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ABSTRACT

rrve

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 so0lid metals and alloys have
been, for a long time, of particular concern to the geologists,
chemists, metallurgists and materisl scientists for a better
understending of the formation and characteristics of mineral
deposits, extraction and refining of pure metalsfron sulphur-
bearing raw-materials and development of new metallic materials
for specific applicetions. 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 deﬁosits 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 metalsnamely lead, silver and
copper and their binsry and ternary alloys of different com-

positions have been used for the experimental studies ab
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different temperatures for dissolution of sulphur from the
gaseous phase of known sulphur éotentials in equilibrium with
the molten metallic solvents. Purther, for 2 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-I 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 problens

Chapter-II describes the experimental set-up, materials
and nmethods 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 formsand also the different thermodynamic proper-
ties of sulphur computed fzom these, namely, thé equilibrium
constants, interaction farameters, free energy, enthelpy and
entropy for the dissolution resction equilibria at different
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 availeble

data obtained by others workerss
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In Chapter-IV, for interpretation of the experimental
data, presented in Chapter-III, eight different thermodynemic
models for multicomponent substitutional solutions have been
developed based on free volume theory end different simpli=-
fying assumptions, Expressions for the free energy of dis-
solution of sulphyr in binery, ternary snd multicomponent
solvents have been'derived assuming linear and non-linear
forms of energy end free volume and also preferential and
random distribution of solute snd solvent atoms. Calcuilated
values of the thermodynamic parameters, based on the dif=-
ferent expresgions‘derived, have been plotted and compared
with the experimental values to0 2scertain and establish the

applioability of the theoretical SOlution models developed.

Chaptér-v sumnarizes 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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"NOMENCLATURE

(at.%-s)A atomic peroenf sulphur dissolved in A.

(at.% S)(A-B) atomic percent sulphur dissolved in(A-B).

ag activity of sulphur in solution with pure

hypothetical liquid sulphur as standard state.
, .. .th

E; energy of the system in i state.

Box value of energy in the maximum term

Eg total energy of all nijo atoms

Ei total energy of all nﬁdl atoms.

E% total energy of all nSVl atoms

Eq energy of solute (sulphur) atoms,

E total energy of the system

Eg - total energy of all ngyo atoms

E% energy of all ngql atoms

Eg total energy of all néto atoms

£0 fugacity of sulphur

S5 | . |

fS(x) Henrien activity coefficient of sulphur in x

fg(A~B) self-interaction coefficient of sulphur in
(L-B)

fg interaction coefficient of effect of B on

sulphur



HS(x)
8Cys(a-B)

~0
8Gpg (4-B-0)

4G5 py)

;0
AGS(Ag)
AGS(Cu)
ag°
S(Pb=Cu)

A 0
%5 (Po-ng)

A
GS(CunAg)

AIO
%S (Pb-bg-Cu)

ex, 00
585 +p)

AGO
.
AGl(T)

AG2

XX

free-energy for equilibrium reaction - .-
H,S-H,~8(x), where x represents pure metal-

lead, silver or copper

free-energy for equilibrium reaction

HoS~-H,~-8(A~B), where (4~B) represents binary

alloys of metals-lead, silver and copper.

free-energy for equilibrium reaction
HyS-H,~§(A-B-C), where (L~B-C) represents
ternary alloys of metals~lead, silver and

coppers

free-energy for §(Pb)-32 eQuilibrium

free-energy for §(Ag)-32 equilibrium

free-energy for §(Cu)-5, equilibrium

free-energy for $(Pb-Cu)-8, equilibrium

free-energy for §(Pb—Ag)-32 equilibriun

free-energy for _S_(Gu—Ag)—S2 equilibrium

free-energy for S(Pb-Ag-Cu}-S, equilibrium

excess partial molar free-energy of sulphur
in (4+B) at infinite dilution where 4 and B,

are two component metalss of the solution
free~energy for HoB-H, equilibrium reaction
free-energy for S,-5(1) equilibrium at 7°K

free-energy for S(1)-3 equilibrium



=X, Q0
(R ++0)

o .
85 (r+340)

AGGX

nix(A+P+C)

ex
BBy (a+2+C)

ex. =
ABp(A+P+C)

eXx. ..
A§C(A+P+C)

XXi

free~energy for Raoultisn. behaviour of

sulphur in nmelt.

free-energy for S(1)-8 equilibria for

Henrian behaviour

excess partial molar free energy of sulphur

in ([+P+C) at infinite dilution:

free energy of sulphur at infinite dilution

in (A+P+C) determined experimentally

excess free energy of mixing of solution con-
taining (L+P+C) where A stands for silver,

P for lead and C for copper.

excess partial moler free energy of sulphur

in b, (Silver), at infinite dilution.

excess partial molar free-energy of sulphur

in P,(lead), at infinite dilution.

excess partial molar free-energy of sulphur

in G, (copper), at infinite dilution.

excess partial molar free-energy of silver

in ternary silver-~leed-copper alloy

excess partial molar free-energy of lead in

ternary silver-lead-copper alloy

excess partiel molar free-energy of copper in
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CHAPTER-TI

GENERAL

I.1l Introduction

a

Sulphur has been considered to be an element of great
significance by metallurgists and material scientists for a
long time. It generslly tends to seggregate in the metallic
systems, invariasbly along the grain boundaries when present
in concentrations in excess of the solubility limits in the
parent phase or phases present. Thus, as a genersl rule,
its effects on the physicsl, 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
inlductility, toughness, electrical conductivity, corrosion
resistance etc., of both ferrous =nd non-ferrous rmetallies
materials. However, in one case, this seggregation is
advantageously used e.g. in the production of allo&s with

high machingbility such as free machining steels, brasses etc.

Because of the adverse effects of sulphur, on properties
of materials, from the'vhvaoint\of alloy development or deve-
lopment of new metallic materials suitsble for specific
service requirements and production of high—purity metals
from their primary sources (e.g. -ores, minerals, marine
water or sediments etc.) or secondary sources (viz. scrap,
slags, fumes etc.), metellurgists and other scientists have

concentrated their efforts to minimise the contents of this



harnful element 1in the metallic materials and hence have
-conducted several studies on systems conteining this element

in past few years.

The position of sulphur in the Periodic Table, in the
sixth group below oxygen, reflects to its chemicel resctivity
and all naturally occurring ores end minerals especially
those of common base metals are of the 'sulphide type' end
are invariebly associated with o large number of other
elements as 'impurity', only a few of which have by:product
velue. The run of mine (R.0.M.) ore, therefore, contains
invariably a large proportion of the country rock and other
gangue minerals end hence in the first stege of extraction
of metals from these - nemely the minersal beneficiation,using
differences between the physical or physico-chemical pro-
perties of 'velues' and the 'gangue', most of the mechanically
associated impurities are eliminated. For the second stoge,
i.e. chemical separation of impurities from the metellic
values, generslly achieved by simple chemicai or plectro«
chenical reduction reactions, =ny of the three-pyrometal-
lurgical,hydrometellurgical or electrometellurgical paths are
edopted. Of the three paths; named sbove, pyrometallurgical
path is commonly adopted one, especially in case of common
base metels, because of several technicel and economicezl
rdvanteges over other two types, of which high production

capacity, productivity and applicability are most significent.

o



The different unit processes edopted in pyrometal-
lurgical tecﬁhiques include agglomeration. by sinterirg or
pelletizetion, roasting, celcining, reduction or natte;
smelting , converting, fire-refining by preferential oxidation
and slagging, or special techniques such as distillsation,
thermel, dissociation, zone refining etc. to obtein high purity
netels from their sources. These processes have aavantages of’
improved feasibility and enhanced reaction retes due to
higher temperatures used in such chemically reactive systems
using, solid, liquid and/or geseous resctants including
charge meterials, fuels, fluxes, reductents 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 trensport retes control the rate and efficiency
of the chemicel rerctions involving condensed pheses, whereas
in gaseous phase reactions, due to complete mixing, priﬁarily
chenicel reaction rates control the process. In both cases
higher temperatures, used during these processes, favour both
the reaction feasibility and kinetics. The ultimete chenmical
efficiency of the process adopted and purity of the products
oﬁtained essentiall& depend upon the phese-equilibria

considerations.

Sulphur may enter the reacting systems in any of these
pyrometallurgical operctions from verious input materials

either as sulphide, sulphetic or orgenic sulphur =nd is



removed invariably either in the slag, fumes, vapours or

goses emerging 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 metellic phase is geﬁerally present

a8 a dilute solution because of its low concentrstions.
Importence of physico-chemical properties of sulphur such as
its activity in the condensed phases end partial pressure

and chemicel potentisl in the geseous phase, therefore, cannot
be over-emphasised for perfecting the processes of extrac-
tion and refining end production of high purity metals.
Laboratory scale studies on the thermodynamic proferties of
sulphur in metallic solutions and other metallic systems
including studies on metal sulphides, metal-metal sulphide
equilibria etc. heve therefore, been exclusively conducted
using a veriety of methods. These will be reviewed in the
next section. However, as will be seen in this section, mos?t
of these have been restricted in the ferrous systems and

only a few are reported on nonferrous metals or metal sulphide

systems.

I.2 Titerature Survey

Heving reslised the importance of thermodynemic data
on metal=-sulphides ond sulphur dissolved in metals end 2lloys
both in the solid and liquid stetes for a better understend-
ing end control of different pyrometsllurgicel processes and

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



0of thermodynemic studies have been carried out. The different
studies made mey 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

end alloys.

Extensive reliable thermodynemic date heve been obtained,
by a lerge number of investigators, on solid as well as molten
metel sulphides on their melting points, boiling points, heats
and entropies of fusion, free energies of formestion etec. and
presented in tabulated and other forms [1,2,3] for ready
reference. The existing data is also corrected or replaced
by more relisble date 25 and when obtained by using more

accurate modern research techniques.

Tt hes long been felt thet the deta availsble on pure
sulphides is insufficient to anslyse and control smelting of
sulphide ores or concenté}tes because of the presence of |
several other sulphides in the matte which interact smong
each other, and a2lso in presence of air or oxygen,lwith the
sleg, to obtein the finel product. For exenmple,in matte -~
smelting of chelcopyrite, the rossted charge, fed to the
smelting furnace, mey contain Cu2S, Feg, NiS, Agzs, Sb233,
ASZS3 etc., tggether with some oxides of the impurity metals,
snd those present in the copper concentrates as the gengue

constituents., Therefore, for a better understending of the



physico-chenmical principles, governing such smelting and/or
converting processes, extensive reliasble data on a2ll such
systems, analysing also the effects of the interaction of

other constituents present in the systen, is reguired.

Schuhmann [4] has reviewed the availeble thernodynanic
dete epplicable to—COpper smelting end presented it in o
tebulated form. The inportant gaps in the thermodynamic date
have been pointed out for further investigations and experi-
.mental research programme proposed to supply the missing data
that oppesr most essentiel for a better quantitative under-
standing of physicel chemistry of copper smelting. Rosengvist
[5] reviewed the data availsble 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 revieWwed the availesble thermo-
dynamic data on Pb-5S-0 system. Thermodynamic properties of
Pb-S liquid solutions have been critically reviewed and a
thermodynamic model proposed for a continuous process of

converting gplenn concentrates to a crude lead product.

Friedrich and Leroux [7] cerried out thermal and micto-
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] end Leitgebel et al.[9], in

their investigations, reported complete miscibility end their
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data corroborste the eerlier work [7]. Miller ond 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 o miscibility gep existed above 104000 and between 2wth
épd 12wt%S., Kullerud {12] claimed immiscibility in the com~
position range 4.8 wt® 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 gep in the temperature range between 1041-1058°C
by critically reviewing the data available on Pb-PbS system
and carrying out calculations using Mergules' equation, Esin
and Sryvalin [14] conducted studies on Pb-PbS system by using
enf method and cleimed 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.

Blenk and Willis [15] determined solubility of sulphur
in lead in equilibrium with lead sulphide over the compara-
tively large range of femperature froﬁ 427 to 92300 ensuring
that equilibrium was approached from both high and low sulphur

contents. The equilibrium constent for the reaction,
may be expressed as ,

an:%gv—Zﬁg ves (1.2)

Stubbles and Birchenall [16] measured the equilibrium

HyS8/H, ratio in gaseous mixture under equilibrium with lead-
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lead sulphide mixture ot temperatures between 585-920°C and
arrived at the following expression for the free energy of

formetion of Pb3 in the above temperature range,

8G° = - 77280 + 41.3 T cals oo (1.3)
for the reactionm,

2Pb(1) + S,(g) = 2 PbS cee (I.4)

As reported in this investigetion, equilibreted lead samples
were not snalysed for sulphur and only gas-mixture weas
analyéed. Kellog [17] critically reviewed the work by Stubbles
énd Birchenall [16] and commented upon the straight line cor-
relation of log(szs/sz) Vs. (1/T7) and further on the calcu-
lation of AG° and its applicability even when extrapolated to
low temperatures (427°C). The results of Blanks snd Willis
[15] end Stubbles and Birchenall [16] have been found to be

in good agreement.

Studies conducted on FPb-Pb3 'system in the liquid region
by different investigators show very contredicting results
which suggests the necessity of carrying out further work on

the system, to obtain concurrent and reliable data.

Ag—AgZS portion of the silver-sulphur system has been
studied by Rosenqvist [18] and also by Yazawa et 21.[19].
Rosenqviét [18] determined the activity of sulphur in Ag;S
melts by measuring equilibrium H,S/H, 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 fiquid region and showed a

- big miscibility gap between the silver - rich ligquid end



sulphur-rich liquid and further used the date obtained for
caleulating the enthalpy, entropy and free energy changes for
the metal-metal sulphide reaction, Yazawa et al.[19] used
82—N2 nixtures of known partial pressures of sulphur for
attaining hg-Ag,S-S, equilibria at temperatures 1000 , 1109
and 120000, deterﬁinéd the values of activities of silver and
silver sulphide and found that o miscibility gep existed in
the liquid région as reported by Rosenavist [18]., Further
standard free energy changes‘for the formation 6f hg,S at
1000°¢C and\llOSOC were calculated and found to be egual to
~10410 and - 9480 cal/mole respectively. The results obtsined
in this study were in'agreement with those reported by

Rosenqgvist [18].

Cox et 21.[20] studied the Cu-S equilibria in the liquid
region by using different HZS/HZ gaseous nixtures in the ten-
perature'range of 1150 %o lBBOOC'and used the data obteined
to calculate the free energy of formation of Cuzs. Schuhnann
et al.[21] carried out extensive studies on Cu-S system by
equilibrafing molten'CuZS with]%?/ﬁz gaseous mixtures at dif
ferent temperatures. At equilibrium,thé relation between
température and partial pressure of sulphur was found to be

a5 follows;

log pg, = - 100 4 3,721 veo (1.5)

for the liquid copper sulphide melts ranging in composition

fron saturation concentration of copper to about 21.5%S.
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Solubility of sulphur in these Cu,S melte was found to be
19.4, 19.6 and 19.8 wt® respectively at 1150 , 1250 ehd
1350°C temperatures, The equilibrium pertial pressurec
megsurenments by Schuhnenn et sl. [21] for the system con-
taining liquid copper and liquid Gu28 at different tenpera-

tures were represented by the'fbllowing expression .,

log pS2 *55"5 + 4.56 ees (I.6)

Nagemori et al. [22] determinéd the equilibrium solubility
of sulphur in liquid Ou-S melts to be about 20.34 wte by
equilibrating N2-82 gaseous nixturces with the nelts at iZOOOC.
Johannsen and Vollmer [23] reported 19.52 Wb solubility for
copper saturated compositions of molten copper sulphide ot
1200°C, Bourgon et a2l [24] determined the sulphur content

of molten GuZS saturated with copper at 1170°C emd 125000 to
be 20.75 wt%S and 20.66 wtéS respectively, Bale et el. [25]
heve carried out an extensive thernodynamic study of Cu~S
system snd have estaplished phase relationships in the liquid
iegion upto 35 ate®S. Equilibrium ps2 values have also been
deternined in the copper-rich liquid, in the two-phase region
and in the sulphur;rich liguid. A large niscibility gap hes
been reported, Solubility of sulphur in copper-saturated
Cu,S melt has been reported to be sbout 19.4wt# ot 1200°C,

A cogparative study of the data obtained by different
researchers reveals that the results of Bale et al. [25],
Schulmann et al. [21] and Johannsen et al. [23} are in good

agreenent, whereas those of Negenori et al. [22] and
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Bourgon et 21.[24] are quite close to each other but eppre-

ciably different from those of the above mentioned workers.

 Hirskoso and Tenzke [26] heve studied Cu-S system at three
different temperatures viz. 1145 , 1196 and 1247°C by equi~
librating copper with HyS5-H, gaseous mixture =rd determined
the maximum solubility of sulphur in copper rich liquid res-—
pectively as 0.97, 1.06 end 1.22 wtk 2% ebove temperatures.
Esin et al.[14] carried out investigations to determine the
sctivity coefficient of sulphur in molten Cu-S system at two
dif ferent temperatures viz. 1200%35nd 1300°C in the melts
with composiﬁions renging from 0.0022 to 0.318 eton fraction
of sulphur. Values of the activity coefficients of sulphur
were determined o5 2,0 and 1.3 respectively at these tempera-

tures.

Bale et 2l. [25] have studied Fe~3 system at 1200°C with
liquid sulphide and Y-iron in equilibriunm with HZS‘HZ gaseous
nixture., Activity of Y -Fe, dissolved in the sulphide melt,
was determined end velue of the free‘energy of formation of
Fe-S celculeted. Cox et 2l.[20 ] studied Fe-3 system in the
temperature range of 770 -1275°C an® derived a relationship
b€tween parfial pressure of sulphu; and tenpersture for the

formation of FeS es follows,
|
log Ps, = 7 ;1§%9 + 7.51 ' e (I.7)

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

by equilibrating it with HZS~H2 gaseous mixture at 1073°K.
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The results obteined are in good ggreement with those of

Rosenqvist [28] in the tenperature range of 400 - 1200°C,

As Ou-Fe-S system constitutes the natte obtained in
copper smelting process, investigations heve been cerried
out by meny researchers on this system. Xrivsky et 21.[29]
measured the ratio of Hy8/H, in mixtures of these gases in
equilibriumvwith Cu;Fe—S systens of verying compositions at
tenperatures 1150 , 1250 and 1350°C. From the experimenteal
me asurenents of activity of sulphur:, various other therno-
dynemic properties of matte were calculated., Activities of
the different constituents of %he mette viz. Cu,S end Fed
and also of copper and iron were calculated as a function%of
its composition by using different alternative forms of
Gibbs-Duhen equation. Bale et 2l. [25) studied Cu-Fe-8 system
at 1200°C at mole fraction ratioé, expressed by the

NFe
Fe*cu
interpolated values of solubility of sulphur at different

persmeter’, (N ), renging from 0.232 to 0.856. The

values of PS conpare well with the results of Krivsky et al.
2 ' .
[29] who found that the Cuyo-FeS pseudo-binary systen exhibited

snall negetive deviation from ideslity.

Yoshiyuki end Tozawa [30] have studied the Cu~Fe-3
systemr at 1200 and 125000 fér determination of activity of
iron as e function of composition and concluded that the sul-
phur content in the melt decreeses with an increese in its
iron content at the same sulphur potentiﬁl of the gaseous

phase in equilibrium with the melt., These workers [31] further
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exanined the effect of other elements such as nickel, si}ver,
and tin also on the ectivity coefficients of sulphur dissolved
in copper in equilibriun with the molten Cu,3, end reported -
that it increases with en increase in the concentration of
ebove elements in the system. Hagiwara [52] cerried out in-
vestigations on the reactions between copper and sulphur in
lead to study the fhermodynamics of refining of pig lead.
Removal of copper from lead-copper alloys is one of the impor-
tent reactions in lead refining from the metallurgicel view point
[33] - Studies were made to measure the equilibrium constant

for‘the displacement reaction,
Cu,S(s)+Pb(1) =2 Cu(in 1-Pb)+Pbs (s) oo (1.8)

in the temperature range of 420 +to BOOOC, under two different
conditions, (i) when the two phases of CuyS and PbS existed

in the melt, for which,

log K = - 22404 | 5 og er (1.9)

and,(ii) when the melt was saturated with CusS ond PbS remsined

in the melt, for vhich the equilibrium constant was derived as,
log K= - $442:8 4 35,375 ve (1.10)

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

the following displacement reaction,

2Cu(s) + PbS(s) = Cu,S(s) + Pb(s,1) eee (I.11)

in the temperature range 250 - 350°¢ by enf measurements of
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the following cell,

Cu/(CuBr /Cuy gg8)/(Cuy ogS, PbS)/(PbCl,+1% KO1)/PY

and calculated the value of standard free energy of formation

of Cu,S at 300°C to be equal to - 22607 cal.

Investigations carried out by different researchers to
understand the 'thermodynamics of smelting of copper and iead
from their sulphide values are not very gystematic and suf-
ficiently detailed, except that by Bale et al. [25] end
Schuhmann et al. [21]. ‘The data reported so far on the be-
haviour of systems involved in copper and lead smelting at the
smelting temperatures are quite meagre. Detailed investiga-
tions are necessary fo obtain more relisble data on such

systens.

In recovery of values in a stete of high purity, fronm
sulphide ores or éoncentratés using matte-smelting, converting
and/or fire-refining, the sulphur content continuously de-
creases during processing till the refining stége, when it is
present in very small concentrations forming very dilute
solutions._ A knowledge of the propertics of dilute solutions
of sulphur‘is therefore essential for o proper enalysis and
control of such processes, Also behsviour of sulphur in iron
and its alloys in dilute solution range is of great importance
for meking quality steels, with‘very low sulphur content.
Therefore, for producing ferrous as well s non-ferrous metals

end 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 anﬂ alloys in the dilute solution range.

White and Skelly [35] determined the solubility of
sulphur in iron in the teﬁperature renge 1555 - 160000,
using HZS“Hz gaseous mixture of known composition in équili-
brium with molten iron. Activity of sulphur wes determined
and the equilibrium constant for the dissolution reaction

was represented as a function of temperature by the following

relationship,
lOg K: —_4_%-@ - 0020 o0 (I.lZ)

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

reaction,
S (in Fe) + Hy = H,S e (I.13)

at three different temperatures viz, 1500 , 1550 and 1600°C
and for sulphur concentrations upto 7.2 wt#® and found from
the thermodynamic treatment of data employing composition

n
. _ 3 s s .
varlable. 2g = (ﬁ;gzagj and activity coefflclept, defined

.as '{?S=‘aé/zs s the following relationship to hold good for

¢ el tion of composition with the activity coefficient,
log wS = ""2.3 ZS ) e 00 (1014)

The standard free energy chenge for the above reaction

was 2lso expressed as a function of the temperature by the
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following relationship ,
56G° = -~ 32,280 + 13.65 T oo (I.15)

Sherman et a3.[37] also investigated the thermodynenmic pro-
perties of‘sulphui dissolved in molten iron by equilibrium

method using HZS~H2 gaseous mixture in the tempersture iange
of 1530 -1730°C and sulphur concentrationsupto 4.8 wtb. The

free energy change for the reaction,
Hy(g) + § = H,8(s) eee (I.16)

was studied as a function of temperatﬁre and wes found to

follow the following relationship,
AGO = 9840 + 6,54 T | oo (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 ooefficient of sulphur were computed
to conclude that the éXperimental results were in good egree-
ment with the computed values. Chipmen [39] criticelly re-
viewed the then existing data on activity of sulphur in iron
alloys mainly due to Morris and Willisms [38], Morris and
Buehl [40] and Shermen and Chipmen [41] and concluded that
aluminium; dgilicon, carbon end phosphorus increase the
activity coefficient of sulphur in iron alloys vheress man;v
genese, copper znd sulphur (by self~-interaction) decrease it.
Cordier's [42] work, who also studied the activity of sulphur
in iron—nickei alloys over the entire composition range and

concluded that the interaction parameter egi = 0 has 2lso
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been quoted by Chipmen [39]. Similarly effects of other
slloying elements, j, on activity of sulphur hreve also been

reported in terms of the interaction paremeters, eg y 28

presented in Table I.1 below :

TABLE~I.1 : Interactiqn parameters of different
elements Oon sulphur in iron.

element J eg
Carbon + 0.11
silicon -+ 0,065
Phosphoxus + 0.042
Manganese - 0.025
Aluminium + 0.055
Copper - 0.012
Nickel | 0,000,

Ohtani et al.[43] have determined the self-ihteraction
paremeter of sulﬁhur 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.
Rosengvist et 2l.[44] found that small zmounts of copper
lowered the activity‘of sulphur in steel. Griffing and

Healy [45] studied the effect of chromium on activity of
sulphur ih Cr-Fe-S melts and concluded that chromium has a
pronounced negative effect on the activity coefficient ,fgr, of
sulphur which upto about 20% Cr may be represented by the

following expression ,
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log fgr = - 0,019 [# Or] ee. (I.18)

It waes also found that the influence of chromium on the
activity of sulphur‘was unaltered even in presence of appre-
ciable smounts of carbon end silicons Fishel et =1.[46], in
their investigations have shown that titenium heas a positive
effect on desulphurisation of steel since it reacts with
sulphwr in preference to carbon‘and geparates it out as a
second phase. Alcéck and Cheng [47] studied the thermodynemic
behaviour of sulphur in dilute solution renge in iron, cobalt,
nickel and their binary alloys by equilibrating smnall beads of
metals with gaseous HZS-HQ 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 wheress the behaviour of sulphur: departs apprecisbly
from Henry's lew in dilute solution renge in liquid iron, the
solutions in ligquid nickel and cobelt conform to this law upto
a sulphur content of 6 at.% and X ot.% respectively. Venal
ﬂn@.Gelger [48] determined the thermodynemic properties of dl-_
lute solutions of sulphur 1n pure nickel and its a2lloys with .
iron, chromium, molybderfum., silicon and aluminium at tempera-
tures 1500 ', 1550 end 1575°C end for sulphur concentrations |
upto 0.7 wt #. With the assumption of 1 wt % standard state

for sulphur, the equilibrium constant for the reesction,
Hy(g) + 8 (in liquid ¥i) = Hy8(g) L (1.19)

was expressed as o function of temper:®hure by the following

~ relationship,
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log K = - 2489 _ 1,772 coe (1.20)

Activity coefficient of sulphur at 1575°C in the dilute
solution renge in nickel was similarly represented as a
function of the sulphur content of the metallic phase by the

following relationship,
log fg = - 0,035 [#8] | voo (I.21)

Effect of alloying elenents on the activity coefficient of
Sulphur in liquid nickel were also determined by celculating
the corresponding interaction-parameters, velues of which are

presented below in Teble-I,2

TABLE-I.2 : Intertction parameters of different
elements on sulphur in nickel.

elenent (j) Interaction parsaneter (eg)
Iron + 0.005
Chromiun ~ + 0,03
Molybdenunm + 0.053

Silicon + 0.16
Aluninium ' + 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

Henrian 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 iﬁ molten copper at three temperatures
viz. 11457, 1196° and 1247°c by equilibrating molten copper
with H,S-H, gaseous mixture end determined the free energy ‘of
dissolution of sulphur in cdpper. Bsle ef al.[25] also deter-
mined the solubility of sulphur in dilute solutioﬁ range in
molten copper at three temperatures vig., 1100 , 1150 = and
1200°C and showed that sulphur does not obey Henry's law in

the solution and instead shows a negative deviation.

Llcock and Richardson [60] determined the activity coef~
ficient of suiphur in molten pure copper and binary slloys of
copper with gold, silicon, platinum, cobalt, iron and nickel
at temperatures between 11007 and 150000 and showed that
platinum and gold increase the activity coefficient'of‘sulphup.

T;me:}'_-eas nickel end iron decrease it.

Rosenqvist [18] determined the‘éolubility 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,
8G° = ~ 16400 + 1,0T oo (1.22)

Grant and Russell [51] studied the thermodynamic pro-

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

in the temperature remge 600 - 900°C, TFor the equilibria
8 (ath in Pb) + Hy = HyS oo (1.23)

equilibrium constant, X, wes found to vary with temperature,

T, according to the following relationship,
10g I’: = - 2'7"%""9' - 10707 s e (1024)

Fﬁrther, meximum solubility éf sulphur in lead at}60000 was
calculated to be 0.46 at% and varistion of the activity coef-
ficient of sulphur, Yg , referred to a pure hypothetical liquid
sulphur as standard stete, with temperature, T, was found to

nbey - the following relationship,
log vg = - 0.1228 - 2201 veo (1.25)

They elso determined the effect of copper on sulphur dis-
solved in liquid lead and arrived at the following relstion-
ship for the temperature dependence of the Cu-S interaction

coefficient in lead in the dilute solution renge,
Log(~eg%) = 21%+2 - 0,558 oo (1.3 )

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 eqﬁilibrating with H,S/H, mixture at saturation and
sub-saturation levels. The equilibrium constant for the

reaction

8 + Hy(g) = Hy8 (g) eor (I.27)
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was expressed as a function of temperature by the following

expression,

lOg K N '&%l' hand 1.53 , s 00 (1.28)

in the temperature range ofv7OO to 95000. Alcoék and
Cheng [53] cerried out studies on thermodynamic behaviour of
sulphur ih lead and tin in the temperature range 500 to
680°¢ by using radiochemical methods for analysis of the
equilibrated HZS-H2 gaseous mixture and sulphur disselved in
the metal beads,‘to derive expression for equilibrium cons-

"tant K and AG° as functions of temperature for the reaction

$ (in Pb or Sn) + HZ(g)—f HZS(g).,f {1)29)
, ' |
log Ky = - 122 - 1.461 cer (1.30)
‘Aégn = 3362 + 6.68T Cal/mole .... (I.31)
log Ky . = - 235 - 1.578 cer (1.32).
Acgb : = 1564 + 7.22 T cal/molé ese (I.33)

‘They further reported that the maximum solubility of sulphur
in lead was sbout 0.42 atk at 600°C and also found thet sul-
phur in lead and tin in dilute solution range obeyed Henry's
law. Hagiwera [54] studied the equilibrium between H,S-H,
gaseous mixture and molden lead in the temperature range
between 800" to 950%C and expressed the standard free energy
ohange,ZLGo, for dissolution of sulphur in’leéd as a funétion

of temperature given by the following expression,
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A6° = 10,285 - 1,565 T | eoo (I.34)

Hagivera [55], using the similar technique determined the
solubility of sulphur in tin in the temperature range of
80014ﬁ¥f0 and'expressed free energy of dissolution of sulpbur

in molten tin by the following expression
A6% = 11,058 ~ 2,544 T veo (I.35)

Equilibria messurements were glso mede for Pb-Sn alloys with
mixtures of HyS-H, at 800°C end it wes inferred that the
activity of sulphur in molten lesd wes increased by presence
of tin but this effect wes very small. Hagiwara [56] studied
the effect of different elloying elehents VizZ.. silvér,
copper, bismuth and tin on the activity coefficient of sulphur
in liquid lead by equilibrium method using H,5-H, gaseous
mixture in the ‘temperature range 8005—90000 end concluded
that the value of the activity coefficient of sulphur in
liquid lead wes incrensed by the presence of silverrnntimony
end bismuth but decressed by that of copper. Hagiwvara [57] 
further investigated the behaviour of sulphur in multi-
component metallic alloys of lead, silver, copper, bismuth
and antimony by equilibreting the melts with HQS-HZ gaseous
mixture and found the foliowing eXpressidns to hold good for
determining the activity coefficient of sulphur in liquid

lead alloys,

*

log fg = log fg + Ibg”fg + e.e cee (I.36)

where, the symbols fg, fg, fg etc. represent respectively
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the achivity coefficients of sulphur in liquid Pb-S-x-y=-...,

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

Twidwellw and Larson [58] studied the effect of different
elements such as gold, silver, antimony, bismuth, tin end
copper on the activity coefficient of sulphur in liquid lead
- at 600°¢ by éirculating H28-H2 gaseous mixbture over different
melts end computed the intersction paremeters, pxesenied“in“:
Table~I.5, to Quéntifyfthe effect of different elements.

present.

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

in lead,

Element (j) Interaction
parameter eg

Gold T 454

Silver | + 3.3

Antimony | 0.0

Bismuth 0.0

Tin 0.0

 Copper -55.0

‘Maximum solubility of sulphur in lead at 600°¢ wes precisely

me gsured fo be 0.46 a%, P,

Solubility of sulphur was also measured in multicompo~
nent alloys. Interaction paremeters determined in the in-
vegtigation were used to predict the activity coefficient of
sulphur in multicomponent alloys by using Wegner's interpole-

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

‘ The results obtained by Grent and Russell [51] compare
well with those of Alcock and Cheng [53],Twidwell end Larson
[587 end Gerlach end Grigel ([52 ] but differ considerably
with those obtained by Hegiware [54]., Blenk end Willis [15]
Miller snd Komarek [10] and Stubbles and Birchenall[16].

The results of these tﬁo groups of workers differ comsi-
derably. Mbhap?tra and Frohberg [60] determined solubilitym\
of sulphur in liguid silver-lead end silver-tin alloys at o

temperatures 827 end 950°C using the gas-metel equilibrie _

technique incorporating quertz twin capsules ond calculated

the esctivity coefficient of sulphur in these alloys.

I.3 Methods of Thermodynemic Study

Systematic therriodynamic studies on metallic systems
at temperatures abcvelOOOOC sterted largely from the eeﬁiy
1930's but were seldom carried out sbove 1650°C $ill about
1945, The different techniques [61,62] used for determining
the physico-chenical properties of metallic systems at high

temperestures way be clessified a5 follews:

i) celorimetry
ii) enf measurenents
iii) vapour pressure measurements, and,

iv) chemicsl equilibria.

These techniques will be very briefly reviewed belbw.'
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I.3.1 Calorimet¥y.

Calorimetry may be definéd as the measurement of
energy in the form of hest. Balorimetric techniques messure
changes in enthalpy or heat content of a substance or s
system associated with, (aj changds in its temperatufe (b)
changes in its state, such as on melting, boiling or phase
trensformation or (c¢) changes in chemical combinations, such
as interaction of éne constituent with the other in chemically
reacting systems, alloying or dissolution in non—féactive

systems.

- Different types of calorimeters have been used. énd‘a
wide renging spplication of these calorimeters has been
estoblished. 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, emd ,

iii) Specific heat calorimetry

In reaction calorimetry, variety of modifications
have been developed depending upon the type of substance
under study end therefore the teéhnique cen be subclassified

further as follows:

2) Reaction calorimetry with low temperature environment.

b) ennealing calorimetry, end,
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¢) solution calorimetry, further sub-classified as,
i) Aqueous solution calorimetry , and ,

1i) Liguid-metal solution calorimetry

In reaction calorimetry, two methods viz. the direct and
indirect methods are generslly used to determine the thermo-
dynemic properties. The direct method offers an advantage
over the indirect method in that the quentity measured
dépepds directly on the =ccursdy of‘the method of measure-
nent. However, this method suffers from the uncertainty in
the finel state of the system end in some ceses from the g
 difficulties in the measurement of first end lest pert of fb‘e
reaction. This is particularly true ih cases where the K
kinetics of resction are being investigated. The tempera- ' K
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 reasctions at low

temperatures directly.

Indirect methods clearly define the initial =znd finsl
states of the sample, but the energy change of interest méy
be a2 small difference between two large quentities with the
consequent need for high precisidn in the measurement tech-
niques adopted. The température to vhich & measured reaction
énergy refers is well-defined and it is possibie to measure
indirectly the heats of resction at or below room tenpera-

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

In bomb calorimeters, combustion is carried out with =
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gas as one of the reactants. Basically the calorimeter
compares the smount of heat liberated from the combustion
of a semple with o known amount of e¢lectrical energy.

This mey involve use of an intermediate substance e.g., 2
materiel which has been celibreted. Values of the hests of
conbustion, when converted to heets of formation_and then
conbined with'entropies obtained from heat capecity data,
.provide free enérgy data which are otherwise most difficult
to obtéin in anyuother;xay,.:ln fact,'vaiqgs of entropy can
frequently be @stimated invﬁhis nanner with-;bnéiﬁeréble
accuracy if experimental deferminations are not possible
otherwise, This is specialiy true of resctions in the
condensed state where:Qntropnyhanges_are small. Different
kinds of bomb calorimeters used for the determinetion of

thermo@ynam;c data nay be classified as follows: -

i) Static bomb in isothermal ja¢ket
ii) Stotic bomb in adiabatic jacket , and ,

ii1) Rotating bormb.

one of the most important considerations in celorimetry
involving copbustion reactions is the identificetion of the
specific resction or reoctions responsible for the neasured

heat.

Sources of error in celorinetry are neny e.g., due
to improper tenperature messurements or computation of eéenergy
equivalents, ignition energy, presence of impurities and

side reactions initiated by then, incomplete reactions etec.
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These, if not teken care of with precision, may yield un~

reliesble and non-reproducible results.

I.3.2 Vepour Pressure leasurements

L]

Vapour pressurc meesurements of pure metals end alloys
provide direct informetion on the thermodynemic properties of
the systems under study as the date on vapour pressure s a
. function of temperaturc sre used to compute the stenderd free
energy and entropy of vaporisation. Further, rate of vepori-
sation, sctivities of comvonents in en a2lloy, bonding of oxide
or sulphide molecules etc. meay also be determined by veapour
pressure teéhniques. lethod. . employed in any perticuler
cose is dependent on the vapour pressures encountered end on
the need for absolute or relative measurements of pressure.
For metels with relastively high vapour pressures, the entrein-
ment method has been extensively used to provide sbsolute
values of pressure for the liquids. An inert ges, generally
hydrogen, is swept over the specimen at a stesdy measured Rete
at constent temperature. Under equilibrium conditions of
flow,the carrier gas must be saturated with the metallic
vapour and this vapour content is enelysed by condensation or
absorption in the cooler portion of the experimental set-up.
Severel determinstions are corried out at different steady
retes of flow of the cerrier ges and the criterion for sature-
tion is in the constancy of the concentrotion of metsllic
vapour with varying flow rates. The entrainment method hes

been used in the pressure renge from sbout 0.2 to 200 mm Hg.
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With proper preceutions teken against thermal diffusion, the
method is quite relisble and is often the only absolute method

which can be used, especially for the more voletile metels.

Vepour equilibration techniques, or the isopiestic
techniques have been used extensiveiy for determination of the
comperative vapour pressures. In this method, samples are
pertially equilibrated through the vapour state so that they
displey 2 common vapour pressure of a particﬁlar component.
Analysis of these samples then provides the necessary informe-

tion to describe the system.

Knudsen effusion technique cen be used only in ceses
where the vapour pressures are quite low. The rate at which
o gas or vepour escapes through a small orifice into vacuum
is measured and is used to compute the vapour pressure of the

substence under study.

The different conditions to be satisfied in the use of
Knudsen method may be briefly mentioned as follows: (i) the
meen free path of the vepour inside the cell must be severel
times longer then the orifice diesmeter,(ii) the effective
sample ares must be very large compared will the orifice area,
end, (iii) orifice temperature must be the same es thet of the
other portions of the cell. Provided these simple conditions

are satisfied, the method is very relisble,

For measurement of very low vapour pressures, the free-

evaporation method of Iémgmuir of fers interesting possibilities
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ig that it allows measurement of pressures as low as 10”7mm
Hg. In this method, the rate of evaporation of s heated
specimen in vacuum is measured. All evaporsting vapours must
be condensed, and in addition to a good initial vacuum, the
method of heating must be such as to ensure that the temperg«
ture of the specimen is considerably highér than that of the

surrounding wells. Considerable care in surfsce preparation

must be taken in order to obtain dependsble results.

These effusion methods can only be employed when the
vapour ‘species effusing is simple or chemically well-defined.
This is because the mdlecular weight of the vapour species mus?t
be known in order to calculate the vapour pressure from the
effusing mass. However, where the vapour has a2 complex compo-
sition, application of these simple methods con be extremely
difficult. The mass spectrometer offers e valuable method
for the identificstion of vapour species in a complex vapour.
It is 2ls0 useful in the determination of vapour pressure and
heat of vaporisation of refractory elements snd compounds
whose low Vepour pressures make it necessary to work at high
temperatures. Further, the reversibility of massvspectrometer
mekes 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.



I.3.3 e.n.f. Measurements

Measurenenf of the esm.f. of 2 cell is one of the most
useful methods of determinstion of thermnodynenmic data, How~
ever, the mein difficulty in designing en electrochemicel
experiment for high tenperature studies is in securing a suit-
able nateriel of construction for the cells, which.dues not
react with the melt and in most cases which should be en -
electric insuletor. Below 1000°C, a veriety of steble refrsc-
tory materisls are aveilasble, and messurements cen be mede
with sufficient accuracy but sbove this temperature, only =
few materisls are inert end accurecy may be considerably pe-
duced. For accurate méasurements of the e.m,f. of the cell
due to the reaction under study = number of precsutions,

enunersted below rmst be observed:

i) The cell resction must be thermodynamicelly reversible.

ii) Theymoelectric and/or eddy-cuneefit potentisls must either
be avoided or compenszted, |

1i1) The cell must be allowed t0 attein 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 end
no electronic conductance.

vi) Secondary reactions must not be zllowed to beke pizee
in the cell at the electrodes znd it must be established

that the e.m.f., generate® and measured ip ohly dz tb the
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cell reaction under study =znd no other reaction.

A number of thermodynsmic studies on metellic end
oxidised (silicete) systems using both liquid snd solid

electrolytes have been conducted by several investigators.

- I.3.4 Chemicgl Equilibris Technigue

Gas-condensed phase equilibria techniques he§e been
extensively used to determine the chemicel potential of the
species under study in a number of systems such as. solid-gas
molten metal-gas, molten slags or szlts-gas systems etce In
studies involving reactions between a gaseous and a condensed
phase =2t elevated temperatures, the chemical ﬁotential of the
reacting Species is réadily controlled by an appropriate choice
of the geseous niztures used and bringing them into equilibrium
with the condensed phase. Alternatively, gases may be meade
to attain equilibrium with substantial quantities of conden~
sed phaées of the desired composition end chemical potentials
may then be messured by anslysing the gases. The type of |
grseous nixtures used for controlling the chemicsl potentials
of certain species are not unlimited., Various possible geseous
mixtures. = - used and potentisls established [62 ] are given

in Table-I1.4.
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TABLE-I.4 : Gaseous mixvures used for establishing dif-

ferent chemical potentials.

Gas nmixture

Chemical potential

esteblished
C0-C0, 0,(C)
Hy-H,0 05
CO,-Hy 0,(C)
Co, 0,(0)
H,S-H, 8y
Hy-85 S2
N,-S, 5,
$0,-0, 8,(05)
8,-80, 852,02
§0,-C0~C0, 85,0,
50,7H,~C0, S,,0,
€0-C0, ¢(0,)
CH,~H, c
HC1-H, c1,
Nig-H, N,
H2-H,0-510 Si

g

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

depends on a large number of fectors. Besides the specific

chemical potential required, it 2160 depends on the ease of

developing the gaseous mixture a=nd simple apparatus design

es well es the cepebility of $rensporting the reescting species
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at o reasonable rate sé es to attain equilibrium in .2 reason-
able period of time. Differeﬁt techniques have begn used for
establishing the gaseous mixtures of definite chemical poten=-
tisls of the desired species. Constant pressure head flow-
meters have been used for multicomponent gaséous mixtures
which are formed by mixing the gases obtzined from cylinders.
This method was first developed by Johnston and Walker [63]

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

Iixing of gases is not 2lweys the convenient wsy of
establishing the chemical potentiels of the reescting species.
The chemical potentials of certain gaseous specieé‘can best
be controlled more readily by reacﬁing a suitsble gaseous
mixture with a particular condensed phase (or phases). The
gagseous-mixture of definite composition, thus obtained is
then allowed to react with the system under study. There are
meny ways of establishing the chemical potential in the re-~
acting systems. The different techniques used may be clas-

gified into three categories.

i) Open circuit experiments
ii) Closed circuit experiments , end,

iii) Stetic stmosphere 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 resct with enother con-
densed phase contained in the same reaofion vessel. Ln

exsmple 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 T3
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., & single coﬁponent gas or
-encapsulated gaseous mixtures under iéothermal conditions.
A sealed capsule technique is often employed in the study
of reactiohs between céndensed phases, since matter is
trengferred from one condenéed phase to another via the

gaseous phasee.

In these equilibrium technigues, one of the most impor-
tant problems faced is the 'thermal diffusion'. This occurs
because a gaseous mixture ié held iﬁ an apparatus, one part
of which is kept at higher.temperajure 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 ih the low temperatufe
paxrts. The degree of seggrggation 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 experimentel 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 sbove mentioned techniques have been used
by different investigators. The required sulphur potential,
over a wide range, msy 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 potentisls of sulphur.
Yazawa et 21.,[19] have used N,-S,. mixture for developing the
requifed sulphur potentiazl for thermodynemic studies of
solution of sulphur in condensed phase. By closed-circuit
circulation of mixtures of HZS—H2 gases, number of investi-
gators have carried out equilibria studies fl8,47;58].
Mohepstra et 21.,[60] have used encepsulated metsl end metal-
‘metal sulphide mixtures in their investigstions. Of these,
the HZS—H2 gaseous mixture equilibris techﬁique has been
most widely used. These methods differ only in one respec?d,
i.e. the technique of anslysis of the gaseous mixture wherein
Buoyency bslance [28], thermogravimetric balance [25],
radiochemicael techniques [53], etc. have been used to esteb-
lish end measure the equilibrium conditions in the systems

studied by different research workers.

I+4 Theoretical Studies-Thermodynamic Models

Extensive empirical date obtained on the thermodynemic

properties of metellic 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 qualitetive 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 o few
Kubaschewski, Ansara, Bonnier, Mathieu, Hildebrandt, Fowler,
Bethe, Guggenheim, Wagner, Lupis, Elloit, Frohberg, Kapoor etc,
Seversl thermodynamic mod els developed by these workers have

been critically reviewed by Kapoor [68].

Theoretical analysis of metallic solutions has been done
using both clessical as well ags statistical thermodynamic
approeches. In the latter spproach, the different models
proposed are based on the 'quasi-crystslline lattice concepts'.
The solute atom can occupy'either a lettice site substituting
for the solvent atom (substitutionsl 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) 2nd 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 thermodynemic behaviour
of the system on mixing. he changes on mixing are explained
to different degrees of accurscy in terms of reguler solution

model, quasi-chemical theory and centrsl-{or surrounded-)
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atom model, developed primerily for binary solutiogs and then

extended to ternary and other multicomponent systems.

The basic assuimptions, on which the different models
have been developed, alongwith their limitetions are briefly

reviewed below:

~ The word 'reguler solution' was coined by Hildebrandt
[69] for binary'substitutional solutions heving their excess .
entropy of mixing as zero and the enthalpy of nixing
AZXHM = W.N,.Ng , wheﬁe.W is » system dependent constent but
independent of temperature and composition of the solution
and NA 2nd NB are respectively the mole fractions of compo-
nents L and B of the binary solution (4i-B). In the statis-
tical thermodynemic snslysis, these solutions are sssumed to
heve ,(i) random distribution of etoms in the lettice, (ii)
total eneegy of eny steteequal to the sum of the bond energies
and each bond (like or unlike type) heving the seme fixed
energy, and,(iii) the volume or internal pertition function
0f the systenm does not chenge on nixing. This model only
qualitetively expleined the properties of solutions because
of the sbove assumptions. To overcome its limitetions,
Hardy [70] proposed en empiricel 'semi-reguler solution'
model and expleined the s=ssymetrical beheviour of some metellic

solutions.

Quasi=-chemicel theory was next developed jointly by
Fowler [71,72], Bethe [73], Rushbrooke [74] snd Guggenhein[75],

prinarily to explain the thermodynamic properties of sinple

A
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and polymer organic solutions. This tekes into asccount the
preferentiel distribution of atoms, arising from the different
intepection energies of like 2nd unlike gtoms., The nearest
neighbours of an atom are -ssumed not to be present in the
first coordinetion shell of eech other. The other essump-
tions of regulsr solution model have been teken to be velid
for this model also, The model expleined the properties of
gsolutions in a menner slightly better then the first model
but still could not explein assymetric beheviour of the

solutions.

Centrel=-(surrounded-) atom model, simultaneously deve-
loped by fupis and Elliot [76] (as the central-ztom model)
end by Methiew et ol. [77,78](&s the surrounded:atom model)
differs &rom the previous approsches 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 sssumed t0 change
on mixing. Energy end internal partitionnfunction mey either
be assumed a8 linear or parebolic 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 ternsry systems. Wegner [79], Blender
[80] end Kopoor [8l], have extended this approach to explain

the thermodynamic properties of dilute solutions.

Recently kepoor [82] developed a new model based on
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the free volume theory using lattice concept with.additional
assumptions thet the encrgy and free voluﬁes'éf any stoms

are functions of both number and types of the nerrest neigh-
bours i.e.in 3Ye first coordinstion shell end hes derived
semi-empirical relationships for the energies =znd free volumes
of atoms present in.the binary solution and, from these, for

. the thermodynamic proﬁerties of the soiutiOns. The expres-
sions derived in this trestment have been applied to a very
large nunber of binary substitutional solutions to test their

applicability.

The brief discussion esbove, thus shows thet 2 unified
epproach for theoreticel treatment of the thermodynamic
behaviour of multicomponent dilute solutions is yet to be

developed.

I.5 Pormulation of the Problen

In sections (I.2) ~ (I.4), it has been amply demon-
strated thet although several studies heve been made on
solutions of sulphur in metallic systems, in geheral, the
date obteined by different workers differ substantially.
Further, explenations of the empiricel date on the'besis of

theoreticel models hove also been insdequates

In the present investigation, therefore, properties of
sulphur in dilute solution range in copper, silver znd lesd
s solvents and in their binery and ternary olloys will be

studied experimentslly. Mixtures of hydrogen sulphide =nd
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hygrogen gases of different known sulphur potentials will
be equilibrated with the above metals zmd their binsry end
ternary alloys of varying compositions at different tempera-
tuges to errive at the values of thermodynemic properties of

sulphur in such soélutiens,

Further, theoreticel models based on free volume
vtheory end stetistical thermodynemic concepts will be deve=-
loped and.the aveileble data from the present investigation
and, if possible, of other workeérs will be usea to test the
vaelidity of the different expressions developed for the thermoé
dyhamic properties of sulphur. TFor development of theoxetical
models, the‘qursi~crystnlline lattice concept of the solution
and both linear eznd quadrstic forms of energy snd free volumes
of stoms in relation to their positions and also both rendonm
and preferentiel distributions of solute and solvent stons
will be assumed., Attempts will olso be mede to generelise,
the different expressions do developed, for multi-component
solvent systemé end also to predict the properties of solute

in solvents of known compositions.



CHAPTER=-II

MATERIALS AND MBTHODS DSBD

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 te;nery alloys. The different materisls

and methods used are briefly presented in this chapter.

IT.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 moiéture traps. The
gas purifying train which constitutes. @ part of the experi-
mental set=up is not shown in this disgram. Recrystallised
alumins tubes of 25 mm internal diameter were used as the
reaction tubes in the two furnaces and both ends of these
refractory tubes were cemented to standsrd B-36 pyrex glass-
joints with the help of arsldite. The ends of these tubes
were also water-cooled by ﬁsing appropriately designed water-
jackets made of éopper. In one furnace, to be referred to as

'metal furnacéAlater‘in the text, metal beads, kept in a high

’alumina boat,‘were plaéed. In the other furnace; termed
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similarly as the 'sulphide furnsce', a well-mixed powder of
copper and cuprous sulphide, kept in a similar boat, was
placed. ZEach furnazce was provided with two thermocouples,

one for oontrolliﬁg snd the other for sccurate measurement

of temperature using OSAW make (Orientesl Scientific Apparatus
Workshop, Ambela, 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 thermocoﬁples were used. Tenperature of
each furnace was automstically controlled with an 'on and off!
type tempersture controller of LPLAB make (Applied Electro-
nics, Thena, India). Power was supplied to the furnaces
through an automatic solid-stete voltege stebilizer (NELCO-
Indian make 7.5 KVL, 230V output, 175/260 V input) snd suto-
trensformers (154,260V). 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 materisls, Tempersture of this high temperature
even zone of both the furnaces could be controlled within

-+ 2%¢, Mercury menometer end flowmeter using dibutyl-
Phthalate were used to measure respectively the pressure end
rate of flow of gaseous mixture in the aspparatus. Magnesium
perchloraste was kept near the ends of the reaction tubes as
well as in a wash bottle to absorb any moisture, if present,
in eny part of the gpperatus. The double-acting all—giass
gas circulating, pump, designed snd fabricated locally, con-

sisted of four non-return valves. L single solenoid coil,
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supplied with EbV, 3 amp. D.é. power (AFFCOSET, Indian-make,
I1C regulated powe;'supply), was used to actuate the piston
which fell under itsown weight, on it$ return downward stroke.
The piston armature was 2 piece of iron contained in a pers-
pex sheath, carefully matched with the internsl diameter of
the glass tube, to slide comfortably within the glass tube .of
the pump essembly. In the lower portion of the glass tube,
smell rubber tubing wes connected to act as a shock absbrber
for the falling piston. & reley-operated circuit energized
the solenoid at alcontrOlled rate resulting in a reciprocating
speed of the piston verying from 60 to 130 strokes peﬁaﬁﬁmrte—;
a range at which the pump was found to circulate gaseous
mixture at a2 flow rate of 100 - 200 ml/min. in the épparaﬁus.
The apperatus, 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 ealumina balls were packed in the even
temperature zone and in other, copper ciips were placed. In
between these two furnaces, a bubbler containing concentrated
sulphuric acid was incorporated. ALlkaline pyrogallol and
concentrated sulphuric acid in;bubblers and magnesium per-
chlorate in wash bottle were cénnected, in the sequence
mentioned, next to the furnece containing éhe cobper chips.

A photogreph of 21l the -components of the experimentel set-

up is shown in Fig. II1.Z2.
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ESSENTIAL COMPONENTS.
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11.2 Preparation of Materials

II1.,2.1 Pure Metals and Alloy Preparstion

hAnalytical grade pure metals s~ lead, silver and copper
(+ 99.9% 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 eny 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 precipiteted from aqueous solution of cupiic sulphaie
(Analar-grade) by passing hydrOgén 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 cerbon-di-sulphide). This mixture was then charged
in a ﬁ@mcelain crucible and heated for about 15 minutes in a
stréam of hydrogen, in the tube furnace, first at lower tem-
perature (730°K) =nd then ot o high temperature ( 1050°K) for
few minutes. The excess sulphur wes finelly driven-off by
heating the above mixture at about QOQOK in the stream of
‘hydrogen for sbout en hour.lead sulphide was similarly pre-

pared using hAnalar grade resgents.
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IT. 2.3 Purification of Gases

High purity hydrogen and nitrogen gases, both supplied
in cylinders(by Indisn Oxygen Linited, Poongjweie Ffurther
purified to render them oxygen=free by first passing them
over slumina balls heated to a temperature of about 823°K
and then -conseoutively bubbling thrbugh concentrated
sulphuric acid; passing over copper chips kept at 873°K,
agein bubbling through alkaline pyrogallol and concentrated
sulphuric acid =md finally passing fhrough anhydrone to

remove the 1§st‘traces of moisture.

II. 3 Experimentel Procedure

II. 3.1 Flushing and Drying of the Assembly

The apparatus was first flushed with nitrogen and
temperatures of both the furnaces were raised between 723 -
773°E. Flow of nitrogen was then stopped and the spparatus
- was sealed to the atmosphere by operating the appropriate
stop-cocks and the gas-circulsting pump was started. This
continued for about 20 hours and helped éliminate moisture
completely from the apparatus. Removael of moisture was
indicated by drop of pressure which meintained at a con-

stant level when moisture was completely removed.

IT. 3.2 Equilibria Runs

To stert the equilibria runs, metal or alloy beads

(epprox. 1 gm in weight) and about 10 gm weight of either
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Cu~-Cu,8 mixture or Pb-Pb3 mixture, both kept in dried high
alunina refractory boats, were quickly inserted in the res-
pective furneces. The ends of the tubes were closed and
the apperatus was flushed with purified = hydrogen. hs
the flushing operation continued, temperatures of both the
furnsces 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 =nd its speed adjusted. This circulation
of hydrogen gas, in the sulphide and metal - furnaces
resulted in trensfex of sulpbur from Cu-Cu,S (or Pb~PbS)
mixture kept in 'sulphide furnace' to the metallic bead

-in the 'metal furnace'. This is because at the temperature
of Cu-Cu,8 (or Pb-PbS) mixture, gaseous hydrogen rescts with
the metal:sulphide nixture to produce a HQ-HZS nixture of
specific sulphur potential depending upon the temperature
of the 'sulphide furngce'. This geseous mixture as it
passes over: the metellic beads transfers sulphur to the
later in the'metal furnsce'. To évoid error introduced

due to the tﬁermai diffusion phenomenon, the speed of the
pump was edjusted between 120 - 150 ml/min. After the
stipulated period of time, depending upon the temperature
of the'metal furnacéi,the gas circulating pump was stopped
and thé'metal furnece' was disconnected from the 'sulphide
furnece' snd flushed with nitrogen for sbout 15 to 20 minutes.
The salumina boat containing the metsal beads was then taken

out and cooled rapidly in a streem of nitrogen., Trial-runs
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were ceorried out to determine the minimum time of equili-
bration of metsl beads with the reacting HZ'HZS gaseous '
mixture.' To ascertain the atteinment of equilibrium between
the metal beeds end sulphur - bearing ges in these runs,
samples were taken out at different intervals of time for
which the metal beads were exposed to the reacting HQ—HZS
mixture of known sulphur potential. These exposed semples
were analys;d for their sulphur content by evolution and
spectrophotometric method. It was observed that the sulphuf

content of the metal beads did not change after about 16

hours exposure to the reacting sulphur-bearing gas.

Although equilibriun was reacked in about 16 hours
time as indiceted by trial—runs; vet all experimental runs
for equilibrium of different solvent samples with sulphur
in gaseous-mixture were carried out for o period of twenty

hours or more.

ITI. 4 Chemical Analysis

Different methods have been used for determination
of sulphur in metels and alloys. The evolution method
used by Twidwell and Laxsdn [58] was tried but was found
unsuiteble as complete dissolution of the eslloys containing
silver could not be attasined. In the present work, therefore,
the evolution of Hy8 was accomplished by using hydriodic-
hypophosphorus acid mixture [85] end the evolved gas wes

absorbed in Zine¢ acetate solution. The gquantity of sulphur
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in the zinc acetate solution was determined spectrophoto-
metrically using p-aminodimethyleniline [g4]. The procedure

adopted for anslysis is outlined below.,

II. 4.1 Apparatus Used

Apparatus used for esnelysis of sulphur in metels -
lead, copper, silver and their o1loys consisted of the

following:

i) Bvolution gpperatus, end,

ii) Spectrophotometer,

The distillation or evolution epparetus, shown in
Fig. I1.3 consigted of 2 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) 2n inlet tube for the carrier-ges (nitrogen) which
reached almost upto the bottom of the flask snd (ii) a
horizontel outlet tube, which was attached vida a ground
glass joint to a right angled tube leading to a 50 ml volu-
metric flask acting o8 receiver, Beausch and Lamb spectro~
photometer (spectronic-20) was used for determining the

absorbance of the solution samples prepared.

IT. 4.2 Reagents Used

Following reagents of &naler grede purity were used

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

solution corresponded to 5 p gm of sulphur.
ii) Redistilled hydrochloric acid
iii) Redistilled nitric acid.
iv) Redistilled formic acid.

v) Hydriodic-hypophosphorus acid mixture rof velumetric
ratio 4:1 e.g. containing 100 ml HI and 25 nl H,P0z,

vi) p-eminodimethyleniline (0.7% w/v prepared in 1:l

sulphuric acid).
vii) Zine acetate (2% agueous solution) , and ,

viii) TFerric chloride (104 aqueous solution).

IT. 4.3 Procedure

Anelysis of sulphur in the metellic samples makeé
use of the ebsorbance of zinc ecetate solution conteiningabs—
orbed Ez®, in which a methyline blue colour is developed
using p-aminodimethyleniline and ferric-chloride solutions.
For the'correspéndence of ebsorbance of the solution with
the sulphur content, standerd curve was plotted between
absorbance and amount of sulphur using potassiun suiphate
solution. For this purpose 0, 2, 4.... ml of standard
potassium sulphate solution from a burretie were taken
in 50 ml round bottom corning flask end evsporated to
dryness over a bunsen flame taking due care that no sul-

phurous fumes were around the place of this eanelytical work.
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The dried sample was cooled to room temperature end 5 ml
of redistilled hydrochloric ecid and 15 ml of hydriodic-
hypOpﬁosphbiuSacid mixtufe were a2dded making sure that a
drop or two fell on the ground glass joints slso so that
latter was wet enough to eldminate eny leaskage of vapours
through it during subsequent distillation and flushing
operations. The flask was stopperea at once with the cone
and the horizontel tube-arm was dipped into 35 ml of 2%
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 essembly was started at a constent
rate, 200 ml/min, to get reproducible results. The distil-
lation operation was qarried 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-eminodimethyleniline solution was sdded
glovwly down the wall with 2 2‘ml pippefte"to the contents
of this volumetric flask, followed by addition of 0.5 ml of
ferric chloride agueous solution.' The flask was vigorously
shaken for about 2 minutes and eumethylené blue colour
developed. It was further kept at 25°C for snother 15
minutes in the thermostat beth. The solution was then made
up to the merk in the volumetric flask by eddition of dig-

tilled water and its absorbance waos measured ot 660 nm
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against 2 blank run. A stendard curve shown in Fig. II.4
was thus prepared by plotting microgrem of sulphur against
absorbance by 2dopting the same procedure for all other
samples of the stoandard potassium sulphate, referred to

sbhove.

II. 4.4 Analysis of Metallic Beads

For snelysis of equilibrated metsllic semples, 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 2 mixture of hydrochloric acid and nitric ecid. In
case of the samples éontaining silver, after dissolution
in nitric adid, silver was completely precipitated by
adding sufficient guantity of hydrochloric acid snd the
solution was decanted into o 50 ml distillation.flask.
The precipitate was washed twice by decentation using 3 ml
portions of hydrochloric acid. The decanted solution =nd
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:%:@w apalysis of sulphur present in it carried
out using hydriodic-hypophosphorus acid mixture as in case

of standard semples,
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In case of éamples of lead,dissolution wes schieved
in nitric acid with gentle heating and the solution so
obtained was boiled down to 1 ml. 15 ml of HCl was addec
to this solution which was trcated with formicmcid ko
destroy nitrates on heating. The solution was boiled dowm
to 5 ml and further addition of 15 ml of HC1l was made.
This solution was then analyéea for its sulphur content
using hydriodic-hypophosphord8 acid mixture a2s in case of
other samples. Lead-copper alloys were dissolved in’é
mixture of hydrochloric acid and nitric acid. However,

pure copper was dissolved in nitric acid.



CHAPTER ~ III

RESULTS AND DISCUSSION

IT1. 1 Results

The results of equilibria runs of HZS - H,
gaseous mixture with pure lesd, copper, silver and
their binary and ternary alloys are given in

Tables IIIQl s III.33O
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hmount of sulphur dissolved in pure

p
lead ot different —222 petios - .

TABLE-IIT.1 :

Py
and temperatures. 2
p
P HAS
Semple  Temp’E. .25 x10%  at# 5 In(—E-x =iz
No Py, @
. pH 2
2
P 723 0.2857 0.07% ~7.8458
Pl2 0.4138 - 0.0701 -T.4334
Pls 823 0.409 0.048 -7.068
P2l 0.5117 0.06 - =T7.067
P24 0.9405 0.11 -7.0644
Py a73 0.4289 0.0375 ~6.7T3
P27 0.527 0.046 -6.77
P28 0.7286 0.0634 -6.768
Psp 923 0.4868 0,032 -6.4882
P33 . 0.5948 0.039 - =6.4856
P 1.08 0.07 -6.4T74
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TLBLE~-III.2 : Lmount of sulphur dissol;ed in pure
copper at different p,
H,8' P,

ratios and temperatures.

PH,s Pu, s
. Onr 2 4 . 2 1
Sample Temp. K x10 at % S In( X _T7r=)
09 12.457 0.65 -6.25
C1o 16.947 11.02 ~6.40
015 1473 2,974 0.12 -6.00
Cig 13,59  0.65 -6.17
621 25.835 1.325 -6.24
022 31.84 1.95 -6.442
Cpy 24.86 1.25 -6.22
025 - 34.90 1.79 -6+ 40
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imount of sulphur dissolved in pure
silver st different p

ratios
and temperatures. HZS/pH2

PH,5 - Pys
0 4 9 2 1

Semple Temps K === x10 at # 8§ In(=——% —F7r=)
No. pHZ PH2 ab b9

A5 1.234 0.00355 ~3.359

A7 3.276 0.00937 -3.353

118 40401 000129 -30378

A9 1323 04352 0.0011 -3.442

Al4 4.15 . 000132 "30459

h15 1373 0.4008 0.00137 -3.531

Al6 1.482 0.0049 -3.498

g 1.97 0.0067 ~3.526

L 317 0.,0106 -3,509

20

7.
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TLBLE-TII.4 ¢ Lmount of sulphur dissolved in binary.
Ph-ig alloy(liinO.QE’, N, 0.18pt dif-

ferent p / o ratios and tenp-
eratures}.IZS H2
Py, s Pu,s
Sample Temp°K 2~ x10% at % 8 In( 2 % lt =5
No [ ) pH ' pH 8‘ ,b
2 2
Py 1273 4,711 0.056  -4.778
PA.4 160079 00184 "4‘074
‘Pf&s 21.54 0.23%4 - =4 ,688
Pl 1325  5.778 0.068 -4.768
Pf&r( lO .9148 0.130 "'4. 78
” Pl 17.19 0.189 ~4.70
P.A.lz 21.01 ' O. 231 "'4070
PA13 27.263 O- 288 "4.66
Pf‘lll 1373 4.2577 0.047 -4,704
Phy o 24,6904 0.2%  =4.56

Phyg 40,1203 0.356  -4.48
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TLBLE-TIT 5 ¢ Amount of sulphur dissolved in binary
Pb~hg alloy(NPb,o.824,NAgo.176)ax dif-

ferent py S/pH2 ratios and

temperatures.
Pr,s - T Py
Ho 4 y 2 1

Sample TempoK —— %10 at % 8 In(——%=r=7 )
No. pHZ sz a.W V]

Pl 1273 3,27 0.028 4,450
Pl 7.057 0.058 ~4.409

PAZ]_ 10 . 7.1 : O . 089 "'4 . 42

Py, 15.59 0.1245 ~4.38

Phy, 12.469% 0.118 ~4.55

Piyq 19,5323 0.187 -4.54

Pliyg 29.8359" 0.274 -4,52

PA30 57.853%4 0.3575 f4.548

PA31 1373 6446 0,057 -4.48

Plis, 16,2061 0.132 24,40

Bl 24,858 0.198 ~4.378

Phizg 31,0754 0,236 =433
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TLBLE-III.6 : Lmount of sulphur dissolved in binery
Pb-Lg alloy(NPb.O.6l,NAgOl39> at

) different py S/pH retios and
temperatures. 2

Ph,8 Pr,8
Sample TempoK e XlO4 et # 3§ In( 2 X % %8)
No. Pr, Pp, ¢
PA40 1273 ' 3.9 0,018 ~3.832
Pl | 9.716 0.044 ~3.813
PL42 14‘40 0-067 -3-84‘
Pf&46 24.858 | 00116 ‘3084’3
Piyg 1323 7.1903  0.047 -4.18
PL49 - 17.9487 0.115 -4.16
Py 40.6940 0.266 4,18
P559 24,03 - 0.145 -4.10
P.[L6O 330787 00192 "4004

Plgq 43,687 0.239 -4.002
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TABLE-III.T7 : Lmount of sulphur dissolved in binary
Pb-ig alloy (Np, 0.438, NA80.562) ot

different pHZS sz ratios and temperatures.

Pr,8 PH, 8
2 4 o 2° 1
Semple Tenp K x10 et % S In( X =)
No. . , pHZ | pH2 et
PJAL65 22018 00082 -3.61
PA68 ‘ 354178 0.134 -3.64
Phop 26.186 0.136 -3.95
PA75 50.053 0.266 -3.973
PAT? 62.378 0.344 ~4..01
Pﬁ79 1373 9.9033 0.053 -3.98
Phgy 14,1014 0.07309 ~3.948
Pig, v 26.1701 0.128 ~3.89
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TABLE-III.8 : Amount of sulphur dissolved in binary

Pb-ig elloy (Np 0.283, Nhgo.717)at dif-

ferent py o/py retios and temperatures.
2 P

Puys 'PHZS

7 1
Sample  Temp’K - x10 at % s 1n( X —Fra)
No. Py, | Py, 8% A9

Phge 1273 10.474 0.034 ~3.48

Phgq 19.75 0.0677 ~3.524

Phgy 1323 16.6111 0.075 -3.81

Phgs 24,6078 0.110 -3,80

Phgy 30,6870 0.1%8 -3.806

Pligg 1373 10.474 0.0476 -3.818

PL1og 14,1041 0,064 ~3,815

Phyg, ' 43,3303 0.1788 ~3.72




PLBLE-III.O :
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Lmount of sulphur dissolved in binary
Po-Lg alloy (NPb 0.148,N, 0.852)at

Ag
different’pﬂzs/pH ratios and
temperatures. 2
Semple Temp K 3§g§x104 et » 8 ln(pﬁzsx L3 )
No. pH2 | pH2 2%
Bhge 1273 4,168 0.013 3,44
Phiog 14.428 0,046 -3,462
Piygr 23,625 0.076 - =347
2 33,27 0.108 -3.48
Phyqg 36,736 0.123 ~3.511
Phyq 1323 ° 13.38 0.052 -3.66
Phiqq, 22,3812 0.089 -3.683
Phiiy 31.504 0.1301 ~3.72
Piy1s 42,03 0.1702 ~3.70
Phyig 484652 0.2101 -3.765
Phiig 554335 0.236 -3.753
Phqpg 1373 1943949 0.038 =3.70
Piyag 18.583 0.072 ~3.657
Phiso 27.1391 0.104 ~3.646
Phioy 394425 0.144 -3.598
Phyog 49,1991 0,173 ~3.56




TLBLE-ITT.10 :

LAmount of sul
Pb-Cu alloys

69

%hur disgolved in binary
N

py0+92, N 0.18) at

different py S/pH2 ratios and tem-

peratures.
Py g Py,8
Sample TempoK 2 XlO4 st 4§  1n( 2 X at¥%?)
No. Pu, Py, .
PC5 8.8997 0.248 -H.63
PC6 15.681 - 0.414 -5.576
PC7 220484 00596 ' "'5158
P08 29.803 0.744 -5.52
PC3 264216 0.704 -5.593
PCy ¢ 1373 10,337 0.274 ~5.58
PCyq 15.421 0.%8 -5.507
PCl9 22,051 0.556 -5.53
PC21 29.5%6 0.707 ~5.478




TABLE~-IIT.11 :

different p
perstures,
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Lmount of sulphur dissolved in binary
Pb-Gu alloys NPbO.734, Ncu0.266) at

H2S/pH2 ratios snd tem-

Pr,S PH, s

Sample Temp K 5—-2*"3{104 at %8 ln(g—gﬂx EE%5§
No. H, H,

PC,, 1273 1.8149  0.106 -6.37

P024 4‘028 05250 "'6037 |

PChgq 12,167 0.676 -6.32

P, 1323 2,967 0.184 ~6.43

POz 1373 3,067 0.196 -6.46

PCys 14.275 0.868 -6.41




T1

PABLE-ITII.12 : hmount of sulphur dissolved in Pb-Cu
binary alloy %NPbO.ttl'?, Ncuo.583) at

different PHZS/pHZ ratios and tempera-
tures.

Sampl Temp? EpS 10% 7 1n(pHZS —L=)
ample emp.K X at » X
No. i Py, 88 %9
PC46 1273 1.,1078 0.09 -6,.,70
PC49 4,681 0.588 -6.720
P054 . 34387 0.254 -6462
PC57 5926 0¢448 *6.625
P059 10,906 0.894 -6,709
pog, 13713 1.524 0,108 =6.63
POy 3445 0.272  -6.67
PC63 Be284 0,673 ~6.,70
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TABLE~III.13 : Amount of sulphur dissolved in binary
Pb-Cu alloy (NPbO‘ZB’ N0u0‘72) at dif-

ferent pHZS/pH2 rotios and temperatures.

P, s Pus
Semple  Temp.°K 250" et %5 1n(—>x =)
NO. sz 2 av o
PC69 20913 00232 "'6.68‘
PC70 | 47621 0.368 .~ -6.68
PCrg 1323 2,169 0.156 -6.578
PC79 4,081 0.300 -6.60
PCBO 6.475 0.476 -6.60
PC81 8.187 0.614 ~-6.62
PC82 100477 00826 "'6-67
PCq, 1373 2,109 0.152 -6.58
PCgo 7.074 0.55 ~6.656
PC 10.95 0.872 -6.68

89
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TABLEwaItl4 ¢ Amount of sulphur dissolved in binary
Pb-Cu alloy (NPbOal7, N0u01833 at dif-

4 A i1 .
fe;entlpHZS/sz ratios and tefiperatures,

i i

H,S . T FHAS
0 22 4 -
DSna),mp:l,e Temp. K Py -x10 at ® S ln(pr p:4 e %S)
. 2 ; o 2
oo, 1273 1,6207  0.124 -6.64
P094 7.431 0.568 -6.639
P097 10033 00788 -6‘637
PC98 1323 1.925 0.136 ~6.56
PC99 4,385 0,316 -6.58
PC100 | 6.063 0.436 ~6.,578
PCiop 8,017 0.580 ~6.584
PClO4 10.467 0.785 - =6.62
PClO6 1373 1.656 0.108 -6.48
PClO7 | 3.900 00262 “6051
P0109 7,015 0.468 -64503
Pclll 9008 00633 .-60547




74

TABLE-III.15 : Amount of sulphur dissolved in binary

different p, «/py ratios and tem~
peratures. HZS i

Sample Temp. °K pH2SxlO4 at % S ln(pﬁzsx tlﬁs)
No. P, Py, ®
P0115 1273 1.,01%4 0,076 -6.62
PcllB 2.7349 0.208 ~6.634
2C15 4.3393 0.332 -6.64
PCyoq | 6.2214 0.476 ~6.64
P0124 9.0817 0.716 ~6.67
POy, 1523 2.2989 0.156 -6.52
P0129 4,8822 0.328 ~-6.51
PCy3, 7.3794 0.516 ~6.55
P013l . 9.686 0.676 ~6.548
P0134 12,0277 0.836 ' -6.544
PCl35 | 1373 1.8125 0.108 ~6439
P0137 . 5.0162 0.308 ~6442
P0140 | 8.3387 0,512 ~6442
Pcl4l 11.6218 0.728 ~6.44

P0145 1443335 0.916 ~6.46
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TABLE-III.16 : Amount of sulphur dissolved in binaryCu/Ag
2lloy (N 0.83,N, 0.17) at different

szs/pHg ratios.and temperatures.

Sample  Temp.®X pH28::104 et %S i o 1l )
No. _ PH2 H, at # 3
Chg 1273 0.7233  0.038 ~6.264

Chry 1.1715 0.0638 -6430

CA9 1.6159 0.088 -6.30

T 2.0879  0.116 6432

CAy, 2.6222 0,147 ~6.329

Chys 3.2283 04179 -6.318

Chy, 1323 0.4656  0.024 ~6.245

CAyg 1.0539  0.054 -6.239

e 1.5894  0.084 -6.27

Chyg 2.1963  0.1183 ~6.289

Chyy 2.7085  0.1475 -6.30

Cliys 1373 0.4979  0.024 -6.178

Gy, 1.2105  0.058 -6.172

Chyg 1.7821  0.0872 -6.193

CA27 2.5718 0,128 ~6.21

Ok, 3.2471L 04160 ~6.20
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TABLE-III.17 : hLmount of sulphur dissolved in binary
Cu~ig alloy (Ncu0.759, NAgO°24l) at

different p

st/sz ratios and tem=-

peratures.
§a?ple Temp. °K EEESXIO at %8 ln(-ggi-E xaz—%g)
Chzy 1273 0.6692 0,032 -6.17
Cd 1.3357  0.064 -6.172
Chz, 2.0557  0.0985 6,172
Chre 2.7353 0.1295 -6.16
CA39 543584 0.159 ' -6.16
Chygy 1323 0.5838 0.0272 -64144
Chyo 1.213%6 0.0585 -6.178
CA45 1.9242 0.0935 ~6.186
Chyg 2.5875  0.1275  ~6.20
CA48 342232 0.1635 -6.229
Chigy 1373 0.7177  0.032 ~6.10
CA53 1.5174 0.0682 -6.,108
CA55 2.2770 0.1078 ~-6.16
CA56 341050 0.147 -6.16
CA59 3.8077 0.1767 ~-6.14




TABLE~III.18 :

7

Amount of sulphur dissolved in binary
Cu~-bg slloy (Ny 0.675, NAgO'325) ot

different pHZS/pH2 ratios and tem-

peratures.

Sample Temp. °K ;E-z---s-xlO4 at % S ln(szsx’é—1%§

No. Hy Hy
Chg, 1275 1.0959 0;0362 ~5.80
Chess 1.8160 0.074 -6.01
Chgs 3.2697 0.108 ~5.80
Chgy 3.5446 0.143 -6.,00
CA7O 4.3314 0.1765 -6,01
Chryy 1323 0.8294  0.0338 ~6.01
Chos 1.7126 0.0722 ~6.044
Chry 2.4277 0.104 ~6.06
CA76 343031 0.1415 -6.06
Chr o 3.9803 0.175 - -6.086
Clhyg 1373 0.6878  0.028 ~6.009
Chgy 1.4378  0.059 -6.017
Chhgy 2.3432 0,098 ~6.036
Chgs 3.3359 - 0.1373 -6.02
CA 4,2037 0.179 ~6.054
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T.iBLE~IIT.19 :
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Lmount of sulphur dissolved in binary
Cu~lg 8lloy (NC 0.4775, IigO .5225) ot

different /Py retios znd tem-
per?uures.pH BT

s v s

Semple Temp °x 32355104 at 3 In( HZSX 4}

No; pH2 pHZ at ﬁS
Chgg 1273 1.0555  0.023 ~5.384
Chgl 3.5127 0.077 : -5.39
Cln3.96 7-0786 001583 "5041
Cigg 1323 1.2169 0,032 - =5.572
CAlOO 2.565 0.068 -5.58
cAlOl 3.7903% 0.1025 -5.60
CLlOZ 5.5186 0.1424 -5.59
CA106 }373 0.9%68 0.028 -5.70
05108 2,1041 0.063G ~5.716
CLllO 3- 3789 O ° 102 ""5 (] 71
CAllZ 4.2885 0.1334 -5.74
Chq13

5.5361 0.1688 ~-5.72




79

TABLE-III.20 : Aaownt of sulphur dlSSOlVQd in binary

ot different py m/pH rctlos and tem=~
2° TH2

nere tures.

0 6386)

141

Iad

. Semple Temp. °K iE§§X104 at %9 ln(szsX vti
No. Px, Py, o8

Chj s 1273 2.0234 0.028 -4.93
Chiqg 3.9457 0.057 -4.973
Chy 5o 6.9414 0.0978 -4.948
Ch 5, 9,3833 0.1338 -4.96
Chysg 11.7631 0.1674 -4.958
Chypn 1523 1.5222 0.0263 ~5.152
Chiog 3.3704 0.058 ~5.148
03130' 5.0089 0.089 -5.18
Chy5n 710268 0.1284 ~5.208
Chyss 8.9757 0.165 ~5.214
Chyzg 1373 1.8779 0.038 -5.31
Chizg 3.8163 0.078 ~5.32
Chyzg 5.5190 0.1128 -5.32
Ch140 7.4858 0.147 ~5.28
CA 8.9716 0.183 -5.318 |




TLBLE-IIT.21 ¢
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Lmount of sulphur dissolved in binsry
Cu~ig elloy (NCu 0.095, NAg 0.905) at
different py, S/PH retios and tem-
peratures, 2 2

. PHS PH,5
Eg.rilple Temp. K -I‘)-Ir_i-.-imxil.o4 ot % 9 ln(sz X =T .i' &
Chyys 1273 4,384 0.023 -3.96
Chygg 114247 0.059 -3.96
Chiag 16.032 . 0.0893 -4.02
CLy 4 23,107 0.128 -4,01
Chy 29.603 0.173 -4.068
Chygy 1327 4,011 0.023 -4.049
Chyss 10.045 - 0.059 -4.073
Clyss 16,231 0.096 -4,08
Ciy g 20.705 0.1324 -4,158
Chygy 26.298 0,1685 ~4.,16
Chig, 1373 4,398 0.0279 -4.15
Ciry3 9.208 0.059 ~4,16
Clygg 17.247 - 0.1016 -4,076
CL 22,625 0.139  -4.118

169




TLBLE-IIT.22 ¢
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hmount of sulphur dissolved in ternaxy

0.1243.¥;,) =t different py s/ Py
. 2 2
rztios and temperatures.

Sample Tenp. K ~een% 1.0 at # In(=—==Xx =

No. Py, by, oA
Ths 1273 1.453  0.088 6,406
TA6 30241 00203 ""6044
TA9 4.380 0.2343 | -6.52

| Thy, 1323 1,47 0.0785 -6.28
Ty, 2.157 0.114 -6.27
Thg 2.565 0.1383 -6.297
Thyg 3,097 0,167 -6.29
Ty 1.5481 0.081 -6.26
Thipy 2.,0641 0.108 ~6.26
'TABO 3.375 0.178 ~6.268
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T.BLE-III.23 : Lmount of sulphur disgsolved in ternary

Pb--Cu~-Lg 21lloy (NPb 0.27, Ng, 0.6327,
By g 0+0937) ot different szs/sz

LX)

revios and temperatures.

Attt

Dot o

Senple  Temp.’X -E«;Eiixlo‘* %S 1n(5§§-s-x g5
Ths, 1273 1,1494 0.066 -6.353
Thisgs 1,972 0.112 ~6.342
T 2,808 0.164 ~6.37
Tl 3,376 0,198 ~6.374
Mg, 1323 1.38 0.079 -6.35
Thos g 1,658 0.094 6434
Th g, 2,098  ° 0.1182 -6.334
14,5 2,431 0.1382 ~6.343
T, 5 2.7578 0.158 -6.358
Thye 1373 1.38 0,079 -6.35
T 1.9635  0.117 ~6.39
Thyq 2.493 0.149 -6.393
T4 2,791 0.168 -6,401

52




TLBIE-ITT.24

~uount of sulphur dlssolved 1n ternary

Ag
and ‘temperstures..

0.074) ot different p, b/PH2 rﬂtlos

T3

H,S H,S8

. Or 2 b 2 1
%;?ple Temp, K sz x10 st #3 ln(PHZ X —% )
TA57 2.9287 0.166 ~6 .34
Thq 1525 1,2009 0.073 -6.41
TA61 114’31 00087 "‘6041
TA63 108:}65 00117 “6043
Thig 2,531 0.1586 6,44
Thgg L1373 1.4851 0.0978 ~6.49
'TA7O 1.8675 0,128 =6.53
TA72 2Q2967 00159 “6!54’
TA 2064‘41 00186 “’60556
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[L.BLE-III. 25 ¢ Amount of sulphur dlssolved in ternery
Pb-Cu-Lg 21loy (N

mkgo.2)l) et dlffe ent py S/PH retios
e . 2 2
end temperstures.

0.135, 8, 0. 634,

Temp. °K i 10* % S (pﬁzS L er)
Semple emp. “"""X at In X
P at
No. H, Py,
TA74 1273 1.6357 0,068 -6.03
TA78 3.328 0.144 -6.07
Thgy 1323 1.3716  0.058 ~6.047
TA82 2.1624 0.089 -6.02
TA86 34601 01538 -6.057
TA95 " 24886 0.1245 -6.,067
TA 3.314 0.146 -6.088
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TABLE-III.256 : Lmount of sulphur dissolved in ternary
Pb’ou_ﬁg alloy (NPb O0279 Ncu 005353,

L 0.,1947) at different pH2S/pH2 ratios
and temperatures.

PH,5 PH,8
Sample Temp. °K - 2 x10* et # 5 ° 1n( “x t%% )
No. Py Py, @
_ 2 2
TA99 1273 1.,2825 0.052 ~6.005
TAlOZ 2,041 0.084 ~6.02
TA103 301595 00134 “6.05
TA104 30652 00155 ‘6.051
Thy 05 1325 1.212 0.053%5 ~6.09
Thy 06 1.7968 0.079 -6.086
TAlOg 20537 O-ll2 “6,09
TAllb : ’ 3.57? 0.1593% -6.10
TAlll 1373 10325 O|O62 ‘60148
TA114 1.7885 0,083 -6.14
TA115 2.264 0.103 -6.12
TAll? 20656 00123 ’ “60138

TAllB 3,0416 0.144 ~-6.16
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TLBLE~-ITTI.27 ¢ Amount of sulphur dissolved in ternery

(]

and temperetures.

N, 0.148) at different pH2S/pH2 ratios

. - Pu,8 ' 9. PHys

N??ple emp. K pHZ x10 at #5 ln(sz X EE'%)
Thypg 1273 1.8066 0.064 ~5.87
T4, s 3418 0.096 -5.71
Thyny 3.775 0.154 -6,011
Thyos 4.7387 0,1872 ~5.979
A1 6 1323 1.6928 0.077 ~6,12
Thipg 2.2957 0.1038 ~6.114
TAlBO 3.043 0.1394 -6.,127
Th 35 3,543 0.1657 -6.148
Thyzs 1373 1.5843 0.0776 -6.194
Thyzg 2,0169 0.1018 ~6.224
Thy3g 2.5656 0.134 ~6.22
Thyyy 3.184 0,1638 ° ~6.243
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TABLE-III.28 : Lmount of sulphur dissolved in ternesry
Pb~Cu-ig 2lloy (NP 0.135, Ny, 0.481,

Ng 0.384) at different pHES/pHZ ratios
end temperstures,

Ssmple Temp. °K -Ih)«}igf-x].o4 at %S ln(pH2Sx 1 )
 No. T Ry, by, 8 ® S
TA144 1273 1.3046 0,034 ~5.563
TA147 2.5801 0.067 -5+559
Tﬂl48 o244 0.086 -5.58
TA149 4,082 0.108 -5.578
TAI5O ‘ 5755 0.158 - =5,615
TAlSl 1323 1.324 0.0372 -5.638
TA153 2.216 0.063 | -5.65
TA154 2.984 0.084 ~-5.64
Tﬂlss 4,206 0.1184 ~5.64
TA156 ' 5657 0.1644 ' -5.672
TA159 1373 1.519 0.046 ~5.713
TAlGl ' 2.066 0.063 -5.72
TA163 2,546 - 00,0785 -5.731
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TLBLE-III.29 : Lmount of sulphur dissolved in ternary
' Pb-Cu~-Lg 2lloy (NPb 0.27, NCu 0,4056,
Vg 0.3244) at different p S/sz ratios

and temperatures. .

P8 15:0%
Semple Temp.oK wméquO4 et £ S 1n( : X _%%%q)
NO. pH2 sz a -
TA166 2.323 Oo058 "5-52
T oy 5,703 0.147 ~5.552
Tfal78 4— .89\5 0 . 144 —5 . 684
TL-lBl V 20295 000716 _5!74‘3
Thig3 ~ 3.103% 0.0985 - =5.76

TA184 3.7498 0,119 -5.76
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TABLE-III.30 : Lmount of sulphur dissolved in ternary

Nhg

end temperatures,

0.247) at different pHZS/pHZ ratios

| Pr,s 4 o PH,s
Sgéple Temp. K E§2~x10 at % S ln(sz > 5%7%7§)
TA185 1273 1.164 0,028 -5.483
Thig6 2,225 0.055 ~5.51
TA188 34652 0.089 -5.496
TA192 4,867 0.122 ~5.524
TA194 T.17 0.179 ~5.520
Thyge 1323 1,779 0.0515 -5.668
TA198 2,409 0,072 -5.70
Tﬂlgg 2.89 0.087 ~5.707
TAZOl 4,054 0.123 -5.715
'JJA206 1373 1,33 0.0426 ~5.769
TA207 1.808 0,059 -5.788
Thoog 2. 706 - 0.0886 -5.791
TL 5.542 0.117 -5.801

210
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TABLE-III 31 & hnount of sulphur dissolved in ternary
Po~Cu-ig elloy (Npy, 0.135, N 0.247,

N, ag 0.618) at different py S/pH2 ratios

end temperatures.

o, oS PHaS 1
Sample Temp. K 2310 at % S In(—=—x —==)
No. sz PH2 SCAS
T 1273 2.656 0.028 -4.654
My 4.825 0.052 ~4,678
Thyy e 7.5708 0.082 -4.685
LT S 10.45 0.116 -4.709
Thyy g 1323 1.484 0.0184 ~4.82
Thyyy 2,384 0.0292 -4.808
Thyoy 3,337 0.042 ~4.835
Ty oo 5,122 0.0635 ~4.82
Dhy,e 1373 1,232 '0.018 ~4.984
Thyog 2.368 0.033 ~4,937
Thyog 3.527 0.0493 ~4.94
Thysy 4.525 0.062 ~4.92
T4 6,15 0.083 ~4.905

232
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TABLE-~III,32 : hmount of sulphur dissolved in ternary

Ny g 0.5214) at different pHZS/PHZ ratios
and temperatures,

Semple Temp. °K pHZleOAr at 8 ln(fii-g-s-x ke )

No. Py, by, 875
Thys, 1273 116 0.012 ~4.64
Thyss : 2,308 0,024 ~4.644
Thysg 3,792 0.0397 ~4.651
TA240 6.551 0.069 -4.657
Ty 9.37 0.1023 ~4.,693
My 1323 24622 0.0335 ~4.85
fo244 3.726 0.0475 -4,848
Dhy,e 54353 0.069 ~4.859
Thy s 6.69  0.087 -4.868
Thy,e 1373 1.604 0.024 -5.008
Thye, 2.938 0.0427 ~4.979
Thyes 4,177 0.062 ~5.001
Thpey 6,177 0.0895 ~4.976




TABLE-III.33

and temperatures.

92

2

/
py; ratios
S Hy

: Amount of sulphur dissolved in ternary
Po-Cu~bg 2lloy (NPb 0.445, N

NAg 0.3964) at different Py

0.1586),

Sample Temp. K i x10% at % 8 1n(PH28x ﬁ%,‘)

No. Pr, Py, &¥e
Thoyeq 1273 1.7807 0.0182 -4.627
Thyeo 2.759 0.028 -4.62
Th o3 5.11 0.052 -4.623
Thoey 7.845 0.0818 -4.647
Thoeg 10.45 0.1081 -4.639
Thogg 1323 1.6276 0.021 -4.86
oo 2.751 0.0355 -4.86
Thymy 4.78 0.0645 ~4.905
iz 6.537 0.0892 -4.916
Ay 1373 1.9101 0.029 -5.022
Dhioaq 3,242 0,049 -5.018
Thsag 4.893 0.074 ~5.0187
Th 6.495 0.098 ~5.0165

281
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III,2 Calculations snd Discussion of Results

Equilibration of sulphur between = gaseous phase
containing a mixture of hydrogen and hydrogen sulphide,
and any solvent, Z., which may either be 2 pﬁre netal or
an alloy, can be expressed by the following chemical

equation:

where, the symbol $(X) refers to the sulphur dissolved in
the solvent X, 8Since the solubility of sulphur in metels
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
standeard state, beceuse of ease of its conversion to

'infinite dilution' and 'l wt %' stoanderd states.

III.2.1 Sulphur in pure Molten lMetals

Lssuming 1 at % § es stenderd state, one can write
the following expression for equilibrium constent, Kﬁs(x),
for eq. (III.1l),

P8

(%) =
Py, B5(X)

Kygt #

oo (III.2)

P
st |
sz .fs(x )‘o ( at # g 7

eee (II1.3)
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where, pHZS and sz are respectively the pazrtial pres-
sures of hydrogen sulphide and hydrogen in the gaseous
phase and hS(X)' fS(K), and at % S are respectively the
Henrisn 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 partisl pressures.

In logrithmic form, the above eXpressibn may be
written as,

P
H,8 1

X Tm wey1 o fy(x)

. |
AG’ - = =- ln '
HS(A)(RT [sz
Py s : |
2 1 g 7
1n [5== x {5 7my) + eg-(ab £8)

ov. (III.8)

th

Hy

where,lXGgs(K) is the free energy ofequiliwtion of sulphur

in solvent in the pure metallic solvent referred to 1 at %3
a8 standard staete end Eg. the self interaction parameter of
éulphur in solvent X; defined by the following expression,

0 ln £

8
= 9.9 . .. (III.5)
s [o (at%s)] at %8 am= 0

As seen from eq. (III.4), if é% is independent Bf ghe sulphur
H

content of solution, the plot of function [—ln(p X at%ks)]
- *H
2

Vs. (at #8) should be a straight line. One can therefore
calculate the values of ‘SGES(X) and ag from such linear

plots, In the following analysis, such plots shall be drawn
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from the experimental data, alreedy reported for the

different pure metsellic solvents.

4

III. 2.1.1 Sulphur in Pure . Lea:d Solvent

B

In Fig. III.1, function [-ln (pHZS/sz . 1/gt;%S)],

calculated from the experimental data reported in Table-
III.1, is plotted against at.#S at different temperatures
viz., 723, 773, 823, 873 ond 923°K of study of equilibration
in the solvent lead. Further, linear regression analysis
of the date plotted at different temperatures yields, the
following expreésions,
i) 4t 723%%K

PH,8 1 | )

‘e TTTE ) = - T.84 -0,08 x(at 48)

| es. (III.6)

In(

PH2

1i) 4t 773°K

8 Z"I ) (

ees (IITI.T)

In(
P
Hy

iii) At 823%%
P
PH2

In( 7.07 + 0.05 x(at %8)

.oo (III.8)

1l ) =
*at ST

iv) 4t 873%k

PH,8 1
*at % §

1n( ) = - 6.78 + 0,18 x(at %3)
pH2 \

eoo (IIT.9)
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and, v) at 923°%,

p
2 L) = - 6.5040.37 x (st %5)
ot %3 T T O AN A

1
n( P
2
es. (III.10)
A comparison of above expressions with eq. (III.4) yields
respectively 11248, 11416, 11584, 11751 and 11919 cals
values ofé&GﬁS(Pb) for the equilibration reection (III.1)
and -0.08, ~0.05, 0.05, 0.18 end 0.37 as the respective
values for self intersction paremeter, ag, at the different

temperatures 5f study viz., 723, 773, 823, 873 and 923°K,
The free energy >f reaction,
Hy(g) + 1/2 8,(g) = HyS(g) eee (ITI.11)
is known to be given by the following expression

AG° = - 21580 + 11.8T eeo (III.12)

Combination of the calculated values of AGO for the reac-

tion (III.11) at different temperatures of study with the
0 .

values OfZXGHS(Pb) for eqes (III.1) in pure leed solvent

yields the values -16.8, -15.44, -14.25, -13%3.2 znd -12.25

respectively for ln Kgipyy ab 723, 773, 823, 873 end 923°k

temperatures, for the equilibrium reaction,
8(Pb) = 1/2 8,(g) oo (II1.13)

In Fig. I11.2, the function 1ln KS(Pb) is plotted against
(§). Regression snelysis of the dats plotted in this figure

. leads to the following expression,
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OF SULPHUR IN PURE LEAD,COPPER AND SILVER

SOLVENTS.
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15300
1n KS(Pb) = 4.25 L —5%— ) (111014)

Thus the enthalpy and entropy of the dissolution of
sulphur in pure lead solvent, represented by eq. (III.13) are

found to be 30400 cels and 8.44 e.Usregpectively.

Free energy of the above reaction has also heen deter-
mined by Hegiwera [ 54 ] and Llcock and Cheng [53 ] in the
temperature ranges 1073-— 1223°%K ana 7730 - 953°K respect~
ively. 4s will be noted the deta obtained in the present
investigations corresponds well with that reported by

Hagiwara.

IITI. 2.1.2 Sulphur in Pure Liquid Copper Solvent

The éxperimental deta on dissolution of sulphur in
pure liguid cbpper 25 solvent is presented in Table III.2

Aand has beer used to czlculete the function

p
H.S
[ln(p 2 x ;%T%—g—)], values of which are also given in
Ho PH,S 1

the sbove tazble. Further, function [~1n( Py X —==rs )] has
2

been plotted sgeinst ate#S in Fig, III.3 at different tem-
peratures of study viz., 1423, 1473 =nd 1523°K and linear
regression enalysis of the data so plotted yields the follow-

ing expressions,

1) At 1423%

-6,22-0.192 % (2t.%%)e.. (III.15)

)
)
P
b
&
.
o
(€2
i
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ii) 4t 1473°K

Pﬂzs | 1
In( X ) = =6,00~0,203 x (o, 48)...(I11.16)
pH a.t-z [ %4
and 2
1ii) At 1523°%
PH, s 1 ,
1n( X~ ) == 5.94-0.199 x (at %5)...(III.17)
pH2 a; @ v

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

obteins the values oleG§

[
cels and those of self interaction perameter, Eg as -0.192,

5(Cu) as 17510, 17780 =nd 18050

-0.203 snd -0.199 at temperetures 1423, 1473 and 1523°K

respectively.

Lg done in case 0f lead solvent, o combination of
above values of free energy,is@ﬁs(cu) vith the free energy,
4G°, for the resction (III.11) yields the velues of equili-

brium constent, K as =7.80, =T7.54 znd =7.26 at 1423,

‘s(Cu)?
1473 =nd 1523% temperstures, for the reasction,

8(cu) = 1/2 s,(8g) ~ ...(I11.18)

where 8(Cu) is the sulphur in solution with pure molten
COrper.

In Fig. III.2, function [1n Kgq.y] is plotted against
(%). Further, regression enrlysis of the date plotted in

this figure lerds to the following expression

. 1580 i
In Eg(gy) = 3-211 - dolsd .. (IIT.19)
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From eq. (I11.19), velues of enthalpy and entropy for the
reection expressed by eq. (III.18) ere computed 2nd found

to be 31400 cals and 6.39 €.U.respectively.

Values of free energy for the abovevreaction'(III.IB)
have also been determined by Bale et al. [25 . L4s will be
noted, the results obteined in the present work are in good

agreenent with the work of these investigeators,

III. 2.1.3 Sulphur in Pure Liquid Silver Solvent

Experimental date on dissolution of sulphur in pure

liguid silver are presented in Tﬁblg III.3 =nd heve been
Ho8
used to celculate the function [ln( e x -—Z§)], also

given in the gbove table, Further, the function

Py.s .
[-1n(~p2 X 55;7«~)] has been plotted ageinst at. #5. in
2

Fig. III.4 at temperatures 1273, 1323 and 1373°K. By doing
linear regression anolysis of the data so plotted, following
expressions heve been obtained
i) At 1273%%
Pr
hZS 1

In( X -
D e
H,

=) = =3.353-1.354x(at. #3)... (I17.20)

ii) At 1323%C

Py«
HAS
In( g

x at}%ﬁ”) = - 3.437-1,21 x(a4t, ¥3)

Py
2 ' . (1II.21)
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and, iii) it 1373°K
In(==5— 2 —=5=) = - 3,52340,958x(at.if)
oo (ITI.22)

By comparing the sbove expressions with eq.(III.4), velues
of free energy AGﬁS(Lg) for the reection (III,l), end self
interaction parsmeter,eq,ore computed snd found to be res-
pectively equal to 9550, 9120 and 9667 csls apd -1.354,-1.21
snd 0,958 at temperatures 1273, 1323 =nd 1373°%K respectively.,

lgein for the equilibrium between the sulphur in gaseous
phose and sulphur dissolved in pure silver, represented by

the following expression,

S(hg) = 1/2 8,(g) eor (III.23)

values.of free eneigy, AG;(Ag)’ can be cémputed from the
values ofi Qgs(ﬁg) end eq. (III.12) ot 1273, 1323 =nd 1373°K
respectively and are found to be 15100, 15076, and 15040 ec2ls.
From these free energy values, 1ln KS(Ag) is computed ond
plotted egeinst (1/T) in Fig. III.2., The regression analysis

of this date leads to the following expression,

In Kg(,) = 0+467 - §l%§ oo (IIT.24)

The values of free energy of reaction, represented by
eq. (III1.23), obteined in the present work compare well with

those obteined by Rosengvist [ 187,
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IIT. 2.2 Sulphur in Binary Molten Metellic Solvents

Let wus consider a binary metallic solvent contein-
ing components A =nd B (where L =2nd B represent any two
of the pure metals lead,silver<¥%%bpp€353ed in the present

study), in equilibrium with a gaseous phase; having Py s
2

and pH2 as the partial pressures of the components H,3
and H, respectively. ALccording to eq. (111.1), for quili-‘
brium between sulphur dissolved in binary solvent and the
gaeseous mixture éontaining st and H2, one can write the

following expression for the equilibrium constant,KHs(A_B),

PH,S 1 8
In Byg(y.p) = n Py 7T~ In f5(,p)
2
Py s
2 1 S s
= ln(pH X ote 78 ) - ES(A"B) X (a‘b.lS)
2

000'(111025)

where, fg(A—B) end q? are respectively the interaction
coefficient and self interaction parameter of sulphur in
the binery solvent (4-B). The sbove expression slso shows
that, if %5 is independent of the amount of sulphur present

in the binary solvent, the intercept (at at.% 8 equsl to
' PH,S
2

. . 1
zero) of the linear plot of function [ln(pH2 x ax;%§)]

against ot.#S for a binary solvent of constant composition,
will lead to the A‘value of 1n KﬁS(A—B)' whereas the slope
will yield the value of self interaction parasmeter, :g , of

sulphur in that solvent.
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Turther, one can a2lso arrive at the vaIués of inter-
action parameters, for the effect of B and A on sulphur in
the solvents A end B respectively. To errive at a suitable
relationship for the calculation of these interaction pare-
meters, one considers a solvent which is a dilute solution
of co¢ponent B in &s &s 1In KHS(A-B) is a continuous function
of the composition, one can write the following Teylor's
expension for the above mentioned solvent

0 1n kHS(fx-_B_)_]

(at %B)
o(2% % B)

(at‘% B)=== 0

2 .
0- 1n K \ @ 2
+[ HS(A"Bl] . -(———E—J-at 2B ...,

lO (at % B)Z (at % B) ——0

In Kggep-p) = 10 kygea)tl

0 1n KﬁS(A—B)]
o(at % B)

In Kggegy *+ [ (at % B) oo (III.26)

(2t % B) ===0

Further, one can also write the following expression for
the ratio of at.ﬁls dissolved, under the seme H,S - H,
mixture (i.e., for the seme sulphur chemical potential), in
pure liquid solvent & and a binary solvent consisting of 2

dilute solution of component B in component &,

(2t.%8 )A
In T257%0)

For the szbove mentioned conditions, one can, therefore,

write the following expression,
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(at.#S), 5 |
1n (at'%s)(A—B) = - 1ln fg = ~ gg.(at,# B)...(II1.28)

where, fE and eg are respectively the interaction coef-
. e

ficient end interaction parameter. Thus, from egs. (II1.26)
snd (III.28), one can infer, ,

0 1ln kHS(Aggl.
o (at.# B) (ate® B) === 0o

eg - - ... (III.29)

i.e., the value of slope ot at.# B =--0 on the 1ln ES(1-B)
Vs. at.” B curve is equal to the negative of intersction
parameter, %?. Thus one can 2lso derive values of inter-
action paremeters from present investigations. The above
expressions shall now be spplied to the binary systems

studied in the present investigestions to make calculations.

ITI.2.2.1 Sulphur in Binery Lesd-Silver Solvents

From the daota reported in Sec. (III.1) in Tables

Py s
I1T.4 - IIT.9, the function [—1n( g X lq )] is plotted
pHZ at‘ﬂ S

in Figs.IIT.5, IIT.6 and III.7 =gainst at.®S respectively

at temperatutes 1273, 1323 znd 1373°K for the binary lead-

silver solvent of different compositions. These figures
show a linear relationship between the two functions.

Values of functions 1n KHS(Pb— ) end the self-interaction

.i'xg
paremeters of sulphur, eg, have been computed by linear

regression snalysis of the sbove plotted -data. From a

knowledge of the values of function RT 1ln end

Kus (Pu-ig)
free energy, AG®, of the reaction expressed by eq.(7II.11),
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the free energy, AG%(Pb-Ag)’.Of the rezction
8(in Pb~ig 2lloy) = 1/2 S,(g) ees (IT1.30)

for different binery alloy solvents hes been celculated =nd
plotted zgeinst composition for different temperatures in
Fig. I1I1.8. Regression analysis of the dote plotted in
this figure shows the values computed within on sveresge

accurscy of +55Q 4550 end +550 cels at temperatures 1273,

0
1323 2nd 1373°K respectively. Further, from (ﬁEﬁi@%:&gl)
Vs. (1/T) plots, the entropy, A g(Pb—Ag)’ and. enthalpy,
AHg(Pb—Ag) of the reaction expressed by eq. (III.30) for
different binary Pb-.g elloy solvents are evalusated. These
thermodynemic properties are 2lso plotted in Fig. III.8
together with the values szng(Pb—Ag) for the same reaction
as reported by Mohapretre asnd Frohberg [85 ], It will be
noted that values of fﬁee energy obtained in the present
investigetions differ slightly frowm those obteained by these
investigators 2t 1100°K. Thié difference is attributed to,
(i), the different experimental techniques employed,end,
(ii) the basic essumptions mede for celculations. In their
vork, Mohapatre et al. [ 85 ] have zssumed that the behaviour
of sulphur in the solvent, a mixture of chlorides, follows
Henry's 1av. However, this sssumption is not substentiated
by the experimental vork, znd is considered to be meainly

responsible for the difference pointed out =bove.

The method employed in the present investignti-ns is

o direct one and yield® reproducible and relisble dato on
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These plots also show a linesr relationship betwesen these
two functions and hence values of 1ln KHS(Pb-Cu) end the
self-interection paraometers, Eg y ere evaluated by linear
regression anelysis of the obove plotted data at different
temperatures and 2lloy compositiom. From o lmowledge of
the velues of the function RT 1n KﬁS(Pb-Gu) and velues of

26° for the resction expressed by eq. (III1.11), the values

‘ AG° o .
for free energy, GS(Pb~Cu)’ for the reaction
8(Pb-Cu =1loy) = 1/2 $,(g) ese (IIT.31)

ore determined for different binery Pb-~Cu alloys at the
above mentioned tempceratures. These values of free energy;
AGg(Pb-Cu)f have been plotted for different alloys sgainst
composition in Fig. I1I1I.12. Regression analysis of the
free energy data plotted in this curve shows that the
free energy values obtained have an aversge accuracy of
+540, +560 and +580 cals respectively at temperactures 1273,
1323 and 1373°K,

Enthelpy end entropy for the reesction (IIT.1) for

these elloys have also been determined from the plots

A9
( §1£%:§Ql) and (1/T). These are elso plotted in Fig. III.12

egainst the composition. From the Vs. compo~

N
GS(Pb-—Cu)
sition plots,values of interaction paremeter eg“(Pb>,and

eg?Cu) have been calculated and sre found to be-~5.972,~7.817

end -8,705 and <0.05. ;0,245 2nd-0.512 respectively ot tem~
peratures 1273,.1323 and 1373°K, The values computed for

different functions are given in Table III1.35 .
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Twidwell and Larson [58 ] heve also carried out in-
vestigations on lead~copper alloys conteining 0.43, 1.87
and 2.54 étﬁ% Cu at 873°K »nd have reported the value of
interaction parameter of copper on sulphur, e%u, in lead

es - 5500.

I1T.2.2.3 Sulphur in Binary Copper-3ilver Solvents

Experimental data on equilibrium between copper-silver
binery 2lloys and H2~HZS gaseous mixture are reported in

Tables I11.16 = I1I.21 2nd hes been used to calculate the
PH,S 1
X
at o
pHZ

function [1n( )] for different compositions of

the solvent at different temperatures. Function

Ho8 1 . _—

H2 X at;%‘S)J is plotted in Figs, III.13 - III.15
ageinst at.% S at temperatures 1273, 1323 and 1373°K for

P
[-ln(P

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 1ln RHS(Cu—Agj and the self interaction para-
meters, s%, of sulphur at these temperatures and for alloys
of different compositions. By making use of the free energy
of the reection expressed by eq. (III.11) ond the computed

values of the function RT 1ln KHS(Cu values of the free-

_‘[‘g)'

energy, & for the resction.

o]
GS( Cu-—ﬁg ) ’
8(Cu-ig alloy) = 1/2 8, e (111.32)

for different slloys ot temperatures 1273, 1323 and 1373°K
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o 1273°K
a 1323°K | -8G5 (cy-ag)
o . o 1373°K 103
X H° X
259 X AHg(Cu-Ag) 16 30
T o ‘ .
i J ASs(cu-Ag) 14 3
24} 125
<
T 10 5
1 O
23 {-2 ~
\\ n
X 4-4 < 425
22} {-6
- {-8
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(@)
a21F 440
[8)]
< 412
520} 114 420
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<J
19k -
18k X
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1l
17} |
16|
15 ! | \ ! : 10
0 0.2 04 0.6 0.8 1.0

(o]
AHg ( cu - AqQ), cal.

FIG.II.16 FREE ENERGY, ENTHALPY AND ENTROPY OF SULPHUR
EQUILIBRIA IN BINARY COPPER -SILVER ALLOYS.
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have been calculated, Further, values oflSGg(cu_ﬁg), 80
obtained,heve been p.otted for different temperatures against
the composition of binary elloy solvents in Fig. I11.16. The
aversge sccurscy in the computed values of free energy, o8
evaluated by the lineer regression snalysis of the data,

has been found to be respectively +520,+530,1560 cals. 8t the
three temperatures of investigation -1273, 1323 end 1373°K.
From these plots values of interaction paremeters %??Cu)and
eg%ﬁg) have been calculated and sre found respectively -

1.5, 1.0%and 0.437 and-4.66, 5.33 2nd-6.11 at tempere-
tures 1273, 1323 snd 1373°K.

Values of the entropy and enthelpy'change for the
reaction expressed by eq. (III.32) in different Cu-ig alloy

solvents have been computed from the plots of the functions

AGY \
(—2{uzbely vs, () and shown in  Fig.II1.16. The

values of different functions computed above are given in
Toble II1.36. In literature no work has been reported on
solubility of sulphur in these alloys in the dilute solution

r?ngEQ

I11I1.2.3 " Sulphur in Ternary Molten Metallic Solvent

In case of ternary solvents, consisting of components

A, B and C (where A, B 2nd C represent lesd, copper and

silver in the present investigetions), in equilibrium with
PH>g
gaseous phase of Xnown 5—2— ratio (corresponding to a
H
2
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definite chemical potential of sulphur), one can write
the following expression for the equilibrium constant,

KHS(A-B—C)’ for the equilibrium reaction represented by

(III.1).
H,S
2 1 S
In Kyg(h-p-c) = ln(pH2 X xS - 1o &
P
H.S
- In(—% x =% e> s
= ln(sz X 333) = %5 (a-p-g) T (o% 8
(I1I.33)

where f§ and €§(A B-C) respectively represent the self-
interaction coefficient and self interaction parameter of

sulphur in ternary molten metallic solvent.
_ . TS 4
Plot between the functions [ln(PH X ==Sg—)] end

, 2
at.% 3 will yield the velues of the equilibrium constent,

o . S .
KHS(A—BnC) and self interaction pesrameter, €s in the
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 11I.2.2 for binary metallic solvents.

II1.2.3.1 Sulphur in Ternary Lead-Copper-Silver Solvents

Experimentel data on dissolution of sulphur in ternary

Pb-Cu~-ig alloy solvents of different compositions in equi=-
PH,S
librium with gaseous nixturesof known E—g_ retlos have been
H
2
reported in Tables III.22 - IT1I.33. From these data, values
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P ;
i X == )] have been calculated
ate #8

2 H,S
for each composition of the alloy at different

of the function [1n(

sz ratios
and at different temperatures used for study viz., 1273,
1323 and 1373°K respectively. The function |

PHS
at kS

[~1n( X )] is then plotted against at.#S in

Py
2

Figse I11.17 = II1.19 at temperatures 1273, 1323 and 1373°K

respectively which clearly indicates linear relationship

between these two functions. Linear regression anelysis

of the deta,therefore,yields the values of 1ln KHS(Pb-Cu—Ag)

and self interaction peresmeter of sulphur, eg, at above

temperatures for differont ternary alloys.

The RT 1n KHS(Pb~Cu-Agi values computed above, when
combined with the free energy, AG®, for the reaction ex-
pressed by eq. (III.11), yield the velue of free energy,
AGg(Pb—Cu-Ag) for the following equilibrium reaction.

S(Pb=Cu-ig alloy) = 1/2 §, ees (III.3%4)

for different ternary alloys. These values are plotted in
Fig. I11.20 against composition (varying with respect to
one of the constituents)of the ternary alloys at tempera-
tures 1273, 1323 and 1373°K. Further, linesr regres=-
sion analysis of the data on free energy for different
olloy soilvents at these temperetures yields velues of on
average accurscy of +600, +580, 4550 czls at temperatures

1273, 1323 and 1373°k respectively. ALlso from the
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FIG.II.8 FREE ENERGY ENTHALPY AND ENTROPY OF SULPHUR
EQUILIBRIA IN BINARY LEAD-SILVER ALLOYS.
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pure metallic solvents (es slready discussed in Secs.
(I11.2.1.1 - IIT.2.1.3) sbove). Therefore, the data
obtained in the present study on binery lesd-silver alloy
solvents are considered tc be more relisble then those
reported by Mohapatras ¢t al. Twidwell and Laxson [58 ]

have 2lso studied the behaviour of sulphur in dilute solution
range -at temperature 873°K for lend-silver alloys contain-
ing 4.5, 9.®, 16.6 2nd 32.2 at.# Silver snd reported

activity coefficient wvalues of sulphur as 1.151, 1.355,
1.725 =2nd 2.43 respectively.

From plots Of‘iGg(Pb-Ag) Vs. composition interaction
o ,

paremeters %ﬁ%b) and q%b(ﬁg) have =2ls0 been calculated,
Velues of these parecmeters are found to be - 5.68, 4.39
and 3.08 and=0.33%0,-0.47 end~-0.63 respectively at tempera-
tures 1273, 1323 and 1373°K. Twidwell et al. [ 58 ] have
reported the velue of interaction parameter e%g as 3.3

ot 873°K. The velues of different function celculsted above

ere given in Table III.34.

ITT.2.2.2 Sulphur in Binary Lead-Copper Solvents

The experimentel date on equilibria-runs for different
lerd-copper elloys is presented in Tables II1.10 - III.15

PH g
. " 2 1
and from these,the function [ln(sg-— X Eﬁﬁzﬁ)] has been

2
celculated for different binery Pb--Cu alloy solvents at the

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

1373°K and plotted agoinst et % S in Figs. IIT.9-IIL.11.
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c 1273°K
A —A—U— = 275 o — 1323°K
g —x—  1373°%K
c 1273° K
: 0 g M —-— 1323%K
—x— 1373°K
I 4)(—0\_\)(
/-/O/_x 3 O .\\(

L ——o— — N0 N
U\\\\ N
X\
N
_ ——X XX X —X : _
/X/v-”—x . - — X
‘_____.___v.__..——-'—--v———"""
M ™
cu — 1273°%K
7 Ae e 0.4 __—__—  1323°K
—x—  1373°K
| | | | |
0 0.2 0.4 0.6 0.8 1.0
Npb

FIG.IT.20 PLOT SHOWING VARIATION IN FREE ENERGY OF

EQUILIBRIA OF SULPHUR WITH Npp IN TERNARY
ALLOYS OF DIFFERENT Cu: Ag RATIOS.
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PHUR IN

CURVES FOR EQUILIBRIA OF sSuL

FIG.II.22 150-ENTHALPY
DIFFERENT Pb-CU~-AQ TERNARY ALLOYS.

[AHE( Pb-Cu-Ag) in cal.)
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TABLE-37 . ¢ Different thermodynsmic paresmeters
celculated from experimental data
for ternary Pb-Cu-Ag 2lloy solvents
c 1t Temp® 1 S g0
omposition . emp K n__KHS ES/Pb-—Cu-Ag) AGS_(Pb—-Cu
Vo  Fou Vg )
0.135 0.7407 0.1243 1273  =-6.37 -0.516 22680
| | (10.23) (+0.03) (3540)
| (£0.25) (£0.03) (4570)
(+0.29) (20.04) (x620)
0.135 0.247 0.618 -4 .65 ~0.401 18340
(10.22) (£0.05) (4520)
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 22540
(+0.26) (x0.07) (x580)
0.445 0.407 0.148 ~-5.96 -0.187 21650
| (+0.25)  (40.04) (£550)
0.445 0.308 0.247 -5.48 -0.237 20430
| (+0.22) (+0.04) (£510)
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Table=37 (Contd.)

. 0 S o}
Composition Temp K 1n KHS SS(Pb-a-Gu AGS(Pb+Cu

Npy, Ny, NAg +Ag) +5g)

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 ~5.6% -0.322 20770
(#0.21)  (+0.05) (+530)

0.135 0.247 0.618 -4,81 -0.298 18600
(#0.19)  (10.03) (+500)

0.27 0.6327 0,0937 -6.34 ~0.326 22640
, (#0.28)  (40.09) (580)

0.27 0.53%53 0.1947 -6.08 -0.172 21940
(£0.28) (+0.0%3) (£570)

0.27  0.4056 0.3%244 -5.64 -0.3%6 20800
(¥0.27)  (£0.02) (+570)

0.27 0.2086 0.5214 -4,8% . 0,216 18670
- ‘ (+0.21)  (+0.04) (+500)
0.445 0.481 0Q.074 -6.41 ~0.126 22830
(£0.29)  (40.03) (+600)

0.445 0.407 0.148 ~6,11 ~0.150 22040
(+0.25)  (40.03) (£570)

0.445 0.308 0,247 -5.66 ~0.133 20850
(+0.21)  (+0.03) (4520)

0.445 00,1586 0.3%964 -4.85 -0,117 18700

(£0.23)  (40.05) (540)
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. S o
Composition feno in KHS eS(PbSCu AGS(Pb-)-Cu
N N N emp K ~A -Ag

Pb Cu Ag g calo
0.1%5 0.7407 0,1243 1373 =6.23 -0.135 . 22380
(#0.21)  (40.05) (+500)

0.135 0.634 0.231 -6.07 -0,173 21940
. (+0.21)  (40.04) (£510)
0.135 0.481 0.384 ~5.753 0.087 21010
(+0.23)  (+0.03) (+£540)

0.135 0.247 0.618 ~4.97 ~0.107 18940
(+0.25)  (10.05) (+560)

0.27 0.6327 0.0937 -6.345  =0.486 22690
(+0.26) (+0.06) (£590)

0.27 0.5353 0.1947 -6.12 ~0.187 22090
(#0.25) = (£0.05) (+550)

0.27 0.4036 0.3244 -5.76 -0,115 21080
(+0.27)  (+0.03) (£570)

0.27 0.,2086 0.5214 -4.99 ~0.168 19010
(0.23)  (20.03%) (+520)

0.445 0.481 0.074 ~6.46 -0.285 23000
(+0.27)  (10.04) (+570)

0.445 0,407 0.148 ~6.20 -0.116 22280
(#0.25)  (20.02) (+540)
' (+0.23) (+0.03) (+510)
004'45 001586 003964 "'5-02 —O 0073 19080
(+0,21)  (#0.03) (£500)
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O ‘
éﬁgizp%QEZQEJ Vs. (1/T) plots for these alloys,velues of
enthalpy and entrbpy for the reaction given by eq.(II1.34)
have been evaluated for these élloys. Finally from these
values,iso-free energy, iso-enthalpy end iso-entropy plots
have been drawn in Figs. II1.21 - Fig. 23. The values of
different functions computed are shown in Table III.37
It has been inferred from the literature review that no work
hes so far been éarried out on Pb-Cu~ig ternary a=lloys for

study of behaviour of gulphur.



CHAPTER -1JV

STATISTICAL THERMODYNAMIC INTERPRETATION
OF RESULTS

IV.1 Introduction:

In the presvious chapter, different experimental
param:ters namely, the interaction paramaters and the
equilibrium constants for dissolution of sulphur from
the gas=2ous phase in pure liquid metallic solvents and
alloy solvents have been calculated from the experimental
data. This chapter is devoted 1o a quantitative inter-
pretation of the expsrimasntally determined valuss of
equilibrium constants. For this purpose, thg sfatistical
approach to the study of thermodynamics of solutions is made
use of, In‘suchvtreatments 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 golution and the different partial molar pro-
perties of each of the constituants ars derived for a
solution of known composition.Xln the present case, the
later approach shall be followed for the sake of simplicity
of treatment although the first approach is considered to
be morz rigorous. Howevaer, the end results obtained in

both thas cases ars found to be the same.

As the experimentally determinable variable is equi-

librium constant for the reaction expressed by eq.(III.34)
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angd the different theorstical expressions shall be in
terms of the excess partial molar propertizs of the
componznts of the solution under study, so one would
first require a relationship betwzen these two parametars.

For its derivation, one procszds as follows : .

Bq. (ITL34 ) is split into the following two reactions.

/2 8, = 8(1) ees (IV.1)

and

S(1) =8 cee (IV.2)
The first reaction pertains to the condensation of sulphur
from the gaseous phase into a hypothetical atomic liquid
sulphur phase. Lzt O GiﬁT) be the standard free energy of
the reaction, which will obviously be a function of tempora-
ture, T« Thus, according to this reaction, the fﬁgacity,
fg , of gaseous sulphur in equilibrium with pure liquid

2
sulphur shall be given by the expression

[\ O
2.y4G5(T)
fgz = exp %« )RT l“"J}‘_} ) (IV.S)

BEq. (IV.2) expresses the dissolution of sulphur from
its purs liquid form in the alloy. Hence, if one takes
pure liquid sulphur as the standard state, then free energy,

AG2, of this reaction shall b:s given by the expression,

where, ag 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,

id

461% = RT 1n N .o. (IV.5)

2

whereas, for Henrian behaviour (with infinite dilution as

standard state) eq. (IV.4) takes the form,

8465 = R Iny° 4RD In NG el (IV.6)
whers YO is the Henry's law constant and Néd and Ng are

mole fractions of sulphur in ths ideal and Henyrian solu-

tions raspsctively.

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, Py , (at which fugacity can be taken

2

to be squal to partial pressure) by the following expression:

. g, /2
nd = (%)
3 £0
S
2
A6(T)
= pé‘é2 . exp {" RlT } ) ‘ e o (IV"?)

whereas, from egs. (IV.3), (IV.4) and (IV.6) for a Henrian
solution, one can write similarly the following expression,

1
ps/z = Yoo N}SI ‘a exyp %-

IL"\G?‘( T) }
2

= eee (IV.8)

Eqs. (IV.7) and (IV.8) yield for a given partial pressure
of sulphur the following relationship,
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. 1/2 :
nid ?gs/ b3 (1
N W |
S N
From eq.{(IV.1), it is clear that
1
Ps/2 ,
(%) = =k | eer (IV.10)
S Py —»O '

and hence NS )

Thus the required relationship between the Henry's law
constant, yo, and the equilibrium constant, K, for the

reaction(II.34) takes the following form,
RT 1n v° = BT In K + AGJ(T) oo (IV.11)

or, in terms of free energies,

-eX

= .= Dg0 0
A6 (A+P+C) ~ GS(A+P+C) + AGlfT) e (IV.12)

where,l&§§?A+P+c).;§ the partial molar excess free emergy

0 .
and ZSGS(A+P+G) ., the standard free energy of solution of
sulphur. In the above expression, the valuc -~ for
ex . . . A
AGS(A+P+G) w;ll be derived from theoretical treatment,

- 0 . '
whereas that of AGS(A+P+C)’ for the reaction expressed by
eq. (III34), shall be determined experimentally. Though
the value of temperature dependent function, AG%(TX, can
be calculated with the help of thermodynamic properties of
sulphur, yet és}shall be seen dufing the course of traat-.

ment in the present chapter, this parameter is not requirsd
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for a correlation of experimental and theoretically

computed data.

In the following sections, therefora, first a
unified theoretical approach shall be presented for the
behaviour of infinitely dilute Solutions of sulphur in
ailoys and from this, under different simplifying assump-
tions, a set of expressions correlating the function

AGg(A+P+C) with the composition of solution shall be de-
rived. Then in the next section applicability of these

expressions shall be tasted and discussed.

IV.2 Theg&

Though a number of models have bssn proposed to
explain the thermodynamic properties of dilute substitu-~
tional as well as interstitial systems, but most of thess
are based on lattice assumptions and have been applied
predominantly to systems in which the solute is prasent
in binary alloy solvents; Thess approaches have been
reviewed comprehensively by Kapoor [ 68 ]. The ma jor weak-
ness of thesé 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.Bo 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 explsin the ex-

perimentel results. The basic assumptions of free volume

theory are as follows:

i)

ii)

iii)

Molecules or atoms present in 2 solution can be"
assumed to form e 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 consfituent species are similar in size, as

in the case of the system under study in the present
work, each stom cen 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-crystelline lattice built by the solvent atoms.
This type of solutions are generally referred to as
'interstitisl solutions', whereas the former type as
the 'substitutional solutions'. This assurption is

the gsme a8 the one made in the case of lattice models.

The atoms of a solution vibrate around their meean
pdsitions in 2 small space called 'cell'. The volume
of such a cell is determinea by the interaction of
the atom occupying it with its nearest neighbours

i.e., those lying in its first 'coordineation shell'.
14

The energy of an atom is a function of the number

end types of atoms surrounding it.
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‘Systems - 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 qonSisting 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 solution,one
nay consider it to form an open system with respect to
sulphur (as it can be exchenged by the solution with the
surrounding gaseous phase) and closed system with respect
to the metallic components (sc their volatilisation during
the equiiibration process has besn 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 reguires,in principle, constructing a semi-grand
partition function, =] , for the solution. Such a parti-

tion function is defined by the following expression,

) g
- = Z li (nA’nP’,nC’nS) eXp (E'l\STEf'&)} ‘e (IVo 1%3)

(A
n
X

where, By, Np, Ny are respectively the numbers of atoms
of silver, lead and copper in the solvent, Ng corresponds

to the number of sulphur atoms in the solution, Hg reprosants
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the chemical potential of sulphur in the gassous phase,
N, the.Avogadro’s number, k, the Boltzmann's constant, T,
the absolute temperature and finally:fl(nA, Npy Ag, ns)
repressnts 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,fl, of an ensemble

is defined by the expression,
Q = Z: {exp (" Ei/}ﬂ)'n(vi)] eos (Ivol4)
i 1

where the summétion invthé above expression extends over
all distinguishable states of the system., The above ex-
pression can be written.in a nmore frequently used alterna-
tive form. In this form, all distinguishable state of the
system having the same‘energy are written togesther. Thus,

expression for.glis written as,
n .

N =3 g(B;)eexp(- 5y/m). TN (vy) vee (IV.15)
1 \

where g (Ei) is the numbsr of distinguisheble states of the
system having same total energy Ei‘ The sunmation in the
above equation now extends over all possible values of total
energy Ei’ In this case again, the evaluation of L is

done by replacing the summation by thé maximum term in the
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seriss given by eq. (IV.15). Thus,

B ax).

Q = gmax . exp (—mkﬁ?m eoe (IVL16)

(Vpex)

where, g . and Emax correspond to the values of thesg
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, oﬁe 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
end Jj-copper atoms in their first coordination shells.
Let there be qﬁjo such atoms in a particular total
energy state of the system. If wﬁjo is the energy
of one such atom, then the total energy, EX, of all

- such atoms having no solute atom around them will be

given by the expression,



153

—i)

(S

ijo ijo
WA . 1y eeo (IV.17)

31>m0
il
i
s
|

i =0

ii) Assuming further the solution to be so dilute in
solute that no solvenf 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 silyer 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
Xal
oy

having k atoms of lead, d atoms of copper and one

solvent. If denotes the number of silver atoms

atom of sulphur around them and Wfal the energy of
one such atom, then the total energy, Ei, of silver
atoms having one sulphur atom shall be given by the

expression

(z=1) (z-%k1) .
1 = ]Kdl Kdl
E = 2 [ « N

A K=0 G= 0o £ A

... (IV.18)

If one denotes by nl , the total number of silver atoms
having one solute atom around them and nz; those having
no solute atom around them one can write, on the basis af

mass balance, the following expressions

%Z Ef) ntd0 _ p0 (IV.19)
- - A — A ® o0 ®

nA = nA ! . eeoe (IV.2O)
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and’
%:, §Z-l) ido, (z-l) Z=K~ 1) kdl oLl
n : A = Bpty=ny
i=0 j=o k— d=0

ees (IV.21)

iii) 4As in (i) above, one can also categorise lead atoms.
Thus if one denotes by n%yo , lead atoms having x
copper atoms and y - silver atoms and no solute

(sulphur)etom eround , and by wxy"

, the correspond-
ing energy, one can write the following expressions
for the energy, Eg, and number, n;, of all lead atoms

having no solute atom around them,

z 2-X)
Eg = ) ﬁ_ wgyo . np¥° eee (IV.22)
X=0 y=0
and
z=x) XyO0 0
ﬂP = nP s e (IV023’
X=0 y=0

iv). As in (ii), classifying the lead atoms, one can

write the following expressions,

4 (z-1) (z=p-1) ‘
p=0 q=0
and,
zz1)(z=p-1) |
ﬁ_-_. g 222 - 5l eeo (17.25)
p=0 q=0

-1){z ~l)
%: é:: 2Y0, ﬁ:: ngql=n§+n%=nP. (IV.26)
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v) Similarly one can write the following expressions

for the different types of solvent copper atomsy

Z Z-T)
0 : rto rto
EY - § W e N eee (IV.2T)
¢ %;; t=0 ¢ °
and, }
Z z=T)
Z ngto = ng cee (IV028)
r=0 t=0
where ngto denotes the number of copper atoms
having r-silver, t-lead and no sulphur atoms
around them. Further,
é ~1) (z~u-l)
QV1. nSVI ees (IV.29)
and ,
-1) (z-u-1)
vl l ‘
é % ng ny veo (IV.30)
Also,

Z Z~r) (z=1)(z-u-1)

1}2_0 '1§ né'to + g 5;3 n‘CWJ‘ nC+ é-nc (IV.31)
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 4in ' its first coordination shell,

has an enengy,wgw ,and if there are ng" such atoms

in the system, then ES shall be given by the

expression,
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5 E Vg '+ B | (IV.32)

m=0 w=0

and ,

f'_m) mW n (IV 33)
" .

m-o W=0
Thus, with the help of egs. (IV.17) - (IV.33), one can
write the following expression for the total energy, B,

of the system,

0 1l o 1 o} 1 '
E“EA+EA+EP+EP+EC+EC+ES

) 3: z-i)wiao o, §z-l) éz-—k-l) kdl ,kdl
! 1=0 -JT":-O- A A k=0 d=0 A A
g 27%) 290 X0 ‘Z_—-l) zzp-1) 1 1
+ > > wa Y qu n.Pd
x=0 Jy=0 q=0
é_-z:r) rto . rto 2-1) %——"1) uvl uvl
+ I WC + e .WC
r=0 t=0 =0 v=0
2 ~m)
+ 3: 2o WgY . ng¥ eer (IV.34)
m=0 W=

Similarly, one can write the following expression for the

product of free volumes of all the atoms present in the

system,
kdl nXY0

_ nﬁdlo n
STTE T e Y T eE

[ 1
- npql k 4 rto > nuvl nmw
P
."l‘ *—l pql) r H(vrto -n ‘-—(vuvl ]"r(vmw)

|
9 Y4 | "
«er (IV.35)
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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,

(n, +n]a+n.C g )!‘
= h D IS P ——— 8 L _
g (ny ynp,yn4,ng) X.ﬂu [(nz.']o/zci(z'i)cj)“%i e,
i)
x " | (2-1), (z-k-1)
Z= Z =K=-
kI E {( kgl/tg:l--)@-;{ sz-_k—-l)cd)!] Ck Cq
oo - «(z~x)
TV F (/2 (omx)g >\} °y
L
x - (z-1); «(2-p-1),
m {(nﬁ“/(m)c +(z=p-1), )‘% G T
Pa S |
x - (z-1)
— Z s{ 2T
T fnfoseg w(am)g )] o
vt
4 —d .
T T Fai(aa)g +(zmu2), )!]‘(z'l)c_u"‘(z'“'ﬂev
4 v u v
% - . L ey e (IV36)
T‘ | Engw/z (z-m )H Cu Cu ‘
m W °

where the terms of the type 2, are defined by the follow~
X
ing expression ,
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z |

VA - tamee vl

o, = TEER ees (IV.37)
The term h(qA,nP,nC,nS), in eq. (IV.36) is called the
'normalising factor' and as per the procedure laid down in .
references [ 77 and 86 ], is expreséed as,

h(nﬂ,nP,nc,nS) = — 3

ny | np Iy Ing |t

ﬂﬂ{( 130/ o(z1) )l]zci(z-i)cj
i Cj . .

( ‘1) o( -k‘l)
EI W[(nAkd.l /(z-—l)c (z=k-1) );} 2Tyt e Ca
4

T Fageo) e, <z-x>c>1} M
x Yy x -

- -1 o(z2~p=1
(3P4t /(z-1), -(z-p—l)cq)j](z )Cp = )Cq
: P

—
a-::\ —R;Zj

!

(nkrto/ Cr.(z;r)ct)!]zcri(z-r)ct

L ]
L —

) (Z‘l) .(Z—u-l)
I F @2 60e1) o (zeuel c o
| \u ¥ [(DC | /(Z l)cu (z-u | )CV)!} u v

Zq .(z-m)C

| J { *mw/z (z-m)cw)!} m Vw ees (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 exprassions,

. s ( .) . . nzo
*1 jo_ -i=-
nXlJ l (z-l) .nA l 3 an%ong . ( N )Z
nA nP+nC

1 (IV039)
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*0
n
nI*)XyO = Zc C(Z-X)C onAon(Z-X"y) onIcCo ’ j Z
X ¥y (nA+nP+nC)
eos (IV.40)
) n*o
*»rto r t z=-r -t C
n = Zy o(2-T), sn;en .n -~
C C AP C v
r Cy (nA+nP+nc)
eee (IV.41)
!1*1
#kdl | (z-k=-d-1) K _d A i
= N - * -k~1 . . . .. 7=1
Ry z. (2 l)Ck (z-k )Cd ny Dp-ta (nA+nP+nC)Z
cae (IV.42)
1 n*l
n*Pq = Zae (Z"‘l) . (Z"’p"l) .nq.n(z_p-q-l) -npo P
P C C A°TP C \Z=1
p q (nA+nP+rb)
eee (IV.43)
) n*l
n*uv = 2 (Z_l) ( "'u—l) onucnv.n(z-u-v-l). C
C C C, TAPTC ( ) -1
1) +ip g
eas (IV.44)
XMW | mo_w (z~m-w) 1g
n = 2. o(Z=1), o0, ehpeN 2
S Cpy CW A*TPC (nA+n )z

eee (IV.35)

In the above expressions, following equalities hold gocd,

%1
n .
*1 —_—r :
nP = (nA+nP+nC) . 2 nS . see (IV-47)
#l _ (0
nO = (nA+nP+nC>o Z ns oo (IV.48>
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and
IIZO = nA - n;{l LR (IV¢49)
n¥% - n, -pft : (IV.50)
P ——— P P L IR N ) [ ]
p¥0 = p - p*t (IV.51)
C — C c [ X ] L

Substitution of the above expression for h(nA,nP,nc,nS) and
with the help of egs. (IV.17) - (IV.35), one can write, on
application of 'Sterlings approximation!, the following

expression for 1ln Q o

m (D = (nA+nP C+ns)ln (nA+nP+nO+nS) n, Inn,-n, In Bp

-nO lnnG —nslnns

N Z‘: }*: nXiJO In(n *lJO/Z (z-1) ..)_’_ f;% nzkdl.
i J J

In (0} 45, (370 bEmemtdy ) T Zap.

b (52 (0 3T T nfP an(ugFalya. (2o e

20 ngrt‘o 1n(n(’§rt°/zC .(Z_r)Ct)+ 2.2 néu"l.
r % T v

u
£uvl Z =1 . - mw
In (ng /z.( )Cu (.Z 1 1)Cv) +2. 2 ng .

in (n*mW/Z

cm‘(z-m)cw)
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lagrangian multiplier method, the following expression
for the different atomic species

ijo is0
Wy o =kT1n vAi

ij.0 2 =i . .
niJ = o) zci ( l)Cj exp(lnl).exp(-ana).exp(- EE— Y
oo (IV.59)
Kdl (z=1)n » (z=k-1) . i
ny = 0z C Cq exp(knl).exp( d n3).>
kdl kdl
¥V, =kT Inv
- A A [ ]
exp ( = ) eeo (IV.60)
Y% 1n v
Xyo _ (z~x) , _ B2~ 2
np?" = qP.zCX. Cy.exp(xuz).exp( yiy) «exp( o )
ees (IV.61)
pal _, ,.(271) (z=p-1) |
nP = %.Z-(u ...;Cpo Cq.eXp(pﬁz).eXp('—q}tl).
wgqlm‘ 1n v%ql
exp("" kT ) e (IV062)
to r%o
VUL In v
- - C
ngto = aCfZCr'(Z r)Ct.exp(-tﬂz),exp(rn3).exp(- ¢ T )
ees (IV.63)
1 | -1 z=u~-1
ngv = ac.z.(z )Cu.( 4 )Cv.exp(rvnz).exp(un3).
uvl uvl.
ox WO -kT 1n Vo .
p(- = ) ees (IV.64)

ngw = asfsCm.(znm)cw.exp(-mu4).exp(—WnB).exp {—(z—m-w)n6}.

me-kT 1n VIHW .

exp(- =2 o S-) eos (IV.65)
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In the above expressions ln «a,, 1n dP’ In oy and 1n ag
are the lagrangian multipliers for the eqs. (IV.21),
(IV.26), (IV.31) and (IV.33) respectively and Ty oy Tz,
Tys T and g 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
»y substitution of egqs. (W,59 ) ~ {IV.65 ) in the sets of

material and bond balance equations.

) »
E Z&l (Z l)Cj .exp(inl).exp(-jn3) .

a, =
A i=o j=o
iJO ijo -1
...A -kT 1n A7
exp( - T
-1) %..._— -1) - -
= {&— [z l)Ck (z-k= l) .exp(kn ).
k=0 d=o0 _
Wj}idl-k’r in v}l\fdl -1
.exp(-dnj).expnll.exp(-— 7
é "1)Z "i) ) )
- E {Z G4 exp(lnl).exp(-an;3~) .
=0 j=0 .
ijo ijo
WA -kT 1n VA
exp (- kT ) }
-1) -k-l) e
+{§ § (Z 1)0 (z-k 1>C .exp(knl) .
k=0 d=o0
Gl g GBIl
exp(-—d%).exp (- o )}

eee (IV.66)
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- ) . Ry

w;yo -kT 1n v}gyo -1
exp(= ~=—37 )]

-1 N | :
% 2=1) E__ﬁ l)z.(z"l)cp.(z-p“l)Cq.exp(-qnl) .

Bk 1n vR2 g7
exp(pm,) «explig +exp(= ~—-gz )]

)
= { Z &"XZ (z-x) 4 .exp(-—ynl).exp(x%)

X=0 y=0

WEYO-kT 1n vEYO
eXp('— KT )f

z=1) __2~l) _ o
§£Z; éimh U . (zmp-1), -exp(~qnl).exp(pn,) ,
= p q
-1

Wit 1n vBL
eXpTig exp(~ Y )} ] (IV.567)

P P

g [ £

= — “o.. Cy ,exp(~tn,).exp(rn;).
r=0 t=0 d v 2 ?
WGk 1n vy 'O ]‘1
exp(-~ T ‘ )]
=1) .(.__._"l) - —y-
= [ﬁ_— (2 l)Cu.(z u l)Cv.exp(—an)
1525 v 0
WSOk 1 IO L7
exp(un;) »exp(- ol )}

~r)
= E{Z é: @ Ct exp(—-tn ). exp(rn3)

WOk 1n vIPO

exp(= ¢ 7 G )} +{u§(; > z,(z‘l)cu‘(z‘u“l)qr.
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o kP 1n VSVl‘ -1
.exp(u n3).eXp(JVﬂ2).exp(n6)exp(- o H

wuvl

eve (IV.68)

2z 2, ' n) - |
%még - Cw.exp(—mn4).exp(—wn5),

=

. WK dn v T
exp { ~(z—m-w)} cexp(= == ol )] wee (IV.69)

Evaluation of Tyse Ty

exprassions can follow from the following six simultanecous

. “3’ gy Mg and g for the above

equations ,

(E.;)
n, 1. i cj.exp(inl).egp(—jnB).

l o J* » .
ﬁia ~kT 1In VXJO
.exp (=~ T
7~1) (2-k-1)
~ &u—- -1), (z-k=-1)
+ f;' k.z.(z G, . C,eoxp(kn,).exp(-diy)
k=0 deo ko d 1 3
W 10 v Ts  (amd) ;
A A (z-i)
exp n4.exp(— T LS Ez' £ zC . Cj.
. i=0 4=
WXJO ~kT 1n v il)%%{—l)
exp(in ). exp(- Jn3)- exp (- ,
- ~k~-1
Z,(Z l)ck.(z K )Cd.exp(kﬂl).exp(—dnB).axp(n4).
4l 1 Vzdl -1
exp (- i )}
~Ip [Z m)y 7g_. (2 x)g exp(xn,).exp( -y, )
X=0 y=0 X y 2 1
FEYO g 1 v xyo
L )
GXp(- T
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- (z71) (z=p- 4y,
+_£§L-) E?ME'l)q.z.(Z'l)cp-(Z"p_l)cq.eXP(Pnz)‘eXp(-qnl) ’
P=0 a=o

yPal pql
\IP -kT 1n Vp t )zC (z-x) )
exp ). nxp(- - WP C
> x-o y=0

WEICukr 1n vEYO
, , P A
exp(xi,).exp(=yny ) .exp(= =Fmogmp )

+ %1) §£~1)Z.(Z,I)C
p=0 ,4=0

P [ ]
q.exp(png).exp(-qnl).exp(n5~).

Wk 1 vBAL G7h -
exp(= ~==—r ) = 0 eee (IVLT0)

) .
Z (z-x) ]

n { e Xe C_« C.eexp(xmn ).exp(-yﬂ ) .
P15 V=0 x y 2 1

WEYO-kT 1n vgyo
exp(~- P =)

z-1){2-p-1) - —ryem
2> = p.z.(Z 1)0 .(Z P 1)0 cexp(pn,).exp(-qn,) .
P q 2 1
p:o q_=0 _
WP p 1n vBYL

: P P
expns.exp(- i AN

) -
[;2 ﬁ{:x i X)Cy.exp(xnz).exp(-ynl).

X=0 y=0 '

Wgyo~kT 1n vgyo
exp(= —*=ig
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- -1 :
é: 1J4§;MR ) (z—l) (5“p'1)cq.exp(pﬂ2)'eXp("qnl) .

pP=0  §=0

yRal 1 1 ngl ]'1
_exp(n5) exp(~ “WM~WE§~W“-~*wﬁ]

z Z-1)
: - S= 5, (z-1) ep( =t ,
=Ty {:E, - t.CL. Ct.eAp( tm2).exp(rw3) .
=0 t=0
rto rto
C -kT 1n vC

eXp(" TR T —)

=xp(ﬁvw )

é-l) :1.1"1) z.(z--l)Cu (Z--u-‘l)C

eXp(un3) .exp(nG).
wng-kT 1ln ngl' Z__ z-n)" (z-r)
exp (=~ s =T (g,
P kT [ r t

exp(-tné).exp(rwS) .

WEPO-KT 1n vy O ﬁ%;l)sz—u—l) (2-1)
exp( = o ) + Z. C.e

PR |
(z-u L)Cv.exp(-—v-ng) .

”,uVl__ UVl -1
i kT 1n n v ]

oxp(un3 +expiig +eXP(= %E§~“*--~)] = 0
os o (IV.?}.)

{ji‘é?fr) r.zC .( ﬁr)Ct.pr(*tn ). exo(rnz) .

=0 1

rto

rto
C ~kT ln VC’“)

exp(- KT
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z-1)(z~u-1) -
ES wez, (27

U=0 V=0 -

(zbu‘1)0§.exp(-vn2) .

;exp(uu3) EXPRL;

Ung—kT ln l)% t z=r)

exp( - i > &g .(Z-T)Ct

exp(=t nz) .exp(r%B) .

»

| gto ~kT 1n Vgto z-l)fz;g-l) (z-1)

.

U=0 V=0
(z=0-1), _ - .
Cyeexp(~v nz).?xp(uus) .
~-;4{ch6 .exp( T k,ﬁ“** w*“)} -nA% > j Ci e
i=o j=
(z-1)

Cj.exp(inl) .

ido, .,
o Wy 9%k lnv 1) ,_,h-l) e
exp(~3n3).exp( T

(z~1)ck.(z~k~l)od.

ka1l
WA - A
exp(knl).exp(*dWB)-GXP(ﬂ4)-9XP\' kT )}0

&EL_ EE; CJ.oxp(ln ). axp(»jn3) .

i=o0 j=o0
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z=1 -k-1) - e —
41éig )éég: z.(z'l)Ck-(Z k-1), exp(knl) eXp —dn3)'

-1
Wyttt 1n vﬁdl

exp(n4).exp(~ i 4 = o0
eee (IV.T2)

i) (z=k-1
ny {éi;%{éf:: )z,(z—l)ck.(z-k-l)qg.exp(knl).exp(-dn3)exp@49.

d=0
kdl kdl ol
Wy ~=kT 1n v, \ 2 §z 1)ZC (z-1), .
CXp(" kfﬁ . § - io 3

i=0 j=0
.exp(inl).exp(—jn3) .

$30 1o 1 130 (o1 V(men |

WyYU-kT In vy Z l)fz k-1) (z-1), .

exp(- o )+ > Ze Cye
k=0 d=o0

.(Z—kfl)c .exp(knl).exp(—dnB).

7 d
kdl kdl =1
. -kXT In v
exp(n,).exp(- & o7 4 )% -n [mZo W%_o:‘m- .

.(Z—m)c .
W

exp(-mﬁ4).exp(-wn5).exp {-(z-m~w)ﬂ6} .

Wgw—kT in vgw
(- )1 .
oxp(- By

z_ (z-m) _
{5:0 é;g scm.(z m)cw.exp(—mn4).exp(-wn5}.
| w@w-km in ng -1

exp_{-(z-m—w)n6} .exp(~ == )} = 0

eee (IViT73)
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-1) ' :
El ﬁf 'l) Cpe 2 "p"l)Cq-exp(pﬂg)-exp(fqnl).atp(iv5) -

po g=0

wpql-k'r In vp'o 1 (& %_ (z-x),
exp(- Z .

XOYO

exp(xn2) .exp(-—ynl)

Xy o
Wy U=k 1n v g z=l fz E 1) (Z'l)C
exp(- T ) +

P=0 Q=0

(Z'p"l)cq.exp(pnz) .

| B4l 1 vEIL 72
exp(-quy) exp(ng) .exp(- ~=—z )1 € .

A-n E} 5‘ W C . (= m)CW.exp(-mn4).

n=0 W=0

exp(-wns) .exp { -(z-m—w)nG} .

¢ .(z"m)cw-exp(-mﬂ4) .

exp(-wn.).exp { ~(z-m-w)n} .exp(- Wy =kT 1n vg )} .

eee (IV.T74)

-] -u~-1) ‘
E% )é_:_ (z-1 Qu.(zuu_l)cv.exp(-vnz) .exp(unj).ezp(né).

u=0 V=0

yuvl uvl |
-k 1n v Z Z=T)
" ° §=a (o)
(- - )]‘hz:o t=0 Cr.( -

exp(-—tnz) .
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(I)'to k‘.T ln. vrtO 1) 7 - .,.l
-oxp(r7iz) . exp(- T &E f;

u=o0 V=0

(z-l)C .(z-u—l)C .
v v

uvl uvl ~1
C ~kT 1n VC

exp(-vnz).exp(uns).exp(ns).exp( o ‘ )]

- nSE%:' éﬁf?) ZCm.(z_m)Ow.(z_m'w);exp(ﬁmn4LeXpG-wn5) .

m=0 w=0 }
w nw _
6 kT m=0 w=0 °
(z-m),

w exp(—mﬂ4) exp(-—wn5 «exp {-(z-m-w)ns}

(IV.75)

il
O

WEY-kT 1n vEY 471
exp(- i )}

The above set of equations shows that one can solve them
simultaneously for evaluating Mys Moy ﬂ3’ Mg ns'and g

at any desired temperature provided the energies and free
volumes of different atomic species are known. From a
knowledge of *hese lagrangian multipliers, one can calculate
aA; Cpy U and oy and hence the thermodynamic properties
of the system. But it is difficult to obtain the values
of ensrgies and free volumes of these species from expe ri-
mental data and hence one tries to express these parameters
in terms of empirical and sami-empirical function, so that
the number of system dependent constants appearing in the-
final expression are reduced. In the following sections

of this chapter, thersfore, 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 Approaches 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 nearsst neighbours of the
particular species under consideration.

Thus the energy, Wijo, of an A atom having i B-atoms,

j C-atoms and rest A-atoms around it can be expressed by

the following relationéhip,

w0 -

1% =1 0 o4g 9 H(zmimd) 9, vee (IV.76)

where, the constants QAB’ ?AC and ?AA can be éxpressed in.
terms of certain standard configurations. Thus, from the
above equaticn, one gets by setting both i andvj.equal to

zero, the expression,

Wl =2 %, eee (IVLTT)

and also one gets, from eq. (IV.76), first by putting
i = land j = o and then i = 0o and j = 1, the following

expressions
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Elimination of 9,,, ?,pand 9~ £rom eq. (IV.76) with the
‘help of eqs. (IV.77) - (IV.79), yields the following

expression;
wkde - yooo i(lwioo_wgoo) + 3(0104000)
=% 11 au%0 4+ 5 410 oo (IV.80)
where, |
A1 00 = w00 200 (1v.81)
and :
A Q10 o 10 _ 000 oo (IV,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;

lnvj’iJO = 1n vgoo+i(1n viOO—ln v200)+j(1n vglo—ln VXOO)

ere (IV.83)

kdl 000 : olely) 001 00
WEAL = 400041 (y100-000) 44 (w010 700) (g0 F ~4R00)

oo (IV.B4)

kdl

In vy°" = 1n vgoo+k(ln vﬁooaln vg00)+d(1n vglo-ln VXOO)

+ (1n v900% 1, 000 ve. (IV.85)

\
A

o 0 ,.1 0 010 .00 | '
w:}gy = W%O +X (WPOO"W% O)+y(WP O~W% O) eee (IV‘86)
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1n v%yo— 1n V%OO+ (1n v%oo—hn vooo)+y(ln vglo OOO)

oo (IV.87)

L _ 000,100,000y (010 00
wB3* = W i )+ (W3 0D %0) (1871 1090) L (1v.88)
1n v2 - 1 Vgoo+ (12v2%0 10 v0%0) g (10 192035 0%0)

+ (1n v3%%-1n v300) ee. (IV.89)
W5 t0 = w3 %r (520300 4 (u100%0) vee (IV.90)

1n Vgto = 1n v800+r(1n véoo-ln v800)+t(1n vglo In vCOO)

eee (IV.91)

1 000
WL = 1000, (5200 Q00 4y (4210 w990) 4 () =W )4 (IV.92)

C C
1n ngl = 1n v800+u(1n véoo In V%OO) v(1n v%lo-ln vgoo)

V" = 2 g0g)+ HugP i) {2 (0-ig) v (17.94)

= m “7 ) -
=2 Awgoj» = AwdP+ 22T AWQ0 + g een (IV.95)

Where WS 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,

1 2 = 2 (i v vg)e ¥ (22 9800 vy

(z-m-w 00_4 Yo
+ - (In vy -In VS)+ In vgq

«

z 20, ¥ Ay (z-m-w) 00
” Aln Voo 1mS + ~ Oln v Vg +1n Vg

oo (IV.96)

111
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Although one can solve the set of equations (IV.70) -
(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 subsectiong, therefore, several such simplifying
assumptions have been made to obtain différent 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 dcpendent or
based on the effects of energies and free volumes. Thus
the egs. (IV.59) - (IV.65) get modified to a new set of the

following alternative forms:

ijo 2 - : : *
ni& = . Ci'(z i)cj.exp(lml).exp(jJWB) .f;(IV.97)
nkdl o o p(2m Do (2-k-l)6 ovntins ) e (=diz) is)
A= Q.. K geexp(kny).exp(-diz .exp(n4
00 (IV098)
Z - .
ngyo = ap. CX.(Z X)Cy.exp(XWz),exp(-yml) ees (IV.99)
1 -1 —p-1)., |
nBd* = aP.z.(z )cp.(z P )Cq.exp(pﬂg)-exp(—qﬂl)~exp(n5)

L X 3 (IV.]—OO)
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(z-r)

_ z - | 1.
Dy = = 8ge Cpe Ct.exp( tnz).exp(rns) ee. (IV.10%.)

uvl _ (z-1), (z-u-1) _ g -
B2 e Cyue Cyeexp( vnz).exp(un3).exp(n6)

=
«Q
1

vee (IV.102)

nlgw - as.zcm.(z.m)cw.exp(—mfﬁ4) .QXP("'W'Es)QeXp i‘(z-’m‘W)ﬂ'G}
® 00 (IVIlOS)
where, 2L -

: 2
o = nA[ §1+expﬂl+eXp(—n3X +Z exp(n4). §l+expnl+exp(—n3ﬁ 3

oo (IV.104)
. > -1
2-1
oty = np% L+exp(-np ) +expm, | +zexp(n5)”§l+exp(-nl)+expmé ]

se s (IVolOS) .

, r 24,71
a0 = nc{?l+exp(—u2)+expn3z +zexp(n6)’{l+exp(-n2)+expn3} %

ees (IV.105)

-2
ag = ns[exp(—n4)+exp(—u5)+exp(~n6)} ees (IV.107)

Also, from the set of egs. (IWJ0) - (IV.75) one gets the

following expressions for the present case,

nA.egpul{1+expnl+exp(-nB)+(z-l)expn4]

(1+expnl+exg(—n3)+.zexpn4x l+expnl+exp(-n3)}

nP.exp(wnl)[lt?xp(-nl)+expﬂ2+(z—l)expn5]

s, o

—

(1+exp(-n1)+exp(n2)+zexpn5)(l+exp(-nl)+expn2)

ees (IV.108)
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nP.expn2[1+exp(-nl)+egpn2+(z—l)exg(n5)]

. (l+exp(—u1)+expu2+zexpn5)(l+exp(-nl)+expn2)

ng exp(-ﬂg.[l+exp(-n2)+expn3+(z~l)expn6]

(1+exp(—ﬂ2)+expu3+zexpn6)(l+éxp(-n2)+expn3)
.e. (IV.109)

Esfexp(nS)[l+exp(—ﬂ2)+eXpﬂ3+(Z'1)eXPﬂ6]

(1+exp(-n2+exp(n3)+aexpﬂ6) {l+eXp(—nl)+expn2}

Egexp(~ﬂ3)[l+expnl+exp(-n3)}(z~1)expn4]

(l+expnl+exp(-n3)+zexpn4){l+expﬁl+exp(-n3)}
eee (IV.110)

n, expm, : nsenﬂﬂ%) »
flexpnl+exp(—n3)+zeXp(n;7 = exp(~ﬂ4y+exp(-ﬁ5)+exp(~ﬂ6)

oo (IV.111)

Op @Xphg nsendﬂ%)
i+expn2¥§xp(-n17+zexp(w5) exp(~n4)+exp(1n5)+exp(»ﬂ6)

eeo (IV,112)

R exp(ng) ng exp(—n6)
Trexpugtexp(~n,)+zoxpig  ~ exp(-n,J+exp(-ig)+exp(-ng)

eee (IV.113%)

For very dilute solutions of component Sin the
solvent containing A, P and C, the above set yiclds the

following cxpressions relating constants m " etc. with

s
different mole fractions;



179

1 n, —.NA
n N
= "s" = "“S . .
axp(nz) "5, "W ves (IV.115)
0 ’
- A _ A
exp(ﬁ3) = hy <R eee (IV,116)
n N
exp(,) = ﬁ—i - ﬁf« oo (IV.117)
n N
S S
exp(ﬁ ) = - =5 so e (IV.l]B)
5 np NP
n, N |
exp(ng) = H% - N’és' veo (IV.119)

Substitution of egs. (IV.114) = (IV.119) in egs. (IV.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 parfition

function of the solution under study,

kThQ:(%mf%mylnmN%m&%)

-n, 1n n,-np 1n np-ng 1n ng-ng In ng.

. zn
—— - 00 100 10 _ oL
EMH@mUmQ{I@(A@ fﬂzﬂnﬂx)ﬂm(ﬂﬁ_ thm%%.
001 001, 1]
+ ng( 8" -k Ain v0 )J

P 10 010 Awl00 _ym Ao 100
" (ny+nptng+ng) EnA( BRY-kr d1n v P)amg( OWp T -kD Blavp D)

001 01
+ ng( AWy T=kT A1n v% )}
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10 : 1
+ ( Aw% ~XT Aln VOPlO);[—ZN Nl [( Awk00-k1 Aln vPOO)

+ ( &W%lo-lelln vglo)]~zN NANS[( Aw%lo—km Din vglo)

+ (8ugP%kr A1n v199)]

N N, [2( AW T-kp A1n vO)+( AWEC-kr O1n vEO)]

N N[z Awgolr-kT A:angOl) +( AygP-xr A1n vE%)]

¥ N [z( 201 A 1n vOOLy 4 ( AyTO-kr A1n v80)]
C C C S S
oo (IV0122)

Though the above expression forms the final relation;
ship, one aimed at in the beginning of this theorefical
treatment, yet for the purposs of testing its applicability
and, also, to make its use for the actual systems, one needs
expressing the ehergy 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 egs. (IV.120) and

(IV322 ) as follows,
ex _ -
AGmix(A+P+C) = (N.k.T.an)/(nA+nP+nc)
= Nok.T. (N, In Ny+p; 1n Np+Ng In Ng)
N |
= 2N, Jp. [ ( 8100k A1n vi90) (2 1810 L1n v%lo)]
+ 2N W [ (A0 0-kr 810 v§19)4(8 4320k A1n v;20))

+ 20050 [ ( AWE00-kn Aln vI00)4( 4y§L0-kr 81n v310)]

eee (IV.123)
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AEEH= - N[z (b Ha0T=kr  In v0Oh) 4 (AuE? k7B 1n vEO)]
eoe (IV.124)
Aé‘gfﬁ) = = N[z.( Awool kT Aln vOOl) + (Aw’z-kl‘ Aln v “)1

eoe (IV.125)

DGR = = M2( L w0 =k A1n v30h) 4 (A430kr A1n v30)]
5(C) c c S
eee (IV.126)

With the help of eqs. (IV.123) - (IV.1l26), one can write
eq. (IV.122) in the following alternative form containing

only the experimentally dsterminable parameters.

ex, 0 _ TeX, M AREX, ® A ®_ pALeX,
Aes( Ny B g}y, A6 p) * Mo Gs(é) GMlx(A+P+C)

s(A) ~ AGA(A+P+C)] + Wp[ A “é}(‘ ¥ =BG ayps0)

38X, ® _ AFeX

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 expression,

n -g
GEX, 9, ZN-[A ex, _ A\Fex

S(l 5 seet) T £ i s(i) T "Yi(1, 2,....n)]

Cve. (IV.128)
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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!', :

TeX, 0 _ TeX,® _ A RBX
bGgrhyp) = Ml 2GRy ~2Cx(aqsny]
=8X,00_A ®€X
+NB[AGS(B) AGB(A+B)]  eee (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.

IV.2.1.2 Randomly Distributed Solvent with Preferentially
Distributed Solute

For this case, the interactions among the constitucnt
solvent molecules or atoms are assuméd not to affect the
distfibution of different type of atoms in the system. Thus,
for this case, the set of =gs. (IV.59 )~ (IV.65 ) take the

following modified forms ¢

ijo _ 2~ (2-1)n . .
ny v o= a0, . Cj.exp(lnl).exp( JEB) ees (IVL1%0)
nfdl = qA.z.(Z'l)Ck.(z'k'l)qfexp(knl).exp(-dnB)
AWtk B1n Q0T
.exp(n4):exp(~ T ) ees (IV.131)
n%yo = aP.ZCX,(Z-X)Cy.exp(xnz).sxp(-ynl) eee (IV.132)
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pal _ (z=1)n (2=p-1)n : .
nd = ap.z. Cp C,+exp(pn,) .exp(-any)
| a0 oy am v30
exp(ns).exp(-— T —) ers (IV.133)
. Z -r T
it = ay. cr.(z )Ct.eXp(~tﬂ2)-exp(rﬂ3) eeo (IV.134)
- —u-1
ngvt - ao.z.(? g, . (2 o exp(=vn,) cexp(uns) -

830tk 210 v301
exp(ig),exp(- 0 —) ees (IV.135)

ngw = as.ZCm.(Z'm)Cwl.exp(—mnor).exp(—wn5) .

AwZs0 A 0% A 00
m W_SL + WdVig Hzimw) Wy

2xp i -(z-m-w)n6} cexp(~ T

exp{(nd1n v§’°+w Alp vgz+(z-m-w) Ain vgo)/z]_

eoe (IV.1%6)
where,

a = nz[l+exp'nl+exp(-n3)]_z vee (IV.1372)

001 _ 001
AW~ =kT Aln Vs

ni. z.exp(vu).exp(- T ) .

~(z-1) ee. (IV.137D)

-[1+expmy +exp( —TC3]
2

= 1, {1+expn1+exp(—'ﬂ;3)} +.2 .exp(n4) .

WXO]'-va Aln VXO]’“

sxp( = il ) {l+expnl+exp(-'n3)} (Z-l)]hl

ees (IV.137c)
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ap = ng [l+exp(-nl)+expn2]-z | ee. (IV.1%82)

= n% [1+exp(’“1)+expn2]_(z-l)[Z-GXP(“S)°

21200 a1n ¥200 -1 |
exp(- T ‘ )] eee (IVL138D)
3 AW%OJ’-I:T Aln V%Ol
= nP[{l+exp(-nl)+expn2}+z.exp.ksexp(~ T T-ww).
{l-i-exp(-nl)%- pr’mz} (Z-l)]-l ' (IV0138C)
0q = qg [1+exp(—n2)+exp.n3IZ eee (IV.1392a)
001_,n A 001
- m} Tavexp(ig) sexp(- Sm g G
= Hn «€XD 16 «€XD %7 .
{l+exp(-n2)#expn3}(Z*l)]'l ess (IV.139b)
| . B AWgol-KDA]n v801
= nC[{1+exp(—n2)+expn3}+z.exp(n6).exp(f ) .
{1+exp(-n2)+@xpn5}(Z'l)]'l oo (IV.139¢)
and
’ B UEO-x1 Aln vE°
0 = ns[exp(-uﬂ4).exp(— 0 )+exp(-n5).
AG® -k Bin vg” Awgo Y, QAP vgo—z
exp(~ KT ‘”)+exp(-u6).exp(- T )]

ees (IV.140)

where, the symbols nz, ng, ng represent respectively the

numbsr of atoms of silver, lead and copper not surrounded .
By the atoms of solute component S i.e., sulphur in the -

present investigation. TFurther the symbols n%, n% and n%
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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.T70) - (IV.75) also take
the following modified forms :

001 001
AWA KT Mn )

expﬂl[l+expﬁl+eXp(-n3)+(z-1).exp(n4).exp(f_ . 3]
ny o
{(1+expnl+exp(—n3)}.[1+expml+exp(-n3)+z.exp(n4).
820 4 10 ¥201
exp(~ T )]

exp(—nl)[l+exp(—nl)+expn2+(z—1).exp(n5).
001

Angl-kTAln Vp
.exp(= g~ ) ]

— n ot = i o NP M M+ Bbes e 2t

{lfbxp(-nl)+expn 1. [l+°Xp(~n )+oxpn2+zexp(n5)
{AWSO]"‘RT Aln VOOl

exp(= === o 14 )] | ees (IV,141)
o
eXpTEZ[lwxpnfeXp( n1)+(z-1) eXp(n,i) exp(~ - 5 -mm)]

“pe {l+exp(—@l)+expn 3. [L+exp( ﬂl)+CXpﬂ2+Z exp(mS)

AWQOl-kT Ain V%Ol
eexp(- kT _ )]

exp(-%Z).[l+exp(-n2)+expn3+(z-l).exp(n6)

Angl-kTAlnvgol
exp (- KD 7]
=N~e - . .
C
{l+exp(-n2)+expn3}.[1+exp(~n2)+expn32.exp(n6)

8 40w A1n Q01

exp( - - Y voo (IV.142)
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exp(ﬁB).[1+exp(-n2)+eXpn3+(z~1).exp(n6)

230 A1n Q0%
»oxp(~ % e ]
NDye == , : W T e
{l+exp(-n2)+expn3}.[l+eip(—n2)+expn3+z.exp(n6)
T S P
.exp(- rul
exp(-n3).[l+expnl+exp(-n3)+(z-l).exp(n4)
001

AnglnkT Aln vy
»exp(~ o )]

=N, 8 T :
A {l+expﬂféxp(—nB)}.[l+expnl+exp(~n3)+z.exp(n4)

Awomm Al v001
,'eXp(— A kT A )J e (IV0143)

A OOl By 001
n, «[2zeexp(n,),exp(- A A )]
1_ . O g e R kT

AT T 098%r 1 tm ¢00F
— " - nv
[L+expm; +exp( n3)+z,exp(n4).bxp(_ - A )]

n

AWZQ;_kT Aln vz «0

exp(~ B S
gns.exp(-n4).exp( T A )

- . bug° - A1n vg®
[exp(fu4)Jexp (= =57 ) + exp(-ns)

BUSP-kT A1n v | Aw‘s)Qk:D Mip v90

.exp(- R )+exp(-n6).exp(- 75T 3 )]

vee (IV.144)

r Awgoi~kT Oln V%Ol
1 nP.Lexp(nB).exp(~ m—— - I
" [vesa(ony) (1) op(- 22 A1 T
exp(-n4 +expl,+2 «exp(ng ) sexp o ~—)]




188

AWS®-kT Dln v37?
ngeoxp(=ng) exp(= —pmett)
Zﬂsib}&p 5 .0 | p ch‘[j

s e,

o T e

. Awgo-kT Aln vgo
[ex;a(—3x4).exp(— — )+exp(~--7n5) .

AugP-kn Aln v§7 bug0-k1 Mn v
exp(- iy ) +exp(-—ns) .exp(- ] )]

eee (IV.145)

and finally,

A?h((cml-}a(‘lf Ain vgm
nC.'[z.exp(n6).exp(- T R )]

00 001
[1 , . | Aty =kT A1n vy
+exp( -m2)+expn3+z «exp(ng) »exp(- = )]

1 —-
nC ="

- 8%~k 81n v30
z.nS.exp(-n6).eXp(-— M )

il

e s

AVEC-kT Aln vE°
[-exp(—i'u4).exp(- o R )+exp(-—n5)°

Awg-z—lﬂf Aln vgz AP0 _yep A1n vO0

.expé o )+exp(~':cé).axp(— — S )]

Ce. (IV.146)

For infinitely dilute solution of component S in the ternary
solvent containing components 4, P and C, the above set of
equations yield the following expressions for parameters

Tys Tpeee etc., in terms of mole fractions of differamt.

constituents of the solution;

1

exp(mny) = - vee (IV.14Y)
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Z nﬂ“nc
exp(ﬂ2) = --¢«~I~ ee. (IV,148)
ZnP “RP
Z N, ~n; .
exp(ﬂB) = A“‘%” o0 (IV0149)
Z N1 .
“C C
() - Ni ng ( Awgpl—km Aln viOl)
exp(n = ==, =2, exp =
‘ eee (IV.150)
| N g a90h-kr A1n vp%
exp(ﬂB) = -EE '-H;" eXpl( "
eo. (IV,151)
and;. |
' Ny ng A‘JIgOl-kT A1n vt
exp(ng) = T, - EE . exp( — %

eeo (IV,152)

whiere the values eof N% , N% and Né are derived with the

nelp of set of egs. (IV.144) - (IV.146) and egqs. (IV.150) -

(IV.152) and are given by the following expression,

2
q
NA
) AWZO-kT 81n v Aw2°l-km Aln 301
NA.QXP(— ZkT )feXP (" kT
5
N%

8¥§%-k2 Aln v5P Ay g A1n vyt

2
\i < - ~ -
kP.ezp( e Jeexp ( o )
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le
C .
. Awgo~m Mln vgo Aw001-km Aln vSOl
nc.exp(- I ) eexp(- T )

With the help of egs. (IV.13%)

write eqe. (IV.52) for the partition

in the following forms,

1n 02

(nA+nP+nC+nS) 1n ( N, +npHy Hig
z n, 1In (nA+nP+nC+nS)+ZnPlnnP

znglnn, - zngyln (nA+nP+nC g )

)

o}
S n

znsln(nA+nP+nC+n 2

A

1 0 1 :
- nP in ozP--nC 1n ao-nc In occ--nS

A VJiooukT Aln v

ijo

lna—nl

eee (IV.153)
- (IV.153) one can

function of the system

) + zn, lnng
- znPln(nA+nP+r_10+nS) |
+ 2 Ng In Ng

o
A In a;-np In ap
in Aoy

100
A

inA( i

010 010
130 A W, T kT Aln 0

niteupe

( kT

10 100
AWA v

0

-k Aln A
kT
0
/_\WA

)

ta kT Aln v

7 =k=~1)

- 37

k=0

010

kdl

d m KT
d=0

Awi00r Ain V_%OO

P
kT

Xyo
Op

E'Z"-X

( )

010 o Aqw O
) zyo, BUp T -kI Oln v

: Z
Ay 3" x
X=0

10,
)*ﬁ:l)p .

o ———

P
¥ (
<= T KT
100
P

100

AW =T Aln v

kT

nB )

p=0



!z~f-1) pql( AW%lO~kT Ain vglo) 3:. rto
- qo [] oo e ren .
e p KT e, o
B30 81n v 00
(— |
vz—r) rto (zﬁwglo—lekln vglo) z=1) wl AWé‘ookTAln véoz
-t pa— - tn o ov——— [P
't:O nC kT \1—0 C w
. 10_ A 010
g, uvl(lkwg @ tn g0, (19.15)
onc * kT os s .

V=0

The above expression is further simplified as,

1n Q2

(n, +np+ns g ln(nA+nP+nC+nS)+zn In n,
- znAln(nA+nP+nO+nS)+znP In np-zn; ln(nA+nP+nC+nS)
+ 205 In ny-zny 1n (nA+nP+nC+nS)+zns 1n ng

- zng ln (nA+ P+nc+ns)

1, +ip iy
(n A-—znS A)1n ~zngNy; )+ zn, In ( —"“fi—‘~—-‘)
i *Ng

1

fE£+nCenS)

-2 Zng Nlln n, -zn N l
n, =N
Ry =Ry lg

In(

n, + 140 -n
A PTC TS
(nP-anN%)ln(nP-znsN%)+zn In( . T.n =)

- 2 zn N3 1n Np-zn n ( )
Detp p~zng Np nP-Né'nS

-mfmg@mmfmg@w%m&-~

i)
G“No S
' 1 1 - D) t0ping iy
~ 2 zng Ny 1n Ny-z ngiyin (s T )

ng-Ng ng
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L 800 a1 Q01 0L tin 901
nslnns—-anNA( T ’ })- 2 nSNP( o
1 Awgo-]:kl‘lkln vgol 1 ‘Awg Ok Aln vgo
zngls ( 7 )=zng ) ( 2 1T )
L AUSZ-K1A1n v§? L A0k B1n vg?
2ng N (=77 )-zngNa (=g
np=n N% AW_E];OO-KD Aln vi.OO
2ny (»'n A Hp %é' kT
ny —nSNé‘ I e L S T
any (nA +np, 0 Hig )( ki
s NG )(Aw_%oo ~kT Aln leO)
v P
_nP D s+ g kKT
n, - SNi‘ Awglo-kﬁl b1in v¥0
( (
2y N, 0y =g kT
1 100 100
i (nA—nﬁ_ Ny Y AWC -7 Aln Vg \
C nA+nP+nC"nS kT
n,~n I\Tl AWOlO-k_T Aln vOlO'
g (B S B ) (—C ¢
nA+nP+nc-nS kT
1 100 100
np-N AWV =KT Aln vy
ZNln o PS5y (—h -

n A +nP +n ¢ S

1 10 010

ZN]hS (nA+nP+nC g ) _k‘l‘ )
zN%n ( nC‘NCnS )(AW%OO-kT 4 In V%OO
S N, Hp+o g kT
L N}Lns AWk A1n %10
- 20 +nl,:ag:ag )
ZN% s n, -Nln ¥ AW(%O(P—MAMV%OO L (T N:IL) ng )
n, +nP+nC ng T )-4-zncnS I +npHig ~Ng
g0k Dan v
( = ) ... (IV.155)
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and therefore,

N w
!a 1n Q = 1 I:\. l P 1 C
=) 2zl 1n 3 + 2z §p. ln =5 + 22 Ny 1In ¥

' ANy ‘Ng>0 .
2%y g iy Np Ng
4, ook ann v by0% g1 A1n vp ot
- 2l KT )= Ay
b gtk b1 vg™t ) AVESE Aln vE°
KT )- ZN.[;( '
o)/

VL L n vy’ N

Z3p ZKT , ' zkT
00y a1y 4100 | 09081y
)= 2l (VN5 T

1
- ZNO(

010
v, )

i 1
- ZNI( P"‘NP) ( -
100 100 BYO0_a1n 010

AWS =kTAIn v

avE %0 8 1nvy Y 1. bugHexrtn vt

~ 2l (8 W) (o) -l (=) . )

AJ}»OO-M Aln VE;OO) N ( Awglo-m Lln vglo

NP( i +2N; Ny T

AWlOO-kT A1p leO A WOlO-kT Ain vOlO
T G )iy, (—2 £ )
Sl i 2Ny, FT

o g0 b g 8wt a1n vt

"ff ZNCNA( kT )'{'ZB‘CL P kT

+ le

coo (IV.156)
From the eq. (IV.155), one gets en expression for the
integrel molar propexty . by setting ng equal to zero
end the following expres‘sions for partisl molar properties

of the solvent components.

~ex _ lOO 100 010 010
MG (1ypeg) = 2N Hpl{ AW V-2l 01n v )+ A‘P ~kT01n vp™) ]
+ [ (A w00 din v?lo) (8300 815 +1%0) 7
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- 2zl I P[(A‘JIOO_M Aln vi00)+( A‘«‘Iglo—k’f Aln vglo)]

010

lo-—k”‘ Aln vy

( A‘.-*Jéoo—kT Aln v

100)]

)+ o

- 2N I [(A )
-z g [( Avloc’-m a1n vi00)+( 61810 kr A1n v210)]

ves  (IV.157)

j7ex 1200 100y ,( 44020
oz NNC[(AWIOO—M b1n vi00)+( Avom k? 81n vgi0)]

- 2w, ( AWk a1n v )+( AP0k A1n vo9) ]
- 5 W [( 8 ¥ 0-kr Adn v)IO)+( 21001 8 10 vi70))

- 7 Wi [( 8 W5 0-kT 81n v5 0 )+( o0 41n O10)]

veo. (IV,.158)

and finally, -

~ex 010 010 100 100+ -
AGC(A+P+C) = z NN, [( AJ kDO In vI )+(Aw ~kTA1n vy )]

-z NNAI\TP[(A'JI:,LOO-—I«:TA]. v, 20)+( An,om KT A 1n O10)]

- 2 NN N [(D W 21T Aln v, -kT 81n v

- 7 N[ mloo—k‘r B1n vi00)4( AWOlO—kT Aln 010)]

\

cos (IV.159)

One can slso arrive at egs. (IV.124)~(IV.126) from eq.
(IV.156) for expressing the properties of the solute S in

pure solvents &, P and C.
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Elimination of energy and free volume terms from

eqe (IV.156) with the help of egs. ( IV.157 ) (IV.159) and

(IV.124) ~(IV.126) yields the following expression,

oo 1 N} 1 N% 1 Né
X = == 4 s —t
AGS(&+P+E) = ZZRT[NA in NA Ny 1n i + o In NC]

1. \=x€x,00_,=mexX 1r\ 7€X,® _ AREX
+ W LAG5R) ~ A8, apee) PRI A B5(3) = “Fp(s4pe0) ]

=e¥,00 AmE€X ) '
+ NC[ AGS(é) -.AGO(ﬂ+P+C)] LI ) '(IV0160)
1 .1 1 . : .
where, the terms NA’ NP and-No are given by the following
expressions,
k, N,
1 LA
Nﬁ = .kﬁ‘NA+kP:ﬁ§+ko‘NC ceee (IV.161)

1 kpNp

Ny = . Ty (Ivol62)

1 kC.NC (IV 63)
N = . R .1

- and according to eg. (IV.155)

kA = eXP [“ 2 ZRT '] ' asse v(;Vql64)

2]
ae)

i

(e}

»
he]
—

1
CQA
"d‘i

A'L~.I

veo (IV.165)

AG |
S(C)
ko = ?Xp [f 2 ZgT J cee (Iv.l66)

' One cen write from‘the‘abcve sets of equations, the

following expression for the‘property of solute in a binary
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solvent contoining components A ond B only.,

1

N N
e 1n ﬂ_]

+ h
NA

AGS? tn) = 2 zRT[IT 1n =

S(A+B B

LT agen
+ Ny [AGg(2Y - AGI(A+B)]+NB[ AB5(2)-" B3 (asp)]

eeo (IV.167)

where, kA N
: .1 L

N = eoe (IV0168)

and
kB.N .

1 B

N = ee o (IV. 169)

BT Xy oWy ¥l N

- with the functions k; and ky given by the following ex-

pressions,
AGeX @
kﬁ; A= eXp ["' -’.2_—2-}%?[\-1—1 Py (IV.l?O)
?nd AG“GX Q0
S(B <
kB = €Xp ["‘ > ZRT ] ces (I"ol?l)

Similarly for

m

mul ticomponent system conteining components
1,2,3,¢0e4n , One can write by induction the following

generallized expressions ,

1
n N
=E8X,00 - l _];
AGS(i+2+...+n) = 2 zRT | %51 N; In i
=eX
sz \T [AG ) AGi(1+2+...+n)J oo (IV.172)
where, e N
1 . i3 z
Ni = nZ k tee (IV0173)
N
=l ‘l 1
end, ATEX, 6
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IV.2.1.3 Preferentislly Distributed System

In this case the distribution of both the solute and
the solvent molecules or atoms is sffected by the interaction
emong the neighbouring atoms. Thus with the help of egs.
(IV.80 ) - (IV.96 ), the set of egs. (IV.59) - (IV.65) take

the following modified forms,

50 (2t) 010 a1 v
010 010
_ N O1n vy |
. exp[-j(ng + i )] oo (IV.275)
100 100
AWy =kT O1n .
kdl - -k=1 Vi
nf = ocﬂ.z.(_z 1)ck.(z k )Cd.exp[lc(ﬂl— - )]
pVoR0opr Aln vD10
. GXP["‘d(TFB KT )]'
: AWOOl-kT 81n v |
w20 = a2y (z-%) . W%OO kT &1n V%OO
PoT P Cy.exp[x(n2 T )]e
¥, A1n v,020
. eXp[—y(TEl+ kn )] *e s (IV0177)
100 100
: AWSVERT Aln v
pal _ (z-1)n (2z=-p-1) _ .k P .
Nt = UpeZe CP. Cq.eXp[p(ﬂz T )J
skt a1n M0
. exp[-q(nl + il )] exp(ng)*

. exp[~ T ] oo (IV.178)
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AW kT Aln v
rto 2~ (z-1) ¢ ¢
nC acov Cro C_to eXp[r(TE3 kT
A0k Aln vglo
. eXp[—t(ﬂ2+ kT ) )] eee (Iv'l79)
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Il

H0%p Oln leO
u’ g C¥PLU T3 KT

A0kt Aln 810

. exp[-v(n2+ U

NI -k Aln ngl
eXp [ﬁ6- ( _ET )] eee (IVolao)
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aCoZo

vhere,
100 _

0 AWI];OO-kTA In v}
n, [1+ exp(my=- T

Li
pWp 01 b1n (O .z
)] ees (IV,181)

+ exp(—n3 - T
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ny AWk A1n YO
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Zk%&ne kT O1ln vy
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100
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fexp(-ﬁBu T see (IV.lBle)
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a0xp 810 010 ~(2e1)
Y )].
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+ z exp(w i

i )] ee. (IV.181b)
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ve.  (IV.182)

L3 3 (IV.I823)

es. (IV,182b)

coo (IV.183)

ves (IV.183a)
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2020y a1 7010
= no[L+exp(-m,- T
aWg 0kt Aln g0 (z-1)
+exp(ﬂ3 - kT )}‘
A ng-k'r Aln v 0y 0% o 10 leO
.[lfexp(-nz- o )+exp(n3 P
a3t a1n vOT 1
+% exp(ns- T )] ves (IV.183Db)

The bond balance expressions viz., egs. (IV.70) - (IV. 75) also
teke thé following modified forms;

A0 i Arp v AyL00_yp p1p 190
A A "

oy [exp(ny~ KT )] [1+exp(ny- ey
0wt a1a vﬁm
+exp(-—1t3- i )+(z—l).exp(n4) '

001 001
A‘HA =kT Aln vy

.exp(- i )]

wioo ~124 11 00 Awf,’lo-km Aln vglo -1
.v[l+eXp(1tl — )+9XP'(-7T3 T )]

100_, 04 1y 4100 w010, o A
AWV -k 0 1n v, AW, “=kT Aln

0[l+exp(nl- kT . )+exp("n3 kT )
svp Ot a1n ngl -1
+z exp(n4) . exp(=~ T )]

= ex (-n 2 E )]. [1+exp(-nq~ )
= np[exp TT ] [L#expl-y - KT

ATI%OQKT INERT a0tk b1n v%"l

fexp{ Toy= il Y+( z--l)r—s:ch(ﬂ5 T )] ’
2wk Aln v%lo Byz2%-kr Ain vylO
.[l+eXp(-ﬁl— kT; )+eXp(W2— " )J

-1
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a0 mp 10 ay200 ypa gy 100
P P P VP
. [l+exp(--,nl T )+9XP(112" ®T
a0 - A1n %01 -1 |
+z exp(ﬂs- T -) 1 ces (IV.184)
avz0-kr Aln V%oo a910 e 8 1n w920
.nP[eXp(nZ- il )] [l-!-eXp(—nl T
a0 a1n v A\J%Olk‘r A1n v90%
+exp(my= T J#(2-1)exp(mg- ¥T 2
AW p1n v A‘flook’r On vp¥ -1
'.[lfeXP(‘ﬁl‘ o0 )+exp(ﬂ2‘ kT )]
av¥%ma1n 30 L o a1n +190
P P o Wy Vp
o [1+exp(~n~ T )+exp (= T
| I NP |
+z exp(ﬂs- o )]
“ A\*Iglgk(ﬂ Aln vglO Ai.’é)lokTAh 010
= nglexp  (-my- T )1« [1+exp(-m- KT ]
0wt a1n v AWOOIM Aln 301
v explnge - )+(z-1) exp(rgm ~p—C) I
AY 81 %T4 Iny)™ 00 a0 vEO0
a0k a1n vglo w0 ain v
.[l+eXp(—n2- T )+8Xp(ﬂ3— ®T '
a0t an w30 :
fz.exp(ns . kT )? ‘ oo (IV. 185)
ai00-xr A1n V%oo AygtOmkr f1n glo
nc[exp(ﬂZ- = I{T )]' [l+eXP(""ﬂ;2- kT )
3 YR00_yp A1n 200 A”SOl @ blg go:L
+exp(ms- . =7 }+(z=1).exp(mg- T )]
g - A1n v AyE%%m a1n w30 1

[l+eXp(~ﬂ2- T )+eXP(ﬂ3 KT )}
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OlO AWlOOkT[Xl leO

a0y A 1n vO C

.[l+exp(—n2~ o 2 )+9Xp(ﬂ3 kT
AWOOl—-kT Aln 801
+z.exp(mg- o —) ]
A0 k1 p1n OO ayL0Qup A 1100
- [e (*ﬂ 1 A )] l+e (n - A A )
=n, [exp KT - [1+exp(my KT

-1

a0 a 1n v?lo | A 9%%kr a1n 901

+ exp(-miz- T - )+(Z-l) exp(m,~ KT . )]
0% min };OO 8wk a1n 920
.[l+exp(ﬂl kT )+exp(-ﬂ3 kT )]

s ain 4190 A JﬁlOkT Aln 910

.[1fexp(nl- T )+exp(—ﬂ3- T % )

AWROl—kT Aln vROl -1
+a. exp(m,~ T )] oo (IV.186)
3%k A 1n +§01

My [(z. exp(my- = )]

3
2y

= 100, o 100 AyCLO ;010
AWA ”kT Aln A ‘5 kT Al A

[Lrexp(my - KT Jtexp(-ng X7
Ot a1n ;0%
+z eXp(ﬂ4- kT )] se e (IV0187)

AWZO-XT Aln vgo
ZoNeaeXp( =1, = > D )
+Ng e CXPA =Ty ZKT

+Z0 Z0 02 0z
AVg"=kT Aln vg Aws ~kT Aln Vg

ZKT )+exp(-mg- ZKT

Ang—kT Mn vy |
a3 -kt 81n Q0L
l nP.[Z exp(ﬂs“ kT )J
n =
F a0 A1n vOL0 8200 g 4 10 50
[l+exp(-ﬂl— T )+exp(n2- T
' A TJ%Ol kT Aln V%Ol
+7 exp(n5 i )] eo. (IV.188)

[exp(-n4)_
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Al {OZ‘kT Aln VS

S
- Z.ns.eXp(—ﬂs . —~T | | h
B OWEO-kr Aln V5O ANGZ-ET Oln v3?
[eXp(-ﬂ4 i )fexp(—ﬂB— T
W30kt Aln vgo
| A\‘IOOl KT Aln v OOl
nl== nc[z eXp(n6- E%, )]
C s¥atke a1n oG m-:flookcn M w0
[l+exp(~n2 T )+9XP(ﬂ3“ KT )
A W%Ol-k’l‘ Aln ngl . |
fz exp(nG— T )] ces (IVf;89)
aW30-xk1 81n vgo
) z.ns.exp(—nG T
AVEC-KT Oln vgo Mg3en Mn vg®
[eXp(-’II4 2T )+eXp(—T[5- ZKT
190 A1n v

Further, according to egs. (IV.187 ) - (IV.18%)0ne gets the

following relstionships,

1 1
' _ p

AUZ2KT A 1nvE© Ay 02k A 1nvyg
S S S” S
exP(—n4).exp(— 21T ) QXP(—R5)-EKK ZKT

nl
' C
= oo (IV.190)
AUSY-kD A1n w30
exp(-n6).exp(— — )

where,

z.n?i AWEZOJ' XT A 1n ngl
exp(-my) = —3— «exp(- KT )’
oy
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1901 Aln T | AIJRI-kT Aln Rlo
.[1+eXP(nl— e )+8Xp(-ﬂ3 T ) ]
Ceee (IV.191)
2.1 0, 1/z A I?Ol-kTAl vgm .
b 11 o( o& )‘ eXP(— - l{TI ) ' o s 0 (IVolgla)
nT n. ' '
'Y 'y
2 ng AﬁOOl-kT Aln V%Ol
- exp(-mg) = —3— .exp(- . )
n; |
A9kt a1n w10 o2k aln vp°
e [Ltexp(-nq~- T )+exp(ﬂ2 T — )J
oo (IV0192)
z.ng Ty 1/z AW%Ol—kT Aln V%Ol
= 'I‘L o( ) ) oeXp(- k’,f ) ..._'(IV.lQZa)
Op Hp
and,
2003 AW%Ol-kT M vgot
exp(-n6) = T . exp(= il
n
C .
a w30 ¥ Aln vol0 w209 a1n vi0°
[1+exp(~my= = I’ )+exp(nz- I )]
eeo (IV,193)
2.y oy 1/z 2 g t-kr A 1n oot
nc nc

Vith the help of above expressions one can simplify eqn.

(IV. 52 ) to the following form,

an = ( nILmP+nC+nS )ln( nfxfnp+nc+ns ) +Znh in nﬂ

- zn; ln(nh+n?+nc+ns)+ znp 1n np=znp 1n(pAfnanC+ns)
+ zny 1o ng-zng Lnkn,+nP+nC+nS)+zns 1n ng

' 0 1
- 2ng 1n(nA+n nC+nS) - n; In oy - 1y in a
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- ng-ln aP‘n% ln mP-ng ln ac_n% ln &C-nS ln asoo. (IV'194)

Further, using eqs. (IV.181) - (IV183b) the above expression

can be modified into the following alternative form,

InQ) = (nl. +nP+nC+ns) in (nA+nD+nC+nS) +zn, lnn
- zn, ln(nA+nP+nC+nS)+ znp 1n nP-znP 1n(nl +nP+nc+nS)

+ zny ln ny-zng ln(nA+nP+nc+nS)

- zng ln(n +nP+nC+nS)—n_, 1n a ﬁnA in erL
L A0 oke 81y w301 2l
- nﬁ( 0 )+ (=== )n, in (nA/aA)— nP 1n ap
AWOOl—kT dln vt
- QnP 1n NP—nP( kT ) (_-) in (nP/aP)
o ), DUk Al vt 21,
- ny 1n ac—ﬁnc 1n NC r\c( T Y (=== ln(nc/ac)
12 /0% 0z
_ L =y Aus —kgfkl vS )_'1 ( Aws -le&%g ¥§;_)
Ng A0 Ng=Ny ZKT Op ZKT *
L 8u30-kr Al vg)
- nc ( ZkT ) e s e (IV0195)

Differentiation of this expression with respect to ng leads
to the following expression for partisl molar free energy of

solute component S at infinite dilution,

1l . Fex,m 21n{2
© kT A'GS(A+P+C) = {(*""gg-—)n + 1n Ng]
D=0
001 001

AW, "=KkT O1n
1 1 1 1 A I
= 2 nﬂ ln NA— 2ZNA ln NA—ZNA( ET

- 820 ep a1n v
= zn In{ l+exp(n - i )

010 010
AUL —kT Al VL

+exp(~mg- T )




L g

L 1 . A‘.’I%Ol-kT Aln vgm‘

L Aw%l kT Aln %10 AwllDOO AL V'LOO
- 2Np In{ l+exp(—nl T )+exp(n2 T ,}

1 1 1 1 Awgol"ﬂ A1ln 801

N ' P P v a720% A4 100
-.zNC in {l+exp(-n2- T )+eXdF3‘ T , /}

AWEQRD Alp vE° AwOZkr 81n vQ% 1AW G A]:méoo

- anp(—2 S )y

A ZRT -2Np ZET ey —

e (17.196)

From this equation, one gets eqs. (IV.124 ) - (IV,126 ) for
the excess partial molar free energies of solute 'S! iﬁ pure
solvents silver, lead and copper respectively. Further, for
the partial molar properties of components .,P and C in.the

solvent, one gets from eg. (IV.195), the following expressions,

ex | at%0 pap v}
MGy (4peq)= — 2 BT 1n N;-zRT In t 1+exp(my- T )
C 0
o awdl a1 Wt
e +p4g)= ~ ZRT 1n Np-zRT In { 1rexp(-ny- Rl )
AW 0-k1 Min v3
+ exp(my- o7 )} oo (IV,198)
end, o
ex A"Iglng Aln 81
AG C(A+P+C) = - zRT 1n Ny-zRT ln{ 1+exp(-m,- T
Até%oo-km Aln VéOO

+ exp(m;- il )} veo (I7.199)
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For practical aspplications of these relationships, as done in
earlier two cases also, eliminstion of energy and free volume
terms with the help of sbove equations snd those of excess pro-
perties of component 'S' at infinite dilution in pure solvents

leads to the following expression;

’q} N% L. NG
eXx,00 *- a———
A@g( _H%) =2z, RT(NI 1n = W, + NP In 7= T + Ny 1n T )

1., =ex '
+ WL { AGS(I-’x) F’u(mmc)]*NP[A GS(P) A@P(A«muc)

.r X e X ~
. 1 1 1 . .
where, the terms N, Np and Ny are given by the following
expresgsions, |
N, k
1 L4 L :
N = es e (IV. 2018,)
No k-
1 P °P C
NS = eee (IV.201D)
and,
NA k
1 C “C
Ng = N E AN LA G oo ‘(IV’201¢)

In these expressions, Kﬂ’ kp and kC are given by the following

expressions:
NS GEX,00
' 1 .[a. ot S r
k, = exp {EE ( b (4 P+§% _ (&) )} «vo (IV.2022)
A GEX (I
IS P(L+P+C Sir)
ik = exp{ 57 ( i) )} ... (1V.202R)
and =CX

LiGQL‘+D+Cl sfé?))} ’

(1IV.202¢)
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From the above expressions one can deduce the following
relationships for the properties of an infinitely dilﬁte solu~

tion of a solute 'S' in a binary solvent containing components A

and B.
<, @ Ni N%

1, 5ex,® X,® =€X, 0 '
* N [8Ggzy - 8 I+B)]+NB[AG s(8) ~ 4%(i+B) ]

,....(IV.203)

whe:e,Ni and N% are defined by the expressions,

N, k
1 A T4
N, = e eeo (IV.2042)
A7 Wyl + Nk
and,
N, k
1 B °B
N, = ee. (IV.204D)
B Nk, + NB 5
Ge}x -Aé'-eX Q0
_ A(64+B) %5 (4) {.
where,k; = eXp {ZZ( 5 ) eeo (IV.2052)
=X
AG 00
and, kp = €xp }% =( (“+B§T S(é) ){ ... (IV.205b)

Similarly for a multicomponent system one can arrive at the

following set of expressions,

1

o N,

=€X, 0 T —

%(A-f—2+..+n) 2z RT(;:L% % 1n Ni)

+ eX (09)
where,
N. k. ‘
l - —v-———-u]-:-———]—_—- '

Ni e n ' e 00 (IV.207>

N.k ‘
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and : o
k, = exp{ 141*'2;;1‘531 5(1) 3 ... (1v.208)

Alcock end 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
anelysis they have sssumed, without proof, that egs. (IV.20%)
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 formulstes

the partition function.

~

IV,.2.2 Approaches Based on Non-Linesr Forms of Energy

In section (IV.2.1), it has been assumed that the
energy of an atom is 2 lineer function of tye num%er of
different types of atoms in its first coordinatioﬁ shell.,

But such a relationship is just empirical snd fails in most

of the cases involving metellic solutions. Further, lineer
relationships lead to certain symmetries in the derived
expressions for thermodynamic properties, but these symmetries
sre found to be completely zbsent in most metallic systems;‘
In order to explain the behaviour of metellic systems, there-
fore, Methiew et 2l.[77,78] mede use of the following
empirical quadratic forms for energies, W, end vibrational

| partition functions, q, of atoms in case of eny binary

solution containing component A end B.
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i - o} .1(2 Z "i) o0 (IV.209)
WA = WA + n.fx 8 |

Ko 0 % _

Vg = Wg + nB.k(z 2 k) eeo (IV,210)
1w qi = lqu-+ gl i.(2 z "l) eee (IV,211)
v qf = lwgh + 85 k(2 zg-k) ve. (IV.212)

where, Ny, Ng, ?A and % ere constents

- Jith the help of sbove expressions the partition
function of binery systeﬁ, =B, con be eveluoted 2nd
eXpressionS'for'the different thermodynamic properties can
be derived. Brion et ol. [88 ] extended this trestment to
ternsry systems olso. Though these empirical expressions
were sble to explein the behaviour of both binary end ternary
solutions to a better degree of accuracy, yet they failed

in relastion to the following aspects.

(is EXpreSolonS for the energy and vibretionel partition
function, though empirical, are not ©f a general
nature because of their inability to explain the
behaviour of regular solutions end also the sSym=
metrical beheviour shown by solutions of some organic

substances, and,

(1i) Anelyticel solution of the expressions developed is
very tedius and cannot be reduced to simple forms,
thereby prohlbltlng the zpplicetion of the proposed

model to most of the practlcal cases.
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It has, therefore, become neceséary to develop
suiteble expressions for the energy and free volumes of
the different atoms present in'the syétem. In the follow-
ing - treatment, this will be done meking use of a few semi-

empirical considerations characterising metellic solutions.

In the present case, we sre concerned with binary ond
ternary solvents. Let us, therefore, consider for the

ijo
»3 y of en

derivetion of an expression for the energy, Wy
atom of component A heving i-atoms of component P, j-atoms

of component C and no solute atom S around it. Now let us
remove sn atom of component P from its surroundings end
replace it by an 4 atom. The energy of the central L atom
under consideration shall change because of this replacement.
This chenge will be due to (i) the difference in electro-
negativities of A and P etoms, (ii) change in the potential
fields in which the conduction-bend electrons will move

end (iii) chenge iy Van der Wozl's forces. Further, as a
result of SuCh a replocenent, thé free volume of the central
L etom will elso chenge. ILet us denote by the symbol AWijo,
the change in energy of 'A' atom as a result of this replece-

ment. Thus one can write the following expression for Z&Wﬁj

Cayiio o yide _yl1-1)o veo (IV.2132)

Similarly, one cen write

ay{i-Io _yli=t)de_y(3-2)J0 - (ryia1m)
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p{t2io _ yli-2)jo _ y(1-5)3e oo (IV.213c)

o8 s L 2K N L 2% W 3 ¢ e L2 B L
L3N 2N L K 2N 4 LN L J e LR AN J

[ 2 BN ) LR 2N 4 L 2N 2N * e [ 2 J o 86

230 2jo 1o

AWI& = ’J - ‘ lL L ) ( IV o213;}."l )
Auk3° - leo wﬁﬂo cee (IV.213 1)

The consecutive effect of replecement of subsequent P atonms
by A atoms on energy of central A aton shall be different,
as snong others, the electrom exchénge capacity of the
central A aton with each replecement shall change to a dif-
ferént degree., But such o difference in change referred to
above is’expected to 5@ small and hence one can conveniently

assume it to be e constent, thus
AW?\.JO _ A\,I(l”l):]o - L\U(l l) _Aw(l"‘z).]o —
da A T A

230 1jo 1jo ojr  _
s e e V = A.W'A baad AW'\ = AM.A - AU "‘ hA-P

cee (IV.214)

where, hIP is an empirical constent, representing the small
change referred to above due to replacement of one P aton

" fron the surrounding of a central L etom.

substitution of the expressions for Awla zﬁwﬁi'l)ao'

etc. from eqns. (IV.23a) - (IV.2131i) in the sbove expression
yields

1,v‘ ‘0 . ""l ;O - ""'2 .n %
WI\J;J - 2‘1“]1\(11 ) -] + ‘.’J“Sll )J = hij e s 0 (IV‘ZlS'l/r

w}*l‘l)jo - 2‘,}"'(&1-2) Jo + 1]( 1"3) Je = h

i =h,p (IV.215.2)
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w0 2wf3° + 0 = veo (IV.215i-2)
& & Fen a8
j 0 J ; .

BElinination of w£i~l)30 ’ w£1-2)3 ,...,'WZJ from the

above set of expressions yields.

i jo 130 1) 1 _ i(i-1)
-+ (a1 WA 5= hype (IV.216)

As next step, let us consider the repleacenent of a C
atom from the first coordinstion shell of an L atonm
by etoms of component L. Following the sbove nentioned

procedure, one cen write for this case also the following -

expressions.
;ijo 1(j=-1)o 1(J-2)o _
A(3-1)o 1(j~2)o _1(j-3)o '
hA - ZUI WA = hﬁC soe (IV,217.2)
,120 1llO ,100 _ .
UI - 2‘1[3' + TJA. 'v—- hAC ‘X (IV. 2170 l-l)
120

1(j=1)o wl(j"z)o
£

Elinination of U N VA from the

above eXpression, yields

gHio gt 0 L () vloo lil-wl by o+ (17.218)

Y Ty
Similerly,
W03 g0 o (ge1) w200 L =Ly L (av.21en)
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Conbination of egs. (IV.216), (IV.218) end (IV.218a) yields

jlo = age(avi? < a0 audiO)es, au%0uy 2yl
5 b
i, (i=1 i.(i-1)
+ 5 hAP-!j 2 hy o eer (IV.219)
where,
a0 = 00 - 900 ... (IV.220)

other energy terms appesring in these expressions would
be defined accordingly a2s eq. (IV.220). Sinmilaerly for

etoms of species P and C one cen write the expressions

0 = my( g O- avp - audt0)+ x aup P4y audt043%0
+ Zelz=l) ’2?"‘1 hpg + L%Q- by, ceo (IV.221)
and,
g0 = rb( augOm aug 0= Aug 0 e, aig?0u. ay3104 000
+ ﬁ—”—é’-l—)-'h% + -*9-(%';-)- hip ees (IV.222)

Following Wegner's [ 79] approach for the enthélpy
of & solute conponent in a binery solvent Kapoor [ 81 ]
derived an expression for the enthalpy of o solute in a
ternery solvent. On the basis of such a derivation, one
can write the following expressions for the energy and free
volune of an aton of solute component 8 having m atons of
conponent A, W atoms of component P and (z-n-W) stoms of

conponent C around it.

AWS = {n. MISO +7. AU 2y (z-m-—w) AW } /z

+ m‘w‘hS,AP+W'(Z'm'W)hS BC _.(z-m—w)hS G (I1V.223%)
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where, hq h and h ¢ s
» By ppr By ;¢ @nd hg po ere con tents and are computed

fron the = following expressions

pulamt)=rw L pyRes (o), (ee1) hg p coo (1V.224)

Aw=1)~»w,( z~1-w) == (w+l), (z-n=-w-1)
AUS ! | -AWS ' =hS,PC (IV.225)

A Wg.(z-m-w—l)é»(z—m-w)_kaém-l),(z-m—w)-v(z-m-w+l)'

hg,04
| oo (IV.226)
where,
AW(M"‘].)—FLI,W _ P-(l‘ﬂ—l),w Sy W ‘
'8 = '3 - ¥y vee (IV.227)
and so on,

Following the above procedure one can write the following

€Xpressions;
i < ka( avpte avO aylOh. w0ty A\%I?;OO+ Aw?l°+ AWOUI)
rra(ayH0 | ayl00 _ 4010, ,
v o AWOll ay010_ Moon.) k. (101 5100 AWOOI)
+ k. AUlOO + au oo
+ AWXO:L + T!?OO -15——1 h,p + -di%ll hyae

ceo (IV,228)

B = puq.(aupte Aygton aygflo ayQily ayl00, T
+ page( 01510 avg0- aud10) |
b gu( Qe 910 4001y, (4100 pyl00 Aw001)
+ Do a~fll?oo+q. AJOlO + Aw%Ol |
000 p.(n-l) q.(g=1) NN
f Wp 3 o hp + --—-——-2 « hppee. (IV.229)
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uvl 111 110 , 101 o1l +100 010 001
+wv. (auE0e a0 avgt)

11 001 ‘ .
F v (8 WO a0 A B0 (a0t awg- awgth)
+we V004, andto angt |
000, u,(u-1) v(v-1)
* WC t 2 ‘haﬁ + ? h'CP o (IV.ZBO)

In the sbove expressions for energies of different types

of atoms of components 4, P and Cythe energy terms having
quadretic forms are assumed.to be negligible as their con-
tribution to the total energy of the system is negligibly

smelle.

Sinilarly for the change in free volumes of solvent
conponents L, P and C and solute conponcnt S one cen write

the following expressionss

1n vljijo = 1. Alnvjl\OO + j4In vglo + 1n VgOO + L—%-i-:-]-')BAP
p il g vee (IV.231)

vt =k a1 0% A1n v) % A v§Oh 4 1n )%
LML) g Qi.d_g_ll . B0 ve. (IV.232)

Xy0 100 010 000 |, x(x-1)

anP =XQA ]}'lVP

+ XL%:;l BPA' ‘ ‘o (IV.233)

+yeAln vt 4+ lnvp T 4 5= Bpc

lnvgql = p.Aln V%OO.}-q. Aln v%lo-}— Aln V%Ol + 1n V%OO
p(p-1) ala-1) ’
+ I)—-E.z———- . BPO + 2 . B.PIL s o0 (IV0234)
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rto 100 1 010 000, r{r-1)
to t"l
+ —ié_—l 'BCP | | , TN (IV.235)
1n w37 = woa 1 w304 v. 0 vy Os a1m 80
U, lu-1 v§v~12
+ -—-%———-l BCA + 2 oﬁcP oo (W0236)

1=1) w0, W e m=w(E -1
Aln»vém 1)=w0,W_ A1n ngv(m+l).(wv ) _ b5 pp | +ee (IV.237)

. (v=1)~>w, ( Z=t1w) wer{w+l), (z=-n-w-1)
Aln Vg ’ - Aln vy ! | "BS,PC

eee (IV.238)

Aln Vg,(z-m—w-l)ar(z~mnw)_ An vém--l),(Z-m--w)-»-(z-m—wm&-l):359“L

eeo (IV.239)

vhere,

(r=1),(w+l) - 1n Vg.,(w‘f'l)

Alrlvém'l)'(w+l)'= 17 vg ves (IV.240)

With the help of above expressions for energy and free
volumes, one can now proceed for the eveluetion of pertition
function under different assumptions as done in the last

section (Sec.2.1).

Iv.,2,2.1 Rendonly Distributed Systen

Ls in the previous case let us consider, first of o11,
o systen in which the atoms of all species are randdénly
distributed. Under this condition, the.number of aﬁoms of
different types of éroms shall be given by the egs.(IV. 97) -
(v 203), Purther, the lagrangier multipliers shaii be
given by the eqs. (IV.104) - (IV,119), With these éxPressions



218

and also expressions for energy egs. (IV.219) - (IV.230)
and free volumes (IV.2%1) - (IV.240),eqs  (IV. 52) for
partition function of the systen tekes the following form ,
InQ= (nA+nP+nC+nS)ln (nA+nP+nC+nS)—nA In nyg-np In np

- ng 1n ny -~ ng in ns
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From the above equation, one can arrive at the following
expre851on for the excess partisl molar free energy of the
solute component, S, at infinite dilution in the ternary

solvent,

QXOD ex,® =X
Al iaprc) = Na [ Ay S(a)y T -88 (n+P+C)]
exX,00

+ Npl Aég?ﬁ?s; A, ?A+P+C)]+NC[ AGS(C) C A+P+C)]
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2( hyp=KT B;p

- z(z-1)K.NN > )-a( 2-1)I.1,T5(

| -kT 8 -kT B

o By =K B h
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~kT B
~ z(z-1)N. NN} ok CF)

kT 5

8 KT
. ,‘;P)_}_z(z_lm g1 hs.cﬁ Bk

h
+ 2(z-1)N.NN5( Dy hb

h . S —l’ﬂ‘ B
¢ (B4 2C D.2C

eee (IV.242)

It is seen from the above expression, as compared to eq-
(IV.127), thet it conteins few additionel terms 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 sbove expression in terms of experi-
mentally determinable parameters one has to take help of the
interaction paremeters. With the introduction of these
paremeters, the ebove equation takes the following elter-

native form,
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where, the differcnt terms used in this expression heve

their ususl meaning,
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From the above expression one cen write for the excess
partisl nolar free energy at infinite dilution of the solute
component, 3; in o binery substitutional solvent Gomprising

of compcnents L and B, the expression,

BB {1em)= Ml 0850257~ A8 (m) 150 3573 - A85(14p) ]

+ 1, B[RTES(B) AG ( ) GGE<B())O+ AGEXB ]

+ Wong[RTeg \- 085737 + 0TS ARTT T ... (V.204)

The ebove expression was first derived by Kumer et 21.[ 89 J.

For such soluticns, in which the solvent components
have linear forms of cnergy and sclute conponent has non-
linesr forms of energy the expression given by eq. (IV.243)

takes the following form,
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. 4l -
NaN . o =€X, ®
CTA C =7 . CO =X, - o4&
Nat+h
C*A
2
Nl

+ g (Ref(o)-aBg(Ly +al5(e) * By(g) 1 -er (17.205)

’

It is cleer from the basic assumptions mede for this
derivation that this exXxpression shall be applicable to the
dilute solutions of such solute components, in a weakly
interacting multicomponent soivent, which have approximately
similer values of_excess pertial molar free enérgy in each

of the pure components of the solvents.

IV, 2.2.,2 Rendomly Distributed Solvent with Preferentlally
Dlstrlbuted Solute |

For this cese using egs. (IV.130) - (IV.136), the
expression for the partition function (IV. 52), takes the
following alternate form
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From the gbove expression, one cen arrive at the following
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relationships for the psrtiel molar free energy of component,

S, ot infinite dilution in 2 solvent containing components L.

P and C.
1 1 ' 1
N N N
ex, o il s _P 1 _C
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(IV.247)

where NI,N% end H% are expressed by the eqs. (IV.161) ~

(Iv.163).

-With thevhelp of expressions derived for the.partial
molar properties of components from eq. (IV.246), one can
aerrive at the following relationship for the partiszl molar
free energy of component $ at infinite dilution in terms of

the experimentrslly determinable parameters.
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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 ehergy
terms for the solvent atoms are linear in form, i.e.,
the velues of the paremeters g, Bygs Nups Baups Bpys Bpas
hpgs Bpgs Dgps Bgys Bgp and Bgp in eq. (IV.248) are equal

to zero,
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L

(IV.,249), one can arrive at the following expression

for the excess partigl molar free energy of solute component,

S, at infinite dilution in a binary solvent containing compo-

nents L and B only.
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L

where, the parameters Ni, N% R kA and kB arc defined by
the expressions (IV.168) - (IV.171).

@enerellizing eq. (IV.248) for a n-component solvent

one can write the following expression for properties of

the solute, S, at infinite dilution,
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Similarly for a solution containing n-componcnfr solvent
having linear forms of energy for their atomic species,

éne cen write the following generalized expression for the
partial molar frec energy of solute component, 5, at fnfinite

diluti0n7
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From the above expression, one can deduce for a binary
solvent A - B,an expression for excess partiel molasr

free energy of solut® component, S, in the following form.
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IV.2.2.3 411 Components Distributed Preferentially

In this caese, using egs. (IV.1T5) - (IV.180 ) , one

can write the expression for partition function in the
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following form :
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TFor simplificstion, the peremeters hAP’ Bpps etc.
for the solvent components are assumed to be negligible,
and the eqs (IV.254), then takes the following form with
the help of egs. (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
cdmponent S at infinite dilution in the solvent containing

components, L, P and C.

exX, Qo - 5 N bk NI —cen -

1 ex, o =EeX
+ Ny [ZXGS(A)'" Bay A+P+C)]
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The above expression can be generallised for excess
partisl molar free energy of solute component , S5, in a

n=-conponent solvent as given below.

n 1
-ex 00 i

+§: [Ny (Aﬁgi‘{‘)"’ -0 6y (_1+2+....+1'1)):I

i=1
1 .12 )
n n N.,,N. K.
i'7y i =X, ® ex,
RPN, L (g BT es( )= 8Gg(]) + A8 (3)
i=1 j=1 h| i
(i#) o o Kk, KoK »

vhere, the terms K, , K-,N; and i

N ] have their usual

meanings

IV.3 égglication and Discussion

In this section, applicebility of the different ex-
pressions, derived in the previous section shall be listed
to compute the thermodynesmic properties of the different
systems investigeted in the present work. The different
expressions derived for calculetion of the thermodynamic
properties show $hat for such computations, a knowledge of

the partiel molar properties of solvents is necessary.,

1V.3,1 Partial Molar Properties of Sodvents

Lhpart from pure lead, silver and copper, their binary =nd

ternary solutions have 2ls0 been used as solvents for sulphur
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composition end @ temperatures of the present work. These
have, therefor®, to be calculated from the properties of
terminal binary systems. LA number of models, reviewed
critically by Lnsara [ 90], have been proposed for such
calculations, smong which the Kohler's equation [91 ] has
been extensively azpplied 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 work.also, this model
will be used., According to this model, the excess free
energy,a G( +B4C)? of a ternary systenm ‘COntaining compo-
nents 4, B and C, in terms of the propexties of the binary

systems L~-B, B-C and C-L is given by the following expression,

eXx
G(“+B+C) = (N +Tg ) (& GAB WA/N

+ (NA+N )2. (uG )N /N

+ (NB+NC) (AGGX) (IV. 259)

DB/NC

where Ny, Np end Ny are respectively the mole fractions

of components L, B end C in the ternary system, the symbol

(AG-AB N, /N represents the excess free energy of miring

of components 4 and B in a binary solution heving these

components in the seme ratio NA/NB as in the ternary system
ex

, A EX __
under study. (LGgy) g /N and (AGCA)NC/NA are 21s0 similarly
defined.

From s knpwledge of the properties of terminel bineary
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systems, the excess partial molar prOpérties of different
components in the ternary leal-copper-silver system have
been calculated using eq. (IV.259 ) for three different
temperatures viz. 1273, 1323 and 1373OK. These vplues heve
been used to plot the iso-free energy curves in Figs,(IV.1l)-
(IV.3). Properties of the components of ternary solvent ot
infinite dilution are also calculated at different tempera-
tures under study and are presented in Teble (IV.1l). Vith
thisscalculations for all properties of solvents needed for
computation of properties involving solute are computed.
Leb us now proceed on to the celculation of properties of
sulphur in binery and ternary systems, studied in the

present work,

IV.3.2 S8ilver-Copper-Sulnhur System

In Fig, (IV.4), the experimental and theoretical
curves between free energy and composition corresponding
tc the different expressions derived for various models
propased in the preceding Section (IV.2) aré plotted. For
the calculation of theoretical curves, the data on binary
systems as reported in Fig. (1V.1l) end determined by the
author hes 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 end the other
to non-linear forms, For both these sets, the curves for

rendon and preferential distributions lie quite close to
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FIG.IV.4 COMPARISON OF EXPERIMENTAL AND CALCULATED
VALUES OF FREE ENERGY OF EQUILIBRIA OF SOULPHUR
IN BINARY COPPER -SILVER ALLOYS AT 1273 K.
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each other, showing thereby that in case of this systen,
(Ag-Cu-8), 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-
ferenf atomic species deviate considerably from the experi-
mentally determined data. Hence it cen be concluded that
‘models based on these aésumptions are incapable of explain-
ing the eXperimeﬁtal deta on this system. In order to
extend the range of applicebility of these models, Jacob
and Alcock [ 92 ], incorporsted in their derivetions, 2
function, a, which is considered'to be equal to the fraction
of bonds broken. On this basis,these authors derived the

following eXxpression :

- _ w0 ram ‘ Amex
By (xay) = Ve P8 ()0 Gx(x+y)}

0 N O
+ I . IG‘ - e A
By e [88, (yy= mee DG L0y ]

o, Ta, 0. Ty | '
+ nRT, [N, 1n T, + N In ﬁ;] .oo (IV,260)

Though this expression was 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 justificetion as
to why a substitutional or for that resgson sn interstitial
solute component breaksmore then the number of bonds it

neltes with neighbouring atoms. Therefore, the spplicebility
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= €X,00 =CX
AGS([";g+Cu) = Nﬁg'[_15130 - AGAg(Ag+Cu)]
=eX
+ Ny [-23265 =88 ) nucn) ]
+ Wy Moo [, {3800 + 15130 - 23265 + 3490 }

+ N, {11800 + 23265 - 15130 + 3680} ] eoe (IV. 261)

IV.3.5 Lead-Copper~Sulphur System

Values of freé energy for the reaction expressed by
eq. (IITI. 31 ) obteined experimenﬁally as also computed,
besed on different models proposed in Sec. (IV.2), have
been plotted ageinst composition for the Pb-Cu=-S system in
Fig. (IV.5). Data on binary Pb-Cu system from Fig.(IV.1)
-for temperature 1273% he&e been used for calculation of
theoretical values of free energy. It will 56 ndted from
Fig. (IV.5), that the plots for the calculated velues fall
distinctly in two groups - one corresponding to the non-
linear end the other to linear forms of cnergy. TFurther
for both the sets, rondom or preferentisl distribution of
atoms in the solution does not seem to affect the free
energy values %0 an epprecisble extent in this system, end
the plots based on linear forms of enérgy appear farther
away from the plot of empirical deta, mesning thereby that
assumption of linear forms of encrgy is not correct for

explaining the behaviour of such solutions.

As discussed earlier, Sec (IV.3.2), the egs.(IV.244),
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(1V.250) and (IV.257) , developed based on non-lineer
forms of energy explain the behaviour of these sodutions
to o satisfactory degree of accurescy, Therefore, the follow-
ing expression megy be used satisfactorily for calculation

of free energy for the resction expressed by eq. (III. 31 ))

\GeX,00 - _106A0 - AREX
085 bpeon) = Vppe (19660 = 08y (ppacy)]

+Tou [-23265 - 0BG, (pyecy)]

Mg, [Npye { -127 + 19660 - 23265 + 5375 }

t Npy pp* {
+ Ng, {~15100 + 25265 - 19660 + 4902 } ]

oo (IV, 262)

IV.3.4 Leed-Silver-Sulphur Systen

Experimentslly determined and theoreticslly calculated

values of free energy, based on different models proposed in
sec. (IV.2) have been plotted against composition for the
Pb-hg-S system in Fig. (IV.6). Theoretical celculations of
free energy have been made using the data on binary Pb-Ag
system from Rig. (IV.,1) for temperature 1273°K. As is
clearly observed, from Fig. (IV.6), the curves plotted for
the calculated velues of free energy fall in two distinct
groups - one corresponding to the linesr forms of energy

and the other to‘the non-linear form. In both these sets,
the curves for random znd preferential distribution of the
atomic species in the solution fall close by,.which apparently

shows that free energy of dissolution of sulphur in this
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| system is not a strong function of the distribution

pattern of the constituent stoms, It is further noted
that curves plotted on the bzsis of lineesr forms of energy
fall apart considcrebly from the experimental curves,
suggesting thereby that solution models developed on the
basis of linear relationships are incepable of explaining

the behgviour of such systems.

As discussed in Sec. (IV.3.2), the approzch of
Jacob and Alcock [ 92 ] who tried to explain the behaviour
of metellic solutions by introduction of en empiricel
function, d, devoting the frsction of bonds broken on
dissolution of solutc component in the binery solvent;

has not been tested in the present work.

For the reasons described in Sec, (IV.3.2), in the
present theoreticel enelysis of the empiricel data also,
it is observed that the plots corzesponding to egs.(IV.244)
(IV.250) end (IV.257) besed on equetions derived by
agssuning quédratic forms of energy explain the behaviour
of this system to en appreciably good degree of accurecy
and tﬁe oﬁe corresponding to eqg. (IV, 257 ) fits best in
the empirical dste. Since the other two plots also do not
deviete nuch, the model corresponding fo rendom distribu-
tion, eq..(Iv.244), mey be used for all practical purposes,
as it is simple ond easily celculsble. In thaet case, the
'following expression may be used for calculation of the
free energy of the reection expressed by eq. (III. 30)

at 1273°K,
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X,m _ _10LAO A REX
(Pb+hg) = Fppe (719660 =8 Bpy(pryig) ]

. : =~EX
+ I\IAg. [-15130 - AGI&g(PbH&.g)]
+ NPb.NAg.[NPb.{ -833 + 19660 - 15130 - 200 }
., { 14363 + 15130 -19660 + 1792} ]
| eos (IV. 263)

IV.3:5 Lead-Copper~3ilver-Sulphur System

Experimentel and computed values of free energy
besed 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 heving

the seme Ou/kg ratio, at 1273°K in Fig. (IV.7).

Ternary solvent (Pb-Cu-hg) dete from Fig. (IV.1) has
been used for the calculation of theoretical values of

free energy.

L8 discussed in the earlier csses of binsry solvents,
the expressions developed on the basis of linear forms of
energy 4o not eXplain'the behaviour of such solutions to
a satisfactory degree of sccuracy no¥X the sssumption of
random or preferentiel distribution_ of atoms show a large

veriation in calculeted values.

Hence the acceptoble expressions for calculation of
free energy of such solutions @Y€ hesed on the assumption
of non-linesr forms of energy to yield egs. (IV. 243 ),

(Iv. 245 ), (Iv. 248 ) (IV. 249 ) gnd (IV. 256 ),
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Out of these, the values obtsined by eq.( IV.256 )
exre best fit to the experimental velues of free :energy.
But as the plote are quite close %o each other correspond-
ing to above five equations, for ell precticel purposes
eq. (IV. 243 ) brsed on rendom distribution snd non-
linear forms of encrgy of both solvent end solute may be
used for explaining the behaviour of such systems, to an
accepteble degree of accuracy, for reesons of its simpli-
city end ease of aspplication. Thus the expression, most

suiteble for this system at 1273°K is as follows:

- eX,® .
B Gg( ppaCuttg) = Vppe[-19660- AGPb(Pb+Gu+ug)]
- ex
+ Ny 123265 - GGu(Pb+Cu+“g)]
+ N [ 15130 ”LAG”O(Pb+Cu+“U)]

.N :
+ thxgpgu J=127 4 19660 - 23265 + 5375]
P “Cu

? +[-15107 + 23265 - 19660 + 4900]
Nyt
+ A8 1011800 + 23265 - 15130 + 3680
e N,
+ —R=Be 13800 + 15130 ~ 23265 + 3490]

[14363 + 15130 - 19660 + 1792]

N ‘
+ ~§5F~29 .[835 + 19660 ~ 15130 - 200] oo (IV. 264)
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CHAPTER-YV

SUMMARY AND CONCLUSIONS

The different experimental results of the present

and the conclusions drawn are summarised below:

Empirical data on the free energy of different reaction
equilibria and intersction parameters at different

temperatures of study are presented in the Table-V,.1l.

In the different systems studied, effect of distribu-

tion of different atoms present-either random or pre-

——

ferentisl,is not sppreciable on the computed resul;;%:
Therefore for a theoretical quantitative ahalysis of
these data, random distribution can be used with

advantage of simplicity of treatment.

The linear forms of energies and free volumes of atoms
do not explain the empirical data and only non-linesr
forms are to be used for their quentitative interpre~

tation.

The different forms of expressions arrived at for
theoretical interpretation of empiricel deta, based on
rendom distribution and non-linear forms of energies
and free wolumes of atoms present in the equilibrated

systems at 1273°K are as follows:
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i) Cu-Lg-S Systen

CX,0 - p ex
§S(ug+0u) w,g . [~15130 - élg(hg+0u)]

+ NIg.NC J15 “cu 845 ]

ees (V.1)
ii) Pb-Cu-8 Systen
eX,®
BT bhca) = Vppe [-19660 = B85 5y )]
t Ny [“23205 - AGCu(Pb+o )]
eee (V.2)
iii)  Pb-hg-S Systen
ex, 00 _ gex
OBS(borng) = Yppe [-19660 = A8pi(prisg) ]
e.'X
iy [-15130 = 88 pyng)
# Ny olly o [ 3497 Ny + 12625 Ny o)
eee (V.3)

iv) Pb-Cu~Ag-S Systen

AT (Pp+Cuthe) = Vppe [719660 = A8p oy iayrig) ]
=@x ’
* Ny [-23265 - AGCu(Pb+Cu+Ag)]

ex
+ N_Ag' [-15130 -4 Glxg(Pb+C'll+Ag)]
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N

N
P Cu_
T on) [ Ou=6602 Npp ]

+

7)

) | |
Cu’ A
+ Tﬁﬁﬁxﬁ§;> +[15 Wy, ~845 ¥, ]

Tﬁf;:ﬁ;;) .[11625 NPb + 3497 NAg]

oo (V.4)

At other temperatures of study the above equations
have similar forms for the systems under reference,

but the values of constants change with temperature.

The most importent conclusion drawn is that the pro-
perties of the milticomponent solutions containing
dilute solute, can not be computed using only pertial
molar properties of components and the composition of
system but need essentislly a knowledge of the inter-
actien parsmeters for effect of additive elements on

the solute, sulphur.

The entire composition range of different alloys €on-
taining sulphur need not be experimentaily studied as
the propefties can be predicted at any composition
using infinite dilution parameters of solvent and
solute species of the systém and the different expres-

sions derived in this work.
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SUGGESTIONS FOR FURTHER WORK

Behaviour of sulphur should be experimentally
studied in other systemé also for extensive deter-
mination of interaction parameters for the effect

of other elements on'sulphur in different solvents
at different temperatvures. For this purpose,systems
consisting of Fe, Ni, CO, Zn, Sn, Sb, As etc. may be

selected for cxperimental studies as these metals in~

'variably occur in nature in the sulphide form,

Using the data obtained above, the universal appli-
cebility of the theoretical expressions derived in
the present work can also be tested for their pre-

dictive value,



1.

5.

4.
5.
6.

10.

1l.
12,

13,

14,

15,

REFERENCES

Kubaschewski, 0., Evens, E.L. and Alcock, C.B.,
Metallurgicel Thermochemistry, Pergamon Press, 1967.

JANAF Thermochemical Tables, U.S. Deptt.of Commerce,
National Bureau of Standards.

Mills, K.C.,, Thermodynamic Data for Inbrganic sulphides,
Selenides and Tellurides, Butterworths, London, 1974.

Schuhmann Jr., R., Trens. AIME, Vol. 188, 1950, 873
Rosengvist, T., Met. Trans., Vol. 9B, 1978, 337.

Schuhmann Jr., R., et al,, Met, Trans., Vol, 7 B,
1976, 95. ’

Friedrich, K. and Leroux A., Metallurgie, Vol., 2,
1905, 536,

Guertler, W. and Landau, G., Metall E#z.,, Vol 31, 1934,
462,

Teitgébel, W. ond Miksch, E., Metall. Erz., Vol 31,
1934, 290.

Miller, E. and Komarek, K.L., Trans. AIVME, Vol, 236,
1966,832,

Kohlmeyer, E.J,, Metall EBrz., Vol 29, 1932, 105.

Kullerud, G., Carnegie Inst. Washington, Year Book,
Vol 64, 1965, 195. |

Esdaile, J.D., Proc. Aust. Inst., Min, Met., No, 241,
1972, 63.

‘Bsin, 0.A, and Sryvelin, I.T., Zhur, Fiz. Khin.,

Vol. 25, 1951, 1503,

Blank, R.F. and Willis, G.M., Phy. Chem., Process let.,
Part 2, 1959, 991.



16,

17,
18,
19.

20.
21.

22,
23,

24.
25.

26.
27,
28'
29,
30.
31,

32.

33,

260

Stubbles, J.R. and Birchenall, C.E., Trans. AIME,
Vol. 215, 1959, 535.

'Kellog, H.H,, Trens., AIME, Vol. 218, 1960, 372,

Rosenqvist, T., Met, Trans.,Vol, 185, 1949, 451,

Yazawa, A, and Senalek, F.,, Nippon Kogyo Kaishi,
Vol. 81(4), 1965, 37.

Cox, E.M.,, et al., Trans. AIME, Vol., 185, 1949, 27.

Schuhmann Jr., R. and Moles, 0., Trens. AIME, Vol. 191,
1951, 235. ‘

Nagamori, M. and Rosengvist, T., Met. Trans. Vol. 1,
1970, 329.

Johannsen, F. and Vollmer, H., Z. Fir Erzmetall,
Vol 13, 1960, 313.

Bourgon, M., et al., Trens. AIME, Vol. 209, 1957, 1454.

Bale, C.W. and Toguri, J.M., Can. Met. Quart., Vol 15,
1976., 305,

Hirakoso, K. and Tenaka, T., Rep. Fac. Bngg., Hokkaido
Univ., Vol. 9, No, 4, 1954, 36,

Lin., R.Y., et sl., Met. Trams.,Vol. 8B, 1977, 345.
Rosenqgvist, T.; JISI , Vol 176, 1954,.37< 3. .

Krivsky, W.A. ond Schuhmann Jr, R., J.Metals, Vol 9,
1957, 98l.

Yoshiyuki, U. and Tozawa, K., J.Min, Inst. Japan,
VO].' 70’ 1954, 303'

Yoshiyuki, U. and Tozawa, XK., J.Min. Inst. Japen,
Vol, 72, 1956, 17.

Hagiwara, H., Nippon Kiuzoku Gakkaishi, Vol. 20, 1956,
579. '

Hofmann, W., Lead and Lead Alloys, Springer-Verlag
Berlin - Heidelberg-New York, 13970, 321,



34.

35.
36.

3T
38.

39.
40.

41.
42.
43,

44.

45.

46.
47,
48,

49.

50.

51.

261

Wagner, J.B., and Wagner, C., J. Electrochem. Soc.
Vol 104, 1957, 509.

White, J. and Skelly, H., JISI, Vol. 155, 1947, 201.

Banya, S. and Chipman, J., Trans. AIME, Vol. 242, 1968,
940.

Shermen, C.W,, et al., Trans AIME, Vol, 188, 1950, 334.

Morris, J.P. and Williams ~, A.J., Trans. ASM, Vol. 41,
1949, 1425, ‘

Chipman, J., JISI, Vol. 180, 1955, 97.

Morris, J.P. and Buehl, R. C., J. lletals, Vol, 188,
1950, 317.

Sherman, C.W. and Chipmen, J., Trans. AIME, 1952, 597.
Cordier, J., Thesis, 1954, MIT.

Ohtani, M. and Gocken, N.A., Trans. AIME, Vol 218,
1960, 530. ‘

Rosenqvist, T. and Cox, B.M., Trans. AIME, Vok. 188,
1950, 1389 .

Griffing, N.R. and Healy, G.W., Trans. AIME, Vol. 218,
1960, 849,

Fighel, W.D. et al., J. Metals, Vol. 3, 1951, 674.
Alcock, C.B. and Cheng, L.L., JISI, 1960, 169.

Venal, W.V. and Geiger, G,H., Met. Trans.,Vol, 4,
1973, 256T7.

Hirakoso, K., Tanaka, T. and Watanabe, K., Rep. Mem.
Fac., Engg., Hokkaido Univ., Vol. 9(2), 1952, 52.

Alcock, C.B. and Richardson, F.D., Acta Metallurgica,
Vol. 6, 1958, 385.

Grant, R.M, and Russell, B., Met. Trams., Vol. 1,
1970, 75



66,

67,
68.

69.
70.
T1.

72.

13
T4.
75
76

e
T84
79.
- 80,
8l.

82,

83.
84.

85.

263

Hultgren, R., et al., 'Selected values of thermo-
dynamic properties of metals.and allqys',Wiley N.Y. -

Wilson, J.R., Met, Rev., Vol. 10, 1965, 38l.

Kapoor, M.L., International Metallurgical Reviews,
Vol. 20, 1975, 150,

Hildebrandt, J.H., J.Am., Chem. Soc., Vol. 59, 1929, 66.
Hardy, H.K., bcta Met., Vol. 1, 1953, 202,

Fowler, R,H., Proc, Camb, Phil. Soc., Vol. 34, 1938,
382,

Fowler, R.H. and Guggenheim, E.A., Statistical Thermo-
dynamics, Cambridge University Press, 1960.

Bethe, H., Proc. Roy. Soc., Vol, Al50, 1935, 552,
Rushbrooke, G.S., Proc, Roy. Soc., Vol. Al66, 1938, 296.
Guggenheim, E.L., Proc. Roy.Soc.,Vol. Al48, 1935, 304.

Tupis, C.H.P, and Elliots, J.F., Lcta Met., Vol. 15,
1967, 205. |

Mathieu, J.Cs et 2l., J. Chim. Phys., Vol. 62, 1965,1289.
Mathieu, J.C. et al., J.Chim. Phys., Vol. 62, 1965, 1297.
Wagner, C., hcta Met., Vol. 27, 1973, 1297.

Blander, M, et al., Met. Tranms.,Vol. 10B, 1979, 613.
Kapoor, M,L., Scripta Met.,Vol, 10, 1976, 323.

Kapoor, M.L.,, Trans. J.I.M.,Vol. 19 (No. 10), 1978, 109.
Luke, C,L,, Anal, Chem., Vrl.2l, No.ll, 1949, 1369.

Bajpei, H.N., et al., Anelitice Chimica Acta, Vol. 72,
1974., 423. '

Mohapatra, 0.P.,, et al., Met. Trans., Vol. 4, 1973, 1755.



86,

87.‘

88.
89.
90.

- 91,
92.

93.
94.

264

Guggenheim, E.A,, 'Mixtures', Oxford University
Press, 1952.

Alcock, C.B. and Richardson, F.D., Acta Met., Vol.6,
1958, 385.

Brion et al., J. Chim. Phys. Vol. 67, 1970, 1745.
Kumar, V., et al.,, Trans. IIM, Vol. 33, 1980, 209.

Ansara, I., Met. Chem. Symp., NPL London, HMSO, 1972,
403.

Kohler, F., Monat. fur Chemie, Vol. 91, 1960, 738.

Jacob, K.,T. and Alcock, C.B., Acta Met. Vol. 20,
1972, 221, |

Agrawal et al., Trans. IIM Vol. 33, 1980, 237.
Agrawal et al., Trans. J.I.M. Vol. 20, 1979, 323.



	176867.pdf
	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	References


