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(. ' A Study of the Theriaoilyiiamics of t iW A lu m ln V s il.ic a  slaga

containing*: Calcium Sulphide.

The primary object of thiss investigation was to study the 

solubility anil tiiermodynamic properties of calciiau sulphide in lime/ 

alumina/silica slags and so obtain data relevant to the desulphurisati 

reaction in the blast furnace. In addition it was hoped that those da 

could bo used to give valuable information on the activity o:f lime in 

the system.

Experimentally, the problem was studied from the gas/slag 

reaction;

GaO + iSg = CaS + iOg ...............  (l)

A gas mixture of CO, CO^ and SO^ was used to supply a sulphurising 

potential to lime/alumina and lime/alumina/silica slags at 1,550̂ *0. 

These slags were contained in platinum crucibles and could be quenchetJ 

out of the hot gone of the furnace to prevent sulphur loss on cooling* 

Sulphur analysis of the slags after they had come to equilibrium with 

the gas mixture enabled a correlation between slag sulphur content aih 

gas sulphurising potential to be obtained. By plotting the results or 

a grapdi of slag sulphur percentage against sulphurising potential, tht 

point at which the slag became saturated with calcium sulphide could 

be recognised. At this point, the sulphur content of the slag increru 

considerably for only a slight increase in gas sulphurising potential,

In /  /
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Ill this way, the slag sulphur coûtent, corresponding to calcium 

sulphide saturation was obtained for à range of slags and those result 

have been discussod. Furthermore, from equation (l);«

d  CaO "* where A == = sulphurising potential.
K.A. pOp

However at calcium sulphide saturation ra 1 ami since the value

of the equilibrium constant is known, lime activity values at calcium 

sulphide saturation can be calculated, These results are also discus 

It has been shown, that for the calcium sulphide contents being consid 

the lime activity of the slag is likely to remain substantially consta 

but indications are that for highly basic slags, is not constant.

Lime activity results of other workers have been recalculated using 

values obtained in this investigation for lime/alumina slags and good 

agreement with tlie present results is noted.

The scope of the investigation has been rather restricted becans 

the lime activity data on the basis of which the woric was pianned has 

been shown to be unreliable. It was observed that as the lime conten 

of the slags moved away from lime saturation, the liisie activity decrea 

more rapidly than available data indicated. As a result, the sulphur 

ising potential available from the gas mixture used here was insufflai 

to saturate, with calcium sulphide, the wide range of slags planned in 

the first instance.
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I. INTitODUOTION.

During the past twenty years tJiere has been a steadily growing 

interest in the themodynamics of high temperature reactions* This 

interest has developed from the realisation that the fundamental 

laws of physical chemistry can be applied, with some success, to the 

complex reactions of iroiMiiaking and as the industry becomes more 

securely based scientifically, the full potential of the process may 

be used more effectively and will depend less on the decisions of 

long service craftsmen.

The obvious way of obtaining infoimiation on the the m o  dynamics 

of these reactions was through a study of the molten slags used in 

tile modern blast furnace; and since the sulphur and silicon reactions 

wore of greatest interest to tiAO practical ironmakcr, it followed that 

the removal of sulphur by lime alumina silica slags should receive 

close attention* From the point of view of suXpliur removal, the 

blast furnace is more efficient than the open hearth furnace because 

the high carbon content of blast furnace iron increases the sulphur 

activity coefficient and this in turn means that the task of removing 

the sulphur as calcium sulphide dissolved in the blast furnace slag, 

is more readily accomplished. Thus, tlïe industrialist would like 

maximum aulpiuir removal in the blast furnace to reduce, as far as 

possible/
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possible the metallurgical load on the steelmakimg furnace. To this 

end, therefore, it is useful to know the extent to which equilibrium 

is achieved in the blast furnace as only this will indicate whether 

or not, thermodynamically, the full potential of the reaction is being 

utilised.

Slag/metal investigations of the desiilphurisation by lime- 

alimiina-Bilica slags have yielded valuable information on the relative 

desulphurising ability of various slag compositions. The moat 

commmnly accepted mechanism of the desulphurieation reaction is;**

[Fes] = (FeS) ......................  (l)
(FeS) + (CaO) = (CaS) + (FoO) .......  (2)
C + FeO = Fe + Co .................  (3)

From the point of view of the subsequent discussion, however, 

it will be more convenient to consider the simpler, though equally 

valid equation2-

CaO + S = CaS t- 0   (k)

This reaction was studied from the point of view of desulphurization 

in the steel furnace, notably by Grant and Ghipman (l), but little 

progress was made because of the complexity of the reaction constituents, 

A major difficulty in this type of reaction was slag attack on the 

crucible/
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crucible (usually alumina or magnesia) which immediately led to 

complications in interpretation of the results because of the 

resultant alteration in slag composition. For a satisfactory 

interpretation of the results obtained from this type of reaction a 

knowledge of the thermodynamic properties of all four constituents 

of reaction (4) above ims necessary and since little or no data were 

available any conclusions which could be drawn were, of necessity, 

somewhat restricted.

Iron making reactions could, however, be studied a good deal 

more readily because a graphite crucible could be used along Y/ith 
high carbon iron, thereby eliminating the problem of crucible reaction 

and also fixing the oxygon potential of the system and simplifying 
interpretation of the results. Additionally, the lim0-*alumiim- 
silica slag used in the blast furnace is considerably less complex 

than the typical steelraaking slag. For these reasons, therefore, 

the study of the desulphurising reaction by an iron-making reaction 

has certain attractionsé One of the major experimental difficulties 

here, however, is the very slow approach to equilibrium* Hatch 

and Chipman (2) studied the sulphur distribution ratios between metal 

and slag of blast furnace composition and in an effort to overcome this 
difficulty tiiey used a stirring device* They concluded, however, that 

stirring had little effect on the rate of attainment of equilibrium.
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Ai the time of this investigation no data were available on 

the effect of carbon on the activity coefficient of sulphur and although 

the oaygen potential of the system had been fixed, thermodynamic data 

for sulphur dissolved in the metal and for lime and calcium sulphide 

were still not available* These authors, therefore, restricted 

interpretation of their results to the relative desulphurising 

capabilities of various slag compositions.

Subsequently, the effect of carbon, silicon and phosphorus on 

the activity coefficient of sulphur dissolved in high carbon iron was 

investigated by several Y/orkers and the results were summarised by 

Sherman and Chipman (3)* Taylor and Stobo (4) used this information

in their investigation of sulphur partition between blast furnace metal

and slag. This investigation was similar to that of Hatch and 

Chipman. As a result of the increased thermodynamic data available 

at this time, these authors were able to calculate sulphur activities 

in the metal corresponding to sulphur percentages in the slag. Again, 

however, full interpretation of the results was restricted by lack of 

thermodynamic data on lime and calcium sulphide. , Also, it was 

estimated from this work that the percentage sulphur corresponding to 

calcium sulphide saturation was about 4.0^, for a slag of blast furnace

composition. This value was in good agreement with that reported by

Filer and Darken (3) and was less than half the value suggested by 
McCaffery/
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McCaffery and Oesterle (6) who obtained calcium sulphide solubility 

levels of the order of 10 - 12Ĵ  S for blast furnace slags at 1,550®C* 

These latter authors did, however, conclude that the calcium sulphide 

solubility level tends to increase as the mole fraction of alumina 

increases and it will be shown that, in the present investigation a 

similar effect was noted. Although Hatch mid Chipman did not report 

calcium sulphide saturation levels for the slags investigated, their 

data were later used by Eosemqvist (?) who estimated that imit calciiua 

sulphide activity corresponded to lOjS Sulphur in the slag. This 

calculation was based on lime activity values derived from the 

equilibrium diagram of the system CaO - SiOg given by Darken (s). When 

more recent data on lime activities, now available, are used the value 

of 10/S obtained originally is reduced to about and is more in line 

with the results of Filer and Darken and Taylor and Stobo.

It is clear from the work summarised above that as themodynamic 

data have become available they lieve been used to aid interpretation 

of the experimental results and to make deductions which are less 

empirical and of more absolute value. Much of tlie information, 

however, concerns the metal and the constituents dissolved therein 

v/liereas the data available on the thermodynamic properties of the 

components of the slag is somexdiat limited, particularly with reference 

to lime end calcium sulphide.
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More recently, however, several workers have published the results 

of investigations designed to obtain information on lime activities 

in blast furnace slags containing sulphur and some of this work v/ill 

now be considered#

Certain authors, notably Carter and Macfarlane (9) and Bell and 

Kalymiram (lO) have studied the desulphurising properties of slags 

from the gas/slag reaction;

CaO + *|S2 “ CaS + f|Og .... (5)

by subjecting lime-alumina-silioa slags to a sulphurising gas atmosphere. 

This method has certain iBiportant advantages v/hen compared with the 

slag-raetai studies mentioned earlier. îflrstly, elimination of a 

metal phase permits the use of metal containers and ihei’e is no possibility 

of alteration in slag composition as a result of crucible attack. Also, 

aesuming that the thermodynamic properties of the gas phase are known, 

the relevant partial pressures which can be calculated may be equated 

to activities since it can be reasonably assumed that the gases will 

behave ideally at the high temperature and low pressure of the experiment. 

Since this technique was first suggested, it has proved to be a very 

prolific source of data on the theriuodynamic properties of the 

constituents of molten slagsé

Before considering some of the results obtained from slag/gas

equilibria it should be mentioned that the transfer of sulphur from a 
suitable/
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suitable gas phase to a lime containing elag may he represented 

apart from equation (3) by the equation;

CaO + i-Sa + Vaoa = ca s %  .....  (6)

It is clear that, whether or not the reaction will proceed according 
to equation (3) or (6) depends on the oxygen potential of the system 
and Fiîicham and Richardson (ll) have shown that when pOp/ClO™^ atm, 

sulphur transfer takes place entirely by sulphide formation* The 

oxygen pressures used in all the work discussed here were always 

considerably less than 10  ̂atm and consequently only reaction (3) 

need be considered*

The free energy change for reaction (3) can be determined from 
the data of Eosenqvist (?) for the reaction:

CaO(s) *j. II2S « OaB(s) 4. %0 (7)
along with the free energies of formation of and IÎ2B to give the 
value of;

G = 23,020 - 1,25T

as the free energy change for reaction (3)# The data obtained by 

Eosenqvist for reaction (?) have recently been confirmed by Fiiipouska 
(12) ami can be considered to be very reliable.

It will be noted, from reaction (3) that a study of this reaction 
should yield, directly, valuable information on the activity of lime.
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This, however, presupposes a Imowledgo of the thermedyBamics of 

calcium sulphide in slag solution. To date, adequate information 

on the activity coefficient of calcium sulphide has not been 

available, and although certain workers have,managed to circumvent 
this problem their calculations have of necessity involved certain 

assumptions concerning the behaviour of the activity coefficient of 

calcium sulphide. Thus the lime activity values obtained, while of 

considerable significance, have not been entirely satisfactory. It 

is clear therefore, that a knowledge of the activity coefficient of 
calcium sulphide is important, not simply from the point of view of 
calculation of calcimi sulphide activities but also for accurate 

estimation of lime activities.

Carter ami Macfarlane and Beil and Kalyanram investigated 
sulphm" pick-up by 1ime-alumina-si1ica slags at sulphur levels 

considerably below the calcium sulphide saturation value, and these 

authors used these data to calculate lime activities in the melt, 

making certain assumptions with regard to the activity coefficient 

of calciuîïi sulphide. They compared the results obtained for the 

individual slags, with the sulphur pick-up of a standard slag of unit 
lime activity, assuming thatVcaS did not vary significantly through

out the slag range investigated, and lime activities were calculated 

on this basis.
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This assumption, while only approximate was the best that could 

be made in the absence of any more reliable information. The work 

of these authors will be discussed in Mm re detail in a later chapter.

Fincham and Richardson (ll) have carried out a similar type 

of investigation using a wide range of slag compositions and have 

compared the desulphurising power of the slags through the function 

referred to as the sulphide capacity, where;

Again, these authors have made valuable comparisons without being 
able to calculate true activity values and on this basis have been 

able to come to some relevant conclusions regarding the most suitable 

conditions for efficient desulplnirisation.

More recently, Ghipman (l3) and Kay and Taylor (l4) have 

carried out a fairly coBiplete survey of silica activities in the 

1 ime-alurnina-silica system. From these silica activity measurements 

by a Gibbs—Duham type calculation these authors have been able to 
obtain lime activity values. The actual values allotted to the 

iso-activity limes of Kay and Taylor, depending as they do on the lime 
activity values obtained by Carter and Macfarlane in the lime-alumina> 
binary, aro open to doubt but the actual shape of the contours is luucia 

more reliable.
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Although various data have lately become available oat the 

thermodymamic properties of lime in lime-aluînina-silica slags, 

it is clear that uone of it ie absolutely reliable and further 

clarification will be necessary. With regard to the thermodynamics 

of calcium sulphide, the data are almost non existent; almost all 
the work reported on the desulphurising ability of slags has been 
of a comparative nature, and in the absence of coaiplete data on the 

themodynamic properties of calcium sulphide it will remain so.
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INTRODUCTION.

The experimental methods available for the determination of 

calciwi sulphide solubility levels, may be considered under two 

headings;

(1) Techniques involving physical measurements.

(2) Techniques involving a stiidy of the thermodynamics of lime-

alumina-silica slags containing sulphur.

Although many of the investigations carried out to date have 

involved a thermodynamic study of slag systems containing sulphur, 

some workers have successfully used a physical technique and the 
results of some recent Russian publications will be mentioned.

Panov and Hudneva (I3) undertook a pétrographie examination of 
slag samples in the lime—silica system to lAieh progressively increasing 

amounts of sulphur had been added up to 23/G calcium sulphide* Lime 

to silica ratios of 0.8 to 1.3 were studied and the slags quenched in 

water from various temperatures. They reported that at 1,430^0, free 

calcium sulphide appeared in slags of lime-silica ratios between 0.8 
and 1,0 v/hen more than 6^ calcimu sulphide was present. (This corresponds 

to a sulphur content of approximately 3^)* When the lime-silica ratio 

was between 1.23 and I.30 free calcium sulphide did not appear until the 
slag/
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slag coïàtaiBed more than 7*Û/§ calcium sulphide, i.e. the saturation 

level of the slags increased as the slag basicity increased, (This 

is contrary to the findings of Bharma and Richardson (l6) ) ,

The uncertainty in this type of investigation lies in the ability 

to distinguish the calcimi sulphide crystals when they emerge from the 

matrix as a free phase, because, optically calcium sulphide is little 

different from the backgrousid slag. IWtherjiiore, super saturation 

readily occurs in calcium silicate systems and this may delay precipitation. 
It is, however, an interesting technique and if carefully interpreted, 

valuable results may be rapidly obtained.

The work described above, is to some extent complementary to the 

work of Panov, Kulikov and Tsylev (l?) who studied the viscosity of 

lime-silica-calcitaa sulphide slags in an endeavour to gain some 

information relevant to the effect of calcium sulphide on the viscosity 

of blast furnace slags.

Slags of different lime-silica ratio were studied and the variation 
of viscosity with increasing calcium sulphide contents v/as noted. It 

was observed that initial additions of calcium sulphide lowered the 

viscosity until a minimmi value was reached and thereafter the slag 

viscosity increased. This increase in viscosity was attributed to the 

formation/



13-

formation of caloium sulphide as a free phase ami therefore the 

minimum point in the vlsoosity/calcium sulphide content, curve, 

represents the calcium sulphide saturation level for the slag under 

consideration.

In some coses this minimum value was very indefinite. Indeed, 

a pronounced minimum was only obtained at the lowest temperature of 

the experiment (l,400*^c) and in these cases, supplementary experiments 

showed the presence of pseudov/o 11 as ionite on both sides of the curve,

This makes concise interpretation of the results rathei* difficult.

More reliable information can therefore be obtained from the curves 

drawn from the data for higher temperatures but here, the minimum point 

is much less distinct.

Again, as in the previous paper, it was noted that the calcium 

sulphide saturation level increased with increasing slag basicity.

The calcium sulphide saturation values also seem to agree fairly well 

with the saturation values observed from the pétrographie examination.

Both these physical methods are extremely useful techniques and 

will yield results much more rapidly than will a thermodynamic investigation, 

however, apart from the limitations already mentioned they suffer from 

the disadvantage that they indicate only the calcium sulphide saturation 

level for the slags under investigation, and give no data on the 

The iviodynami c/
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thermodynamic properties of calcium sulphide when sulphur is 

absorbed below the saturation level. Since it was the purpose 

of this investigation to determine calcium sulphide solubility 

limits for a range of slags and also to obtain information on the 

behaviour of the activity coefficient of calcium sulphide below 

saturation none of the physical techniques just described was 

considered suitable. Information of this nature can only be 

obtained from a careful thermodynamic study of the slag in question 

by a suitable reaction, and this was adopted as the most satisfactory 

experimental approach.

This type of investigation involves observing when the activity 

of ccilciiuii sulphide, dissolved in the slag, becomes constant and 

equal to vuiity. Before this point is reached, the slag has absorbed 

varying amoiuits of sulphur end the complete scries of results supplies 

information on the thermodynamic properties of calcium sulphide below 

saturation as well as a fairly clear indication of the/sulphur content 

corresponding to calcium sulphide saturation. There remained the task 

of deciding whether a slag/metal or a slag/gas reaction would be more 

suitable.

It has been mentioned that previous workers were able to obtain 

calciiu7i sulphide saturation livaits from a study of slag/metal reactions 

although the achievement of equilibrium was doubtful; also, slag/gas 

reactions/
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reactions, previously studied, had in the main, concerned sulphur 

contents considerably below calcium sulphide saturation. Furthermore, 

for the slag/gas reactions it was realised that, wi th fairly acid slags 

of high silica activity the possibility of silica reduction by carbon 

monoxide and the subsequent attack of the platinum crucibles could not 

be excluded.

There was, therefore, some uncertainty about the wisdom of 

proceeding witli a gas-slag investigation and when the work was initiated 

it was suggested that a series of slag/metal reactions should be carried 

out. For reasons which will be made clear later, the slag/metal study 

failed to yield results which could bo considered reliable and v/hen, 

ultimately, a slag/gas investigation was initiated the results obtained 

therefrom were much more useful. Both series of experiments will nov/ 

be described but because of the relative lack of success in the slag/ 

metal investigation this method will be described only briefly.
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2. BMG-METAL INVESTIGATIONS.

These reactions were carried out by melting carbon saturated 

iron, containing sulphur, and a liiue-alumina-silica slag of approximately 

blast furnace composition (i.e. kOfo lime, 20jS alumina and 40^ Silica) 

in a graphite crucible of 1-̂ " internal diameter. This crucible was 

contained in a mullite tube which could be heated evenly to 1,300^C 

over a distance of three inches in a platinum wound resistance furnace.

The crucible was supported in the hot zone of this vertical furnace by 

refractory stools, the furnace tube being sealed at the tup and bottom 

by rubber bungs with an internal atmosphere at high temperature, of 

CO and nitrogen resulting from the air, initially trapped within the 

tube. The topmost rubber bung contained an observation window through 

which the progress of the reaction could be noted. A mullite theruio- 

couple sheath passed through the lower bung and the sheath passed up 

through the refractory stools to touch the bottom of the crucible. In 

this way an accurate temperature measurement could be obtained from the 

Platiiium-Platinum/l3/^ Rhodium thermocouple inserted in the sheath.

Also, an outlet tube from the lower bung through a mercury seal, prevented 

any pressure build-up within the furnace. No stirring device was 

incorporated in the exjjGi*iiueutal set up.

'Bie/
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The crucible was charged with 50 gms of metal, containing up to 

lO^S and 100 gms of slag, and inserted into the reaction tube which 

was then sealed and brought up to temperature. For about five hours 

the melt was allowed to remain undisturbed and sulphur was transferred 

from the metal to the slag according to the mechanism of reactions 

(l), (2) and (3) below;

[PeS] = (PeS) ..............  (1)
(PeS) + (CaO) = (CaS) + (PeO) ..... (2)

C + (PeO) = Fe + CO............. (3)
Thereafter, metal samples were drawn off every two hours and analysed

for sulphur by the usual method of combustion by oxygen* These metal

sajnples were obtained by drawing a small quantity of metal into a narrow

bore silica tube using a rubber aspirator* The samples so obtained were

then quickly quenched in a large volume of water*

When two consecutive samples indicated a constant sulphur content, 

it was considered that equilibrium had been achieved and a slag sample 

was removed by dipping a diameter brass rod into the slag layer and

then quenching the rod into a large volume of water* This slag sam%)le 

was also analysed fox’ sulphur*

By repeating this procedure with au increased percentage sulphur 

in the metal it was possible to obtain equilibrium values of sulphur 

content of the metal witls a corresponding value for sulphur in the slag.
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When the slag was saturated with calcium sulphide, the sulphur content 

of the metal at equilibrium remained constant but the sulphur content 

of the slag increased considerably and in this way, the saturation level 

could be recognised.

A series of experiments of this nature v/as carried out but it could 

never be definitely considered that equilibriiun had been achieved* 

Initially, the sulphur content of the metal decreased rapidly and it 

appeared as though equilibrium would be readily obtained. However, 

consecutive samples, drav/n off after 10 or 12 hours still showed a very 

slight decrease in the sulphur content of the metal and it was concluded 

that silica reduction was taking place. On several occasions, the 

crucible was maintained at temperature for twenty four hours but it vms 

noted that sulphur transfer from the metal to the slag was still taking 

place. Fiu’ther, it vms observed that, as the sulphur content of the 

slag increased, so the viscosity increased ami this alone would tend 

to slow down the rate of sulphur transfer across the slag—luetal interface.

Experiments in which both slag and metal initially contained 

sulphur were no more successful although, theoretically, equilibrium 

ought to have been attained more rapidly. Some consideration was given 

at tiiis stage to the idea of Incorporating a stirring device in the 

system. This was rejected, however, because it had been noted by 

other/
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other workers (Hatch and Chipnmn) that the silica reduction reaction, 

which was preventing the attainment oi equilibrium, was largely 

unaffected by stirring* In addition a device of this nature would 

remove the main advantage of the slag/metal technique which was 

experimental simplicity*

In view of these considerations, therefore, a series of slag/gas 

investigations was initiated using a slag of fairly high lime activity 

to minimise the possibility of crucible attack duo to silica reduction. 

As will be seen, these experiments proved to be much more successful 

and a detailed description of the method follows.
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3. SIcAO-GAS EXFEaiMM'fSt

Basically the experimental procedure here, involved subjecting 

a number of slags to a gas mixture of a known sulphurising potential 

at l,3i?0̂ C, ami allowing these slags to come to equilibrium with the 

gas atmosphere * I t will be most convenient to describe the apparatus 

involved, the method of slag preparation and the experimental technique 

ill separate sections. % e  apparatus used to control and analyse 

the gas mixture is shown in figs. 1 and 2.

Choice of gas mixture,

A gas mixture of sulphur dioxide, carbon dioxide and carbon 

monoxide was used throughout for the gas/slag experiments. This gas 

mixture was chosen because considerable experience had been gained by 

other workers in the department investigating similar reactions and the 

technique had been fairly well established over a period of several 

years. In addition, the lime activity data available v/hen the work 

was begun (Eay and Taylor (l4), Garter and Macfarlane (9) and Chxpman (l3)) 

indicated that this type of gas mixture would give sufficient sulphur

ising potential to enable a fairly wide range of lime-alimiina-silica 

slags to be investigated, When tiiose factors were considered it seemed 

that this was the most reasonable technique to adopt. It was realised 

that, with increasing silica activity, as more acid slags were investigated 

the highly reducing conditions necessary to obtain a high sulphurising 

potential/
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potential would result ia siliea reduction and the consequent attack 

OB the platinum crucibles, This was considered to be the limiting 

factor from the experiiBesital point of view but available lime and 

silica activity data indicated a wide field for investigation before 
crucible attack became significant.

As will be seen, however, it was found that the lime activity, 

as the slag composition moved away from lime saturation, decreased 

much more rapidly than available data indicated. This meant that the 

sulphurising potential available from the gas mixture of SO^, COg and 

CO (see appendix) was insufficient to saturate, with calcium sulphide, 
the range of slags which it had been hoped to investigate. The only 

alternative was to use a gas mixture %vith a higher sulphurising 

potential, the obvious choice being one of hydrogen sulphide, hydrogen 

and carbon dioxide. Plane were made accordingly to change over to 

use this new gas mixture mud complete the study of the ternary slags. 

For reasons which will be made clear later, it became necessary to 

restudy the lime-alumina binary system and the plans for using the 
new gas mixture had to be postponed.

Gas/
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Gas F reparati on,

All three gases (Si^ COg and CO) were obtained from cylinders. 

The gas flow was metered by capillary flow meters containing low 

vapour pressure Hiaiiometer oil. Control of the gas flow was 

achieved by capillary venturis and bleeder eclumns. These latter 

devices simply allowed the flow rate to bo controlled by allowing a 

quantity of the gas to bubble out of the system through a head of 

water, the depth of which could be varied, and thus varying the 

amount of gaa which could be passed into the system.

The gases were dried before metering. For the CO and COp 

this was achieved by simply passing through tubes filled with 

magncsiuîïi perchlorate (anhydrono), The SOg was first dried through 

concentrated and then passed through magnesium perchlorate.
After drying and metering tlie gases were mixed before passing into 
the analysis section of the apparatus. Again, this mixing tube 
contained magnesium perchlorate thus ensuring that the gases, at 

this stage, prior to analysis contained a negligible quantity of 

water vapour. The various drying agents were renewed regularly 

to ensure efficient removal of moisture.
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£of,Aaaixiia-

After mixing, the gases could, by a system of two-way stop 

cocks, be diverted into any one of three channels. One channel 

allowed the gases to exhaust to atmosphere by means of an outlet 

to a ventilation shaft, thus preventing contamination of the laboratory. 

Before an analysis was attempted, it was always considered advisable 
to allow the gas mixture to pass through the system, imdisturbed for 
about an hour, so ensuring complete mixing. Also, since the SOg 

flow rate was inevitably considerably slower than that of either CO 

or cop, the SOp supply was always turned on first, followed by the 
CÛ2 and then the CO,

Having allowed the gases to bubble through the system for about 

one hour, the gas mixture was diverted into channel two where the SOg 
was absorbed by the solution of 95cc water i- 5ce l/h HCl contained in 
this flask. Normally the gas mixture was passed into this solution 

for one or two minutes, (accurately timed) thereafter the flask was 

removed and the suphurous acid solution was titrated against a 

standard ICï/KIO^ solution, using o, starch indicator. This gave the 

rate of flow of SO^ in the system as cc.a/min.

This/
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This procedure was repeated till a consistent value for the 

raté 01 flow ol SOp was obtained• The gas could now be diverted 

into channel three there both the BOp and the CO^ were absorbed in 
a midvale bulb containing soda asbestos. This absorption was 

normally allowed to take place for five minutes. By subtracting 

the weight of 80^ passing per minute (obtained from the titration 
data)» the weight of 00^ passing per minute could be calculated and 

thus the volume rate of flow of COg in co*s/rain.

The final stage in the analysis involved removing a sample of 

the gas froia, the system and connecting it to the apparatus shown in 
fig. 3* The gas sample was then blown through the system by nitrogen 
gas and the GOg and BOg were absorbed in a midvale bulb containing soda 

asbestos. The remaining gas (CO) was oxidised by passing through a 

silica tube containing copper oxide at a temperature of goO^G wherein 

the GO %vaa oxidised to €0f>, thereafter being absorbed in emother midvale 
bulb containing soda asbestos. The nitrogen which s?as used to push the 
gas smnple through the system and which also acted as a dilatent, 
vms passed for 10 minutes at a rate of 30 cc/min., and finally for 
about 23 ** 30 minutes at 100 cc/min. This ensured complete absorption 
and the oxidation of the CO by the copper oxide was very efficient 
provided the tube was recharged v/ith freshly oxidised copper oxide 

whenever more than half the quantity had been reduced.
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From analysis of this gas sample the ratio of was
CO? + 80%di

obtained and this, coupled with the.information gained previously, gave 

the flow rate of GO and hence complete analysis of the gas mixture.

Normally a gas analysis took about one hour to complete and care 

had to be taken that diversion of the gas from one channel to another 

did not alter the flow rate. Tliis could be readily avoided by careful 

adjustment oi water levels in channels 1 and 3» It should bo mentioned 

that the level in channel 2 was of course dictated by the fact that 

this flask had to contain 100 cc. of dilute acid solution. After 

a little experience with the apparatus minor adjustments to water level 

to maintain constant flow rates could be made very readily and negligible 

fluctuation resulted. Occasionally irregular flow rates and 

inconsistent analyse© would occur and this trouble was usually caused 

by a breakdown of the stop-cock lubricating grease, a result of sulphur 

dioxide attack. This caused leakages in the system and it proved 

to be well worthwhile to regrease the ©top-cocks in tiie system after 

every two or three runs. The apparatus was of very similar design 

to that used by Ealyanram (l8) etc., witit the noteworthy modification 

that P.V.C. tubing largely replaced the rubber tubing used by the 

earlier workers. Previously it had been necessary to replace the 

rubber tubing after every run (l8), however the F.V.G, tubing was 

replaced after perhaps 10 or 12 runs.
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The rubber tubing became hard and brittle * the result of sulphur 

attack - but the P.V.G, tubing, normally transparent, became 

blackened by the 80% and although there was no evidence to indicate 
that any deterioration had occurred, it was considered advisable to 

replace tubing affected in this way.

Quito the most troublesome malfunction was the deposition of 

sulphuric acid vapour in the venturi of the 80? flowmeter. This 

resulted, eventually in the blockage of the venturi and although the 

flowmeter indicated a positive pressure of 80^ none of this gas was 
passing through the system. Removal of the venturi and careful 

washing, first with hot water and then v/ith acetone, followed by 
drying in an oven at approx. lOO^C was the only satisfactory way in 

which the trouble could be remedied.

Slag Preparation.

Initially several liiiie/alumina/silica slags were prepared by

melting the appropriate quantities of *analar* caloiuîB carbonate,

aluminium oxide, and acid washed silica, contained in a carbon crucible,

in a high frequency induction furnace.' Some preliminary work had

indicated that complete conversion of calcium carbonate to lime by
ocalcination at 1,000 0 most unlikely. Consequently no attempt 

was mack* at preliminary calcination of the calcinai carbonate used in 

preparation of the slags.-
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Normally, the materials were mixed and compressed prior to 

molting and the molten slag was east into a button mould After 

solidification the slag was finely crushed in a percussion mortar, 

charged again into the carbon crucible and remelted, cast, allowed 

to solidify and crushed in the percussion mortar to pass a 30 O.S.S. 

sieve. This material v/os then ground in a mechanical agate mortar 

to complete the preparation.

After several preliminary experiments using these straightforward 

ternary slags it was concluded that satisfactory results would only be 

obtained if the slags charged into the experimental furnace contained 

a known quantity of sulphur initially. The reason for this was that 

as the slags picked up sulplmr from the gas atmosphere, lime was converted 

to calcium sulphide, aTid thereby altering the composition of the slags.

If the slags contained some sulphur initially less sulphur would be 

required from the gas phase, to bring the system to equilibrium and 

therefore, there would be very little change in composition.

Sulphur containing slags were therefore prepared by simply adding 

CaS to the original slags and remelting, crushing and grinding as 

before. This method, however, proved to be far from satisfactory.

No analar CaS was available and the material used appeared to be non 

stoichiometric; with the result that the final slag, when analysed for 

sulphur, rarely contained more than half of the avBOunt added originally.
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The problem was overcome by adding aulpliur to the slags in the 
pure form of flowers of sulphur and complete details of the technique 
will be described. The slags were prepared in pairs vi&., one 
straightforward lime^alumina^silica slag, prepared as previously 

described and a, second sulphur containing ternary with the same CaS 

free lime content. These two slags could then be mixed in suitable 

proportions to give various sulphur content slags with identical GaS 

free lime contents.

Ill most cases the sulphur containing slags were made up with 
and it was necessary to calculate the amount of lime which would 

combine with thie kfo of sulphur to give CaS. This quantity of lime 

was then added (as calcium carbonate) to the basic lime^alumina^silica 

slag composition. The slag was then raelted twice being crushed and
ground as before. Normally 20 gms of slag were prepared in this way
and before sulphur addition this quantity was divided into two lOgm 

portions. It had been previously ascertained ti.iat addition of the 

calculated amount of sulphur v/as insufficient to give the final analysii 

of hfûB because of evaporation loss during melting, Hence it was 

necessary to add to one lOgm portion a large excess of sulphur (perhaps 

four or five times the calculated quantity) which was carefully mixed 

with the previously melted and finely ground slag* This mixture was 

til on compacted and molted in a carbon crucible in a high frequency 
indue ti on furnace.
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After crushing and grinding the slag was analysed for sulphur and 

was usually found to contain rather more than the required 4/sS,

It was then a simple matter to calculate the amount of the second 

10 gm portion (i.e. material with the smae percentage lime but 

containing no sulphur) which had to be added to ‘dilute* the sulphur 

content to exactly 4/IS. When this addition had been made the slag 

was remelted, crushed, ground ami analysed again. In all cases the 

sulphur content was found to be within the acceptable range of 

3.9 - 4.1f.S.

It should bo mentioned that although sulphur loss was considerable 

when melting the slag with flowers of sulphur, once the sulphur had 

combined with the ‘excess* lime to give calcium sulphide little or no 

sulphur loss v/as noticed* The loss of sulphur from slags to which 

stock calcium sulphide had been added can be explained by the probability 

of some free sulphur existing in this material which volatilised on 

heating.

As a result of this method of slag preparation two series of slags 

were obtained. One series of IxBie-alumlria-silica slags with a corres

ponding series of slags containing* 4^S which had the same composition 

when considered on a CaS free basis* Thus by mixing the corresponding 

slags from each series it was possible to obtain any slag sulphur 

content from 0 to k$
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In exactly the same way two aeries of lime-alumina slags were 

prepared and could bo mixed to give a similar range of sulphur contents,

lime Estimation,

All the slag© prepared in the manner just described wore analysed 

for lime by the normal calcium oxalate method.

Sulphur Estimation.

Several methods of sulphur estimation were available.

(1) gravimetric - sulphur estimated as barium sulphate*

(2) evolution sulphur estimated as hydrogen sulphide,

(3) combustion ^ sulphur estimated as SO?*by oxygen  ̂ ^

(4) combustion ». sulphur estimated as SO?, 
by COg

By far the most convenient method is combustion by COp. This 

technique is extremely accurate because no sulphur trioxide is formed, 

thus eliminating the necessity for calibration of the apparatus (c.f. 

combustion with oxygen) and since an interval of JO - 60 minutes is 
normally required to complete the analysis it is a fairly rapid method 

(c.f4 gravimetric technique). Tiiis particular method was developed 

and described by Finehom and Richardson (l9).

After removing the slags from the furnace, the platinum crucible 

was peeled off and the slag pellet was thou prepared for analysis.
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The pellet vma crushed in a percussion mortar and a O.lgm sample 
was weighed and transferred to a preignited boat. This boat was 

then placed in a aluminous porcelain combustion tube in a resistance 

furnace with a p 1 atinum/ 13/̂ Rh winding which readily gave the required 

température of 1,480^0. 00% was passed through the system at

230cc/miîi. and the SO^ formed v/as absorbed in tv/o flasks each containing 
5fo 1/4HG1 and 3^ l^KI in water solution. The 80^ so absorbed was 
continuously titrated using a starch indicator till a standard blue 

colour was obtained* As previously indicated the time required to 

complete an analysis varied to some extent but on average JO minutes 
was quite sufficient.

Mo rubber tubing was used in the system to eliminate any possibility 

of sulphur loss due to reaction with the rubber* Some determinations 

were carried out after the crushed slag had been sissed to -30 *î* 120 
with the appropriate B.S.S. sieves but no significant difference in the 
sulphur aualysls was observed. Also, according to Barnsiiaw (20) 
the slag should be crushed in the percussion mortar with a single hammer 
blow, since any more than one blow appeared to lower the sulphur content 
of the slag* Although, in the present work, no evidence was gained to 
support this it was decided to persevere v;ith the single blow technique 
since this permitted satisfactory crushing of the slag anyrvay.
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Crucible Monuf acture•

The only material which, it was considered would endure under 

the experimental conditions was platinum. Small crucible© were made 

from platimmi foil (0.002‘* thick) by cutting discs -f** diameter and 

annealing them in a gas flame# Thereafter the discs wore carefully 
pressed into a hemispherical depression in a lead block by a suitably 
shaped steel plunger. The complete pressing operation was not carried 

out in a single action as this tended to cause tearing of the foil and 
an unsatisfactory crucible. When the foil was half formed it was once 

again annealed before the final pressing was carried out. The result 

was a cup shaped, crucible 4" diameter, which could readily contain 

0.4gm. slag mid which was an adequate quantity for the purposes of the 
reaction.

It was realised, after some preliminary work that although 

platinum was an excellent and reliable material at low 00/G0% ratios, 
and with basic slags, it was attacked under the severely reducing 

conditions required for acid slags. For those an increased 

ratio was necessary to give adequate sulphurising potential and this, 
together with the increased silica activity resulted in silica reduction. 
The product of this reduction, silicon, alloyed, with the platinum crucible 

material and the crucibles were completely destroyed. To overcome this 

problem /
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problem some iridium foil was obtained and an effort made to produce 

similarly shaped crucibles of this, extremely brittle material. The 

iridium foil vms rather thicker (0*QQ3”) than the platinum foil and 

it was quickly realised that the technique used to make the platinum 

crucibles was not satisfactory for the iridium* It was concluded that 

to f o m  even a small depression in the surface of the foil, the pressing 

would have to be carried out while the material v/as hot. It was 

learned (21) that the maxiEium clcutility of iridium occurred at a 

temperature of 1|300*̂ 0 but it was decided to carry out preliminary 

attempts at 800^0*

A disc (f-” dia«ié) of iridium foil was placed in a graphite mould 
into which a small depression had been cut and a second piece of graphite 
with a complimentary impression was pressed dovm on top of the disc when 

the arrangement had reached a good red heat* On removal it was observed 

that the iridium had decrepitated and although this technique was tried 
several times ami with numerous modifications, u satisfactory crucible 
was rarely produced*

Finally a steel moold, with a slight depression cut therein, was 
used along with a suitably shaped former and after heating to 800^C a 

satisfactory dished shape crucible was obtained* jt should be emphasig 
that this crucible was not hemispherical like the platinum crucibi^ and 
indeed to produce a crucible of this shape from the iridiuia foil used 
here would bo an extremely difficult task* \
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To explain the lack of ©access with the graphite mould it was 

suggested that the carbon was having a further embrittling effect 

on the iridium.

Furnace Arrangement.

The experimorits were carried out in a resistance furnace, wound 

with 18 s.w.g. pt. 13̂ hh wire, which carried a 2" i.d, mullite tube 

33’* long (See figure 2.). Carefully packed insulation, along with 

the rather heavy gauge wire enabled the furnace to reach a temperature 

of 1,330^0 within 2|; hours and the hot gione at this temperature was 

constant to within ± 3^ over a length of about 3 inches. Power was 

supplied to the furnace by a 20 amp ¥eriac auto transformer and the 

temperature was controlled automatically by a Kelvin & Hughes type 
controller connected to a Pè,/l3/^Hh thermocouple. This combination 

allowed a temperature oi 1,538 G to be readily maintained.

Temperature within the reaction tube was measured by a second Pb,/l3/^Hh 

thermocouple, and a Cambridge potentiometer. This thermocouple had 

been calibrated against the melting point of palladium (l,559^0) and 

the estimated error was not more than ̂  4C^.

The reaction tube was sealed at each end with a rubber bung which 

carried the inlet and outlet tubes for the gas mixture; the dead, space 

within tlie tube was filled with refractory stools which prevented thermal 

diffusion and also acted as radiation shields, preventing excess heating 

of the rubber bungs.
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The platlmim crucibles were contained in an aimidmu tray which 

rested on top of the lower set of refractory stools. This alimdim tray 

was shaped to ticcoHKtodaie 4, 5 or 6 crucibles and the distance between 
the top of the tray and the botte?» of the upper set of refractory stools 
was jf '* 1". Thus the gas mixture emerged from the inlot tube and 

impinged on the molten slags in the platinum crucibles below, at the 

reaction temperature (l,550^0), The distance between the gas inlet tube 
and the slag surface was maintained not greater than 1" to prevent any 

possibility of tiiermal diffusion. After a rim had been completed, 
the slags had to be quenched to prevent any loss of sulphur due to air 

oxidation on cooling, To accomplish this the lower rubber bung was 

removed from the mullite tube and the reaction tray was immediately 
lowered a distance of four inches. This ensured that the slags had 
moved out of the hot aone and would solidify almost instantaneously.
On rare occasions, the tray %vou.ld #tick in the hot koiic and fail to 
drop down with the stools, giving suspect results.
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BxperiweBtal Procedure.

Normally four slag-filled crucibles were charged into the 

furnace at room temperature, The furnace v/as then switched on &md 

allowed to heat up to the operating temperature. At the same time

the furnace tube was flushed out with oxygen-free nitrogen which was 

allowed to bubble through the tube until tlie operating temperature was 
reached and the system was ready to receive the sulphursing gas' mixture.

The gases were now turned on in the order previously described;

SO2 first, then GOg and finally CO. After about one hour, the gas 
mixture was analysed and foy this time the temperature in the furnace 
was approximately 1,000^C* A satisfactory gas analysis was rarely 

achieved in less than 2 hours and by this time the furnace had reached 
the operating temperature. The gas mixture was then introduced at the 
bottom of the reaction tube and allowed to pass out through the top 
for about 20 minutes. In tliie way all the nitrogen was flushed out of 
the system and the reaction tube was filled with the sulphurising gas 
mixture. The gas flow was then reversed and the gas passed in through 
the top of the furnace wkei'e it passed down into the reaction zone and 
impinged on the molten slags; thereafter it was led out of the furnace 
and to the atmosphère. That the gases, on passing down through the 
furnace to the reaction zone, became sufficiently preheated, was indicated 
by the fact that the reaction zone temperature did not decrease when the 

gases were admitted.



Usually the gae was allowed to pass into the reaction zone for about 
2 hoars, then the slags were quenched in the manner previously 

described and the furnace and gases switched off* During a run, 

a gas sample was removed for analysis to ensure that the gas composition 

as analysed was identical to that passing into the furnace.

After some operating experience had been gained some ©light 
variations on the above general procedure were developed# It was of 

considerable benefit to maintain the reaction furaace at a temperature 

of 900 — 1,000^C instead of allowing it to cool each time to room 
temperature. In this way, less time was required for the furnace to 
reach operating temperature and the only disadvantage was a rather 
alarming rate of failure of the refractory stools due to ©palling'.
It was considered, however, that the saving in time considerably offset 
the refractory failure and since no reaction tubes spalled the 
modification proved very useful*

Also, to make use of the full furnace capabilitj.', almidimi trays 
capable of holding five and six crucibles (instead of four) were developed 
and used successfully.

In the original series of runs, ternary slags with no initial 
sulphur content were used and all the sulplmr finally contained in the 
©lags had been absorbed from the gas mixture.
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Tiiis meant that the oxygen of the lime was replaced by sulphur

from the gas according to the equation;

CaO 4 (= CaS +

Thus the final compoeition of a slag containing perhaps 2.5̂ 8̂ was 

considerably different from the original composition in that some of 

the lime had been converted to CaS, The nett effect of this was that 

as sulphur was absorbed by the slag, the slag became more acidic due 

to replacement oi* lime and instead of an obvious break in the curve 
of jSS against A value when sulphur saturation was reached, a smooth 
curve was obtained and it was impossible to quote an exact or indeed 

an approximate sulphurising potential to correspond to calcium sulphide 

saturation of the slag. When this had been realised, it was suggested 
that the most convenient way of overcoming this difficulty was to have 

an initial sulphur content in the slags so that for a given sulphurising

gas potentialI  a slag sulphur content could be chosen so that the amoimt

of sulphur gained (or lost) by the slag would be a minimmu anti hence 
the composition change of the slag would bo as little as possible, 

Consequently# slags were made up# as previously described, with up to 

so that toe initial sulphur composition could be anything between 

0 and An added advantage of this technique was that the time of
a run was considerably reduced since the system was much nearer equilibriuia. 
Also, since the equilibrimn could be approached from botii sides, i.e. 

gain or loss of sulphur/
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sulphur by the slag, it v/as not of paramount importance to bring 

the system of absolute equilibrium.

This approach proved to be much more satisfactory and the 
sulphurising potential of the gaa which corresponded to sulphur 

saturation of the slag could be readily recognised# Slag preparation 

was a miiciï more exacting and time consuming process but this wag more 
than offset by the knowledge that tlie results obtained could be 
considered much more reliable than those gained in the first series 
of experiments.
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Limitations of the Apoaratus.

Wiioïi the work was first suggested it v/as the intention to 

investigate the solubility and activity of Calcium sulphide in a 

slag of blast furnace composition (i.e. 40^1ime, 40^silica, RO^alundna) 

however it soon became obvious that witlt the gas mixture used, it would 

be impossible to supply enough sulphur to the slag to exceed CaS 

solubility. To encourage maximum sulphur pick-up it v/as essential to 

lower the oxygen potential of the system as far as possible and the 

high 00/CO2 ratios wliioli this necessitated, along with high slag silica 
activity caused severe attack of the platinum crucibles and even with 

iridium crucibles, which were not attacked, the required sulphurising 

potential was simply not available from this gas mixture. Consequently, 
the Investigation had to be restricted to basic (i.e. high GaO activity) 
lime-aiumiiia-silica ternary slags ant! to lime-aliimiria binaries for which 

the sulphurising potential for saturation was available and the danger of 
crucible attack was reduced by the low (zero in the case of the binaries) 

slag silica activity*

For work requiring Idgher sulphurising potentials a mixture of 
und COg is probably more useful, the main advantage in this case 

being that the gas used to supply sulphur to the system viz., does 

not also supply oxygen (c.f. SG^) because as previously mentioned, to 

supply /
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supply a liigli sulphurising potential the oxygen potential of the 

systeia must be very low.

rnïhis is obvious from the relationship!

Sulphurising Potential A - I ^I Pog )
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hBBULTS>«

The results obtained during the course of this investigation 

are shown in tabular form in tables II and III. In table I the 

compositions of the slags used in the experiments are given, the 

method of preparation of these slags has already been described.

-Vor slags CA2 and M, the useful aiiaximum limit of the sulphurising 

potential of the gas had been reached without calcium sulphide

saturation being obtained. If, as expected, this woih is continued

with an gas mixture only a Xevt more results should be

required to complete the investigation of these slags.

Since it was the purpose of this v/ork to study the equilibrium:

CaO ^ GaS 4' *11̂2

as the reaction proceeded in either direction i.e. it was possible

to chargé slags with higher or loimr sulphur potentials timn the gas 

mixtures with which they were in contact, the actual time of individual 

experiments could be fairly short. This was because:

(1) The absolute attainment of. equilibrium was not essential since 

the equilibrium was being approached from both directions.

(2) Since the total final sulphur content of the slag did not have

to be supplied entirely by the gas atmosphere, a long period of

gus/slag contact was uimecossary.
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ÏABW II. R esults  fo r  Lisae-Aliimiua S lags.

r ,  1  T,r Rimblag Ho. . Time of. llun\hrs)
Gas M a ly s is  

C0/C(>2 ^SOg va lue

Slag sulphur 
aiialvsis (%) 
Initial Final

CAl 99 5 4.8 1.3 950 1.0 1.40
113 2 10.0 1.2 1,700 8 .0 Sat.
119 2 7.0 1.3 1,400 2.0 1.5
121 2 6.0 1.6 1,800 2.0 1 .4
122 2 3.0 1.35 1,000 8 .0 1.3
141 2 6.0 1.3 1,100 1.0 1.2
142 2 3 .3 1.3 700 1.0 1.05

CA2 81 2 7.3 1,35 1,400 2.0 0,96
82 2 13,0 1.60 2,500 2,0 1.32
83 2 16,3 1.7 3,100 1.0 1.40
84 2 82.0 1.5 3,500 3 .0 2.35
89 2 47.0 0 .9 5,600 4 .0 3.20
113 2 13.0 0,9 2,100 1 .0 1.40
127 2 73.0 1 .3 6,500 4 .0 3.70

CA3 107 2 1.8 1.6 400 0 .0 0 .85
108 2 3.3 1 .5 800 1.0 1.60
109 2 2.6 1 .3 500 8.0 1.55
117 2 4 i6 1 .3 900 8 .0 1.60
122 2 3 .3 1.35 1,000 2,0 Sat.

CA4 109 2 2.6 1 ,3 500 8 .0 Sat,
I6l 2 8 .3 1.6 400 2.0 1,80
I6lft 2 0.43 1,6 100 0 .0 0.43
164 2 2.0 0.9 300 8 .0 1.60

CA6 123 49 1.3 5,500 8 .0 8.90
126 2 63 1.3 6,100 2,0 3.80
127 2 73 1.3 6,500 4 .0 Sat.
135 2 33 1.2 4,600 2.0 2.7
139 li 12 1.1 2,100 0.0 1.05
140 2 7 .3 1.3 1,400 0 .0 0 .90
141 2 6.0 1.3 1,100 1.0 0.90
146 2 47.0 1,6 5,300 4 .0 3.50
130 2 22.0 0 .9 3,300 3 .0 2.6



TABUilll. Results for liiuie-Aliunina-Silica Slags#

Slag No.
Bmi
No.

Time of 
Eim(îîrs. )

Gas Analysis. 
CO/CO2 #S02

A
value

Blag sulphur
analysis ___

Initial Final.

C 76
79
BO
81

u r n
156
160

42

2
2
2
2

6.0
4 .3  
3.0
7.3 

12.0
14.0
17.0

1.3
1.3 
1.6 
1.33
1.3
1.7
1.8

1,100
830
700

1,400
2,100
2,630
3,300

1.0
2.0
1.0
1.3
2.0
4.0
4.0

1.33
1.70
1.07  
1.99
2.3
2.7
Sat.

80 # 3 .0 1*6 700 1*0 1*2
111 2 7 .0 1.3 1,300 2.0 1.66
119 2 7,0 1*3 1,400 1.0 1.46
121 2 6.0 1.6 1,200 2.0 1.38
122 2 3.3 1,33 1,000 2.0 1.40
143 2 2.0 1,2 400 1.0 0.30
163 2 2.7 1,2 300 2.0 0.80
170 2 8.4 1*0 1,300 2.0 Sat.

107 2 1.0 1.6 400 1.00 1.09
108 2 3,3 1.3 800 1.0 2.0
110 2 3 ,8 .17 1,100 2.0 2.16
111 2 6 .7 1.3 1,300 3.0 2.40
112 2 8 .3 1.4 1,300 3 .0 3.30
113 2 10.0 1.2 1,700 4 .0 3.30
114 2 12,0 0.9 2,000 4,0 3.89
115 2 13,0 0.9 2,100 4.0 Sat.

F 107 if 1.8 1.64 400 1.0 0.93
108 li 3,3 1.60 800 1.0 1.23
117 2 4,6 1.3 900 2,0 1.88
122 2 3 .3 1.33 1,000 2.0 Sat.
142 2 3 .3 1.30 700 1.0 1.20
143 2 2.0 1,3 400 0.0 0.70
163 2 2.7 1,16 300 2.0 1.43

G 142 2 3 .3 1.3 700 2*0 2.06
143 2 2.0 1.3 400 1.0 1.42
162 2 4.0 1,6 800 2.0 Sat.
163 2 2.7 1.16 500 2.0 1.83

H 140 2 7.3 1.3 1,400 2.0 Sat.
141 2 6,0 1.3 1,100 2.0 1.63
142 2 3,3 1.3 700 1.0 1.60
143 2 2.1 1.3 400 2.0 0.80
144 2 6.3 1,3 1,300 1,0 1.98



TABLE III Ctd.

Slag No.
Eun
No.

Time of 
Euîi(hra)

Gas Analysis. A
value

Blag sulphur 
analysis (/&)

^^/C02 P O 2 Initial Final.

li 137 2 13.5 1.7 2,700 2.0 2.60
141 2 6.0 1.3 1,100 2.0 1.70
143 2 2.1 1.3 400 2.0 0.58
144 2 6.5 1.5 1,300 1.0 1.40
156 2 14.0 1.7 2,650 5.57 4.35
160 2 17.0 1.8 3,300 5.57 Bat.

h 126 2 63.0 1.3 6,100 2.0 3.1
133 2 33.0 1.2 4,600 1.0 2.75
137 2 13.5 1.7 2,700 0.0 1.40
139 If 12,0 1.1 2,100 2.0 1.30
141 2" 6.0 1.3 1,100 0.0 0.80
144 2 6.5 1.5 1,300 1.0 0.88
143 2 20.0 1.6 3,400 2.0 2.02
147 2 67.0 1.4 6,200 4.0 Sat.
150 2 22.0 0.9 3,300 4.0 0 0 0

132 2 56.0 1.5 5,700 4.0 3.60

M 127 2 73.0 1.3 6,500 2.0 2.80
133 2 33.0 1.2 4,600 3.0 2.05
138 2 31.0 1.6 4,400 4.0 1.90
143 2 20.0 1.6 3,400 1.0 1.30

N 127 2 73.0 1.3 6,500 2.0 3.1
128 2 90.0 1.6 6,800 4.0 Sat.
137 2 13.5 1.7 2,700 1.0 1.22
138 2 31.0 1.6 4,400 3.0 2.40
144 2 6.5 1.5 1,300 0.0 0.70
145 2 20.0 1.6 3,400 2.0 1.50
146 2 47.0 1.6 5,300 4,0 2.85
152 2 56.0 1.5 5,700 4.0 2.91
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Tims, as will be noted, the average duration of individual 

experiments was two hoars. All these experiments were carried out 

at a temperatujre of 1,350^G and no atteîxpt lias been made to investigate 

the effect of temperature. Tlie flow rate, throughout was maintained 

at not less than 150cc/min. and in many eases, particularly at high 

G0/CÛ2 ratios the flow rate was considerably greater than this.

Carter ami Macfarlane (9) examined the problem of thermal diffusion 
in this type of investigation and concluded that the effect was 

negligible. This is perhaps to be expected when it is realised 

that the ratios of the densities of the three gases is not great and 

that the inlet gas is adequately preheated as it passes dovm the 

furnace to the reaction chamber which is contained entirely in the 

hot Bono.

It will be noted that the results do not include any record of 

the appearance of the slags when they were removed from the experimental 

furnace, however, it will be useful to make some coBmieiits on this here* 

Slaga of very low sulphur content (less than 0*5/0 appeared completely 

glassy, but as the sulphur content increased an opaque region developed, 

originating around the edge of the slag in contact with the platinum 

crucible. From these observations it appeared that the sulphur 

content of the slag affected the rate of crystalisation and tended to 

prevent undercooling or glass formation.
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Also, it would not be correct to assimie that since a crystaline phase 

was present when the slags were removed from the furnace, this phase 

was also present at the operating temperature* In this connection, 

to attach too much significance to slag appearance could be very 

misleading.

It is true that the appearance of a slag definitely saturated 

with calcium sulphide was always the same. The surface of such a slag 

on removal from the furnace was always covered by a thick uneven crust. 

However, it was considered quite impossible to determine, by slag 

appearance alone, the sulphur content at which calcium sulphide began 

to appear as a separate phase*



ClIAETEE IV. 

DISCUSSION.
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DISCUSSION.

Originally it was the object o:f this investigation to study the 

solubility and therniodynamlc properties of calcium sulphide in lime- 

aliimina-silica slags only* As has already been made clear, the lime 

activity data at the time of commencement of the work indicated that 

the gas mixture used here would supply sufficient sulphurising potential 

to enable much of that region of the lime-aluralna-silica system, liquid 

at 1,550^0 as shovm in fig, 16, to be investigated* Initially the 

results of Bliarma and Eiehardson (22) for the lime-alumina system 

a|>x3eared to be perfectly reasonable and there seemed no justification 
for repetition*

From an initial series of results, however two points emerged:

(1) The gas mixture would not supply sufficient sulphursing potential

to saturate with calcium sulphide, the wide range of slags planned 

originally.

This resulted from the fact that the lime activity decreased much 

more rapidly than available data indicated, as the slag composition 

moved away from lime saturation*

(2) There appeared to be some discrepancy between the results being

obtained here and the results reported by Sharma and Richardson 

for the lime-almiiina binary system.'
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This latter deduction was made largely from the observation that in 

the ternary system, fairly close to the binary, the percentage sulphur 

corresponding to calcium sulphide saturation for the slag appeared to 

increase as the mole fraction of alimiina increased, whereas the reverse 

was the case for the binary slags of Sharma and Eichardson. On tlds 

basis, therefore, it seemed not only justified but of considerable 

importance to investigate some binary composition (lime-aluraina) slags.

With regard to the first point mentioned above, the only solution 

to the problem was to use, and COg as the sulphurising gas mixture.

According to Bliarma and Eichardson, however, the complete range of lime- 

alumina slags could be investigated within the sulphurising potential 

range of 450 — 1,850 a range whicii was well within the scope of the CO, 

cop, BO2 gas mixture.

At this stage therefore, two lines of progress were available:

(1) Change to a gas mixture of H9B and OOp and complete the 
ternary system.

(2) Maintain the original gas mixture and investigate the lime- 

aiiniiina binary.

The second alternative was chosen because it was accepted that 

a change over in the gas mixture being used and the necessity of several 

changes in the experimental set-up v/hich would result, would involve a 

certain amount of delay.
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Furthermore it was essential that every effort should foe made to isolate 

the source of the apparent discrepancy in the binary system if the 

ternary results were to be considered reliable.

It was only after the binary slag investigation was well under 

way that it was concluded tit at the results of Bliarma and Richardson 

had been misleading and that the sulphurising potential required to 

saturate the high alumina slags was very considerably greater than that 

indicated by these authors. Indeed for the high alumina slags the 

sulphurising potential was not available from the CO, 00%, SOp mixture 

and a change of gas mixture would again be essential to complete the 

study.

Had it been realised at the outset that the sulphurising potential 

to saturate the complete range of lime-alumina binary slags was not 

available from the gas mixture of CO, COp, BO^ then a change over to 

Hpî CO2 although involving several weeks delay would undoubtedly
have been profitable; however, in the circumstances, this sequence of 

events could not have been foreseen or deduced from the data available.

Although, as has been explained, the main object of the research 

was a study of the limo-alumina-silica system, the results obtained for 

the lime-aluiuina system will bo discussed first. This is because a 

knowledge of the liiue-alundrm results is necessary to complete the satura

tion level contours and the iso-lime activity lines discussed for the 

ternary system.
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The Linie-Alimiina System,

The results obtained for the lime-alumina system at 1,550^C, 

detailed in table IX, have been plotted as shown in figs. 4, 5 and 6. 
Although, it was intended that the calcium sulphide free lime content 

of the slags should remain constant it was essential that some sulphur 

should be gained or lost by the slag used in each experiment and this 

of course resulted in an alteration in the calcium sulphide free lime 

percentage. Some measure of the effect of this on the position of 

the final points can however, be obtained by making a slight correction, 

derived from a plot of the variation of sulphurising potential (A value/ 

with percentage lime at suitable percentage sulphur levels. The data 

for this graph was obtained from the uncorrectcd plots for the 

individual slags. This correction is only approximate but it will 

be noted that the adjustment required to individual points is, with one 

exception, very small and within the limits of experimental error,

From figures 4 ami 5 it can be seen that for each slag a point 

is reached at wltich the sulphur content of the sing increases markedly 

for only a slight increase in the sulphurising capacity of the gas 

mixture with which it is in equilibrium. This point represents calcium 

sulphide saturation for the slag and since calcium sulphide is present 

as a free phase,  ̂k* 1,
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Tlio sulphur contents corresponding to CaS saturation tor eaoii nlag are 

plotted in figs, 1? and 19 and will be discussed later*

The equation for the reaction:

CaO C3 CaB f ^0^ .         (9)

gives K
«‘CaO

At caloiiUii sulphide saturation, , and thus a value of the

lime activity corresponding to the slag composition at saturation can 

be obtained. These lime activities are plotted in figure ?•

Ealyanrom and Bell (lO), Carter and Macfarlane (9) and Sharma

and Richardson (22) have also studied the behaviour of lime-almtiina

slags in contact with a sulphurising gas mixture but these v/orkers 

studied the reaction at a tetaperature of 1,500*̂ 0, Reaction (5) does 

have a large temperature coefficient as indicated by the alteration in 

the value of the equilibrium constant for a ÜO^^increase in temperature 

via:-
% go o  “ 2.75 jc 10“^
%550 " 3.52 X 10"3

It would therefore be expected that the experiments at higher temperature 

would show an increased slag sulphur content but this presupposes little 

change in the sulphurising capability of the gas mixture with increased 

temperature *
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In fact a given gas composition gives a lower A value at 1,550^0 than 

at 1,500^0 (e.g. for a gas mixture of GO^ » lO/l and = 1.6,

"^IWO 3,000; = 2,100). This will tend to offset the effect

of the increase in the E value of reaction (5) and explains why the 

difference in sulphur content of the slags varies so little between

1,500^0 and 1,550*0.

The equilibrium in each of the four major reactions involved in 

the A value calculation, viz:

2B()g = 8^ + 20g
SOj> « 8 + 0^
80g) BO -f ^0^

CO + SOo =: COS + Ontfi

is displaced further to the right as the temperature increases and since

this causes an increase in p02 as well as p8g the nett effect is to

docrease the function (^2)  ̂  which is the A value.
P02

Since the present results were obtained at a higher temperature

than those of the previous authors (9), (lO) and (22) direct comparison

cannot readily be made. The best basis for comparison would ho that of

the lime activity values obtained from each sot of experimental results

since it is probable that the variation of lime activity with temperature

is small, Cldpirmn (ip) re-examined the results of Carter and Macfarlane

in the light of recent information on the compoimds formed in the lime 
alumina/
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alumina system and concluded that a 50* change in temperature would 

have little effect on the activity of lime, A similar conclusion 

v;as reached by Sharma and Bichardsoii (l6) who investigated lime 

activities in the lime-silieu system at 1,500*C and 1,550*0.

Beil and Kalyanram calculated lime activity values from their 

results hy the method used by Carter and Macfarlane viz, with reference 

to a standard slag with original composition stieh that the lime activity 

was imity.

^OaO '̂̂ 3̂ Blag is given by:-

“ o :
When the standard slag was equilibrated with a suitable gas mixture,

. CoS
*cao ° iZiy

/Î*but ra 1 . . K sa CgB
AO

.. Blag, ^ ^OaS / ̂  CaB » the superscript referring
A / "“a ^

to the standard slag. It was then assumed that for slags far removed

from sulphide saturation, remained substantially constant and

equal to that for the standard slag. The expression for CL,, _ thenuaU
become :

“ CO
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This technique of using a standard reference slag of unit lime 

activity was the only way in which these authors could calculate 

lime activities because there was no information available on the 

activity coefficient of calcium sulphide. Inherent in this technique 

is the assumption thatT^ag is constant mid equal to t h e o f  the 

standard slag, for every slag investigated. The present work, has 

however, yielded some information on and indications are that

the above assumption is not valid. Therefore, as will be seen later, 

the results of Kalyanrmu and Bell, which are in good agreement with 

those of Garter and Macfarlane, have been recalculated using 

values derived here.

After the standard slag had been equilibrated with the gas mixture, 

some of the lime would have been converted to calcium sulphide and 

therefore the lime activity value would no longer be equal to unity.

This was observed by Garter and Macfarlane who suggested tiuit perhaps 

would be reduced to 0.95* However, more recent data suggestedv̂ au
that could be reduced to 0.8.

Since the lime activity values of the previous authors (9),(lO) 

and (22) have been calculated from experimental results where v/as

considerably lower than in the present work, before any comparison can 

be made with the present calculations some assessment of the probable 

effect of small amounts of CaS on lime activity values, must be attempted.
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It will be noted however, from results of previous workers, that au 

increase of 1,0 on lime content makes only a slight increase in 

lime activity twid a 1*0 increase in calcium sulphide content must 

make a smaller increase in the value of lime activity. On this 

basis, therefore, the assumption that lime activity remains constant 

over the range of values being considered, seems justified,

From the equation:

K

a straight line relationship for a plot of (j«S) against (£Eâ)^= A
. I«0o

means that the function »CaS must bo a constant..
&GaO

When n curved relationship is obtained for the plot of (/?S)

against A, the function j,o no longer constant and since it has
dCnO

been shov/ii that&^^g may be considered to be constant, then any 

variation of must bo due to a variation in the value of V
acaO

As has already boon mentioned, it is possible to recalculate 

the values oi lime activity obtained by Kalyanram and Boll using the 

values of derived from tiie present work and obtained as follows;

From the equation: CaO 4- «= CaS + ^0^

“ ‘iSsà /pOgA 
a-CaO Vpsÿ

^  CaO “ Û-CaO = li.A.
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However, since constant, the calcium sulphide activity

coefficient for a slag sulphur content below saturation may be 

obtained from:

^CaS Where the superscript refers

A*
to the saturated slag.

Values of V cam be obtained directly from curves of the 

type shown in fig. 4. A convenient way of doing this is to draw 

a line from the origin through the point in question to the line 

representing calcium sulphide saturation. The reciprocal of the 

intercept which the line makeswith this saturation line gives the 

required value ^CaS* lu this v/ay, new lime activity values have 

been calculated using these values for the activity coefficient of 

calcium sulphide.

The actual experimental results (lO) have been modified to take 

into account any difference in calcium sulphide free lime content and 

the A values have been recalculated to the same basis as those used 

in the present work* The discrepancy here was due to the use of 

different thermodynamic data for the reaction,

# 8  + 0% = GOg

the A values of Bell and Kaiyanram being between 5Û and 150 lower 

than those used here*
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It will ho noted I that when the results of those workers are 

recalculated using the values of obtained from this investigation,

the new lime activity values show excellent agreement with those of 

the present study (fig.?).

The experimental results of Bhama and dichnrdsoxi (22) have been 

replotted us weight percent sulphur against P̂ 2̂/pCo.> rather than log 

weight percent sulphur against and are shown in figure B.

l̂ hp compositions of slags A and B are such that, on losing lime in the 

form of caiciujii sulphide, the new compositions move into a two phase 

region and since the effect of calcium sulphide on the litjiiidus cannot 

be readily estimated, it was considered that no corelatlori with the 

results of the present work could be made.

Slags 1) and ü, however, compare reasonably v/ell from a composition

point of view with slags GAl and CA3. but for 1) and E it must be noted

that the original composition has changed as sulphur is absorbed and

also, the plot is on a basis of £ %  whioh is proportional to
pCoa p®a

While tuis is approximately equivalent to A value, a slight correction 

would also be required here. It is difficult to assess the effect of 

the HO two factors on the position of tlie final points on the plot but 

it would seem that, for both these slags, saturation with calcium 

sulphide occurs between 1.3 and 2,0/̂ S and this is in reasonable agreement 

with the present results.
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Iii table I of the publication by Sliarma and Richardson, 

those authors indicate sulphide capoeity (Og.) values calculated 

at CaS saturation for the slags investigated. Since

Cs » Jls / POSI pS2 J
an A value corresponding to an experimental point for 1) and E may
be obtained, enabling these points to be plotted on graphs in fig.4 
corrections being made to bring the compositions onto the same CaS 
free lime basis as those of this investigation. In a similar fashion 

to ti.uit already described for Beil and Kalyanram it is then possible 

to calculate values using the present results for

As will be seen from fig.?, the values of lime activity so obtained, 

show excellent agreement with the lime activities calculated from 

the experimental results of this investigation,
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Lime-^glumina^aiXica system.

The results obtained for the slags investigated in this system, 

shown in table Ï.T, have been plotted and are shown in figs 9 to 15.
As for the llme-alumina system, previously discussed and except for 

slag M, the calcium sulphide saturation level is clearly recognisable 

by the sudden increase in slag sulphur content corresponding to only 

a slight increase in the sulphurising potential of the gas witli which 

it is in equilibrium. Again, a correction has been applied to take 

into account the alteration in composition of the slag as it gains or 

loses sulphur; this correction is in most cases sEiall and probably 

within the limits of experimental error. It has a1reader been explained 

that, because of the rapid decrease of lime activity as the lime content 

of the slags decreased and the consequent difficulty of saturating 

these slags with calcium sulphide v/ith the sulphurising potential 

available, the range of slags investigated has been rather restricted.

The graphs plotted in figs. 9 to 15 show that the plot of (f&S)
3-

against obtained for the less basic slags, shov/a a straight

line relationship but for the slags of higher lime content, this plot 

tends to give a slightly curved lino. Since it can again (as for the 

lime-aiionina system) be reasonably assumed that the lime activity 

remains substantially constant as sulphur is absorbed by the slag, it 

must be deduced that, for the more basic slags, the calcium sulphide 

activity coefficient increases fairly rapidly at low slag sulphur contents
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The percentage sulphur corresponding to caicivun sulphide 

saturation for each slag, as read'from figs. 9 to 14 has been 

plotted on a ternary diagrmi in figs. 1? and 18* In a paper on 

the solubility of calcium sulphide in the llme-ailica system, Sharma 

and iUchardson (l6) quote a calcium sulphide saturation limit at l^OO^c 

for a lime-alumina-siiica slag of composition 58,5^ lime, 7,6^ silica 

and 33*9/0 alumina. Although the results of the present investigation 

disagree with those of Sharma and diehardson (22) for iime-alumina 

the same disagreement need not necessarily hold for the results in the 

liiue-silica system since in this case the saturation levels were 

obtained in a different way. The calcium sulphide saturation level 

reported by those authors for the ternary slag mentioned above, has 

therefore been plotted in fig. 17 and found to be in reasonable 
agreement with the results of Uie pi-esent investigation.

From these saturation results, contour lines have been drawn 

representing constant sulphur levels corresponding to calcium sulpliide 

saturation. Hero, the lime-aluiuina results have been used to link up 

with the values noted in the ternary. For the binar.) system, the 

sulphur content corresponding to calcium suljddde saturation appears to 

be fairly constant until the limc-alumina ratio becomes less than 2 

to 1* Thereafter a rapid increase occurs, a trend which appears to 

be continued with slag CA2*
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The80 saturation values have also been plotted on a mole 
fraction scale and are shomi in figs, 19 and 20, Here the

calcium sulphide solubility level appears to increase as

decreases above a silica/alumina ratio of 3/l* For lower silica/ 

alumina ratios the solubility appears to be more affected by the

silica content of the slag and increases as increases. The

data obtained by Pharma and Richardson for the lime/silica binary 

are also shovm in fig, IS, The unexplored region of the ternary 

system between the results in the lime silica binary and those 

obtained in this investigation is so large however, that it does 

not seem possible to relate the two sets of data.

From the equation5

CaO 4“ w CaS t ^0^

it has been shown that » -i- and values of the lime activity
h, A

corresponding to the slag composition at calcium sulphide saturation 

(and therefore « l) have been calculated, These lime activity

values have been plotted on a ternary diagrma as shown in fig,21 and 

iso-lime activity lines have been drawn on the basis of these results. 

Accurate location of these iso activity lines is not easy because of 

the paucity of data.
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{Shipman (l3) and Kay and Taylor (14) hava published iso-activity
contours for this region of the lime-aiumiua^siiiea system, These iso- 

activity lilies have boon obtained from a Gibbs-Duhem tyjpe integration 
using silica activity data, The actual lime activity values based 

as they were on the Carter and Maofariane lime activities in the lime- 
alumina system cannot be expected to be in good agreement with the lime 
activities of the present study but comparison of the slopes of the 

iso-lime activity contours is of some value. To obtain iso-activity 

lines representing high lime activity values, the above authors 

extrapolated beyond the range of available silica activity data and for 
this reason* comparison is not very satisfactory at high lime activity 
values.

The dotted line in fig,21 is reproduced from the publication of 
Kay and Taylor and is in good agreement with Chipman*s data. This line 

has been calculated v/itUout appreciable extrapolation and it will be 
observed that it is parallel to the iao-activity lines obtained here* 

Gince the slope of the iso-activity contours obtained from the Oibbs- 
Buhem type integration is the same as those obtained in this Investiga
tion it follows that there is good general agreement between the two 
sets of data, at least so far as the shape of the line is concerned.
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To give a crosscheck ou the lime activity values calculated 

here, some independent measurement of lime activities was sought. 
Unfortunately, no experimental determinations of lime activity have 

previously been carried out in the region of the lime-aliUBina-silica 

ternary system studied in this investigation. However, if silica 

activity values are known along the 0^8 saturation boundary, then 

lime activities may be calculated from the reaction

G S = SC + S

2
for which E (dc) x (&s).

Uangenberg and Chipmao. (S3) have investigated the equilibrium 
of iron-carbon-eilicon alloys in contact with slags containing silica, 

by observing the distribution of silicon between metal mid slag*
These experiments were carried out in graphite crucibles under a GO 

pressure of 1 atmosphere, so that for the reaction,

SiOpCcrist) 4 2C(graph) == Bi(l) 4 2G0(g) 

the equilibrium constant reduces to ;

K = S i
dgiOg

From the silica activities so obtained along the CqS saturation boundary 

lime activity values can be calculated from the equilibrium mentioned 

above, (viz. G^S - 2G 4 S)
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It is necessary firstly however, to recalculate the silica 

activities obtained by hangcnberg and Chipman because a recent 

determination of the free energy of formation of silica (24) 

indicates that the value used by these authors was in error by 

about - 8,000 cals; also, new values of are available (25). 

Unfortunately the data reported in this publication (23) did 

not quite extend into the composition range used here and some 

extrapolation of the data was necessary. It should also be noted 

that the work was carried out at 1,600*0 but the higher temperature 

is probably of little significance.

The lime activity values, calculated from the new silica 

activity values along the CgS saturation boundary are shown in fig,

21. It is perhaps fair to say that while these results arc* of the 

same order as those calculated here, the agreement is not outstandingly 

good* Difficulties of extrapolation may, in part, account for the 

discrepancies.

Further independent sources from which lime activity values 

may he calculated may be obtained from consideration of the lime, 

alumina, silica phase diagram; and if, in the first place, the effects 
of temperature are ignored the following data may be calculated,.
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At a temperature of 1,333^0, the phases, CgS, C^A and C^gAy 

and liquid are in equilibrium at the eutectic point represented by

the composition, 32̂ 1̂ime, 41,3/̂ nliimiua, 6,7^8ilica, These three

phases can be arranged to give a reaction in which either lime or

silica is formed in solution viz:

for silica 90^8 + =» 14C^A + 9^

The free energy for this reaction may be obtained from the free

energy values of the individual compounds and this gives a silica

activity of 4 x 10 Similarly the equation:

7C^A a

gives a lime activity of approximately unity. This latter value 

is obviously in error and casts some doubt on the thormodynmnic data 

used in the calculation,

A second eutectic point is available at 1,333^0 and this 
corresponds to the composition, 49,6^1ime, 43,7/«alomina, 6.7^^ilica, 

whore the phases 0̂ 8, CA and Ĉ f̂ Â  and liquid are in equilibrium. 

Here the equations,
5CgS 4 14CA « 4 3S

and Ĉ ,,Ay «« 7CA 4 %

may be applied to give: ^si02 “ 4.16 x 10""̂

and ^OaO ** 0,32
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This result, qui te apart from the fact that it is in better agreement 
witli the values obtained from this investigatiom* seems much more 
credible and on comparing the data used in the calculations at each 
eutectic point, it would appear as though the free energy data for 
C^A may be inaccurate.

Finally, the peritectic reaction at 1,380*0 and a composition 

of 48.4/éliîue, 47.0^alumina, and 9.6^silica where the phases, GA,

GgA8 and CA^ arc in equilibrium, may be considered. In this case, 

however, there is some doubt about the thermodynamic data for 
Oehlenite (C^AS). The free energy values for gehlonite quoted by 
Kelley (26) cannot bo reconciled with the silica activity values 
reported by Kay and Taylor; these authors indicate a free energy value 

for gehlonite considerably higher tium that mentioned by Kelley,

When the data supplied by Kelley for gehlonite is used to calculate 
a lime activity value from;™

CA 4 CgS 53 CgAS i- ^  

the value obtained is very low and undoubtedly in error. Alternatively 

when the Kay and Taylor free energy value is chosen the lime activity 

calculated from the same equation is approximately equal to unity and 

again obviously in error. This gives cause to doubt the value of the 

gehlonite free energy used.
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It should be noted that a difference of 4, 2K cals in the free 
energy value for the reaction (i.e. gehlenite) alters the activity of 

lime by a factor of 2. Since the accuracy of the tliermodynamic data 

used throughout for calculation of activities from these compounds is 

not greater than ̂  2,K cals then it is clear that these activities aie 
of limited value as a crosscheck and can only be expected to furnish 

an approximate indication of the order of tlie activity which may be 

expected.
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CONCLUSION.

It will be clear from what has ç̂one before that the scope 

of this investigation has been more restricted than was intended 

in the first place. This restriction arose because such lime 

activity data as existed suggested that a substantial area of the 

lime alumina silica diagram could be explored using the sulphurising 

potential available from the gas mixture CO/cO^/so^, In fact, the 

lime activity decreased iiiiich more rapidly than available data 

indicated, as the lime content of the slag decreased, and the 

sulphurising potential obtainable proved to be inadequate to saturate 

the less basic slags with calcium sulphide, A gas mixture of

COg will allow an extension of the field of investigation 

but it is doubtful if tiiis gas mixture would have been suitable for

the whole slag range. This is because, for the highly basic slags,

requiring only a low sul%>harising potential to give GaS saturation 

control of the gas flow with t ,is gas mixture becomes difficult.

The work has shown that the calcium sulphide saturation values

vuj:y more than had been suspected and so far as the iime-almtiiina

system is concerned they vary in a different direction to that

reported by other authors (22), however, the present results only

indicate a trend over a narrow range of composition and obviously on

extension of the field of investigation is necessary to determine hov/ 
this/
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this trend develops#

Similar remarks apply to the lime activity values determined 

here# In this case a wider range of investigation would give an 

overlap with experimentally determined silica data# Then by using 

binary equilibrium lines and ternary equilibrium points in the limc- 

alumina-silica system along with available data on the interoxide 

compounds, it would be possible to estimate to what extent the lime 

and silica activity data are compatible.

Although restricted, the resulis obtained suggest that this 

approach if extended, should be a valuable method of increasing the 

thermodynamic knowledge of the lime-alumina-silica systeaa.
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I.

CALCULATION OP SOLPUUHIHING POTKNTIAL.
tfiaWtTttïVMS'ehÈW»

The purpose of the gas mixture used fox' the experiments just 

described is to supply a sulphur partial pressure, to which the slag 

sairipies ax'e submitted* At the same time, it is necessary to control 

the oxygen partial pressure of the system to ensure that all the 

sulphur .combines with the slag as calcium sulphide* Furthermore, 

for maximum sulphur absox’ption from a given sulphur dioxide flow rate, 

the oxygen partia.i pressure should be as low as possible and hence 

careful control of the ^^/cÜ2 ratio is required if large amounts of 

sulphur are to be absorbed by the slag. To obtain a basis for 

comparison of the individual gas analysis results, quoted as sulphur
co/dioxide percentages and CO2 '̂̂ -tios, a quantity loiowii as the 

sulphurising potential must be calculated.

For the calculation of this quantity which is equal to
pOg

it is necessary to obtain thoriiiodynamic data for the reactions between 

carbon monoxide, carbon dioxide, and sulphur dioxide at the operating 

temperature of l,550^c. Carter and Macfarlane (9) have sehown that 

under the conditions of the experiment, the amoimts of Sg, CS,

CSg and 80^^ formeo could be ignored. Thus only the reactions 

involving 80#, SO, COS and S# need be considered.
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It is the purpose of this chapter to discuss the choice 

of theimiodynamic data for tîie present calculations and to assess 

the importance of the degree of accuracy of the various data.

Free energy data for the formation of the various gaseous 

compoimds have been given by Kelley (27) and by Richardson and 

Jeffes (28). Equations for the standard free energy changes for 

the relevant reactions have been calculated by Kelley (27),

Richardson and Jeffes (28) and St. Pierre and Chipman (29), while 

it is now accepted that the most reliable data for the formation 

of SO are those of Dewing and Richardson (30). The data of St. Pierre 

and Chipman along with Dewing and Richardson's data for SO have been 

used throughout in the calculations of sulphurising potential in 

the present work. The data of St. Pierre and Chipman, have been 

used in preference to the others because those are tne most up to 

date data available, there being no reason for preferring any of the 

earlier information.

Calculation of the Sulphurising Potential, A « 
---------------------------------------- —  pOp'

Without the services of a computer, it is difficult to deduce 

the sulphurising potential from the composition of the .gas mixture 

introduced into the furnace. It is more convenient to assume an 

equilibrium gas composition within the furnace i.e. the final 

composition/
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III.

composltiou obtained when the earboii monoxide, carbon dioxide and 

the various sulphur compounds have all reached equilibrium, and from 

the selected themodjaiaraic data the initial gas composition can be 

calculated. A series of calculation of this type must be completed, 
and by plotting the results as curves of GO/oq^ ratios against *A* 

value at certain percentage sulphur dioxide levels, the inlet gas 

composition may be related to sulphurising potential.

The calculations referred to above can best be illustrated by 
an example. The data used throughout in these calculations are 

shown in table IV.

Assume an equilibrium ratio of and a total partial

pressure of sulphur compounds, pps D.008. The temperature is 

1,550 G and pressure ® 76O mm.

Since e pOg may be obtained from the reaction:*»

2G0 -I* Og a 2GO2, for which Kx55l/^C “ 1,41 x 10^
p®2 “  » 1.96 X 10"̂ "

1.41 X 361

• • pGO ™ 0.942 and pCOg «: 0.050.

Also by the above assumption, pps » *** Fs 4* Fsg 4 Pso 4 Peos == 0.008

If Psog ft: a, Ps^, Pso, and Fcoa can be obtained in terms of a from the 

equilibrium constants for the relevant reactions:

p v
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P S  =  2.76 X  10-9 ^  ^
0.196 X 10-9

P®S “ ______________   “ 2,100,0003^
1.26xlol3(o.l96xlO"9)2

pSO !=> 3«74 ̂  16 ^ a  2,65a,
1.40 X 10-5

pcos = 8.55 X 10-5 „ 40.1a.
0.196 X 10-9

pps = 2,100,000a2 + a(1+14+2.65+40.1) = 0.008

This is a simple quadratic equation which may be solved by the 

application of the well îmoxrn formula and, rejecting the negative 

root, this solution gives:

a « 0.00005

and the partial pressures of the other sulphur compounds become!-» 

pS e* 0.00070; pSp 0.00585; pBO « 0.00013; pCOü «= 0.0020,

The final gas composition is controlled by the following 

reactions:-

BOg 4 2C0 « 8 4 8C0g ............... (l)

SO2 8CU o 4 2CO2  ......  (2)

SO2 + CO c so + COg ............  (3)

SOr, + 3C0 = COS + aCOo ,............  (4)
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From a consideration of the volume changoB ixi those reactions 

it will be observed that the carbon dioxide content is increased at 

the expense of carbon monoxide* and sulphur dioxide, and hence, more 
sulphur dioxide and carbon monoxide and loss carbon dioxide will be 
required in the initial gas mixture.

Hence, initial ?» 100 ( ppa 4 p8#) ts'

/jCO S» 100 (Pco42Fs44Fs24Fso43Fcos) « 97*l?y

ĵ GOg 100 (Pcog-2p8-4P82_f8ô~2Pco8) =: 2.3^

This composition would be required to obtain a ^^/cQq ratio of 19/l 

and ppa c= 0.008 at equilibrium a 1550^0.

,1.

The sulphurising potential A «s e? 5,200,
P a

The initial **®/cOg ratio =

A series of these calculations was carried out for a wide range 

of ratios and for sulphur dioxide percentages between 0,9 and
l*6/ÿ. The results bo obtained were then plotted as shown in fig,22 
and this plot by interpolation could be used to obtain the sulphurising 
potential of any gas mixture used, provided the sulphur dioxide content 

was within the limits indicated above* The maximum GO^ ratio 

indicated on this plot was rarely used because of the experimental 

difficulty of controlling the very small flow rate of carbon dioxide 
required.
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An interesting feature of the curves in fig, 22 is the fact that when 

^^/c02 ratios are low (i,e, less than 30/i) increasing the sulphur 

dioxide content of the gas mixture increases the sulphurising potential 

as would he expected, However, as the ratio increases and

becomes greater than ^^/l, increasing the sulphur dioxide content 

lowers the sulphurising potential. This is because, sulphur dioxide, 

apart from being a source of sulphur is also a source of oxygen and this 

oxygon contribution becomes significant when tlie carbon dioxide content 

of the mixture is low. In short, a high sulphurising potential 

becomes tiiore dependent on a low oxygen partial pressure than on a 

high sulphur partial pressure, and under these conditions the oxygen 

contribution of the sulphur dioxide is tending to cancel out any 

advantage obtained from the increased partial pressure of sulphur,

For this reason, the gas mixture of sulphur dioxide, carbon dioxide 

and carbon monoxide is not entirely satisfactory for work where very 

high sulphurising potentials are required. By comparison, if hydrogen 

sulphide is used os a source of sulphur, along with hydrogen and carbon 

dioxide, the sulphur source is not at the same time a source of oxygen 

and much higher sulphurising potentials are possible. The experience 

gained from the present vmrk has indicated that to saturate slogs of 

hi git silica activities vdtls calcium sulphide, this latter gas mixture, 

of hydrogen sulphide, hydrogen and carbon dioxide will be necessary.
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Effect of Accuracy of the Thermodynamic data on the Sulnhurieins 
Potential Calculation.

It will be clear from the sample calculation shown above that 

since the partial pressures of Bg and COS are considerably greater than 

those of S and SO, the two most significant reactions are those from

which pSg and pCOS are calculated, vl%:

4 202 == 280% .....  ... (5)

CO 4 SOg 53 COS 4 Og (6)

Also, it should be noted that the data for reaction (6) is derived 

from the data for reaction (5) along with that of the reaction;

200 4 Sg = 20ÛS  ........ . (?)

Thus, it is clear that reaction (5) is of considerable significance 
in the calculation affecting as it does, the two most significant 
partial pressures, particularly when it is realised that the value of 

the sulphur partial pressure directly affects the value obtained for 

the snlphurising potential = (P^)“ and although this quantity is

equally affected by the value of pOg, derived from the equation;

2C0 4 Og = 2C0g

the thermodynemic data for this reaction are fairly well established 

and the free energy values calculated from the data of Kelley, St. Pierre 

and Chipman, and Dewing and Richardson, are in good agreement, the 

raaximuîï/
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maximum difference being about 15D cals. Therefore, the accuracy of 

the data for the reactions

is a matter of cardinal importance*

When results obtained in the present investigation v/ere compared 

with those of Bell and Kalyanram (lO), it was a]>pareut that there was 

some discrepancy in the sulphurising potentials calculated by that 

worker and those calculated here. The data used by the above authors 

(lO) (and also by Sharma and Richardson (l6) (22)),^those of Dewing 

and Richardson, i.e. Richardson and defies combined with the SO 

information of Dewing and Richardson, The free energy values of 

St, Pierre and Chipman used here were the most recent available and to 

enable a closer comparison to be made between the two sets of data, 

several *A* value calculations were carried out at 1,500^0 for the 

St. Pierre and Chipman data used at 1,550^0 i\i this investigalion*

As a result of this exercise it became clear that the discrepancy 

lay with the slightly different free energy values quoted by the authors 

for the reaction:

Sg 4 20g = 280y

The calculated sulphurising potential of the gas mixture depends on the 

results obtained for sulphur partial pressure (as Sp) and oxygen partial 

pressure in the system, For the reaction:
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For the reactions

200 4 Og = BCOg

which controls tiie oxygen partial pressure, the data quoted by three 

groups of authors is in good agreement, as has already been mentioned, 
The reactions

Sg + 20g = 2302

controls the sulphur partial pressure of th^ysteia and here again it
would appear as though the difference between the Individual sets of 

data was of little significance (see table V below,)

Table V.

Free Energy & Equilibrium constant values for reaction 280o
at l,gOO°c

Kelley. Eichardson & Dewing. St, Pierre & Ciiipman

&G « -1 12 .0 1 9  Û.G = -1 1 1 .8 8  ÛG = -1 1 1 .2

K = 6.461 X 10^^ K = 6.166 X 10^3 % = 5.01 x 10^^

The difference between the free energy values of St, Pierre and 
Chipman and Dewing and Richardson is 0.6811 cala and although this would 
appear to be an insignificant factor it obviously has a considerable 
effect on the value of the equilibrium constant for the reaction.
This effect is transmitted to the value of the sulphur partial pressure 
obtained and it was clear, on comparing the calculations using the two 
sets/
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sets of data, that the discrepancy came from the uncertainties 

concerning the free energy data for this reaction.

To check tlie effect of this, calculations were carried out in 

which “ÿc cal was added to the original St. Pierre and Chipman free 

energy data for this reaction* The now value of A  G for 8g 4. 20tj 

2SO2, gave a now value lor the partial pressure of in the system 

and the effect of this was indicated by the new value for the suiphuris* 

ing potential of a given gas mixture, calculated therefrom. Examples 

of this are shmm in table VI below*

Table VI.

Temp , Equilib CO2 Equilib. pps. A value for A value for
ûkCï Sié Pierre AG St. Pierre 
& Chipman. & Chipmi.4 5C0cal

1,500
1*500
1*500
1*550

1*5/1
5.0/1
2i5/x
19/1

0*008
0.007
0*007
0.008

435
1*113
880

5*200

407
1,060
844

5,000

It will be observed that the difference in sulphurising potential 
resulting from this very slight alteration to the free energy for this one 

reaction is considerable. Although this point has already been mentioned 
it will be further emphasised that the data for the reaction:

8g 4 20% = 2S0g
is/
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is combined v;ith the data for

CO 4 ^ COS
to give the data required for the reaction;

CO 4 SOg n= COS 4 Og

Thus the effect calculated above represents only part of the 

influence a slight alteration in the data for the reaction:

So 4 80o c3 2S0#

will have on the calculated sulphurising potential. The difference 

in the A values of Bell and Kalyauram and those of the present 

investigation {those differences varied between 50 and 130 depending 
on the actual magnitude of the Â value) may be attributed very largely

to the different data selected for this reaction,

A further point emerges from this observation. Thermodynamic

data is rarely accurate to 4, cai and therefore the accuracy required

for consistent calculations of sulphurising potentials is unlikely to 

bo available.
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