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Abstract  

The Sulphide capacity, C = Wt. % S(P02/p )2, has 

been determined for the melts, Mn0 + A1203, Mg0 + Si02, 

A1203 + Si02, MnO a Mg9 + Si02, Mn0 + Si02 + A12031 

M60 + Si02 4. A1203 and pure crystalline CO, WO, 

A1203 and Si02, at 1659°C, by establishing the equilibrium 

between a gas phase of known oxygen and sulphur potentials 

and the sample. Cs was found to decrease with decreasing 

basic oxide concentration in the melt and at constant 

NSi02 to decrease from one binary to the next in the 

order MnO + Si02  MgO + Si02  >A1203 + Si02.  The results 

obtained for the MnO + 	+ Si02  melts were used to check 

the validity of Flood T5 Equation which was supported by them 

in the range of composition studied. 

Saturation limits of sulphur in crystalline lime at 1650°C 

and in lime-alumina and lime-silica melts at 1500°C were 

measured by equilibrium studies of the reaction: 

(CaO) + 
	

(CaS) + 102 

The activity coefficient of calcium sulphide, calculated 

from the saturation limits, was found to be 1600 at NC  

of 0.00063 in crystalline lime, while it ranges from 72.5 

to 28.0 between 0.43 and 0.30 
NA1203 

 in the lime-alumina 

melts and from 8.5 to 17.3 between 0.58 and 0.42 Nsio2  

in lime-silica. The activities derived from the calcium 

S2 



sulphide saturation limits ± lime-alumina melts agree well 

with the free energies of formation of crystalline aluminates, 

and in lime silica melts with those of crystalline meta- 

and ortho-silicates. The free energies of formation, 

obtained from the activity data for lime-silica melts, together 

with those of hh0 + Si02 and with those of Fe0 + Si02, 

were used to calculate the free energies of formation of 

silicates for the ternaries MnO + Ca0 + Si02 and FeO + Ca0 + 

Si02  respectively, using the ideal mixing theory. They were 

compared with experimental values. Good agreement in the 

meta-silicate region and negative deviation in the ortho- 

silicate region were observed. 

Activity coefficients of sulphides in the melts 

Mn0 + A1203, Mg0 + Si02, MnO + Si02  + A1203 and CaO + 

Si02  + A1203 were also derived frok the relevant activity 

and sulphide capacity data. The activity coefficient was 

seen to increase with decrease in integral free energy 

of formation of the melt and was maximum at the minimum 

in .6G° curve. 

The activity of manganese oxide in Mn0 + A1203 and 

hh0 + Si02  + A1203 systems at 1650°C was measured by equil- 

ibration of manganese between the melt and a thin platinum 

coil embedded in it, in an atmosphere of known oxygen partial 

pressure. The activity in Mn0 + Si02 + A1203 melts was found 

to be constant at constant mole fraction of manganese 

oxide. 



********************** 

INTRODUCTION 

* 



INTRODUCTION 

General  

Metallurgical slags, the most important solvents 

of the pyrometallurgist, play a significant role in the 

extraction and refining of metals. They are used to collect 

waste products in the former and extract impurities in the 

latter. The potential efficiency of these processes is 

dependent on the thermodynamic properties of these slags, the 

knowledge of which, therefore, is imperative and useful to 

obtain. The smelter or the refiner may also utilise this 

knowledge of thermodynamics, as an aid in process control, 

to predict the way in which his slag metal equilibria will 

be influenced by changes in composition, in temperature and 

in oxygen and sulphur partial pressures. The academic 

chemist may be guided for his atomic models by the measure of 

binding energy between two atoms or groups of atoms from 

enthalpy changes (4H), and by the distribution of these atoms 

or groups of atoms with respect to each other from the entropy 

changes (4S). 

The present work was designed to study the thermo-

dynamics of solutions of sulphides and oxides in aluminate and 

silicate melts. The simple binary and ternary melts were 

selected for study to gain the basic understanding upon which 

the chemistry of more complex systems such as metallurgical 

slags may be built. 



The chemical behaviour of sulphur in iron and 

steel-making has long been a subject of research to better 

the control of sulphur in the finished product. A large 

amount of data has also been reported on the desulphurizing 

powers of slags, but most of this has been obtained from the 

measurement of the partition of sulphur between the metal 

and slag. Only recently the sulphur holding capacities of 

slags have been determined by studying the equilibrium between 

the melt and the gas phase (1 - 8). This technique has been 

employed here to derive the sulphur holding capacities of some 

slags over a wide range of compositions, the limiting solu-

bilities of sulphur and activities in aluminate and silicate 

melts. The solid solubility of calcium sulphide in crystalline 

lime and the sulphur holding capacities of crystalline calcium, 

magnesium, aluminium and silicon oxides have also been measured. 



Relevant Previous Work 

A. Sulphur In Aluminate and Silicate Melts. 

(i) Salphide capacities  

Fincham and RichardsonlY2  studied the equilibrium 

of sulphur and oxygen between melts and the gas phase by the 

sama technique as that used in this work. The melts used by 

these authors ware mixtures of CaO + Si02, MgO + Si02, 

Fe0 + Si02  and Ca0 + 11203. They made a detailed study of 

the effects of temperature, oxygen potential in the gas phase 

and melt composition on the gas-slag equilibrium. 

The main conclusions from this work were that, whet, 

the oxygen partial pressure is less than about 10:'5  atm., a 

sulphur atom can only enter the melt by displacing a suitable 

oxygen atom. The sulphur is then held in the melt entirely 

as sulphide, its concentration being controlled by the 

brium:- 

S2  (0)melt = C32  (S)melt 	(1) 

This equilibrium moves to the right with increasing temperature. 

However, when the oxygen pressure is greater then 

about 10-3  atm., the sulphur is held in the melt as sulphate 

according to the equilibrium:- 

S2 	3/2  02 + (0)melt  (SO4)melt 	(2) 

The equilibrium moves to the left with increasing temperature. 



Davtes3, using the same technique, investigated 

the equilibrium of oxygen and sulphur between the gas phase 

and silicate me1.1 consisting of Ca0 + Si02, MgO Si02, 

Ca0 + Mg0 + Si02, Mn0 + Si02 and CaO + MnO + Si02. His work 

also showed that, at ojger partial pressures of approximately 

10-6  to 10-7  atm., the transfer of sulphur proceeded according 

to the equilibrium 2ealt!.cm (1). 

The sulphide capacities of binary Mn0 + Si02 and 

ternary CaO + Mn0 + Si02  melts determined at 1500°C, 1575°C 

and 1650°C, were found to increase with temperature. These 

results were also used to check the validity of Flood's 

equation,9  This equation is a relation between the equilibrium 

constants X'AB' K'A and K'B for the reaction (1) at constant 

silica mole fraction for a ternary system AO + BO + Si02  and 

binary systems AO + Si02  and BO + Si02  respectively. AO and 

BO are basic oxides. Flood's derivation leads to the equation: 

Log Val  = NA++ log D A  + NB++ log K 1 B  

where NA++ and NB++ are the ionic fractions of the cations A++  

and B-11-  in the melt. This equation involves the assumption 

that AS for the reaction (1) is independent of cation concen-

tration, and 

H 	= 	NA++ AHA  + NB++ A HB 

Reasonable agreement with the predictions of Flood's equation 

was found in the CaO + Mg0 + Si02 system, whereas little agree-

ment was observed in the CaO + Mn0 + Si02 system. 



Abraham,608  by a similar method, determined -the 

sulphide capacities of the following mixtures: Mn0 + Si020  

Ca0 + P205, Ca0 + si02 + P205, CaO + A1203 + P205  and 

CaO + MgO + si02  + A1203. The results for Ma) + Si02  at 

1500°C and 1650°C indicated that the sulphide capacity increased 

with increasing temperature and manganese oxide concentration 

and decreasing Si02  concentration in the melts. 

Abraham also observed during the measurements of 

Cs in the melts containing P205  that the platinum cups are 

unsuitable as containers. Iridium cups are found satisfactory 

for these melts. The P205 volatilised from the melts at the 

temperature of the experiment. On account of this, measure-

ments could be made with CaO + P205 mixtures containing up to 

0.27 mole fraction P205 only; with the CaO + Si02 + P205 and 

CaO + A1203  + P205  mixtures the maximum was 0.07 mole fraction 

of P205. By a Comparison of the values of Cs for Ca0 + A1203, 

CaO + Si02  and Ca0 + P205 melts, it could be shown that on a 

mole for mole basis the addition of P205 to lime leads to much 

lowersalphide capacities than the addition of A1203 or Si02. 

It was also observed from the sulphide capacities for the systems 

Ca0 + A1203  + S102, CaO + Si02 + P205  and CaO + A1203 + P205 

that the substitution of phosphorus pentoxide for Silica or 

alumina greatly lowers the sulphide capacity, the effect being 

greater with silica than with A1203. 



The results obtained with CaO + Si02 and 

Ca0 + Si02  + P205  and with Ca0 + A1203 and Ca0 + A1203 + P205 

indica-bed that one mole of P205  is equivalent to 2.2-2.3 mole 

of silica or 1,5 - 1.75 mole of alumina in lowering the sul-

phide capacity of a melt* 

The results obtf,ined fnr Ca0 + MgO + A1203 + Si02 

melts at 1500°C showed that the substitution of MgO for CaO 

or of Si02  for A1203 (mole for mole) leads to lower sulphide 

capacities. This observation was at variance with the work 

of Usborn1.P et al., who stated that the sulphur partitions 

Ca0 + MAO  are determined solely by the wt % ratio 	and Si02  + A1203 

that, provided this ratio is constant, the sulphide capacities 

are unaffected by the alumina content. When the sulphide 

capacity of one of the slags of composition 30% Si02, 43% CaO, 

12% Mg0 and 15% A1203 by weight, was compared in the laboratory 

with that of a normal blast furnace type slag containing 

31.8% si02, 42.2% CaO, 2.5% Mg° and 19% A1203  by weight, the 

two Cs values were in ratio 2.2 : 1, while in practice the ratio 

of two partition ratios was 4 : 1. The explanation given for 

this was that the equilibrium distribution of sulphur is more 

closely approached on industrial scale with the high magnesia 

slags than with more ordinary types, possible because of their 

lower viscosity. 



Carter and Macfarlane5  investigated the equilibrium 

between CO + 002  + SO2 oas mixtures and melts consisting of 

lime-silica and lire-alumina at 1500°C. The Cs values cal-

culated for their results Are in agreement with those measured 

in the present work (see later). 

St. Pierre and Chipman4  stadied the effect of compo-

sition changes on the sulphur capacity of slags by equilibration 

with a gas mixture of SO2  to CO ratio = 34.1. 	The compositions 

studied included pure iron oxide, iron oxide containing lime 

up to saturation and lime-silica-iron oxide slags with molar 

ratios of lime to silica of 2.24, 1.28 and 0.52. According 

to these workers, for a fixed silica content, the sulphide capa-

city is independent of the relative amounts of lime and iron 

oxide over the range of composition studied. Further, at high 

silica contents, the value is also independent of silica concen-

tration. Abraham reports that the results in the Mn0 + Ca0 + 

Si02  melts' are in disagreement with the findings of St. Pierre 

and Chipman in the region where comparison was possible. 

Dewing and Richardson gave a more reliable value 

for the dissociation energies of SO and S2 than those used earlier 

by Fincham and Richardson)  and Davies and Richardson3. Abraham 

used these new values for the calculation of PO2  and PS2  which 

were found to be significantly different from those of Fincham 

and Richardson and Davies and Richardson. As a result of this 



a 

he revised the Cs values reported earlier using these new 

values of P02  and P32: The validity of Flood's equation9  

was tested for the pseudo binaries MnOSi02 + Ca0Si02 and 

Mg0Si02  + Ca0Si02. Agreement with prediction math, by the 

equation was good for the pseudo binary MeSi02  + Ca0Si02 

and approximate for MnOSi02 + Ca0Si02. 
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(ii) lamiting,solubilities.of sulphur and. activities  

in crystalline lime and lime-alumina and lime-

silica melts.  

(a) Solubility of sulphur in crystalline lime  

and lime-alumina and lime-silica melts. 

Stn Pierre and Chipman4 equilibrated two samples of 

powdered lime with a gas mixture containing S02/C0 = 34.1 at 

1550°C. One sample contained 8.9% sulphur by weight added as 

calcium sulphide, and the other had no sulphur initially. 

They reported a solid solubi3ity of calcium sulphide of 1.42 

mole percent in calcium oxide at 1550°C. 

MacCaffery and Oesterle12 measured the solubility 

of calcium sulphide in ternary lime-alumina-silica melts by 

constructing phase diagrams for the pseudo-binary systems 

calcium sulphide-oxide mixtures from cooling curves. They 

found that solubility is more dependent on temperature than on 

composition. At 1500°C the solubility corresponded to about 

8% of sulphur for acid melts and 11% of sulphur for more basic 

melts. 

Glaser13  found the solubility of calcium sulphide 

in a pure calcium meta silicate (CaSiO3) melt to correspond to 

5.5% of sulphur at 1500°C. A region of liquid immiscibility 

was found at higher sulphur contents and temperatures. 



Filler and Daren14, using a blast furnace slag 

containing lime, magneE'.4, alumina and silica (with also a 

small amount of manganese oxide), found the solubility of 

calcium sulphide to correspond to between 3.5 - 4.5% of sulphur 

at 1500°C. 

fib) Activities in lime-alumina melts  

Activities in lime + alumina melts, estimated in 

different ways, have been reported by Fincham and Richardson), 

Carter and Macfarlane5  and Chipman15. In the first two methods 

use was maderf measured sulphide capacities defined as 

Cs - wt 

In the third, the lime activities were deduced by combining 

thermal data for crystalline aluminates with the sulphide capacity 

data. 

The uncertainties of all these estimates arise from 

a lack of knowledge of activity coefficients of calcium sulphide 

in the melts. Fincham and Richardson)  assumed a value of 5 

for the solid sulphide, in all the melts at 1650°C. Carter and 

Macfarlane5  found the Cs values at 1500°C for the slag 60.6 wt % 

CaO, 32.4 wt % A1203, 7 wt % Si02  and for a series of Ca0 + A1203 

mixtures. From the Ca0 + A1203  + Si02 phase diagram16 it is 

known that the lime activity in the first melt is unity at 1500°C. 

If it is assumed that the activity coefficient of CaS is the same 



in all the melts investigated, one can write 

a 	Cs 
Ca° = I- 

CS 

where Cs denotes the sulphide capacity of the lime + alumina 

slag and (s that of the standard slag in which the lime 

activity is one. This assumption is almost certainly in error, 

for it has been shown recently? that the activity coefficient 

of manganese sulphide in MnO + Si02  melts7  increases by a factor 

of at least 3 as the mole fraction of Mn0 falls from 0.72 to 0.48. 

(c) Activities in lime-silica melts. 

The published data on activities in the system lime + 

silica are conflicting. Kay and Taylor17 measured the activity 

of silica by means of the equilibrium 

3 C (graphite) + Si02  (cryst.) = SiC + 2 CO 

In the presence of both graphite and SiC, the activity of silica 

is proportional to the square of the pressure of carbon monoxide. 

They first measured the CO pressures in the presence of pure 

silica and then in slags of varying Si02  concentrations, making 

adequate correction for the partial pressure of SiO. The 

silica activities were obtained by the relation 

`''Si02 
(P2c0) 2  

(Plco) 2  

where 4- 	d a--  PI co an pa.co  are the partial pressures of CO in the 

presence of pure silica and over the melt respectively. 
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Young et al:
18 determined the silica activities in 

the liquidus of the Ca0 + Si02 system at 1627°C, by using the 

effusion method for measuritg the pressures of SiO and 0 2 

above the melt and above pure crystobalite. From the consid-

eration of the equation 

2(S102) = 2 SiO (g) 	02  (g) 

it can be seen that 

2 
aSi02  . V P SiO p0 2/p SiO 1102 

where primes refer to the pressures above pure crystobalite 

and absence of primes is above the melt in question. Allowance 

was made for oxygen atoms in the gas phase at the temperature of 

the experiment. 

Langenberg, Kaplan and Chipman19 obtained the silica 

activities by the distribution of silicon between graphite-

saturated Fe-C-Si alloys and slag containing silica. The 

following equilibrium was carried out in graphite crucibles in 

CO at one atmosphere: 

Si02  +2C = DI] 	+2C0 
Fe 

where rgiFe is the amount of silicon in Fe-C-Si alloy. When 
the melts were made under one atmosphere CO, and were graphite-

saturated., then the ecr.i.ilibrinm constant K reduces to 

ti Fe  

aSi02 



13 

The activities of silica were obtained from the 

equilibrium data, the activity of silicon in Fe-C-Si alloys 

and the free energy change of the reaction. 

Carter and Macfarlane20 calculated the calcium oxide 

activities in CaO Si02  melts at 1500°C by measuring the sul-

phide capacities of a standard lime saturated Ca0 + Si02 + A1203 

slag and Ca0 + Si02  melts. They assumed the activity coefficient 

of calcium sulphide to be equal to 16 in the standard slag and 

12 in all other melts. Lime activities obtained by the relation 

aCa° - 12 Cs  

where Cis is the sulphide capacity of the standard slag and Cs 

is that of any other melt. 

Richardscn21 Osrived the activities in CaO Si02 

melts at 1600°C using the a-milable thermodynamic data of the 

calcium silicates and CaO - Si02  phase diagram. 

Sanbongi and Omori22  obtained the silica activities 

by the measurement of reversible e.m.f. in a double cell. 
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B. Manganese Oxide Activities in Aluminate and Silicate  

Melbe. 

Turkdog11:33  has calculated the activity coefficients 

of manganese oxide in quaternary Ca0 + A1203  + Si02  + Mn0 

melts from the experimental results of Stuckel and Cocubinsky24, 

who determined the distribution of manganese between blast-

furnace type slag and metal by equilibrating these two phases 

in a graphite cQicible at one atmosphere of CO. If the activity 

of manganese in carbon-saturated iron is known, that of manganese 

oxide in the melt can be calculated from the available data on 

the free energy change of the reaction 

Elva] 
	

CO (g) 	(Mn0) +I_O] 

K - a(Mn0) 
a r -r  Nini 

The activity coefficient of manganese in carbon-

saturated iron was not known and so it was taken as being 

approximately equal to that of iron in carbon-saturated iron. 

Tt was also assumed that, in carbon-saturated Fe-Mn melts, 

small percentages of manganese would not affect the activity 

coefficient of iron. 

Activity coefficients were calculated from the 

manganese oxide activities so obtained in the quarternary melts 

and plotted for the pseudo ternary system Ca0 + A1203  + Si02 
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containing 5% by weight of manganese oxide. The following con- 

clusions were made from these plots: 

(i) For a given Ca0 content Ymno  increases as alumina 

is replaced by Si02 

(ii) For a given Si02  content ymno  increases as alumina 

is replaced by lime 

(iii)For a given alumina content ymho increases as Si 01-

wtticattigefft is replaced by lime at low CaO/Si02 

ratios, but at higher basicities, further in-

crease in lime content of the slag at the expense 

of silica decreases YMO. 

Turkdoga.n and Hancock25  determined the silica activi-

ties in the binary MnO + Si02  system by measuring the amounts of 

silica reduced into carbon-saturated manganese from the binary 

silicates at one atmosphere of CO, and from silica-saturated melts 

at CO pressures ranging from 0 to 6 atmospheres 

(Si02)sat. MnO  + 20 

(Si02)melt 2C  

asio2  

[Si] + 2C0 (0 to 6 atm.) 	(1) 

[Si1 + 2C0 (1 atm.) 	(2) 

_ P2
2
CO 

P1 CO 

where pt c0and pt60  are the pressures of CO in equilibrium with 

Mn-C--Si alloys of equal silicon concentration in the two cases. 

They determined the silica activities at 1350°C, 1400°C and 

1450°C. 	The activities were seen to increase below and decrease 

above 0.49 mole fraction of silica with increase in temperature. 

In fact the activity curves were found to cross over at about 

0.49 mole fraction. 
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Davies measured the activities of manganese oxide 

in binary MnO + Si02  and ternary Ca0 + MnO + Si02 melts at 

1500°C, 1575°C and 1650°C. 	The activities in the binary 

MnO + Si02  melts showed a pronounced deviation from. Raoult's 

law except at high manganese oxide contents. Silica activities, 

calculated by the application of Gibbs-Duhem equation, and the 

free energy of formation of binary manganous oxide-silica 

melts, derived from the activities, were also reported. 

Davies, by correlating the manganese oxide activities 

in the ternary system with the sulphide capacities in these 

melts, found a definite connection between the metal oxide 

activity and the sulphide capacity of the melt. 

Abraham6 redetermined the manganese oxide activities 

in the binary MnO + Si02  and the ternary Mn0 + 0a0 + Si02 

melts at 1500°C and 1650°C. This was because Abraham and 

Barton
,26'27 disagreed on the data for pure manganese oxide, 

which were to be used in the calculation of manganese oxide 

activities described later. After necessary correction in 

the data for pure manganese oxide, Daviesa results agreed with 

those of Abraham. It was also observed, from the results of 

MnO + Si02  and CaO + Mn0 + Si02  melts, that the manganese 

oxide activities decreased with temperature, while Turkdogan 

reports that ammo  in Mn0 + Si02 melts increases below and 

decreases above 0.049 mole fraction of silica with temperature. 
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The results of MnO + Ca0 + Si02  melts have been also used to 

test the validity of the ideal mixing theory27  (see Discussion). 

Reasonable agreement between the calculated values and measured 

ones in the meta-silicate region and negative deviations in 

the orth-silicate region were observed. 

Abraham3  ahlo determined the manganese oxide activi-

ties at 16500C in Ca0 Ldn0 + Si02  + A1203 melts in the range 

of compositions of interest 'to blast furnace and open hearth 

operators. 'MnO was observed to be constant up to 8 wt % 

of Mn0 in these melts at constant ratios of Ca0 o Si02 : A1203 

52.0-30.0; 37.2-63.3; 10.8-6.7. 	The following conclusions 

were drawn from the results obtained for the melts, each of 

which contained 5 wt MnO. 

(i) For a given CaO content, YMn0 decreased as 

A1203 was replaced by Si02. 

(ii) For a given Si02  content, YMn0 increase. as 

A1203 was replaced by CaO. 

(iii) For a given A1203  content, Mn0 increased 

as Si02  was replaced by Ca0 at all CaO/Si02 

ratio6, 

(iv) At low lime-silica ratios, the addition of 

alumina at constant CaO/Si02 ratios, increased 

the Mn0 activity coefficients, whereas, when 

this ratio is about one, the addition of A1203 

to the melt, did not have any appreciable 

effect on the activity coefficient. 
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The conclusions (i), (iii) and (iv) are in disa-

greemeht with those of Turkdogan23. The values of the Mn0 

activity coefficients also differed by a factor of ten from 

those reported by Turkdogan. 

Filer and Darken14 measured the partition of mangan-

ese between blast-furnace slag and metal by bringing the two 

into equilibrium in the presence of carbon. The slag compo-

sitions were 0.11-0.46 wt % Nh0, 2-6 wt % Mg0, 31-34 wt % Si02 

and 13-15 wt % A1203. The activity coefficient of manganese 

oxide, calculated on the assumption that YrNin is equal to YFe 

in carbon-saturated iron was in reasonable agreement with that 

obtained by Abraham from his results. 



if 
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Approach Adopted in the Present Work 

A, Sulflur EaLlilibrium Between the Melt and Gas Phase. 

(i) Sulphide capacities  

Fincham and Richardsonl  have shown that, when a 

silicate melt is equilibrated with a gas phase of known oxygen 

and sulphur partial pressures, if the oxygen partial pressure 

is less than 10-5  atm. then the sulphur atom enters the melt 

by displacing a suitable Oxygen atom. The sulphur atom is 

held as sulphide according 4-o the equation 

2 2 S + (0)
melt 

= 2 02  + (S)melt 

(s) P021' 
K - 	 

(0) PS22  

It can be assumed that the activity of replaceable 

oxygen in the melt is not significantly altered by the substi-

tution of small amounts of sulphur and that for low concentrations 

of sulphur the activity of sulphur (S) is proportional to the 

sulphur concentration, then the quantity wt % S (P02/PS2).  

defined as sulphide capacity Cs of a melt remains constant at 

given temperature. 

The experimental technique consisted of bringing 

the melts, contained in platinum cups, into equilibrium with a 

gas phase of known oxygen and sulphur potentials at the desired 

temperature. The sulphur in the melt, after quenching, was 

analysed at the end of the experiment. The gas phase was made 
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by mixing nitrogen, carbon dioxide, hydrogen and sulphur dioxide 

in calculated procortions. 	This mixture established the 

required sulphur and oxygen pressures at the temperature of 

the experiment. The calculations for p0,  and ps2  are given 

in the Appendix. Details of the apparatus used and experi-

mental procedure .are given later. 

In the present work the sulphide capacities of the 

melts MnO + A1203, MO + SiO2, A1203 + Si02, MnO + A1203 + Si02, 

Mn0 + Mg0 + Si02, MgO + Si02 + A1203 and pure CaO, MgO, Si02  

and A1203 were determined at 1650°C by the technique described 

above. 
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II Limiting Solubilities  of Sulphur and Activities  

in Crystaaline Lime and Lime-alumina and Lime- 

silica Melit. 

(a) Crystalline lime and lime-alumina melts  

The limiting solubilities of sulphur in crystal- 

line lime and lime-alumina melts could be determined by 

considering the equation 

(Ca0) 	2  SZ  = (CaS) 	02 

aCa0 
'P 02/Ps

2
)
2 	(1) 

when (PS,/p- )2  is increased, aCaS  or wt % sulphur in - 02  

crystalline lime or in the melt should also increase 

(provided acao  does not change appreciably). Beyond this 

limit, when tcas  is unity, if (PS2/1302)2  is slightly in- 

creased, wt % sulphur will increase markedly. This will 

continue to increase until the aCaO  has been sufficiently 

lowered to establish equilibrium again. This happens 

because Ca0 is consumed in conversion to CaS in the melt. 

If log wt % sulphur in the melt is plotted against 

(PS2/1302)-i, a smooth curve with a sudden discontinuity 

(Fig. 8) is obtained. The discontinuity is caused by the 

formation of CaS in the second phase. This point of dis-

continuity will give the sulphur in the melt at saturation 

at that particular (PS2/p
02)2  ratio. 
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PH2(i) 
PCO2(i) 

plotted against lug wt % sulphur (Fig. 8), since this is 
1 

directly related to (PS2/p02) ( see Appendix). 

The saturation limits of sulphur in crystalline 

lime at 1650°C e:ad in llme-alumina melts at 1500°C were 

obtained by this - eohniclue, The gas mixture used consisted 

of N2, H2, CO2  anO. 	More details of the procedure are 

given on page. 85. 

Lime activities in Ca0 + A1203 melts, saturated 

with sulphur, can be derived from the relation (1) using 
• 

the experimental values of (L-
-n 

 S2/p02)2  and the value of K 

derived from the data.28, 29, 30 The activities in the 

binary CaO + A1203 melts were obtained from the corresponding• 

values in the ternary on the assumption that acao  is 

dependent only on Ca° to A1203 ratio when only a small amount 

of CaS is present. Further details are given on page 87. 

(b) Lime-silica melts 

Lime-silica melts, unlike the lime-alumina melts, 

under the conditions described in the previous section, did 

not show sharp increases in wt % sulphur or Ncas  when the 

limits of CaS solubility were exceeded. This was becuase 

the activities of lime in the silicates are much lower than 

in the corresponding eliminates and fall more rapidly as 

CaS is produced by the sulphurizing gas mixture at the expense 

In i;]..0 aotaal procedure, the ratio is 
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of CaO. Thus, even when the ratio PS2/p02  for the gas 

substantially exceeds that for equilibrium with both melt 

and free CaS, the melt does not need to lose much of its 

lime as solid sulphide before its lime activity becomes 

sufficiently low for the equilibrium with free CaS and gas 

to be re-established. 

The gas mixture N2, H2, CO2  and SO2  did not produce 

sufficiently high sulphur to oxygen potential ratios to 

saturate the CaO + SiOa melts with sulphur. A different 

gas mixture of N2, H2, CO2 and H2S was found and used. This 

gas mixture gave the required sulphur to oxygen partial pres-

sure ratios for all the melts studied. 

The gas mixtures used herein were more reducing than 

those previously used. Si02 was reduced into the platinum 

cups, giving low melting alloys of Pt-Si, and thus making 

platinum an unsuitable material for containers. Iridium cups 

were therefore used; they behaved well under experimental 

conditions. 

Sulphur saturation limits in these melts were obtained 

by a graphical method as follows: 

The compositions of the melts,after the experiment, 

having the constituents CaO, Si02  and CaS were plotted on a 

ternary graph. Consider the relation (1) again. In a homo-

geneous melt, along any line of constant Ca0 to Si02  ratio 



on this ternary diagram N  cas should increase with the increase 

in (PS2/1302)2  ratio. Calculations based on the thermIdynamical 

data for CO2, H2S, H20, S2 and S28' 31 have shown that the 

(PS2/p0,)2  ratio is proportional to PH2S/p CO2 as shown in 

Figure 38. Thus, for a melt of constant lime to silica 

ratio, Noas should increase with PH2S/PCO2  being zero when 

pi s  is zero, At and beyond the point where free CaS is 

produced, the composition of the remaining melt, and hence 

of the gas, should remain constant. Now along this line of 
PH2S 

constant lime to silica ratio the plot of ---- against 
PCO2 

N0  increases at first and then becomes constant; the point 

at which this change occurs will give the Yens in the melt 

at saturation at that particular PH2S/pCO2  ratio.. Due to 

the difficulty of getting the final compositions along the 

constant lime to silica ratio, the actual experiments were 

conducted to get the final compositions along constant mole 

fraction of silica in the melt. Further details of the 

procedure by which the compositions of the melts along a 

constant lime to silica ratio were obtained from the above 

experimental results by interpolations and the derivation 

of the subsequent solubility limits from them are given on 

page 94. 

Activities of lime in the ternary Ca0 + Si02  + CaS 

melts at CaS saturation were determined by the relation (1) 

from the value of K obtained from the data 	
29
'  30 and the 
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experimental values of (PS2/po )z, The lime activities in 

the binary CaO + Si02  melts were obtained from they. on !the'. 

assumption that orio  remains constant with clnstant lime to 

silica ratio. More details are given on page 96. 
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B 	Manganese Oxide Activities in Aluminate and Silicate  

Melts, 

The activity of manganese oxide in each of the 

aluminate and silicate melts was determined from the amunt 

of manganese reduced into a thin platinum coil embedded in 

the melt, when the latter reached equilibrium with the coil 

at a given oxygen pressure and temperature. Consider the 

following reactions: 

ir)4  Pt 	02 
	(MnO)melt 	(1) 

1vir9 pt 	02  = Mn0 	(2) 
pure 

From (1) and (2) 

a(111n0) - 
a ' imrij  pt 

p022 

a [M21:1  Pt P0 2
2 

The primes refer to the activity and oxygen 

partial pressure for the melt and the absence of primes to 

those for pure manganese oxide. 
1 

a(Mn0) = 
p1022 

1'022 

when the compositions of Mfr -Pt alloys are the same in both 

the cases. 



27 

Manganese oxide activities in the binary MnO + A1203 

and ternary Mn0 + A1203  + Si02  melts at 1650°C were calculated 

14 determining the compositions of En-Pt alloys for the 

various melts at oxygen partial pressure of 10-5  atm. The 

oxygen partial pressure of 10-5  atm. was obtained from A gas 

mixture of nitrogen, hydrogen and carbon dioxide in calculated 

proportions. 	(Calculations in Appendix). The required 

oxygen partial pressures corresponding to these Mn-Pt alloys 

in equilibrium with pure oxide were obtained from the relation-

ship between equilibTinm oxygen partial pressures and Mn-Pt 

alloy compositions for pure manganese oxide.6 (The actual 

plot is given in Appendix). 
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III EXPERIMENTAL METHODS  

1. 	Apparatus: 

The apparatus used in all the experiments has been 

the same. Differences in technique will be e,iseussed under 

"Procedure". 

(a) Gas Train 

(i) The gas train is shown diagramatically 

in Fig. 1. It consists of four standard flow meters (F) 

for admitting the gases to the system. The gases came from 

cylinders and were maintained at constant pressure by means 

of "blow offs" (B) fitted on the in-going side of the flow 

meters. The "blow offs", in the preliminary experiments, 

contained water which was later on replaced by n-dibutyl 

phthalate. The gases passed through the drying towers (D). 

Carbon dioxide was dried by anhydrous magnesium perchiorate 

(anhydrone), and sulphur dioxide by anhydrous calcium 

chloride. When H2S was used, it was purified by passing over 

iodine and ther passing four times through water and drying 

again with CaC12. The drying towers for nitrogen and hydrogen 

contained "Sofnolite" (sodium hydroxide plus an indicator 

supported on an inert base) followed by anhydrone. The 

Sofnolite was meant to remove CO2. The gases after passing 

through the mixing chamber (M) (filled with pieces of broken 

glass) were led into the equilibrium furnace at a constant 

flow rate of 500 cc per minute and then to waste th7.ough e 

bubbler (0). The flow rates of the individual gases could 
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be varied by altering the heads of liquid in. the "blow offs" 

(B). Each "blow off" except that for sulphur dioxide had 

a pool of mercury (A) in the bottom and could be raised, 

when not in use, to dip the tip of the inlet tube under the 

surface of mercury. This was done to stop the liquid being 

sucked back into the apparatus. The sulphur dioxide "blow 

off" was sealed off from the atmosphere to allow the "blow 

off" gas to be sent to the fume cupboard. a three way stop 

cock was incorporated which enabled the "blow off" to be 

isolated from the rest cf the system. The number of joins 

was kept to a minimum and all joins and lecids were made with 

pressure rubber tubing. The apparatus was regularly tested 

for gas tightness. 

(ii) Gases 

Commercial gases of high purity were used. 

The (oxygen free) nitrogen and hydrogen contained 99.95% of 

N2 and H2 respectively, after drying and less than ten volumes 

per million of oxygen31. The carbon dioxide contained on the 

average 99.5% of CO2, the remainder being mainly air. The 

amount of air, however, could be as much as 15 in some cases32. 

The sulphur dioxide was about 99.6% pure, , While the H2S 

used33in place of SO2  was of initial 98.5% purity Its purity, 

checked. by analysis, increased to more than 99% after purification. 
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(iii) Flow Meters: 

Four capillary flow-meters (F) of the 

conventional patternwere used. Their manometers contained 

n-dibutyl phthalate. Each of them was calibrated by means 

of a "soap bubble" flow-meter by noting the time taken for 

the gas to sweep a soap film through a known volume. The 

reproducibility of the method was better than ±eo. However, 

it is not considered that the absolute accuracy of the flow 

meters so calibrated was better than ± 1%. The calibrations 

of the flow-meters were checked and necessary corrections 

were made before each experiment. 

(b) Furnace: 

A horizontal molybdenum wound furnaco (Fig. 2) was 

used in all the experiments. The heating element (K) was 

molybdenum tape, 0.02 inch thick and 1/8  inch wide. It 

was wound at approximately six turns per inch on recrystal-

lised alumina tube (A) of about two feet long and two inches 

in diameter. The total resistance was nearly 0.6 ohm when 

cold. This tube (A) was sealed into the steel furnace 

casing (p) by means of a gland at either end, packed with 

asbestos string impregnated with graphite oil. The furnace 

case was filled with the alumina powder (L) for insulation. 

A slow stream of "forming" gas (90% N2, 10% H2) or cracked 

ammonia was passed through it to protect the molybdenum 

tape from omidation. All joints and electrical leads (M) were 
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sealed with a calcium fluoride-sodium silicate, The 

reaction tube (..R) of recrystallised alumina, three feet long 

and 1,3 inch diameter, was held in position in the furnace 

tube (A) by asbestos wool between the tubes, and by Jobilee 

clips on both ends. The ends were cooled by passing water 

through coils of compo tubing (E). The rubber bungs were 

urotected by radiation shields (D) made of silica insulating 

brick. 	The fumnace had a zone of 1.5 inch . over which the 

temperature was constant to within 5°C at 1500°  - 1650°C. 

The samples were contained in platinum or iridium 

cups (H) supported on an alumina tray (G). A platinum wire 

loop attached to one end of this tray, or a vertical hole on 

this end, enabl.ed the tray to be pulled out of the hot zone 

along the alumina gutter (F). The gutter was a strip oat 

longitudinally from an alumina tube. It was designed to 

protect the main reaction tube, from being cracked, due to 

thermal shock during introduction and removal of the specimens. 

The gutter (F) was made of two equal halves. At the end_ of 

the experiment one half in the Cooler part of the reaction 

tube was removed, cleaned together with the tube, and was 

placed back into the position. This was done to avoid the 

error in melt composition during quenching from the condensed 

sulphur in the cooler part of the reaction tube. The gases 

were led into the furnace through an alumina tube (C) of inch 

in diameter in order to minimise thermal diffusion errors. 
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A small alumina crucible (I) was placed over one end of 

tube (C). At the other end was attached a standard B10  

cone over which a T tube can be fitted. Through one limb 

of T, the mixed gas entered the furnace. A glass disc (yV) 

was cemented on to the other end as shown in the diagram. 

This served as a window through which an optical pyrometer could 

be sighted down to the base of the crucible (I) placed within 

the even temperature zone of the furnava. Alongside of the 

sighting tube, an alumina sheath (B) 4  inch in diameter was 

placed. This was used for inserting thermo-couple (x) to 

measure the temperature. Current to the furnace was supplied 

from a 'Tarlac" auto-transformer. 

(c) Temperature Measurement and Control  

The temperature was measured by sighting a Leeds 

and Northrup disappearing filament optical pyrometer on to 

the base of the crucible (I) through the window (w). The 

pyrometer was calibrated against a 5% Rh-Pt : 20 Rh-Pt 

thermocouple by placing the junction of the thermocouple in 

the even temperature zone of the furnace and taking simultaneous 

readings of the pyrometer and the thermocouple. The cali- 

bration was made up to 1650°C. The temperature observed by 

the optical pyrometer was also frequently checked by a 

Rh-Pt : 20 Rh-Pt thermocouple (X) placed in the alumina sheath 

(B) during the experiment. 
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The temperature of the furnace was controlled auto-

matically by a Kelvin and Hughes electronic controller of the 

proportional type operatifeg a mercury relay, which interrupted 

the whole of the furnace current. The control thermocouple 

was inserted between the furnace tube and the reaction tube. 

The hot junction was placed at a point 100°  - 150°C lower 

than the temperature of the even zone, in order to prevent 

the too rapid deterioration which occurs at temperatures above 

1600°C. With this arrangement, the fluctuation was main-

tained within 2*C at 1650°C. 

(d) Sample Holding Assemblies  

(i) Platinum and iridium cups: 

The samples were held in small platinum cups of 

roughly hemispherical shapes, with diameters of about inch. 

They were made from a platinum sheet (0.005 inch thick) by 

cutting out a circular disc of 0.6 inch diameter with a punch 

and then pressing these discs into cups with a small press. 

Platinum cups were found unsuitable for holding melts 

in reducing atmospheres of oxygen partial pressure of 10-8 atm. 

and below it. Iridium cups were therefore used. They were 

made in the same way as platinum cups except that the press 

was heated to approximately 800°C before use. They were 

0.3 inches in diameter and 0.2 inches deep. They were able 

to hold 0.3 gm. of melt. 
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(±i) Alumina supportsg 

Alumina trays for holding the cups were made from 

alumina blocks by drilling a number of depressions. These 

depressions were so spaced that when the tray was in posi-

tion, all the cups would be within the even temperature 

zane of the furnace. This allowed only six platinum cups 

or four iridium cups in the furnace at a time. 

The blocks used for making trays were made from 

alumina cement, which consisted of alumina powder with a 

small proportion of an organic binder. The cement was made 

into a paste with water and allowed to set in a flat mould 

(usually a filter paper box) and then dried at 100°C fmr 

24 hours. The blocks were then cut out and shaped with a 

file. The depressions on it were made with a drill. The 

blocks rera.fired.at  1500°C before use. 	This treatment made 

them hard and quite resistant to thermal shock. 

Those melts which had a high manganese oxide content, 

crept out of the cups during the experiment. This was avoided 

by using a special support to hold the cups, made of platinum 

wires on an alumina boat. 
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2. Preparation of Materials 

Calcium oxide was prepared by igniting 

Analar calcium carbonate at 1000°C for 2 hours in a platinum 

dish and cooling in a desiccator. 

(ii) Silica was obtained from clear mineral 

quartz. This was crushed to powder, washed several times 

with dilute hydrochloric acid to remove traces of iron, and 

finally washed with water. It was then dried at 110°C. 

(iii) Alumina was obtained by igniting Analar 

aluminium oxide at 1000°C for two hours in a Idatinum dish 

and then cooling in a desiccator. 

(iv) Magnesia was obtained by igniting fused 

magnesia (98% Mg0) powder at 1000°C for 2 hours in a platinum 

dish and cooling in a desiccator. 

(v) Manganese oxide was prepared from 99.9* 
pure electrolytic manganese. The metal was dissolved in 

concentrated nitric acid and the solution so obtained was 

evaperated to dryness. The manganese dioxide so formed was 

reduced in a stream of hydrogen at 1100°C for two hours. 

Green manganous oxide was formed. 

The samples were prepared by weighing out the calcu-

lated amounts of the constituents and mixing them together 

in an agate mortar. The quantity of samp'e taken for the 

experiment was approximately 0.4 gm., but in the case of 



A1203 + Si02  and Mg0 + 5102  malts, and pure oaides 

for most of the samples it was 0,8 - I gm. taken in four 

different cups. 

3. 	Procedure: 

A. Sulphur in aluminate and silicate melts: 

The procedure adopted for the measuramentw of 

sulphide capacities and limiting solubilities of sulphur 

in lime-alumina, lime-silica melts and pure crystalline CaO, 

was the same. First of all the molybdenum furnace, gener-

ally at 1200°C when not in use, was brought to the required 

temperature. The Kelvin and Hughes proportional controller 

was adjusted to keep the furnace at this temperature for the 

duration of the experiment. The furnace was flushed with 

nitrogen. The cups containing the samples of desired compo-

sitions, were placed on the alumina tray and this was pushed 

slowly into the even temperature zone of the furnace over a 

period of ten to fifteen minutes. The furnace was then 

closed. The passage of nitrogen was continued for a further 

fifteen minutes, during which time the samples attained the 

required temperature. The mixed gases from the flow meter 

system, adjusted to the required composition, were then passed 

through the furnace at a flow rate of 500 cc per minute. The 

flow meter readings were checked at regular intervals and 

adjusted if necessary. 



The temperature was measured regu],arly by opticel 

pyrometer and also by a thermocouple. Under similar 

experimental conditions, Fincham34 found, by plotting the weight 

percent sulphur in the melt against the time, that equilib-

rium was attained in about five hours. He also checked the 

equilibrium time by approaching the equilibrium from the 

higher sulphur side, In the present work, experiments were 

usually conducted for eight hours, although in the measurements 

of sulphur in pure oxides and in some of the other experiments 

to check the equilibrium time, the duration was increased to 

24 hours;  

At the end of the experiment, the mixed gases were 

turned off and only nitrogen wac kept flowing. One half of 

the gutter was removed, cleaned together with the reaction 

tube. and was placed back into position. The alumina tray 

with the samples, was quickly pulled from the hot zone into 

to acid and Of the reaction tube. This wao on: by means of 

a silica rod having a small right angle hoek at ics one end, 

which hooked the platinum icop attached to the tray nr the 

-vertical hole on its end. Because of their small size, the 

samples cooled rapidly. Under these conditions, Fincham34 

has shown that no significant loss of sulphur, as sulphur 

dioxide, takes place during quenching. 
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After qtlenching, the molts worc crushed out of the 

cups and analysed for sulphve. The melts containing manganese 

oxide, because of the alteration in composition arising from 

reduction of Mn0 into the platinum, were analysed for mangan-

ese oxide at the end of experiment in addition to the sulphur 

analysis. The process of determining the sulphide capacities 

and the limiting solubilities of sulphur in lime-alumina, 

lime.-silica melts and crystalline calcium oxide, and derivation 

of the activities in these systems from them, have been des-

cribed on pages,  21 - 25. 

B, Activities of manganese oxide in aluminate  

and silicate melts. 

The method followed herein has been described by 

ravies$ and Abrahamb. The theory has been described on 

pages 26 and 27. 

The experimental procedure was alm'st the same as 

outlined in the previous section, 7orevar, in this case, a 

small platinum coil, 0.002 inch thick and 0.1 inch wide, was 

embedded in each of the samples of the poTdored melts before 

pushing into the furnace. The gaseous mixture consisted of 

nitrogen, hydrogen and carbon dioxide only. As described in 

the previous section, the gases from the flow meters were turned 

on after putting the Samples in the even hot zone of the 

furnace. TN) manganese oxide from the melt was reduced st 



the low L73,-)76:. prc.ssure provailin;7 in the furnace and dissolved 

in -the 	Th, manga.13se plt-tinum alio:,  forming 

in this -hay, :eached equilibrium with the melt and jaseous 

phase in about 5-6 hours. This has also "been observed by 

DaTies5  and Abraham6, who reported six hours as a suffioient 

period for the: attainment of oquilibriur. 

The hydrogen and carbon dioxide were turned off after 

the samples had been in the furnace for eight hours. The 

samples were then pulled quickly into the cooler end of the 

reaction tube and allowed to cool in the nitrogen atmosphere. 

The solidified melts and the platinum coils were 

removed from the cups and then were separated from each other. 

The coils so obtained were cleaned with emery paper and examined 

ander a binocular microscope to make sure that no speck of 

manganese oxide was adhering to them. Both the melts and 

the alloys were then analysed for manganese, 

As mentioned earlier, the composition of the melt 

changed due to the reduction of manganese oxide from the melt 

into the platinum cup. This made the prediction of the final 

composition of the melt from its initial composition impossible. 

However, by the following procedure it was possible to know 

the activity of manganese oxide in a given composition. The 

sample of the desired composition was prepared. To the 

different portions of this sample, various extra amounts of 
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pure manganesz 	were added, The experiment was then 

carried out in the usual way. After the experiment, these 

samples contained varying proportions of manganese oxides, 

some more and some less than the desired composition. The 

activities of manganese oxides in all these samples were cal-

culated in the usual way and the activity in the desired 

composition could be obtained by interpolation. 

4. 	Analytical Methods: 

A. Sulphur, 

Sulphur in the melts was determined by the stoichi- 

°metric combustion method35. In most cases about 0.3 gm. of 

the powdered sample in an alumnous porcelain combustion boat 

(preheated to drive off any sulphur present) was placed in a 

sb-ream of carbon dioxide at about 1450'C, However, in the 

case of A1203  + Si02, Mg0 + Si02  malts, anC. CaC, Mg0, A1203 

and Si02, the quantity taken for analysiL; v;as &boat 0,8 gin. 

CaO to A1203  + Si02, A120,0.  to Mg0 + 5102, (S102 + A1203) 

to Ca0 and to MgO, (Ca0 + Si02) to A1203 and (Ca0 + A1203) 

to Si02  were also added in suitable proportions, before analysis, 

to bring down the m,p . of the respective samples. The com- 

bustion was carried out in a recrystallised alumina reaction 

tube, heated by platinum wound electric resistance furnace. 

The sulphur in the sample was converted to sulphur dioxide, 

which was absorbed into distilled water. The sulphurous acid 

formed was estimated by titration with standard iodine solution 
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using starch as an indicator, Th titration was perf rmed 

while the sulphur dioxide was being evolved. It tnok 2 

hours for the manganese oxide containing melts to evolve 

all the sulphur, whereas the other melts gave up within 

3 hours. Corrections were made for small traces of sulphur 

dioxide present in the carbon dioxide. The sulphur analysis 

was standardised by analysing Analar calcium sulphate as 

described by Fincham and Richardson,35 

B, Manganese oxide 

About 0.15 gm. of the sample was weighed accurately 

and fused with potassium bisulphate in a platinum dish. 

After cooling, the product was dissolved in a mixture of 

5 cc of 40% Hydrofluoric acid and 5 cc of 50% sulphuric acid 

in the same platinum dish. The solution was then heated to 

fumes and almost evaporated to dryness. This ensured the 

removal of silica as silicon tetrafloride. After cooling 

the solution was carefully diluted and made up to a litre. 

A known volume of this solution was pipetted out (the volume 

depending on the manganese content of the melt) and the man-

ganese was oxidized to permanganate by potassium periodate. 

The oxidised solution was made to 250 ml. The manganese was 

determined colourimetrically using a Unlearn SP 600 Spectro-

photometer set at 525 Angstroms. 
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C. Manganese. in Mn-Pt 

The coil of Mn-Pt alloy was cleaned thoroughly 

from the adhering manganese oxide with emery paper. About 

10-20 mgm of the alloy was weighed accurately and dissolved 
2 

in aqua-•rigia. The solution was evaporated to dryness. 

The residue was treated with concentrated sulphuric acid 

and heated to fumes to remove chloride and nitrate ions. 
iced. 

The solution was diluted. Manganese was oxidt to perman- 

ganate by potassium periodate and estimated colourimetrically 

as earlier. 

5. Note on thermal diffusion: 

The equilibrium studies of the present types involve 

flowing gaseous mixtures and condensed phases. The thermal 

diffusion can be a serious problem. Alcock and Richardson36, 

using hydrogen and hydrogen sulphide mixtures, measured the 

extent of thermal diffusion in their apparatus at varying 

flow rates and showed that in a static system, an error up to 

100% could occur at 1200°K. 

To avoid significant error due to thermal diffusion, 

the gas flow rate should be such that (i) it is fast enough 

to overcome the thermal diffusion in the ingoing temperature 

gradient, and (ii) slow enough to allow the gases to reach the 

equilibrium temperature before coming into contact with the 

condensed phase. There is thus an optimum range of flow 
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-rates where thermal dfffusi._)n 	a 	Finoliam34  

varied the 6as 'IoW rate frohn 15 oe IO 17.3 cc per SGO. 

at S.T.P. and found no significant difference in he experi- 

mental reErOts. According to this, the flow rate of 

500 cc per minute in the present woric., ehoula ho'; invol7e 

any appreciable error due to thermal i.ffusion. 



44 - 

:,-Jsimatesof 

Er-:ers, in the experiment-1A ,usults, will 

considered 'sere, mule thopeir ) Jg  xacl 	are df.scusq(:d 

in the "kopendix 1". 	ETTOrS in the oalatc:1 3.e.ta mill 

he given along with their res:-)ec 	di;lunsFi.c-, 

A. Temperature 

In the experiments up to 1650°C, where a thermo-

couple as well as an optical pyrometer was used, the stated 

temperatures are accurate to within ± 5°C (± 3`3 thermocouple 

error, ± 2°C fluctuations in furnace temperature). Where 

only an optical pyrometer calibrated by a thermocouple was 

used, the uncertainty became ± 800. Fincham34  has shown 

that these errors in the temperature measurements did not 

cause significant errors in the measured sulphur for a given 

col4osibion of the ingoing gas. These should alse not lead 

to the serious errors in the activities data, as the tempera- 

ture co-efficients Of activities are not great. 	(i.e. the 

activity is not expected to charge more than 12g for 100°C). 

B, 	Gas mixtures  

Each of the flow meters had a maximum error of ± 1%. 

This would cause a maximum error of ± 2% in the proportion of 

any one constituent. A possib3,e error of ± 1-do in the propor-

tions of carbon dioxide and nitrogen, due to the presence of 

up to 1% (average %) of air in the carbon dioxide, is also 

included in this. 



C% 	Fuiphur anal] sis 

For sulphur contents abc,re 0,10', the error is 

Bele4 about 005.% sulphur, the accuracy is low, 

D. Manganese analysis 

An error of ± Tg, is estimated in the analysis of 

manganese in the melts. The analysis of manganese in the 

Mn-Pt alloys should also be accurate to within ± Tto where 

the manganese content is between 4.5% to 5.5%. But the 

accuracy becomes low in the alloys of higher concentration 

of manganese. 



************-X-**** 



ite 

RESULT6 

General 

(a) The results are presented in tabular form. The 

quantities, calculated from measured results, have been 

marked by asterisks . 	The tables 11F.ms been divj.elcd. into 

the frllowing main sections. 

A. Sulphur in Aluminate and Silicate Melts 

and Crystalline Oxides. 

(i) Sulphide capacities 

(ii) Limiting solubilities of sulphur 

and activities in crystalline lima 

and lime-alumina and lime-silica 

melts. 

B. Activities of Manganese Oxide in Aluminate 

and Silicate Molts 

Activity Coefficients of Sulphide.? in 

Aluminate and. Silicate Melts. 

(b) Melt compositions are clearly shown in the tables. 

The mole fraction is indicated by the symbol N. Sulphur con-

tent in the melt in weight percentage is indicated as wt % S. 

(0) Reproducibility of the measurements is expressed 

in terms of maximum deviation from the best line drawn through 

the experimental results, 
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(d) The samples were normally kept inside the 

furnace ilnder the experimental conditions for eight hours, 

but in the measurements of sulphur in A1203 + Si02, MgO + Si02 

melts and in pure oxides, they were kept for 24 hours. 

(e) Each of the partial -2ressures is ,!enote6. in 

atmospheres by a small p with subscript. e.g. p02  means 

oxygen partial pressure in atmospheres. A subscript (i) 

indicates the partial pressure of the gas in the ingoirg 

gAs mixture, e.g.PH2(i)  is the partial pressure of hydrogen, 

in atmospheres, in the ingoing gas mixture. 

(f) .P02  and psi  are the calculated values of the 

oxygen and sulphur partial pressures at the temperature of 

the experiment. 	(Details in Appendix 1). No corrections 

have been made for variations in atmosphere (total) pressure. 

Fr for a given gas composition and temperature varies with 02  

the total pressure, but the necessary corrections are insign-

ificant in comparison with the uncertainties iii the thermo-

dynamic data used in the calculations. p02  is independent 

of total pressure when obtained from a gas mixture of H2, CO2 

and N2. Since it is determined by the equilibrium constants 

PC0 Po?, 	 PH2o Pco 
Pco2 	 K2 PH2  PCO2 
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A. 	Sulphur in Alulithlr 	6ilioat-1 	s and 07.?ys:6alline Oxides 

(1) 
TABTAT, 

Binary Mr10 F Al2  5 melts. 

-PN2(i) 	0.5 

PCO2(i%, = 	0.326 

1'02 	= 	1.115 x 1 

mGml;el'a',Jure 165000 

- 	0.154 

p.r• 0.3) 

1,639 x 10-4  

wt 5 Mn0 1"Mr0 VP-  cl -lop Os 

5606 0.653 0,211 1,786 

62.5 0,705 0.349 1.567 

64.0 0,720 0,405 1.450 

67.0 D.745 0.540 1,380 

69,5 0,765 0.689 1,272 

71,0 0780 0.676 1,280 

71„5 0,782 0.521 1.392 

76.7 0,825 1.025 1.098 

77,0 0,628 0.813 1.20 

79,5 0.847 0,915 1,147 

80.0 0,652 0.670 1,284 

84,0 0.882 o ,545 1,350 

66,7 0,904 0 x517 1.396 

87.0 0,905 0,735 1.243 

87,7 0.910 o .553 1.367 

91.5 0.940 0 .314 1.63o 

94,0 0.956 0 1.930 

Maximum deviation ± 00 
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TABLE Ti 

Binary ME0 yr7:91to. 1650')0 

- 	0.50 PH2(i) = 	0.364 

P002(i) - 	0.116 PS03(i) 0,02 

P02  = 	1.03 3 x 10-8  PS2 	= 2,958 

Vit %  1140 	 wt s 

30,0 0.39 0.0349 4.19 

30.7 0.40 0.0398 4.127 

35.0 0.44 0,0350 4.180 

36.0 0.46 0,0410 4,114 

39.5 0.49 0.0516 4.015 

40,0 0,50 0.042 4.103 

43.3 0.53 0.0566 3.99 

Maximum deviation ± Et4 
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TABLE III 

Binary A1203  Si02  melts, Tempea?ature 1650°C 

PN2(i) 	0„50 	PH2(i) = 0.364 

PCO2(i) = 0.116 	SO2()P i  = 0.02 

PO2 	= 	1.038 x 10-8  

wt % A1203 	NA1203 

PS2  

Wt o S 

= 	2.958 x 10-3  

-log Cs 

3.4 0.020 0.0183 4.466 

3.7 0,025 0.0207 4.412 

6.7 0.040 0.0310 4.26 

7.0 0.040 0.0341 4.195 

9.0 0.056 0.0343 4.191 

10.0 0.066 0.0527 4.00 

16.0 0.09 0.0360 4.17 

16.2 0.09 0.0261 4431 

20.0 0.128 0.027 4.30 

22.0 0,14 0,0578 4.24 

29.6 0.20 0.0325 4.22 

39.5 0.28 0,0335 4.26 

Accuracy within ± 10% 
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TABLE Ty 

Ternary Mn0 y A1203  Si02  meltF, Temperature 1650°C 

PN2(20 	0,5 	 - 0.154 

PCO2(4) = 0326 
	

02(i) - 0,02 

P02 	= 

Mn0 

1.115 

NS102  

x 10-6  

NA1203  

- 	1.839 x 10-4  

Wt % S 	-log Co 

.656 .257 .087 0.269 1.68 

.525 .371 .104 0.0610 2.323 

.633 .262 .105 0.115 2.049 

.445 .462 .092 0.04 2.507 

.503 .290 .210 0.387 2.522 

.388 .484 .128 0.0314 2.613 

.785 .078 .137 0.0479 1.43 

.590 .146 .264 0.1464 1.95 

.510 .315 ,175 0,0586 2.37 

.716 .070 .214 0.320 1.604 

.565 .103 .335 0,403 2.504 

.709 .104 .187 0.3313 1.589 

.424 .206 .368 0.0379 2.530 

.610 .110 ,280 0.1958 1.817 

.588 ,247 164 0.0403 1.936 

.765 .141 ,.094 0,7752 1.220 

.764 .166 .0704 0,790 1.210 

.610 .380 0210 0.0376 2.577 

Yaximum daviatj_bn ± 8% 
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TABLE V 

Ternary MnO Mg° Si 02  melts, Thm-,-,;e:at:::51650°C 

132(i) 	0,5 	

.4 

 

PCO2(i) = 0;.26 s-SO2(i) . 0.02 

/302  = 1.115 x 10-6 	Ps2 	1,635 x 10-4  

NM 	In0 	'T1P;g0 	NSi02 	Wt % S 	-log C. 

,626 .077 ,297 04'X765 1,667 

.537 .096 ,367 0,1214 2.025 

.525 .185 .290 0,2327 1.742 

.390 ,238 .372 0,0554 2.366 

.141 .334 .525 0,0586 3.426 

.190 .420 .390 0.1180 3,123 

.114 .450 .426 0.0723 3.321 

,339 .342 .319 0,9363 2,222 

.264 ,382 .354 0.40 2,59 

.648 .198 .767 0.349 2.651 

.214 .306 .480 0.1103 3.151 

.430 .275 .743 0.278 2,750 

.298 .144 .558 0.178 2.944 

.271 .223 .506 0,121 3,110 

.358 .195 .447 0.217 2.857 

.147 .388 .465 0.60 3.407 

.197 .366 .437 0.868 3.258 

PN2  - 0.5 

Pco2  = 0.116 

P02 	1.038 x 10-8  

PH2  = 0.364 

PS02  = 0.02 

PS2  . 2.958 x 10-3  

.033 .379 .59 0.0581 3.963 

.023 .46 .517 0.0837 3.805 

Maximum deviation ± 10% 
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TABLE 

Ternary M80 Si02  A1203  melts. Tem.peraturc 1650°C 

P524) . 0,0 
	

PI' 1) - 0064  

PCO2(.) .-- o,116 
	

P802(i) = 0.02 

P02 	= 

ITM0 
---- 

1.038 7 

NS .!.)C, 

10- ?̀  

Al2O3n  
- -__. 

PS2 	.. 

Wt % S 
• •We n.. 	uft :ow,. 

2.958 x i0-3  

-log C3 
I., 	• 	•I ••=.••••.•24VM 

.184 ,,786 .0295 0,0228 4.369 

.337 .639 .024 0.0347 4,187 

.453 .527 .020 00589 4.137 

.536 .447 .017 0,056,1 3.977 

.533 .423 ,043 0,0672 3,90o 

.456 .493 .051 0,0571 3.97 

.356 .583 .061 0,0553 49179 

.207 .718 .075 00526 4.215 

.542 .383 .075 0,0688 3.890 

.431 .476 .093 0.0574 3.969 

.308 .579 .113 0.0351 4.183 

.173 692 .135 0.0262 4.310 

.156 .641 .203 0,0240 4.347 
,308 .525 .166 0.0442 4.082  

.558 .350 ,111 0.0(33 3.862 

.433 .433 ,1-56 0,0562 3.978 

.255 .543 .172 0.0366 4.162 

.252 .469 ,279 0,0508 4.140 

.275 489 .236 0.03263 4.210 

.399 .406  .196 0,0586 3,970 
,229 .454 .317 0,0325 4.216 

.280 .499 .220 0.0389 4.138 

.105 ,832 .064 0.0207 4.411 

.096 .872 .032 0.0115 4.668 

.032 .767 ,150 0.0155 4.54 

Accuracy within ± 15% 
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TABLE VII:, 

Crystalline CaO, Mg0 Si02  ane, 	Trr, peTztare 1650°C 

Pc°.8(i) = 0.i16 
9°2 	io38 x 10-8  

2(i)  = 0.364 

PS02(i) - 0.02 

PS2  - 2.956 x 10-3  

MgO A1203 S x.02 Ca0 

wt % S -log Cs Wt % S -log Cs Wt % S -log Cs Wt o S -log Cs 

0.0069 
	4.89 

	
0.0265 	4.304 

	
0,0107 	4.70 	36.6 

0.0080 
	

4.82 
	

0.0265 
	

4.304 
	0.00927 	4.76 

0.0074 
	

4.86 
	

0,0265 
	

4.304 

PN2(i) = 0,5 	PH2(i) = 0.260 

PCO2(i) = 0,22 	PS02(i) = 0,02 

Poe = 1.112 x 10-7 	PS2  . 2.709 x 10-3  

040380 

0.006.68 

0,00794 

4 613 	0.00265 	4,77 	0,0227 	3.837 

4.37 	0.0287 	3.736 

4.29 	0.0308 	3.704 

	

0.0245 	3.81 

	

0.0227 	3.84 
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(ii) Limiting solubilities of sulphur and activities  

in  crystalline lime and lime-alumina and lime-

silica melts. 

TABLE VIII 

(a) 	Sulphur in crystalline calcium oxide. Temperature 1650°C. 

lau 	= 0.5 
	1311 	= 0.02 

log P 
H2/PCO2 

 

Prn 	P124)  = 0.48 

P02 22low 	Wt % S 	Original Sulphur 

 

PS 2  

    

       

0.0726 2.1933 0.0259 Zero 

0.0726 2.1933 0.0306 36.6% 

x
0.1315 2.290 0.0604 36.6% 

X0.1315 2.290 0.0241 Zero 

0.1315 2.290 0.034 26.6% 

0.1315 2.2go 0.0294 Zero 

0.146 2.32 C.0353 Zero 

0.1685 2.37 12.00 Zero 

0.4966 2.7274 36,60 Zero 

0.16* 2.35* 0.36* Theoretical 

x Duration of experiment was six hours. 

Maximum deviation -1- 13% 



(b). 	Lime-Alumina Melts  

TABLE VII/A  

Sulphur in Lime-Alumina 	Pelts at 1500°C. 

N2(I)= 	0.5 
	

Pso2(i). 	0.01 P112(i).1. PC0g(i). 	0.49 

Composition 

(i) 
Ps  

log --a 
D02  

A D E 

log % S -log Cs log % S -log Cs log % S -log Cs 

••••••••••••••••••.401.11.01 

log % S -log Cs log % S --log Cs log % S -log Cs 
PCO2(i) 

0.60o 2.115 -1.155 3.27 -0.73 2.846 -0.329 2.444 -0.132 2.247 
0.750 2.342 -0.369 2.711 -0.1190 2.460 +0.0569 2.280 
0.800 2.440 -0.870 3.31 -0.535 2.9746 -0.314 2.754 -0.071 2.510 +0.149 2.290 
1.042 2.602 -0.174 2.774 +0.1538 2.476 0.2833 2.318 
1.18 2.670 

+0.188 2.470 +0.347 2.2855 
1.259 2.710 -0.8794 3.59 -0.562 3.2 -0.476 

3.186 -0.108 2.812 +0.470 2.150 0.564 2.144 
1.60 2.81 -0.173 2.983 -0.0303 2.776 0.820 1.09 0.869 1.941 
1.90 2.866 -0.277 

3.090 +0.1335 2.728 
2.00 2.91 -0.678 3.59 -0.376 3.285 -0.142 

3.052 +0.598 2.313 
2.60 3.022 -0.456 3.48 -0.286 3.303 -0.064 3.086 
3.00 3.04 -0.228 3.266 +0.0128 3.027 
3.25 3.075 -0.397 3.47 -0.206 3.28o +0.323 2.760 
4.0o 3.115 -0.250 3.37 0.120 3.23 +0.500 2.65o 
4.30 3.13 -0.30o 3.43 4k0.100 3.23 

4.75 3.16 -0.26 3.42 +0.780 2.38 

5.5o 3.215 +0.50 2.715 

5.68 3.25 +0.80 2.45 
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TABTF IX 

Sulphur saturation limits and Cs values for Ca0 &1203 melts. 

Temperature 15Q00C. 

NCaO before 	Wto sulphur 	Activity- 	Sulphide  
experiment 	at Saturation 	Coefficient of CaS 	Capacity Cs x 103  

0.57 0.58 72.5 0.32 

0.59 0.77 55.3 0.50 

0.63 1.07 40.7 0.89 

o.66 1.38 32.2 1.86 

0.70 1.62 28.0 3.42  

-... —1.0 0.036 1586 0,016 

x For pure Ca° the temperature of experiment was 1650°C. 
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T.ABIE X 

Activities and free energies in CaO 

to pure solid Ca0 and A1203. 

a 	a 	* Ca0 	Ca0 

A1203 melts relative 

Temperature 1500°C. 

—!NG Kcal 

0.58 0.21 0.150 6.04 

0.60 0.25 0,115 5.99 

0.62 0.30 0.085 R 02 ..... 

0.64 0.58 o.o60 5.81 

0.66 0.50 0.040 5.66 

0.63 0.67 0.025 5.44 

0.71 1.00 0.007 5.03 
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(6) Lime-silica melts. 

  

TABU' X1 

Sulphur in 14e-silica melts at 1500°C. 

PN2 	= 

NCa° 
_.......... 

0.50 	PH2S 	= 	0.08 	PCO2  + PH2 	= 	0.42 

3PH2S/PCO2 N .
S1C2 	

NCO 	Wt % S 

0.4557 0.3834 0.1608 8.56 9.441 
0.4694 0.3934 0.1383 7.40 9.441 
0.4713 0,4032 0.1257 6.741 9.441 
0.4641 0.4131 0.1029 5.552 

911.46g 0.5003 
0.4352 

0.231 
0.3836 

0.0766 
0.1813 

4.160 
).60 11:27 

0,4478 0.3934 0.1588 8.45 11.27 
0.4508 0.4032 0.1462 7.80 11.27 
0.4536 0.4133 0.1332 7.13 11.27 
0.4737 
0.4072 

0.4230 
0.3036 

0.1031 
0.2093 

5.56 
11.00 

11.2; 
13.4977  

0.4195 0.4133 0.1680 8.90 13.49 
0.4415 
0.4081 

0.4231 
0.4231 

0.1352 
0.159 

7.23 
8.95 1136: 94 

0.4323 0.5027 0.065 3.52 16.14 
0.4176 0.3832 0.1993 10.50 11.80 
0.4416 0.4033 0.155 8.25 11.80 
0.4551 0.4133 0.1317 7,05 11.80  
0.4751 0.423 0.102 5.50 11.80 
0.4239 0.3793 0.2027 10.69 11.80 
0.4482 0.4232 0.130 6.95 12.79 
0.4210 0.4033 0.186 9.30 12.79 
0.4006 0.3838 0.2154 11.30 12.79 
0.4512 0.3347 0.2140 11,27 4.21 
0.4955 0.3737  0.1308 7.025 4.21 
0.5084 0.4627 0.0289 1.584 4.21 
0.375 0.6137 0.0112 0.610 4.21 
0.429 0.558 0.013 0.700 4.21 
0.5284 0.4232 0.0486 2.660 4.21 
0.4604 0.3779 0.1618 3.530 6,237 
0.4138 0.3346 0.2524 13.11 6.237 
0.3739 0,6137 0.0123 0.670 6.237 
0.4244 0.5502 0.0176 0,960 6.257 
0.5000 0.463 0.0373 2.040 6.237 
0.5202 0.4232 0.0568 5..100 6.237 
0.3700 0,6140 0.016 0.8816 8.6'i 
0.4182 0.5578 0.0240 1.311 8.61 
04870 0.4630 0.0504 2,750 8.61 



- Go - 

TABLE XI continued  

Ca() N N0 a0 vit c/o S 3 	4 	CO2 

0.4968 0.423 0.0602 4.34 8.61 
0.4628 0.5027 0.0346 1.89 8.61 
0.3620 0.614 0.024 1.32 14.62  
0.4062 0.5581 0.0338 1.843 14,62 
0.4672 0.4628 0.070 3.80 14.62  
0.4763 0.4232 0,1003 5.40 14.62 
0.350 0.614 0.037 2,00 17.78  
0.394 0.558 0.011-) 2.606 17.73 
0.4531 0.4631 0.064 4.536 17.78 
0.395 0.424 0.133 9.650 17.78 
0.3424 0.6135 0.0437 2.360 26.61  
0.3807 0.5581 0,0611 3.300 26.61 
0.4246 0.4628 0.1126 6.050 26.61 
0.3402 0.6135 0.0459 2.480 25.12 
0.3355 0,5581 0.0563 3.047 25.12 
0.4330 0.4628 0.1042 5.60 25.12 
0.3866 0.4233 0.1904 10.03 25.12 
0.4067 0.5028 0L0906 4.874 27.54 
0.4442 0.4686 0.08906 4.941 27.54 
0.3317 0.6137 0.0548 2.955 27.54 
0.3655 0.5584 0.0762 4.100 27.54 
0.4161 0.4624 0.1214 6.500 27.54 
0.3308 0.6137 0.0556 3.00 34.26 
0.3573 0.5581 0,0845 4.540 34.28 
0.3076 0.61.77 0.0786 4.214 44.87 
0.3583 0.558 0.04 4.5;3 44.87 
0.3208 0.4624 0,2165 11.30 44.67 
0.3615 0.4828 0.1556 8.240 44.87 
0.3933 0.5027 0.1036 5.570 44.87 
0.4067 0.3738 0.2192 11.50 14,62 
0.3681 0.3737  0.2580 13.40 24.27  
0.4329 0.5024 0.0647 3.50 25.12 
0.400 0.533 0.0664 3.587 25.12 
0.4158 0.5328 0.0514 2.788 17.78 
0.4352 0.5027 0.0621 3.361 17.78 
0.5950 0.5326 0.07185 3.880 26.61 
0.4164 0.5027 0.0808 4.360 26.61 
0.4941 0.3732 0.1325 7.10 4.90 
0.5077 0.4628 0,0300 1.62 4.90 
0.4462 0.3344 0.2200 11.54 4.90 
0.5274 0.4231 0.0494 2.70 4.90 

P.S. Partial pressures given above are 

in the ingoing gas mixture. 
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TABTE  XII  

Sulphur in lime-silica melts at 1550°C. 

PN2 - '0.5 PH2S 	0.074 PCO2  H2 = 0,426 

NC a0 	NSi02 	
N
CaS wt s 

 

3 x PH2s/ 
P002  

         

0.3725 0.614 0.014 0.7565 
0.425 6 556 0.0179 0.94 
0.4763 0.5027 0.0209 1.145 
0.5289 0.4233 0,0481 2.63 
0.368 0.6138 0.0106 2.273 
0.5488 0.4033 0.02,8 2,629 
0.4544 0.4032 0.1422 7.6 
0.424 0.4033 0.17311 9.181 
0.398 0.4051 0.1987 10..46 
0.4236 0.5561 0.0183 1.0 
0.4715 0.5027 0,0258 1.41 
0.4729 0.4231 0.104 5.6 
0.3548 0.6141 0.0313 1 .7 
0.3967 0.5581 0.045.5; 2.46 
0.4416 0.5025 0.0,54 3,01 
0.4363 0.425 0.1407 7.51 
0.3526 0.6135 0.0338 1.831 
0.3906 0.5581 0.0513 2.782 
0.3667 0.4032 0.230 12.00 
0.5168 0.4031 0.08 4.34 
0.4345 0.5028 0.0627 3.40 
0.4192 0.4252 0.1537 8.38 
0.3368 0.6137 0.049:5 2.66 
0.3767 0.5581 0.0652 3.51 
0.4184 0.5027 0.0769 4.257 
0.3829 0.4231 0.1937 10.20 

7.00 
7.00 
7.00 
7.00 

14:34 
13.34 
16.8 
20.65 
13.34  
13.34 
13.34 
16.80 
16.80 
16.80 
16.80 
20.65 
20.65 
25.41 
7.00 
20.65 
20.65 
25.41 
25.41 
25.41 
25.41 

P.S. Partial pressures given above are 

in the ingoing gas mixture. 
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TA2LE XIII 

Saturation limits and activity coefficients 

of CaS for CaO + Si02  Melts. Temperature 1500'C. 

Ct0 , 	at SaturaAun Ictivitv Coefficient 
of CaS 

0..40 0.116 t3.45 

0.44 0.107 9.40 

0.48 0.097 1065 

0.52 0.083 12.45 

0.56 0.0b6 15.30 

0.58 0.055 17.0 
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TABLE XIV 

Activities and molar free energies of formation 

for Ca0 Si 02 melts relative to pure 

NCa0 

solid Ca0 & Si02. 

liSiOz 	
aCa0 

Temperature 1500°C. 

aSiO2* 	-4G Kcal 

0.37 0.63 0.0017 1.00 8.2 

0.41 0.59 0.0022 0.85 9.2 

0.42 0.58 0.0024 0.62 10.2 

0.46 0.54 0.0033 0.62 10.2 

0.50 0.50 0.0055 0.39 10.8 

0.52 0.48 0.0074 0.29 11.1 

0.55 0.45 0.012 0.16 11.4 

0,55 0.42 0.024 0.069 11.6 
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B. Activities of Manpanese Oxide in Aluminate and Silicate Melts. 

Binex'y MnO 

PI\T 

= NCO~i 0.420 

TABLE XV 

1650°C. + L1203 malt 

0.50 

. 	Temperature 

P1-4.0. 	0.08 

n 	10-5 
°`.)-" 

Wt '01Vin0 1.1n0 
Lt2j, Nh in 

'Nino 
NA-Pt 0.10.- 

54.20 0.63 4.72 0.537 

56.31 0.65 4.73 0.54 

59.05 0.675 4.78-f 0.55 

60.12 0.68 4.77 0.543 

61.27 0.695 5.146 0.634 

62,95 0,71 5.145 0.634 

63.04 0.71 5.113 0.672 

64.25 0.72 5.264 0.733 

65.63 0.733 5.21 0.716 

66.06 0.737 5.277 0.741 

67.42 0.748 5.561 0.86 

67.04 0.748 5.348 0.767 

67.7 0.752 5.546 0.79 

6a.3 0.755 5.624 0.891 

69.08 0.762 5.58 0.87 

70.01 0.77 5.613 0.59 

74.03 0.04 5.58 0.834 

79.07 0.844 6.04 1.0 

76.03 C.62 5.80 1.0 

80.04 0.652 5.801 1.0 

88.00 0.911 5.91 1.0 

84.53 0.387 5.80 1.0 

Ehximum deviation ± 
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TABLE -Of 

Alumina activities and mlar free energies of formation 

for MAO A1203 melts relative to 

pure solid oxides, 	Temperature 1650°C. 

N 0 Al.)07 aAlp07 -80 Kcal 

0.67 0.33 1.0 1.58 

0.70 0.50 0.59 1.61 

0.75 0,2-5 0.37 1.54 

0.80 0.20 0.24 1.54 

0.84 0.16 0.17 1.09 
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TABLE XVII 

Ternary LInO + S102  + A1203  melts. Temperature 1650°C. 

-F2(1) 	
0;50 	112'-• 	0.08 

ll) 

	

P002(0  . 0,42 	P02  = 10 ' 

N
IVIn0 

a 
17S-'02 	A1203  

Mn in  
Mn-Pt alloy 

o.565 0.384 0.051 3.419 0.231 
0.529 0.368 0102 3.527 0.218 
0.624 0.322 0.054 4.495 0.457 
0.731 0.191 0.073 5.33 0.759 
0.621 05205 0.174 4.667 0.513 
0.576 0.181  0,243 4.287 0.399 
0.535 0.368  0.098 3.249 0.206 
0.588 0.313 0.099 3.956 0.329 
0.643 0.257 0.101 4.441 0.450 
0,695 0.201 0.104 5.13 0.676 
0.755 0.137 0.100 5.273 0./38 
0.808 0.081  0.111 5.733 0.962 
0.441 0.465 0.094 2.477 0.116 
0.489 0.416 0.095 2.a75 0.157 
0.744 0.053 0.173 5.591 0.881 
0.786 0.160 0.055 5.499 0.832 
0.828 0.110 0.062 g 83 .,. 1.0 
0.799 0.069 0.135 5.906 1.0 
0.524 0.274 0.202 3.495 0.241 
0.443 0.354 0.203 2.818 0.15 
0.562 0.221 0.197 4.201 0.386 
0.618 0.127 0.255 4.617 0.513 
0.695 0.052 0.253 5.117 0.673 
0.695 0.107 0.199 5.099 0.665 
0.658 0.124 0.219 4.662 0.513 
0.486 0.257 0.257 3.416 0.229 
0.z75 0.477 0.051 2.271 0.104 
0.540 0.409 0.051 2.819 0.150 
0.611 0.339 0.051 3.719 0.282 
0.423 0.223 0.354 2.41 0.111 
0.523 0.113 0.334 3.01 0.172 

1.1:Rximum deviation + 7% 
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Activity Coefficients of Sul:chides in Aluminate and Silicate 

Ntlts 

The activity coefficients of sulphides with respect 

to pure solids in tie systems Mn0 + A1203, NnO + SiO2  + 

A1203 and MgO + SiC2  at 	have been calculated by using 

the measured sulphide capacities and activity data in these 

systems, by means of the following relation 

aup.32.N.K 
YNS Cs 

which can be obtained from the equation 

ams Co2V2  
amo Ps2  

for the reaction 

MO 4- 1-S2 :,-. NS + 	02 	(1) 

where yM  is the activity coefficient of the sulphide NB 

amo in the activity of the oxide MO in the melt 

ams is the activity of the sulphide NS in the melt 

N 	is the number of gm. males per 100 gm. of the slag 

Cs = wt % S (P02/11S2)i.  is the sulphide capacity 

K 	is the equilibrium constant for the reaction (1) 
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ymhs in the sr_itoms Mn0 + A120,; and NhO Al2Gs 

Si02  at 1650`C has been calculated using the Cs and avho 

values measured in the present work and. K value calculated 

from The free energy data'' for the reaction 

Y110 T H2S = MAS H20 

after slight extrapolation end combining the free-onergy 

data for. H2S
29 

and 11,03° 	The results are submitted for 

the binary MnO + A1205 in Table XVIII and Fig. 28, and for 

Mn0 A1203 + Si32  in TaVie XX and Fjg, 29, The Ymhs in the 

ternary Mn0 4 0.303 + S( at NSi02 to NA1203 equal to  

0.5 is also shown in Fig. 28. 

It is considered that the amigo  are correct to 

± 6, K ±1 oand Cs t 8j, so the values of ?ins  axe accurate 

to 1: 19,S, 

Y* has been oalculated at 1650°C using the value 

3 of Cs measured here, a. Ago 8 and K value from the free energy 

data37  for the reaction 

XgO 	H2S 
	

mss + FIL0  

after slight extrapolation and by combining with the free 

energy data on H2829  and Y203°. The results are given in 

TableYIX and Fig. 29 
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1:1; is suggested that amso io correct to t leo, 

Cs to = 1C snc~ K to ± 1Cr, so the values are accurate to 

-± .17 

The Yeas in the system Ca0 Si02 A1203 calculated 

at 1600°C) by using Cs,aCa017 and the equilibrium constant 

of the reaction 

a.0 S2 CaS z02 

has bean presented in -Wig. 29. 
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Activity Coefficients of Sulthides in Aluminate and 

Silicate melts. 

TABLE `(VIII 

Activity coefficient of NnS for 
Mn0 + A1203 molts at 1650°C. 

NMn0 NAl 203  Activily coefficient of NM* 

0.60 1.49 0.40  

0.65 0.35 2.18 

o.6s 0.32 2.04 

0.75 0.25 2.00 

0.825 0.175 1.15 
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TABLE XIX 

Activity coefficient of r1 ;S for 

Mg0 

NS102. 
. 

Si02 melts at 1650°C. 

Activity Coefficient of M'aS. 

0.39 0.61 1.2 

0.45 0.55 2.15 

0.54 0.46 3.47 

0.57 0.43 3.42  

0.60 0.40 3.0 
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TABLE XX  

Activity coefficient for MnS for 

MnO Si02  A1203  melts at 1650°C. 

NMn0 	Activity Coefficient of MnS at Si02 	A1203; 

1 0'44/0.66 0.7/0.3  

0.42 3.49 3.41 3.73 

0.46 3.92 

0.50 4.36 4.10 4.39 

0.60 3.47 3.30 3.63 

0.70 1.94 1;19 2.02 

0.80 0.53 0.906 0.885 





The results given in ;he previous chapter will 

a disousse section by section, as they were presented. 

A, Sjphur in Alaminate and Silicate Melts and Crystal-

line Oxides. 

(i) Sulphide capacities  

The results, given in this section, were obtained 

-Jith the object of showing the effect of melt composition on 

the sulphur holding capacity of the melt under the experimental 

conditions. The sulphur holding capacity, defined as 

sulphide capacity "Cs" by Fincham and Richardson% is a measure 

of the de-sulphuriting power of the melt under equilibrium 

conditions. Cs therefore, is an important property of metal-

lurgioal slags used in iron and stec3. production. 

Under the experimental conditions of the measurements, 

at orygen potentials ranging RI'r111) 10-6  to 10-8  atm, the 

culphur io held. as sulphide according to the equation 

(°)melt 	82  = (S)melt 	02 

As shown earlier, the sulphide capacity is 

4 Ca 	% S (P02/PS2J 
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(a) )3jf,cLari-  Mn0 tA1205  pelts 

Table i. gives the measured sulphide capacities in 

these melts at 1650°C. 	The results are plotted in Fig. 3. 

It may be seen from the figure that the sulphide capacity 

of the melt increases with increasing manganese oxide content. 

The sulphide capacity in MnO + Si02 melts at 1650°C reported 

by Abraham and Riehardson7  are also given in this figure. 

The upperpt3iints ip are the measurements done in the present 

work. 

It may be seen that, in these binary melts (MnO + 

A1203 and MnO + Si02), the Cs values are the same below 

NMh0 equal to 0,625, but above this mole fraction the Cs 

values in Mn0 + A1203 melts are smaller than their corres-

ponding Cs values in Mn0 + Si02. This would be expected, 

since the Cs value is dependent on the basic oxide activity 

and it is greater when the latter is greater, Al;o7e 

equal to 0,625, amho  in MnO + A1203 melt is smaller than in 

the correspondingMn0 + Si02  c,f6 the same mole fraction of 

manganese oxide. In Fig, 3, Cs values in MnO + A1203 

melts are also observed to decrease fromNmno  = 0,82 to 

pure manganese oxide. This might be due to the formation 

of solid MnO whose concentration. may increase continuously 

with increasing mole fraction of Mn0 while that of liquidus 

may decrease. The conjunction of the two curves atNivino  

equal to 0,82 thus suggests that the saturation limit of MnO 
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in the meL;:ns :icon reacheu, Tlis saturation limit is in 

agreement wi;oh the activity ilara presented later. 

(b) Binary  Mgp  + Si02  melts 

Sulphide capacities measured at 1650°C in these 

melts are given in Table II, and Fig. 3. It may be seen 

from this figure that the values of the sulphide capacity 

are very low and, at the same mole fraction of silica, they 

are smaller than the corresponding ones in Mn0 + Si02 or 

CaO + Si02  melts. This may be due to the fact that the 

equilibrium constants37, 28, 29, 30 of the reactions (2) and 

(3) equal to 2.1 x 10-3  and 4.46 x 10-3  are greater than 

that of (1), which is 2.4 x 10-5 at 1650°C. 

	

+ S2  = :JIBS 	02 	(1) 

	

Mn0 + S2  = MnS 	+ 02 	(2) 

	

Ca0 + j  S2  = CaS 	02 	(3) 

The Cs values in MgO + Si02 should be 200 times 

less than those in Ca0 + Si02  according to the difference 

in their K values. They are, however, higher than this 

would predict because the Mg0 activities are greater than 

the corresponding ones of CaO. 
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(0) 
	

Lary A120, + 	melts 

Sulphi62 capacities have been measured at 1650°C 

between 0,02 to 0,28 mole fractions of alumina in these 

melts. Results arc given in Table III, and Fig. 3. Though 

the maximum deviation. observo , 	25 ,, it reduces to 

when the results of the expel: ments with rrne gm, samples 

are considered. It may be seen from this figure that the Cs 

decreases on either side of alumina mole fraction equal to 

0,074. When alumina is greater than this, the decrease in 

Cs may be due to the formation of solid mullite, i.e. the 

melt may be saturated with mullite at N., , = 0.074. This 

is in agreement with the recent phase diagram given by Aramaki 

and Roy,39  but in disagreement with the phase diagram reported 

by Trome140. Cs, plotted against alumina mole fraction, was 

observed to decrease progressively with decrease in alumina 

concentration and to extrapolate to zero for supercooled 

liquid silica. This indicates that sulphur may be dissolved 

in the melt zn account of alumina, 

The sulphide capacity in any melt is expected to be 

dependent on the concentration of the basic oxide or its 

activity and the equilibrium constant K for the reactiln 

MO + S2 = MS + 2 02  

i.e b  the greater the concentration or activity and the equil-

ibrium constant, the higher will be the value of the sulphide 
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capacity. Accordingly, it may be seen from Fig 3 that 

sulphide capacity increases with basic comlmnent concentra-

tion in Mn0 + Si02,7  MnO + A1203, CaO + Si02, MgO + S102, 

Ca0 + P205,
8 and A1203 + Si02  melts. The Cs values decreasing 

in the order of MnO + Si02 >Ca0 + Si02  > Mg0 + Si02  at 

0.50 mole fraction of silica is also in accordance with the 

equilibrium constants. 

(d) Ternary Mn0 + si02   4203  melts. 

Results obtained in these melts at 1650°C are given 

in Table VI and pig. 4. It is apparent from this figure 

that the sulphide capacity remains approximately constant at 

a constant mole fraction of manganese oxide. This is in 

accordance with expectation, since for these melts ay,.10  has 

been observed to be approximately constant at constant mole 

fraction. of Mh0 in this region of compsitions d=b1ig,: 26). 

(e) TernaTy Mn0 + M30 + 3102 melts. 

Table V and Fig. 5 contain the results of the measure- 

ments of Cs in these melts at 1650°C. Ns:t02may 	seen from 

MEP_ this figure that at constant ratio of — 	, the Cs increases 

with the manganese oxide concentration, and the increase is 

greater with increase in 11Mg0/NSi02 ratio. Along the constant 

mole fraction of silica line, the Cs is found to increase as 

Mg0 is replaced by MnO. This also is as would be expected 





Fig. .5. 

SULPHIDE CAPACITIES (-LOG Cs  

IN l4:10+ Mc0+SiO2 • At 1650 C. 
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since, firstly ; is alwa., greater than am.go  in these 

melts, and, secondly, the equilibrium constant for the 

reaction 

NhO 	S2 = MhS + 02 

is greater than that of 

MgO ± 2 S2  = MgS + 02  

at this temperature, 

(f) Ternary iv82± si02  + 4203  melts, 

Sulphide capacity measurements for those melts at 

1650°C are given in Table VI and Fig. 6. It may be seen 

from the figure that the sulphide capacity increases with 

increasing alumina concentration along the line of constant 

Nmeo/Nsi02 ratio. The initial increase 719 greater as the 

NMgeSi09 ratio becomes larger. 

Small amount of alumna added to SiOz may give rise 

to aluminium cations (A13+), and added to a basic oxide such 

as Mg0, to arions , 	(A10:, Al(A) 	In the case of a silicate 

mixture such as MgO + Si02, the behaviour should. change from 

cationic to anionic as one proceeds from the silica side to 

the MgO. When the alumina concentration is high, it may 

partly give rise to anions, even in the silica rich region. 

It is also likely, as has been reported by Kcsakevitch41 

in C80 + Si02 + A1203  melts, that at NMg0PA1203  -?). 1 aluminum 

in the molts may have a 000rdination number of f= and form 
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a tetrahedral otnictural unit AL0 
	

in the silica network. 

This type of behaviour of alumina arpears from the curves 

in Fig, 6. For example, the curve representing -log Cs 

4.37 indicates that Cs first increases, then remains con-

stant and finally decreases along the constant ratio of 

NMe/NSi02, suggesting that the alumina might first have 

given rise to cations and then both cations and anions and 

finally more anions. The curve changes its direction 

upward at composition:- MgO = 0.16, A1203 = 0.22 and 

3102  . 0.62 and beyond NMg0?A1203 - 1. This suggests 

that in this range alumina may give rise to anions with a 

tetrahedral structural unit A105
4
- in the silica network 

giving silica-like structure. 

This peculiar behaviour of alumina may be one of 

the reasons for the difficulty found in the prediction of 

the desulphurizing power of complex slags. 
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Results in relation to Flood!s Eqllation 

Floodts equation9  has already been described 

in the Introduction (page 4 
	

The results obtained in 

the present work provide a direct means of checking the 

validity of that equation which, when considering the 

sulphide capacities of silicate melts, may be written in 

the modified form:- 

Log Cst(A B)  = NA  log Cs1(A)  + NB  log Cs (B)  

where NA  and NB are the mole fractions of cations A4-1-  and 
N
AO 	NBO  

B++, i.e. are equal t:,) 	and 
NAO + NBO 	NAO + NBO 

respectively. Cs=(A)  = Ns(A) 
P02  
9s2  

1 
in the presence 

of cations A++  where Nsw etc., are the mole fractions of "i  

sulphur instead of wt % S in the melt containing A++  cations 

and so on. 	This has been userl to avoid the effects of 

differing atomic weights of cations. 

Fig, 7 has been constructed from the results 

obtained in the systems MnO + MgO + Si02, NhO + Si02,6 and 

MgO + Si02  at 1650°C reported earlier. This figure gives 

plotlkof log Cs! against the composition of the melt for the 

mole fractions 0,4 and 0.5 of silica. The linear relation-

ship between log Cs! and the composition of the melt at con-

stant mole fraction of silica is apparent from these plots, 
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and thus supper, the validity of the modified Flood7 s equation 

for the sulphide capacities in the ternary melt Mn0 + MgO + Si02  

in this composition. range at 1650°C. 

Sulphur in C.rtalline'arides.. 

The results in Table VII which indicates the 

equilibrium sulphur and sulphide capacities in crystalline 

CaO, MgO, A1203 and Si02  at 1650°C, shown in Fig. 3, are dis-

cussed below for each of the oxides separately. 

The way in which the results presented in Table VIII 

and Fig. 8A have been used to derive the saturation limit of 

sulphur in crystalline CaO, is given later. The saturated 

sulphur is equal to 0.036% when (P02/ps2)-  is equal to 

4.46 x 10 at 1650°C. 	The results confirm the.  value of the 

28 
equilibrium constant for the reaction 

Ca0S2 	CaS +4 02  

shown later. 	If it is assured that the sulphur at saturation 

at 1650'C is not appreciably different from that at 1550°C 

then the present finding disagrees substantially with that 

of St. Pierre and Chipman4  who reported a sulphur solubility 

in Ca0 of 0.70 at 1550°C. The equilibrium constant for 

the above reaction, calculated using the partial pressures 

of sulphur and oxygen reported by them, is equal to 0.16 
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This also is very different from the value obtained from 

Rosenqvist's data,
28 

which is equal to 3.27 x 10-3. The 

activity coefficient of CaS in CaO calculated from the 

present data is equal to 1586 at N 	of 0.00063. 

The equilibrium sulphur in magnesium oxide 

, 
equal to 0.008%(Table XI), was obtained for (1102/ps2)2  = 

1.87 x 10-3  at 1650°C. Using the value for the equilibrium 

constant K (given earlier) for the reaction 

MgO + S2 = MgS + 02 

amgo  = 0.013 and %s  = 130 at 	= 0..0001, was 

calculated. 

Unfortunately it has not been possible to measure 

the limiting solubility of sulphu in this oxi3P, because 

the gas mixture used here could not give the (PS2/p02)2  

ratio required for saturation. However, assuming that 

Henrys Law is obeyed from moat° S by weight up to that 

at saturation, and using the Co value given in Table VII, 

the sulphur at saturation can be calculated. This is equal 

to 0,566%, which is greater than that found for CaO. 

A1223: 

The equilibrium sulphur in this oxide was 0.0265 

and 0. 006%; for (P02/p52)2  equal to 1.87 x 10-3  and 6.3 x 10-5 
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at 1650°C. 	The sulphide capacities were 5.0 x 10-5  and 

x 10-5, 

Rough calculation based on the available data42' 43  

gave a value for the equilibrium constant K equal to 

1.58 x 10-11  at 1650°C for the reaction 

2,6 A1203  + S2 = 2/
/3  A
l2S3* + 2  02 

Using this value of K and experimental values of (PS2/13027 

	

= 
2,4 x 10-10  and 9.6 x 10-9  and Ykl,s7. = 3.7 	10-6  

and 2.7 x 10-5 at Nidass  = 6„4 x 10-5  and 2.8 x 10-4  were 

obtained. These values of YA12s  are comparable with the 

values 5.75 x 10-10  and 7.8 x 10-8  obtained on the basis ef 

ideal behaviour (which might be possible in these very dilute 

solutions) where sulphur atoms are assumed to be randomly 

distributed on the oxygen lattice. 

SlOe 

The equilibrium sulphur 0,,0* and 0.0026 were 

, obtained. in crystalline Si02  at 1650°C /or (P02/p
s2
) equal 

to 6,3 x 10-3  and 1.87 x 10-3. 	The sulphide capacities were 

2,0 x 10-5 and 1.7 x 10-5. 	aS-iS2 = 1,48 x 10-8 and 

* The free energy of formation of Al2S3  used in the above cal-

culation was extrapolated from 25°C to 150°C 
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1.26 x 10-8, and?SiS2  = 1.6 x 10-  and 5.07 x 10-4  at 

NSiS2 = 9,0 x 10 5  and 2.5 x 10-5  were calculated from 

the experimental values of (PS2/p02)2  and that of equilibrium 

constant K for the reaction 

Si02  + S2 = SiS2* + 02 

which, on rough calculation from the available data,42' 43  

was found to be 4,76 x 10-14. The values of 	though 

they appear very low, are comparable with .vs,A2  = 9,0 x 10-5  

and 2.5 x 10-5  obtained on the assumption of ideal solid 

solution (which may not be unlikely at such a low concentration 

of soluta;))1. in which sulphur atoms are randomly distributed 

on the oxygen lattice. 

* The free energy of formation of SiS.2  used in the calcula-

tion was extrapolated from 25°  t. 1650°0. 
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(ii) Limitino- solubilities of Suinhur and lime-activities 

in crystalline lime and ime-alumina and line-silica 

melts, 

(a) Lime 4- alumina melts and  crystalline lime  

(a1) Solubility_limits of CaS 

The experimental results, at 1500°C for 

Ca0 + A1203 melts of six initial compositions with Ca0 

(A) 42%, (B) 	(C) 48.2%, (D) 52%, (E) 56% and 

(F) 60.6% + 7% Si02  are given in Table VIIII),,and Fig. 8. 

Those of crystalline lime at 1650°C are shown in Table VIII 

and Fig. 8A. In Fig. 8, log wt % S in the melts and in 

Fig. BA, wt % S in crystalline lime have been plotted against 

P1-12(i)/PCO2(i)* 
	In Fig, aA the solid points and circles 

represent the final percentages of sulphur obtained from the 

initial zero and 36,6% sulphur respectively. The saturation 

limit for any of the melts or Ca0 (described earlier) has 

been obtained by a sharp discontinuity in an otherwise smooth 

curve (Figs, 8 and 8A). The saturation limits so obtained. 

have been shown in Table IXt-ith Fig, 9. In this figure wt % S 

has been plotted asafunction of the mole fraction of the lime 

present in the melt before sulphur pick up; further, the 

lower point for each composition is the last experimental point 

before saturation was reached, the upper solid point is that 

obtained from the intemlzeotion of the dotted extrapolation el5A. 

the full vertical line (see Fig. 8). 	The full line in Fig. 9A 
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shows the saturation limits on the tsrnar nompositimn 

diagram. 

The values of the activity coefficient of CaS 

relative to the pure solid CaS are shown in Table IX and 

Fig. 10. The activity coefficient changes from 72.5 to 

28.0 with change in 1'Ca0 from 0.57 to 0.72 in the original 

melt. The variation is comparable with that already found 

for MIS in Mn0 + Si02  melts.? In view of the large vari-

ations in activity coefficient of sulphide, this function 

should never be assumed to be constant over a wide range of 

composition, even for approximate calculation of lime activities 

from sulphide capacities. 

The activity coefficient of solid CaS is eTTected 

to extrapolate (when Nc  is equal to one) to a value given 

by the equation 

1773 R in Yeas 	(Tm  - 1773) ASf 

where TM  is the melting point of CaS and /NSf  is its entropy 

of fusion. Tm: is not known and there are no reports of 

CaS having been melted. Analogy with other sulphides suggests 

that L.,\Sf  must be about 5 cal.deg.-lmole-1 , thus the curve 

for IC S0 which could be extrapolated to a value of 5 or 10 

is compatible with a not unreasonable value of 2600°  - 3100°C 

for the m.p. 
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(a2) 4ctivitiea 	calcium oxi.de in lime-alumina 

melts. 

The relationship between the activities of lime 

and calcium sulphide in any slag is given by the equation 

s\:47  aCaS ' 02 

aCaO VS2  / 

where K is the equilibrium constant at 1500°C for the pure 

phase reaction 

CaO 	S2  = CaS + 2  02 	(2) 

This has been accurately established by Rosenqvist28  

who studied the equilibrium 

CaO + H2S 	CaS + H2O 

between 750°  - 1425°C. A small extrapolation of his results 

enables one to calculate a value of 2.75 x 10-3  for K at 

1500°C for reaction (2), after introducing thermodynamic data 

for H2029 and H2S.30  The activities of lime calculated from 

equation (1) for the melts saturated with CaS are shrmn by 

the numbers in Fig. 9A, 

There is no way of using these results for calcula- 

ting the activities of lime in the absence of CaS, without 

making some assumptions. There are two simple alternatives, which 

lead to slightly different results. The simpler is to assume 

that in the presence of small amounts of CaS (here always less 

K (1) 
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than 0.04 mole fraction) a,t ,. is dependent only on the ratio 

of lime to aluroina. 	The lima activities with respect to 

pure Ca0 as standard state calculated in this way are shown 

by the full line in Fig. 11 and Table X. The other is to 

assume that icr,s is independent of:T CaS up to saturation. 

The lime activities calculated on this assumption, using the 

following relation, are slightly smaller than those obtained 

by the first method. 

Y  a Ca0 -
daS.Cs
TT  32 

where YCaS 	activity coefficient of CaS 

Cs = sulphide capacity 

the number of gm. moles (Ca0 + A1203 CaS) 

in 100 gm. slag 

K 	= the equilibrium constant for the pure phase 

reaction (2) 

32 = the atomic weight of sulphur. 

The value of K can be checked from the sulphide 

capacity data, Cs = wt S (1302/PS2)2  which can be calculated 

from the results of Carter and Macfarlane5 at 1500°C for the 

slag: CaO, 0.71; Si02, 0.08 and A1203, 0.21 mole fractions. 

According to the phase diagram, 16  this melt is saturated with 

lime at 1500°C and so its activity is unity, The values of 

Cs (calculated *ith the newer and more reliable gas equilibrium 

( 3 ) 
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data) are 589 x 10-3  and 5,83 x 10-3, 	Taking the mean 

(5.86 x 10-3) and using equation (3), yeas is found to be 

22.7. The value of .''CaS  obtained in the present work for 

somewhat similar slag: CaO, 0.66; CaS, 0,035; Si02, 0.08 

and A1203, 0.21 mole fractions with CaS at saturation, ts 

equal to 18 i 1. Thus K is reasonably confirmed, 

Again, by considering relation (1) for Ca0 

saturated with sulphur, which is eoual to 0.036% by weight 

at 1650°C, 

K = (1)02/ps2)2  . 4.46 x 10-3  

whereas the value derived from the free energy data at 

16500028, 29, 30 is equal to 4,53 x 10-3. 	The agreement 

between these figures which is fortuitously remarkable, since 

their difference is well within the probable limits of error, 

provides a further confirmation of the K value; the doubts 

about this expressed on the basis of Ca0 CaS solid solution 

formation by Fisher44  and Shenok45, are thereby not substan-

tiated- 

Taylor and Stobo4  have suggested that, in slags of 

the composition 28 wt % CaO, 26 wt % Si02, 46 wt % A1203, 

Yeas may decrease by a factor of 4 or 5 as the crncentration 

of CaS rises from zero to about 1% by weight. However, these 

authors results require that the sulphide capacities, as defined 
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here, should. in -rE,as markedly as sulphur displaces oxygen 

in the slag, whoreas it has been found in this work that Cs 

is almost independent of sulrhnr concentration. (TaI)le VIIIA). 

The conclusion of Taylor and Stobo concerning the change of 

MaS with sulphur concentration is thus in doubt, at least 

in so far as melts of Ca0 + A1203 + CaS are concerned. 

Since Cs is independent of sulphur concentration along any 

horizontal composition line in Fig. 9A, i.e. as sulphur 

displaces oxygen in a CaO ± A1203  mixture, the ratio 

rtaOkibrIS must be constant. This follows from equation (3) 

where both N and Cs remain nearly constant. Since adao  

must almost certainly decrease along such a composition line, 

it follows that Ydas also decreases. The change, however, 

is not likely to be great. 

The value of K appears to be accurate to ± 5% and 

that of (1302/psy at saturation is also probhbly accurate 

to 7: 5% and the assumption concerning the constancy of a 0 

at constant lime to alumina ratio is correct to ± 5%. 

Therefore the derived activities should be accurate to about 

lqg 

The lime and alumina phase diagram is shown in 

Fig. 12. It is based on the work of Rankin and Wright,47  

as revised by Chipman15  in the light of more recent studies 
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(4) 

1

1NCa0 = X 

NCaO 	
Y d log coa NA1203  

Ca0 = X1  

Ca0 = 

Y I2 0 
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01 

of calcium alur.inates. From this it can be inferred that, 

were it not fox the formation of crystalline 3 CaO A1203, 

saturation with lime would occur at 1500°C at a mole fraction 

of 0.72 ± 0,01. 	It can be seen from Fig. 11 that the lime 

activity curve extrapolates satisfactorily to unity at about 

this oomposition. 

(a3) Llumina activities in limL,alumina melts. 

The alumina activities have been computed from 

the lime activities by means of the folloviE modified Gibbs-

Duhem equation, in which activity coefficient instead of 

activity is used. 

X is the mole fraction of Ca° corresponang to the composi-

tion. at 7hdch the alumina activity is rewired and X1 is 

the mole fraction of Ca0 at which the melt is saturated with 

CaO.A1z03. The alumina activity at NAleat  equal to 0.42 

at which the melt is saturated with CaO.A1203 was obtained 

as follows: 
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From the heat of formation of CaO.A1200 

measured by 0oughlin48  and from 7:slalmnt heat !i!apacity 

data49, 50, /"I  G' = -12220 	700 Cal at 1500°C . was cal- 

culatea for the pure chase reaction 

Ca0 + A1203  = Ca0,A1203 

Thus, in equilibrium with crystalline aluminate at 

14,0, = 0,42 

(3.12 t 0„7) x 10-2  aCa0'aAl.,03  - 

and with a,cao  equal to 0621 from the Fig, 11,x-,1 r, is found 

to be 0,15 ± 0,03. The alumina activities for melts in which 

/112V3 NA r.) is less than 0.42 have been derived from the a„„ n  

at 0.42 and the measured lime activities using the relation (4). 

The integration was carried out graphically. The phase diagram 

in Fig. 12 indicates that, were it not for the formation of 

crystalline aluminates, the melt would become saturated with 

alumina at a. mole fraction of 0.5 (t about 0,02), The alumina 

activity thus rises to unity at about this concentration from 

the value of 0.15 at ITAi 03 	0.42. 	The lime activity 

must therefore fall simultaneously from its value of 0.21 to 

about 0.04 at alumina saturation. In the light of the lime 

activity values the best compromise seems to be to set this 

saturation limit at 0.48 fer Nclo, The alumina activities 

so obtained are shown in Fig. 11 and Table X, The activities 

reported by Carter and Macfarlan.f15  and by Chipman15 have also 

been shown in Fig, 11 by A dotted and B dotted lines respec-

tively. The difference between the present results and those 
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of these auth= is due to the fat that their calculations 

involve the wrong assumption that 	remains constant with 

change in the composition of the melt. The trresent results 

can be checked at two points as follows: i can'oe cal6ulated 

frcm the:available free energy data48' / *9 ' 50  on 3 CaO.A1203, 

that when the melt is in equilibrium with this crystalline 

solid at 1500°C at DI-0a° equal to 0.70 

a3610  aki203  = (1.18 	0.63) x 10-2  

The alumina activity calculated from acac  with this equation 

is 0.016 ± 0,009, compared with 0.010 derived from the 

Gibbs-Duhem equation. When the melt has the composition 

it can be calculated from 12 Ca0.7 Al203 (110a0 - 0.63), 

the free energy data48' 49,  50  and an estimated entropy of 

fusion of 5,0 cal,deg.-1  per mole of oxide, that 

a0E0 aA1203
7/12 

- 0.070 t 0,024 

The alumina activity calculated from cl 	with this equation 
ta0 

is 0068 0,024 compared with 0,070 by the Gibbs-Dhem calcu- 

aation, 	In loth oases the agreement is atisfactory 

(a4) The integral 	, 	of fomation of • energi=es  

the binary Ca0 -i- A1203  melts, 

The partial molar free energies 76d of lime and 

alumina were calculated from the relation 	RT in a. 

The integral molar free energies were then calculated from the 

.partial molar free energies by the equation: 
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Ca0 
4\g- '-0- 	A120, 

The values calculated in this way at 1500°C are given in 

Table X and Fig, 27, 

(b) Lime-silica melts 

(b1) Solubility limits of CaS 

The results of the experiments carried out at 

1500°  and 1550°  are submitted in Tables XI and XII. The 

range of finishing compositions obtained is shown in Figures 

13 and 14, where each point represents a separate sample. 

All the samples obtained near CaSiO3, in spite of its m.p. 

of 1544°C, were clear glasses, showing that the CaS present, 

together with any excess Ca0 or Si02, was sufficient to bring 

the melting point of the slag below 1500°C. The results at 

1500°C are also fully supported in this region by those 

obtained at 1550°C, 

In Figva-cs 15 and 16, the mole fractious of calcium 

slphide ultinately obtaine j_n the melts aTe shown as a 

function of the compositions of the ingoing gas mixtures at 

15000  and 1550°C 	The gas compositions were made of N2, 50%; 

H2S, 8% at 1500°C and 7.0 at 1550°C, the remainder being 

H2 and CO2 	Each curve has been dravm through the results 

obta:Lned with the same initial mixture of Ca0 and Si02  so that 

all the compositions on each curve have the same mole fraction 

of silica indicated by the figure at the end of the curve. 
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Figures 17 and 1E; for 1300°C  and 155000 have been 

constructed from the results shewn in Figures 15 and 16. These 

show the gas compositions as a function of the mole fraction of 

silica for the c:mstant mole fraction of CaS (shorn by the 

figures at the end) in the melt (or the mixtures of CaS and 

the melt), obtained after the equilibrium had been reached. 

The points are the values read off the curves drawn in 

Figures 15 and 16. From the Figures 17 and 18 reading compo-

sitions from the Figures 13 and 14, were constructed Figures 

19 and 20. These show the gas mixtures in equilibrium with 

various mole fractions of CaS for melts (or mixtures of melt 

and CaS) which have the same ratio of lime to silica at the 

end of each experiment at 1500°C and 1550°C. These mixtures 

thus lie along the lines A, B, C, etc., of Figures 13 and 14. 

Saturation :Omits of CaS in the melts are obtained at and 

beyond the points where the horizontals in. Figures 19 and 20 

cut the upward sloping curves, In these Figures the actual 

experimental points lying on the curves A, B, C, etc., are 

shown by large filled circles, other points are interpolations 

obtained from Figures 17 and 18. The solubtaity limits so 

obtained are shown by the filled circles on the curves in 

Figures 13 and 14, and are given in Table XIII. From the 

scatter of the results, the uncertainties in the lines in 

Figures 15 and 16, and the uncertainties in the points of 

intersection in Figures 19 and 20, it is considered that the 
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solubility limits are correct to t 10%. The fact that the 

solubility-  limits in the Ca0 + Si02  system should decrease, 

while that in CaO + A1203 should increase, with increasing 

Ca0 concentration in the melt has been dealt with on  pages 

110 and 111. 
The values of Ycas calculated from these limits 

at saturation (relative to solid pure CaS) are given in Table 

XIII, and Figure 21. In this figure solid points and circles 

represent the values at 1500°  and 1550°C respectively. 	It 

can be seen from this figure that, within the prob'able limits 

of the experimental error, the values at 1500°  and 1550°C are 

approximately equal. 

(b2) Lime activities in Ca0 + SiOp melts. 

Lime activities in the CaS saturated ternaries 

CaO + 8102  + CaS were obtained using the relationship: 

1 

?Ca0 = 
 

K 
Ca0 = (4) 

(P02/p,
02
)2  was obtained experimentally. K was the same as 

described on page 87 and is equal to 2.75 x 10-3  at 1500°C 

and 3.27 x 10-3  at i550°C 	The activity values at 1500°  

and 1550°C are shorn in Figures 13 and 14, 
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To estimate the activities in the binary Ca0 + Si02  

melts from these results, it is necessary to make an assumption 

concerning the way in which either YeaS or coYn varies as I TeiiS 

falls from saturation (0.06 to 0.12 of Noas) to zero. From 

Figures 19 and 20, it may be seen that N CaS at constant lime 

to silica ratio is proportional to (H2S/pc02) and hence to 

(PS2/p02)2. 	It follows that (YCaS/acao) is constant at 

constant lime to silica ratio. Thus (Yda0 /.vCaS)  is proportional 

to N0 0,  There are now two reasonable assumptions which 

lead to slightly different values for lime activities in the 

binary. One is that CaO' 	remains constant and the other is 

that 	remains constant as iles falls to zero. The latter 

assumption leads to the same lime .activities in the binary as 

in the ternary at the same lime to silica ratio. The former 

assumption leads to limo activities that are 6-12% greater. 

YbaS It is unlikely that the ratio 	would remain nearly constant 
l'Ca0 

(within 6-12%) when calcium sulphide is present at low concen-

trations and lime is present at much higher concentrations 

unless both activity coefficients were nearly constant. The 

assumption of constancy for yo.,0  is tantamount to assuming 

that YCaS 	as NCaS • rises by about 6-12% falls from saturation 

to zero. Any suggestion that YCaS  may rise by a large factor 

between these limits, as in Taylor and Stobo,46  is ruled out. 
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If, for instance' 'CaS 
 wore twica as great at low concentra- 

tions of CaS than at saturation, the values of 	 which 

could be calculated for the binary by the equation 

aCaO 
Cs 

- 52
cl"N.K 

described on pagelBg , would be twice those calculated by 

equation (4) for the melt of the same Ca0 to Si02  ratio, 

saturated with CaS. Such large differences inaCa° are quite 

improbable. The reverse suggestion that Y .CaS might be two 

times less at low concentrations, would lead to much higher 

lime activities in the ternaries than in the binaries of simi-

lar lime to silica ratio; this also is cuite improbable. 

Since CaS is essentially an inert diluent in 

CaO 	Si02  mixtures, it seems most reasonable to assume that 

aort,0  rises proortionally with E 
	

as 
	

falls to zero. 

The lime activities calculated on this ac3um-ction are shown 

l'•1 Figure 22 together with the values for the saturated ternary 

mixtures. In this figure the activities are indicated y 

at 1500°C, by e at 1550°C in the binary derived as above, 
and by 0 at 1500°C and by a at 1550°C in saturated ternaries. 

The values are also given in Table XIV. 
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The results derived by Carter and Macfarlane2°  

from -:ulphide .,apacities are not included in Figura 22, 

because these authors assumed that'-:cas was equal to. 12 in 

all their Ca0 + Si02  melts, and 16 in their 3tandard lime 

saturated CaO + Si02  + A1203  slag. If allowance were made 

for these incorrect assumptions (which were the best that 

could be made at that time) their results would agree satis-

factorily with those derived here, because there is no diaa-

greement over the sulphide capacities. 

(b3) Silica activities in lime-silica  melts. 

The silica activities have been calculated by using 

the modified Gibbs-Duhem equation given on page 91 and the 

measured lime activities, the silica activity being taken as 

unity at the silica saturation limit shown by the phase dia- 

8Tam.51 	The Integration was carried ou.6 gLaphlcallyr Solid 

silica was tairi as the referenc state. 	:t was necessary to 

extrapolate 	saturation as shown. 	Figure 22 

by tit: broken line- This was best done by a snort extrapolation 

a of a plot of log (1 -C 	versus Y i02  which is a ilC
0  
a0)2 	t 

straight line in the region where Si02 
exceeds 0.54.  The 

silica activity curve so obtained is shown in figure 23, 

together with the results of the other workers. In this figure 

are indicated the results of the present work by a full curve 

at 1500°C, by dashed curves estimates at 1550°C and 1600°C; 
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. Young et all8  by a dot,'tash cu  7e at 1627°C; of 

Sanbongi and Omori22  by a hea-,-y aashes care at 1637°C; 

of Chipman1 -q (recalculated) by solid nointa at 1600°Cy of 

Kay and Tayler17  by points e , a , at 1500°  and 1550°C 
respectively, and of Baird and Taylor

52 
by points Q  at 

1550°C.Thevaluesefof the present work are also aSiO2 
given in Table XIV, From Figure 23 it may be seen that there 

is a good agreement with the results of Kay and Taylor at 

1500°C. 

From the values ofasio2  andacao  for the melt, 

which is saturated with Ca2S104 (11Ca014"' 0.58) it is possible  

to calculate the free energy of formation of crystalline 

Ca2SiO4  at 1500°C. 	The value so obtained is -35,860 cal. 

The error limits aCa0 	15% and a cioa  ± 18`%) suggest that ( 

the error on 4N G.°  may be between 1 and 2 Kcal, Pram the 

heat of formation of Ca2Si0453  and the relevant data for 

entrepies,54, 55  heat capacities,56' 57  and the heat of trans-

formation of quartz to cristobalite,57  ors can derive the 

equation 

AG° = -24,120 - 5:/4T 71-  1,000 cal 

This leads to a valve of -34,500 cal at 1500°C. 	There is 

thus adequate agreement between the results of the activity 

studies (coupled with phase diagram) and the thermal data on 

crystalline a - Ca2SiO4. A check on the thermal data • 
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available from e,mcf E measurements made by Benz and Viegner58 

at 700°C with a special solid cell involving calcium cilicatee. 

The value of ,L! G°  for the formation of p - Ca2SiO4 (from 

quartz) which can be derived frm their measurements is 

-32,400 ± 300 cal, whereas the value for this temperature 

from thermal data is -31,500 cal. It may thus be seen that 

the 4 G°  values from the thermal data are a little too 

positive. 

According to the phase diagram,51 crystalline CaSiO3 

can be in equilibrium at 1500°C with either of two liquids, 

with N0i10 equal to 0.44 or 0.55, 	It follows that in each 

case 

G; = RT In ( Ca° as.iod 

where. A Gr;=, is equal to the free energyof formation of crystal- 

line CaSiO3  from its component oxides. From the activity 

data the two values for 	G°  are -22,000 and -21,900 cal 

whereas the value which can be derived from thermal data5%$ 56, 

57, 39, 50 is 22,050 cal. 	The agreement, which is fortuitously 

good since it is well within the probable limits of error, 

provides further confirmation of the activity data. It is 

interesting to note that for CaSiO3  at 700°C there is complete 

agreement between the value for LA  G°  from the thermal data 

and that derived from the e.m.f. work of Benz and Wagner.50 
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It is possible to ca7 culate the fyece, enerixy of feTmat_'_c.n of 

liquid CaSiO3  frok the oxides at 1500°C from the theanlal data 

and the entropy of fusion61 , which is 8.1 cal.dcg.-imole-1. 

The value obtained is -21,680 cal., which is identical to 

that derived from the lime and silica activities (-21,660 cal). 

The question arises as to where the activity curves 

for silica lie at higher temperatures. The results in Figure 

22 show that the activity cf lime a t.17Co0 = 0,5 is almost 

the same at 1550°C as at 1500°C. 	The free energy data on 

liquid CaSIO3  already considered above indicate that the free 

energies of formation and the activity products (relative to 

solid CaO and Si02) have the following values: 

TelAperat,x7e °C a3i02 x aCa0 

1500 - 21,630 0 0 00,212 

1550 - 22140 0.00,221 

1600 - 22,600 0.00,251 

The rate of change of the activity product ith 

teucerature, which depends on the value of All°, should be 

more accurate than the actual ...;cos of the -ruct. 	1-12112- 

if acno  is the same at 1550°C as at 1500°C, 	rises by 

5% over the 50'C range. 	If Acao  were to -ries by 100, which 
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is not impossible in view of possible errors in Figure 22, 

asi  'o2  would fall by 5%. In either event, the change in 

aSi02 is small. On the basis of such reasoning, the activity 

curves for Si02  have been drawn in Figure 23 for 1550°C and 

1600°C from the silica saturation limits towards the eqUi-

molar composition. The probable range in which the activities 

lie at 1600°C at and beyond this composition is indicated by 

the four vertical lines. 

It seems likely that the activities of silica do not 

vary as much with temperature as the results of Kay and Taylor17  

suggest. It is possible to construct a rough he't of formation 

curve for Ca0 + Si02  melts from crystalline lime and silica 

from the thermal data already quoted for the two silicates, 

an estimated entropy of fusion of lime of 5 cal.deg.-1mole-1, 

the heat of fusion of silica 1800 or 3600 cal.mole-1  421  and 

the assumption that the entropy of fusion of Ca2SiO4  is the 

same as for Pe2S1.0
4'
62 i.e. 14.8 cal.deg.-lmole-1. 	This is 

shown in Figure 24. It looks very much as though the silica 

activity coefficient should rise with rising temperature, when 

N S102 	( falls below about 0.5 	HSi02 negative) and that 

Correspondingly the activity coefficient of lime should fall 

with rising temperatures 4-\-HCa0  positive) when NCaO exceeds 

about 0.5. The values of the partial molar heats in the 

vicinity of the equimolar composition are so small that 
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neither activity coefficient can change much with temperature. 

When, for instance, AU is about 3.0 Kcal y can change only 

4% between 1500°  and 1600°C. 

The activity values published by Chipman19  have 

been based on the studies of slag and metal equilibrium 

Si02  +2C = [Si] + 2 CO 

where the silicon is dissolved in iron saturated with carbon. 

The calculations depend on the free energy change for the 

reaction 

Si02  2 C = Si + 2 CO 

and hence on the free energy of formation of silica. Chipman 

derive& this from the thermal data. It has been recently 

shown by Ramstad and Richardsmn69 that the free energy of 

formation so derived is significantly in error at high tempera-

tures, and a new equation has been proposed. When this is 

used the calculated silica activities become 2.75 times greater 

than before: it is these values that are shown in Figure 23. 

The accuracy of the new ,I G°  values for Si02 is about 

2 Kcal, and this corresponds to a factor of 1.7 on the derived 

values of f;:sita: the accuracy of the silica activity values 

proposed here is considered to be some 19%. Thus, the two 

sets of results are not seriously discordant, although those 

18 of Young,et al. and Sanbongi and Omori22 certainly are. 
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(b4) The integral free energies of formation 

of binary Ca0 Si02 melts. 

The integral free energy of formation have been 

calculated from the partial molar free energies by the 

equation 

iG°  = NCaO -23. Ca0 + NSi02  2r6Si02 

The partial molarfree energies were obtained by the relation 

= RT lna 

The calculated values at 1500°C are given in Table XIV and 

Figure 27. The dashed extrapolated part is based on the 

estimated entropy of fusion of Ca2SiO4. Thus, the ,o,,G°  

value for liquid Ca2SiO4  at 1500°C should lie about 3100 cal 

above the value shown for the crystal in Figure 10. Also 

shown for camparison are the free energies of formation of 

crystalline Ca2SiO4, by point 0 from the thermal data and 

by 0 from the phase diagram and activity data, and of 

liquid CaSiO3  by point () derived from the thermal data 

mentioned earlier. 
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B. Activities of manganese oxide in aluminate and sili-

cate melts. 

The method of obtaining the manganese oxide acti-

vities in the melts has been described earlier. The melts 

studied include the mixtures of the binary Mn0 + A1203 and 

of the ternary Mn0 + A1203  + Si02. The activities so terived, 

are refered to solid manganous oxide in equilibrium with 

liquid metal manganese as the standard state. 

(a) Manganese oxide activities in the binary 

Mn0  + Al2,03, melts. 

The activities have been measured at 1650°C. The 

results are given in Table XV and Figure 25. Activities 

with respect to liquid manganese oxide as standard state were 

also calculated by using the entropy atf fusion CsSf  = 5 cal.de/e4  

mole-1  and melting point 1850°C, for manganese oxide.? They 

are shown in this figure by the thin curve. It has been 

seen from this figure that the manganese oxide activities with 

respect to solid manganese oxide have a negative deviation 

from Raoultts Law below and a positive deviation above Nmno = 

0.725, but with respect to liquid MnO, a negative deviation 

throughout the range studied. Manganese oxide activities7 

in the Mn0 + Si02  melts at 1650°C, with respect to solid as 

well as liquid manganese oxide as standard states, are also 

shown in this figure, by the dotted curves respectively. 
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It may be seen from the curves in this figure that amao  

in the Mn0 + A1203  melts is the same as that in the 

Mn0 + Si02  melts up to 0.77 mole fraction of manganese oxide, 

but smaller than the corresponding ones above this mole 

fraction. 

According to the activity data, the melt should 

be in equilibrium with solid manganese oxide at 0.840 Diable 

fraction of MnO. This agrees well with the sulphide eapacity 

results reported earlier, but not with the phase diagram 

reported by Hay, White and McIntosh63. 

(b) Alumina activities in Mn0 + A1203  melts. 

The alumina activities have been derived by the 

modified Gibbs-Duhem equation (page 91 ) using the measured 

MnO activities and taking the alumina activity to be unity 

at Nmho  of 0.68; according to the phase diagram63  the melt 

is saturated with alumina at this mole fraction. The 

reference standard state is solid alumina. The alumina acti-

vities, so derived at 1650°C, are given in Table XVI and 

Figure 25. 

(c) Manffanese oxide activities to +he Mn0 + Al2,03 

+ 	melts. 

The measured activities in these melts at 1650°C 

have been submitted in Table XVII and Fig. 26. Mn0 activities 
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in the binary Mn0 + Si02  melts are the values reported by 

Abraham.7 It mqy be seen from this figure that, at ccnstant 

mole fraction of MnO, when alumina replaces silica, activities 

of Mn0 first increase and then start decreasing in the region 

below Nmrio  of 0.65, remain censtant between 0.67-0.75 NCO, 

and first remain constant and then start decreasing at approxi-

mately 0.8 Nmno. This sort of variation in manganese oxide 

activities may be associated with the typical behaviour of 

alumina, in which it may have both cationic as well as anionic 

types of reactions. In melts such as MnO + A1203 + Si02 

it would be expected to act mostly as cations at high concen-

trations of silica and as anions at low concentrations, while 

at intermediate concentrations of silica the two effects 

should balance each other. Accordingly, at constant mole 

fraction of Mn0 in the region below 0.65 NtIno, alumina at its 

lower concentrations may act as cations and thus increase 

a"no  while at higher concentratiGns it may act appreciably 

as anions, hence decrease amno; between 0.65 - 0.75 17!  IM) 

the cationic and anionic types of reactions of alumina may 

balance each other thereby maintaining amo  constant, while at 

about 0.8 N 0  alumina, at low silica concentration, initially Mn 

may have both cationic and anionic reactions, and therefore 

constant, but later on prominently, when the silica 
aMnO 

concentration is further decreased, alumina may have predomin- 

antly anionic reactions, thus de,creasing. 	• 
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(d) Integral free energies of formation for the 

b!_naryyn0 + Al2,03. 

The integral free energies of formation P, G°  for 

these melts, have been calculated at 1650°C, from the activity 

data using the following relationship: 

AG°  = RT 	in 0_1,6 + RTNIA120  In al11203  

The values Pre given in Table XVI and Figure 27. Integral 

free energies of formation for Mn0 + Si02  melts7 at 1650°C, 

FeO + Si02
64 

at 1600°C, ZnO + Si02  at 1510°C derived by Richardson
65 

 

from thermal data and the phase diagram and Pb0 + Si02
66 

at 

1200°C, are also shown in this figure, for comparison. 
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Activity Coefficients of sulphides in the aluminate and 

silicate melts. 

The activity coefficients of sulphides at 1650°C 

in the melts Mn0 + A1203, MgO + Si02  and MnO + A1203 + Si02 

at 
N
Si02 k1203 	0.5, are given in Tables XVIII, XIX and 

XX and in Figure 28. In this figure are also shown the 

activity coefficients of CaS in CaO + A1203 and Ca0 + Si02 

melts at 1500°C reported on pages 57 and 62, 	and that of 

manganese sulphide?  in Mn0 + Si02 melts at 1650°C. The 

standard state in each case is pure solid sulphide. It is 

obvious from the results submitted in this figure that the 

activity coefficient in each system varies with the composition 

of the melt. It thus indicates that the activity coefficient 

of the sulphide should not be assumed to be constant over a 

wide range of composition of the melt, even for approximate 

calculation of the activity of the metal oxide. It is also 

seen from this figure that the activity coefficient of the 

sulphide in all the melts except Ca0 + A1203 does not increase 

with increasing concentrations of Si02 or A1203. The ydas  

increases in CaO + Si02 melts and decreases in Ca0 + A1203 

with increase in tidab. 

It appears from Figures 27 and 28 that the activity 

coefficient of the sulphide increases with decreasing integral 

free energy .of the melt and is maximum at minimum IL. G°. 



This is obvious from the results obtained in the systems 

Mn0 + Si02, 	+ A1203 and MgO si02. The difference 

in behaviour of the activity coefficient of calcium sulphide 

in Ca0 + Si02  and Ca0 + A1203 melts may also be associated 

with the fact that the measurements for CaO + Si02 have been 

made on the lime poor side of IS G°  minimum, whereas those 

for CO + A1203  for the lime rich side. 

Solubility of sulphur dioxide gas at one atmosphere 

in sulphuric acid and tffimo water mixture was also observed to 

be minimum at the minimum in the integral free energy of 

H2SO4 -H20.67  This behaviour has also been reported in the 

case of Fe-Si alloys68 at 1500°  - 1650°C where the solubility 

of hydrogen was found to be minimum at ,6 G minimum. 

Figure 29 shows the variation of the activity coef-

ficient of manganese sulphide in MnO + A1203 + Si02 melts at 

1650°C. 	The shapes of the isoactivity coefficient curves 

may also be in accordance with the variation of the free energies 

of formation of the melt, but no data are available on the free 

energies of formation for comparison. 

The activity coefficient of calcium sulphide in 

Ca0 + Si02  + A1203 melts at 1550°C has been shown in Figure 30. 

In this system also the contours of the iso-activity coefficient 

may . . be in s.c.toordance with the free energies of formation 
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of the melt. The closed loops may be due to the depressions 

in the free energies of formation in this region of the melt. 

Darken67  using the Gibbs-Duhem relationship for a 

regular ternary melt, has shown that the solubility of a third 

element in a binary alloy is minimum where there is minimum in 

the excess entegral free energy .6 Gxs  of the binary. While 
Richardson and Alcock,69 from a consideration of the energetics 

of a random ternary solution with bond energy and coordination 

number independent of composition, have derived the following 

equation for the activity coefficient of a dilute solute S in 

a mixture of X and Y. 

Log YS(x  y) = El  log YS(y) Nx  log YS(x) -
RT  G

xs(x  y) 

YS(Y) 
etc., are the activity coefficients of S in (Y) and so 

cn, and A Gxs(x  y) is the integral excess free energy of 

X + Y at mole fractions ofix  and Ny. This also leads to the 

same conclusion that the activity coefficient of a third ele-

ment should have a maximum value in a binary mixture of a compo-

sition which has excess integral free energy at the maximum 

negative value. 

It is interesting to see this type of behaviour in 

the complex mixtures involved in the present work. As regards 

the relationsAip between the solubility of an element and a,  G° 
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for the melt, it may be said in a general way only that the 

free energy minima presumably occur at compositions where 

the various components of the melt may fit together to make 

the lowest energy structures, indicating a•disliko'for any 

other element for association. The high value of the activity 

coefficient may then indicate that it requires more energy 

to fit disturbing ions or groups of ions in the melt under 

such conditions than at compositions where configurations are 

not so stable. 
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Results in relation to ideal mixing-thetry of eiIiCate—Melts. 

Richardson27 has shown that the ideal free energy 

Of formation of a ternary AO + BO + Si02 melt can be obtained 

by adding ideal free energy of mixing ( 	Gmix  Catione) ti 
the weighted sum of the free energies of formation of the 

two corresponding binaries AO + Si02  and BO + Si02 of equal 

silica mole fractions. The ideal'free energy of the cation 

mixing is: 

AGmix(cations) a  RT NAoln 
N AO' 

+ NBOln  N 	N'3+1;N AO + BO 	AO 	BO 
( ) 

per mole of the slag when no interactions between cations scour. 

The sum of the free energies of formation of the two 

binaries 

NAO  
NAO NBO 1GA0(bin 

NBO  
NCO.   N130. GB,0(bin), • 

Using the results for binaries F 0 + Si02, Mn0 + Si02 

and Ca0 + Si0g, Richardson and AbrahaM70  calculated the free 

energies of formation for the ternaries Pe0 + Ca0 + SiOg and Cm) 4. 

Mn0 + Si02. There was a good agreement between the calculated 

values and the experimental ones in the metasilicate region, 

but negative deviation near the orthotilicate region. 
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The probable reasons given for the negative devi-

ation were that the anionic matrix may maintain the same 

structure but there could be an interaction between the 

cations, which would invalidate the relation (1), or, alter-

natively, that there could be ohange in the anionic matrix 

which would effect the value of Q G' in relation (2). 

Abraham and Richardson, by assuming that the inter-

actions between cations are negligible (details later) and 

that there are changes in anionic matrix of the type repres-

ented by the equation 

3 Ca2SiO4  + Fe2SiO4  = 2 Ca3Si207  + 2 FeO 
	

(3) 

calculated the values for the integral free energy of mixing 

within ± 500 cal of those obtained experimentally. The 

probat-ility of this reaction from thermodynamic considerations 

may be seen from the following: the free energies of formation 

for Ca2SiO4, Ca3Si07, Fe2SiO4, Mn2SiO4, Fe0 and supercooled 

liquid Mn0 (Figure 27), are -30, -61, -5.4, -11.1, 0 and 

+1.2 Kcal respectively. Free energy change for the ab',ve 

reaction is -32 Kcal and -19 Kcal if FeO is replaced by MnO. 

This lends support to the above suggestion. 

It has been shown by Meadowcroft71  that in a melt 

of single cation phosphates, the anion distribution is a 

function of the ratio of the metal oxide to phosphorus pentoxide 
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and of the type of cation present. The anion distribution 

is related to the shape of heat of formation curve for the 

system. It was also indicated that for mixtures of two sys-

tems which have heat of formation curves close (or similar in 

shape), heat of mixing is small and anion distribution is 

mean. Those mixtures for which these curves are fax apart 

(or have different profiles) have substantial heats of mixing 

and the anionic distribution is anomolous. As the phosphates 

and silicates are similar in structure, this anomolous anion 

distribution should occur also in silicates under similar 

conditions. This also supports the change in the anionic 

matrix proposed above, 

The integral free energy of mixing A Gm  has been 

calculated in the system Fe0 + Ca0 + Si02  and MnO + Ca0 + Si02 

at 1600°C using the 	G°  values in the binary CaO + Si02 

as measured in the present work which are different from those 

used earlier.7° The A G°  values used here for MnO + Si021  

and FeO + Si0264 systems have been reported by Abraham. t 

The results are presented in Figures 31 and 32, where 6,,Gm  

has been shown as a function of N1, 0  or NCO  at constant Ca0 

to Si02  ratios. 	The thick lines a, b, 	etc., represent 

the calculated integral free energies of mixing and the corres-

ponding thin lines represent the free energies of mixing compat-

ible with the measured ones. a, b, c and d as shown in 
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Figure 33, represent the compositions in the ternaries alcng 

the constant Cau to Si02  ratios; 6/4, 5/5, 4/6 and 3/7. 

Figures 54 and 35 have been constructed from Figures 31 and 

32. 	Excess integral free energies 	0°1°  hat been plotted 

as a function of 	for the system Mn0 + Ca0 + Si02 and of 

NFe0 for the system Fe0 + CaO + Si02  in these figures. Each 

curve represents the variation in the A Gxs for a constant 

mole fraction of Si02 shown by the respective figure. 	 e_ \e'r 

4414- 	represent the values read off from the curves 

a, b, c and d in Figures 31 and 32. Although the deviation 

in the Figures 31 and 32 have great effects on the activities, 

it can be seen from Figures 34 and 35 that the small excess 

integral free energies could account for these large differences 

between the ideal and experimental integral free energies. 

It may also be seen frxil these figures that the excess integral 

free energy never exceeds 3 Kcal in Fe0 + CaO + Si02 melts 

and 2 Kcal in MnO + Ca0 + Si02. It is one Kcal in both cases 

at N5i02 	0.35 and continuously decreases with increasing 

Si02  mole fraction and becomes negligible at Nsi02  = 0.5. 

The same has been observed earlier7°. Abraham,7°  measured 

the heats of formation of the crystalline mixed cation sili-

cates and found them ideal to within ± 400 cals. It was 

implied from this-that the interaction between cations such 

as Ca++  and Fe++  are negligible, but Lumsden22  attributes the 

absence of the heat effect in the formation of these isomorPhono 



- 118 - 

solid solutions between Calcium and ferrous silicates to the 

strain energy due to the disparity between the sizes of 

calcium and ferrous ions happening to be equal in magnitude 

but opposite in sign to the heat effect due to the intrinsic 

interactions between two ions. Meadowcroft73  determined the 

heats of mixing for ph:sphate glasses and found small heats 

of mixing for the pairs Na-Li, Li-Ca, Ca-Zn, where the curves 

for the heats of fsrmation of phosphates are close in respec-

tive pairs, but substantial for Na-Zn which has the heats of 

formation curves aart. In view of the similarity in structure 

between silicates and Phosphates there should be interactions 

between cations in silicate galsses under these conditions. 

A Gxs  could also be calculated from the Fe0 activity data in 

the CaO + Fe0 system reported by Bishop, et al!4. This has 

also been shown in Figure 34. These values, of c4urse, cannot 

account for the negative deviations observed, as seen from 

Figure 35 	So 	appears that the negative deviation is 

caused by the combined effect of the interactions between 

cations and also of changes in the anionic matrix. 

Nevertheless. ideal mixing theory provides a standard 

against which the behaviour of the complex slags may be com-

pared. By the application of this simple theory, it is also 

possible to calculate the free energy of formation in the 

ternary melts in the metasilicate region reasonably well, and 
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to make u.s.efif1 preclictions in the orthosilicate region if 

rough allowmce is made for cation-cation interactions and 

for possible changes in the anionic matrix. 
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APPENDIX 

Callation of the Partial Pressures of Oxygen and Sulphur. 

Equilibrium partial pressures of oxygen and sulphur 

in the gas phase were calculated from the composition of the 

inE,oing gases and the free energies of formation of the 

various types of 7as molecules formed by the interactions at 

the temperature of the experiment. It was assumed that at 

high temperatures and moderate pressures, gases obey the 

ideal gas laws  PV = nRT. The deviations are smaller than 

any existing quantitative measurements can detect.75  Assump-

tion was also made that the gases reached equilibrium within 

themselves because at high temperatures reactions between 

gases occur at almost immeasurably high speeds. Similar sal-

culations have already been made by Fincham34, Davies3  and 

Abraham6  where the gas mixtures were made either of N2, H2 

and CO2 or N2,H2, CO2  and S02. In the present werk the gas 

mixture of different oxygen and sulphur potentials and of com-

ponents N2, H2, CO2 and H2S were used. The method of calcu-

lation is given below. 

(i) Calculation of oxygen partial pressures in  

H2, CO2   and N2 mixtures. 

Only H2, H20, CO2, CO, N2 and 02 occur in the signifi- 

cant amounts out of all the gaseous species formed by the 

interactions of the above gases at the equilibrium temperature. 
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This may be shown by the thermodynamic data available.
76 

The free energies of formation of H2077  from H2 and 02 and 

of carbon dioxide77  from CO and 02 within ± 1 Kcal between 

1500'C - 1650°C are 

2H2  + 02 	= 2H20; G° 	---, 	-100,491 + 29.56T - 7043 log T (1)  

2C0 + 02  = 2CO2;" 	= 	-135,757 + 43.048T 

- 0.2089 x 10-3  T2  141g T (2)  

where T is abscdute temperature. 

The equilibrium constants K2 - 	
CO? 

 
PC0.13022  

the reaction (2) and K3  -- 	• PH20 x P00 

PH2  P002  
for the reaction 

H2  + CO2  = H2O + CO 
	

(3) 

at appropriate temperatures were obtained by the relationship 

G°  = -RT lnK, p indicates the partial pressure at the 

equilibrium. 

Now, by substituting the required oxygen partial 

pressure in K2 the quantity PC0/pc02  is obtained, and frlm 

K3 and (2) 

Poor = 912/PH20 	PCO2° K3 

and. 

PCO = 
p
H20 

for 
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From the stoich1;11metry 

D 
-0O2(i) = PCO 4. PCO2  

Pli2(i) 	= PH2  + PH20 

where the subscript (i) indicates the partial pressure in the 

ingoirig gas mixture 

P112(i) 	'Hp_  PH20 

PCO2(i) 	PCO PCO2 

PH20 (PH2/pH20  

pc  (1 pCO2) 
"CO 

, CO 	4.  

pry  x K3  

(1 P002400)  

( 4) 

Thus, from the required oxygen partial pressure, the values of 

PH( 
 in 	can be calculated. The individual values if 
2 4"-0O2(i) 

could also be calculated as it was always PH2(i) and pc02(i)  

arranged to have 

p
x2(i) 
	

PH2(1) P
coz(i) = 0.5 

It should be noted that all the partial pressures were 

measured in atmospheres. By changing the ratio 13112(i)/PCO2(i) 

the partial pressure of oxygen can be varied over the required 

range. 
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(ii) Calculations of oxygen and sulphur partial  

yressures in gas mixtures consisting 6f either  

N,  112) CO2 and SO2  or N2, H2t  CO2 and H2S.  

In the case of the above gas mixtures, in addition 

to N2, CO, CO2, H2 and H20, the species containing Sulphur 

also needed to be considered. They are 62, S, S02, SO, SO3, 

H2S, ES, COS, CS, CS2, S8  and S6. The free energies3°  of 

formation of S8' 
S6' 802, SC3, H2S and CS 2  from S3 at one 

atmosphere pressure are known to within ± 1 Kcal, and that of 

COS to within ± 3 Kcal. The free energies3°  of formation 

of S, SO and BB arc in doubt by more than + 10 Kcal. 

Recently Dewing and Richardson
1 
 have revised the values for 

the dissociation energies of SO and S2. These values are 

considered more reliable and hence are used in the present 

calculations. The free energy of formation of HS was also 

corrected to suit this new value for the dissociation energy 

of S2. The revised values for these species reported by 

Abraham
6 

are 

+ A02 

S; 

so;  6GO = -15,354 1.24T 

6 Gb = 42,920 - 14.41T 

HS; 	el G° . 8,000 + OT 

Rough calculations based on available thermodynamic 

data have shown that at the temperatures used in this work 

(1500° - 1650°C): 
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(i) the partial pressure of CS2  can never be 

more than about 10-3  of the total sulph...a. 

pressure, 

(ii) the partial pressure of 803  can never be 

more than about 10-2  of the total sulphur 

pressure even at oxygen partial pressure of 

one atmosphere, 

(iii) the partial pressures of S6  and S8  ere loss 

than 10-10  of the total sulphur pressure, 

(iv) the partial pressure of CS can never be more 

than 10-4  of the total pressure of sulphur. 

Consequently, the only species containing sulphur 

to be considered here, 7ere S2, S, SO, SO2, COS, H2S and HS. 

The method of calculafrion. 

The equilibrium constants at the required temperature 

T°K were first calculated from the standard free energy changes 

of the respective reactions, as follows: 

(i) CO i02 = CO277  

6,G°  = -67,878.5 21.524T - 0.10,445 x 10-3  T2  log T 

1 	
CO2  

PCO PO2
2 
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(ii) H2 + 102 	H2029  

G` 	-50,2455 + 14.73T - 3,521.5 log T 

K2 
- 

111.")0 
PO 

-12  

(iii) eS2  + 02  = SO2  

G ° 	-86,620 + 17,31T 

SO2  

PS22 PO2 

(iv) 22  + 202  = 5011, 77 

LG° - -15,354 - 1.24T 

Pso  
IC4 	r, -2 -2 

(v) 
1s2 	s11, 77 

	

G° 
	

42,920 - 14.41T 

K, 
9 	13S2 

(vi) H2 + 2S2 = HS230  

6 G° 	-21,580 + 11.805T 

PE2S  
K6 	PH2 x  PS2 

2 

K3 

Ps  
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(vii) H2 + 2S2 	
30 

I\ G° 	8,000 + OT 

ifib 
P 2 	2 

13 , H2 	3 

(viii) CO 	= 	
7P 

-22,860 + 18.70T 

K8 
'COS 1  

PCO PS2
2 

The desired oxygen and sulphur partial pressures 

p02 and  pS2 
at equilibrium were selected. The values of 

pSO , pSO  snd p were -Dalculated from the known values of 2  

K3, K4, K5, p02  and ps2  at T°K. 

(ix) PS02 = K3 P02.PS2 	PSO 	K4  p 022.p  - S24;  

Ps 	K5 pS2
2 

The values of pH2O, pH2s  and pHs  were calculated in 

terms of pH2  from K2, K6  and K7:  and ps2  and p02  at 1°K. 

K
7  
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(x) 	PH20 = K2  P02  PH2; 	Plio 	K6 -s 2 2 
 

Ls 

	

1 	1 

-HS 	
, 2 = 7 Vs2 PH275'  

The values ofPCOS 
 and pc02  were calculated in 

terms of pco  fr,.'m K8. Kijp, and ps2  at T°K. 

1 
(xi) Pcos 	Ke pSu2 	• 	 = K1 P022 PCO 

	

-coo ' 	co2   

As the total pressure is one atmosphere; 

(xii)  
-E2 	PH2  PH20 4- PCO2  PCO PS02  PS2  PS PH2S 

PHS PSO PCOS = 1.  

In the case of the gas mixture consisting of .1\12., Hp CO2  

and S02; the source of oxygen is CO2  and SO2, and this oxygen 

can combine with hydrogen only. By the relation (ii) the 

total number of oxygen atoms combined with hydrogen is equal 

to the total number of H2O molecules produced, i.e. nH20  = 2n02. 

By equation (i) the number of CO molecules produced is equal 

to the number of oxygen atoms that came out of CO2. So the 

number of CO molecules is equal to the total number of oxygen 

atoms released from SO2  and CO2  minus the number of CO atoms 

consumed in COS formation and minus the number of oxygen atoms 

released from SO2  only. So it can be seen from the stoichiometry 

that: 
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1'1120 - ' S2  n° + 2P  S 2OHS 3PC0S+ 2PS)  0 	H2 

133 substituting the values of the right hand terms 

from (ix), (x) and (xi) 	was obtained in terms of p, -n2  

(xiv) Similarly, ay substituting the value of pco  in 

p 	and pCOS 
 were obtained in terms of pH 2. 

CO2   

(xi) 

(xv) If i-7-C is the 3UM of all the partial pressures of the 

gases containing one atom of carbon, 	'H2  the sum of the 

partial pressures of the gases containing two atoms of hydrogen 

and 'ES the sum of tlie partial pressures of all the gases 

containing one sulphur atom, then 

4.. 	= PCO2  + PC0 	 COS 

4.-  H2  .= PH? 	2 PH 0 + PH2 S *PHS ,  

= PH2S PCOS PHS 2PS2  + PS02  pSO PS 

These quantities are directly proportional to the 

number of carbon, hydrogen and sulphur atoms in the mixture. 

Throughout this work the partial pressure of nitrogen in the 

ingoing gas mixture was made equal to the sum of the partial 

pressures of the other three gases, i.e. H2, CO2  and SO2  

PNa(i) 	PCO2(i) 	
p, 

H2(i) 	b02(i) 



29 

eonsoo=tly 

"•-- 112  + 4. 1-12 	- 

The values (:)f> H2, ZS and 171C are all known in 

terms of pH2. So the value of px2  was calculated in terms 

of p112. 

(xvii By substituting the values of different terms (some 

in terms of pH_ ) in equation (xii) and by solving the quadratic 

equation so obtained in terms of pH2 
and IP7 the value of )712 

1:712  and pH2  were determined. From this 	7.. H2  and '21S 

were calculated. 

(xvii) The partial pressures in the ingoing mixture corres-

ponding to eelected equilibrium oxygen and sulphur partial 

pressures were gi-Ten by: 

5E c  
Pc02(i) 	Ec + 	21s 2y2 

PH2(i) 	Z. H2  

	

C + 	+ 

S 
PS02(i) C + Z H2  + ¶ S + 112 

N2(i) 
= 0.5 P  



mbe partial pressures of the gases im the ingoing 

gas mil:tyros anl the corresponding equilibrium sulphur and 

oxygen partial pressures derived in this way by using the 

electronic compirtor for calculation, are listed in Table A. 

All the partial pressures are expressed in atmospheres. 

(xiiIA) When the gas mixture consisted of N2, 1/2, H2S and CO2 

the procedure for ca2culation up to (xii) was the same. But 

the source of oxygen in this case is only CO2  and the total 

number of oxygen atonic must be equal to the sum of the number 

of carbon monoxide molecules and the number of COS molecules 

by the relation (A) and se 

F-00 - 21102  4,7720 + 211502  + 71.90 - ?k,G,S 

P CO 
	

PH20 2 502  PS0 PCOS 

By sul.)stituting the value of p 	in terms of COS 	CO 

from (xi) the value c,i pco  as calculated in terms of pH2. 

(xivk) By substituting the value of pc()  so obtained in (xi) 

the value of -o 	anO. p
COS 

 were obtained in terms of pH2. 
-  

(xv) 
	

If "C is the sum of all the partial pressures of the 

gaNas conteining(..oe atom of carbon, 1_112  the sum of the partial 

pressures of the gases containing two atoms of hydrogen origin- 

ally present 	hydrogen. gas H2(i); and 5E:H2S the sum of 
the partial pressures of the gases containing two hydrogen atoms 
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pi-Doent 7.Y1 II2S(i), then 

Z 	= PCO2  Pro - Poos 

o - 	Pso2  w 2Ps2  Pso Ps - Pow 

7128  = PS02  2PS2  PSO PS PHS PH2  S 	'COS 

(By the relation (71) H2S -H2  iS2, the number of hydrogen 

molecules from H S(i) must be equal to the number of sulphur 

atoms). 

These quantities are directly proportional to the 

number of 00a, H2  and H2S molecules in the mixture. Throughout 

this work the 'partial pressure of nitrogen in the ingoing gas 

mixture was made equal to the sum of the partial pressures of 

the other three gases, i.e. H2, H2S and CO2 

PN2(1) PCO2(i) 
pH2(i) PH2S(i) 

Consequently IF N2 = 2r, . EH2  5- H2S 4-TC 

The values of 5:H2, 27H2S and 7_0 were all known in terms 

of pH2  and so the value of pN2 
was found in terms of pH2. 

(xviA) By substituting the values of different terms (some 

in terms of p, ) in the (xii) and by solving the quadratic 
n2  

equation so obtained in terms of pH2 and 	
the value of tl 	L12 

rp
H2 

and  pH2 
were found. From this the values of I:1120  

2: H20 and EC were calculated. 



I0 C0'  



H
2 5 I0 CO

2 
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(xciiA) The ingoing partial pressures corresponding to selected 

equilibrium oxygen and sulphur pressures wn'e given by. 

11002(i) 
C  

C+ H2  + ZH2  S + N2  

5:-  H2  
Pw 	,H2 + ZH2S + EC + 2:N2  

ZHaS 

PH2s(1) 

 

H2 + r H2S + C + 7N2 

PN,(.\ 1) 

The partial pressures are in atmospheres. The 

calculations are quite rigid and no assumptions are involved. 

The uncertainties are due to those in the free energy equations. 

The partial pressures of the gases in the ingoing 

gas mixtures and the corresponding equilibrium sulphur and 

oxygen partial pressures obtained by this method are listed 

in Table B., and Figures 36 and 37. In these figures N2 = 

in each mixture is kept constant and each point represents 

a logarithm of PS2ip
02 ratio (shown by figures 8, 8.6, 9, etc.) 

given by certain initial gas composition. The initial gas 

compositions for the same partial pressure of sulphur are 

observed to lie on a straight line, i.e. the lines A, B and C 

in the Figures 36 and 37, represent the partial pressures of 

sulphur, 10-2  10-1e9, 10-  atm., respectivel . 	The same 
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ratios of. PS2/p02  obtained by different gas compositions are 

also seen to lie on a straight line. The intersections of 

these straight lines with any line representing a constant 

proportion cf R2S(i) (in the figure shown by M2  and M), in the 

ingoing gas mixtures should represent the different PS2,402  

ratios given by these straight lines. 

Now a plot between the PS2ip02 
ratios and the 

ratios of these intersections can be constructed 
P11240300

2(1) 

() which will give a relation between PS2/p02 and P}124)/PCO2  i  

along a constant proportion of H2S(i). Such plots between 

log PS2h02  and log P1-12(i)/PCO24) 
at 1500°C for 0 112S 

and at 1550°C for 7.4% are shown by a and b respectively in 

Figure 38. From this figure the required composition of ingoing 

gas mixture can be ob+ained for any desired PS2/1)02 ratio, 
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TABLE P. 

The equilibrium oxygen and sulphur pressures 

calculated from the partial pressures of 

Temperature 

the gases in rho ingoing mixture, 

1)4-1

/: 	Pnn 80 
2  W 	 2(i/ 	112(i) 

p02  p52 

10-4  

10-3  

10-5  

10-4  

10-3  

106 

10-4  

10 4  

10-4  

10-4  

10-4  

10-3  

10-3  

10-4  

10-4 

1650°C 

1650°C 

1650°C 

1650°C 

1650°C 

1500°C 

1500°C 

1500°C 

150000 

1500°C 

1500°C 

1500'C 

1500°C 

1500°C 

1500°C 

0.154 

0.260 

0,157 

0.355 

0.364 

0.115 

0,134 
0.151 

0.375 
0.480 

0.470 

0.460 

0.470 

0.479 

0.4799 

0.326 

0.220 

0.333 

0.135 
0.116 

0.332 

0.346 

0.3294 
0.115 

0.010 

0.020 

0.020 

0.010 

0.001 

0,02 

0.02 

0,01 

0.01  

0.02 

3.003 

0.02 

0.02 

0.01 

0.01 

0.01 

0.02 

0.02 

0.02 

0.02 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

warmamemy• 

1.115 x1 6  

1.112 x 10-7  

1.072 x 10-6 

1.020 x 10-8 

1.038 x 10 

1,e16 x107 

1.069 x 10-7  

7.248 x 10
-8  

4.190 x 10
-10  

7.775 x 10
-12 

1.495 x 10
-11  

4.037 x 10
-11  

2.576 x 10
-11  

1.610 x1011  

1.533 x 10
-11  

, 111.1011111•11 

1.839 x 
2.70 

5.013 x 

9.696 x 
2.958 x 

3.872 x 

4.255 x 

7.837 
5.862 x 

2.456 x 

2.644 
1.109 

1.033 

9.712 x 

9.712 
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AT' 	B 

	

The equildbrium 	01.11phur 7ressures 

oalculated from the fartial prkaLrres 

	

of the gases 	tha ingoing gas mixtures. 

Composition of the 
ingoing gas 

Pv 	 P02 

	

Temperature 	,2/.. rh2(.0  2002(i) H2(i) 	
PS 

0) 
•••orr.. MOM* AO 

150:0°C 	0.50 	0.375 	0.03 	0.395 	to 	10
-11 

 

1500°C 	3.50 	0.079 	0,010 	0.410 	10
-2 10

-12 

1500°C 	0.50 	0.063 	0.005 	0.415 	10-2 	10
-1

10

2.6 

1500°C 	0.50 	c.064 	0.079 	0.356 	lo 	10
- 

 
-10.6 

1500°C 	0.50 	0.071 	3,046 	0.383 	10
-2 	10 
.6 

1500°C 	0.50 	0.105 	0.006 	10
-12.6 

	

0.389 	10 -1 
 

1500°C 	0.50 	0.0/3 	0.u86 	0.340 	10
1.9 	10-9'9  

	

0.325 	10
-1.8 10-9'8  

	

1500°C 	0.50 	0,063 	0.092 
-10.9 

	

1500°C 	0.50 	0.0P7 	0.034 	0.380 	10
-1.9 

lo 

	

0.353 	10-1.8 
	-10.4 

	

1500°C 	0.50 	0.093 	0.054 10  

	

1500°C 	0.50 	0.090 	0.012 	0.400 	10
-1.9 10-11.9 

-1.8 	-10.8 

	

1500°C 	0.50 	0.097 	0.036 	0.366 	10 	10 

	

1500°C 	0.50 	0.104 	0.013 	0.384 	10
-1,8 10

-11.8 

	

1550°C 	0.50 	0.-064 	0.056 	0.380 	10
-2 	10

-10  

	

1550°C 	0.50 	0.069 	0.031 	0.400 	10
-2 10

-10.6 
 

	

1550°C 	0.50 	0.071 	0.020 	0.410 	10
-2 	10

11  

	

1550°C 	0.50 	0.073 	0.007 	0.420 	10
-2 10

-12 

	

1550°C 	0.50 	0.074 	0.0034 	0.423 	10
-2 	10

-12.6  

	

1550°C 	0.50 	0.084 	0.066 	0.350 	
10-1.8 	10 

9.e 

- - 

	

1550°C 	0.50 	0.090 	0.037 	0.370 	
101.8 	1010.4 

- 1.8 	-10.8 

	

1550°C 	0.50 	0.093 	0.024 	0.380 	10 	10 

10-9.9 

	

1550°C 	0.50 	0.073 	0.060 	0.370 	10
-1.9 

	

1550°C 	0.50 	0.079 	0.034 	0.390 	10
-1.9 lo

-10.5 

-10.9 

	

155000 	0.50 	0.031 	0.022 	0.400 	10
-1.9 10 
-1.96 

	

1550°C 	0.50 	0.074 	0.021 	0.400 	10 	10
10.96 
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0 

1-5 	2 	2.5 	3 
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FIG.39. RELATION BETWEEN Mn CONTENTS OF Mn - Pt AllOYS 
IN EQUILIBRIUM WITH PURE MnO AND PARTIAL PRESSURES 
OF OXYGEN. 
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