	

1/2 
Pa 0 y 	7T-- . (IV.9 ) 

  

From eq.. (IV.1) it is clear that 

1/ 
Ps

2 
 
() S 

 's2 
and hence Ns  

K ... (IVao) 

Thus the required relationship between the Henry's law 

constant, y and the equilibrium constant, K, for the 

reaction(r104) takes the following form, 

RT in y°  RT ln K + AG1(T) 	... (Nal) 

or, in terms of free energies, 

-ex 
CGS 	+ AG°1 	(IV.12) AGS (A+P+C) 	 (A+p+c)  

where, AU-s1A+1,+c). 	the ,partial molar excess free energy

•and A G°S(A+P+ 	the standard free energy of solution of 0)  
sulphur. In the above expression, the 	value 	for 

Gs(A÷p+a)  will be derived from theoretical treatment, 

whereas that of AGS (A+PTC)  for the reaction expressed by 

eq . (, III .34) 

the value of temperature dependent function, AGi°(T)1 , can 

be calculated with the help of thermodynamic properties of 

sulphur, yet as shall be seen during the course of treat-

ment in the present chapter, this parameter is not required 

shall be d et ermined  experimentally. Though 
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for A correlation of experimental and theoretically 

computed data. 

In the following sections, therefore, first a 

unified theoretical approach shall be presented for the 

behaviour of infinitely dilute solutions of sulphur in 

alloys and from this, under different simplifying assump-

tions, a set of expressiobs correlating the function 

Ocs)(Al_p+c) with the composition of solution shall be de-

rived. Then in the next section applicability of these 

expressiono shall be tested and discussed. 

IV.2 Theory 

Though a number of models have been proposed to 

explain the thermodynamic properties of dilute substitu-

tional as well as interstitial systems, but most of these 

are based on lattice assumptions and have been applied 

predominantly to 	systems in which the solute is present 

in 	binai'y alloy solvents. These approaches have been 

reviewed comprehensively by Kapoor [ 68 ]. The major weak-

ness of these models is that they do not take into account 

the changes in free volumes on mixing and hence are unable 

to explain most of the thermodynamic properties of such 

solutions to a satisfactory degree of accuracy, This is 

particularly true for the explanation of the changes in 

entropy on mixing.To overcome this drawback, in the present 

work, the free volume theory, of which lattice models form 
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a special case, will be made use of for the derivation. of 

different thermodynamic relationships to explain the ex-

perimental results. The basic assumptions of free volume 

theory are as follows: 

i) Molecules or atoms present in a solution can be 

assumed to form a. quasi-crystalline lattice with 

atoms of each of the species being assigned a parti-

cular type of site. In case, the atoms of the dif-

ferent constituent species are similar in size, as 

in. the case of the system under study in the present 

work, each atom can be considered to occupy, as its 

mean position, one lattice site. However, if the 

solute atoms are much smaller in size than the solvent 

atoms, they will occupy the interstitial sites of the 

quasi-crystalline lattice built by the solvent atoms. 

This type of solutions are generally referred to as 

'interstitial solutions', whereas the former type as 

the 'substitutional solutions'. This assurption is 

the same as the one made in the case of lattice models. 

ii) The atoms of a solution vibrate around their mean 

positions in a small space called 'cell'. The volume 

of such a cell is determined by the interaction of 

the atom occupying it with its nearest neighbours 

i.e., those lying in its first ''coordination 

iii) The energy of an atom is a. function of the number 

and types of atoms surrounding it. 
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ysterns 	studied in the present investigation consisted 

of a molten metallic solvent (either pure molten metal -

lead, copper or silver or their binary alloys consisting of 

any two of these metals or a ternary alloy consisting of 

all three of them) and a gaseous phase comprising of a 

mixture of Hydrogen and Hydrogen sulphide and having a 

predetermined chemical potential for sulphur. Equilibrium 

studies have been conducted on such systems. For the purpose 

of statistical thermodynamic treatment of the solutionone 

may consider it to form an open system with respect to 

sulphur (as it can be exchanged by the solution with the 

surrounding gaseous phase) and closed system with respect 

to the metallic components (ac their volatilisation during 

the eqUilibration process has been found experimentally to 

be negligibly small). Thus for the derivation of different 

experessions for the amount of sulphur dissolved in the 

metallic solvents and also for the derivation of expressions 

for the different thermodynamic properties of such Systems, 

one requires,in principle, constructing a semi-grand 

partition function, r-27  , for the solution. Such a parti-

tion function is defined by the following expression, 

= E 
	

(nA ,npoc ,ns ) exp ( 	... (IV. 13) 
x 

where, nA, np, nc  are respectively the numbers of atoms 

of silver, lead and copper in the solvent, ns  corresponds 

to the number of sulphur atoms in the solution, !Is  represents 
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the chemical potential of sulphur in the gaseous phase, 

N, the Avogadro's number, k, the Boltzmann's constant, Tp 

the absolute temperature and fina.11yn(n nP, n n ) A' P' C' S 
represents the ordinary partition function of the solution 

containing atoms of different species as given in paren-

thesis. However, as stated earlier, instead of adopting 

this path, we shall assume a solution of constant composi-

tion and construct an ordinary partition function for such 

a system and derive its thermodynamic properties. 

The ordinary partition function,C1, of an ensemble 

is defined by the expression, 

. Z [exp (- Ei/e).17(vid 	 (IV.14) 

where the summation in the above expression extends over 

all distinguishable states of the system. The above ex-

pression can be written in a more frequently used alterna-

tive form. In this form, all distinguishable state of the 

system having the same energy are written together. Thus, 

expression for is written as, 

n 
g (Bi ). exp( - Ei/XT ) . Ti (vi) 	(IV.15) 

where g (Ei ) is the number of distinguishable states of the 

system having same total energy Bi. The summation in the 

above equation now extends over all possible values of total 

energy Bi. In this case again, the evaluation of CI is 

done by replacing the summation by the maximum term in the 
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series given by eq. (IV.15). Thus, 

= g 	. exp (- kT" -max vmax.)  (IV.16) 

where, -fl • ax and  Emax  correspond to the values of these 

variables in the maximum term which can be determined by 

the standard procedure for optimisation as will be shown 

later in the course of present treatment. As a first 

step for the evaluation of this term, one needs expressions 

for the combinatorial term, g, and energy E. 

The energy of the system, E, may be considered to be 

equal to the sum of the energies of all the atoms present 

in the system. These atoms can be distinguished, firstly, 

on the basis of species to which they belong and secondly 

on the basis of the number and types of other atoms present 

in their first coordination shells. On this basis, one can 

classify atoms into following different categories with 

another simplifying assumption that the coordination number 

of each atom is z. 

i) Silver atoms having no solute atom, i-lead atoms 

and j--copper atoms in their first coordination shells. 

Let there be niA 
jo such atoms in a particular total 

energy state of the system. If 111.1j°  is the energy 

of one such atom, then the total energy, 40  of all 

such atoms having no solute atom around them will be 

given by the expression, 
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A ' "A El = A 
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Vii'  = E wij° . nij° WA S° 	 (IV.17) 
i=o j=o 

ii) Assuming further the solution to be so dilute in 

solute that no solvent atom has more than one solute 

atom in its first coordination shell, that a solute 

atom does not have an atom of its own species in 

its first coordination shell and also that there 

will be few silver atoms having only one solute atom 

in their first coordination shell, the other atoms 

will be those of the type of species present in the 

solvent. If nAdl  denotes the number of silver atoms 

having k atoms of lead, d atoms of copper and one 

atom of sulphur around them and 	the energy of 

one such atom, then the total energy, EA, of silver 

atoms having one sulphur atom shall be given by the 

expression 

. . . (I V.18) 

If one denotes by nA  , the total number of silver atoms 

having one solute atom around_ them and nA, those having 

no solute atom around them one can write, on the basis of 

mass balance, the following expressions 

i=0 
jo 	0 

A = nA  . . . ( I V . 19 ) 

cE:L-1) k.d.1 
nA = . . . ( I V . 20 ) 

k= o 
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and f 

ze_ 

i=o 
ni jo + 

(z
E
-1)  k-1) 

kdl o 1 
A  

o  
nA = nA+nA=n k=o d  A = ... (117.21) 

iii) As in (i) above, one can also categorise lead atoms. 

xyo 
Thus if one denotes by np  , lead atoms having  x 

copper atoms and y - silver atoms and no solute 

(sulphur)atom around  and by WP°, the correspond- 

ing  energy, one can write the following  expressions 

for the energy, EP, and number, np, of all lead atoms 

and 

having  no solute atom around them, 

 Ix) 
E° E I__ wxY° . nxYo 
P 

x=o y=o  P  P 
• (IV.22) 

xyo nP  = nP • (IV.23j 
x=o y=o 

iv). As in (ii), classifying  the lead atoms, one can 

write the following  expressions, 

El  = 
IL-1)  

fy 
-1) 	„pqi 

p=o q=o p 
and, 

k=1)(z- -1) 
n
pql 

= n
1 

P  P p=o 

pql o np  =np+np=np. (17.26) 
ci=0 

• (IV.24) 

• (IV.25) 

-1 ) ze, -1 
X=0 31=0 	p=0 
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v) Similarly one can write the following expressions 

for the different types of solvent copper atoms; 

wrto . nrto E(0) 	C 	C 
r=o 

and, 

nrto . no  
r=o t=o 	C 	C  

▪ (IV.28 ) 

where norto  denotes the number of copper atoms 

having r-silver, t-lead and no sulphur atoms 

around them. Further, 

l 	4:1) (z -u-1)wuvl ,uvl E 'C = 2-- 	"C ' "0 	(1V.29) 
u=o v=o 

• (IV.27) 

11.= 0 
	V =0 

nuvl 1 C = nC 

and 

• (IV.30) 

Also, 

izzr) rto (z-1)(-u-1) n 	 no 	uvl n o 1 = +n =n 	(IV.31) s r=o t=o 	11=0 V=0 	s" o 

vi. Lastly, one requires an expression for the energy, 

ES' of the solute atoms. If one - assumes that a 

solute atom having m- silver, w-lead and rest 

copper atoms in 	its first coordination shell, 

has an enengyllir ,and if there are nmw  such atoms 

in the system, then Es  shall be given by the 

expression, 



z 
ES = 

m=o w=o 

TAW ,MW 
ITS • 4.13 • (IV.32) 

)n kdl.W  kdl A A 
d=o 

kdl 	yo nh 	nx 
= IT T1 (v.k. J0) 	.11 ri(viidi ) 	(v1,c yo)  

L j 	k 

p9 	 Y 	 u ti  

x 
pql rto 	nuvl 	nmw np  

fr  (vri ) 	
1(v t 0) 	ff(Irldvi) {min  s 

w 
• (IV.35) 
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and , 

n 	nSmw  
m=o w=o 

▪ (IV.33) 

Thus, with the help of eqs. (IV.17) - (IV.35), one can 

write the following expression for the total energy, E, 

of the system, 

E = Eo + El  Eo + El + Eo + E
l  E AAPPCCS 

z-   wi jo 	,i jo 
A' "A 

i.o j=o 

z 	z ) wro.nyo 

x-.0 Y=0 

(z-r)  
nrto rto >   

r=o t=o 

-1) 

k=-0 

-1) 	-1 

p=o q= 

z-u-1 

U=0 
	v=o 

wpql pql 
IIp • np 

uvl W . uvl 
C 	C 

nmw  • (IV.34) 

Similarly, one can write the following expression for the 

product of free volumes of all the atoms present in the 

system, 
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As the next step in derivation of the desired re-

lationships one needs an expression for the combinatorial 

term, 'g '. On the basis of principles of combination and 

permutation, one can write, for the different configurations 

of atoms present in the system, the expression, 

(npi  +n +n +n )1 
g  = h (nA  ,np one  ns  ) x 11  t.T[

(
4.  0/0. 	s . 

)c )!]' 1 

1 
------- (z -1)C  (z -k -1)c 

4°1/ 	z —k —1) )1]( 	ck 
k 	 k 	cd  . 

1  x 
Ti IT E(ril,cY°/z, :(z—x)c ) 

x .101.1r..1■11104.411. 

	(17-17 ‘/ 7.171-13:17.:- 
ID 

W • 

x 1 
•••••••••■•11=4....1.10...... 

[(nT1-
1
7(z-1) .(z-p-1)C  )1 

1 
x 

1 	 

II 	[(nic't°/zo 	IzC7.711t ct  
Ct j  

1 t 

x36 ) 
11 Ti Ens 	.(z-laa)C  )11 z0 :tz—m

)0 	*.* 

where the terms of the type zn  are defined by the follow- 

ing  expression , 
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z 1 
Z = 

cx  (z-x)lx 1 . • 
• (1V.37) 

The term h(npi np,norns ), in eq. (IV.36) is called the 

'normalising factor' and as per the procedure laid down in 

ref erenc es [ 77 and 86 ], is expressed as, 

1 	 h(nA ,niono ,ns ) = 	nio  I tic  ns  

. TT IT kii°/z0  .(z -1) 
(z-i)c.  

3 

xy 

.1111 [(11;13q1/(z-1)c  .  )il(z-1)0 
1 	

q  J 

(n-Adrto/z _ .(z-r )13zor•(z-On 't 
t 	Cr 	t 

)11(z-1)cu.(z-u-l)cv  .11 TT E(n8tav1/(z.., ,0  I) .(z-u-1)0  
u v 	u 	v 

.1-1 IT (nrwize  .(z-m)c  ) i lz0me (z-na)Cw  
M N 	w •-1  

• (Iv.38), 

where, the terms with asterisk mark (*), correspond to the 

values of different types of atoms in a randomly distributed 

system and are given by the following expressions, 

n*o 
n /(4  j°. z 	( z-i ) 	n ( 	. 	A 

C' 	C.:*  1 	 (nA+np+nc  )z 

• (1V.39) 

11(n*ka.  /(z-1) .(z-k-1) )0(z-1)  k 	
-k-1)0d 

Ck  C d 

*T1TT (ni4xY°/szc  .(z-x)0  )1r0x.( z-x )cy 
x 	Y 
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*0 

n*xyo  
y (z-x-y) x  112  

P  =  .(z-x) .n .n. 

 

zc
x  C A  'ne. .--- 

Y  (n +n +n )2 A P C 

... (IV.40) 

n*0 

n*rt o = z . ( z -r ) airalt en( z-r-t -t) 	C  _0- 
C  Cr  Ct A P C  . 

(nA+np+nc)2 

... (IV.41) 
*1 

nAtkdl = z. (z-1), .(z-k-1) .n1z-k-d-1).nK.nd ___n 
 r1  

P C. (n +n +n ) 'k  d  A P C 

... (IV.42) 

n*1 
n*Pc1.1 = z.(z-1)  (z-0-1)  ,q w,(z-p-q-1 
P  C ' A-  C '"A'"P  

nE. ____1_-..__ 

(r1A+11P+r)z -1  

S OO (IV.43) 

n*uvl = z.(z -1 
n*1 

.(z-u-1) .nu.nv.n(z-u-v-1) C  A P C (n +n +n )z-1 A p c 

▪ (IV.44) 

n 
n*mw = z .(z-m) .nm.nw.n(z-m-w)  S  
S  Cm  Cw A P C  . 

(nA+np+nc)2 

•.. (IV.45) 

In the above expressions, following  equalities hold good, 

nA  n*1 A  ( nA+np+pc  ).z nS  

n*1 P 	n  +n " A +n  P C 

nc  n *1 = (  ) . z ns C  n +n +n A p 

( IV.46) 

(IV.47) 

• (IV.48) 
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and 

... (11/.49) iil n1
0 = nA - nA 

= nP 	P - n*1 n*0 

	

P 	 ... (IV.50) 

0 

	

nC 	= nC ..C  n*1 

	

* 	 ... (IV.51) 

Substitution of the above expression for h(nA ,np,norns) and 

with the help of eqs. (IV.17) - (IV.35), one can write, on 

application of 'Sterlings approximation', the following 

expression for In 	. 

in Q = (nA  +np  +no  +ns  )1n (n.A+np+no+ns )-nA  In nA-np' in..  

-n0  in no  ns  in ns  

+ E L—, ei Joe  ,„ 
( 
,

A  

i j0

/' 
c  i)C )+ Z: Z 

11cd1. 
i 	 1 

 
i k d 

ln(nAkcil /z. 	1)0k'( -1= -lica ) + z -5-- exyo.  A- p x y 

ln(n*xY°/z • ( z-x) 	7- 	*pql ln(np *pql/z.(z -1)0  .0T-40  
P 	C • 	Cx y.  A,- 77 np  

P q 

,*rto 	„*rto 	(z-r)n  \_, 	*1,1171 
71" 	alifti 	(1.1.a 	turi 	

t i 	2-- nC 

	

r t 	 r 	u v 

In (n*uvl/Z (z-1)
Cu 

. (z-u-1)
0V 
 ) zr n* 

mw • 
m w 

In (n*MT/Z .(z—M)C ) S Cm 
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lagrangian multiplier method, the following expression 

for the different atomic species ; 

Wij°-kTln vJ°  
A  A (z-i) -jn3).expk- nA  A zo  1 C. exp(ini).exp( = ct  

(1v.59) 

nA
dl 

 = (111*"
(z-1),  uk (z-k-1 )c

d 
exp(kA

1
).exp(-d n3). k  

Wkdi kT In vkdl A  
(- 	 

A  kT  ) 
• (IV.60) 

Wx7942 In 
flp  ap.zn  

.(z-x) C
7 
 .exp(xn ).exp(-yal).exp 

• (IV.61) 

pql  p (1  (zp-1) 
np  = a.z. z- p.  yexp(pa2).exp(-qn1). 

WP
P  

vpql-kT in -Pql  

1ff 
exp(--  

rto  
no  v..  

(z r 
u  

)C
t
.exp(-tn

2
).exp(rn 

r  

• (IV.62) 

Wrtg42 1n vrt°  
.exp(_ 

▪ (1V.63) 

n
uvl  a .z.

(z-1)C .(z-u-1)
Cv.exp(-vn2).exp(un3) . 

uvl  avl 
W -kT In v

C ) exp(   
kT 

• (IV.64) 

ns  = as  
mw 

	

	
um.

(z-m)0
w.exp(-mn4).exp(-wn5).exp 1.-(z-m-w)n 1 . .  

mw 
W -kT In vm  

exp( - -S kT • (IV.65) 
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In the above expressions In aA , In ar,, In ac  and In as  

are the lagrangian multipliers for the eqs. (IV.21), 

(IV.26), (IV.31) and (IV.33) respectively and nl, n2, Ay  

1;4, n5  and x6  for eqs. (IV.53) 	(IV.58) respectively. 

All these multiplier variables can be determined with the 

help of following  set of nine equations which are obtained 

by substitution of eqs. (iv.59) - Clv.65) in the sets of 

material and bond balance equations. 

aA = nA I:  
.)  (z-.)C C 

o 

	

j 	
ze .  j  .exp(ini).exp(-ju3) • 

i==o 

	

ijo 	vino -1 
exp(_ WA -kT ln A  

	

-1) 	-k-1) 	(z-k-1)C 
kak  • 

kdl-kT In kdl -1 
.exp(-du3).expn4.exP(- W

A  vA  

nA  27. 
( z C.. k 'C exp(ial).exp(-jn3) . 
L 1=0 j=0 

Wil°-kT In vi j° 
exp( A 	 A )3  

kT 

Lz -1)ip -k -1) z. (z -1) .(z -k -1)0 .exp(kAl) . 
k=o d=o 	

C k  

exp(-dn3).exp 
kdl kdl -1 W -kT in v 3 

kT 

(IV.66) 
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no o 
	Cx. 	.exp( -ymi ).exp(xn2 ). x=o y=o 

1 = nP  [ 

14151 	P )J In vxyo -1  xyo 
exp(- 	kT 
) z -1)z  e(z..1)c .(z-p-1 

q  y■ q=o 
pcil_„ _pcil -1 

VI p 	 ic.X ill V p 	1  ] exp(pm2 ).expn5  .exp(- 	
lift  '/1 

J 

)z
Of  (z-x)Cy .exp(-yiy.exp(xx3 ) 

xyo_312  in vxY° 
exp(- :2--  kT 	P 	)i 

2-:2-1) z .(z-l)c .(z--P-1)0 .exp(-cp11)•exP(Pic2) 
p7.---0 	C1=0 

wpql_k2 vpql -1 
expm5  .exp(- -2- 	 (IV.67) 

z 

	

° FT: 2 	.( z -r) t eexp ( -t 2 ) .exp(rm 3 ) 

	

aC = liC 	t=o r r=o v=o 
rto 	rto -1 Wr, 	a  -kT in v 

exp(- 

) jz.:11-1) 2_ z.(z-1)0 .(z-u-l)n  
-1-'` 	2 1  =o v=0 

rto 	rto -1 
exp(ty .exp(—  

- 
kT  
kT In vc  
	.) 

	

= no 	-1-)z
Cr •

( z-r)Ct. exp( -tm2 ).exp(rm3 ) . 
r =0 t=o 

Wrto 	1n vrto 
exp( —C kT 	)1 + {" Z 

1.1=0 V=0 

no  
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-nP x=o y=o 
y zC x. 

( z- x)C y  .exp (xn2) . exp (-y41). 
z-x) 
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C 
uvl 

	

	uvl -1 -kT in v C .exp(t2 n3 ).exp(--7 n2).exp(a6).exp(- 	------) kT 

... (IV .68) 
z z 

ns  E z Cm  C. 
112  =0 W=0 

z-m)Cw.exp(-tin4 ) .exp( 	) 

lew-kfT in vxw)'14...  
(IV.69) exp -(z -m-w) 3 .exp(- -x kT. 

Evaluation of 1111. IL 2  .1t 3, )c4, 115  and n6  for the above 

expressions can follow from the following six simultaneous 

equations , 

zo..(z-i)o..exp(ini).exp(-j113). 

Wi;j°-kT In vij° 
.exp (- 	kT 	

A  ) 

z7:1) -k-1) 
k z .(z -1)

k. 

 (z -k-1)Cd exp( kit)) exp( -d1L3) 
k=o dmo 

Wkdi-kT In vkdl rz  
exp N.exp( _ A 

kT 

wiil jo_k2 vpo 

kT exp(ini ).exp(-jit3).exp(- 

) 	(z-i)c  
zei. 	j' 

z.(z-1) 	(z-k-1) C k. 	C d.exp(kai).exp(-d,t3 ).exp(Tc4  

wkdl 	In v-kdl-1 
exp (-- A  kT 	A -)1 

7J-KY0_1,41, vlp 	vp  
kT 



10=0 
	q=0 

1) 
q.z.(z-1)C .(z-P-1)Cq  exp(pg2).exp 

x-o y=o 
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exp(TL5). exp(- 

ql wp  -kT in vppql  

kT (z—x)c x°  y 

Wx"-kT In NTV°  
exp(xg2).exp(-ygi) .exp(- 

.exp(pg2) exp ( -gni  ) .exp( g5. ). 

1441-kT In vgqi  
exp(-  )] kT  (IV.70) 

) z  (z-x x. C.  .exp(x-x2).exp( -ygi) . 

wF°  -kT In vx3r0  
exp(- --E- kT ---“L  

p.z.(z-1)Cp.(z-p-1)0q.exp(pn2).exp(-qa1) 

expg5.exp( 
pql -kT In vpq1  

P )1. 
kT 

.(z-x)C .exP(x12)'exP(-Y1t1)  • 

yokT 
In vxyo 

exp( - 	kT 

np  
x=0 y= 
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) 
P.

(z—p—i)Cq •exp(pit2 ).exp(—cini) 

11Pc11—kT in vPc11  
exp(1T5 ) 	.exp(— P 

la 	) 

C [2: r=o 
Cr.z  (z—r) • Ct 	• .exp(—tg2 ).exp(riL3 ) . 

Wrto—kT in vrto 
C  kT 

z
_—u-1)

v.z.(z
-1)0u.(z— u-1)c oexp(—v,ic 2 ) . 

L1=0 V=0 

exp ( u'n3 ) .exp (7c6 ). 

Wc
uvi 	uvl • —kT In v, \iI 
	 . ..-:,-- 

' 	L-- 	
(z—.r)Ct • exp( - 	kT 	

L, 
-r=o t=o 

exp(—trc2 ).exp(r,c3 ) 

r Wrto—kT in vC
to 
	 z—u-1) t z-1  \ 

exp( — 	 ) 	 z.‘ kT 

	

	 'Cu. 
u=o v=o 

z 	) Cv • eXp ( 	JL
2
) . v 	• 

Ifluvi —kT in vuvl —1 
exp(uTc3 ).expJ 6 .exp( - 0 ' • la 

(IV.71) 

r. r.
(z—r)C 	).ex-o(rit ) t 	 ' 	2 	1. 	3 	• 

wrto_kT in vrCt°  
exp(— C . 	•  
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.exp(-va ) 

exp(un3) exp-n6  . 

uvl 	uvl 

	

-kT in v,„ 	r  z 	) z 	
( r), 

kT 	et >: 	 Cr' 	`'t r=o _ t =o 

exp(-t g2) .exp(rg3) . 

rto 	veto 
WC -kT in vC 	 (z-1) exp ...IA ,I10...41.1.M.,...11.) 

(z-11-1)Cv .exp(-v ic2).exp(utc ) 

exp.-g6 .exp(- Wa
uvl 	uvl -1 -kT in v, 

kT 

z 	
j.-xp(in ) 

In vi j° 	,c-1) A 	A \ exp(-j1c3).oxp(- 	 d. 
d=o 

(z-1)0 (z-k-1)C 
d e  

kdl_ 	kdl kT In vA exp(kni).exp(-dm) 	(A ) 3.exp4.3 	
w 

(- xp A 	 )kT 

kT 	 z. 	C 
u=o v=o 

• 

1=0 
(z-i)C r oxp(ini).exp(-ju3) 

wA j°-kT in vi j°   A xp ( 	 )  



-k-1) 
+ 

k=o d=o 
Wkdl-kT in vkdl 

A ) 
expote.exp(  kT 

k* 
-k-1)C d.exp(ky.exp(-dn3) . 

-1 

/Aimw-kT in vmw -1  
kT 

s )] 	0  
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(IV.72) 

-k-1)z.( z _i)c  (z-k-1}c d' - ex-n(kTc ).exp(-d-n3)4xp(i ) • 
d=0 

kdl 	kdl 	z  W h  -kT in vA 	. )1t 	)zc..(z-i) 
exp( -  - 	 c.  . 

kT 	 2.  1=0 

.exp(ini).exp(-jn3) . 

wi
A

jo_kT in viA jo,)+  z........1)z....k-3. )z .( z - 1 ) 0 	• exP( "" --- kT  k=o d=o 	 k 

.(z-k-1)ad.exp(kni).exp(-d113) . 

kdl 	kdl -1 W A  -kT in VA  , 

	

	
m•z • 

] 
exp(it4).exp(- 

	

kT 	)] m=o w=o 

• 
( z -m )

Cw 
• 

exp(-m1:4 ).exp(-wn5).exp t -(z-m-w)116  3 . 

W w-kT In vmw  
. exp ( -  . 

m.(z-m)C .exp(-mn4).exp(-wn5 ) • 

exp 1.-(z-m-04;6 1 .exp( 

. . . ( S.T . 7 3) 



w•zr, 
 m • (z—m)Cw.exp(—ary . —nS [ 4— M=0 W=0• 

w—kT In vm  
L exp(— — kT  

3 °[m=0 w=0 
Cm  • ( z—m)C .exp(—mrc4 ) . 

z 

z. (z-1) 	(z—t.1-1) C u u=0 V=0 	
. 
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nP  
p.(z_p-1)Cq .exp(pn .exp(—cpti )EP(rL5) • 

pq.  1 Wig 101' —kT in vp )1 r  zdi•,  
Lx=0 

expk- 
(z—x) Cx • 	Cy  

exp(xrc2 ).exp(-3rmi ) 

WxY0—k5 In vxY°  
exp(— 	kT 

(z-1) z. 	C . 

(z—p-1) C .exp(p-rt ) . 

WPql—kT In vPcil  P  exp(—cpci).exp(u 	 )5).exp(— 	kT 

exp(—wic5 ).exp —(z—m—Or6 1 . 

exp(—wn).exp —(z—m—w)lt61 .exp(— ---S  
Wraw 	In vrisaw  )11  = 

c, , 0 

(IV•74) 

exp( —vir2 ) .exp ( ug3 ).exp(Ic6 ) . 

uvl 	Qv' Wo —kT In vo  
exp( 	kT 	 t 	Cr (z—r), 

' 	ut • r=o t=o 

exp(—t'g2). 



m=o w=o 
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"
txto-kT In vrt°  C • exp(rn 3

).exp(.- 

(z-1)0
v
. 	

v
(z-u-1)C  . 

  

u=o v=o 

1V1 	Vuvl -1 

exp(-vn2).exp(un3).exp(n6 ).exp( C kT 	
C  ) 

] 

) zCm• (z-m)Cw.(z-m-w).exp(-mit4 )..exp(-w-a5) . 

in vnw 	z 
exp t-(z-m-w)a 3 .exp(- sl"") 

r._ 
kT  • 2_ 	m. 121=o w=o 

z-m)C .exp( -m3;4) .exp( -wn5) .exp -(z-m-w)n63 • 

mw  mw WS  -kT  In  vS  expk-  = (IV.75) 

The above set of equations show that one can solve them 

simultaneously for evaluating al, n2, .E3, n4, 115  and n6  

at any desired temperature provided the energies and free 

volumes of different atomic species are known. From a 

knowledge of these lagrangian multipliers, one can calculate 

aA' aP' aC  and a3  and hence the thermodynamic properties 

of the system. But it is difficult to obtain the values 

of en?rgies and free volumes of these species from experi-

mental data and hence one tries to express these parameters 

in terms of empirical and semi-empirical function, so that 

the number of system dependent constants appearing in the 

final expression are reduced. In the following sections 

of this chapter, therefore, some of these functions shall 
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be considered and based on these different final expressions 

thermodynamic properties shall be derived. 

IV.2.1 Auroaches Based on Linear Forms of Energy 

As the first, most convenient and commonly employed, 

approximation let us assume that the energies and natural 

logarithms of free volumes of the different atomic species, 

present in the system, are linear functions of the types 

and number of atoms forming the nearest neighbours of the 

particular species under consideration. 

Thus the energy, WA jo  , of an A atom having i B-atoms, 

j 0-atoms and rest A-atoms around it can be expressed by 

the following relationship, 

wA 
iJo = 	m AB pAC +(z-i-j) tu 	

• 	

(IV.76) 

where, the constants T AB, TAc  and TAA  can be expressed in 

terms of certain standard configurations. Thus, from the 

above equation, one gets by setting both i and j equal to 

zero, the expression, 

wo 
``Aoo 	z YAA • (IV.77) 

and also one gets, from eq. (IV.76), first by putting 

= 1 and j = o and then i = o and j = 1, the following 

expressions 

.100 	
TAB 	( z -1) TAA 
	

• 	

(IV.78) 



and 7 
o WA
lo  = PAC + (z-l) TAA 
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... (IV .79) 

Elimination of PAA, TAB and PAC from eq. (11/.76) with the 

help of aqs. (IV.77) 	(IV.79), yields the following 

expression; 

tiijo 
wA 1-  
000 i(w100A....w0A00) j(w010-400) 

"  
w000 w100 	j  A ww010+  . 	 (Iv.8o) 

where, 

A W100 	100 	000 A = WA - WA . • • (IV.81) 

and 
A w010 	w010 _ W000

A 	A 	A 	

• 	

(117.82) 

Similarly, one can write the following expressions for 

the energies and also for free volumes of the different 

species of atoms present in the solution under study; 

jo 	.7 „000_,; ( 1, ,100 	.".000 In vi  A 	v A 	J. 	, A  -1.1.2 „A )+j(ln  V21°-in v00) 

.1 . (IV.83) 

44 401 _400) wkdl = w000,_1,4 w100_w000\_LA t w010_-670001 
"A 	 A 	-T-11- ‘ "A 	"A 	-`-`-`` "A 	"A 

▪ (11/.84) 

, 	 ,000\,d( in v110.4n vCA)00) ln viAG1-1 	-"I "A -1./1 "" vA 	j'" "A 	 r- 

+ (in v0A01_in v000 )  

xyo 	000 	f ,100 w000\,,fw010_w000) w 	- W 	+x Op .-"p VI-Jk"P 	P ' 

• (IV.85) 

• ( IV .86 ) 



175 

.„100...- 	000 in vpxY°= In vr+x( 	vp  ) +y In v0p  ... vir 0 ) 
"P 

(IV.87) 

wpql 40200+p( 	) W p W 0 0 - 10 ir , _001 v 	) vvp 	000 
) • ( IV .88 ) 

In vPql in v000 
P 

+p 1r1Vpl°C) 	
vp000)+1(in v010 1_ 000 

P 	vp 
+ ( in v0p01-1n vp000 )  

Wort° = W0000+r( wc100_w0c00 )4..t  ( 410_400 ) 

rt o 	000 	100 g°C 	010 	 000in vC  = in vC  +r ,0n vC  -lnv)+t(in v_11vC) 

••• (IV.91) 

_001 000 uv1 IN° o_w000)+v(wc on -000N+rw- 	).(iv.92) 

	

c 	c = 	c  

in v1-1171  = in  C 	vo000 	vin_in v  
C 	, 000 )+v (in v010 	000, 

C 	) vc   
+ ( in v0001-in v0000) 	 (1V.93 ) 

wnsiw = 	°Ito-Ws)  + alp wsz 	) 	
( .4°-Ws)+Ws. ( IV.94) 

Awz
S  0

+ 	A vir z-zm-w AwS0 WS  _ z ... (IV. 95) 

where VT is the energy of an S-atom in pure liquid S main- 

tained at the same temperature as that of the solution 

under study. 

Similarly, 

_ In vm  = la, / In vzo - (in vsz  -in v ) 

Z--
S 

(1, v00- 	)+ ln vs  

vs °+ hr.  piny  oz ( z-m-w) s  + 	in v°0+in vS  
••. (IV.96) 
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Although one can solve the set of equations (IV.7o) - 

(IV.75)with the help of above set of expressions, i.e., 

from eqs. (IV.80) 	(IV.96) and thus arrive at the expres- 

sions for different thermodynamic properties of the system 

under consideration, yet, for certain purposes, one requires 

simple and quickly computable expressions which can be 

derived as approximate solutions of the above set. In the 

following subsections,therefore, several such simplifying 

assumptions have been made to obtain different simplified 

expressions: 

IV.2.1.1 Randomly distributed system: 

For such systems, it is assumed that the distribution 

of different atomic species in the system is not dependent or 

based on the effects of energies and free volumes. Thus 

the eqs. (IV.59) 	(IV.65) get modified to a new set of the 

following alternative forms: 

ijo 	z 	(z-i) nA 	aA . Ci. 	C i .exp(iiti ).exp(-jx3 ) ..;(IV.97 ) 

kdl 	(z-1)„ (z-k-1)0 ero(kn ).oxp(-d113 ).exp(A4) nA 	= 	,k. 	d'' - 	1 ' 
• (IV.98) 

yo z (z-x nx  = ap . Cx. 	)C y.ekp(xg 2 ).exp(-yg ) • (IV.99) 

_ 	(z-1), .(z-p-1) np 	= _ up.L. 	,p 	.exio(lon2 ).exp(-cly.exp(m5 ) 

• (IV.100) 
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nrto C 	' - aC zCr' 
(z-r)Ct .exp( -t n2) .exp(rn3) 

nuvl = 	.z • (z-1) 	(z-u-1)C .exp(-vn ).exp C 	aC 	 2 	).exp(n6) 

• (IV.10 2) 

nm  S
w = a • in• (z-m)Cw.exp(-mn4).exp(-wn5).exp (z-m-w)u61 

... (IV.103) 

where, i. 	 z-1 _ i 
aii.  -= nAE 1+expni+exp(-n3)1 +z exp(n4). 1+expni+exp(-1L3)./ 

• (IV.104)  

aP  - np  11+exp(-ni)+exprt2  +zexp(m5) 
*-1Tl 

1+exp(-ni)+exPic2i 

• (IV.10 5) 
-1 

ac  = nc[ 1+exp(-n2)+expn3( +zexp( n6)° 1+exp(-42)+expn33 

• ( Iv.io6) 
-z 

as  = ns[exp(-n4)+exp(-A5)+exp(-)I6)1 	(IV.107) 

Also, from the set of eqs. (IV.70) 	( IV.75) one gets the 

following expressions for the prosent case, 

nA.expniE1+expni+exp(7n3)+(z-1)expnd 

(1+expni+exp(-n3)+.zexpn4)t 1+expni+exp(-n3)1 

np.exp(-ni)[1+exp(-n1)+expn2+(z-l)expn5] 

(1+exp(-n1  )+exp(n2)+zexpn5)(1+exp(-n1)+expn2) 

• (IV.108) 

• (IV.10t) 



nA 	expn 
1 +expni+exp 	+z exp 
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np.expn2[1+exp(-ni )+expo2+(z-1)exp( n5 )] 

(1 +exp( 	) +expn2+zexp n5  ) (1+exp( 	)+expn2 ) 

ns  exp( -n2). [1+exp( -Ic2 ) +expn3+(z-1)expa6 ] 
..../■L■••■-*0■47 LIMMdMilMe 

(1 +exp ( n2 ) +expn3+ze xp IL6 ) (1+exp ( -n2 ) +exp 3 ) 

ns.exp(n3 )[1+exp(-n2 )+expn3+(z-1)expn6 ] 

( 1 +exp( -n2+exp( n3) +oexpn6 ) 1+exp( 	) +expn2  

IlAexp( -n3 ) [1+expni+exp( -n3) +( z-l)expu4 ] 

(1+expni+exp( -n3 ) +zexp n ti. ) {1+expni+exp( -n3 ) } 

• (IV.110) 

• IV .10 9 ) 

ns  exp(-n ) 
e xiDr-74,) +exp ( -n5  +exp (-n6  ) 

... (IV .111) 

n expo ns e xp ( -n5 ) 
1+expn2+exp 	+z e)51 	eXIT-7n4T-i-expr:n5T+expr.-L6 ) 

... (IV .112) 

ns e xP ( n6 ) n exp( -t6) 
1+0 xpo3+expT-217+z exp n6 	t717-57717g5T-  A5) +expfl:TC6 ) 

• , ( IV .113) 

For very dilute solutions of component S in the 

solvent containing A, P and C, the above set yields the 

following expressions relating constants n1 '2'  etc. with 

different mole fractions 



np  Np  
exp ( 4T1  ) = 	= 

ns  Na  
axp(n2) =  = Np

nP 

nA  NA  
exp(TE3) =  = Ns  

ns  Ns  

exP(A  ) = nA = NA 

n  N _ 
exP(u5)  = n2  - NP 

NS  exp(A6 ) = no No  
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• (IV.114) 

• (IV.115) 

• (IV.116) 

• (IV.117) 

• (IV.118) 

• (IV.119) 

Substitution of eqs. (11.114)  (I11.119) in eqs. (N.97) - 

(IV.107)and of resulting expressions and of eqs. (IV.80) - 

(IV.96) in eq. (IV.52), yields on simplification the fol-

lowing expression for arriving at the value of partition 

function of the solution under study, 

kT In  (nA+np+nc+ns) 
 

(nA. +nP  +nC  +nS  ) 

nA in nA  -n in n -n in n -n in n P  PC  C S  S.  

1°  ° Ae°  6°1  Tniinp+77 np  ( AW2 7kT Aln vF )+no( 	 1nv 

ns( 6,401_1d  Amn v0A0 1) 

z n P  
17  

(O10. L 	 p0 )+n(  6400.4T Pinv100)
57-;+n+nsTinA At

pkT 1„ v 	c  

+ ns( AW0
01-kT A in  v001) 

znA 
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+ ( Ali210-kT Qin 	Nias  [ 	Aln 400 ) 

Llii0310_kT Ain  v010 )i zN NA  NS r ( 	A 
Aw010_kT  Ain v0

A
10) 

L  
00 	100 + ( A Ws _1A In vs  )] 

N NA[z( Aw  n01_ kT A  In vAN1)+( 	Aln vs°)] 

- II N [z( A W°O2:-kT P 	P 	
LI,

4."
v001)

P 	k 
+ f woz Aln voz 

S " 

- N N0[z(A wOcO1_1d' A in v0c01)+( A vtivso_la  A in v0s0)] 

(IV.122) 

• 

Though the above expression forms the final relation-

ship, one aimed at in the beginning of this theoretical 

treatment, yet for the purpose of testing its applicability 

and, also, to make its use for the actual systems, one needs 

expressing the energy and free volume parameters (i.e., 

W and v terms) in terms of experimentally determinable 

functions. These functions can be expressed in terms of 

the thermodynamic properties of the solvent and also the 

thermodynamic behaviour of the solute component, S, in each 

of the pure component A, P and C. To achieve this aim, let 

us first deduce these properties from eqs. (IV.120) and 

(IV.122 ) as follows; 

AGerialx(k+p+c)  -(N.k.T.lna)/(nA+np+nc ) 

- N.k.T . (NA  In NA+Np  in Np+Na  In N0 ) 

= zN.NA .Np.[(  AwA100_kT  L in v100 )+(  A w0
p
10_kT  A in v0

P
10)1 
 

L 1 	v100)] + z .N.NA  .Nc  .[ ( A W°A1C)  -kT In v°1° )A 	C+( w 00_kT  
 

z .N.Np 	[ 	wp100_kT  Ain vp100 )+( Awg10 _kT
"Ln 

__ 	\ 
11 V  a  

( IV.123) 



	

ArTex,co_ N[z.( WCM-kT in v°°1) + 	wz* -kT A In vzs°  )3 

	

u S(}1) 	 A 	 A 

• (IV.124) 

LqDr= - N[2.( Aqi-kT Aln 4,01) + (Ali; -kT Lln IT)] 

• (IV.125) 

	

AcTserd T 	N[z( 1401_kT A In vg°1) + ( Wr -kT A in 4° ) ] 

• (IV.126 ) 

With the help of eqs. (I11.123) - (11T.126), one can write 

eq. (IT.122) in the following alternative form containing 

only the experimentally determinable parameters. 

	

AcTex,co 	N  A aex,co+N  AEex,co 	A Gex,co A cTex,co 
S(A+P+C) 	A 	S(A) -2 S(2) + C 	S(C) 	Mix(A+P+C) 

[AGex t co  

	

A 	s(A) - GA(A4.1)4.c)] + 	APfoo_Px s(p) 	Gp ii+P+Q 

+ N,[ A  q(6) - A6nAl-p4c)] 
	

• 	

(IV.127) 

As a generalisa,ion of the above expression, by induction, 

to determine the properties of the solute in an n-component 

solvent, one can write the following expressions 

ciext  
(1;2";:: ) 	N.[ A 4exp co_ pd-ex 

S i=1 1 	S(i) 

i(1' 	**In  ) .3(1\7-.128) 



nAdl 
 = "As" 

" 	(z-1)a ks(z-k-1)c.exp(kA1).exp(-dm3) 

„001_1s2 AIn v001  
,exp(y:exp(- -A  kT ••• (IV.131) 
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Thus for a binary solvent containing components A and B, 

one can write the following expression for the infinite 

dilution property of the solvent 'S', 

A cTeX t C0 _ N  r L cTOX I GD 
S(A+.B) 	S(A) 	A(A+BP 

	

NB[ 4ugo-L 734+B) ) 
	

(IV.129) 

The above expression for binary solvent systems was first 

derived by Alcock and Richardson [ 87 ], using the concept 

and treatment based on classical thermodynamics. 

1V.2.1.2 Randomly Distributed Solvent with Preferentially 
Distributed Solute 

For this case, the interactions among the constituent 

solvent molecules or atoms are assumed not to affect the 

distribution of different type of atoms in the system. Thus, 

for this case, the set of eqs. (1V.59 )- (W.65 ) take the 

following modified forms 

nA  i0 - aA.ZC i .(z-i)c .exp(ini ) .exg -ig3) 	(IV.130) 

y nxo  x.(z-x)C y.exp(xit2 ).exp(-yi-L1) (IV.132) 
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nP
- 	• 

pql 	(z-1)0  P(z-13-1)0 .exp(pIL2).exP('-cili)• 

Aw001.52 Ain v901 
exp( ... 	T.133) x5 ).exp(- --P—  (I11.133) 

nrto = C  

n uvl = C  

kir• z, (z-r)Ct .exp(-tn2 ).exp(rn3 ) 

ac  '
Z.(z-l)o .(z-11-1)cv .E,, xp(-v7;2 ).exp(11713 ) 

• (IV .134) 

exp(n6 ),exp(- 
A-001_ w 	A1n v001  

kT 	 (IV.135) 

m nS
w  = aS.

zCm.
(z-m)C sexp(-ma4 ).exp(-wic5 ) . 

expi -(z-m-w)m6  sexp( 
m 

 A Tory ' 
0 + v. WS  OZ

7
, 	AFOO 

"1-aur-  
z kT 

 

exp[ on A  ,„,„ vz,o+w  In v°z+(z-m-w) Invv ° )/zj 

• (IV.136) 

where, 

= nA°[1+expAi+exp(-113 )]-z 	

• 	

(IV.137a) 

1 	
Av001_ Aln v°°1  

= n . z.exp(u4 ).exp(- 

-[1+exp'ni+exp(-Tc3]-(z-1) 	

• 

(IV.137b) 

nA[ tl+explti+exp( 3 )} +:. z .exp(N) . 

001 	001' W -kT Ain v 
cixp(- A 
	

A—  t1+exymi+exp(-113)1(z-1)j-1 

• (IV.137c) 

aA 
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ap  = nP 
r 
1+eXP ( 	4-e 4 11 2r 

	

• 	

(IV.138a) 

= np [1+exp(-ni)+expx2]-(z-1)[z.exp(rE5). 

001 	001 -1 AW, -kT Ain v 
oxp( 	kT 	)3 	 (IV.138b) 

Aw00]....k2 Lin  001 
"P  nn[{1+exp(-nl )+expTt2 +z. e:p.4c5exp(- 	kT 	

_,). 
 

1.1+exp(-Tc1)+ exp12) (z--1) ]-1 	

• 	

(IV.138c) 

a0  = n8 [1+exp(-n2 )+exp. 3rz 	 (IV.139a) 

Aw001...k,2  Aln v201 
na.  [z.exp(n6).exp(- 	kT 

t1+exp(-)12 )4expu31(z-1)]-1 	 (IV.139b) 

w0c01_  In v001
= no[1.1+exp( -n2)+expu31+z.exp(TE6).exp 	kT 	). 

il+exp( -n2 )-1-nxpTL3)(z-1)]-1 • (IV.139c) 

and, A wzo_ia  A in vzo 
a 	 ). n [oxp( -.it ).exp(- ' — -- +exp(-g ) S 	S 	4 	 kT 	 5 ' 

S ' Ain  vS 	 -2 Ain v °-z 
.. A WO Z ...lin, 1 _ _OZ 

3 )] exp( - —)+exp(-1i,6 ).exp(- kT 	 kT 

... ( IV .140 ) 

o o o where, the symbols nA , np , no  represent respectively the 

number of atoms of silver, load and copper not surrounded 

loy the atoms of solute component S i.e., sulphur in the 
1 	1 present investigation. Further the symbols n1„ nD  and ns  

/1 	1 
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represent respectively the numbers of atoms of these 

metals having one sulphur atom in their first coordination 

shell. 

The bond balance eqs. (IV.70) - (1V.75) also take 

the following modified forms 

001kT 
 

001 
AW  61n v

A 

expici[1-1-expgi+exp(-n3)+(z-1).exp(n4).exp(-  kl  

n
A

- 

[ (1+expni+exp(-713)].[1+expLi+exp(-n3)+z.exp(A4) • 

AW
001

-kT 
A in v001 

exp(  
kT 

exp(-111)[1+exp(-y+exp-x2+(z-1).exp(rt5). 

A-001_ 
w  kT an v001 

,exp(.. ---P-ref-----k--)] 

P• - 
tilexp( -ni )i-explt21.[1+exp( -fc, )+expA2+zexp( n5) 

tAw.0.01_f 
A  In vi0,01  

.exp(  
kT  

)] 4 0 e (IV.141) 

2  

AW°01kTLI1n1P1  
P  ..,  . 

n  explt [1,+e _t+exp(-11.1)+(z-1).exp(n ).e)__fp(
... 
 -  

_  )] 
_kT 

P.  1+exp( -ni ) +expn2 1. [1+exp ( -Iti )+expTc2+z . exp ("it5) 

A w001_kT 
Ain v°°1  

.exp(- P kT 
 

P  )] 
 

exp(-u2).[1+exp(-n2)-fexpIL +(z-1).expOt6) 

Aw001_kTAlnvn°1 

exp ------

kT 
=, -c. 

[1+exp(-112)+expn31.[1+exp(-42)-1-expA3z.exp(n6) 

01 A v  
f 

 

v° 	Alm v001  
.exp(- 

 

0 	a 
)] (IV.142) 
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exp ( '53 ) . [1+exp( -32 )+expg3+( z -1 ) .exp ( ) 
,,001_, Ain v001 Li"C 

kT 	)] 
1+exp( -g2 )+e,xpn31 [1+±p ( -42 )+expm3+z .exp( n6  ) 

A W001-kT  A in v001 
•exP( --  

exp ( -33 ) [ 1+expgi  +exp ( 3 )+(z-1).exp(7c4 ) 
0 AW°°1-kT A1n vA
01 
 

'exP(- 	 -)] .n •  — A'i+expici+exp( -7c3 )7347.p7i+exp( 	) +z .exp(u4 ) — 

Aw001-kT  Ain v001 
• exp( —A kT 	 „. (IV.143) 

A /4001,,,y1  A in v001 
.111ALOP*.01101.•..... 	 ....A........ 

" 1 	

nAi[z•experc4),•exp(- 	kT 	)] 
". ..*."..".'s.... 	

4.es..tsaa...0.1...11,...4*.......... 	 wm- ..s...,amolm WII.%■•■■■ 	 _____ 
"A - 	 ATtaai 	I  001 

[1+expic +exp(--i-c )+z ex (IL ) , 	:J.-.-  T 4  n 71, 
1 	3 	' P 4 "xP(- 	.  

kT 	)J 

Alfiz  .'-kT Ain vz.°
) znS.exp(-u4 )•exp( 	zkT 

•■■••••••••••,11.04.1.M.MMIO. 	 Waai.•■••••■• ■•amoOnoc......*x. 	 41*011...4.4.0.-+ ••■••.... 

ifizo_ki, Ain vzo 
[exp(-1c4 ).•exp (- 	8  zki,) + exp(-Tc5 ) 

A ysoz A1n vs" 	 W°( kT 61n 1,20 
.exp(- 	 zkl ,—)+exp( -36 ).exp( - 	 )] 

... (IV•144) 
AW.9„01..-kT Alm v°°1  

n1 = 	
nr[exp(n 5 ).exp(- -----` ---k2 	2  )] 

P 	 6 ifF-D  -kT Alm vp0C11  1+exp( -i-L4 )+expn2+z •exp (t5 ) • exp (' 	--7-)3 kT 

no  • 
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Awoz_kT Aln v oz 
zns.exp(-n5).exp( 	zkT 

v..arn* 	 Ma.+MMmO.M. Asa 	 - a.rA. 	 • 	 ■41 • 

wzo -kT Aln vz°  S
. [exp(-n4).exp( ikT 	)+exp(-n )  

Awoz-k  Aln vS" 	 pw00_kT Aln v°0  s  T  
.exp( 	 )+ xp(-n6 ).exp( 	S  

zkT 	 zkT 

(1V.145) 

and finally, 
n01_ kT A In v001 

na jz.exp(n6 ).exp(- 	 -C--)] 

Awo.Qqa Aln v001  
[1+exp(-n2)+expn3+z.exp(A6).exp(7---- kT 	)] 

AW°C)-Iff Aln v°0  
z.ns .exp(-n6 ).exp(- 	 ) 

A-o_ kT Aln 
[.exp( -n4).exp(- -)+exp(-n5 ) 

LIis°EkT Aln v0z 	 AWr-kT Aln v°°  
.exp 	zkT 	+exP( 	) 4  ex13( --  

(IV.146) 

For infinitely dilute solution of component S in the ternary 

solvent containing components A, P and C, the above set of 

equations yield the following expressions for parameters 

11 2's. etc., in terms of mole fractions of differgat 

constituents of the solution; 

exAul) 

 z nP -n1 	
(IV.14T ) 

z 11A-na 



N , 2  ,,(  
zkT Aln vz° 

 .exp 

W
001-kT Aln V001  A ) 

kT 

1 J- 
z n -n C C 

exp(7t2)  ------T- 
zn -n P P 

exp(n3) = 
z n -n 

1 
A 

z no-no  

n  

exp(n ) =  .  . exp 
NA  nA  
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• (IV.148) 

•  

(IV.149) 

"wA kT Aln v°°1  
A ) 

kT 

• (IV.150) 

141 „  0 
P  

0 0
1-kT Aln vp

01  

-71  exp(n5) =  • n'.  1 exp k-  kT 
P P 

• (IV.151) 

and 

N
1 

nS  
Lx001...k2  Ain v001 

 C  0  ■ 

 

exp(n ) = -7- .  . expt. 
I/ 	n.o  kT 

(111.152) 

_1  
i 

 

wkexe the values,of N  N2  and N are derived with the  

help of set of eqs. (IV.144)  (IV.146) and eqs. (IV.150) - 

(IV.152) and are given by the following expression, 

i2  
-A 

2  7  
p 

1 2  
Ws°z-kT Aln v°z 	 A1n 401  ) 

TP*exp 
 .exp 

zkT  kT 



190 

12 
NC  

2 	
--------- AWn-kT Ain v57 	Ald601o  -kT aim y001 

no  .e. p 	zkT 	).exp( - 

(IV.153) 

With the help of eqs. (IV.1”) - (IV.153) one can 

write eq. (IV.52) for the partition function of the system 

in the following forms, 

In Q = nA+np+nc+ns) In (nA+np+nc+ns ) + znA  In nA  

- z nA  In (nA+np+nc+ns )+znpinnp  znpin(nA+np+no+ns ) 

+ zna inno  - zna ln(nA+np+nens) + z ns  in ns  

znsln(nA+np+nc+ns )-n.°A  In aA-n3A" In aA-4)  In a 

- nI In aP  -n
o In aC C  -n1 In C  -nS  In cxs  

1ln v100  A 

	

	
\ 

100 
z i 	jOt " ' A 	A 

" 	kT i=o A 	

v 

  0 10 
r, A WOE-kT   A ln v A 	LE::1) 

r1.2t d' 	• 	kT 	) 	k 
j=o 	 k=3 

1 
kdl PWA

100 1,r -2 Aln vA00  
( 	 ) "A 	kT 

z-k-1) - A 010 
d nkdl( 	

k2 in vA 	x 
A 	 kT x=o 

100 A W10 k2 - Ain nxo, P 	vP ) Py 	
kT 

z - xyo , L\W°
P  -kT A In v°1°  

Y 	k 	kT 	 - P 
p=o 

ATAT100-vn 	,00 

P npql ""P •L".  
kT 

d=o 
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-0 le  A  010 
-1)  i  -kT ln vp  

rt o 

6143q 	 kT 
r. 11

0 
r=o q=o 

A w100..kT  A in v100 

z  ) 	t L W°-  kT A in v°11) 	
... i  ) tivi  Awc109.3s2Ain v100 

_=o 	
u=o tt /lc  • ( - --- id— • -•-g- - ) 0 ....) 

± t  . ils  °( —2"-- T 

:2.....1) 	

A w0 10...— 
C Ex 61n vil010  

v. nr I.  (  -  ki........—.........i--.....)  ...  (IV.154) 

The above expression is further simplified as, 

in n ( nA  +np  +nc  +ns  ) ln ( nA +np  +nc  +ns  ) +znA  in nA  

- znA  in ( nA  +np  +no  +ns  ) +znp  In np-znp  ln ( nA  +np  +nc  +ns  ) 

+ zne  In no  -zno  in (nA  +np  +nc  +ns  ) +zns  In ns 

- zns  in (nA+np+no+ns  ) 

1 	 1 	
nA  +n D  +no  -ns  

- ( nA-znsNA  )1n ( nA-znsNA  ) + znA  In ( 
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C S 

n +n +n. -n A P 	S\ 
- 2 zn
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 NC -z 1n Ni

-z nS C 
N
1
ln (----------- ) 

n -N1 
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n 
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i(AwriaT6in  v001 	
ze °-kT Ain vzo 
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- zns ( 	z   )_znsNck 	z kT 
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• zi  2 S n +n +n -n kT A P C S 
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?..nd therefore, 

Aa N r -airin = 	N 
2zN' In " + 2z  In  + 2z N' In n 

' Dr's  Ins-,N.o  A  rl  
N
1  C  

N
1 

001 
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 A IfIr °-ieT ,„ 

• zkT ) zNi(  -4-)  
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(1V.156) 

From the eq. (IV.155), one gets an expression for the 

integral molar property  by setting ns  equal to zero 

and the following expressions for partial molar properties 

of the solvent components. 

-ex  10  100  010  010 
)AGL(1.,.. +1,+c)  ZN Eg(  °-kT in v, • 	+( 61,11)  -kT Ain vp  ) ] 

010  010N / A .100  A  i00, 
+ ziNN[( 	-kT Aln v  )+k  -kT ln v  )] 



v100 )+(  A1J0p10_ Aln 

v010 )\ • , 11/0100_ " 	1-k ett A in 

z NNJINp[ ( A W100r  -kT A In 41. 
,..; z NN N [(AW010-k T pin ti  C 

1 - z NITpNc  [( Wp00 	A -kT ln 
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.z 	[(414:00_k2 A in  00 )+( A W0)10_kT  a  in v0)10 ) 

A iii010_kT. Ain v0.10 ) + ( 	A in v1000 )3  zN.NANc  [ ( 	 kT 

w1)00  _11-T A In v/p00  )+( A/J,0010_kT  A in v010 \ 
- zNNpNs  [ ( 	 C 	-I 

• • • 	(11%157) 

A6;1(L+P+C) zNN [(A'r  ,110 	A in Ar,r() )+( 41°-kT A In 

+ z NN0  [ (A/400_ 	n. 	A ,J010_ kT Aln kT A l v100  )+( 

- z NNANp r ( A wil.100_kT A mn  

z 	NC  [ ( A WO1 0-kT A In 

- z NNP  NC 	P [ ( Wi0 °-kT Aln v1
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00 \ +( A 11010_ kT A In 
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v010
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)] 

( IV.158 ) 

and finally, • 

A ex  G C(L+P+0) = 

+ z NNp[( 

010 	v010 \ A .1T100_kTAA, _ _100 z NNA[ ( 	 n 	)+ 	in vo  

100 	A 	100 	A v010 — A - n  _010 \-1 A Wp  -kT 	vp 	a "KT 1 V0 fj 

v100 , , A .v.10 —l: A 	010 I, ) + k Jp - E 	in vp  ) ] 

v910 )+ ( A .1100_kT  Am v100)  ) ] 

vp100 )44  A w010_kr Ai A .. n  010 k vc  ) ] 
• 

(IV.159) 

One can also arrive at eq.'s. (IV.124) -(IV.126 ) from. eq. 

( IV.156) for expressing the properties of the solute S in 

pure solvents A, P and C. 



NP  k,.N +k  .N P 

k  1 	P • P 

(tv.165 ) k = exp [ 2zRT 

ex 00 A Gs  ( ) 
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Elimination of energy and free volume terms from 

eq. (IV.156) with the help of eqs. ( IV.157 )-(IV.159) and 

(IV.124) — (IV.126) yields the following expression, 
1  ..1  1 
NA 1 

DP 1 —ex oo 	 1 	 NC 
LiGs(14.p+a) = 2zRT[N. In 7- + NP In gi; + N ln NC] ,L.  

I  ex,a)...  Amex 
NL1.,[ AqtL(j°  +"P [ GS(P)  1.P(A+P+C)]  

1 —ex oo A—ex 
+ NcrAGs(6)  Ga( f...i.p+c)] . • • (Iv.160) 

where, the terms
1 
' P N

1 
and Nc are given by the following A 

expressions, 

kA'NA  
NL.  —  . +kp.Np+kc.Na  

1  
kC.NC  

NC p.Np+ka  .Na  

(IV.161) 

(IV.162) 

(IV.163) 

and according to eq. (IV.155) 

A ft-ex, co 
r  7S(11 )  = exP L - 2 zRT • • • IV.164) 

and 

.12,11 ko  = exp r- 2 zRT 
(IV.166) 

One can write from.  the above sets of equations, the 

following expression for the property of solute ii a binary 
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where, 

and, 

ki  = exp 

k. N. 1 1 '1 
1 	n 

k. N. a. 1 i=1 
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solvent containing components A and B only , 
N1 	1 
A 1 NB ex co 	1 AGs(i+B.)  - 2 zRT [NA in 7- + NB  In 7] INA 	'B, 

[ A kr3T(13° --' .d71ZA.+B)]+Nt.3[ Agg4c)9-A .dle4A+B) ]  

where, 
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. .1 	k A N 
A  

. 1 	-  A kA.NA+kB.NB  

NB 	
k,...N 

Joi• B  
'B - k .N +k N A A -B* B 

• (IV.167) 

... (N.168) 

... (N.169) 

with the functions k1 and kB  given by the following ex-

pressions, 

and 

L1
-ex,

1 
co  

exp [- 2 zRT ] ..4- 
 

-ex, CO 
A GSSB) kB 	exp [- 2 zRT 

• (IV.170) 

• (N.171) 

Similarly for a multicomponent system containing components 

1,2,3,...,n , one can write by induction the following 

generallized expressions , 

n 	N.1  ex oo 	1 	i A G 	 i 	Ni' 	= 2 zRT [ 2: N In — ] S(1+2+...+n) 	. i=1  

] 	(IV.172) 

• (IV.173) 

• (IV.174) 
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IV.2.1.3 Preferentially Distributed System 

In this case the distribution of both the solute and 

the solvent molecules or atoms is affected by the interaction 

among the neighbouring atoms. Thus with the help of eqs. 

(IV.80 ) 	(IV.96 ), the set of eqs. (IV.59) - (1V.65) take 

the following modified forms, 

611100_1d Aln 
11.(X)  n M1 J 	 z .(z-1)  ..exP[1( 711   kT 	
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. c 	Coi   

010kT A m  010 
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)] • (iv.175 ) 
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• ( 1V.176 ) 
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The bond balance expressions viz., eqs. (IV.70) - (IV. 75) also 

take th4 following modified forms;  
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Further, according to eqs. (IV.187 ) - (IV. 189,i)one gets the 

following relationships, 
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With the help of above expressions one can simplify eqn. 

(IV. 52) to the following form, 
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Further, using eqs. (Iv.181)  (11/183b) the above expression 

can be modified into the following alternative form, 
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Differentiation of this expression with respect to ns leads 

to the following expression for partial molar free energy of 

solute component S at infinite dilution, 
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From this equation, one gets eqs. (IV.124 ) 	(IV.126 ) for 

the excess partial molar free energies of solute 'S' in pure 

solvents silver, lead and copper respectively. Further, for 

the partial molar properties of components 2..,P and C in the 

solvent, one gets from eq. (IV.195), the following expressions, 
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For practical applications of these relationships, as done in 

earlier two cases also, elimination of energy and free volume 

terms with the help of above equations and those of excess pro-

perties of component 'S' at infinite dilution in pure solvents 

leads to the following expression; 
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where, the terms N1  NP .and Ni  are given by the following 

expressions, 

and, 
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In these expressions, k.t , kp and Ica  are given by the following 

expressions: 
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From the above expressions one can deduce the following 

relationships for the properties of an infinitely dilute solu-

tion of a solute 'S in a binary solvent containing components A 

and B. 

N
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 17 In 	N
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Similarly for a' multicomponent system one can arrive at the 

following set of expressions, 
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(IV.208) 

AlcoGk and Richardson [ 50 ] also derived a. set of 

expressions, for a binary solvent, which are similar to the 

expressions derived above, i.e., eq. (IV.203). But in their 

analysis they have assumed, Without proof, that eqs. (IV.207) 

and (IV.208) are followed by the system. In the present 

case these equations follow from the rigorous, yet general, 

and unified treatment of the main equation which formulates 

the partition function. 

IV.2.2 Approaches Based on Non-Linear Forms of Energy 

In section (IV.2.l), it has been assumed that the 

energy of an atom is a linear function of the numIter of 

different types of atoms in its first coordination shell. 

But such a relationship is just empirical and fails in most 

of the cases involving metallic solutions. Further, linear 

relationships lead to certain symmetries in the derived 

expressions for thermodynamic properties, but these symmetries 

are found to be completely absent in most metallic systems. 

In order- to explain the behaviour of metallic systems, there-

fore, Methimet al.[77;78] made use of the following 

empirical quadratic forms for energies, W, and vibrational 

partition functions, q, of atoms in case of any binary 

solution containing component A and B. 
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(
2 zs-k) 

1w qp = lwq.c)ci  + 	i. (2 zs-i)  

lw + X13.1"(2 zs-k)  

210 

• (1V.209) 

• (IV.210) 

• (IV.211) 

• (1V.212) 

where, 1)11., nBt 	11 and B are constants 

With the help of above expressions the partition 

function of binary system, A-B, can be evaluated and 

expressions for the different thermodynamic properties can 

be derived. Brion et el. [98] extended this treatment to 

ternary systems also. Though these empirical expressions 

were able to explain the behaviour of both binary and ternary 

solutions to a better degree of accuracy, yet they failed 

in relation to the following aspects. 

(ij Expressions for the energy and vibrational partition 

function, though empirical, are not of a general 

nature because of their inability to explain the 

behaviour of regular solutions and also the sym-

metrical behaviour shown by solutions of some organic 

substances, and, 

(ii) Analytical solution of the expressions developed is 

very tedius and cannot be reduced to simple forms, 

thereby prohibiting the application of the proposed 

model to most of the practical cases. 
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It has, therefore, become necessary to develop 

suitable expressions for the energy and free volumes of 

the different atoms present in the system. In the follow-

ing-treatment, this will be done making use of a few semi-

empirical considerations characterising metallic solutions. 

In the present case, we are concerned with binary and 

ternary solvents. Let us, therefore, consider for the 

derivation of an expression for the energy, WA  , of an 

atom of component A having i-atoms of component P, j-atoms 

of component C and no solute atom S around it. Now let us 

remove an atom of component P from its surroundings end 

replace it by an A atom. The energy of the central A atom 

under consideration shall change because of this replacement. 

This change will be due to (i) the difference in electro-

negativities of A and P atoms, (ii) change in the potential 

fields in which the conduction-bend electrons will move 

and (iii) change ivL Van der Weel's forces. Further, as a 

result of such a. replacement, the free volume of the central 

A atom will also chrnge. Let us denote by the symbol dWi  Aj°  ' 

the change in energy of 'A' atom as a result of this replece-

ment. Thus one can write the following expression for 

AwiJo = wijo 	(i-1)jo 	
(IV.213a) 

Similarly, one can write 

An(i-l)10 	w(i-1)jo 	w(i-2)jo 
A 	A 	A 	(IV:213b) 
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• (IV.213 i) 

Awir, jo 	 L w(i-1)jo _Aw(i-2) jo _ 
• • . A 	A 

• • • 
= Al 2 j o 

- 
41j° 

 - 
_ Liajo ilo 

= h AP 
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(i-2)j0 	(i-3)j. 
= V, 	- 	(IV.213c) 

1.6 

• • • • • • 006 • • • • • 0 • • • 

• • • • • • 1100 • • • • • • • • • 

• • • • • • 0.11 • • • • • • 0 • • 

The consecutive effect of replacement of subsequent P atoms 

by A atoms on energy of central A atom .shall be different, 

as among others, the electron exchange capacity of the 

central A atom with each replacement shall change to a dif-

ferent degree. But such a difference in change referred to 

above is expected to be small and hence one can conveniently 

assume it to be a constant, thus 

• (IV.214) 

where, hAp  is an empirical constant, representing the smell 

change referred to above clue to replacement of one P atom 

from the surrounding of a central L atom. 

Substitution of the expressions for 
AI • • 

etc. from eqns. (IV43a) - (IV.2131) in the above expression 

yields 

,fjo 	(i-1)jo 	w(i-2)j^ 
11 	- n  cv, 	h

AP 	(IV.215.32/ 

/1(i-1)j° 2/T(i-2)jp 	w(i-3)jo = hAP 	(IV.215.2) 
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3 j ° 	2 jo 	jjo - 2W 	+ 	= 
li 

2jo /.o dA  io - 2W 	+ 	n 

213 

• (IV.215i-2) 

• (IV. 2151--1) 

(i-1)jo 	(i-2) 30 	230 
Elimination of W, 	' WA 	W 	from the 

above set of expressions yields. 

jo 	.1,11 jo 	(i_1\  wo j0  i(i-1)  h 	(1V.216) A 	1, A 	/ A 	- 	2 	Al" 

As next step, let us consider the replacement of a C 

atom from the first coordination shell of an ! atom 

by atoms of component 11. Following the above mentioned 

procedure, one can write for this case also the following 

expressions. 

wijo 

,l(j-1)o wA  

• • • 

• 1 • 

• • • 

.120- 

2v1A  (j-1)o 	v0l(j-2)o .A 	= hAC  

2W (j-2)0+ (j-3)° 	h, 0 	... 

• • • 	 • • • 	• • • 	• • 

• • • 	 • • • 	• • • 	, • • • 

• • • 	 • • 	• • 0 	• • • 

110 	100 + 	= h A 	 a 

(IV.217.1) 

 (IV.217.2) 

(IV.217.i-1) 

Elimination of W 0-1)o W
1(j-2)o 

/ 	14120  from the 

above expression, yields 

ljo . 110 	100 i (1-1)  WA 	- j.WA 	+ (j-1) W, 	' 	hA0.(IV.218) 

Similarly, 

000 	1 (-1-1)  h0 Atli 	- 
 ii71,0.6 10 + 0.4)  W  	• (IV.218a) 
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Combination of eqs. (IV.216), (IV.218) and (IV.218a) yields 

—...010 	100 	010 Oon )+i. AWL.  -4- j A WA 	is 

where, 

i.J.11=1/ h   h 
2 	A. 	2 	AC 

A IT 	- 00 100 000 

• (IV.219) 

▪ (IV.220) 

other energy terms appearing in these expressions would 

be defined accordingly as eq. (IV.220). Similarly for 

atoms of species P and C one can write the expressions 

4yo = xy( 	Awr0 A w010 )+ x  Awp1004._ A  „JON L,7000 y vip  -1-1a2  

	

Z:L 2IZ:11 
"PC  Y 2  

.(v-i) 
 hPA 	

▪ 	

(IV.221) 

and, 

,rte 	Av110_ Aw100 A ,010 N 	100 	A 010 000 wc 	rt( 	j+r. 	+t. 1/c  +Wc  C 	C 

r(r-1)t(t-1)  
2 	"CA + 2 	'CP 	(N.222) 

Following Wagner's [ 79] approach for the enthalpy 

of a solutecomponent in a binary solvent Kapoor [ 81 ] 

derived an expression for the enthalpy of El solute in a 

ternary solvent. On the basis of such R derivation, one 

can write the following expressions for the energy and free 

volune of an atom of solute component S having m atoms of 

component A, W atoms of component P and (z-m-W) atoms of 

component C around it. 

MW 	
t • u. LITs ZO +W. AWs°Z-1- 	AWri /z 

+ n.w.h A .(z-n-w) (z -n-w)h A 	(1V.223) S,P+w 	hstpc 	S,C 
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where, hs,Ap, hs,.0  and hs,pc  are constants and are computed 

from the . following expressions 

/4
(m-1).a.m,w  m-4-(m+1) (w-1) -  h S , AP ( IV. 224) 

A lii(w-1) -+w, ( z-; -w) _ A  ,irw-*(w+1 ) , ( z-m-w-1 ) _ 'S  - hsppc  (Er.225) 

A  lira. ( z-n-w-1):-)-( z-m-w )... AT:7( m-1 ) , ( z-m-w)-w( z-m-w+1) 
S 	 .... S 

113 t  CIL 

... (IV.226) 
where, 

aar ra-1)-o-nor,(, 3 	 S 
1 w  .41 w 

S ... (111.227) 

and so on 

Following the above procedure one can write the following 

expressions; 

kdl kd( 11  

kd ( A  ,J.110 

 

110  101  011 A 100 A 010 A 001\ A 1.1 	.. ANL. ••• Alli 	+ 11A + A. 	+ VA ) 

	

1 	010 •.. A Il00 - All, 	) 

0 Am001)+  + ( A /1.911.. 	.0 1 - A - 	• - k  ( 	 01)  
' 

100 	010 + k. 	+ a. tvif  

A + 	 h  001 000 k 	+ 	h AC' 
(111,228).  

 

wEql = p. q.  ( A /;i32- 1_4.10_ 	A 411+  A400+  40210+4,pp01)  

• p q.  ( 1110.10.. A  .400... A wS1.0 

+ q. 	0,11.. A110210 Aw0p01 +p. A  401.. A wp100.. A/iir 1)  

ioo 	l 	1- 	.o oi + p. 	+q. A ip  	A11-2  

+ 1.1
000 	1). (1)-1) 	q.(q.-1) 

2  . hpc  + --r-- .  ( .229 ) 
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uvl 	111 110 101 011 100 010 001 
Wc 	= u.v.( 61/1c 	- 	+ AWc  + 	+ 	) 

u..7.( 03610_ Aw3600_ ,Aw0c10) 

011 00 ,001 	101 100 001 + v. (A WO 	PS'Ip 	Pih 	)+u,( Wp  - 	- 	) 

100 010 001 + u.6 	+v. 	+ A Wc  

000 u (u-1) 	v(v-1)  + ETC + 	2 	.hCA +  2 	h. CP 	(IV.230) 

In the above expressions for energies of different types 

of atoms of components A, P and 0,the energy terms having 

quadratic forms are assumed to be negligible as their con-

tribution to the total energy of the system is negligibly 

small. 

Similarly for the change in free volumes of solvent 

components A, P and C and'solute component S one can write 

the following expressions: 

in vino  = . Lane 0 	. A 	010 	000 	i.(i-1,)  - 1. 	vk  + j ln vl, 	+ in vil  +  2 	pia)  

+ 1.111.2)-- 0 27 	"AC 	 ... (1V.231) 

,n _kdl = k. A it, v_1004.(1.  Ain v910+  pb, v001 + ln v000 
' '' 	,, ,,.  

.,. Lil21 . 	+ d( 1) 	. + 	2 	P112 ' 	2 	' I-10 	... (IV.232) 

, xyo 	100 	010 	000 ,x(x-1),  _i_ nvp 	= x . A in vp 	+ y, Ain v p 	+ in v p 	+ 	2  .i3PC  

... (.233) + y(y -1)  ,, 
P 1.) A ' 	 IV  

, 	100 	A 	010 	 1  n  _000 invPql  = p - p. A in vp  +q. Ai  vp + 6,1n v9201  + P 

.. (IV.234) i. Li1:11 . 0 	..i. aLazil 
2 	'PC ' 	2 	• PiA 
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rto  100 A  010  000 r(
2
-1) In vc = r. Ain vc +t.  vc +1n vc + 2  'pot, 

"CP  • (IV.235) ' 2  

In vcvl . u.d lyive°+ v. Amn 
v010+ amn v0001 

4. u.(u-11 a  ..„ v(v-1) a 
2  RCA '  2  "CP 

A in Vs 	 = P Aln Vs (m-1)-40m P 
w 

'" 	
m-4.(m+1),(w-1)  f,  

... (IV.237) RS JP 

aln  r.--1)..,(z-m-w)._ Lon ,r4.(v+1),(2-m-w-1)_ 
J.  vs  _,.  v6  PS ,PC 

... (IV.238) 

AID  1 _ 
v
_
s
m,(z-m-w-1)=(z-m-w)_ L,n v AL1-1),(z-n-w)-0,.(z-m-vl+1)4s,ci, 

• (IV.239) 

vhere, 

01 n v(m-1), (w+1) 1.,~ vb(- ),(w+1) 1 w+1) 
• (IV.240) 

With the help of above expressions for energy and free 

volumes,•one can now proceed for the evaluation of partition 

function under different assumptions as done in the last 

section (Sec.2.1). 

I7.2.2.1 Randomly Distributed System 

Ls in the previous case let us consider, first of all, 

a system in which the atoms of all species are randOnly 

distributed. Under this condition, the number of atoms of 

different types of atoms shall be given by the eqs.(13. 97) - 

(UT.103). Further, the lagrangian multipliers shall be 

given by the op. (IV.104) — (IV.119). With these expressions 

• (17.236) 
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and also expressions for energy eqs. (1V.219)  (1Y.230) 

and free volumes (1V.231)  (IV.240),eq;  (IV. 52) for 

partition function of the system takes the following form 

In cl. (nA+np+nc+ns)ln (nk+np+nc+ns)-nli  In nil  -np In np 

-n0 ln nc - ns ln ns 

 

100  100  A,,,010_, .r, A,  010 
Ilt, -kT Aln v,r  w.t.,  KT In vl,  

- zna[Np. ( 	kT 	
"' 	) +No 

• 
( 

kT 	 ) 
0 01 - 	001 

	

A 	kW 	T A 1ri v t  
+ N  (  ,I.  )] 

.S '  kT 

W010 •••kT Lan v 0 	+210 ) No   ( Aw100...k2  in  v100 

kT 
P 	 P  ) 

a001_kT. Aln v001  

 

+ NS.(  kT 

 

.10  100  A W010-kT A v010 in ()- kT  vc  C 
- znc[NA.  kT 

001  001 
AWC  -kT Aln vC • 

- z.(z-1/11.ep  2kT 
\ 

 

 
!.( h "- 21k1 PLC)  

h -kT 

hp 	0  -kT p 

"(z-l)nPNC

2 

 (  2kT  ) 

2 h r -Y2  PCA N  - Z. (z-l)ncNA( 2kT  /- 

2frkT 
.(z-l)npNkkhp 2kT 

2 horkT 
z.(z-l)nep( 2kT 

PPP. )  

PCP) 

la 00-kT 0 
-z. (t-1)N,vNp.ns(  -L-2 kT  3'112)-z.(z-1).Ve. 

/.1111g.L'EllilL) 
.nsk  2kT 

hs,pc-kT Psypc 
-z. (z-1)NpNc.ns (-- 2u---

\  
--fu---   ; (IV.241) 

znp[NL.  kT 

)3 
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From the above equation, one can arrive at the following 

expression for the excess partial molar free energy of the 

solute component, 8, at infinite dilution in the ternery 

solvent. 

AusT.Z+c) --ITArizsetil°-A54e.ZA+p+0,3 

NP[ &IY(ci)'L 	) ]+"c [ 	r A°-C(il+P+c ) 

hAnT 
4  ZZ 1)N.NA(120.1  13.0 )  

- Z(Z""l)ioN,84(   

 

2 hPrkT  PPC  2  hp,kT pp.8.  
- ) z(z-1)N.NpNA(  -"I  2  ) 

2  , A  -o-kT pap  
- z(z-1)K.NoNi,( hci'2-kT pc")-z(z-1).N.NoN2p( 	

n 
 2 	) 

+ z(z-1)N.Nly2h(. s iiPQ 2  13S ''''P )+z(z-1)N.Nii.No(bsar  

kT

hs.pc-k2 
+ z(z-1)N.YNo( 	- 2-  

It is seen from the above expression, as compared to eq. 

(IV. 127), that it contains few additional terns which can 

neither be expressed in terms of properties of solute in 

pure solvents, L., P or C or properties only of the solvents. 

In order to express the above expression in terns of experi-

mentally determinable parameters one has to take help of the 

interaction parameters. lath the introduction of these 

parameters, the above equation takes the following alter-

native form, 

(IV.242) 
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ArTexoyao s(A+p+c)  = Nrc Agex, 00 A-ex 
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( Iv.243) 

where, the different terms used in this expression have 

their usual meaning. 
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From the above expression one can write for the excess 

partial molar free energy at infinite dilution of the solute 

component, Si in El. binary substitutional solventComprising 

of components A and B, the expressioni 

mex,op N r  Auex000_ y5ex 	r  zex,co_ Agex 
SU.6+B)=  BL S(B) B(A+B)J  

AT 
 wr2  A  A Aext.p. Amoe:(B,T+ zzle,,x(B,c)ro )  

+ Dillimgaits(B)- 

2 	B  ge"tc°  + (.4- ex )4' GB(A) 17.0B[RTes(10- S(B) (IV.244) 

The above expression was first derived by Kumar et al.[ 89 ]. 

For such solutions, in which the solvent components 

have linear forms of energy and solute component has non-

linear forms of energy the expression given by eq. (IV.243) 

takes the following form, 

2:9X,00 = AF,CX,00 -ex 
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2 
xex ap 

'C A [RTcs(A)-  AGs.(C) + 1..\ 	- 

..e.7900 	A  46ex, 
S(A) 

co -74. 	ki ca) 

2 NC 
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. 	

ex2 0 
	
0Aex,c 	 ex, op 

N
C

A [RTq(0).p USW
4

"S(C)
o,s  
 t,(c) 	(IV.245) 

It is clear from the basic assumptions made for this 

derivation that this expression shall be applicable to the 

dilute solutions of such solute components, in a weakly 

interacting multicomponent solvent, which have approximately 

similar values of excess partial molar free energy in each 

of the pure components of the solvents. 

IV. 2.2.2 Randomly Distributed Solvent with Preferentially 
Distributed Solute 

For this case using eqs. 	130) - (IV. 136), the 

expression for the partition function (IV. 52), takes the 

following alternate form 
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From the above expression, one cen arrive at the following 
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relationships for the partial molar free energy of component, 

S, at infinite dilution in a solvent containing components L.. 

P and C. 
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ha  - 	A  kT PP )  -1K T Pon 	, 1 2 . k thP0 	z( z 1)NSNpeN2

.1 )N.Np.Nc 	2' 	 /1 	2  

-z(z-1)N.4.4.(1-1Q7kT  1 2 hcp-kT )-z(z-1)N. Nc.tit4-) 

-z(z-1).N.NL.Np.k 1 1 SJx  
h 	P 

L.P)+,(z-1).N.Np.Nc% 	2 2 	
h 	-kT , 0 ,  1 1, S 

+z(z-1).N.Ne11(hs 	Ps,u) (IV.247) 

where N1,N21  end 	are expressed by the eqs. (IV.161) - 

(IV.163). 

lath the help of expressions derived for the parti& 

molar properties of components from eq. (IV.246), one can 

arrive at the following relationship for the partial molar 

free energy of component S at infinite dilution in terms of 

the experimentslly determinable parameters. 
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(1V.248 ) 

From this expression, eq. (IV.248), one can also arrive at 

the following expression for a system in which the solvent 

is randomly distributed and the equations for the energy 

terms for the solvent atoms 	are linear in form, i.e., 

the values of the p'arameters 1111S, PAs  t  hAp PAP ,  ha t ppA, 

hpst  Ppst  hsi,t RSli,hsp  and psp  in eq. (1V.248) are equal 

to zero. 
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From eq. (IV.249),one can arrive at the following expression 

for the excess partial molar free energy of solute component, 

S, at infinite dilution in a binary solvent containing compo-

nents A and B only. 
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12 1 
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k 	k -k 
(in -g + -L-a)] 

where, the parameters N.t , NB  , kA  and kB  are defined by 

the expressions (IV.168) 	(IV.171). 

Generallizing eq. (IV.248) for a n-component solvent 

one can write the following expression for properties of 

the solute, S, at infinite dilution, 
n 	
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3 	1 1 )• "i) 

1 „r12  

	

j 
	 (IV.251) 

Similarly for a solution containing n-component; solvent 

having linear forms of energy for their atomic species, 

one can write the following generalized expression for the 

partial molar free energy of solute component, p, at fnfinite 

dilution7 

(IV.250) 
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From the above expression)  one can deduce for a binary 

solvent k B,an expression for excess partial molar 

free energy of solute component, S, in the following form. 
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(IV.253) 

IV.2.2.3 All Com onents Distributed Preferentially 

In this case, using eqs.(IV.175) 	(IV. 180 ) 	one 

can write the expression for partition function in the 

(IV.252) 
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following form : 
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For simplificption, the pErometers hliP, pAp, etc. 

for the solvent components are assumed to be negltgibie, 

and the eq. (IV.254), then takes the following form with 

the help of eqs. (IV. 181) - (IV.183b). 
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From the above expression, one can arrive at the 

following expression for the partial molar free energy of 

component S at infinite dilution in the solvent containing 

components, 2,, P and C. 
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where, NA , Np1  , NC  , K1,, Kp and K0 are given by eqs. 

(IV.201a) - (IV,202e), 
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The above expression can be generallised for excess 

partial molar free energy of solute component , S, in a 

n-component solvent as given below. 
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(IV.257) 

where, the terms K., .  K.,N.
1  

and N
1 

have their usual  j 

meanings 

IV.3 4plication and Discussion 

In this section, applicability of the different ex-

pressions, derived in the previous section shall be listed 

to compute the thermodynamic properties of the different 

systems investigated in the present work. The different 

expressions derived for calculrtion of the thermodynamic 

properties show that for such computations, a knowledge of 

the partial molar properties of solvents is necessary. 

IV.3.1 Partial Molar Pro erties of Solvents 

Apart from pure lead, silver and copper, their binary pnd 

ternary solutions have also been used as solvents for sulphur 
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composition and et  temperatures of the present work. These 

have, therefore, to be calculated from the properties of 

terminal binary systems. A number of models, reviewed 

critically by Ansara [ 90), have been proposed for such 

calculations, among which the Kohler's equation [91 ] has 

been extensively applied to the ternary systems having 

component copper, lead, silver and many others. Hence for 

the calculation of thermodynamic properties of the system 

lead-copper-silver, in the present T,orkalso,this model 

will be used. According to this model, the excess free 

energy,
G-MBI-C), 

 of a ternary system containing compo-

nents A, B and C, in terms of the properties of the binary 

systems A-B, B-C and C-A is given by the following expression, 

Gex 
(A+B+0) = 	

4q1Bx)N4/11_ 

(N1:1-Nc)2. (UG;a)Ni/Nc 

ex + (NB+Na) 	fAa 
• k- 3C/1  

NB/Nc  ... (Iv. 259) 

where N ., NB  and No  are respectively the mole fractions 
of components A, B and C in the ternary system, the symbol 

GiGn, /7  represents the excess free energy of miring 

of components A and B in a binary solution having these 

components in the same ratio NJ  NB  as in the ternary system 
ex 	 ex under study. (GI3n ),,r  iN  and (AGrOx  AT  are also similarly 
1̀-"B"C 	'" C''A 

defined. 

From a knowledge of the properties of terminal binary 
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systems, the excess partial molar properties of different 

components in the ternary lead-copper-silver system have 

been calculated using eq. (IV.259 ) for three different 

temperatures viz. 1273, 1323 and 1373°Y. These vplues have 

been used to plot the iso-free energy curves in Figs.(IV.1)- 

(1V.3). Properties of the components of ternary solvent at 

infinite dilution are also calculated at different tempera-

tures under study and are presented in Table (IV.1). With 

this,calculations for all properties of solvents needed for 

computation of properties involving solute are computed. 

Let us now proceed on to the calculation of properties of 

sulphur in binary and ternary systems, studied in the 

present work. 

111.3.2 112.12::22.2.2.2.1. 	stem 

In Fig. (IV.4), the experimental and theoretical 

curves between free energy and composition corresponding 

to the different expressions derived for various models 

proposed in the preceding  Section (IV.2) are plotted. For 

the calculation of theoretical curves, the data on binary 

systems as reported in Fig. (1V.1) and determined by the 

author has been used. As seen from Fig. (IV.4), the cal-

culated curves form two different groups - one of these 

corresponding to the linear forms of energy and the other 

to non-linear forms. For both these sets, the curves for 

random and preferential distributions lie quite close to 
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each other, showing thereby that in case of this system, 

(Ag-Cu-S), the free energy of solution of sulphur is only 

a weak function of distribution of different atoms present. 

Fig. (IV.4), further shows that the expressions 

derived on the basis of linear forms of energies of the dif-

ferent atomic species deviate considerably from the experi-

mentally determined data. Hence it can be concluded that 

models based on these assumptions are incapable of explain-

ing the experimental data on this system. In order to 

extend the range of applicability of these models, Jacob 

and Alcock [ 92], incorporated in their derivations, a. 

function, a, which is considered to be equal to the fraction 

of bonds broken. On this basis,these authors derived the 

following expression 

SCTo(x+y) 
o 7 	L ciex = Nx.[L.\to(x)-n.a. 	x(x+y)3 

o + Ny  [LG / N` na. LGy( x+y)] e 	oky) 
o vo 	Nv, 0 	'x 	 0 + nRT.[Nx  In 7— + Ily  ln rj 

1"74 	Y . 
(IV.260) 

Though this expression vas able to explain the free 

energy of solution of oxygen in a number of binary alloys 

by making suitable adjustments in the value of a, it could 

not explain the behaviour of oxygen in iron-copper binary 

solvent. Further, there is no apparent justification as 

to why a substitutional or for that reason an interstitial 

solute component breaks:more than the number of bonds it 

makes with neighbouring atoms. Therefore, the applicability 
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[ZW!,°g421.cu)  = NAe.[-15130 -L/.14(L.g+Cu)3 

4. Neu. 
 
[-23265 -A  u

cu(1,z+cu)]  

+ Nilz.Ncu.[NAg  [3800 + 15130 - 23265 + 3490] 

Neu t-11800 + 23265 - 15130 + 3680 3 ] 
 ... (Iv. 261) 

IV.3.3  Load-Cooper-Sul hurasIal 

Values of free energy for the reaction expressed by 

eq. (III. 31  ) obtained experimentally as also computed, 

lapsed on different models proposed in Sec. (IV.2), have 

been plotted against composition for the Pb-Cu-S system in 

Fig. (IV.5). Data on binary Pb-Cu system from Fig.(IV.1) 

-for temperature 1273°K have been used for calculation of 

theoretical values of free energy. It will be noted from 

Fig. (IV.5), that the plots for the calculated values fall 

distinctly in two groups - one corresponding to the non-

linear and the other to linear forms of energy. Further 

for both the sets, random or preferential distribution of 

atoms in the solution does not seem to affect the free 

energy values to an appreciable extent in this syttem, and 

the plots based on linear forms of energy appear farther 

away from the plot of empirical data, meaning thereby that 

assumption of linear forms of energy is not correct for 

explaining the behaviour of such solutions. 

ins discussed earlier, Sec (IV.3.2), the eqs.(TV.244), 
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FIG.13Z.5 COMPARISON OF EXPERIMENTAL AND CALCU-
LATED VALUES OF FREE ENERGY OF EQUILI-
BRIA OF SULPHUR IN BINARY LEAD-COPPER 
ALLOYS AT 1273 °K. 
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(IV.250) and(IV.257) 	, developed based on non-linear 

forms of energy explain the behaviour of these solutions 

to a satisfactory degree of accuracy, Therefore, the follow-

ing expression may be used satisfactorily for calculation 

of free energy for the reaction expressed by eq. (III. 31 ) 

ffex,op  
"S(Pb+Cu)  

Na 	 r.[-19660 - ad.e2c/ 
okPb+Cu)3  

ex + N 	.{-23265 	AGCul ab+Cu) )  

+ Na.Nou.[Na. 1. -127 + 19660 - 23265 + 53753 

+ Ncia  t-15100 + 23265 - 19660 + 4902) ] 
...(1v. 262 ) 

IV.3.4 Lead-Silver-Sulphur System 

Experimentally determined and theoretically calculated 

values of free energy, based on different models proposed in 

sec. (IV.2) have been plotted against composition for the 

Pb-Ag-S system in Fig. (1V.6). Theoretical calculations of 

free energy have been made using the data on binary Pb-.fig 

system from Fig. (IV.1) for temperature 1273°K. As is 

clearly observed, from Fig. (IV.6), the curves plotted for 

the calculated values of free energy fall in two distinct 

groups - one corresponding to the linear forms of energy 

and the other to the non-linear form. In both these sets, 

the curves for random and preferential distribution of the 

atomic species in the solution fall close by, which apparently 

shows that free energy of dissolution of sulphur in this 



249 

Experimental 
After eq (W.129 ) 
After eq ( 12.203) 
After eq ( IV.250 
After eq ( a.257) 

0 	0.2 	0.4 	0.6 
Npb 

FIG.Eir.6 COMPARISON OF EXPERIMENTAL AND CALCU-
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system is not a strong function of the distribution 

pattern of the constituent atoms. It is further noted 

that curves plotted on the basis of linear forms of enerty 

fall apart considerably from the experimental curves, 

suggesting thereby that solution models developed on the 

basis of linear relationships are incapable of explaining 

the behaviour of such systems. 

ks discussed in Sec. (IV.3.2), the approach of 

Jacob and Alcock [92 3 who tried to explain the behaviour 

of metallic solutions by introduction of an empirical 

function, a, denoting the fraction of bonds broken on 

dissolution of Solute component in the binary solvent, 

hns not been tested in the present work. 

For the reasons described in Sec. (IV.3.2), in .the 

present theoretical analysis of the empirical data also)  

it is observed that the plots corresponding to eqs.(IV.244 ),  

(IV.250) and (IV.257) . 	based on equations derived by 

assuming quadratic forms of energy explain the behaviour 

of this system to an appreciably good degree of accuracy 

and the one corresponding to eq. (IV. 257 ) fits best in 

the empirical data.. Since the other two plots also do not 

deviate much, the model corresponding to random distribu-

tion, eq. (IV.244),  may be used for all practical purposes, 

as it is simple and easily calculable. In that case, the 

following expression may be used for calculation of the 

free energy of the reaction expressed by eq. (III. 30) 

at 1273°K, 
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-x,co 
=  E.-19660 -A Uex  A GS ( Pb+Ag ) 	NPb 	Pb( 	) 

+ 	[-15130 - .d.rg  pb+1.,,g  

+ Npb.NAg.[Npb.t -333 + 19660 - 15130 - 200 3 

+ N,g  14363 + 15130 -19660 + 1792) ] 

(IV. 263) 

IV.3.5 Lead-Co per-Silver-Sulphur Oystem 

Experimental and computed velUee of free energy 

based on the different models proposed in the preceding 

Sec. (IV.2) for the reaction expressed by eq. (III. '34), 

have been plotted for the ternary alloy solvents having 

the same Cu/kg ratio, at 1273°K in Fig. (IV.7). 

Ternary solvent (Pb-Cu-1,g) data from Fig. (IV.1) has 

been used fir the calculation of theoretical values of 

free energy. 

Ls discussed in the earlier cases of binary solvents, 

the expressions developed on the basis of linear forms of 

energy do not explain the behaviour of such solutions to 

a satisfactory degree of accuracy nor the assumption of 

random or preferential distribution.of atoms show a 19Tge 

variation in calculated values. 

Hence the acceptable expressions for calculation of 

free energy of such solutions are based on the assumption 

of non-linear forms of,energy to yield eqs. (IV. 243 ), 

(IV. 	245 	), (IV. 	248  )9  (7. 249 	) and (IV. 	256 ). 
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LATED VALUES OF FREE ENERGY OF EQUILIBRIA 
OF SULPHUR IN TERNARY Pb-Cu-Ag ALLOYS 
AT 1273 K. 
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Out of these, the values obtained by eq.( IV.256 ) 

are best fit to the experimental values of free energy. 

But as the plots are quite close to each other ,correspond-

ing to above five equ7tions, for all practical purposes 

eq. (IV. 243 ) based on random distribution and non-

linear forms of energy of both solvent and solute may be 

used for explaining the behaviour of such systems, to an 

acce-otable degree of accuracy, for reasons of its simpli-

city and ease of aDplication. Thus the expression, most 

suitable for this system at 1273°K iS as follows: 

= Na.[-19660- 6UP;ir 
S(b+Cu+  D(Pb+Cu+4)3  2.‘.g)  

b-Cu . [ -23265 -
G"`Lexi(lb+Cu+1,.g)] 

+ N.[-15130 

2 
N 

-drx.  
.g(Pb+Cu+4)3  

• 
r-127  + 19660 - 23265 

J-15107 + 23265 - 19660 

[-11800 + 23265 - 15130 

5375] 

+ 4900] 

+ 3680] 

+N   
Pb  Cu 

2  _ 
N
Pb. ou 
- 
ITPID+NOu 

2 
.Iv 
Cu4 

 
+ N 

+N 
Cu  lig 

2 Cu rl- •.  
+ 15130 - 23265 + 3490] 

IT Cu  

2 
N. 

+ t 47N;v113  414363 + 15130 -- 19660 + 1792] 
."4 

+ -4g  1. 833 + 19660 - 15130 - 200] N 
4

4.N  .L. 
 Pb 

...(IV. 264) 



CHAPTER- 

HAMM' AND CONCLUSIONS 

The different experimental results of the present 

study and the conclusions drawn are summarised below: 

1) Empirical data on the free energy of different reaction 

equilibria and interaction parameters at different 

temperatures of study are presented in the Table-V.1. 

2) In the different systems studied, effect of distribu-

tion of different atoms present-either random or pre-

ferential,is not ibppreciable on the computed resuli;.---  

Therefore for a theoretical quantitative analysis of 

these data, random distribution can be used with 

advantage of simplicity of treatment. 

3) The linear forms of energies and free volumes of atoms 

do not explain the empirical data and only non-linear 

forms are to be used for their quantitative interpre-

tation. 

The different forms of expressions arrived at for 

theoretical interpretation of empirical data, based on 

random distribution and non-linear forms of energies 

and free Tolumes of atoms present in the equilibrated 

systems at 1273°K are as follows: 
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i ) 0u-kg-S Sys-  

uex C° 	= N.  [-15130 - A4ie,,gx( 1,g+ou  ) 1 ( g+Cu ) 	'11.g 

• N0u • [--23265 - 8 G ux( ilg+Ou ) 

+ NAg.Nou. [15 No-845 N.A.g] 
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(V.1) 

ii ) Pb-C1-8 System 

puex, op 
S(Pb+ou) = Npt. [-19660  - CdcX  Pb(Pb+Cu) 

+ Ncu. [-23265 	5K(Pb+Cu) 

• Npb 	[ 1643 Npb-6593 5  Cu ] 

iii ) 	Pb-lig-S System  

ex, (x) 	= N•[-19660 - Aclex 
S(Pb+14 ) 	Pb • 	 Pb Pb+.kg 

+NAg. [-15130 oex 
'Ag(Pb+Ag) 

+ Npb  .NAg.[ 3497 Npb  + 11625 Nig] 

(V.3) 

iv) Pb-Cu-lig-S System 

A'GS (Pb+Cu+lig ) 

+ NCu  . [-23265 - 

+ 1 . [-15130 

NPb • [ -19660 - A4P
e

b
3E

( Pb+Ou+4) ]  

GCu ( Pb+Cu+4 ) 
A clex 

Ag(Pb+Ou+lig ) 



NCu.NA 
uAg 

.NPb 
Ag+NP 

N N  
Pb 	

41643 N -6602 Npb] 
(NPb+NCu)  

257 

.[15 NAg  -845 Nan] 

411625 NE10  3497 NAg] 

... (V.4) 

5) 	At other temperatures of study the above equations 

have similar forms for.the systems under reference, 

but the values of constants change with temperature. 

6 
	

The most important conclusion drawn is that the pro- 

perties of the nulticomponent solutions containing 

dilute solute, can not be computed using only partial 

molar properties of components and the composition of 

system but need essentially a knowledge of the inter-

action parameters for effect of additive elements on 

the solute, 	sulphur. 

7) 	The entire composition range of different alloys Con- 

taining sulphur need not be experimentally studied as 

the properties can be predicted at any composition 

using infinite dilution parameters of solvent and 

solute species of the system and the different expres-

sions derived in this work. 
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SUGGESTIONS FOR FORTIER WORK 

1) Behaviour of sulphur should be experimentally 

studied in other systems also for extensive deter-

mination of interaction parameters for the effect 

of other elements on sulphur in different solvents 

at different temperatures. For this purpose,systems 

consisting of Fe, Ni, Co, Zn, Sn, Sb, !s etc. may be 

selected for experimental studies as these metals in-

variably occur in nature in the sulphide form. 

2) Using the data obtained above, the universal appli-

cability of the theoretical expressions derived in 

the present work can also be tested for their pre-

dictive value. 
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