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ABSTRACT 

Quality raw materials having lower percentage of 

unwanted elements like sulphur are depleting with time and 

at the same time development of new special alloys warrants 

very low sulphur Content. These constraints are sufficient 

to keep the metallurgists and material scientists engaged 

in study of behaviour of sulphur in metals, alloys and slags 

necessary to develop processes to produce quality alloys 

at econaeical price. Extensive work has been done in past on 

removal of sulphur during extraction and refining but at the 

cost of productivity and economy. However, external desulphur-

isation has off•late proved to be quite useful process for 

removal of sulphur in between iron making and steel making 

stages. Still, substantial work may be done to optimiee the 

external desulphurization process with regard to the technology 

and desulphurising agents used to improve the economy of the 

process. Soda base slags have been established to be very 

useful for bringing down the sulphur level in the melts. 

However, they can not be used successfuly during smelting 

and refining as they attack the refractory lining and give 

out irritating fumes. 

In external or ladle desulphurisation use of soda 

base slags may be made more efficiently because of low 

temperatures prevalent bringing down the magnitude of slags 

attack on refractories. However, only a few studies carried 



iii 

out on external desulphurization using soda-slags but the 

data obtained has evoked the need for detailed study on soda-

based slags. 

The present work has, therefore, been taken up to study 

systematically the soda-silica binary system and the effect 

of lime additions on the sulphur capacity of soda- silica 

. slags. Thus, the binary Na20-Si02  and ternary CaO-Na20-Si02  

slag systems of varying compositions have been selected 

for experimental study using gas condensed phase ee;uilibria 

technique. The slag samples have been ecjpilibrated with a 

gas phase of known sulphur and oxygen potentials.The sulphur 

capacities of binary soda-silica slags with varying Na20/Si02  

molar ratios, namely, 0.25,0.40, 0.52, 0.84, and 1.03 at 

temperatures 1373,1423,1473, 1523 and 1573 K have been 

determined. Effects of lime additions in soda-silica slags 

of the above mentioned Na20/8i02 ratios on their sulphur 

capacities at the same temperatures have also been studied. 

Oxygen and sulphur-di-oxide potentials ranged in between 

10-11  to 10 8 and 0.07 to 0.10 atm. respectively. Oxygen 

potentials were measured in different gaseous mixtures using 

a suitably designed oxygen sensor. 

The entire text of the dissertation has been spread over 

five chapters. 

Chapter 1 has been devoted to the brief introduction of 

the problem and critical review of literature comprising 

of different technicues used and various systems studied for 
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determination of sulphur capacity. 

Design and fabrication of experimental set-up has been 

described in detail in Chapter 2. A detailed description has 

also been given on materials and methods used in the present 

work. 

Chapter 3 deals with the experimental results and 

discussion for the binary Na20-Si02  system. Results of 

present investigations have been analysed and compared with 

the existing data on soda-silica slag and other binary 

silicate systems. 

In Chapter 4 the experimental results and discussion 

for the ternary CaO-Na20-Si02  system have been reported. 

Results of present work are compared with the earlier work 

on this system and other ternary siliccte systems. 

In Chapter 5, the experimental results on sulphur 

capacity of soda base binary and ternary slag systems 

have been summarized and concluded. 
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CHAPTER -I 

GENERAL 

1.1 INTRODUCTION 

Behaviour of sulphur has always attracted attention of 

Metallurgists and material scientists involved in alloy 

development. This element, if present in concentrations in 

excess of solubility limit tends to 'segregate' generally 

along the grain boundaries or form inclusions thereby 

adversely affecting the physical, mechanical and other 

engineering properties of metals and alloys. The major 

deleterious effects specially in ferrous alloys includes 

introduction of hot shortness, increase in hardness and 

electrical resistance and general reduction in ductility, 

toughness, forgeability, weldability and corrosion resistance. 

The degree to which these properties are affected varies 

in proportion to sulphur content and hardness of such alloysZ.13. 

However, only in case of free machining alloys (specially 

steels and brasses). This segregation has been advantageously 

exploited. 

Sims and other workers [2] concentrated their efforts 

on utilisation of sulphur to advantage particularly in 



steels and developed the concept of 'Sulphide Inclusion 

Shape Control'. They noticed a consistent and reproducible 

pattern ')f these inclusions and also found that a relation-

ship could be worked out between the size, shape and 

distribution of such sulphide inclusions and ductility of 

steels. Strong deoxidisers, besides having greater affiity 

for oxygen, also form sulphides 2nitrides and carbides, 

consequently affecting the composition of these inclusions 

and hence their effect on properties of steels. Aluminium, 

for example, changes the size and distribution morphology 

of oxides as wall as sulphides and therefore results in 

high ductility and low gas-porosity of steels r 3 • Hiarnr 4 

also observed an improvement in transverse ductility of 

steel during cold working by lowering sulphur content 

but concluded that it was not as effective as that attained 

by inclusion shape control. Addition of rare-earth 

elements also change morphology of sulphide inclusions 

from elongated to spherical shape and hence results in 

marked reduction in senstivity of steels to hydrogen-

induced cracking during welding 5 j. 

Sulphur is invariably associated in pyritic- or 

sulphatic- ferm with ores of different metals due to its 

high reactivity and stability of compounds. It can only 

be partially removed during ore preparation and is removed 

invariably either in slags, furcL,s, vapours or gases 

emerging out of the furnaces in pyrometallurgical processing 
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of such ores or concentrates. Fuel, especially coke, is 

another major source of sulphur in the charge of smelting 

furnaces. The residual sulphur in the refined metallic 

phase is therefore present as dilute solution because 

of its low concentrations resulting due to its partitions 

between the metallic, gaseous and/or slag phases. Lower 

sulphur steels can therefore be produced using high slag 

basicities but generally at the cost of 'productivity' 

and at high production costs resulting from burden adjust-

ment for blast furnaces. Several attempts were therefore 

made for external desuiphurisation of hot metal. Moore[ 63 

has described the different techniques used successfully 

for such external desulphurisation of iron and steel. 

A good desulphuriser should obviously be low in cost, 

give reproducible results, evolve minimum toxic fumes 

and dust, form stable sulphides of desirable morphology 

and react in a non-violent manner. 

For production of low sulphur, high purity steel 

metals, therefore, the significance of sulphur transfer 

capacity of refining slags or gaseous phases can not be 

over 	Several studies have therefore been 

made in the recent past for determination of sulphur 

between metal and slag and 'Sulphur Capacity' of slags. 

These will be reviewed in the next section. As will be 

evident, most of those studies have been restricted to the 

ferrous systems and involving silicate and aluminate slags 



and only a few on soda-lime slags. 

1.2 LITERATURE REVIEW 

Having realized the harmful effects on the final properties 

of metal(s) and alloys owing to the presence of metallic 

sulphide inclusions, chemists and metallurgists have concentra-

ted their efforts to fight it out. Minimization of sulphur 

levels in the melts has been the subject of extensive research 

programme for a long time. Desulphurisation of different 

metallic systems yielded a volumenous thermodynamic data 

related to partition of sulphur in mei.als and slag, 

sulphur capacity of slags, solubility of sulphides in oxide 

melts, activity coefficients of sulphides, activity of 

oxides, effect of composition and temperature and viscosity 

of oxide melts in addition to the data on free energy 

of formation of sulphides, heats of formation of silicates 

from oxides, activation energy for ionic condition etc. 

However, the published data is not adequate for the 

development of a standardised desulphrisation process 

perhaps due to the changing pattern of acceptable sulphur 

levels and various stages of refining it and, thus, 

necessitates further investigations to achieve optimum 

slag composition and establish conditions for developing 

a well controlled desulphurisation process to bring down 

the sulphur to desired levels. 



1.2.1 Sulphur Equilibria-Concept and Terminology 

The Sulphur equilibrium between $lag and metal may be 

represented by following expression: 

Es]+(02- 
	

(s2- ) 	[ o] 	 (1.1) 

which involves no assumptions concerning the cations assoaiated 

with oxygen and sulphur in slag. The equilibrium constant, 

K1, for the reaction 1.1 is expressed ass 

Ca 
s

__)Ea01 
- 

1 
CsjEa.02_] 

 

(1.2) 

 

which, on rearrangement of terms gives 

	

(a 2..) 	(a 2- ) 
S • 	K 	 

 

Es3  1  L ] ao 
• • • 1.3) 

Assuming Henrian behaviour :tor all components, eq.(1.3) 

may be rewritten as 

, (wt(wt'/•s) (ns) 	
K 	°c-  

) 

Et7.S]  2  EWt./.0] 
(1.4) 

where n
02- is the number of gram ions of oxygen in 100 gms 

of slag after the oxygen requirements for the formation 

of SiOr, P0234.-  and A10:36-  ions have been satisfied [8]. 

Carter r 9: verified the linear behaviour of 

eq.(1.4) by plotting (nle7es)/r-wt°,4 sj versus n ../F7t7.0] 
02 
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calculated from the data of Fetters etala03 and Grant 

etalD.33 on equilibrium sulphur distribution between slag 

and metal at 1600°C and illustrated the near ecuivalence 

of all basic oxides during desuiphurisation. It has been 

reported that sulphur does not dissolve as such in the 

silicate melts to any significant extent but, sulphides 

and sulphates arc soluble [lo • 
Eincham and Richardsonf-13] have shown that in gas-slag 

equilibrium, the sulphur equilibria may be represented by 

the following chemical reactions, 

+ (02') 	-1-0 + 	 1.5) 

2 2 2 + 	2 4 + (02- ) = (S02- ) ..• (1.6) 

and, 

52+302+(02- ) = (s2  02- ) 	 • • • 1.7) 

2 or' 2S02+02+(02-  )= S207 ) ... (1.8) 

for which equilibrium constants may be expressed as: 
(a 	)p0, 2 s,- 02. 

	

) 	(a 	) p 72 
32 

(aSOZ-)  

	

"4 	
2 3/ "02_ 

S2  -V02  



02-  ) 2 7 K 
(a02_ 	

2
-p03/2 
 2 

(as 02-) 27 

° (ao2- ) "PSO2 

and K, 

. . . (1.11) 

... (1.12) 

Richardson and Withers (1L0 advocated that sulphide equili-

brium (eq-1.5) should be applicable under more reducing 

conditions, while sulphate ecruilibrium (eq.1.6) should be 

dominant under more oxidising conditions. When partial 

pressure of SO 2 and 02 both are high in gas phase, pyro-

sulphates are formed as represented by equations 1.7 and 

1.8 but, these reactions arc important only at temperatures 

below 15000C and lime rich slagsM. 

On the basis of the results on studios conducted on 

blast furnace slags, Holbrook and Josephri0 and Holbrookge 

defined the desulphurising power (D.P.) of the slag by the 

following relationship, 

D.P. = 	S in slag 
7. in metal 

( s) 
s 

(1.13  

In other words it is equal to the sulphur distribution or 

partition coefficient between slag and metal. 
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Sulphur affinity of a slag  has been described 

as sulphur capacity by Fincham and RichaLd.sonH and it 

is mathematically expressed ass 

(Wt./. S )p  /2 1/2 

,  
CS 	1/2 

PS2  

 

• • • 1.14' 

 

As can be noted from the expression above, a slag  with 

higher value of CS  will hold or absorb sulphur more 

Strongly at constant conditions of oxygen and sulphur 

pressures than one with lower C3  value and thus prove a 

better desulphuriscr in a refining  process M. 

With the knowledge of sulphide capacity, the sulphur 

which a slag  will contain, can be predicted quantitatively • 

under known oxygen and sulphur pressures, data on Cs it 

can also be applied over a wide range of calculations to 

determine sulphur partitions in comparison to slag-metal 

partition data, since sulphide capacity is independent of 

metal or alloy involved, therefore, slag  metal partition 

as defined by eq.1.13 can be predicted provided thermo-

dynamics of sulphur in liquid alloy are known rya. Eq.1.14 

has been modified to determine activity of lime, for aCa0' 
small slag  sulphur percentages by Carter and MaCfarlane 

1-18-191intheir and CaO-A1203  melts ass 

a /A CaS 

aCa0 ° /A° a CaS 

( 7.  5 ) • 7C aS/A  

 

( 1.1 5) 
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where A = p1/2/4/2  referenced as the sulphurising 
2. 2 

potential and OCS/A) gives the sulphide capacity9  and T "CaS 
is the activity coefficient of sulphide in slag. Super-

script 101 refers to the slag having lime activity equal to 

unity. 

1.2.2 EXPERIMENTAL TECHNIQUES 

Published work pertaining to the measurement of sulphide 

capacities reports the use of chemical ccuilibria technique. 

Most of the workers have equilibrated slag samples with 

sulphur bearing gaseous mixtures flowing in the reaction 

chamber. Bronson and St.PierreD0] have used encapsulation 

technique where equilibrium is approached by static gas 

environments. 

1.2.2.1 CHEMICAL EQUILIBRIA 

It is the most extensively used technique in physico-

chemical studies of metallurgical systems and extensive 

data is reported for different materials. Equilibrium 

measurements are helpful in the determination of the activity 

of components forming gaseous components. In this technique, 

high temperature studies of the reactions between gaseous 

and condensed phases either a solid or liquid arc conducted. 

The chemical potential of reacting species used for 

equilibrating the condensed phase, is readily controlled 

with an appropriate choice of the composition and temperature 

of the gaseous mixture. The experimental data thus produced 



10 

is utilized for computing the thermodynamic behaviourof 

of the species in the condensed phase. Gaseous mixtures 

used to establish and control the chemical potential of 

the reacting species are presented in table 1.1. 

Choice of gaseous mixtures to be used in a particular 

investigation largely depends not only on the specific 

chemical potential required but also on the ease of 

developing the mixture, simplicity in apparatus design and 

the capability of transporting the reacting species at 

such a rate so as to attain equilibrium in a reasonable 

length of time. 

Gas-condensed phase equilibria for dissolution of 

sulphur in slags can be expressed by equations 1.5,1.6 

and 1.7, in which (S2 ), (S02-  4 ) and ,(S2  0
2 ) can be regarded 

as the representative amounts of dissolved sulphur in 

slags in form of sulphide, sulphate or pyrosulphate 

respectively. 

From the value of equilibrium constant (expressed by 

equations 1.9 and 1.10) for the respective equilibrium), 

free energy and the thermodynamic enthalpy of the equilibrium 

reaction can be estimated using standard thermodynamic 

relationships. 

Different techniques have been applied for the 

establishment of gaseous mixture of definite composition 

to yield chemical potential of the desired species. Different 
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Table 1.1 Gaseous mixture used for establishing 
different chemical potentials 

Gas Mixture 	 Chemical potential 
established 

C0-002 	 02(C) 

H2-H20 	 02 
CO2  -H2 	 02(C, 

CO2_ 	 02(C, 

H2S-H2 	 S2  

H20-32 	 S2 
N2-S2 	 S 2 

SO2-02 	 S2(02) 

	

2-SO2 	 52'02 
S
2'

0
2 

S02-H2-0O2 	
40 	 S2'02 

CO-CO2 	 C( 02) 

	

H2 	 C  

HC1-H2 	 Cl2 
NH3-H2 	 N2 
H2-H20-SiO 	 Si 
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gases can be mixed together in the laboratory using constant 

pressure head capillary flowmeters to yield multicomponent 

gaseous mixtures with desired potential of the reacting 

species•One such apparatus for binary gaseous mixture pre-

paration was developed by Johnston and Walkerill] and 

modified later by Darken and GurryW. In cases where gas-

mixing is not convenient technique, chemical potentialscan 

best be controlled by passing a pure gas (or gaseous mixture) 

over the condensed nhase(s) containing the desired reacting 

species -The gas reacts with the condensed phase to yield 

a gaseous phase of the desired composition, hence chemical 

potential of the solute under study. The gaseous phase, thus 

obtained, is swept over the material understudy, held in 

condensed state and the desired reacting vapour specie is 

transferred to the condensed phase. The different techniques 

for establishing chemical potential in this fashion may be 

classified into three categories. 

(i) Open Circuit Technique 

In this case both the source of the reacting specie and the 

system under study are held in a same reaction vessel. 

Example of this technique include establishment of phosphorus 

and oxygen potentials or the desired silicon potential. 

(ii) Closed Circuit Technique 

In such technique the source and the system under study 

arc held into different vessels and the gas cycled between 
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them. Example of this include generation of sulphur 

potential by passing pure hydrogen over a motal-motal 

sulphide mixture (source of sulphur specie) to yield a 

gaseous mixture of H2e  -H_S gases which is circulated over 

the system under study. 

(iii) Static Atmosphere Technique 

In such experiments twin quartz capsules have been success-

fully employed. A selected source of the reacting specie 

is kept in one limb of the capsule. Static atmosphere of the 

reacting specie, potential of which depends upon the 

temperature at which the capsule is held, is generated 

inside the capsule and system is couilibratcd in the 

atmosphere so prepared. 

As pointed out by Richardson and Alcock Wit  the 

phenomenon of thermal diffusion or thermal segregation 

causes the main inaccuracy in the experimental data in 

chemical equilibration studios. Thermal diffusion occurs 

when a gaseous mixture is passed through an apparatus 

having low and high temperature zones. The lighter components 

concentrate in the hotter part and the her,vier in the colder. 

The degree of segregation increases with increasing temperature 

and increasinc temperature gradients and also due to 

larger difference in the molecular weights and sizes of the 

components in the gaseous mixture. However, the extent of 

this phenomenon can be reduced by maintaining high flow 



13 

rates of the gaseous mixture. 

For establishing sulphur potentials, gas mixing as 

well as the closed-circuit and the static atmosphere 

techniques have been adopted by different investigators. 

However, for the measurement of sulphide capacity, till 

1978, only Chemical equilibria technique was adopted. 

Based on this technique Fincham and RichardsonM, 

St.Pirre and ChipmanD4] and Carter and MaCfarlanea0 

have designed their apparatus, which are essentially similar 

in principle. Different gaseous mixtures containing 

sulphur bearinggas were made to flow in the reaction chamber 

to equilibrate the oxide mixtures. The apparatus after 

Fincham and Richardsonfil] have been extensively used by 

subsequent workers.. 

1.2.2.2 Encapsulation Method 

Bronson and St.Piorrea0] have developed a new technique 

for sulphur capacity detezmination. Broadly speaking the 

techniques take advantage of gas-condensed phase equilibria 

but in a static gas atmosphere. Sulphur capacity of slag 

is related by the expression 

(Wt./. S ) 
4 • • 

where subscript tr.' and Is ,  refers to reference slag 

and slag under study. Since gas-environ is static, pa
.
/Los  

2 	2 2 

(cs)s TaT7Ty.544
r 
 --- (Cs )r  1.16) 
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remains constant throughout the experiment for all the slag 

samples. 

A number of slag samples under study and reference 

slag whose sulphur capacity is known from previous measure-

ments arc placed in the tight container or capsule alongwith 

the source of sulphur bearing gas. The capsule is heated 

to the temperature of interest. Slags is condensed phase 

and the gas containing sulphur specie adjust to establish 

mutual equilibrium. 

1.2.3 Experimental Studios on Sulphur Capacity 
of Slags 

In the following sub-sections, results on sulphur capacity 

measurement of slags are critically reviewed. Binary, 

Ternary and complex slags arc discussed separately. 

1.,2.3.1 Binary Slag Mixtures 

It is well known that desulphurisation is more efficient 

at higher basicity ratio or the basic oxide/acid oxide 

ratio. Ores, invariably consist of silica, and alumina. 

Alumina due to its amphoteric nature has been added as flux 

for the adjusUnent of basicity ratio. Thus, silicate and 

aluminates of various basic cations have been extensively 

studied. Different binary silicate and aluminates and 

other slags containing lime are reviewed in the following 

sub-sections. 
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1.2.3.1.1 Binary Silicate Melts 

Fincham and Richardsona0 have extensively studied the 

sulphide capacity of a number of slag systems. Amongst 

the binary silicate mixtures of Ca0-Si02 MgO-SiO2 and 

Fe0-S102  equilibrated with a gaseous mixture of H2,S02, 

CO, at 1500o and 1650°C, Mg0-Si02 has the least value, 

Fe0-S102 has the highest while CaO-S102 has intermediate 

value of sulphide capacities. The workers; in another 

invdstigationDO explain the high C values for Fe0-Si02 
than laacsi02  at given oxygen pressure by attributing thiS 

to the greater metal oxide activity in ferrous silicate 

melts. The statement is valid for acid slags having 

more than 337. of silica. With temperature, sulphide 

capacity increases. It increases with increase in molar 

fraction of base contents so in so that CaO-SiO2 slag with 

molar fraction of lime equal to 0.35 at 1650°C and with 

molar fraction lime equal to 0.55 at 1500°C has similar 

Cs values. Richardson and rinchamD0 found that when 

p0  is less than 10-5=10-6  atm, sulphide equilibria (eq.1.5) 
2 

is prevalent while sulphate equilibria(cq.1.6) is dominant 

when p0  is greater than 10-3-10-4 atm. and in between 
02 

these limits of p0  both sulphides and sulphates may 
2 

exist. The workers had discussed the results of binary 

silicate melts in relation to desulphurisation in iron-

and steel-making. The results were applied to the transfer 

of sulphur between gas and slag in open-hearth to 
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desulphurisation of blast furnace slag with reasonable 

agreement. Carter and MaCfarlane[19] measured lime activity 

in lime-silica melts using a gaseous mixture CO+CO2i-S02. 

Abraham and Richardsonge calculated Cs  from the data of 

Carter and MaCfarlanc and reported a sharp disagreement 

between the values of Fincham and Richardsonfil and Carter 

and MaCfarlanerigj. Abraham and Richardson also corrected 

their thermodynamic data of the gaseous mixture and 

recalculated Cs values. Satisfactory agreement was found 

between the two modified values on the experimental data 

of the investigators119,26.1. Abraham etalD72 determined 

sulphide capacities of 14110-S102  melts and pseudobinary 

systomsofthetypeCal$1.0,- MnO. SiO2 	 4 
and MgO.Si0,-CaO.S10, 

4  

at temperatures of 1500, 1575 and 1650°C sulphide capacity 

for MnO-Si02 were found to be of the order of Fe0-SiO • 

In the CaO.SiO2-MnO.SiO2  system, sulphide capacity 

increases with increase in the molar fraction of MnO, 

while there was a sharp fall in the Cs  value with increasing 

MgO mole fractions in the MgO.Si02-CaO.S102  system. 

Results on sulphide capacity measurements of Ca0-SiO22  

MnO-Si02  and MgO.Si02  reported by Sharma and Richardson 

D8 929,E are in close agreement to the work reportedM] 

after modification. Nino and FuwaDO] have reported Cs  

measurement on liquid MnO-Si02  melts. 
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1. 2. 3.1. 2 Binary Aluminata Melts 

Limo and alumina melts were studied by Fincham and 

Richardson ri3 20 p Carter and MacfarlaneM 9  Sharma 

and RichardsonDlj Cameron etalrjo and Kor and 

Richardson 133:1 • Fin chain and Richardson D.3 , 2] measured 

sulphide capacities of Ca0-A1203 at 1650°C by gas-slag 

equilibria. The Cs values lied in between those of 

CaO-SiO2 and FeO- SiO2 and increased with increase in 

lime mole fraction. Carter and Macfarlanerl measured 

sulphide capacity and also activity of lime at 1500°C 

and used a gaseous mixture of CO-0O2-S02 , while Sharma 

and Richardson131] used the gaseous mixture of CO2-H2-S02-N2 
at 1500°C and the results of the workers are in satisfactory 

agreement. Cameron etal• 130 reported the Cs  value by 

equilibrating the melts with C0-0O2-502  and H2-H2S-H20-Argon 

at 1550°C. Their Do results were in sharp disagreement .  

with those of previous works I18 2 313 . Therefore, Richardson 

with KorD3D repeated the earlier experiment to test their 

validity in the light of CamerontsDO work and the 

results were found in close confirmity with the earlier 

work 0.8 23.]] . 

Kor and RichardsonD5] also determined Cs  values 

for CaF2  -Al2  0, melts at 1500°C. Equilibrium was maintained 

with a. gaseous  mixture of 112 +CO 2+5.02 Cs  values never 

exceeded 10-4  and wore much lower than those obtained 

for CaF,e  +A1,07+Ca0. Sharma and Richardson D21 conducted 
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the experiments for sulphide  capacity determination of 

2 at 1650°C using a gaseous mixture of CC 
2 	 2 

Se29  H2  and N2. 	peak was observed at about :..074 mole 

fraction of alumina. This may be attributed to the 

formation of solid mullite. Drop in Cs  value with an 

increase in mole fraction of Al2c3 may be due to presence 

of mullite which has no significant absorbance of 

sulphur. A plot of Cs  versus Nil 0  extrapolates to zero 
2 3 

at zero revealing that in these silica rich melts 

alumina acts as base. 

1.2.3.1.3 Other Calcium Tile--,.ring Slags 

Gurr and Darkenr 	equilibrated lime-iron oxide slags 

with SC2+.C2 gas mixtures and concluded that sulphur 

- content increases with increasing limo content in this 

system which is equilibrated with a gaseous mixture of 

higher oxygen pressure ( 10-2  atm.). 

St•Pirre and ChipmanE-Va reported that the distribution 

of sulphur between slag and gas depends upon the oxygen 

pressure of the gas. In Fe:2 slags, a change in oxygen 

produced a change in ferric oxide content. These workers 

equilibrated lime-iron oxide molts with SC2 containing 

CC and Ce2 at 145 	10Co, 155C°   and 16c °C and their 

data indicate that additions of lime to iron 

iron-oxide has a sulphur capacity of less th 

percent) slags containing S2-  ions upto Ca.:, 

oxide. (pure 

an 1C-2  wt. 

saturation, 
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produce a slight lowering of sulphur content. With 

increasing temperature of equilibration, sulphur content 

decreases. At constant atmospheric conditions, the substi-

tuion of lime for iron lowers the sulphide content and 

greatly enhances the sulphate content. 

CaO-P205 slag system was studied by Abraham and 

Richardsonae who equilibrated the samples at 1650°C 

with mixture of H2, CO2 and SO2. Data reported on sulphide 

capacities indicate that a slight increase in lime 

content increases Cs valueSharply, for instance for lime 

content from 52.4 to 50 	. Log Cs  increases by a 

factor of 15. 

Kor and Richardson DJI while determining sulphide 

capacities for CaO-Caf2 melts, also equilibrated Caf, melts 

witharnixtureofCC v CO 2 . 2 .and N 2  at 1500°C. They 

predicted a greater solubility than that of Ca0 from 

an argument based on the lack of dependence of Ycas  on 

NC 	although thermodynaaie data 1:35,3] .on free energy 

changes makes it impossible to convert CaF2 to CaS. 

However,CaF,in combination with lime gives exceptionally 
4 

high Cs  values. These workers concluded further that 

desulphurising power of fluoride slags can be used under 

highly reducing as well as oxidising conditions in 

advantage to other more effective silicates viz. FeC-SiCo  

and MhO-SiO, and basic open hearth slag which warrants for 

relatively oxidising conditions. Hawkins etala0 conducted 
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measurements at 1500 and 1550°C on sulphide capacities 

and plotted activities of CaF2  CaO and CaS over the whole 

range of liquid compositions. Their results at 1500°C 

were in good agreement with those of Kor and Richardson[33]y 

Edmunds N]and Yuan Sun etal[0. It has also been 

concluded that sulphide capacity increases with increasing 

CaC content and decreases slightly with temperature with 

the replacement of Ca ions by Mg or Si ions. Their results 

were applied to the practical operation of an electroslag 

rig and good agreement was observed. 

Results of different workers on binary systems described 

are presented in Fig.1.1 which is self explanatory. 

1.2.3.2 Ternary Slag Mixtures 

Third component may be added to a binary slag mixtures 

to obtain the desirable physico-chemical properties. Various 

ternary systems have been the subject of investigation to 

study the effect of the additive on sulphur transfer 

capacity of the parent binary slag mixtures. 

1.2.3.2.1. Ternary Silicate Melts 
St. Pierre and ChipmanD4J carried out investigations on 

system lime-silica-iron oxide with CaC/Si02 ratios namely 

0.524, 1.275 and 2.235. It has reported that equilibrium 

values incTease with increasing CaC/Si02 ratios and 

Si).function (Ca+ 7 ) Effect of increasing oxyaen potential 
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on the gaseous phase for slags of constant CaO/Si02  

ratio of 1.275 shows the similar trend. Sulphide capacities 

were also plotted against mole percent of silica. The 

results arc in good agreement with thoseoof Fincham and 

Richardson113]. St.Pierre and Chipman concluded that addi-

tion of silica to lime-iron oxide system lowers the 

sulphur content under a given conditions of atmosphere on 

the reaction chamber, because of the lowering in oxide 

ion activity. 

Kalyanram et al E;61 investigated the CaC-MgC-S132  slag 

equilibrating it with a mixture of S02-CC-0O2 at 150000 

and utilised the results to assess the activity of lime 

in these slags. The results were expressed in the form 

of A 	as: CaO 
a 	y° Ca0 CaS 

A 	— 
Ca0 CaS 

(7.$)A°  
( 7. So )  

... (1.16 ) 

where superscript to refers to reference slag with until 

the sulphurising potential, as 
1/2 

• Ca0 values were found to be 
2 

• For. slags of (NCa0+ NMgC)Sie, 
was found to increase SiO2 ) ratio2 Ca e.  

lime activity and A, 

equal to (P5
2 )1/2/(P0 

a simple function of 

constant (7. Ca.0)/(7- 

with increasing Mge additions and then increase was more 

marked as the (7. tae)/(7.Si n ) ratio was raised. At 

constant silica content ACaO  value decreased with increasing 

Mg• content. Since Acat;  is correlated with sulphide capacity 



molar sulphide capacity, CS, defined 

for the equilibria of the type (01)+ 152= (s" ) , 
) 	1-s = 2( Si-C-Si 	s"+ 	. 	

-2,02  and4 
as C;

ms
( 	 T12 

23 

(70 S/A = Cs), Cs value can also be calculated. 

Abraham and Richardson 	studied CaO-P2057SiC2  

slags containing J/mole P00 5  at 1650°C and calculated 

sulphide capacities. Gaseous mixture used was H2,CO2 

and SO2. P2C5  reQuires more oT CaO content than required 

for CaC-SiC2  for obtaining similar values. Desulphurising 

power for CaC-P205-SiC2  and CaC-SiO2  with CaC 0.57 and 

3.5 mole fractions respectively. 

Sharma and RiehardsonE2 equilibrated MgC-AMC;-BiO2  

slags at 1650°C with a mixture of CO
22  SC2 2  H2 

 and N 
2 

to estimate sulphide capacity. Considering the system 

as a pseudo-binary of the type Mg0.Si02+MnL:.Si02  the 

logarithm values of molar sulphide capacity*  varies linearly 

for= 0.5 with MgC.SiC equal to 5-7 approximaLely. Nsio
2 	2 

But with NS10  . 0.4, there is significant divergence 
2 

from the straight line behaviour (as high as 35 percent). 

1.2.3.2.2 Ternary Aluminate Melts 

Abraham and Richardson1:20 conducted experiments to measure • 



sulphide capacity of the lime alumina with P
205 additions 

upto 0.07 mole fraction under similar conditions as were 

for CaO-P205-Si02  slags. Sulphide capacity were found to 

be of the order of 1.17x10-2  for Ca0 60 Wt../. and 5.00x10-3  

for Ca0 54.2 Wt. 7. • Addition of P205 lowered Cs but to the 

lesser extent in comparison with Ca0-P205-SiO2  melts. 

Kor and Richardson DO studied the effect of Car, 

additions in the lime-alumina melts by WIOX41.4)Wk*Kg )et_th 

.WW.000104N P000giVe W equilibrating with CO+CC 
2 2  2 e 2 

mixture at 1500°C. Sulphide capacity values lie in between 

thebinariesofCaO-CaF2 and Ca0-1l2 	They compared their 

results with those of Zmojdin et all-41] and observed a 

marked difference in iso-sulphur capacity contours. The 

sulphur capacities values determined by Zmojdin et al were 

20 times as much as that calculated by Kor etalr-33]. These 

workersr3;3 assigned the reason for this difference to be 

the use of radio-chemical technique and/or inadequate CO 

pressures used: by Zmojdin et alt 41 

1.2.3.2.3 Silliminite Melts 

Fincham and Richardson [l3] studied the system CaO-SiO 

at 1500 and 1o50°C by attaining equilibrium with a gaseous 

mixture of H2 p 002 and SO2 in order to calculate sulphide 

capacity values, which were plotted in ternary diagram 

as iso-sulphur-capacity contours. The lines follow the 

pattern as could be expected if activity coefficient of CaS 
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were approximately constant and the sulphide capacities 

followed lime activities. The Cr, values tend to a maximum 

along with the Ca0-:'1203-Si02  join. Based on the thermo- 

dynamic data 	p maximum lime activities are expected 

for melts in which molar fractions of SiO2  and :,1203 are • 
approximately equal. The same workers further reported a5  

that there  is a reasonable agreement in the Cs  values between • 

their results and those obtained by Hatch and ChipmanM. 

Hatch and Chipman measured sulphide. partitions between 

carbon saturated iron and silicate melts containing sulphur 

(in varying proportions) and carbon monoxide gas at 1 atm. 

pressure at 1500oC (i.e. pc)  = -15.72  atm). The basis of 
2 - 

comparison of resultsr10 with those of Hatch and Chipman 

was the latterts data with 1.5 percent sulphur containcK3. 

in this ternary melt. 

Kalyanram et z_,,15.0] studied the lime...sillimanite 

slag at 1500°C being under equilibrium with a gaseous 

mixture of CC-002  -SC, for determining activity of lime s. in 

the foam of 41ca0, which is proportional to Cs  of Fincham and 

Richardson. Numerical values of sulphide capacity for 

comparable slag compositions used by Kalyantam were half than 

those reported earlierr13]. The reason s  that could be attributed 

to this difference, is the different thcrinodynanic data 

used by the two group of workers for the calculation of 

oxygen and sulphur pot..:ntials in the different gaseous 

mixtures. In this work 1_40 s  the results were expressed as a 



ratio of , sulphide capacity of the slag under study to 

that of the reference (standard) slag having unit lime 

capacity. 

Shama and RichardsonDO investigated the Mg0- 

and MniJ-sillimanite at 1650°C in view of activity 

determination of NnO as well as the sulphide capacity. 

EcitlilibriUMWasr-IttailledIllitilarrixtureof-a),PS0n  2 
4 

I-I and N
2 
gases. Thessulphide capacities for this system 

reflects the aicd-ictc2ric nature of alumina. For instance, 

at a mole fraction of C.6 silica, the substitution of 

alumina for MgO at first lowers tic Cs value but beyond 

0.23 aluAlina mole fraction it began to raise it such 

that at 4.18 contour could eliminate at alumina saturation 

in the Zil,0-610, binary. This rise presumably occurs at
G. G. - 

higher silica levels also when N411 
2 
0
3 
 is loss than Nmg0 , 

the Cs value falls as alumina is substituted for MgC at 

constant molt fraction of silica. Here the alumina 

appears to act as an acid. But when the 

a  .lu 

N . 	/Nmg0  
2 3 

is greater than that of 1.5, similar substitution at constant 

molcfractionofSiO2 cause.Cs  to rise and alumina Presumably 

takes over as a base. Sulphide capacity values for the 

slag system, MnO-S102-.A1203, show an increase with increase 

in base content however, no emphoteric nature of r,l 0
3 

could be observed in this system. 
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102.3.2,4 Other Complex Mixtures 

Fincham and Richardson Ei0 measured sulphide capacity 
of compositional iron and steel making slags viz• basic 

open hearth, acid open hearth and blast furnace slagsr2fl. 

Their sulphide capacity values are 3.16x10-2, 1.6x10 and 

3.16x104  (approximately) respectively as measured by these 

workers. The results indicate that iron blast furnace slag 

has least desulphurising power in comparison to acid open 

hearth and basic open hearth slags latter of which is 

observed to be the best desulphuriscr amoncTst them. 

Chipman et a1[4?):1 had earlier reported a value of  o_'= sulphide 

capacity for basic open hearth slag greater by a factor 

of two based on the sulphur partition ratio determined 

by slag-metal equilibrium. These workersrill accounted for 

this difference to the different choice of oxygen partial 

pressure (16.6  in case of Fincham and Richardson while 10'3  

in case of Chipman et al) which resulted into the higher 

proportions of iron and lime being associated as ferritos 

under former conditions r131 so that limo and ferrous activi-
ties and hence sulphide capacity was lowered afl. 

To maintain the fluidity of blast furnace slags at 

1500°C inspite of the high concentration of metal oxide 

which give the high sulphide capacities, additions of MgO 

are made. to CaC-Si02-2' 1.203  slags. Hatch and Chipman143] 

carried out investigations in the direction of sulphur 
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stal 
partition ratio between iron blast furnaceLarid metal 

at 1500°C and established that the desulphurisation ratio (S) 

(S)%CS] is controlled by excess base (equal to 

(Ca0 
3 

Mg0)-(SiO,JA1,07) in moles per 100 gm of slag) 
. 	e 

for slags with 1.5 per cent sulphur. Later Osborn et alrigD 

advocated the use of such slags in iron making and concluded 

that sulphur distribution are determined solely by the 

Wt./. ratio (Ca0+Mg0)/(SiO,i'Al,„03 ) and that provided this 

ratio is constant s  the capacities are unaffected by the 

alumina content. However, Abraham and Richardson [X] 

carried out aulphide capacity of lime-magnesia-sillimanite 

slags and their results invalidated the conclusions of 

Osborn because they observed Cs  values being improved by 

almost 70 percent when 10 percent alumina replaces silica 

on weight percent basis. Prior to the work of Abraham and 

Richardson, Burges and Baldwing5I had shown that high 

magnesia slags are better desulphurisers than those 

normally used. Partition ratios as obtained, in practice, 

by a high magnesia slag (approximate composition Ca043, 

MgO 12, SiO2  30 and A1203  15) are four times more than 

those with usual slag (CaO4L , Mg0 3, si02  33 and A1203  20), 

although the sulphide capacities are improved by a factor 

of 2•  Abraham and Richardsona6] accounted for this diff-

erence as the contribution of the factors like higher 

temperature of metal and slag and sulphur partition close 

to equilibrium becausecof decreased viscosityFAI. 
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Kalyanram eta11101 carried out activity measurements on 

such slags. Revised values of sulphide capacity for 

from the available data 110943] show reasonable agreement 

within experimental limits with sulphide capacity data 

of Abraham and Richardson. 

In view of growing importance of titania-slags, in 

practice s  Brown et al.iliD carried out measurements of 

sulphide capacity at 1500°C for liquid slags containing 

CaO, 
Al2.6  

0_, TiO2 and MgO by equilibrating with a mixture 

of CO,. s  H, and SO gases. Their results indicated that z 	2 
When TiO2  replaced SiO or Al203 at a given Ca0 level s  

the sulphide capacity increased which is explained as 

partially due to an increase in the oxide ion activity 

and partly to an iincreEse in sulphur solubility of slags. 

Although s T.levels arc higher at lower oxygen pressures 

over the sulphur capacity was not marked. Furthermore, 

it is also shown that the effect of adding TiO, to a blast 

furnace slag (Ca0-A1203-Si02  ) will increase rather than 

decrease the sulphur partition ratio under the conditions: 

temperature = 1500°C
, PCO = 2 atn 9 ac  = 1 and f s  = 5.5. 

As far as sulphur control is concerned, the effect of 

introducing some titania into the slag is relatively small 

and hence it is unlikely to have titania additions to 

control sulphur. 

Bronson and St.PierreD0;471 have determined C5  values 
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for CaO-Si0,-CaF
2 
 and CaO-SiO

2 
 -A1,0

3  slags having 

(CaO/Si02 ranging from 1.00 to 1.29) at 15030C with 

CaF,
4 
 and B203JO  additions and CaO-Si02 

melts containing 

Mg02  FeO TiO2*  and A1203[411 It is reported EXIthat 

at fixed CaO/SiO, ratio, the sulphide capacity 

increased with increasing CaF content s  while B207, 

additions results into the reduction of Cs value. 

Substitution of CaF, for Ca0 does not show any 
4 

marked alteration in Cs value. On the other hand B4O, e 

replacements for SiO has shown slight increase in 

sulphide capacity. Results of Abraham and Ridhardsona0 

for Ca0-Si02  melts were taken as reliable and used for 

calculation of sulphide capacities of other melts with 

CaF2  and B203. In Ca0-510,
4 
 slags containing FeO, Ti02, 

Mg0 and A1203  it is found that substitution of Mg0 for 

Ca0 decreases sulphide capacity significantly while 

substitution Fe0 increases C$. The substitution of Al
2
0
3 

and B
2)  
0, increases Cs to the same extent. TiO2 

additions 

show a slightly more increase in Cs  values. For a 

basicity ratio of 1.21, the a02-/fs2- ratio is increased 

by substitution of A1203  and TiO2  for Si022  while the 

ratio shows a significant decrease on replacing Ca0 with MgO. 

X Total iron content expressed as equivalent Fe() and 
total titanium content expressed as equivalent TiO

2
. 
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1.2.3.3 Soda Base Slags 

Low sulphur steels can be tapped by carrying a higher 

slag basicity in the steel making vessel, which would 

result into lower production rates and higher operating 

cost, thus it is preferable to charge low sulphur charge 

in the steel making vessel. For obtaining low sulphur 

Charge for steel making, low sulphur burdens in the blast 

furnace again results into decreased productivity with 

increased production costs and hence it is wise to 

desulphurisc iron at post iron making and pre-steel making 

conditions. This would lead to carry out desulphurisation 

of iron in ladles before taking melts to the steel making 

vessels? • 

Jacquemot[48] reviewed theddifferent possible 

desulphurisation mechanisms for steel and showed the 

desulphurisation can be accelerated in ladle and certain 

techniques allow vary low sulphur levels to obe obtained. 

Karnardin et algO studied the effect of metallurgical 

factors viz. temperature, chemical composition of the 

metal and slag composition on equilibrium and actual, 

distribution of sulphur between metal and slag in ladle 

refining of steel, with alumino- silicate slags of basic 

type. On using alumino-silicate slags containing 20 percent 

SiO2 with traces (5A) of MgO and CaF2 the same degree 

of desulphurisation was achieved as on using Ca0-1,07  

slags of conventional type. 
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Ohman and Lehner' 50] studied metallurgical factors 

affecting ladle refining of steel, viz. homogenisation of 

temperature and composition, deoxidation, desuiphurisation, 

modification of non-metallic inclusions etc. The advantage 

of ladle refining include reduced gas pick-up, less temperature 

variations, shorter time between end of refining and teeming 

and thus less risk of reversion from slag, lower percentage 

of non-metallic inclusions since there is no extra-tapping 

and removal of unwanted elements from metal is promoted 

by stirring during treatment in the ladle. 6iylvneyand 

Bardenheuer 1- 51:1, too, advocate .dosulphurisation subsequent 

to the melting process. They claimed reproducible desulphur 

isation of steel by a slkging reaction of greater than 90 

percent. 

Various methods that could be used for adding desulphur-

iser during external desulphurisationr6:1. (a) blowing 

inert gas (to cause stirring (b) injection of desulphurising 

agent with carrier gas, (c) vibration treatment of ladle, 

(d) electric induction stirring, and (c) double ladling. In 

past various desulphurisers that have been tried in practice 

for ladle desulphurisation of pig iron, foundry iron and 

steel by different workers have been summed up by Kurzinkyrn 

to name a few of importance calcium carbide 52-67.11 

magnesiumf-58-60 lime 51-60, soda ashR6-7g, caustic 

soda 58,62] and calcium carbonate 164]. Out of those, soda 

ash has boon acclaimed to be a potent desulphuriser which is 
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frequently utilized for dosulphurisation of pig iron 

both for steel making and foundry purpose[N, but, this 

could rarely be given importance due to rapid attack of 

alkali bearing slags on refractories ',[8: 9  although high 

soda content in slags leads to better desulphurisation. 

Ward[8] has tabulated the relative desulphurising power 

of different cations, taking that of calcium as unity. 

The table shows the desuiphurising powers as equal to 0.35, 

0.252 0.0075 and 1070 for Fe'- 	Mn' 	Mg 4' and 

respectively. 

With the use of soda, a large volume of objectionable. 

fume is released and has a tendency to pick-up moisture 

from atmosphere resulting into excessive iron splashing. 

However, these shortcomings can be overcome by stirring 

soda bearing fluxes in airtight containers and subsecTLient 

removal of reaction slag shortly after addition to avoid 

reversion of sulphur from slag to ironr7]. Use of soda 

ash in the desulphurisation of iron, for foundry purpose 

dates back to 1934. Besides all this, soda ash is the 

cheapest material, thet can be used for dcsulphurisation 

using simple techniques such as pouring iron on top of the 

desulphuriser in an open ladle, sulphur levels of the 

order of 0.0157. could be obtained and, therefore, it is now 

in considerable use , specially in EuropeE70. Furthermore, 

soda ash, as has been reported by many workers 172-75l , has 

in addition to better desulphurising power, deposphorising 



powers too. Yamamoto[76-773 has developed new steel making 

process with sodium carbonate flux, which states that 

best conditions for refining include the slag composition 

of Na20iSiO2 greater than 2 at temperature below 1400oC. 

Hafmann etal[M] discussed the use of soda in ladle in 

context with effect of slag separation, sulphur contents 

of rion and carbon activity in metal as well as the relation-

ship of sulphur-carbon activity in various types of iron. 

Elermann et al[70 have carried out kinetic investiga-

tie ns to study the mechanism and kinetics of sulphur 

transfer from carbon saturated iron to slag at 1250°C 

during desulphurisation with CaO-SiO2-Na20 slags and inter.- 

pretted their experimental results in teams of electric-- 

chemical process taking place between metal and slag. They 

reported that the iron content in slag abruptly increases 

at its initial stage and thereafter decreases to equilibrium 

value. It was in 1972 that a serious though was given to 
p-s Na20-51.02 system and Nagashima and KatsuraLM carried out 

investigations on solubility of sulphur in sodium silicate 

of Na2O/SiC2 ratios 1/3, 112 and 1/1 melts at 110C, 12FC 

and 13000C under varying oxygen pressure with the following 

objectives (1) to obtain fundamental thermodynamic information 

about the solubility of sulphur and (2) actually prove the 

dissolving state of sulphur in silicate melting by chemical 

analysis. Holmquist flg studied solubility of sulphur at 

very high oxygen partial pressure and no study has ever been 
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made over the wider range of oxygen partial pressure. 

Sulphides  sulphate and total sulphur was chemical analysed 

by a method out lined by Nagashima 	and partial pressure 

of oxygen were calculated as well as measured directly 

with a solid electrolyte met-;od. Their results showed that 

at 1100°C, the equilibrium within the gaseous phase is not 

established while at 125C and 130C°C, the gas phase is 

considered to be close to equilibrium. At 1250°C, their 

results showed a minimum solubility of sulphur at specific 

oxygen pressure. At 12 50°  and 1300°  it has been inferred 

that (a) at constant temperature and constant Na C/SiC, 2 
ratio, solubility of sulphur increases with an increase in 

the total sulphur content of gaseous phase, (b) at definite 

temperature, Na20/Si02  ratio and input sulphur, sulphate 

formation takes place at p0 10-6-8 atm while sulphide is 2  

formed at p0  10 ' atm, which is similar to the inference 
02 

made by Richardson and 	 rl`fl wand (c) when the 

temperature and input sulphur content are constant s  the 

solubility rises with an increase in Na2C/SiC2  ratio 

in the melt. In case total input sulphur remains constant, 

the minimum solubility limit shifts in the direction of 

higher pn  with an increase in temperature corresponding 
'2 

to the change in equilibrium gas composition as temperature 

rises. As reported by Bahout etal[M] and Inoue and 

Suito[14] Denier 1-10 have also conducted experiments 

to determine the sulphide capacity of Na20-SiC2 malts. 
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Their results compare well with those of 110,85.1 at 1250P 

for Na20/Si02  = 0.5 but for Na20/Si02= 1, Nagashima 

obtained a logarithm of sulphide capacity value as equal 

to -3 while Denier's is -2 and the reason attributed to 

the loss of sodium by vapourisation resulting into 

relatively high activity of Na20. 

Sulphur partition between carbon saturated iron melt 

and Na20-Si02 slags was investigated by Inoue and SuitoE34] 

under the inert gas, argon, atmosphere of S02-002-H2 gases. 

It has been shown from the measurement 1134] that sulphide 

capacity value of Na20-Si02  slags lies between those of 

CaO-CaF2  and CaO-Si02. Compositions studied were Na20/Si02= 

1/2, 1/1 and 3/2 at 1250°  and 1350°C. The sulphide capacity 

values 	= (Wt.'/.S) 223 calculated from sulphur partitions as 
were found to be in the range of 10-3  to 10-4, however, 

their temperature dependence was not observed. These values 

were lower than the previous measurements for Na20/Si02... 

0.5, 0.7, but, higher in case of slags having Na20/Si02  

ratios below the former. The sulphur partitions between 

carbon-saturated iron and Na20-Ca0-Si02 melts were measured 

at 1250 C at constant SiO2 content. Logarithmic value of 

(S)/FS3 in the 3Na20.2Si02-3Ca0.2Si02  and the Na20.Si02- 

(pseudo-binary system) decrease linearly with increasing 

7Ca0.2Si02  and Ca08Si02  contents. The Na20 equivalent of 

CaO for the sulphur partition was found to be 0.3. Presence 

of FeS was confirmed and its total sulphur was maximum at the 
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composition of Na20/Si02  = 	(molar ratlo). 

Colson DO found out that CaC additions to the 

Na,C.SiC2 or2lia,C-35it:), molts upto 4C7. favoured 

desulphurisation because of increase in basicity. The 

Na2C equivalent of Ca3 was estimated to be 1.2 to 1.6 

from comparison of his results with those of Na2 -SiC 2 
melts by Korber and Colsen5B7A]. Domalski et algO 

discussed the possibility of dcsulphurisation in Na2C-Cae-Si(2, 

slags from the view point of better fluidity and suggested 

that the regions in the Na2C-CaC-Si:2  ternary systeM 

whose liquidus are below 115C°C arc favourable for 

desulphurisation. 

Jwamoto ctal. DO investigated the state of sulphur 

and sulphur iron interaction in Na2C-SiC2  slags by optical 

absorption, electron spin resistance (ESR) and S-Ka , X-ray 

emission spectroscopy and concluded that in Na20-SiC2  slags 

polysulphidc ions such as Sn  arc formed as an intermediate 

constituent with decreasing oxygen partial pressure. Their 

results indicated further that Fe3+-S2- interaction begins 

to occur in the vicinity of pc  = 10-6-lc-7 atm. 
2 

Bahout et al3J published their data on desulphuriza-

tion of iron by pneumatic injection of soda ash in 2C.,C t 

torpedo° ladles. The work was carried out at Usinor 

Dunkirk works) France by JRSID with collaboration of Solvay 

and Usinor. Soda ash was deep injected pneumatically and 



38 

their results were quite encouraging. Sulphur levels as 

low as 0.005Y. were obtained as against 0.015'/. by simple 

treatment. with soda ash with relatively low flux 

consumption. The treatment took 20 minutes and thermal and 

silicon losses were not increased significantly. 

Use of soda slags to desulphurise the ferrous melts 

has inherent drawbacks namely-refractory attack and 

evolution of fumes. Nevertheless soda slags could lead 

very low sulphur levels at relatively lower operating 

costs. Deficiency associated with the use of such slags 

could be taken care of by deployment of improved techniques 

whereby better desulphurisation is achieved economically 

as compared to expensive desulphurisers like CaF2, CaC2, 

magnesium etc. 

1.3 FORMULATION OF THE PROBLEM 

In Section 1.2 it has been amply demonstrated that most 

of the measurements of sulphur capacity (or the sulphide 

capacity, where limited to calcium-, maganese-, 

and magnesium-silicates, aluminate, fluoride, and silli- 

manite systems and at temperature beyond 1500oC possibly 

from the view point of development of slags for desulphurisa-

tion in iron- and steel. Also the reliability of the 

reported data could be doubted as pointed out by Nagashima and 

KatsuragOil who found wide variations in the observed 
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and theoretically calculated values of oxygen pressures, 

especially at 11CIL°C. 

Soda ash has been successfully used for external 

desulphurisation of hot metal in Torn and steel ind us 

industry due to its relatively high desuiphurising power 

and lesser requirement, of activation energy for ionic 

conduction of sodium oxide. However, this recuires relatively 

lower temperature for treatment of hob-metal because of 

which the damage to lining of the vescel due to alkali 

attack is minimum. 

The present investigation was therefore undertaken 

to study the sulphur capacity of Na20-Si02  melts with 

varying Na2C/Si02  ratio at temperatures ranging from 

1373 to 1573 K. Effect of lime additions on sulphide capaci-

ties of sodium-silicate melts will also be studied in the 

same temperature range for compositions having liquidus 

temperature below 1473 K. The results, so obtained, will 

also be compared with the data obtained by other workers 

for these slags and slags of other components. Oxygen 

pressure in the reaction zone will also be measured through 

a suitable oxygen sensor to improve the reliability of the 

data so obtained. 
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The present chapter deals with the methods and materials 

used in the present investigation. The gas-condensed phase 

chemical equilibria technicue usinc; open system has been 

adopted for the purpose to study the effects of temperature 

of equilibration and composition of different binary and 

ternary slags on their sulphur capacities. The .different 

materials used and methods adopted for preparation Of slags 

and gaseous mixtures, actual equilibration runs and also the 

analysis of equilibrated slay samples arc described in the 

folldwing sections. 

2.1 MATEPI;ZS USED 

Pure quartz lump were picked from a quarry near Delhi and 

Analar grade chemicals such as sodium carbonate anhydrous-

make M/S Glaxo Laboratories (India) Ltd., Bembay,-calcium 

oxide—make M/S Pisons, Philadalphia$  U.S.;4., sodium 

sulphite-make M/S Polypharm Pvt. Ltd , Bombay, India, conc. 

sulphuric acid-make M/S Polypharm Pvt Ltd., Bombay India, 

cone hydrochloric acid-make Glaxo Laboratories . (India) Ltd., 
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Bombay etc• were used for the preSent work. 

2•2 Pr̀ EP;IR2s,TICN C P SL ,GSi$MPLES 

Soda silica and lime-soda-silica slags of different composi-

tion were chosen in the Na6C/SiL;0  molar ratio range varying 

from L2.25-1.0 and falling within 120C°C. isotherm of the 

CaC-Na2  -SiO, diagram r:11 J  . The different slag compositions 

prepared and their melting points are presented in table 2.1. 

2.2.1 Purification of uuartz 

cuart,2, lumps picked up from quarry were crushed and ground 

to -48 # (tyler) size. This powdered silica was treated 

several times with conc.HCI and finally washed with distilled 

water and dried to render it free of any clay or other soluble 

impurities. The product analysed silica greater than 99*A. . 

2.2.2 Blending and Melting of Slags 

accurately weighed quantities of purified silica, sodium 

carbonate and/or calcium oxide were used for preparation of 

slags of desired composition. The ingradients were mixed 

thoroughly in a hand mortar and these mix. transferred to 

graphite crucibles wore melted in a vertical tubular 

furnace at temperatures approximately greater by lOO° .than their 

their respective melting points (table 2.1) in a nitrogen 

atmosphere for nearly four hours. The molten slags were 



42 

withdrawn from furnace and air-cooled. The solidified 

slags were again crushed and ground in hand-mortar and 

remelted in nitrogen atmosphere. The doubly melted slags 

wore finally ground for homogenisation. 

2.2.3 Homogenisation 

The powdered doubly melted slags obtained as above and 

contained in alumina boats were heated in horizontal tubular 

furnace at temperatures nearly 2000  below their normal 

melting point for about 24 hours for their homogenisation 

and for elimination of carbon picked up during melting. 

2.3 EXPERIMENML SET UP 

Essential features of the experimental sat up are- 

a) gases, either from cylinder(s) or produced insitu, 

and their purification - to be referred as 

tGas Production and Purification Unit! henceforth. 

b) a gas-mixer for obtaining a gaseous mixture of 

interest - to be termed as !Gas nixing Unit! 

onwards, and 

c) a chamber for slag incondensed phase, and gas 

interaction under desirable and measurable condi-

tions- named as !Reaction Unit!. 
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Combination of the three units fOrms the experimental 

set up as a whole. The three units arc briefly discussed 

in the following sub- sections. 

2.3.1 Gas Production :..and Purification Unit 

The unit has further been divided into three sub-units, 

namely i) nitrogen purification, ii) sulphur-di-oxide 

production and storage-, and iii) SC2  purifiction sub-

units., 

High purity nitrogen, made available from M/S Modi 

Gas and Chemicals Ltd., Modi Nagar, was further purified 

with the aim of lowering down the oxygen potential of the 

gas. Purification train used to remove moisture and lower 

down the oxygen partial pressure of the gas is shown in 

fig.2.1a. 

Sulphur di-oxide gas was, however, generated in the 

laboratory according to the chemical reaction 

Na2SC H2SCLI  = NaoSaVe 	 (2.1) 

in the all glass Kippts apparatus (of I litre capacity). 

SC, produced was stored in a tank called buffer tank. SO2   
production and storage sub-unit is shown in fig. 2.1b. SC, 

was purified before it reached gas mixing unit. Details 

of purification arc shown in fig•2ilc. 
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2.3.2 Gas Mixing Unit 
For preparing the SC

2
-N
2 gaseous mixture of desired , composi-

tion, a constant pressure head flowmeter type gas mixer 

(modified design of what was originally suggested by 

Johnston and Walker)L2 J  was used. By adjusting the flow 

rates of N2 and SO2 a gaseous mixture of desired composition 

could be obtained in this unit. 

inn Orsat-apparatus was introduced in the line, 

between the gas mixing unit and reaction unit, to facilitate 

rapid and frocuent analysis of gaseous mixture. alkaline 

pyrogallol was used to find out the partial pressure of 

SO2 in the gaseous mixture. The gaseous mixture was analysed 

for SO2 at regular intervals. Fig.2.2 depicts the gas 

mixing unit. 

2.3.3 Reaction Unit 

Details of the reaction unit are schematically shown in 

fig.2.3. It consists of a horizontal globar furnace, 

capable of maintaining the temperature upto 14W°C. 

(silicon carbide furnace, Bysakh and Co., Calcutta). In this 

furnace, control thermocouple (Pt/13'ph-Pt) is placed at 

the outer periphery of the furnace tube and temperature is 

controlled by means of an electronic temperature controller-

(M/S ,applied Electronic Ltd., Thana, India). 

Recrystallised alumina tube (4C mm dia and 8O mm long), 
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MANOMETER 

FIG.2.2 GAS MIXER USING CONSTANT PRESSURE 
HEAD CAPILLARY FLOWMETER. 
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cemented with B-55 pyrex glass joints by means of araldite 

. on both ends, has been used as reaction chamber. The ends 

of the reaction tube wore water cooled by moans of copper 

cooling jackets. 

i,ctual oxygen partial pressure was measured for each 

gas mixture, by an oxygen probe (using one end closed 

calcia stabilized zironia tube as solid electrolyte and 

Fe-FeC as reference electrode). The oxygen pressure, alongwith 

the temperaturo.,was continuously recorded on a 2 pen recorder 

(Omniscribe,Digital Electronics Ltd. , Bombay ) • 

Temperature of the samples was measured through a 

Pt/107. Rh-Pt thermocouple, placed inside the reaction 

tube by a potentiometer. Temperature of the reaction 

zone could be controlled within + 2°C. 

	 lock diagram of the experimental 
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2.4.1 Selection of Cxygen Potential 

Slag samples o f composition I.L. .199, N c)  = C.769,  anu 	si 
2 

Ncao  = ...•c)33 were equilibrated with a (SO2e N2+ C2 ) gas 

mixture at 1373, 1473 and 1573K. Pc  was varied from 10-4 
2 

to 1.C;  and P 	was maintained at L.;•.:9 atm. Figure 2.5 SC. 2 
shows the relation between equilibrium sulphur content and 

PL.  at which samples were e(uilibrated. Log CS  and 

Fig.2.4 represents 

set-up , described above 
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log Cr.- were calculated for different samples at 1373 9  
°L'4 

1473 and 1573 K. 'figure 2.6 shows the variation of log Cs  

and log C 	with log pc  at 1373 and 1573 K. This :lot was 
4 

used as a basis for selecting oxygen potential and pc_  in 

the gaseous mixture was maintained below 10-9-10-8 atm. 

2.4.2slectiono-zs02 Potentia1 

Partial -Pressure of sulphur dioxide in the gaseous mixture 

was maintained in the range of c.07-0.1c as further 

increase in Se2 concentration may cause precipitation of 

elemental sulphur resulting in an erroneous sulphur 

capacity estimation, whereas lower 302  levels lead to lower 

content of the equilibrium sulphur dissolved in the melt which 

may load to inaccurate sulphur estimation and hence the 

sulphur capacity. 

7.4.3 Plushing of the Reaction Unit 

;after intermittent suspension of the !experiments, the 

reaction unit was flushed with purified nitrogen before 

starting actual equilibration runs. 	soon as the reaction 

furnace attained the desired temperature of study, purified 

nitrogen was swept in the reaction chamber via mixing unit. 
-o 

When the rection chamber attained a pc  less than 10 atm, 
2 

which wins S. own. by oxygen pro z purified sulphur Lioxido 

flow was also started and the twp gases were mixed in the 

mixing unit. Gaseous mixture of the desired composition tiTus. 
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obtained was passed in the reaction chamber and actual 

experimental runs could be started as soon as the oxygen 

potential in the reaction chamber was oonstant, as shown 

by a straight line on the recorder chart. This process 

flushing normally lasted 2C-24 hours. 

2.4.4 ;-ctual Equilibration of Slag Samples 

around 1 gm of slag sample, contained in a platinum bowl 

which was mE'de from platinum circular blanks (35 mm 09  

0.15 mm thickness) by cold forming in a hemispherical die9  

was mounted on a ceramic boat with a capacity of admitting 

two or throe platinum bowls. 

The outlet socket and the radiation shield were 

removed and the ceramic boat, containing slag samples was 

pushed in the reaction zone slowly in a span of 10 minutes. 

Radiation shield and the outlet socket were replaced at 

their respective positions. .-Ifter the stipulated time for 

equilibration given, the outlet socket and the radiation' 

shield were reoved and the boat was immediately .oulled in 

the water cooled region of the reaction tube. ,Ifter 4-5 

minutes, the platinum bowl with slag sample was transferred 

to dessictor. Lquilibrated slag sample was then removed 

from the Pt. bowl and ground. Powdered slag sample was stored 

in dossicotor till it was analysed. 

Flow-rate (SC ml/min) of the gaseous-mixture was 

sufficiently high to avoid the phenomenon of thermal diffusion 
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and upsetting the equilibrium results. 

2.4.5 Attainment of Equilibrium 

It was noticed that practically no change occurs in the 

equilibrium sulphur content of the slag sample eauilibrated 

for 6 hours or more as shown in fig.2.7, for the entire 

range of composition under consideration. Although equili-

brium could be attained as deduced from trial runs, yet all 

the slag samples were exposed to 'gas-phase for 12 hours or 

more. 

2.5 CHEMICAL 14N2ILYSIS 

Rapid instrumentation techniques were applied for the 

chemical analysis of slag samples before and after the 

equilibria run for the calcium, sodium and sulphur contents. 

Calcium and sodium were analysed at USIC (University 

Service and Instrumentation Centre) by Atomic Absorption 

Spectrometer and Sulphur analysis was carried out at Modi 

Steels, Modinagar by LECO analyser (CS 044). 
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Table 2.1- Chemical composition of slags under 
consideration and their melting points 

N. 	 N Na
2
0/ SiO

2 
: N Na o N5,0  . 	• 	2  Ca0 

-Melting 
Point 
((pal. 	- 

0.26 0.205 0.795 ... 1140 
0.199 0.769 0.033 990  
c.192 0.743 0..066 1000 
0.183 0.708 0.109 95c 
• 170 0.657 c.173 1100 

0.40 0.288 0.712 - 825 
0.274 0.682 

 
0.044 850 

0.262 C;.651 0.087 . 950  . 	• 

0.243 0.60F5 0.152 1100- 
,7:26 0.559 0.215 1180 

0.340 0.660 , 875 
c,.62-23 .0.055 • 990 

C.304 0.588 0.108 1070 
0..282 0.545 0.173 1180 

0.84 0.456 0.E44 .• 	_ 1020 
0.419 0 • 577. 0.064. -1050. 
0.397 0474 0.129 1130 

0.416 L--235 1180 
1.03  0.508 .A.92 _ 1085 

0,470 C.455 e • 076 1025 
0.432 0 •418 0..150 1050 

57 
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Table 2.2- Equilibrium sulphur content with varying 
oxygen partial pressure in gas-phase 

Composition o f slag 
N 	= .769 NCa0= .C33 

Partial pressure of SC 2 Temp. =1373K 
p SL: 2 

.09 atm 

P
02 	

;Wt. 7.S log p0 	log W log Cs  log CSC  

6. E4x13- 1, , • o8x1■.; • 
2• 4:x1: 
3.467x10_ 
1.778xio. 
1. 2C 2xle 

.,.. .-, .00- 
3.155 
,:...c821 
C•- 295 
3:,624 

.174,- 

- 1::. 184 
-9.775 
-9.5o9 
-6.460 
- 5.753 
-L:..923  

-3.117 
-3.783 
-1,86 
-1.53;; 
-1.25 
-' .759 

-4.403 
-4.394 
-4.388 -0.173 
1.2 2C 

 2.913 

15.965 
15.153 
14.749 
12.753 
3. "z• 720 
1 ;:• 74c 

Temp. = 1473K 
5•75x1,- 	le  -9. 24c' -L. 52., -4.270 14.213' 

-8.85; - -4 • 24 .,-= 13.463 
3.24:x1C -8.49c -1.511 -4.134  12.35C: 
1.8 1(4 11 . S&L; 
6.17x1C_1̀-' ti • 	684 -1.165 1.13. 11.553 
3. 16x1L - • 157:- -4 • • 8L4 2.564 11.563 

Temp. --,-1573K 
1 . 58xie- 9  -9 2.(Ax1L- 9 

- .624,  -.4070  
.,-933. 

- 8 *pg.:0 
-8.69- 
-8 • 244- 

-,9.23E 
-..,.394 
-1.33, 

-4.113 
-4.13c. 
-4.L 5c 

13.49: 
13.25, 
12.373 

3.43x10.__ c. 	30.9 - 5.443 -1.510 -- ,_ .3'73 13.51; 
- .119.- -4. 24- -;;.924 2.‘.1 1=1.493 

4 
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CHAPTER -• 3 

SULPHUR CAPACITY OF THE SYSTEM Na20-Si02 

This chapter is devoted to the experimental results and 

discussion for the binary Na20-Si02 system. The results 

of the present investigation have been analysed and compared 

with the existing data on the binary silicate systems as 

well as soda silica slags. 

3.1 RESULTS 

Soda-silica slags of varying Na20/Si02  molar ratios, namely 

0.26, 0.40, O. $21v0.84 and 1.03, were equilibrated with a 

gas phase of desired partial pressures of oxygen and sulphur 

dioxide at 13732 14232 14732 1523 and 1573x. As has already 

been pointed in Section e.4-1of the previous chapter that the 

peak (or the break-even point) between. sulphide and sulphate 

equilibria shifts to the higher oxygen potentials with the 

increase in temperature of Chemical equilibrium and therefore 

the oxygen partial pressure during the experimental runs, 

was accordingly adjusted in the range 10-11-10-8 atm. Sulphur 

dioxide content of the gas phase ranged between 7-104/. for 

all equilibria runs, as sulphur di-oxide content beyond 107. 
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in gaseous mixture of N2'S02 and 02 might result into precip-

itation of elemental sulphur. 

The experimental observations during the equilibria 

runs as also the equilibrium sulphur content of the equili- 

brated slag samples are reported in the columns of tables 3.1-3.5. 

3.2 CALCULATIONS 

The oxygen potential, p0  , in the gas phase was calculated 
2 

from the emf data obtained with the help of oxygen probe at 

different temperatures. The emf E(millivolts), is related 

to p0  as given by the following expression 
2 

E = g In (p0I/p0 ) 
2 	2 

where R-the universal gas constant (Cal K71 mole-1), F- the 

Faradayts constant (Cal/mV), n- the number of electrons 

participating in the reaction, p0  - the oxygen partial 
2 

pressure (superscripts I and II refer to reference and 

the reaction media respectively) (atm), and T - the absolute 

temperature (K). 

Substituting the values of constants appearing in eq.3.1, 

one gets the expression, 

/ II, I E = 2.154x10-2 .T.lnq)
02

/P
02 

(3.1a) 

which on rearrangement of various terms is modified to 

po
2

II 
 = po

2
.exp( 	) T 	  (3.2) 

... (3.1) 
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where pI - the equilibrium partial pressure of the Fe-Fe0 02 
system (used as reference,media in the present work) at the 

temperature of oxygen probe, is expressed [933 , as 

"P .(- 	T 62449.68 + 14.996) 
2 
  (3.3 ) 

Partial pressure oxygen in different reacting gaseous 
. mixtures, poI  , calculated using eq.3.2 are tabulated in the 

2 
columns of tables 3.1-3.5. 

Further, to calculate the partial pressure of sulphur, PS
2 

following equilibrium reaction was considered, 

 

1 —S +0 = SO 2 2 2 SO2 

 

... (3.4) 

for which the equilibrium constant, K7 , is given by the 
expression 

Ps() 
K7 - 

Po2*Ps2 

Rearranging the terms in eq.3.5 gives, 

PS2 = (Ps02/P02
.K7))2 

(3.5 ) 

... (3.5a) 

Equilibrium constant, K7 y appearing in eq.3.5a is calculated 

for the temperature of interest by using available thermo-

dynamic data 153], 

K7= exp .7107) 	 ... (3.6) 

Partial pressure of sulphur dioxide is calculated by 
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analysing the gaseous mixture for SO
2 content and is given 

in tables 3.1-3.5. Subsequently sulphur potential 

in gaseous mixture is calculated with the help of eq.3.5a. 

. These calculated values are presented in the column of 

tables 3.6-3.10 for corresponding gaseous-mixtures. 

Sulphur capacity (or the sulphide capacity, since the 

conditions were maintained so as to promote formation of 

sulphide), Cs, defined earlier by Fincham and Richardson 

as, 

CS  = (Wt.74.S)(1D0
2/PS2

) 1/2 	
(3.7) 

C is then computed from the already calculated values of 

oxygen and sulphur potentials. These values are averaged 

for respective slag compositions and temperatures. Cs  and 

the average sulphur capacity (AVCs) are given in tables 3.6- 

3.10 alongwith the logarithm of AvCs(log Cs). 

Results are plotted in terms of log Cs  as functions 

of Na20/Si42  molar ratios at different temperatures (of study) 

and reciprocal of absolute temperature for Na20/Si02  molar 

ratios equal to 1/3, 1/2, 2/3 and 1 in figs.3.1 and 3.2 

respectively. 

3.3 INFERENCES AND DISCUSSION 

Figure 3.1 depicts a marked effect of temperature as well as 

the composition on sulphur capaicty of soda-silica slags. 

Logarithm of sulphur capacity increases linearly with 

increasing molar ratio of Na20/SiC2. For 1373, 1473 and 1573K, 
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relationships between log Cs  and molar ratio of Na2C/SiC2  

may be quantitatively expressed as follows, 

log Cs = -1.286(NNa2C/NSiC2)+5.C66 
	

• 	

(3.8a) 

log Cs  = -1.314(NNa2c/Nsic2)+4-894 	

• 	

(3.8b) 

and 

log Cs  = -1.529(NN,„2 ./Nsic,2)+4.779 	

▪ 	

(3.8c) 

Increasing temperature of equilibration also amounts 

to the increase in sulphur capacity. From fig.3.2 one can 

arrive at following relationships between log Cs  and 

absolute temperature for various Na2 /Si 2 molar ratios 

namely 1/3, 1/2, 2/3 and 1 respectively, 

log Cs 	141-4-12  = + 2.e61 

+ 1.776 

1.716 

... 	(3.9a ) 

(3.9b) 

(3.9b) 

... 	(3.9d) 

log Cs  = 1§-41=-61! 

log Cs 	3411.77C - 

and 

2E22.!..412- log Cs  = 	T + J.. 2c1 

Present data could be analysed qualitatively by considering 

the gas-slag equilibrium given by eq.1.5 as 

s2  +(, 	= 22-) - 	2+ (62-) 2  ... (1.5) 

for which equilibrium constant, K
8
, under the assumption that 
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sulphide ions in slags for very low sulphur levels follow 

Henrian behaviour and Henrian activity coefficient can be 

taken as unity, may be written as 

7  
(Wt.'f.S) po2  ,1/2 

= 
"8 a02` PS2 

Hence sulphur capacity, Cs, is represented as 

C 	K .a 	Ka S 8 02 	.0 

.... (3.10) 

... (3.11) 

where a02_ is the oxygen ion activity in the melt and is 

equal to the activity of basic oxide in the binary silicate 

systems. Therefore, it becomes apparant that higher basic 

oxide content should result into increased number of free 

oxygen ions, increasing thereby the oxygen ion activity and 

hence, the sulphur capacity of slag. However, the linearity 

of log Cs  versus Na20/Si02  molar ratio is only empirical 

and may be restricted only to the composition range under 

study. 

Qualitatively, increased sulphur capacity with increasing 

temperature may also be argued with the help of eq.3.11, which 

can be written as 

log Cs  = log K8+ log a02_ 

212/C(4H1-T4S1)-(4S1) ( Na2TI;020) 
2.12i(AH 

1  _
An 	)4.  2, 	11nl 3R03/A _  

RT 	N
a20 	° 651-61Na2

0)  

.., (3.11a) 
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Since AH1  and 4nNa20 can be taken as constant s  •  

over the temperature range under consideration, so log Cs  

versus 1/T plot should be linear as shown in fig.3•2• 

Further, since Anna c  is expected to be strongly 
2 

negative because of strong soda-silica reaction in the system 

under study and AHI  may be slightly positive, hence the 

slope of log Cs  versus 1/T lines at various Na2C/SiC2  molar 

ratios is expected to be positive, which is found to be 

true from fig.3.2. 

3.4 CC,MPARISk.1N WITH fuTHER BINARY SILICATE SYSTEMS 

Figure 3.3 represents a plot of logarithmic sulphur 

capacity as a function of base/acid molar ratio for diff-

erent binary silicate systems (temperature is indicated 

inside brackets against each system) including the present 

work. 

Position of Na2U-SiC2, system under present study, 

above MgC-SiC2  and CaC-Sic2  even at lower temperatures 

could be justified by considering a basic oxide-silica melt 

of orthosilicate composition. Basic oxide activity (aBo) 

may be roughly indicated by the heat of formation, which has 

been compiled by Ward F8  . Approximate values of heat 

of formation of orthosilicates with iron-, manganese-, 

magnesium-, calcium- and sodium-oxides are -9.C;  -11.8 ;  

-15.1,29.8 and -74.9 KCal respectively. The lower the 

enthalpy of formation of orthosilicate more stronger the 
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basic oxide is bonded to silica and hence lower the value 

of activity of basic oxide. Thus it could be emphasized 

that at orthosilicate composition aFeO)  aligo) amno  acao >. 

aisiaio. Furthermore, because of higher reactivity a_ 
2O<C

aCa0 

in their respective binary melts. Inoue and Suito have 

plotted aBo  versus mole fraction of 8102. After due 

temperature correction is applied, it is expected that the 

activity of Na20 will be lower than that of lime by one or 

two exponents. It has also been shown 18J that sodium ion 

has a de.sulphurising power greater than calcium ion by a 

factor of 1070 and hence value of K
8 

for the gas-slag 

reaction (eq.1-5) will be approximotely 103  times more for 

Na20 in comparison to lime- silicate melts. Thus the product 

K.a , from eq.3.2 will be more and hence higher sulphur 
04-  

capacity values of soda-silica system. Similarly it may be 

argued for MgO- 5i02 and Na20-Si02  systems too. 

51.4e0 
In MnO-S102  , although the value of K

8 
is lower by a 

factor 2.34x104 in comparison to Na20-5102 system. Yet, 

since aMn0 	 -v is far far greater than a_a,0  , the overall effect 

on the product Ko.a 2_ is not very much significant, there-
0 

fore, the difference in the sulphur capacity values of the 

two systems, under present discussion, too is not very mucb, 

marked when they are brought to the same level of temperature 

and composition. 



3.5 COMPARISON WITH PREVIOUS WORK ON SODA- SILICA 
SLAG SYSTEM 

The reported work on sulphur capacity [80,84,851 of 

Na20-Si02  system along with the results of the present 

investigation are plotted as log Cs  versus Na20/Si02  molar 

ratio in fig-3.4- 

In the above mentioned figure it is observed that 

the nature of the plots is somewhat identical in all the 

cases, i.e. the sulphur capacity increases with increase 

in molar ratios, Na20/51.02 and temperature of equilibration ;  

yet quantitadvely the resulc,s of the present investigation 

are not in good agreement with those of Denier [851 

and Nagashima and Katsura L80) • 

In the work of Bahout et al 1,_831 the experimental 

condition employed in gas-slag reactive system. Because of 

air-borne soda injection, it is doubtful to achieve lower 

oxygen potential so that only sulphide would form. It is 

likely that in their experiements, sulphates, sulphites 

and pyrosulphatos might have been formed as side-reactions 

alongwith sulphides. This would lead to higher content 

of sulphur dissolved in the slag and may lead to higher 

values of estimated sulphur capacity. 

The discrepancy in the present data and that of 

Nagashima and Katsura [8(] could be accounted for to the 
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upsetting of their equilibrium sulphur estimate owing 

to the formation of NaOH by the reaction of soda with 

water vapour and also because of the loss of sodium due 

to vaporisation specially at higher mole fractions of 

sodium oxide. 

Present data is in reasonable agreement with those 

of Inoue and Suito U5J02 but however small quantitative 

variation in their data may be due to the contamination 

of slag samples by MgOs  MgO graphite and A1203  first two of 

which were used as the materials for crucible and the last 

for stirrer respectively during experimentation. 

Presence of other cationic species is expected to 

change the behaviour of slag as regards the sulphur transfer 

from metal to slag is concerned. This has been discussed 

at length in Section 3.4. 



Table 3.1 Sulphur Equilibration Studies in Binary Soda 
Silica Slags at 1373, K 

73 

NNa2c 	Si 
Sa mple  
NumberNumber 

 (...xygon potential in gas phase 
. 	- 	-- Psc.2  

emf(mV) i iTomp.(K) 	1 	n. 	(atm.) 4c;  
1 	. 	' 

0.40 

0.52 

0.84 

1.03 

Bs2  

BS4  
BSc  

DS7  
BS
8 

BS11 

Vs13 
BS15 

8516 
BS17  

BS18 . 

526 

526 

529 

531. 
531 

536 

536 

539 

546 
546 
546 

993 

993 

993 

993 

993 
993 

993 

993 

993 

993 
993 

7.99x10 
11 
 0.0840 

7.99x10-11  0.090 

• 9.22x1C-11  0.100 

-10 1.01::10 	0.100 
- 1.01x10 10 0.100 
-10 1.28x1e 	0.092 

-lc  1.28x10 	c.c90 

1.48x10- 3.01 0.080 

10  2.04x10 	0.098 
-lc  2.04xle 	0.090 

2.04x10-ic  c.090 

wt7.s 

C.3c6 

L-333 
0.286 

0.428 
0.421 

0.257 

0.631 

0.448 

0.592 
r. ri r.  ,.0-1u-  
0.545 



Table 3.2- Sulphur Equilibration Studies in Binary 
Soda Silica Slags at 1423r d 

Sample 	Oxygen potential in gas phase p 	t • S 
MN /N  S'  1 5°2 1 a 0 2 	102 	 Number cm f  (mv 	)1 Temp. (K 	pe2( atm ) 

74 

0.26 

0.40 

0. 52 

0.84 

1.03 

DS 
3 S2019  

BS2  3 13S,,_ 
3S u  26 
DS 
3S27 
BS29  

29 

Bs 
s32  

BS 
BS35  
BS36  

3 7 

514 
514 

518 
518 
518 

522 
522 
514 

508 508 
508 

51.5 
516 
516 

1013 
1013 

1013 
1013 
1013 

1013 

1023 
1023 

1023 
1023 
1023 

9-82x10_
11 	

C.07 	0.519 
9.82)(10  0.07  0.523 

1. 183;10_-  le 10 0.07 	0.556 
1. 18x1O_ io 	C. 078 	C • 618 
1 . 18x10 	0.078 - 	0.624 

1.42x10
10  

1.42x100 1C 	0.080  0.707 
0.084  0.717 
C.'-'84  0.743 1=-1° 

1.09x1C „ 	0.070 	2.540 
1 09x10- 	0.070 	2.570 

, 1. 5ox10,.. 1,-10  0.080  2.820 
1.56xic_V;  0.080  2.860 
1.56x1' j'‘' 	0.086 	3.060 



Table 3.3- Sulphur Equilibration Stur"ies in Binary 
Soda Silica Slags at 1473'h 

3.84x10- 
3•84x10-' 

4 .8 0x1C-,,C  
4.80x1c-" 

• 48 x10- 1C  - 	-10 5.43 xie.. lc  
5.48x1C 

7.16x10 ,,-1C  
7. 16xic' 

4. 64 xli: 1„L, 4 . 64 xiC -1-,,̀' 
4.64x10 	-1.‘-  

C.C7C 
0,.074 

0.076 
O•076 

0.080 
c. 076 
0.076 

0.080 
0.080 

0.072 
0.078 
0.073 

0.222 
0.237 

0.278 
0.273 

0.309 
C. 296 
C• 283 

0.575 
L . 582 

1.590 
1.720 
1.690 

75 

/N 	Sample 	Oxygen potential in gas phase _ psC 	lilt. 7.S 

	

NNa20' SiC2! Number 	. 
. 	emf(mV)!  Temp(K) 	. p02(atm) 	2 

043 
0.26 520 	1043 B

D
S
S39 	520 41 

1043 

	

0.40 	BS 
BS43 	525 

1043 
44 	525 

1043 

	

04. 52 	BS 	528 
BS45 528 
354 	528  528 48 

0484 	ES 534 	1043 
BS49  534 	1043 5C 

1.03 	 %e 	1c23 DS52 BS,,, 	540 	10.23 
BS'-) 	540 	1023 54 



Table 3.4 Sulphur Equilibrium Studies in Binary 
Soda Silica Slags at 1523 K 

N
Na2 SiC 

	

!Sample 	Oxygen potential in gas phasel 	• •pS,. 	Wt. . s 7 

	

2 i  umoer 	 4 Li 
1 emf (mV) Term) 	pC:Tatm) 	2 i 

76 

0.26 BS55 BS (  
BS")  57 

	

40 	BS 014  
ES' 61 

	

0.52 	BS63 BS, 04 DS,, 
00 

 

0.84  DS, 
BSo8 

BS
69 

1.(:3 BS
71 13S72 

512 
512 
512 
517 
521 
532 
532 
538 

568 
558 
568 
574 
574 

1073 
1073 
1073 
1073 
1073 
1o73 
1073 
1073 

1:)53 
1053 
1053 
1cE3 
1053 

7958x1C-1,! 7. 58x10- 1C: 
7-.58x1C-1‘)  
9.42x1070  

- 1•12x16 
1.3X1 	3  
1.8Cx1L- ni  
2.34x1C-7 
4.52x1: 9r,  
4-52x10-9 
4.52x102 

-1072 ,.00.,  
5.88x10 

(43(-3 	:';.P.:75 
C.074 0.276 
0.070 0.291 
0.076 0.203 
0.080 	i..:.164 

	

.:8;) 	169 

:1:89: :111:94 

0.1i:  C-..134 
.::,. c9:; 	•,: . 119 

 

. ,-.86,  0.141 
C, 086  L..144 



Table 3.5 Sulphur Equilibrium Studies in Binary Soda 

Silica Slags at 1573 K 

- 11..OxiL -7.  

4.N.N13 g 0. 
 (c,':32t 

3. 69x1c-  7 

77 

C. 50 	B570 	558 
_ 

Sample 	Oxygen potential in gas phase 	, 	- 

	

N 	/N 	1 pSt., 	i 	Tel t • 7. S 

	

Na ce 	SIG1 Number - -7- M 	
L 	2  _ L. emf ■mV ) 	T.)17—Te 	pC (atm) 

	

0.26 	BS, 	538 	1093 	 0.1C0 	.0.0739 

	

357
4 	538 	

1093 	
4.4.2x1L1 

11110000 6999  3333  

	

0.40 	BS 	

4.42x10-1 

	

257 	

4 .82x1L-  2 

	

B5
77 
	545 
	

5.96x1C-  g 

	

78 
	5.96x10 7  

	

.__ 	pc( 1 	m (1) 	 0.094 	0.1610 
1d1.08 2  	1063 	

4. 33x1C-  g 

	

C•84 	B5
85 	

562 	 C. C9C.'. 	0. 351C 

	

BS„, 	562 	

4 .8L>cle_ , 

	

88 	
5.97x10 7  

	

1.03 	35
89 	

552 	1063 	3. lexic-  09 	L. ,._84. 	1.L3LL 

C.10C 	L, •0926 

0.094 	0.0632 

C .100 	0.172C 



■,.52  BS 
S7 
BS 8  11 

0.40 BS 
BS2 

BS4 
5 

1.63  
BS
BS 16 
BS17  

18 

BS13 3S15 

:1.799 
L.799 
3.922 

1.280 
1.48c 

2.4t) 
2,C4C 
2.040 

Table 3.6- Calculated Values of Sulphur Capacity 
of binary Soda-Silica Slags at 1373K 

___. 

/N  . Sample Pc Ps Cs  
I 
 ;1/Cs log C 

2  si.‘,2 Number 2 

x1C;1C,  
2 

I 

S 

1.L;ax1C: 
1.24x10_ 
1.15x1C 

9.56xio: 
9.56x1C; 
5.C6x1C 

4.84xle: 
2.8 6x10 

2.26x1:._ 

1.91x1C- 

2 2.63Cx1CI 
2 r 	2.62Cx105  4.20 
2  2,56Cx1C 
3

14:3t14i 4.275x1C-5  -4.370 
4,89x1C,' 

ttlt:144*  1.L22x1LJ"4  -3.990 

3 3  1.779x1L-4  776x1:4 -3.75L 
3  1.767xic"4  le 

1•783  4 x1(7 



Cs  :ivC log C, 

  

  

NNa
2

L., 
N 
 SiL, 

Sample 
Number 

  

   

pS
2 

Table 3.7- Calculated Values of Sulphur Capacity of 
Binary Soda-Silica Slags at 1423 K 

79 

0.26 BS  DS
2C 

 

C-.4C  BS
23 BSnr.  

DS`' 
26 

 

5.2  BS 
BS27 
2° BS 
29 

 

-.84  
BSBS31 - 

32 

 

1.03  BS
39 BS 

BS36  
37  

C.982 
C.982 

1.180 
1.180 
1.180 

1.420 
1.42- 
1.43c 

1.C9c 
1.C9C; 

1.560 
1.560 
1.560 

4.63x1C-2, 
4.63:(10-  

3.21x1C-? 

3.98x1C' 

2.89x1C"2, 
2.89x1C-
3.14x1c' 

3.76x1c'? 
3.76x1C' 

2.44x1- 2 
2e1P,;x1C-
2.77x1C"' 

2.39cxlc 
2.4C8xic-5  

3.373x10-5  

3,397x).1  
5 4.954x1L: 

5.C24x1C 
5. 31x10 

1.308x1C „ 
7' 1.384x1,  

2.275x14-4
4  

2.3j7x11/4„  
2.297x1C4  

2•399x1c1,  

3.378x1c75  

5• C 3x10 

1.376x1c-4  

2.293x1c-4  

-4.62 

-4.47 

-4.3c 

-3.86 

7 



pS2 cs  logCs  

BS 
39 

i'S41 
BS 
2+3  b 44 

L.. 52 	Bs 
1,3545 
BS47  48 

L-.84 	BS ,s49 5L_ 
BS52 BS53 BS 54 

'3•2'6 

Table 3.8- Calculated Values of Sulphur Capacity of 
Binary Soda-Silica Slags at 1473K 

80 

1 Sample 1130 NNa23/NSic:.2INumberi 2  
x1010  

3.84 
3.84 
4.8C 
4.8C 
5.48 
5'48 
5.48 

7.16 
7.16 
4.64 
4.64 
4.64 

2.42x11/4„ 
2.70x1 C. 2 

1.33x10 
1.83x1C- 
1. 55x10 2,, 
1:4L:x1C-' 
7.4C.N1c- 2 

9. lir-xi-7 
9. 141114 

1.76x10, 

2. k6xL.,-  

2. 795x1c;.. 
2.822:cle 
4.5C 5x1C.... 
4 .4 24x1C 
5.8c3x1c: 

	

. 	51x1C, 58 

5. 693x1C- 5 

1.632x10: 
2.5o 

	

2. 	
4  

2. 536x1C4  

2.8 9x10E  

4.464x1C75  

-r 
5.782x1C,  

1.6 22x10 

-F 
2.567x10 

-4.55 

-4.35 

-4.24 

-3.79 

-3.59 



0.26 	BS55 BS 
DS 5o 57 

7.58 
7.58 
7.58  

ES 	9.42 
ES01P 11.2 

	

.52 	BS 
BS63  64 DS66 

	

C.84 	BS, 
BS 8  
ES
7C
°9  

	

1.C3 	BS- 
-11 DS72 

.■:fr'c 
23.4 
45.2L 
45.2C 
45. 2C- 

58480' 
58.8 

Table 3.9- Calculated Values of Sulphur Capacity of 
Binary Soda-Silica Slags at 1523°K 

81 

1 
I Saraplei 10

e 0, NNa C/N 	Ilumber 	10; : x10 
IDS 2 

5.67x1c1 
67x1C.  

3.434x10, 
3.527x1::_ 

4.3 5x10 3.45Lx1C 
F 

2, 2.8 b;.1C.." 5.328 xl, 
2. 34x1C" :=  5.23x106  

- 5  )( ' 94' l' ..  
7.1 Eaxlc 
6.943x1C- 

"4 1.8", 5x1(.- , 
1.781x1C7 
1.856x1C--r  
3.277x1:4  
3 • 347x1:4  

AvCs  LogCs  

3.471x1C 5  -4.46 

5.266x10 -4.23 

7.C11x1(: 5  -4.15 

1.814x1C.4  -3.74 

3.312x1°c`4 -3.49 

Cs 

1. L1xlC 
1.L1x1C 2  - 
6•87xic 
2.49x1C3  3 2. Clxiel  
Clx1C- 
. 	3 1. L.9x1L 

1.:.9x1G 



Table 3.1- Calculated Values of Sulphur Capacity 
of Binary Soda-Silica Slags at 1573°K 

82 

!Sample  PQ  N _/N , 	2 	pS
2 Na,L; SiL

2 
ilumbor! 	10! cs  

i x10 ; 
cs logCs  

 

L.26  BS,- 	44.2 
BS/3  44.2 74 

4C:: ES76 48.2 
BS7  6 

 

7  9.r BS
78 59.o 

	

.52 	DS  70 BS 	4C.3 
B 
382 
BS 	48.L. 
Es85 48., 
BS86

8 
 59.7 

8 
ES 1.C3 
BS89  31.(, 
DS92 

 

	

9-‘=. 	36.9  

1.61x1C-20  

1.35xle 2  
7.81x1 3 

 

7.81x107 

1. 93x1 2  
1.7lxl(f 
1.71x1C* 2  

1. 1xlC 

6. axle.-  -) 

2.3Cxl(f 2  
2. 3Z4c1 

,
C7 

1  •87x1C- 2  

3.876x1Zf'5  

3. 913x1'. 5  
5.533x1c: 
5.469x13  
Z. 521x1C 

777:42254x 16xx  

2,315x1 
2.262N1C7 4  
2.293x1C 

3.777x1C 4  
656x1C 4 

 

3.894x1C-5  -4.41 

5.5C7x1C-5  -4.26 

7.767x105  -4.11 

2. 29x1C-4 -3-54 

3.718x1c-4  -3.43 



83 

CHAPTER -4 

SULPHUR CAPACITY OF THE SYSTEM 
CaO-Na,

4
0-SiO2 

This chapter deals with the experimental results and their 

discussion for the ternary CaC-Na20-SiO2 system. Results of 

present investigation are compared with the earlier work 

on this system and other ternary silicate systems. 

4.1 Results 

Lime-soda-silica slags of varying Fa20/SiO2  molar ratio namely 

0.26, 0.40, 0.52, 0.84 and 1.03 were equilibrated with 

gaseous mixture of sulphur dioxide,oxygen and nitrogen having 

desired oxygen and sulphur dioxide partial pressures at 

1373, 1423, 1473, 1523 and 1573K. Oxygen partial pressures 

during the equilibria runs was adjusted in the range 10-11-10 8 

atm and sulphui' dioxide concentration varied in the range of 

7-104/.. 

The experimental results of the equilibria runs along 

with the sulphur content of the equilibrated slags are 

reproduced in tables 4.1-4.25. 

4.2 CALCULATIONS 

Method adopted for the calculation of sulphur capacity is 
similar to the one already described in Section 3.2. Calculated 
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values of the sulphur capacity, average Cs  and log Cs  are 

reported in tables 4.26 - 4.50 corresponding to the results 

given in tables 4.1-4.25. 

4.3 INFERENCES AND DISCUSSION 

Logarithm of sulphur capacity has been plotted as a function 

of mole fraction of lime for different molar ratio of 

Na20/Si02  under consideration. These plots, at different 

temperature of study are shown in Figs.4.1-4.5. From these 

figures it could be observed that 

a) lime additions increase sulphur capacity at 

constant Na
2
0/5i0

2  molar ratio, 

b) variation of log Cs  with Pcao  is very sharp initially 

upto approx. O.iNCaO and the curve gradually flattens 

with further lime additions, and, 

c) variation of log C with NCa0  becomes more pronounced 

with increasing Na
2
0/Si0

2 at constant lime levels. 

These observations could be explained on the basis 

of eq.3.11, which states that the sulphur capacity of a slag 

is equal to the product of two functions, namely, the equili-

brium constant and activity of oxygen ions in the system. Thus 

to explain the effect of lime additions in a melt of fixed 

Na2O/SiC
2 ratio, variation in both the functions, described 

above, should be considered. For the ternary lime-soda-silica 

melt, the equilibrium constant can be obtained by the Following 
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lationship proposed by Flood et alD4], 

logK'= NA  
Ca 

4-4Ta+ .log KNa2o 	... (4.1) .10a 
)(Ca()  

sere NCa2+  and  NNa 	are the electrically equivalent 

:ractions of Ca2+  and Na respectively in the melt. It may 

)e pointed out that eq.4.l is applicable strictly to regular 

solutions, however;  it could be applied for other cases also 

to draw qualitative inferences. 

As sulphur capacity of Na20 is known to be approxi-

mately 103  times that of lime, it can be concluded from the 

eq.4.1 that addition of lime to the soda-silica melts will 

lower the value of logK. This decrease will be more for 

melts containing higher CaO. The variation in N3L0  as a 

function of N aC0  and Na20/Si02 ratio, designated by X, 

may be expressed as 

NA 

 

NC a0  
CaO - 1 + X N Ca0 

... (4.2) 

The above expression shows that for a constant value of 

N-Ca0' NCa0 will increase with decreasing X. Hence, for 

higher values of X, the value of log K shall be lower for 

the same lime concentration but it may be pointed 'out that 

such changes in log K for small CaO content shall be small. 

Let us now analyse as to how the activity, a02'- will 

vary. First the addition of Ca0 in the melt of any Na20/Si02 
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molar ratio will increase the total base content of the melt 

and thus increase its basicity and hence the activity of 

oxygen ions. Such an increase is not expected to follow 

Raoultfs law as slags form strongly interacting systems. The 

question thus arises as to how the activity of lime and hence 

that of oxygen ions shall vary. As limited thermodynamic 

data g0(51 is available on the system Na20-CaO-Si02  except 

for the phase relations, one haste take the help of similar 

systems for qualitatively arriving at the trend of variation 

in activity of lime. As sodium oxide is a stronger base than 

lime, so the present system consists of a stronger base- CaO-Si02. 

Other similar systems on which reliable thermodynamic data 

is available are CaO-Fe0-Si02, CaO-Mg0-Si02  and Na20-Pb0-Si02. 

In these systems Fe0, MgO and Pb0 are the weaker basic oxides 

than the other basic oxide in corresponding systems. In 

figs. 4.6 and 4.7, the activity of FeO and Mg0 are plotted 

against their mole fractions for different CaO/Si02  ratios. 

These curves show that in both the cases Fe0 and MgO, the 

weaker bases, show strong positive deviation from Raoults 

law. Further, this deviation is more pronounced as CaO/Si02  

molar ratio approaches 2/3. Similar behaviour is also shown 

by Pb0 (Fig.4.8i. Though in this case the complete thermo- 

dynamic data is not available. Thus it can be concluded that 

lime in the present system will also show a similar behaviour, 

and hence the term a
02- 

will increase sharply with the 

initial addition of Ca0 resulting into increase in sulphur 
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capacity. As the amount of CaO is further increases in the 

melt, the positive deviation will become less pronounced and 

extent of decrease in K will be higher and therefore the 

rise in C value will be loss pronounced. The sulphur capacity 

of such melts reaches a maximum value after which further 

increase in lime concentration may even cause a decrease in 

sulphur capacity for definite Na20/Si02 ratio (s) 

To study the effects of the soda replacement by 

lime, log Cs  is plotted against a function Nna  0/(Nna 0-1\7510' 
2 	2 	2 

for various lime concentrations at 1373; 1473 and 1573K and 

reproduced in figs.4.9-4.11. An examination of these figs,4.9-  

4.11 reveals that for constant Na
2
0/Si02 molar ratio and 

hence constant value of the function NNa 0ANNae0 NSi02)  
2 

log Cs  values increase with increasing lime concentrations 

in the melt, in the composition range under study. Various 

lime concentrations chosen for plots in figs-4•9-4.11 are 

in the range of 0.05-0.25. This could be explained from 

eq.4.2, in which at constant Na20/Si02 ratio or constant X,  

will increase with increasing N Ca0 	 Ca0 resulting into an 

increase in the overall value of logK and hence an increase 

in the sulphur capacity • Further with increasing lime content, 

activity of lime will increase causing an increase in the 

value of a 2- and hence, at increasing lime content, slope of 
0 

the plot, of log Cs  vs Nnao/(NNa 04.  NSiO ) would increase. 
4  2 	2 

This has been found true in figs.4.9-4.1l. 

Silica effect is also studied in terms of plots of 
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log C as a function of Nna,_/( 	) for various u -*NNa,e CaO 
4 

silica concentrations in the range of 0.500.65s  at 1373:. 

14732  and 1573K and are shown in figs.4■12-4.14.. These 

plots reveal that with increasing silica content, the sulphur 

capacity decrases. This could be explained as that decrease 

• in silica Concentration would . Cause an increase in the basic.  

oxide content or the basicity and hence increase in oxygen 

ion activity. Equilibrium constant s  however remains un-

altered with varying silica levels. Therefore the product 

K a 	9  as shown by . the eq.3.11, will also increase resulting 
02" 

into an increase in sulphur capacity. One can also observe 

that with increasing Nl3a.,0/(-14Na,0+  NCa0 ) ratio or decreasing 

:CW1)-  addition, the sulphur capacity gradually decreases 

beyond a value of Naa,,o/(Naa 6.1. 1■16 0) equals to 0.8 and 
4 

finally approaching to the Cs  value of binary soda- silica 

melts with same SiO2 mole fraction as that of the ternary. 

This trend of variation of log Cs  with NNa24(N u Na,0+ WCa0 )  
ratio has already been discussed in the foregoing paragraph 

where effect of lime replacement for soda was explained. 

With the help of figs.4.1-4.5, logarithmic sulphur capacity 

at different temperatures of study in CaO-Na20-Si02 system is 

plotted on ternary composition diagram and is reproduced in 

figs.4.15-4.19. In these figures broken linos show the 

is0-sulphur capacity contours whereas heavy dash lines 

indicate the liquidus range at the temperature under consi-

deration. Contour of lower log Cs  value is observed near the 
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LIQUIDUS 
AT 1373 K 

ISO-SULPHUR 
CAPACITY 
CONTOURS 

,\"6  o 	 (n. 
o cu 	 o 

Na20 
	

0-5 
	

0.6 
	

0.7 
	

0.8 
	

0.9 
	

5102 

N 5102 

FIG. 4.15 LOGARITHM OF SULPHUR CAPACITIES AT 1373 K IN 
CaO-Na20 -- S102 MELTS. 
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LIQUIDUS 

AT 1423 K 
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CAPACITY 
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FIG. 4.16 LOGARITHM OF SULPHUR CAPACITIES AT 1423 K 
IN Ca0 -Na20 Si02  MELTS . 
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Ca0 
-- — LIQUIDUS 

AT 1473 K 
----- ISO-SULPHUR 

CAPACITY 
CONTOURS 

06 
"■.;21 	 t.) 
0 co 	 O 

• 
Na20  0.5 	0.6 	0.7 	0.8 

NSi02 

FIG. 4.17 LOGARITHM OF SULPHUR CAPACITIES AT 1473 K IN 
CaO -Na20 - Si02 MELTS. 
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LIQUIDUS 
AT 1523 K 

ISO - SULPHUR 
CAPACITY 
CONTOURS 
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FIG, 4.18 LOGARITHM OF SULPHUR CAPACITIES AT 1523 K IN 
CaO - Na20  -SO2i 	MELTS. 
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corner. As we go away from the silica corner, contours of 

higher log Cs  values arc observed. At constant lime content, 

contours of higher sulphur capacity shifts towards. Na20 

corner whereas at constant Na,0 concentration it shifts towards 

lime corner. As is evident from the shifting of contours 

towards silica corner, it could be emphasised that increasing 

temperature has a positive effect ons sulphur capacity* 

To find out empirical equivalence of lime to soda, 

log Cs  values arc plotted against a function of the type 

NCa0 Y  NNa,0 

NSiO2 

as shown in figs. 4.20-4.22 at temperatures 1373, 1473, 

and 1573K by aiving different integral values to Y. By 

trial and error, it is observed that a value of Y equal 

to 1.5 gives a best fit of the experimental data at tempera-

tures of study. Empirical relationship between log Cs  and 

could be expressed as follows, (NCa0 Y N
Na0

)/N
SiO

2 

SiO2 

1.5 Nista0 NCa0 
log C =  - 4.933 SiO2  

1.5N.Na  0 	 CaON 
log Cs  = 1.233(  N 	 )  4.943 • •,• 

	4.,3) 

1'5 NNa4)1.  NCa0 
log Cs  = 1.163(  N io  and  - 4.493 

2 
—(4.5 ) 

at 1373, 1473 and 1573K respectively. These expressions are 
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1.0 	 2.0 

"Ca0 +1.5 NNa20 )/ NSi02 

FIG. 4.20 PLOT OF log Cs vs ( NCa0 +1.5 NNa20 )/ 

N5102 AT 1373 K. 
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1.0 	 2.0 
( Nca0 + 1.5 NNa20 )/ N5i02 

FIG. /4.21 PLOT OF log Cs vs (Nat o +1.5NNG20 )/ 

Nsi02  AT 1473 K. 
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1.0 	 2.0 

"Ca0 ÷1 -5 NNa20 ) / NSi02  

FIG. 4.22 PLOT OF log C5 vs (N000  +1.5  NN1o20 )/ 

N5i02 AT 1573 K. 



valid for the system studied in the present investiga-

tion. Temperature too affects the sulphur capacity values 

significantly. However, basic nature of curves remains the 

same. Increase in temperatura of equilibration results into 

an increase in the sulphur capacitylas shown in figs.4.23-4.27. 

4.4 Comparison with Other Ternary Silicate 
System 

Richardson[10 hav shown that for silicate mixtures having 

different cations and fixed mole fraction of silica, the 

equilibrium constant, K99  for sulphur equilibrium between 

gas and concensed phase can be expressed by the following 

relationship in terms of molar sulphur capacity Cs, 

C = N 	(P 	) $ s  0 S, 2 
K
9  02" = 

52' 

112 

• (4.6) 

which, for a ternary silicate mixture having two different 

cations X2  and Y2+ may be rewritten as, 

log CL(X2% 	) = N 	log CskX2+ y2+.log CskY2  ) it  •  I. 

(4.6a) 

X0 	Nyo  
Nx2+  and N 2 . arc equal to (T—.7.7---

YO 
 ) and (

7 X0 
	NYO) respect- 

X0 
ively and C is(X2+) is the C is  for the binary .X0+3102  etc. at the 

same mole fraction of SiO2 as the ternary. 
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Equation 3.6a shows that, quantitatively, the values 

of log C of the ternary silicate melts should fall within 

the log Cs  values of psuodo.-binarics XO-Si02  and YO-SiO2 
at silica concentration same as the ternary. Richardson et al 

D8,90determinod sulphur capacity values following this 

simple relationship (eci.4.6a) at Nsio,= 0.5 for the Mn0fMg0-SiO2, 

CaO-MnO-SiO2, CaO-Mg0-Si01  systems. 

In the present system, CaO-Na20-SiO2' however this 

relationship does not.hold good. It has been observed that 

in the range of composition under consideration, lime additions 

cause an increase in the C value than that of pseudobinary 

Na20-Si02, which has higher Cs  than CaO-Si02  pseudo binary 

at any silica level. The reason for this variation has • 

already been discussed in the foregoing section. 

• umpi7 r7,-,:ma 07 

4.5 COMPARISON WITH PREVIOUS WORK ON LIME- SODA-LtiWSYSTEM 

Effect of lime additions on sulphur capacity of soda- 

silica slags at temperatures in the range of 1250-1350°C 

has also boon studied by Inoue and SUito Ilya and Korber and 

Oelsen17,80 . Inoue and Suitori3k] have studied sulphur 

transfer between metal and slag by bringing the two phases 

in equilibrium at temperatures 1250-1350°C and have reported 

• that in the pseudo-binaries 3Na20.2S102-3Ca0.2Si02  and 

Na20.Si0,-CaO.Si0,) , log (S) /C s3 decreases with increasing 
4 

Ca0 concentration. These findings are differing considerably 

with that of the present investigation. However, the results 
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of present investigation are in good agreement with those 

of Korber and Oelsen L87;88) • The discrepency in the 

results with those of Inoue and auito 84 may be attri-

buted to the magnitude of base equivalence between Nat  0 

and CaO. Whereas Inoue and Suito [841 have determined 3.33 

as Ca0 ecuivalence to Na20 Korber et al 8188 and in 

the pres.Lmt work the value is U.6-0.8 and -145 respectively. 

This observation indicates that Ca0 shows a positive 

deviation in solution with Na,,0-i0, melts in the present 
4  4 

work whereas Inoue and Suito [8L)  have inferred a negative 

deviation which is grossly responsible .for the difference.. 

The typical behaviour of ternary slags reported by Inoue 

and Suito 1-843, is probably becaus of considerable amount 

of magnesia and alumina from refractory lining of crucibles 

and stirrers made use of by them during the investigation. 



Table 4.1 Sulphur equilibration studies in 
ternary CaO-Na20-5102  System 
having. N 	/N 	= 0.26 at 1373°K 

Na20 SiO2 

Slag 	Sample 
Composi- Number 
tion 
Ca0 

Oxygen potential in gas Phase 

emaMV) 	Temp. (°K) !, 
f 

0 502 2 	wt.7. S 
(atm) 

  

    

0.033 TS, 550 983 1.68x1010  0.09 0.165 
TS2  560 983 2.70x10-10  0.09 0.082 
TS4  530 983 6.54x10-11  0.094 0.695 

0.066 	T56 537 983 9.0.1x10-11  0.09 0.702 
TS T 537 983 9.11x10-11  0.096 0.763 

TS10 541 983 1.10x10"10  0.092 0.E46 

0.109 	TSll  518 993 5..50)(1011  0.08 2.11 
TS12 520 993 6..04x10"11  0.092 1.91 
T513 520 993 6.04x1011  0.092 1.93 

0.173 	Tsi.  524 993 7•.28x1011 0.086 1.75 
TS16 524 993 7.28N1011  0.084 1.73 
TS18 528 993 8-78x1011  0.092 1.44 

120 



0.080 1.61 
0.080 1.58 
0.086 1.32 

0.090 2.04 
0.090 1.98 

0.094 3..2C 

0.090. 1.46 
0.090 1.51 

. 
C.Oe 3.26 

L.06 3.54 

0.096 3.49 

8.18x10-11 

8.18x10-11 

9.82x1011 

1.08x10-1°  
1.08x10-10 

Table 4.2 Sulphur Equilibration Studies in 
Ternary CaO-NanO-Si0,)  System having 

= 0.26 at 14 23 0K NNa20/NSiO
2 

     

Slag 
Composi-
tion 

CaO 

'Sartiple 
Number 

Oxygen potential in gas Phase pS0 2 	wt.7.s 
(atm) 

   

I  t Emf(mV) 	Temp(o  K) 	P02.atm 
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0.033 TS19 
510 1013 

TS
20 

510 1013 

TS
21 

514 1013 

0.066 TS
23 

516 1013 

TS
24 

516 1013 

0.109 Ts
25 

516 1013 

TS
27 526 1013 

T6
28 526 1013 

0.173 TS3c  518 1013 

TS31 518 1013 
TS32 518 1013 



Emf(mV) .  Temp( °K ) 1 PL12(  

538 
538 
538 

1L-33 
1L33 
1L33 

6.c4x1L-lc'C.C9 	C.3L9 
6.L4x1L-1L' L.L94 L.312 
6.C4x1C 	C.C94 L.32L 

541 1L33 6.92x1L-.1c.  L.::94 L.439 
541 1LT3 6.92x1L-JA- L.c98  L.483 

522 1L43 . 4.2Lx1L 	L.L9L, 1.45 
528 1L43 • 5.48x1L-1L  c„.L9L L.936 
528 1L43 5.48xle e  L.L9L L.941 

536 143 7.82x1L-1L  L.L96 L.736 
536 143 7.82x1L.-1L ,...L96 C.692 

C. L33 	TS34 
TS35 
Ts36  

C.c66 
	

TS38 
TS4C  

C. 1C9 	TS41 
TS43 TS44 

L.173 	TS47 
T$48  

122 

Table 4.3 Sulphur Equilibration Studies in Ternary 
Cae-Na2C-Sie2 System having 
N 	/N • = e.26 at 1473 0K Na

2 
Sie2 

Slag 	Sample 
Composition Number 

Cae 

e,xygen potential in gas phase pSe2 wt./.S.  
(atm 
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Table 4.4 Sulphur Equilibration Studies in Ternary Cae-Na,U-Si 
System having 	 = e.26 at 1523oK Na2c Si 2 

Slag 	Sample lexygen potential in gas phase 
Composi- Number 

T$49 
TS5L 
TS51 

TS52 
TS55 
TS56 

TS57 
TS58  
TS61 

TS63 
TS64 

Emf(mV) 

523 
528 
533 

533 
526 
526 

526 
526 
528 

520  
528 

pSe2 
	wt. 7. s 

(atm) 
iTemp( K) 1 pL2  (atm) 

le53 
	

7.74x1Lj 
	L. 63C 

1L-53 
153 

1L153 
IL:53 
le53 

1053 
1L53 
le53 

1L53 
1.53 

7.74x1L-1': 

9.64x1L-1'  

9.64x1C1L' 
7.L9xle-1  
7.e9x1e71C  

7.L9xle-lt L.L2 
7.L9xle-1L,  
7.74x1 	L.L82 

7.74x1 -1C  
Lis L04 

7.74x1:1L  c.L84 

L.639 

L-441 

L;.793 

1.22C 
1.17C 

1.69L.  

55L. 

2. 	2L 

tion 
NCae 

C..C33 

C.L66 

0.1e9 

C..173 
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Table 4.Er- Sulphur equilibration Studies in Ternary 
CaL-Na2

‘.1.SiL2 System having 
N 	= 26 at 1573°K Na2L. SiL,

2 

I Slag 	1Sample 
Composi-INumber 
tion 
NCaC 

‘..;xygen 

EmamV)1 

potentiallin gas phasel poL, 
2 

(atm) 
Temp(°K) pC2(atm) 

L.L33 TS65 522 1CO3 1.62x1C.9  L.L.86 
TS67  523 1L103 2.1Lx1L-9  L.08L .375 
TS68 528 1L03 2.1Lx1L-9  L...0C L.363 

L.c66 TS,7  534 1e33 2.72x1L-9  L.L8L C.42- 
TS71 534 1CO3 2.72xlc-9  L.33 C.459 
TS72 534 lcs3 2-72x1L-9  c.cos L.454 

L.109 TS75 1L63 1.33x1 9  L.L90 1.29L 

TS76  54 1063 1.83x1C9  C.C90 

C.173 TS77 542 1L63 2.LLxiC9  L.L-92 1.57L 

TS79 545 1063 2.20.x1L-9  "L92 1.31L 

TS8L 545 1L63 2.20x1L79  1.22L= 
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Ta ble 4.6- Sulphur Equilibration Studies in Ternary 
CaL-Na22 System having 
N 	_ 	C.4C at 1373°K Na2C SiL2  

	

Lxygen potential in gas phase ! 	t Wt 7.S ISample  	 PS.  ! C2 Number  
Emf.(mV) Temp (°K) pL,2(atm) ! (atm)! 

	

i 	I 

Slag 
Compo si-
tion 
NCaC 

L.L44 	TS01  0  
TS 3  8  
TS 84 

C.C87 	TS06  
Ts07  

0.152 	T589 
TS9c 
TS91 

554 
56‘, 
56c 

56A, 
562 

562 
562 
55C 

• 

993 
993 
993 

993 
993 

993 
993 
983 

2.96x1L-1' 

3.92xic-1  L 
3.92x1L-1L  

3.92x1L-1(  

4.3Lx1c-iL  

- 4.30c1 	lc  
4.3LxiL -lc 

1.60x1L;-1̀:' 

,,.L9L . ...150 
L.L94 L.1L8 
L.‘;94 	,.].C.3 

e.L90 L.195 
L.L90 L.173 

L.L98 c.251 
L:.L98 L.246 
L.L82 L.051 
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Table 4.7 Sulphur Equilibration Studies in Ternary 
CaC.Na2 SiC2 

System having 
NNa2 /Nsi.;2 

= L.4C at 1423°K 

Slag 
Composi- 
tion 
Cae 

Sample j Oxygen potential in gas phase 

(atm  
■Alt.7.5 Number! 

t• 
Eml(mV) Temp(°K) p 2(atm) 

,.a+4 

0.087 

0.152 

TS
93 

TS
94 

TS
95 

TS
97 

TS
98 

TS101 
TS102 
T5103 
TS104  

54 

54c 

542 

553 
553 

568 
568 
574 
574 

1x_23 

1c123 

123 

1023 

1023 

993 
993 
993 
993 

4.64x1L-1‘' 

li  4.64xiC' 

5.3x1C-1C  L.04 

8.38x10-1°  0.100 

8.38x10-10  0.100 

5.70x10-10  0.096 

5.70x10-1°  0.096 

7.54x10'1°  0.088 
7.54x10-1°  0.088 

206 

c..254 

0.262 

0.257 

0.538 

0.553 

0.334 

0.327 



Slagg • Sample 
Compos.1.4` Number 
tion 
CaO 

Oxygen potential in gas phase 

Emf(mV) I Temp(°K) 
pS02 Wt.7.S 
(atm) t 02(atm) 
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Table 4.8- Sulphur Equilibration Studies in Ternary 
CaO.Na20.Si02 system having 
NNa

2
0/NSi0

2 
 = 0.4 at 1473°K 

0.044 TS106 548 1003. 3.24x10-10  0.092 1.640: 
TS107 552 1003 3.90x10-10  0.092 1.230 
TS108 552 1003 3.90x10-10  0.092 1.290 

0.087 TS110 555 10.03 4 .49xli: 1C  (,.(..,9t, 1.050 
TS111 567 1003 7.82x1C10  C.088 0.475 
TS112 567 1003 7.8 2x10-1c  0.088 C.464 

0.152 TS115 557 993 3.41x1:14;  0.03 2 3.79L 
TS116 557 993 3.41x10 10+  082 3.744  

0.215 TS 3.3.7 557 993 3.41x1C10  0.080 

= T5119 560 993 3.92x101L  0.08L. 
Ts 560 560  993 3.92x10 	1L 	t....:(0‘.. 3.43L= 



Table 4.9- Sulphur Equilibration Studies in Ternary 
CaL.Na

2
C.SiC system having 

Na  
, N  /N  = L.4C at 1523 

2
L Sie  oA 

2 

Slag 
Composi-
tion 
N
CaL 

Sample  Cxygen potential in gas phase IpSL  1 Wt.../.S 
Number 

1  
j  2 —T--  (atm) 1 Emf(mV)  i Temp(°K) t pC1

2 
 (atm)l 

 

 1  , 

    

.L.87 

e.152 

(4215 

TS
121 

TS
122 

TS
123 

TS
124 

TS
125 

TS
127 

TS
129 

 

TS
13L 

TS
131 

TS133  

TS
135 

542 

542 

544 

544 

547 

548 

55C 

55., 

544 

548 

1L33 

1e33 

1e33 

1e33 

1e33 

1e33 

1L33 

1L33 

103 

1e33 

1L33 

-1L 
7.23x1c 

-1L 
7.23xle 

7.91x1e-14  

7.91x1e-iL  

9.L6x1C- 1C  

9.47x1L-1L  

1.L4x1L-9  

1.L4x1C9  
-le 7.91x1e 

9.47x1e
-le 

-le 
9.47xle 

L.L86 

L.:.06 

e.e82 

e.e82 

e.e84 

e.e84 

L.L9L 

L.L9L 

L.C84 

L.e88 
, 
L.e88 

1.56 

1.49 

1.22 

2.2e 

1.83 

1.7e 

2.37 

2.34 

3.31 

3.11 

3.12 



Slag 	Sample dxy, en otential in _las ,phase 
Composi- I Number Em f(mV 7 r Temp. °K p02  tatm 
tion 
NCaO 

Table 4.10 Sulphur Equilibration Studies in 
. Ternary CaO-Na20-Si02  System having 

NNa2
0 /N , Si02 

= 0.40 at 1573 01( 

0.044 T3136 538 1083 3.22x10-9  0.092 0.497 
Ts137 543 1c83 40.0x1u-9  0.0.96 0.369 
T5138 543 1083 4.L,Lx1L-9  0.096 0.365 

0.087 TS140  544 1083 4.17x10-9  0„.096  0.602 
TS142 544 1083 4.17x10 9  ',.96 0.577 

0.152 Ts145  546 1083 4.54x10.-9  0.090 c.743 
TS146 546 1083 4.54x10-9  ....00 0.731 
TS148 548 1083 4.95x109  0.04 0.674 

0.215 TS153 552 1083 5.87x1L-9  0.094 c.618 
TS151 558 1083 7.60x10-9  0.090 0.395 

Ts152 558 1083 7.6c-xlc-9  0.090 0.410 

129 
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Table 4.11 Sulphur Equilibration Studies in 
Ternary Cap:-Na

22 
System having 

NNa
2 
./NSIC

2 
= C.52 at 1373°K 

Slag 
Composi- 
tion 

NCaL 

Sample 
Number 

(.xygen potential in gas phase pS4
2 

(atm) 
I Wt.7.6 

Emf(mVi Temp.(°K pc (atm) 

c:.e55 	TS
153 

TS 

TS156 

0.1 	TS158  

TS159 

E41 

544 
550 

555 
560 

983 
983 

983 

983 

983 

1.1cx1L-  

1.27x1C 
1.68x10.71L' 

2.13x101L  

2.70x1L-1L: 

1.73L, 

0.86 

0.4ge 	0.701 

,..088 	1.13: 

0.094 	L.789 
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Table 4.12-Sulphur Equilibration Studies in Ternary 
CaO.Na2  0.SiO2  System having 
N 	iN . 	= 0.52 at 1423°K Na20 SIO2 

Slag 	Sample I Oxygen potential in gas phase 
I 

pS02 Wt.7.S 
Composi-. Number ;I 	  
tion 	 lEmf(mV) 1 Temp. (°K) 	p02(atm) 1 (atm) 

0.055 

0.108 

T3163  
T  5165 
TS166 

TS168  
TS170'  
TS171 

532 
537 
537 

546 
55L 
55L 

1013 
1013 
1013 

1013 
1L13 
1C13 

2.24x10-10  0.096 
2.82x161C  0.082 
2.82x10-10  C.C82 

4.26x1C1L  L.C88 

	

5.12x1C-1 	C.1CC 

	

5.12x1 	1C. u. L96 

1.84 
1.15 
1.17 

1.45 
1.24 



w t s Lxygen potential in gas phase ipSL 

Emf(mV) 	Temp( K) 	pL.
2
(atm)1(atm) 

Slag 	1  Sample 
Composi-i Number 
tion 
NCaL 

Table 4.13- Sulphur Equilibration Studies in Ternary 
CaC.Na
22 

System having 
N 	N51  = C.52 at 1473°K Na

2 SIC2 

L.L55 TS173 482 103 4.1Lx1C.1c-  c.0i., 2.28 
TS174 482 1.93 4.1Lx1,-1L  (...0c, 2.21 
TS176 486 103 4.86x1,-1L  L..04 1.76 

0.1(43 Ts177  49C 1C93 5.76x1C14' L.i.192 3.23 
TS179 49k,  103 5.76x1C1L  L.1%-C 3.44 

0.173 T51 81 494 103 6.82x1C1L  q6 2-88 
TS182 

 494 1C93 6.82x1L-1L  ,,.L86 2.84 
TS183 497 103 7.76x1C10' ‘,..094 2.55 

13' 



L,xygen potential in gas phase 

Emf(mV) 	Temp. (°K) 	pL2(atm) 

pSC 
, 	2 
(atm) 

wei.s 

492 
492 

11L3 
11L3 

8-71x1L 	L.L8c  
8.71xic 1L  L.L8c 

2.25 
2.'19 

494 11C3 9-471L- 	L.L.82 x11! 4.7 

494 11A-3 

94 	

L.L.82 

9:8792:1L  L.L86 
4.L1 

495 1103 3.92 

498 11L3 1.12x1C-9 	L.c8e 3.67 

498 11c,3 1.12x1C9 	L.L0L 3.64 

498 11‘),3 1.12x1L-9 	c.L88 4.L1 

Slag —1 Sample 
Composi-1 Number 
tion 
N CaC 	I 

 

C.C55 	TS185 

 

 

TS186 

 

C .1C8 	TS189 
TS 
TS192 

e.173 	TS193 
TS194 
TS195 
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Table 4.14- Sulphur Equi 
CaL,..Na

2e.SiC 
N /N Na2L. SiC2 

libration Studies in Ternary 
System having 

= 52 at 15230K 
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Table 4.15 Sulphur Equilibration Studies in Ternary 
Call-Na2e  C.SiC,, System having 
N./N _ 	C.52 at 1573°K Na2C Si c2 

Slag 
Composi- 

NCECC,  
tion 

 

Sample 
Number 

Cxygen potential in gas phase DSC, e 
(atm)•  
(atm) 

Wt.7.S . 

Emf(mV) Temr,(°K) DC12(atm) 

k,..L.55 

0.108 

0.173 

TS197 
TS199 
T52`  

T5201 
TS

202 
TS205 

TS20/  , 
TS208 
TS209 

498 

490 

498 

501 
501 
514 

521 
521 
524 

1123 
1123 

1123 

1123 
1123 
1123 

1123 
1123 
1123 

2.12xi0-9  
2.12x1L-9  

2.12x10-9  

2.40x109  
2.40x109  
4.10N10"9  

5.48x10-9  
5.48x16-9  

-o 
6.20x10 ' 

c. 1/4,0c. 

0.076 

0.080 
0.080 
0.080 

0.088 

0.088 
0.095 

1.610 
1.490 

1..520 

2.790 
2.750 
1.230 

1.110 

1.000 
0.949 
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Table 4.16- Sulphur Equilibration Studies in Ternary 
CaO.Na

2 
 0.S10

2 
 System having 

/ 	0.84 at 13730K N
Na20' NSi02 

Slag ;Sample 
Composi- Number 
tion 

Oxygen potential in gas phase i 

Temp. (4°.):  p©2 
 (atm) 

pS0
2 

(atm) 

wt.7.s 

  

.......■•■••••■••••■wr 

NCaO 	Emf(mV) 

0.064 	TS211 	570 	993 
570 	993 TS213 
570 	993 TS214 

6.26x1010  
6.26x10-1°  

- 10 6. 26x10 

0.08 
0.10 
0.10 

3.29 
4.02 

, 	4.11 



Oxygen potential in gas phase 

Emf(mV ) Temp.(°K) p0
2
(atm) 

pSO„ 	Wt. 7. S c 
(atm) 1 

j  

Slag 1 Sample 
Compositl Number 
ion 	it  NCa0 L.  
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Table 4..17- Sulphur Equilibration Studies in Ternary 
CaO-Na20.Si02 System having 
NNa2 0/NSiO2 = 0.84 at 1423

°K 

0.064 

0.129 

TS215 
TS216 
T5217  

T S218  
TS219 
TS220 

536 

536 

540 

540 

542 

542 

104 3 

1043 

1043 

1043 

1043 

1043 

7.82x10-10  0.092 
7'82x10-10  0.092 

9.35x10
-10 0.084 

le 0.084 
91.::ff79 	0.080 
1.C2x1C-9 	C.e8C 

1.210 
1.170 
0.822  

2.950 
1.680 

1.7CC 
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Table 4.18 Sulphur Equilibration Studies in Ternary 
CaC.Na2C.SiC2  System having 
NNa2C iNSi 2 

= 0.84 at 1473°K 

Slag 
Composi- 
tion 
NCa0 

Sample 
Number 

Oxygen potential in gas phase pSC 
(atm) 

wt. 7. s 

: 	 I Emf(mV) 	Temp(°101 	(atm) 

c.e64 	TS221 	5C8 	1083 	8.91x1C1C .0.436 	3.C7 
TS223 	50`8 	1083 	8.91x1C1c c..C3C 	2.28 

0.129 	TS224 	511 	1483 	ic.16xic7le' L. C76 	5.61 
TS225 514 1.83 11.5x1c_1e  u.c8c 4.79 
TS226 	514 	1083 	11.5x107. 14. 	0fpi.1 	4.76 

C!235 TS229 528 lu83 24x1c79  
TS23k1 	528 	2± 1x14 	0.080 	3..22 
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Table 4..19- Sulphur Equilibration Studies in Ternary 
Cap.-Na

2
C-Si02  System having 

NNa
2
CSi::

2 
= c.84 at 1523 01( 

      

Slag 
Compo si-
tion 
NCa0,  

Sample 
Number 

 

Oxygen potential in gas phase 
pall 
(atm) 

  

Emf(mV) 1 Temp(°K)I pi.1,2(atm) 

  

     

      

c,c8L 1.16c 
0.080 1.080 

0.070 0.887 

0.070 1.970 

0.084 2•340 
C04 2.370 

0.0800.080 

C80  

2.42.40 
2.37C 

C C64 	TS231 	517 	1113 	3.42x109  

	

TS
232 

517 	1113 3.42x1C9  

	

T8
233 

517 	1113 3.42x109  

0.129 	TS236 	522 	1113 	4 20x1e9.  

TS237 	522 	1113 	4.. 20x10 

	

522 	1113 	4.20:x10 '9  TS
238 

0  235 TS 	528 	1113 	5.40oak279  , 
239  

T 	528 	1113 5.40x1C9  
S24e 
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Table 4..2C-Sulphur Equilibration Studies in Ternary 
CaL.NaC.Sii 2 

System having 
N 	./N 	= L.84 at 1573 °K Na2C Sii.;2 • 

Slag 
lomposi- 
tion 

N CaC 

Sample / Number 
oxygen potential in gas phase pSQ2 

 (atm) 

wt. 	 .Sa  

Eml.W Temp(°K) 1 	pC2  (atm 

L.C64 

L.129 

(,.235 

123 243 
TS244 
TS246 

TS247 
TS248 

TS 51 
TS253 

488 
488 
494 

498 
498 

503 
5L1,5 

1153 
1153 
1153 

1153 
1153 

1153 
1153 

3.52x1c-9  
3.52x109  
4.48x1C9  

5•26x10"9  
5.26xic-9  

6.44x109  
6.98x1:9  

C.47  
C. c7 
e.07 

c. L8 
i..e8 

C.07 
L.c8 

3.c2 
2..93 
2.07 

4.33 
4.21 

4.49 
4.51 
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Table 4.21- Sulphur Equilibration Studies in Ternary 
Ca.Na

2 
 C1.Si0

2 
 System having 

NNa
2
/NSill

2 
= 1.3 at 1373°K 

Slag 
Compo si-Number 
tion 

Cae 

Sample Cxygen potential in gas phase PSO 
(atm) 

wt.y. s 

Emf(mV) Temp(°K) pC
2(atm) 

L•c76 

0.1E0 

TS255 
TS 	, 250 
TS257 

TS
259 

TS , 
200  

T5262 
 

512 

512 
515 

520 
520  
522 

1063 

1063 
1063 

1063 

1063 
1063 

10 5.40x1 - 	• 

. -10 5 4ex1C: 
1C 6.16x10-  

7.66x10 1c" 
7.66x10-10  
8.36x10-1°  

0.086 

0.006 
0.080 

.076 
0.076 
0.082 

0.878 

L.899 
0.690 

0.391 
0.824 
0.793 



Table 4.22 Sulphur Equilibration Studies in Ternary 
CaO.Na

2
0.Si0

2 
System having 

NNa 0 iNSiO - 1.03 at 14 23°K
2 	2 

Slag 
Composi- 
{ion 
N Ca0 

Sample 
Number 

Oxygen potential in gas phase IDSO 
' 	2 
(atm) 

Wt.'/. 	S. 

Emf(mV) Temp.(°K) p02  (atm.) 

0.076 

0.150 

T S263 
TS264 
TS
265 

TS
266 

T8269  

TS270 
T3
27
,
1  

534 

534 

534 

534 

539 
539 

542 

1043 

1043 

1043 

1043 

1043 

1043 

1043 

7.16x1e10  

7.16x10"1°  

7.16x10-1°  

7.16x1010  

8.95x10-10  

8 . 9 5-dc- 1° 
10.2x10-1°  

0.080 

0.080 

0.090 
0.090 

0.090 

0.090 

0.084 

2.03 

1.96 

2.29 
2.28 

2.95 

2.93 

2.14 
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Table 4.23 Sulphur Equilibration Studies in Ternary 
CaO.Na 

2
0.SiO

2 
System having 

NNa 0/NSi0 	1.03 at 1473°K 
2 	2 

Slag 	Sample 
Composi-INumber 
tion 	I 

NCa0 

Oxygen potential in gas phase pS0 
(a.txn 

2 

Emf(mV) 	Temp(°K) 	p0
2
(atm 

wt. 7.s 

0.076 

0.150 

T5
272 

TS
273 

TS
274 

TS275 
TS277 

536 
538 
538 

642 
542 

1093 
1093 
1093 

1093 

1093 

4.06x109  
4.42x10-9  
4.42x10-9  

5.24x109  
5.24x1L-9  

0.086 
0.080  
0.080 

0.082 

- 0.486 
0.414 
0.401 

0..798 



Cxygen Potential in gas phase 

Emf(mV) Temp.(CK) pC
2
(atm) 

pa; 
, 2 
(atm 
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Table 4.24 Sulphur Equilibration Studies in Ternary 
CaO.Na

2
C.SiL

2 
System having 

N 	./N 	= 1.C3 at 1523°K Na LL 
2 	

SILL
2 

Wt. 7. so Slag 	Sample 
Composi-INuMber 
tion 	1 

NCaC  

TS
279 

TS28L  

TS 
2b 
, 
2 

TS
283 

TS
285 

TS
286 

562 

562 
562 

57. 

574 

574 

1063 
11,63 
1L-63 

1063 

1063 

1063 

4•8' x10: 

4.8Loc1C 

4.801x10' 99  

6.80x1C9  
8.10x10'9  

8.1Cx10"9  

C•C8C 

C.C8L  

0.074 

0.07c 
0.e82 

c.082 

1.11 

1.C4 
1.02 

I.40 
1.22 

1.24 



Table 4 	Sulphut Equilibration Studies in Ternary Ca 
Cad':-Na 

2
C.SiLl System having 

NNa C/NSiC = 1.C3 at 1573oK 
2 	2 

• Slag 
Composi- 
Lion 
NCAI 

r Sample 
Number 

Cxygen potential in gas phase pSC 
, 	2 
(  atm 

Wt.7.S 

Emf(mV) Temp(°K) 1A-2(atm) 

	

C.15C TS293 552 	103 	8.2x1079  
TS295 	556 	103 	9.5C,x1C-9  

k"8 2.85  
c86 2.43 

C. C86 2.58 

L4c8 	• 3.29 
C.C76 2.40 

u. C76 	TS r7 	542 281  
T 	545 S289 
TS 
2
,, 	545 

lo93 	24xic: 9 
103 	5.96x109  
1093 	5.96x10~9  



- 3  -5 2.81x10-3 4.034x10 
' 1.09x10-2 2.02x10 

4.086x10-5  3.955x10 
3  -5 9.55x10-2 6.856x10-5 1.09x10-3 6.975x10 _5  

6.85x10 6.919x10 

2.07x10-2
2   1.088x10- 4 

4 - 2.27x10 -2 0.985x10-4 2.27x10 0.996x10-  

-1 

,' 4.025x10  

16.917x10-5 
I 

1.023 x10-4 -3.99 

-4.40 

-4.16 

0.033 TS 
TS1  

2 TS4 
0.066 TS 

TS7 
TS10 10 

0.109 TS 
T 11 TS 12 TS13 

1.680 
2.700 
0.654 

0.911 
0.911 
1.100 

0.550 
0.604 
0.604 
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Table 4.26- Calculated Values of Sulphur Capacity of 
Ternary CaO-Na20-Si02  System having 
NNa 2 	SiO2 

0.26 at 1373°K 

Slag Nample p02 	pS 	CS 	lAv. C 	log Ay.Cs  
Composi-iNumber N101°) 	2 
tion  

NCaO 

0.173 TS15 TS 
TS16 

18 

0.728 1.37x10- 
0.728 1.37x10 
0.878 1.07x10 

2 	 4 2  1.276x10-4 2  1.261x10-4 1.304x10 
1.280x10 -4 -3.89 



5.30x10 
6.03x10-  
6.03x10-  

2 	-4 
2 1'538x10-4 
2 1566x10-4 1546x10

-4 -3.81 
1.534x10 

8.72x10_ 
8.72x10_ 
6.99x10 

6.33x10_ 

6.90x10 

2.55x10: 
2.55x10 

2 
-2 	-5 4'931x10-5 
2 4'839x10 	4.906x10 

 

4.948x10-5 ' 

2 	
-5 8'426x10 	-5 2 

8.179x10 
8.302x10 -4.08 

2 1.266x16-4 
2 
2 1'192x10

-4 
' 1 230x10-4  -3.91 -4  1.233x10 

-4.31 
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Table 4.27- Calculated 	values of Sulphur Capacity of 
ternary CaO-Na20-S102  System having 

NNa20/NSiO2
. 0.26 at 1423 °K 

Slag ;Sample 
Composi-iNumber 
tion 
Ca0 	I 

p02 
x101  

Cs  'log Av.Cs  

	

0.033 	TS19 TS 
TS20 21 

	

0.066 	TS23 TS24 

	

0.109 	TS25 
TS 
TS27 28 

0.173 TS, 
T O TS 31  31 TS32 

0.813 
0.818 
0.982 

1.08 
1.08 

1.08 

1.70 
1.70 

1.18 
1.18 
1.18 
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Table 4.28- Calculated Values of Sulphur Capacity of 
,Ternary Ca0-Na20-Si02  System having 
NNa _/NSiO = 0.26 at 1473 °K 2 

Av CS log Av C, Slag 
Composi-
tion 
NCa0 

Sample i po 	PS2 Number 1 2 1  kx101C  

0.033 	TS34 	6.04 
TS 	6.04 
TS35 36 	6.0'1  

1.62x1072 

1.76x10-2-2 1.76x10  
5.966x10-5 5.780x10-5 5891x10-5 -4.23 
5.928x10 

-5 

	

0.066 	TS 	6.92 	1.35x10 0.994x10-4
-4  

TS3840 	

-2 

	

6.92 	1.46x10-2 1.052x10 	1.023x10-4 -3.99 

	

0.109 	TS 	4.20 	3.35x10-2 1.624x10-4  -4 TS41 

	

5.48 	1.97x10-2 1.561x10-4 1.585x10-4 -3.80 3 TS444 	5.48 	1.97x10-2 1.569x10 

	

0.173 	TS 	7.82 	1.10x10-2 

	

1.962x10-4 -4 1.903x10 	-3.72  
TS48
47 	7.82 	1.10x10-2 1.845x10 



Table 4.29- Calculated Value of Sulphur Capacity 
of Ternary CaO-Na10-Si02  System having 
NNa20 /

NSiO2 
0.26 	at 1523 °K 

148 

Slag 	1 Sample PS
2 

	C Oomposi- 1 Number 	Po2 	S 
tion, 	i(x1010 NCa0 	 I 

Av. CS  !log Av Cs 

. 	I 

-4 

	

7.74 	6.28x10-2
2  6.994x10-4 

	

7.74 	6.28x10-2 7.094x10 	7.075x10-5 

9.64 3.68x10 7.138x10  
- 	4 

	

9.64 	3.68x10-2
2  1.283x10-4 7.09 7.49x10 1.187x10-4 1.203x10  

	

7.09 	7.49x10-2  1.138x10
_4

. 

7.09  4 7.09 6.81x10- 1.724x10-4 -2 

	

7.09 	6.81x10-2 1.796x10 	11.775x10-4 - 7.74 5.71x10 1.805x10 4  
-4 

	

7.74 	5.99x10-2 2.387x10-4 2.342x10-4 

	

7.74 	5.99x10 2 2.296x10 

0.033 	TS 
T 49 T3 5q 
TS 51  

	

0.066 	TS 
T 52 TS 55 
TS 56 

	

0.109 	TS 57 

TS 8  5  61 

	

0.173 	TS 
T 63 TS 64 

-4.15 

-3.92 

-3.75 

-3;63 



Table 4.30- Calculated values of Sulphur Capacity of 
Ternary CaO-Na00-Si0,)  System having 
N 	/NS1 .02 

= a.26 a% 1573°K Na20  

Slag 	Sample 
Composi-Number 
tion 
NCa0 

P02 	PS2 	C Log Cs  

(x1010) 

149 

0.033 TS65 TS 
TS67 68 

0.066 TS,-0 ( TS71  
TS72 

-2 	-5 

	

16.2 	8.84x10 
-Z 

 7.879x10..c, 

	

21.0 	4-55x10:`; 8.056x10_ 7.947x10-5  -4.10 

	

21.0 	4.55x10 7.906x10 
-':' 	-4 

	

27.2 	2.72x10 .1.328x10 

	

27.2 	3-L9x10: 1.320x10-4 1.318x10-4 -3-88 

	

27.2 	3.29x10 ' 1.305x10'4  

0.109 	TS 	18.3 	7.59x10_; .2.003x10-  2.034x10-4  -3.69 
- 

	

TS775 18.3 	7-59x10 2.065x10-' 

	

20.0 	6.64x10 2.725x10-4  

	

22.8 	5.11x10-  2.767-101 2.690x10 4  -3.57 

	

22.8 	5.11x10 4  2.577X10-  

0.173 7577 
TS 
TS79  
80 



Table 4.31. Calculated values. of Sulphur Capacity 
of Ternary CaO-Na9O-Si02  System having 4 
N 	/N . 	0.40 at 1373°K Nan° S102  

150 

Slag 	Sample 
Composi- Number 
tion 

CaO 

113'0 
 

(x101°) 

Ave C
s 	

Log i1/217C 
it  

 

C
s 

  

.....!••••••■•■•■■■•••■■ 

	

0.044 	TS81 

84 

	

0.087 	TS 
TS86  
87 

	

0.152 	TS00  
TS°g 
TS7̀' 
91 

2.69 9,05x10-4  
3.92 5.63x104  
3.92 5.63N10 4  

3.92 5.16:10-4  
4.30 4.29x106  

4.30 5.08x10-  
4.30 5.08x10-4! 
1.68 2.33x10--1)  

3:=1C0)1 
8.595x10 

1.697x10' 
1.782x10-' 

2.309x104  
2.263x104  
2.285x10' 

8.88 x10-5  -4.05 

1.739x10-4  -3.76 

2.286x10-4  -3.64 



Table 4•32 Calculated 
of Ternary 
N 	/N Na20 SiO, 

values of Sulphur Capacity 
Ca0-Na20-Si02 System having 

0.40 at 1423°K 

lsi 

p02  
(x1010) 

S, 

S  
5 

Av Cs log Av Cg  

4.64 
.64 
5.o8 

8.38 

5.70 
5.70 
7.54 
7.54 

	

4.43x10` 	1.037x10: 
3.43x1C?, 1.052x10 4  

1.025x10-' 

1.30x10" 
1.30x10--)  2.063x10-4  

	

2.58x10- 	2.529x10-4. 
2.58x10-,„ 2.599x10 
1.24x10% 2.604x10-7. 

	

1.24x10- 	2.550x10-9' 

1.038x10-4  

2.083x10-4  

2.570x10-4  

-3-98 

-3.60 

-3.59 

Slag 	Sample 
Composi7Number 
tion 
CaO 

-38  8 

5 

0.044 TS 

T
4

$
93  
S95  95 

0.087 T s,7  
TS98 

0.152 TS 
TS101  102 TS 
TS10,  
104 



0.152 TSTS 115 
116 

0.215 TS117 
Ts 19  ' 
120 

0.044 	
j° 

TS,,, 
TS'" 
TS107 108 

0.087 TST S110 
TS
111  
112 

Table 4.33 Calculated Values of Sulphur Capacity of 
Ternary Ca0-Na,0-Si02  System having 
NNa,0 = 0.40 at 14 73 0K 

4 

, ! 
Slag 	1Sample 
Composi- 
tion 
N Ca0 

Number 
po 2 
(x1010) 

. 
P 2  C s Av. Cs  Log Av Cs 

3.24 
3.90 4.06x10-  
3.90  4.06x10-  

4.49 2-93m10-  
7.82 9! 23-x10-   
7.82 9.23;d0-? 

3.41 '4.22N10-.2  
3.41 4.22x10-f=  

3.41 4.01x10 
3.92 3.03.1t10-"F„ 
3.92 3.03x10-'' 

1.217x10-4  
1.206x10-  
1.264x10-4  

.2.303x10-  
2.384x10-7, 
2.352x10-m" 

3.407x10-4  
3.362x10 4  

3.910x10 4  

6)71',((ig 4  - 2  (  ,4: 

1.229x10-4  - 3.91 

2.346x10-4  3.63 

34385x10-4  -3.47 

3.893x10-4  -3.41 



Table 4.34 Calculated Values of. Sulphur Capacity of 
Ternary CaO-Na

0'
0-Si02  SysteM having 

N 	/N 	= 0.40 	at 1523 0K Na20, 	e 	- 

Slag 

tion 
N Ca0 

Sample 
Number 

pc, 	

1 2 
r xi° % 

1 

Com posi- 
Ps 

2 
Cs Ay Cs 

r 
Log Ay C 1 	s 

1 

I 

153 

0.044 	
TS
T S1,21  
1nn  

TS " 123 
TS , 	7.91 
TS1'44 

	

 
12c 	9.06 
127TS 	9.47 

0.152 TSinn  10.4 

	

TSJI -(.71 	140e4 

	

TS4-1"" 	7.91 131 
TS 

 

TS135 
133 	9'47  9.47 

7.2x10-.2  
7.2%10-2, 
5.47x10 f. 

5.47x10".  
4.37x10-

.-  4.00x10 

3.81x10-?; 
3.81x10-"; 
5.14x10-  

4.39x10  
4.39x10-2  

1.563x10: 
1.493x10 
1.467x104  

2.646x16-4  
2.635x10:IL1* 
2.616x10 

3.916x10-4  
3-866x10-  
3.886x1C14  

4.568x10-4  
4.582x10 

1.508x10-4  

2.632x10-4  

3.889x10-4  

4.575x10-4 ' 

7.23 
7.23 
7.91 

0.087 

0.215 

-3.82 

-3.58 



1.738x1044  -3.76 32.2 
40.0 
40.0  

2,56x10_ 
1.81x10 
1.81x10- 

2.955x10-4 -3.53 

4.472x104  -3.35 

58.7 
76.0 
76.0 

1.66x102r; 
1.66x10 ` 

1..23x101 
1.23x10:fp  
1.13x10 

-3 
8.,05x10- - 

 
4.40x100'3  

1.763x10-4 -4 1.735x1C 
1.716x10' 

3.017x10-  
2.892x10-' 

4.514x10-  
4.441x10-7 
4.461x10 4  

5.277x10-44  5.191x10 5.285x10-4  -3.28 - 
5.388x10-4  

0.044 TS.I.x,
")  TS' 

TS137 138 

	

0.087 TS 	41,7 
TS14

1402 
	41.7 

	

0.152 TS 	45.4 
TS145 	45.4 
TS146 	49.5 148 

0.215 TSl 50 Ts  
TS151 152 

Table 4.35 Calculated Values of Sulphur Capacity of 
Ternary CaO-Na20-Si02  System having 

NNan° /N . 	= 0.40 at 1573°K S3.0, 

Slag 
Composi- 
tion 
N 

Sample 
Number 

p 02  

(x1010) 
Ca0  

PS, 2  

r .....-- 
Cs  Av Cs Log rev. CF  

154 



Table 4.36- Calculated Values of. Sulphur Capacity of 
Ternary CaO-Na20-Si02  system having 

NNa20 
/N  .80 = 0.52 at 1373°K 

2 

155 

         

      

C AvC 
 

2 t 	s 
	

S 

  

Slag 
Composition 

NCaO 

Sample 	laci  
Number 	2 

 

'J,o g FavC 

   

      

         

         

0.055 

0.108 

Ts153 
TS154 
TS 	, 15o 

TS158 
TS159 

• 

1.10 

1.27 
1. 68 

2.13 
2.70 

8.09x10-3  
4.49;:103  

2.22x10-3  

1°37x10-3  
1.09x10-3 

2.017x10-4  
1.917x10 4  

1.984x104  

4.036x104  

3.927x10-4 

1.973x10 

3•982x10- 

-3.70 

-3.40 



Table 4 37 Calculated Values of, Sulphur Capacity of 
Ternary Ca0.-NanO-Si00  System having 

NNa20Si02 
. 0.52 'at 14 23 OK 

156 

Slag Compos-i 
ition 
NCat) 

Sample 
Number 

p0  
2 

(x1010) 
I 

pS  C 
s 

Av Cs LogAvCs 

0.055 

0.108 

Ts163  
TS165 
Ts166 

TS168 
 

TS170 
TS
171 

2.24 
2.82 
2.82 

4.26 
5.12 
5.12 

1.67x10.2  2.131x1074  
7.71x103  2.199x1074  
7.,71x103'2.238x10-4  

389x103  4.798)(10-4  
3.48x10 3  4.756x10-4  
3.20x103  4.800x10'4 

2.189x10-4  

4.785x10"4  

-3.66 

-3.32 



Table 4.38 Calculatcd Values of Sulphur Capacity of 
Ternary Ca0...Na20-Si02  System having 
NNa 0 /N  .SIO2 

= 0.52 at 1473 01( 
2 

Slag Composi- 
tion 

N Ca0 

Sample 
Number 

p 
02 

(x1010) 

PS2 
Cs Av.0 s L 	-ogAvCs  

0.055 

0.108 

0.173 

TS173 
TS174 
TS176 

TS177 
TS179 

TS181 
TS182 
TS183 

4.10  
4.10  
4.86 

5.76  
5.76  

6.82  
6.82 
7.76  

3..51x10 2  

3!.51x10-2  
.2.73x10-2  

1.86x10-2  

2.20x10-  

1.l.6x10-2  
1.16x10-2  
1.07x102  

2.464x10 4  

2.389x104  

2.348x104  

5!684x10-4  

5.566x10- 

6.983x10 4̀  

6.886x104 

6 .867x10'4 
 

2.40x1074  

5.625x104  

.  
6.912x10"4  

-3.62 

-3.25 

-3.16 

157 



0.173  TS193 -  11.20 2.60x102  

11.20 2.60x10-2 TS
194 

TS195 11.20 3.14x102  

Table 4.39- Calculated Values. of Sulphur Capacity 
of Ternary CaO-Na20-Si00  system having 
N 	/NSiO2 

= 0.52 at 1523 	°K Na20 	- 

Slag 
bmposi- iNumber 
:ion 
NCa0 

Sample I p0 
2 

(x1010 ) 

Ps2
• cs Av.Cs Logiiv Cs  

	

0.055 	T S185 
TS186 

 

 

0.108  TS189 
TS
190 

TS
192 

8.71 4.29x10- 2  

8.71 4.29x10-  

9.47 3.82x10-2  

9.47 3.82x10-2  
9.89  3.84x13- 2 

3.206x10-4  
3.121x1C-4  

6•408x10-4  

6.314x1C-4  

6.307x10-4  

3.164)(10-4  -3.50 

6..343x10-4  -3.20 
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7.617x10-4  

7.555x10-4  

7.573x10-4  

7.582x10-4  -3.12 



Table 4.40-  Calculated 
o f Ternary 
N. Na20 SiO 

Values. of Sulphur Capacity 
Ca0- Na.  0- SiO System having 
= 0.5 	at21573 °K. 

159 

Slag 
Compo si-Numb 
tion 
g Ca0 

Sample 
er 

po  
2 

(x1010 

I 

C
s 

f 

Av. Cs Log Ziv C,  

	

0.055 	TS 
TS197 

109 1  TS  200 

	

0.108 	
T5201 
TS202 

205 

	

0.173 	
TS
TS 207 
TS2°8  209  

	

21.2  4.47)(10: 

	

21.2 	4.03x10_, 

	

21.2 	4.03x10 4  

	

24.0 	3•49x10: 

	

24.0 	3.49x10_ 
 1.20x10.-  

	

54.8 	8. loxisf 3  

	

54.8 	8.10x10-3, 

	

62.0 	7.37x10-' 

3.506x10-  
3.417x10 -4 
3.486x10-4 

7.316x10-  
7.211x10-7. 
7.190x10'1.  

9.048x10 
8.883x10-7, 
8.704x10-9.  

 

3.467x10-4 
 

-3.46 

 

7.254x10 -4 
 

-3.14 

8.878x10-4 	-3.05 



Table 4.41 Calculated Values of. Sulphur Capacity of 
Ternary CaO-Na20.Si02  System having 
NNa01NSi02= 0,84 at 1373°K 

Slag 
Composi- 
tion 
N Ca0 

Sample 
Number 

1)0  

.( xl010 
2  

C s Av. C s Log i\v.0
s 

0.064 T-211 S 	6.26 

TS
213 	6.26 

TS
214 	6.26 

1.60x10-4  

2.50x10 4  

2.50x10-4 

6.508x10 4  

6.361)(104  

6.504)(10-4 

6.458x10-4  -3.19 

160 



Table 4.42 Calculated Values. of Sulphur Capacity 
of Ternary Ca0-Na20-Si02  System having 

NNa 0/NSiO 2 	2 = 
0.84 at 1423 0K 

31ag Composi- 
tion 

Sample 
Number 

p0  
2 in  

ps C s Av C s Log iiv C s  

NC a0 (x10) 

0,064 

0.129 

TS215 
TS216 
TS217 

T5218 
TS219 
T5
220 

7.82 
7.82 

9.35 

9.35 
10.20 
10.20 

1.,26x10- 3  

1.26x103  
7!35x10-4  

1.05x10-3  
5.61x10-4 

5.61x104  

9.532x104  

9.,217x104  

9.271x104  

1.934x103  
2.266x103 

2•292x103 

9.34x104  

2.164x103 

-3.03 

-2.66 



Table 4.43 Calculated Values. of Sulphur Capacity 
of ternary CaO-Na20-Si02  System having 

NNa
2
0 
/N 
30

2 
 = 0.84 at 1/473°K 

N 
Ca0 

tion /  10 
kx10  ) 

2 

Slag  Sample  pc,  PS  Cs  Av Cs 
 

Log Av Cc  
Composi- Number  2  

0.064  TS
221 8.91  6.79x103  1.112x10-3  1.0x10-3  -3.00 

TS223 8.91  5.88x10-3  0-887x10-3  

0.129  TS
224  10.16 4■08x10-3  2.799x10-3  2.722x10-3 -2.57 

TS
225  11.15 3.53x10"3  2.692x103  

TS
226  11.5 3.53x10-3 2.675x10-3 

2.235  TS
229  21•. 0 1 06x10"3  4.603x103  4.568x103  -2.34 

IT
230  

21.0 1.06x10-3 4.532x10-3 

162 



Table 4.44 Calculated Values of Sulphur Capacity of 
Ternary Ca0-Na20-Si02  System having 
NNa20SiO2 

= 0.84 at 1523 °K 

Slag 
:omposi- 
don, 
q Ca0 

1 
1 

Sample 
Number 

1)0  
2 

-(x1010) 

C
s 

Av Cs Log Av C 

0.064 

0.129 

0.235 

TS231 
TS232 
TS233 

T3236 
T8237 
TS

238 

TS239 
TS

240 

34..2 
34.2 
34.2 

42.0 
42'0 
42.0 

54.0 
54.0  

2.78x10-3  
2.78x103  
2.132x10 )  

1 41x10-3  
2.04x103  
2.04x10-3  

1.12x10-3 

1.12x10-3 

1.287x10-3  
1.198x10-3  
1.123x10-3  

3.400x103  
3.358x10-3  
3.401x103  

5.270x10 3 

5.204x10-3 

1.203x10-3  

3.386x103  

5.237x10-3  

- 2.92 

-2.47 

-2.28 

163 
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Table 4.45 Calculated Values,  of Sulphur Capacity 
of Ternary CaO-NanO-Si02  System having 

NNa
2
0/NSi0 . 0.84 at 1573 01( 

Slag 	I-Sample 
Composi-Number 
tion1 

■ 
CaO 

i p0  
i 	-2 

(x1010  

PS 
2  

Cs Av Cs Log Ay Cs 

0.064 

0.129. 

0.235 

Ts243 
TS
244 

TS 
24o 

Ts247  

TS
248 

TS251 
TS253 

35.2 

35.2 

408 

52.6 

52.6 

64.4 

69.8 

1.24x102  

1.24x10-2  

7.66x10-3  

7.26x10-3  

7.26x10-3  

3.71x10-3  
4.12x103  

1.609x10-3  

1.561)10-3  

1.583x10-3  

3.686x10-3  

3.583x10-3  

5.916x10-3  
5.870x10-3  

1.584x10-3  

3.635)(10-3  

5.893x103  

-2-80 

-2.44 

-2.23 



Table 4.46 Calculated 
o f Ternary 
N 	/N Na20 S102 

Values of Sulphur Capacity 
CaO-Na 0-S102 System having 
= 1.03 at 1373 0Y 

165 

Slag 
Composi- 
Lion 

Sample 
Number 

130  
2 

(x1010 ) 

 p s 2 
Ay C s 	

T Log iiv Cs 

2.48x104  
5.40 2.48x104  
6.16 1.65x164, 

7.66 9.64x105  
7.66 9.64x10' 
8.36 9.42x10-5  

1.296x1073 1.319x103 -2.88 
1.327x10-3 

1.333x10 3  

2.512x10-3 2.399x103  -2.62 
2.323x10-3  
2.362x1C3 

0.076 TS255 
TS 25o 
TS

257 

0.150 	TS259 
TS260 
TS262 



Table 4.47 Calculated Values of Sulphur Capacity of 
Ternary CaO-Na00,Si02  System having 
NNa20

/NSi02 = 1.03 at 1423 01( 

Slag 
Composi- 
tion 	. 
Ca0 N 

Sample 
Number 

p0 
2 

/ 	10 (xlc 	1 

T 
Ps 2 

CS Av C5 
. 

Log 4IW Cs 
• 

0.076 

107;150 

TS263  

TS264 
TS265 
TS266 

7.16 
7.16 
7.16 
7.16 

8.95 
8.95 
10.20 

1.14:c10-3  
1.14x10-! 
1.44x10"")  

1.44x10-3  

1.609x10-3  1.583x10
1.569x10-3  
1.544x10 3  
1.608x10-3 

3  . -2.80 

■••••••••••• 

2.906x10'73 2.814x10
2.788x10-3  
2.749x10-3 

5  -2.55 ib
269 

TS270 
TS271 

9.22xio-4  

9.22x10-4  

6.18x10-4  
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Table 4.48 Calculated values of Sulphur Capacity 
of Ternary CaO-Na 00-5i00  System having 
N 	. SIO2 

= 1.03 at ` 1473 °K Na
2
0 

 

Slag 
Composi- 
Lion 
N Ca0 

Sample 
Number . 

p0 ps  
2 

I 	10 
ucl0 	) 

C
s 

iTiv.0
s 

Log Av. C 

0.076 T3272 40.6 3.27x10-4  1.712x1073  1.739x10-3  -2.76 

• 
T5

273 44.2 2.39x10-4  1.7803(103  

TS274 44.2 2.39x10'4  1.724x10-3  

0.150 TS275 52.4 1.78x10"4  4.330x10-3 4.273x10
-3 
 -2.37 

TS277 52.4 2.44x10-4  4.217x103 
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Table 4.49 Calculated Values of Sulphur Capacity 
of Ternary CaO-Na20-Si02  system having 

N Na20S102 = 1.03 	at 1523 0K 

Slaa 
Composi- 
tion 

Sample 
Number 

po,  
2 

(x1010) 

Cs ,iv Cs Log 4W C 
 

0.076 TS279 

5280 
TS, e82 

• 43 
T.5285 
T5286 

48.0 
48.0 
48.0 

- 2.048x10 3  

1.919x10 3 

2.032x10-3 

2.000x10-:)  -2.70 

-687:01. 	559jue4-74;9/5xI0 	3  4.- 888 x10-3  
5.22x10'4  4.806x10'3  

81.0  5!.22*19-4  4„..885x16"3 



Table 4.50 Calculated 
of Ternary 
NNa20/NSiO 

Values of Sulphur Capacity 
CaO-Na20-Si02 System having 

1.03 	at 1573 01( 

Slag 
:omposition 
N CaC 

Sample
Number 

P 02 

(x1C10) 

P
S2 

Cs liv Cs Log ilv Cs 

0.076 

0.150 

TS
287 

TS, 
F1(9 

TS290  

S 2-93   

TS295 

52.4 
59.6 

59.6 

80.2 
95..0 

7. 32x1073  

6! 53x10- 3  _ 

6. 53x10- 3  

3.12x10"' 3  

2.01x103  

2.411x10- 3  

2 . 322x1073  

2.465x10- 3  

5.275x10' 3  

5.218x103 

2.399x10- 3  

5.247x10` 3  

- 2.62 

-.2,28 



in table 5.2• 
ratios 0.26, 0.52 and 1.03 at above stated temperat 

5.1 SUMMARY 

Sulphur capacities of 

ratios, 0.26 ;  0.40, 0. 
1373, 1473 and 1573 K 
for terna la 

binary soda-silica 
slags having molar 

52, 0.84 
and 1.03 at temperatures 

are presented in table 5.1 whereas, those 

slags having Na20/Si02  mole! 

ures are 

1 

CHAPTER -5 

SUMMARY AND CONCLUSIONS 

In this chapter the experimental 

of soda base binary and ternary 

summarised and concluded. 

results on sulphur capacity 

slag systems have been 

5.2 CONCLUSIONS 

On the basis of the analysis 

conclusions drawn for binary 

enumerated as follows. 

of the present data, the 

and ternary slag systems are 

5.2.1 Binary Soda-Silica Slag 
( ) 	

Logarithm of sulphur capacity varied linearly with 
NNa

2 	4 0/NSiO, ratio at all temperatures of investigation. A 
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relationship between  log CS  and  molar ratio  ofNa2(3/Si°- at 
1473 is expressed as, 

log Cs  = -1.314(N 4  /N 	) 	4894 Na0 SiO„ 

value of d(log 	 11Na OINSIO Cs)/d( 	) is practically identical, - 2 	2 
hclwever, log Cs  increases with temperature. 

(ii) Variation of logarithmic sulphur capacity with 

reciprocal of absolute temperature is linear and is expressed 

in the following form, 

log Cs  = 3647'06  + 1.776 	••• (E*2) 

at NNa20/NSi02 = 0.5. Plots for all molar ratio are parallel. 

(iii) Sulphur capacity of soda-silica system lies in between 

those of CaO- SiO and CaO-CaP 

5.2.2 Ternary Lime-Soda-Silica System 

(i) With lime additions there is sharp initial increase 

in sulphur capacity which is less pronounced afterwards upto 

around 25 mole per cent of lime. 

(ii) At constant lime concentrations, sulphur capacity 

increased with N 	ratio. Na
20' SiO, 

(iii) At constant silica leval.s, sulphur capacity decreased 

with decreased lime concentrations. 

(iv) Iso-sulphur ca?acity contours showed higher logarithmic 
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sulphur capacity values away from silica end. 

(v) Empirical equivalence between lime and soda has been 

established. A representative relationship at 1573 between 

log C and mole fractions of lime, soda and silica, is found 

to be as, 

0.715N 
	N22. log Cs  

1.163 Ncao 4.493NSiO., )  

''SiO2 
	 (r.3) 

(vi) Temperature has been found to cause a significant 

positive effect on sulphur capacities. 



Table 5.1- Sulphur Capacity of Binary Soda-Silica 
Slags 

Temperature 

r 	0.26 

Sulphur Capacity x 105  
 molar ratio 

0.40 0.52 0.84 1.03 

1373 K - 2.620 4 • 275 10.22 17.76 

1473 K 2.809 4-464 5.782 16.22 25.67  

1573 K 3.894 5.507 7.767 22-9, 37.18 

173 



Table 5.2 Sulphur Capacity of Ternary 
Lime-Soda Silica Slags 

Sulphur Capacity x 10 5 

174 

 

■••••11}....■- 	  

 

  

Slag Composition 
Temper- 
ature 

;
Na20/Si02 = 0.26 Na20/Si02= 0.521 	Na20/Si02=1.03 

N Ca0 
0.0F5  o. 1°8 olazaLsIta76., 	i 	. 

1373K 3.981 6.918 10.23 12.88 19.5 39.81 - 131.8 240.c 

1473 5.888 10.23 15.85 19.05 24.0 56.23 69.18 173.8 426.6 

1573 7.943 13.18 20.42 26-92 34.67 72.44 89.13 239.9 524.8 

Ca0 NC a0 
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SUGGESTIONS FOR FUTURE RESEARCH PROGRAMMES 

1. 	Experimental studies may be carried out to determine 

sulphur capacity of soda-alumina, soda-sillimanite systems 

also, as alumina is an important constituent of slags. 

2• 	Other alkali based systems e.g. potassium oxide 

lithium oxide in combinations with silica and alumina could 

be the subject of interest in the field of desulphurisation 

as they are likely to perform better in refining owing to 

their lower enthalpy values for silicate formation, lower 

activation energy requirements for ionic conduction and 

lower ion oxygen attraction in comparison to other basic 

oxides. 
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