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L? A Study of the Thermodynamics of Lime/Alumina/Silica glawa

cuutaingng Caleiun Sulphide.

The primary objeet of this investigation was to study the
solubility and thermodynamie propevties of ealeiuwm sulphide in 1ime/
alwoina/silica slapgs and so obtoin data relevant to the desulphurisati
reaction in the blast furnace, In addition it was hoped that these da
could be used to pive valuable information on the activity of lime in

the system.

Bxperimentally, the problem was studied from the gaﬁ/alag
renction:

Cal +'a1432300,3+3‘5~02 Casrtsesonne o (1)

a3

A gas mixture of CO, 002 and 302 wag used to supply a gulpharising
potential to lime/alumina and lime/alumina/silica slags at 1,5%09,
These slags were contained in platinuwm crucibles and could be quenched
out of the hot zone of the furnacce to prevent sulphur loss on cooling,
Sulphur analysis of the slags after they had come to equilibrium with
the gas nixture enabled a correlation between slag sulphur content anc
gas sulphurising potential to be obtained., By plotting the results or
a graph of slag sulphur percentage against sulphurising potential, the
point at which the slap became saturated with caleimm sulphide eould
be recopnised. At this point, the sulpbur content of the slag increas

considerably for only a slight inerease in gas sulphurising potential,

X 11/ ) /”f.
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In this way, the slag sulphur econtent, corrcaponding te ealcium
sulphide saturation was obtained for a range of slags and these result

hove been discussed. Furthermore, from equation (1):-

Foima

Cl(kﬂlzs é&ﬁﬁi where A = (pSQ % = sulplurising potential,

;&{ [ A ] {302

Howover at cealciwe sulphide saturation (l = 1 and since the value

Can
of the equilibrium constant is koown, lime aetivity values at ealcium
sulphide saturation can be caleulnted. Theme results ave also discus
It has been shown, that Yor the ecalcium sulphide contents being consid
the lime activity of the slag ig likely to remain substantially consta
but imdications are thot for highly basic slags, Cas is not cunstant,
Lime aectivity vesults of other workexs have been rccaleulated uaing’xa
values ohtained in this investigation for lime/alumina slags and good

soreement with the present results is neted,

The scope of the investigation hins been rather vestrieted becaus
the lime activity data on the basis of which the work was pleanned hag
been shown to be unreliable, It was observed ilhat as the lime conten
of the slogs moved awny from lime saturation, the lime activity decrean
nore rapidly than available dato indicated. As a result, the sulphur
iging potential available from the gas mixture used hexre was insuffici

to asaturate, with calciuwm sulphide, the wide range of slags planned in

the first instance,
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I, INTRODUCTION,

During the past twenly years there has been a steadily growing
intevest in the thermodynemics of high temperature reactions, This
interest has developed from the realisation that the fundamental
laws of physicel chemistry can he applied, with seme success, to the
complex reactions of ironmaking and ag the industry becomes more
securely based scientifically, the full potential of the process may
be used wore effectively aud will depend less on the deeisions of

lony sexvice ecraftsmen,

The obvieus way of obtaining informotion on the thermodynamics
of thege reactions wag through a study of the wmolten slaogs used in
the modern bhlast farnace; and since the sulphur and silicon reactions
were of greatest intercst o the practical irvommaker, it {ollowed that
the removal of sulphur by lime alumina silica slogs should reccive
close atteutipn. From the point of view of sulphur removal, the
blast furnace is wore efficient than the open hearth furnace because
the high coarbon content of blast Furnsce iron increases the sulphor
setbivity coecfficient amd this in turn means that the task of removing
the sulphur as calciwm sulphide dissolved in the blast furnace slag,
is wore readily accomplished.  Thus, the industrialist would like
maximan sulphur rewoval in the blast furnace to reduce, as far as

possible/




24
pogsible the metoallurgical load on the sieelmalking furnace., To this
end, therefore, it is usclful to know the extent to which equilibrium
ig achieved in the blast furnace as only this will indicate whether
or not, therecodynamically, the full potential of the reactionm is being

utilised,

ﬁlag/hwtal investigationn of the desulphurisation by limew
almina=-silica slogs have yielded valuable information on the relative
desulphurising ability of various slag compositions. The most
commonly accepted mechanism of the desulphurisation reaction isie
[‘FQS‘]-’-‘E (IFE}S) CS LB IAPIAEIIOIEIOIOEREDY (-l.)

(Fes) + (Cad) = (CoB) + (Fe0) .ov.s (2)

C+ e = e + 00 covessrvnvnncsne (3)

Prom the point of view of the subsequent discussion, however,
it will be worxe convenient Lo consider the simpler, though equally

valid equationi=
Caﬁ ‘*‘ﬁ = CE&S “"'él IR (I.l)

This reacltion was studied from the point of view of desulphurisation

in the stecl furnace, notably by Grant and Chipmen (1), bub little
progress was made beecause of the complexity of the reaction constitvents.
A mpjoy difficulty in this type of reaction wag slag atiack om the

crucible/



crucible (usually alumina or magnesia) which immediately led to
complications in interpretation of the results becaunse of the
resultont alteration in slag composition. Feovr a satisfactory
interpretation of the results obtained from this type of reaction o
knowledge of the thermodynamic properties of all four constitvents
of reaction (%) abeve was necessary snd since little or no data were
available any conclusions which could be drawn were, of neccessity,

gomevhat restricted,

Iron making veactions could, however, be studied a good deal
more readily beeause a graphite erucible could be used along with
high coarbon iron, thereby eliwinating the problem of crucible reaction
and also fixing the oxygen potential of the system and simplifying
intorpretation of the results. Ad&itienal;y, the lime~aluminge
gilica slag used in the blast furnace i9 considerably legs complex
than the typiecal steelmaking slag. Por these reasons, therefore,
the study of the desulphurising reaction by an iven-making reaction
has certain attractions. One of the major experimental difficulties
hexe, however, is the very slow approach to equilibrium, Hatch
and Chipmen (2) studied the sulphur distribution ratios between metal
and slag of blast furnace composition and in an cffort to overcome this
difficulty they ased a stirving deviee.,  They conciuded, hovever, that

stirring had little effect on the rate ¢f atitainment of equilibrium,



At the time of this investigation no data were aveilable on
the effect of carbon on the activity cocfficient of sulphur and although
the oxygen potential of the system had been fixed, thermodynawmie data
for sulphur dissolved in the metal and for lime and calcium sulphide
were still not available, These authors, thevefore, restricted
interpretation of their results to the relative desulphurising

capabilities of various slag compositions.

Sabsequently, the effect of carbon, silicon and phosphorus on
the activity coefficient of sulphur dissolved in high carben iron was
investigated by several wovkers and the results were swmwmorised by
Sherman and Chipman (3). Taylor and Stobe (4) used this information
in their investigation of sulphur partition between blast furnace metal
and slag. This investigation was similar to that of lateh and
Chipman. As a result of the increcased thermodynamic dato available
at this time, these anthors were able to calculate sulphur activities
in the metal corresponding to sulphur percentages in the slag. Again,
however, full interpretation of the results was resiricted by lack of
thermodynamice data on lime and caleiwg sulphide,. Also, it was
cstimated from this work that the percentage sulpbur corresponding to
calcium sulphide saturation was about 4.0%, for a slag of blast furnace
coniposition., This value was in good agreement with that reported by
Piler and Darken (5) and was less than half the value suggested by

Mcﬂaffery/



McCaffery and Oesterle (6) who obtained calcium sulphide solubility
Levels of the order of 10 - 124 5 for blast furnace slags ot 1,550°C,
These latter sutbers did, however, conclude that the caleium sulphide
solubility lavel.tends to inerease as the mole fraction of alumina
iﬁereaees ond it will be shown that, in the present investigation a
gimilar eifect was notbed, Although Hateh and Chipman did not veport
calcivm gsulphide saturation levels for the slags iovestigated, their
data were later used by Rosenmyvist (7) vho estimated that unit ealciwm
sulphide netivity corresponded to 10% Sulplny in the slag. This
calculation wasg bagsed on lime activity values derived {rom the
eguilibriuvm diagrem of the gystem Cad -~ 8ilp given by Davken (8). When
move vecent date on lime activities, now available, are used the value
of 10% obtained originally is reduced to about 5% and is more in line

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

It is clear from the work swmmarised above that as thermodynamic
data have become available they heve been used to eid interpretation
of the experimental results and to make deductions which are less
empirical and of wmore absolute value., Much of the information,
however, concerns the metal and the congtituents dissolved therein
whereas the data avoilable on the thermodynamie propertics of the
components of the slag is somewhot limited, particularly with refevence

te lime and calciwn salphide,
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Moxe reeently, however, several workers have published the resulis
of investigntions designed to obtain information on lime activities
in blagt furnace slapgs containing sulpbur and seme of this work will

now be congidered.

Certain authers, notably Carter and Macfarlamne (9) and Bell and
Kalyanram (10) have studied the desulphurising properties of slags
from the gas/slag reaction:

Cal + 450 = CaS + %02  .....veeees (5)
by subjecting lime~alumina-silica slags to a sulpburising gas atwosphere,
This method has certain important advantages when compared with the
slag-metal studies mentioned earlier, Tirvetly, elimination of o
metal phase permits the wse of mebtal containers and theve is no pessibility
of alteration in aiug composition as a vesult of crucible attack. Also,
ansuning that the thermodynamic properties of the pgas phase ave known,
the relevant partial pressures which can he ealeulated wmay be equated
to activities since it ean be reosonably agsumed that the gases will
behave ideally at the high temperature and low pressure of the experiment,
Since this technigque was firgt suggested, it has proved to ke a very
prolific source of date on the theymodynamic properties of the

constituents of molten slags.

Befere comsidering some of the results obtained From slag/gas

equilibris it should be mentioned that the transfer of sulphur from a
suitable/
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suitable gag phase to a lime containing slag may be repreasented

apart from equation (5) by the equation:

Cal + 480 + 3/200 = Ca S0  vevess (6)

It is clear tha%,‘whather or not the reaction will proceed according
to equation (%) or (6) depends on the oxygen potential of the system
and Tincham ond Hichardson (11) have shouwn that when pﬁg<§1@”5 atwm,
sulphur trangfer takes place entirely by sulphide formation. The
oxygen pressures used in all the work discussed here werve always
considexably less than X077 g4 ana consequently only reaction (5)

need be considered,

The free energy chenge for reaction (5) can be determined {rom
the dota of Hosenqvist (7) for the reaction:

Cal($) + Hps8 = CaS(8) + Hyo (7"
along with the free energien of formation of Hgd and HpS to give the
value ofs

G = 23,020 « 1,247
as the free energy change for rcaction (5). The data obtained by
Rosenqviat for reaction (7) have recently been confirwed by Filipouska

(12) and ean be considered to be very veliable,

It will be noted, from reaction (5) that a gtudy of this reaection

should yield, direetly, valuable information on the activity of lime.
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This, however, presupposes a knowledge of the thermedynamics of
calcivm sulphide in slag solution, To date, adequate information
on the activity coefficient of calecium sulphide has not been
available, and although certain workers have,munaged to circumvent
this problem their caleunlations have of neecessity involved certain
assumptions conecerning the behaviour of the activity coeifieient of
caleium sulphide,  Thus the lime activity values obtained, while of
considerable significance, have not been entirvely satisfactory, It
is clear therefore, that a koowledge of the activity coefficient of
caleiwn sulphide is important, not simply from the point of view of
calculation of caleium sulphide activitieg but also for aceurate

eatimation of Llime activitiecs,

Carter and Maciarlane and Bell and Ealyanvam investigated
sulphuy pick-up by lime-plumina-silica slags st sulphur levels
considerably below the calcium sulphide gaturation value, end these
authors used these data to caleculate lime agetivities in the melt,
making certain assumptions with regowvd to the activity coellicient
of calcivom sulphide, YThey compared the resulis obtained for the
individual slags, with the sulpbur picke-up of a stendaxrd slag of wnit
lime activity, assuning thaﬁ‘(baS did not vary significantly through=
out the slug rvange investigated, and lime activities were calculated

on this basis.



9.

Thig assumption, while only approximate was the best that could
be made in the absence of any move reliagble information., The work

of these authors will be discussed in wore detail in a later chapter,

Pinchem and Richardeou (11) have earried out a similar type
of invegtigation using a wide range of sleg compositions and have
compured the desulphurvising power of the slags through the function

referred to as the sulphide capacity, Cg where:

Agoin, these authors have made valvable compavisons without being

i

able to calculate true activity values and on this basis bhave been
able %o come 1o some relevant conclugions regarding the wmost sultable

conditions for effieient desulphurisation,

More vecently, Chipman (13) and Koy and Payler (14) have

carried out a fairly eompléte survvey of milica activities in the
lime~nlmaing~gilica system, From these siliea setivity measurements
by a Gibbs-Dubam type calculation these authors have been able %o
obtein lime activity values, The actual valuss allobtted to the
iso=activity limes of Kay and Taylovr, depending as they do on the lime
acbivity values obtained by Carter and Mocfarlane in the lime~alumina.
binary, are open to doub® but the actual shepe of the contours is wuei

more reliable,
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Although various dota have lately become available on the
thernodynamic propevties of liwme in lime~alumina-silica slogs,
it is elear that none of it is ebselutely reliable and further
clavification will be necessary. With regard to the thermodynamics
of caleium sulphide, the data ave elwost non existent; alwost all
the work reported on the desulphurising ability of slags has been
of a comparative mature, and in the absence of complete data on the

vhermodynamic properties of calecium sulphide 1% will vewnin so,
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INTRODUCTION,

The experimental methods available for the determination of
caleium gulphide solubility levels, way be considered under two
headings:

(1) Technigues invelving physical measurements,
(2) Techniques invelving a study of the thermodynamics of lime-

alumina~silica slags containing sulpher,

Although many of the investigntions carried out to date have
involved a thermodynamic study of slag systems containing sulphur,
some workeirs have suceessfully used a physical techmique and the

results of some vecent Russian publications will be mentioned,

Panov and Rudneve (15) undertook a petrogrepbic examination of
glag samples in the lime~silica system to which progressively inercasing
anounts of sulphur had been added up to 25% caleium sulphide., Lime
to silica ratios of 0,8 to 1.5 were studied and the slage quenched in
water from various temperatures. They reported that at l,&ﬁﬂ“c, froe
caleium sulphide appeared in slags of lime-silica ratios between 0.8
ond 1,0 when more than 6 calciwm sulphide was present., (This correspends
to a sulphur content of approximately 3%). When the lime-silica ratie

was between 1,25 and 1.50 free calcium sulphide did not appear until the

slag/
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slag contained more than 7.0% caleiwm sulphide, i.e. the saturation
level of the slage inereased as the slag basicity inereased, (This

is contrary to the findings ef Sharma and Richavdsen (16) ).

The wneertainty in this type of investigation lies in the ability
to digtinguish the caleium sulphide crystals when they cmerge Lrom the
matrix ag a free phase, becouse, optically caleium sulphide is little
different {rom the background slag. Furthermore, supersaturation
readily oceurs in caleciwn silicate systems and this may delay precipitation,
It is, however, an interesting technique and if carefully interpreted,

valuable results may be repidly obtained.

The work described above, is to some extent complementary to the
work of Penov, Kulikov and Tsylev (17) who studied the viecosity of
limemgilica~caleiwn sulphide slage in en ondeavour to gain some
information relevant to the effect of calcium sulphide on the viscosity

of blast furnace slags,.

Slags of different lime=gilica ratio were studied and the variation
of visecosity with increasing celcivm sulphide contents was noted. It
wos observed that initisl additions of calcium sulphide lowered the
viscosity until o winiwmum value was reached and thereafter the slag
vigeogity increased. This increase in viscosity was attributed to the

formation/



13.

formation of caleium sulphide as a free phase and therefore the
minimun point in the viacosity/culcium sulphide content, carve,
represents the calcium sulphide saturation level for the slag under

consideration.

In some cases this minimum value was very indefinite. Indeed,
o pronounced minimum was only abtained at the lowest temperature of
the experiment (1,&0000) and in these cases, supplementary experiments
showed the presence of pseudowollastonite on both sides of the curve,
This makes conecise interpretation of the wesults rather difficult,
More reliable information can therefore be obtained from the curves
drawn from the data for higher tewmperatures but herxe, lthe minimum point

iz wuch less distinet.

Agein, ag in the previous paper, it was noved that the caleium
sulphide saturation level inercosed with increasing slag basiecity.
The caleinm sulphide saturation values also seem to agree foirly well

with the saturation values observed from the petrographic examination,

Both these physical metheds are extremely useful techniques and
will yield results much more rapidly than will a thermodynamic investigation,
however, apsxt from the limitations alrveady mentioned they suffer from
the disadvantage that they indicate only the calcium sulphide saturation
level for the slags under investigation, and give no datn on the

Thermodynomi.c/
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thexmodynanic propexrties of caleium sulphide when sulphur isg

absorbed helow the saturation level, Bince it was the purpose

of this investigation to determine calciuvm sulpbide solubility

Limits for o range of slogs and alsoe to obtain information on the
behaviour of the activity coefficient of calcium sulphide helow
saturation none of the physical itechnigues just deseribed was
considered suitable, Information of this nature can only he
obtained from a careful theyrmodynamic study of the slag in question
by o suitable veaction, and this was adopied as the woest satisfactory

experimental approach.

This type of investigation involves observing vhen the activity
of coleium sulphide, dissolved in the slag, becowes constant and
equal to unity. Befove this point is reached, the slag has absorbed
varying amounts of sulphur and the complete gseries of resulis supﬁlies
information on the thermodynamic propertics of caleciuvm sulphide below
gaturation as well as a fairly elear indication of thelsulphur content
corresponding to calcium sulphide saturation, There remained the task
of deciding whether a $.ng/meta1 or a slqg/gas veaetion would be norve

suitable,

It has been mentioned that previous workers were able to obtain
calcium sulphide saturation limits from a situdy of slag/metal reactions
altiiough +the achievement of eguilibrium was doubtful; also, elug/gas

reactions/




reactions, previously studied, had in the main, coneerned sulphur
contents considerahbly below.caleium sulphide saturation. Purthermore,
for the slag/gas reactions it was realised that, with falrly aecid slags
of high silica activity the possibility of silica reduction by carbon
monoxide and the subeequent attack of the platinum erueibles could not

be exeluded.

There was, therefore, some uncertainty sbout the wisdom of
proceeding with o gog-slag investigetion and when the work was initiated
it was suggested that o series of slamﬁnetal reactions should be carried
out; Yor veasons whieh will be made clear later, the $1ag/metal study
failed to yield vesults which could be congidered reliable and when,
uléimately, o slag/gas investigation was initiated the results obtained
therefrom were much more useful, lioth series of experiments will now
be described but beeause of the relative lack of success in the slag/

metal investigation this method will be deseribed only briefly.
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2o BLAG=-METAL INVESTIGATIONS,

These reactions were carried out by melting carbon saturated
iron, contoining sulphur, and o lime-alumina=gilica slag of appreoximately
blast furnace composition (i.e. 40% lime, 204 alumine end 40% Silica)
in a graphite erucible of 1" internal dinmeter. This crucible was
contained in o mullite tube which could be heated evenly to 1,500°C
over a distance of three inches in o platinun wound vresistance furnace,
The crucible was supported in the hot zone of this vertical furnace by
rvefractory stools, the furnace tube heing sealed ot the top and hottom
by rubber bungs with an internal atwosphere at high temperature, of
CO and nitropgen resulting from the air, initially trapped within the
tubeo. The topmost rubber bung contained an observation window through
which the progress of the reaction could be noted. A mullite thermo-
couple sheath passed through the lower bung and the sheath passed up
through the refractory sfools to touch the bottom of the crucible. In
this way on accuratle tomperature measurement could be obtained from the
Plotinum-Plotinum/13% Rhodium thermocouple inserted in the sheath,
Also, an outlet tube from the lower bung through a mercury seal, prevented
any pressure buildeup within the farnace. No stirring deviee was

incorporated in the experimental set wp,

The/
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The exucible was charged with 50 gus of metal; containing up to
1048 and 100 gms of slag, and inserted into the reaction tube which
was then sealed and brought up to temperatuve, For about five hours
the meldt was allowed to remain uwndisturbed and sulpbur was transferred
from the wetal to the slag according to the mechanism of reactions

(1), (2) and (3) below:

ki

[FeS] = (FeS) vivievvrvnnnn.. (1)
(Fes) + (Ca0) = (Cas) + (Fe0) ...... (2)

C+ (FeO) = Fe + CO0 +vivvrvveeeee (3)
Thereafter, metal sanples were drawn off every two hours and analysed
for sulphur by the uwsual method of combustion by oxygen. These mebal
samples were obtnined by droawing o small quantity of metal inte a navrow
bore silica tube using o rubber aspivator, The sonples so obtained were

then cuickly guenched in a lsrge volume of water,

Vihen two conscecubive sawples indicated a eenstant sulphur content,
it was considered that equilibriuvm had been achieved and a slag sawple
was vemoved by dipping a %" diameter brass rod into the slag layer and
then gquenching the rod into a large volume of water, This slag sample

wag also analysed foxr sulphur,.

By repeating this proecedure with an increased percentage sulphur
in the metal it was posgible to obtain equilibrium values of sulphur

content of the metal witlh a corresponding value for sulphur in the slag.
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When the slog was saturated with caleium sulphide, the sulphur content
of the metal at equilibrium rewained cengtant but the sulphur content
of the sglag inecrecased considerably and in this way, the saturation level

could be recognised.

A series of experiments of this nature was corried out but it could
never be definitely congidered that equilibrium bad been achieved,
Initially, the sulphur content of the metal decreased rapidly and i+t
appeared as though cquilibrium would be readily obtained. I[lowever,
consecutive samples, drawn off aftexr 10 or 12 hours still showed a very
slight decrease in the sulphur content of ‘the metal and it wasz concluded
thot silica reduction was taking place. On several occasions, the
crucible was maintained at tewpervature for twenty four hours but it was
noted that sulphur tronsfer fvom the metal to the slag was still toking
place, Further, it was obserxrved that, as the sulphur content of the
slog inereased, so the viscosity inecreased and this alone would tend

to glow down the rate of sulphur transfer across the slagemetal interface,

Bxperiments in whiech both slap and metal initially contained
gulphur were no move successful although, theoretically, ewguilibrium
ovght to have bheen attained more rapidly. Bome congideration wos given
av this stage to the idea of incorporating a stirring device in the
systen, This wag rejected, however, because it had been noted by

oiﬂlely/
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other workers (iateh and Chipman) that the silica reduction veaction,
wvhich was preventing the attainment of equilibrium, was largely
unaffected by stirving., In addition a device of this nature would
remove the mnin advantage of the slag/metal technigue which was

experimental simplicity.

In view of these considerations, thervefore, a series of slag/gaa
investigations was initiated using a slayg of fairly high lime aetivity
to minimise the possibility of crueible attack due to silica reduction.
As will be seen, these experiments proved to be much more sucecesgful

and o deteiled desceipiion of the method follows.
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e DLAGGAD BXPLEIMENTS,

Basically the experimental procedure here, involved subjecting
a number of slags to a gas mixture of a known sulphurisiung potentiel
at 1,55000, and allowiag these glogs to come to equilibriom with the
gas atmosphere, It will be most convenient to deseribe the apparatus
involved, the method of slag preparation and the experimental technique
in separate scetionss The apparatus used to control and analyse

the gos wixtare is shown in figs, 1 and 2.

Choice of pas mixture.

A pas mixture of sulphur dioxide, carbon dioxide and carbon
monoxide was used throughout for the gas/slag experiments. This gns
mixtuare was chosen because considerable experience had been goined by
other workers in +the department investigating similar reactions and the
vechnigque had been fairly well cgtablished over a period of several
years, In addition, the lime activity data available vhen the worlk
was begun (Koy ond Taylor (14), Carter and Maefarlone (9) and Chipman (13))
indicated that this type of gas mixture would give sufficient sulphure—
ising potential to enable a Yairly wide range of lime-alumina-silica
slogs to be investigated, Vhen these factors wexre considered it seemed
that this was the most reasonable technique to adopt. It was realised
that, with inereaging silica aetivity, as more acid slags were investigated
the highly redueing conditiong necessary te obtain a high sulphurising

potentinl/
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potential would resuld in siliea weduction and the consequent atback
on the platinum crucibles, This was considered to be the limiting
factor fvom the expevimental point of view bulb available lime end

gilica aetivity data indicated 2 wide field for invesitigation belore

crucible attack became sigonificant,

As will be seen, however, it was found that the liwme activity,
as the slag composition moved away from lime saturation, decreased
much more rapidly thon available date indicated, This meant that the

sulphurising petential aveilable from the gas mixture of 80g, €0 and

C0 {see appendix) was insufficient to saturate, with caleium sulphide,
the range of aslags whieh it had been hoped to investigate. The only
alternative wag to use a pgag mixbture with o higher sulphurising
potential, the obvious choice being one of hydrogen sulphide, hydrogen
and carbon dioxide, Ploms were wade accordingly 4o change over to
use this new gos mixture sud complete the study of the ternary slags.
Yor veasons which will be made e¢lear later, it became necessary to
regtudy the lime-alumina binery system and the plans for using the

new gas mixture had to be positponed,

Gaa/



fzas Preparation,.

All three gasesn (ﬁﬂb Cly and C0) were obtained from cylinders,
The gas flow was metered by capillary flow meters containing low
vapour pressure manometer oil, Control of the gas flow was
achieved by capillary venturis and bleeder columns, These latter
devices simply allowed the flow rate to be controlled by allowing a
guantity of the gas to bubble outv of the system througlt a head of
water, the depth of which could be varied, and thus varying the

amount of gas which could be passed into the asystenm.

The gases were dried before metering. For the €0 and €O,
this was achieved by simply passing through tubes filled with
magnesium perehlorate (anhydrone).  The Sﬁg was fivst dried through
concentrated HoB0) and then passed through magnesium perchlorate,
After drying amd metering the gases were mixed before passing into
the analysis section of the apparatus, Again, this mixing tube
contained magnesium percblorate thus ensuring that the gases, at
this stage, prior to anulysis contained a neglipgible quantity of
water vapour. The vavious drying agents were renewed regulavly

to ensure efficient removal of moistare,
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Gog Analysig.

After mixing, the gases could, by a system of two-way stop
cocls, be diverved into any ene of three channecls. One chanael
allowed the gases to exhaust to atmosphere by means of an outlet
to a ventilatien shaft, thus preventing contemination of the laboratory.
Before an analysis was abttempted, it was always considered advisable
to allow the gas mixture to poss bhrough the system, undisturbed for
about an bour, so ensuring complete mixing. Also, since the 80y
flow rate was inevitably considerably slowex than that of either CO
or 0y, the 509 gupply was always turned en first, followed by the

Chg and then the €O,

Hoving allowed the gases to bubble through the system for about
one hour, the gas mixture was diverted into channel two where the 80y
wag absorbed by the golution of 9%ce water + See 1/% HCL contained in
this flask., Normally the gas mixture wos passed into this solution
for one or two minutes, (accur&tely timed) thereafter the flask was
removed and the suphurous acid solution was titrated against a
stoandard KI/KIO3 golution, using a starch indicator. This gave the

ate of Llow of S0, in the systeuw as X ce.s/min,

This/
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This proceéuré was vepeated till a consistent value for the
rate of flow ot 882 was obtained. The pas could now be diverted
into chamnel three theve both the 302 and the €O, were abgsorbed in
& midvale bulb containing soda asbestos, This absorption was
normally allowed to take place for five minutes. By subtraecting
the weight of 562 pnssing per minute (obtained from the bitration
data), bthe weight of 062 passing per minute could he caleulated and

thus the volume rate of flow of Clg in ce.n/min,

The final stage in the analysis involved removing a sawple of
the gas from the system and econnecting it to the ajparatus shown in
fig. 3. The gas sample was then blown through the system by nitrogen
gas and the Clp and 80y werc absorbed in a widvale bulb econtaining soeda
asbestos,  The remaining gas (C0) was oxidised hy passing through a
silica tube containing copper oxide at a temperature of GGGOC wherein
the €0 was oxidised +to QUQ, theyeaiter being absorbed in another widvale
bulb containing soda asbegtos, The nitrogen which was used to push the
gas sammle through bthe systenm and which also acted as a dilutent,
was passed for 10 minutes ot o vate of 50 cc/win., and finally for
about 25 - 30 minutes at 100 cc/min. This ensured complete absorption
and the oxidotion of the €O by the copper oxide was vevy efficient
provided the tube was rechavged with freshly oxidised copper oxide

whenever more than half the quantity had been reduced.



P y t
¥rom analysis of this gas sample the ratio of €O was
mﬂw
) 0, + B0y
obtained and this, coupled with the. information gained previously, gave

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

Normally a gos analysis took about one hour to complete and care
had +o be taken that diversion of the gas from one channel to another
did not alter the flow rate., This could be readily avoided by careful
adjustment ol water levels in channels 1 and 3. It should he mentioned
that the level in channel 2 was of course dictated by the fact that
this flask had Yo comtain 100 c¢e. of dilute aeid sclution, After
a little experience with the apparatus minor adjustments to water level
to maintain constant flov rates could be made very readily and negiigible
fluctuation resulted. Ocecasionally irregular {low rates and
inconsistent analyses would ocecur and this trouble was usually caused
by a breakdown of the stop~cock lubricating grease, a rvesult of salphur
dioxide atinck, This caused leakages in the system and it proved
to be well worthwhile to regrease the stop~cocks in the system after
every two or three runs. the apparatus was of very similar design
to that uged by Kalyanvam (18) ete., witi. ti:c notewerthy modification
that P.V.C. tubing largely replaced the rubber tubing used by the
earlier workers. Previously it had been nccessary to replace the
rubber tubing after every run (18), however the P.V,.C, tubing was

replaced after pevhaps 10 or 12 runs,
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The rubber tubing became hard and brittle - the result of sulphur
attack = but the P,V.C. tubing, normally transparent, became
blackened by the 80y and although there was no evidence to indicate
that any deterioration had occurred, it was considered advisable to

reploce tubing affected in this way.

Guite the most troublegome malfunction was the deposition of
sulphuric acid vapour in the venturi of the S0, flowmeter., This
rvesulted, eventually in the blockapge of the venturi and although the
flowmetey indicated a positive pressure of S02 none of this gas was
pagsing ‘through the system. Hewoval of the venturi and careful
waghing, fivet with hot water and then with acctone, followed by
drying in an oven at approx. 100°C was the only satisfactory way in

whiich the trouble could be yemedied.

S5lag Preparvation,

Initially several 1ime/ulumina/ailica slage were prepared by
melting the appropriate quantities of 'analar' calcium carbonate,
aluminium oxide, and acid washed silieca, contained in a carbon cruecible,
in o high frequency induction furnoce. Some preliminary worl had
indicated that complete conversion of caleiuwm carbonate to lime hy

» . » 0 .
caleination at 1,000 G was most wnlikely. Consequently =o attenpt
was made at preliminary caleination of the ealcium carbonate used in

preparvation of the slogs..
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Noxrmally, the materials were mixed and compressed prior to
melting and the molten slag was east into a button would  After
solidification the slapg was finely crushed in o percussion mortar,
charged again into the carbon crucible and remelted, cast, allowed
to solidify and crushed in the pereussion mortar to pass a 30 3.8.8.
sieve. This material was then ground in a mechanical agate mortar

to complete the preporation,

After several preliminary experiments using these straipghbtforward
ternary slags it was contluded that satisfactory results would enly be
obtained if the slags charged into the experimental furnace centoined
a known guantity of sulplwr initially, The reason for this was that
as the slags picked up sulphur from the gas atmosphere, lime was converted
to caleiuwm sulphide, and thereby altering the composition of the slags.

If the slags contained some gulphur initislly less sulphur would he
required from the gas phase, to bring the system to equilibrium and

therefore, there would be very little change in composition.

Sul phur containing slags were thereifore preparved by sinply adding
Ca8 to the original glags and remeclting, crushing and grinding as
before. This method, however, proved to be far from satisfactory.
No analar CaS was available and the material used appeored to be non
stoichiometric; with the xesuld titat the final slag, when analysed for

sulphur, rarecly contained more than half of the awount added originally.
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The problem was overcome by addinmg sulphur to the slags in the
pure form of flowers of sulpbur and eonplete details of the teehnigue
will be described, The slags were prepared in paivs viz., one
stroightforward lime-alumino~silica sleg, prepared as previouvsly
deseribed and a second sulphur containing ternary with the sauwe Ca8
free lime content, These two slags could then be mixed in suitable
proportions tuygive various sulphur content slages with identieal CaS

free lime contents,

In most cases the sulphur containing slage were made up with
LGS and it was necessary to ealeulate the amount of lime whieh would
combine with this 4% of sulpbur to give CaS. Thig quantity of lime
was then added (os caleium carbonate) to the basic lime-alumina~silica
slag composition. The slag was then melied twice being crushed and
ground as before, Normally 20 gms of slay were prepaved in this way
and before sulphur addition this quantity wose. divided inte twoe 10gm
portions. It bad been previously ascerteined that addition of the
caleulated amount of sulphur was insufficient to give the final analysis
of 455 becouse of evaporation loss during melting, IHence it was
necegsary to add to one 10gm portion a large excess of gulphﬁr (perhaps
four or five times the calculated quentity) whieh was carefully mixed
with the previously melied and finely grownd slag. This mixture was
thon compacted and melted in a ecarbon exrucible in e high frequeney

induction furnace.
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After exushing and grinding the slag was analysed for sulphur and
was usually found te conbain rather more than the required 4%S.

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

16 gw portion (i.e. material with the same percentage lime but
containing ne sulphur) which had to be added to 'dilute' the sulphur
content to exactly 4%S. VWhen this addition had been made the slag
was vemelted, crushed, ground and analysed again, In all cases the
sulphur content was found to be within the ncceptable range of

3.51‘} haad lk.l;%s.

It should be mentioned that although sulphur loss was considerable
when melting the slag with flowers of sulphur, once the sulphur had
combined with the 'excesgs' lime to give caleciwa gulphide little or no
sulphur loss was noticed, The loss of sulphur from slags to which
stock caleium sulphide bad been added can be explained by the probability
of some free sulphur existing in this material‘which volatilised on

heating.

Ag o result of tuis method of slag preparation two series of slags
were obhtained. One serieg of lime-anlumina-silico slags with a correg-—
ponding series of slags containing 4%8 which had the same composition
when considered on a Cad free basis. Thus by mixing the corvvesponding
slogs from each series it was posgible to obtain any slag sulphur

content from O to 4%
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In exaetly the same way two serics of lime~alumina slags were

prepared and could be mixed 4o give a similor range of sulpbur contents.

Slag Analysis,

Lime Bgtimation,

All the slage prepared in the womner just deseribed were analysed

for lime by the normal caleivm oxalatc metliod

Sulphur bstimation.

Several methods of sulphur estimation were available.
(1) gravimetric = gulphur estimated as barium sulphate,
(2) evolution =~ sulpbur estimated as hydrogen sulphide,

(3) combustion

_ sulphur estimated as 505.
by oxygen o

(&)  combustion ~ gulphur estimated as 80g.
hy 002

By far the most conveuient method is combugtion by 0025' This
techunigue is extremely accuvrate becanse no sulphur trioxide is formed,
thus eliminating the necesaity for calibration of the apparatus (e.f.
combustion with oxygen) and since an interval of 30 = 60 minutes is
normally required to complete the analysis it is a fairly rapid method
(e.f: gravimetric technique).,  This particular method was developed

and described by ¥Fincham and Richardson (l9)aﬁ

After removing the slags from the furnace, the platimum crucible

was peeled off and the slag pellet was then prepared for analysis.
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The pellet was crushed in a percunssion mortar and a O.lgn sample

was welghed and transferred to a preignited boat, This boat wasg

then placed in a 1Y aluminous porcelain combustion tube in o resistance
furnace with a platinum/l?%ﬂh winding which readily gove the vrequired
temperature of 1,4&006. Cho was passed through the system at
250ce/min, and the 80y formed was absorbed in two flasks each ceontaining
5% 1/8C1 and 5% 14KI in water solution.  The 800 so absorbed was
continuously titrated using a starch indicator till a stendard blue
colour was obtained. As previocusly indicated the time required to
complete an analysis varied to some extent but on average 30 minutes

was gquite sufficicent.

No rubber tubing was used in the gystem to eliminate any possibility
of sulphur loss due to weaction with the rubber. Sowe determinations
were carried out after the crushed slag had been sized to =736 + 120
with the appropriate B.B.8. sieves but no sipgnificant difference in the
sulpbhur analysis was observed, Also, aceording to Barnshaw {20)
the slag should be crushed in the perenssion moriar with o single hommer
klow, since ony 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 deeided to pewrsevere with the single blow teehnique

ginee bhis permitied satisfactory erushing of the slag anyway.
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Crucible Manufaciure,

The only material which, it was considered would endure under
the experimentel conditions was platimun,  Swall erueibles were made
from platinum foil (0.002% thick) by cutbing discs 2% diameter and
annealing thew in a gas flame. Thercafter the discs were cavefully
pregsed inte a hemispherical depression in a lead block by a suitably
ghaped steel plunger. The complete pressing operation wag not earried
out in o eingle action ag this tended to eause tearing of the foil and
an unsatisfactory crucible, When the foil wag half formed it was onece
again amcaled before the final pressing was carried out. The vresult
was a cup shaped ecrucible 4" diameter, which could readily contain
OJegm, slag and which was an adequate guantity for the purposes of the
roaehion. ‘

I+ was realised, after sewe preliminavy work that although
platinum was an execellent and reliable material at lov 00/002 ratios,
and with basic slags, it was attacked under the severely vedueing
conditions required for aeid slaps., For these an ineveased C0/002
ratio was necessary to give adequate sulphurising potential and thia,
together with the increased silica aetivity resulted in silica reduction.
The product of this reduction, silicon, alleyed with the platinum crucible
material and the crucibles were completely degtroyed. To overcome this

problem /
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problem some ividium foil was obitained and an effort made 1o produce
gimilarly shaped crueibles of this, extremely brittle material, %he
iridium foil was rather thicker (0,005") than the platinum foil and

it was quickly wrealised thot the technigue used to make the platimu
crucibles was not satisfacbory For the iridium, It was concluded thatv
to form even a small depression in the surface oi the foil, the pressing
would have to be carried out while the material was hots, It was
leavrned (21) that the maximum dendility of iridium occurred at a
temperature of 1;5@@06 but it was decided to carry out preliminary

attempts at 800%,

A dise (2" diam.) of iridium foil was placed in a graphite mould
into which a swmall depression had been cut and a second piece of graphite
with a complimentary impressgion was pressed down on top of the disc when
the arrangement had reached a good ved heats On removal it was obhserved
that the iridiws had decrepitated and although this technique was tyried
peveral times and with nwuerous madificationé, » satisfectory crucible

wag vercly produced,

Finally a steel wmould, with a slight depression cut thevein, was
used along with o suitably shaped former and after heating to 500°C a
satisfactory dished shape crucible was obiaineds It should be caphasised
that this erucible was not hemispherical like the platinum crucibf@ and
indeed to produce a crucible of this shape from the irvidiwn foil usyd

\

here would be an extremely difficult task, \
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To explain the lack of success with the graphite mould it was
suggested that the carbon was having a further embrittling cffeect

on the ividium,

Furnace Arvrangement.

The experiments were carried out in a resistence furnace, wound
with 18 s.w.g. Pb. 13%0h wire, which carried a 2" i.d. wmullite tube
35" long (See figure 2.). Carefully pecked insulation, aleng with
the rather heavy gauge wire enabled the furnace to reach a temperature
of 1,55000 within 2% hours and the hot mome at this temperature was
constant to within £ 5° over o length of about % inches. Power was
supplied to the furnace by a 20 aup Veriac auto transiormey and the
temperature was controlled automatically by a Kelvin & lughes type
controller connected to a Pbm/lﬁﬁﬁh thermocouple, This cowbination
allowed a temperature of 1,5§0°G + 29C 40 be readily meintained.
Temperature within the reaction tube was measured by a secoud Pb./lﬁ%ﬂh
thermocouple, and a Cambridge potentiometer, This thermocouple had

been ealibrated against the wmelting point of palladium (1,559°C) ana

the estimated ervor was not more thau i 4CO,

The rcaction ftube was sealed at each end with a rubber bung which
carried the inlet and outlet tubes for the gas mixture; the dead space
within the tube was filled with refractory stools which prevented theimal
diffusion and also acted as rediation shields, preventing excess heating

of the rubber bungs,
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The pleotinmn crueibles were contained in an alundwm tray which
rested on to; of the lower set of refraectory stools. This alunduwa troy
was shaped to accommodate %, 5 or 6 crucibles and the distance between
the top of the tray and the bottem of the upver set of refractory stools
was & = 1", Thus the gas mixture emersed from the inlet tube and
impinged on the wolten slags in the platinwa crucibles below, at the
reaction toemperature (1,55ﬂ96), The distance belween the gas inlet tube
and the slap surface was maintained not greater than 1% to prevent any
possibility of thermal diffusion, After a run hod been conpleted,
the slags had to be quenched o prevent any loss of sulpbur dve to air
oxidation on codling. Yo accomplish this the lower rubber bung was
romoved Lrom the mullite tube and the reaction tray was immediately
lowered a distonce of fouwr inches. This ensurcd that the slags had
moved out of the hot zone and would solidify alwmost instantaneously.

Lt

On rare occasions, the tray would =itick in the hot zmone and fail o
, *

drop down with the stools, giving suspect results.



Bxperimental Procedure.

Normnlly four slag-filled crueibles wore charged into the
furnace at fs@m temperature, The furnace was then switched on and
allowed to heet up to the operating tewmperature, At the same time
the furnaée tube was flushed out with oxygen-free nitregen which was

allowed to bubble through the dube vntil the operating temperature was

reached and the system was ready to receive the sulphursing ges mixture,

The gases were now turned on in the order previously described;
B0g first, then COg and finally C0.  After about one hour, the gas
mixture was analysed and by thig ftime the temperature in the fTurnace
was approximately 1,60006. A satlisfactory gas enalysis was rarely
acitieved in less than 2 howrs and by this time the furﬁace had wenched
the operating temperature., The gas mixture was then introduced at the
hottom of the reaction tube and pllowed to pass outl through the top
for about 20 minutes. In this 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 wheve it passed down into the reaction zone and
impinged on the molten slags; thereafter it was led oulbl of the furnace
and to the atmospheve. That the gasen, on passing down through the
furnace to the reepetion zoue; becoame gufficiently prebeated, was indicated
by the fact that the reaction zone temperatuve did not decrease when the

gagses weve admitied,
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Usually the gas was allowed to pass into the reaction zone for absaet

2 houyrs, then the slags were guenched in the manner previously
desceribed aud the furnace and gnses switehed off, Huring a run,

a pas sample woas removed for analysis o ensure that the pgas composition

as analysed was identical to that passing inte the Lurnace,

After some operating experience had been gained some slight
variations on the above general procedure were developed. It was of
'cgnsidarahle benefid to maintain the reactien furnace at a temperature
of 9400 w 1,60000 ingtead of allowing it to cool each time to room
tewperature. In this way, less time wag reqnir@d for the furnace to
reach operating temperature and the only disadvantoge was a rather
alayming rate of failure of the refractory steols due to spallings
It was considered, hewever, that the saving in time considerably offset
the refractory failure and since no reaction tubes spalled the

nedification proved very useful,

Also, {to make use of the full furnace capability, alundum trays
capable of holding five and six erucibles (instead of four) were developed

and nsed successfully,

In the orviginal series of runs, ternary slags with no initial
sulphur content were used and all the sulphur finally contained in the

slags had been absorbed frow the gas mixture,
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This meant that the oxygen of the lime was roploced by sulphur

from the gas according to the equation:
Ca0 + 45, = CaS + 40y

Thus the final composition of o slag containing perhaps 2.5H5 was
considerably different from the originel composition in that some of

the lime had been converted to CGal, The nett effect of this was that
as sulphur was absovbed by the slag, the alag become more acidic due

to veplacement of lime and instead oi an obvious break in the curve

of %8 against A value when sulphur saturation was reached, a smooth
curve wng obtained and it was impossible Lo quote an exact or indeed

an approximate sulphurising potential to corrvespond te calcium sulphide
saturation of the slag., When this kod been realised, it was suggested
that the most convenient way of evercoming this difficulty was to have
an initial sulpbur content in the slags so that for a given sulphurising
gas poventinl, a slag sulphur conteni could be chosen so that the amount

of sulphur gained {or lost) by the slag would be & minimum and hence

the composition change of the slag woeunld be as little as possible,
Consequently, slags were made up, as previously deseribed, with up to

555 so that tue initial sulphur composition could ke anything between

0 and 4%S. An added advantage oi this technigue was that the time of

a run was eonsiderably reduced since the system was much nearer eqguilibrium,
Also, since the equilibriuwm could be approached from both sides, i.e,

gain or loss of ﬁulphur/
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sulphur by the slag, it was not of parvamount imporitance to bring

the gystem of absolute equilibriwa,

This approach proved to be much more satisfactory and the
sulphurising potential of the gas which ecorresponded to sulphur
saturation of the slag could be readily recognised,  Slag preparation
was a much wore exacting and time consuwning process but this was more
than offset by the hnowledge that the results obtained could be
considered much more ryeliable than those gained in the first serics

of experiments.
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Limitations of the Apparatus,

When the worlk was first suggested it was the intesntion to
invegtigate the solubility and activity of Calcium gulphide in a
slag of blast furnace composition (i.e, 40%lime, 40%silica, 20%alumina)
however it soon became obvious that with the zas mixture used, it would
be impossible to supply crpough sulphur to the slag to exceed CaS
galubility. To enceourage maximom sulphur pichw-up it was esgential to
lower the oxygen potential of the system os far gs possible and the
high CO/COQ rotios which this necesasitated, along with high slag silieca
activity caused severe attack of the platinum erucibles and even with
iridimwn crucibles, which vere not atvacked, the required sulphurising
potential was simply not available from this gas mixture, Consequently,
the investigation had to be restricted to basie (i.e. high Ca0 activity)
line~glumina~silica ternary slags and to lime-alumina binaries for which
thie sulphurising potential for saturation was available and the danger of
erueible attack was reduced by the low (zere in the cose of the binaries)

slag silica activity.

For work requiring higher sulphurising sotentials a mixbure of
Ho/HoS ond €0, is probably more uscful, the main advantage in this case
being that the gas used to supply sulphur to the gystem viz., Hot does
not also supply oxygen {e.f. $0y) because as previeusly mentioned, 60

supply /



4],

éupply a high sulphuriging potential the oxygen potential of the

system mugt be very low.

Thig is obvious from the welationship:

Vi

(R

Sulphuriging Poteutial A = ( Peg
pﬂg
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RESULTS .
s L ]

The results obtained during the course of thisg investigation
are shown in tabulax form in tables II and 1II. In table X the
compositiong of the slags used in the experiments arce given, the

meviiod of prepuration of these slogs has already been described.

Yor slags CA2 and M, the usefol maximum limit of the salphurising
poteatial of the gas had been recached without ealeium sulphide
saturation being obilained, I1f, as expected, this work ias combinuod
with an Hg/HQS/COQ gas mixture only a {ew more results should be

required to complete the investigation of these slags.

Sinece it was the purposce of this work 4o study the equilibrium:

2

Call + 48, = CaS « %02

as vhe reaction procecded in either dixection i.e, it was possible
to eharge slags with higher ox lower sulpbhur potentials than the gos
mixtures with which they were in contact, the actunl time of individual
experiments eould be fairxly showrt. This wes because:
(1) The absolute atbtaimment of equilibrium was not essential sinee

the cquilibrium was being approached frowm both directions,
(2) Sinee the total final sulphur content of the slag did not have

to be supplied entirely by the gan atwosphere, a long seriod of

gus/slag contact was unneccssary.
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JABLE IL. Results tor Lime=Alumina Slags.

Slag sulphur

T Hun Timg of hag Aéaly?id A analysis (%)
ag » No, Han hrs) Cﬂ/CGg @500 value Initial TYiual
CAl G 5 L.8 1.5 250 1.0 1.20

115 2 10,06 1.2 1,700 2,0 Sat.
119 2 eyl 1.5 1,400 2.0 1.5
121 2 6.0 1.6 1,200 2.0 1.4
122 2 5.0 1.35 1,000 2.0 1.5
141 2 0.0 1.3 1,100 1.0 1.2
148 2 :;o ‘3 1 13 790 1.0 1405
CA2 81 2 T+5 1.55 1,400 2,0 0,96
82 2 13,0 1,00 24500 2.0 1.%52
8% 2 16,5 1.7 734100 1.0 1.40
84 2 9&3.& 1..[3 3.50@ 3.6 2.35
389 2 57,0 0.9 5,600 4,0 5¢20
115 2 13.0 0.9 2,100 1.0 1.0
127 2 ?‘300 1.:'; 6'50(} !3:-0 )0?0
CAS 107 2 1.8 1.0 500 0.0 .85
108 2 5 1.5 8OO 1.0 1.60
109 2 2.6 1.3 500 2.0 1.55
117 2 4.6 1.3 960 2,0 1.60
122 2 503 1.35 1.000 2.0 Sﬂ;t»
CAl 109 p 2.6 1.3 500 2.0 Sat.
161 2 2.5 1.6 A0 2.0 1.80
1618 2 045 1.6 100 0.0 0.473
164 2 2,0 0.9 300 2.0 1.60
CAb 125 1% 49 1.3 54500 2,0 2.90
126 2 63 1.5 6,100 2,0 3.80
127 2 74 1.5 6,500 4.0 Sate
155 2 3% 1.2 4,600 2.0 2.7
139 13 12 1.1 24100 0.0 1.05
140 2 75 1.5 1,400 0.0 0,90
1kl 2 6.0 1.3 1,100 1.0 .90
146 2 YR 1,6 54300 L0 %.50
150 2 22,0 0.9 54300 3.0 2,6




TABLE III. -~ Results for Lime-Alumina-Silica Slags.

b Y

Slag sulphur

Run Time of Gos Analysis, A analysis (%)
Slag No. Na. Ran(hrs.) C0/cog %500 value Initisl Final.
¢ 76 2% 6.0 1.% 1,100 1.0 1.%%5
79 2 heY 1,3 850 2.0 1.70
81 2 7.5 1Q3‘5 1,&()0 1.5 1.99
114k 2 12.¢ 1.3 2,100 2,0 2,5
1{56 2 15,0 1.7 2.65{) 5.0 207
160 2 17.4 1.8 3 500 L,0 Sat
D 80 2% 3ol 1.6 700 1.0 1.2
111 2 7.6 Lo 1,300 2.0 1.66
119 2 740 1.5 1,400 1.0 1.46
121 P 0.0 1.6 1,200 2,0 1.52
122 2 5."5 1-35 1,0“0 2.0 10210
143 2 2,0 1.2 500 1.0 0.50
163 2 2,7 1.2 500 2.0 0,80
170 2 Boh 1,0 1,500 2.0 Sat.
£ 107 2 1.6 1.6 400 1.00 1.09
108 2 55 1.5 800 1.0 2.0
110 2 5,8 J7 1,100 2,0 2,16
111 2 0.7 1.3 1,300 3.0 2,40
112 2 8.3 1.4 1,500 3.0 3430
113 2 10,0 1.2 1,700 4,0 %450
114 2 12,0 0.9 2,000 4,0 3¢ B9
115 2 1%,0 9.9 2,100 4,0 Sate
r 107 13 1.8 1.64 LGD 1.0 0.95
168 + 03 1.60 300 1.0 1.23%
117 2 5.6 1.3 200 2.0 1,83
142 P %e5 1.30 700 1.0 1.20
143 2 2.0 1.3 400 0.0 0.70
163 o 2.7 1,16 300 2,0 1,45
G 142 ) %e5 1.3 700 2,0 2,06
1473 2 2,0 1.3 500 1.0 1.42
162 0 4,0 1.6 800 2,0 Sat.
163 g 2,7 1.16 500 2,0 1.85
1 140 2 745 1.5 1,400 2,0 Sat.
141 2 6.0 1.3 1,100 2.0 1.63
142 2 a5 1.3 760 1.0 1,60
1473 2 2,1 1.3 400 2,0 0.80
1k 2 6.5 1.5 1,300 1,0 1,98




TABLE IXI Ctd.

‘Gas Analysis.

Slag sulphur

ftun Time of A analysio (%)
Slag No. No. Bun(hrs)  YY97C0g 4S04 value Initial Final.
K 137 2 13.5 1.7 2,700 2.0 2.60
141 2 6.0 1.3 1,100 2,0 1.70
14% 2 2.1 1.3 400 2.0 0.58
it 2 6.5 1.5 1,360 1.0 1.40
156 2 14,0 1.7 2,650 5,57 k.35
160 2 17.0 1.8 3,300 5457 Sat,
L 126 2 63.0 1.3 6,100 2.0 3.1
135 P 33.0 1.2 I, GO0 1.0 2.75
137 2 1545 1.7 2,700 0.0 1,40
1739 1% 12,0 1.1 2,100 2,0 1.30
141 2 0.0 1.5 1,100 0.0 0.80
144 2 0.5 1.5 1,300 1.0 0.88
145 2 20,0 1.6 3 400 2.0 2,08
147 9 67.0 1.k 0,200 4.0 Sat.
150 2 22,0 0.9 54300 4,0 2,22
152 2 56,0 1,5 5,700 1,0 5460
M 127 2 73.0 1.3 6,500 2.0 2.80
135 2 %5540 1.2 I, GO0 3.0 2.05
138 2 31,0 1.6 L, 500 b0 1.20
145 2 20.0 1,6 34 400 1.0 1.30
N 127 2 7340 1.3 G, 500 2.0 Bl
128 2 90.0 1.6 6,800 5,0 Sat.
]..57 2 1305 107 2'70(} 1.0 1.22
138 2 1.0 1.6 Ly BOD 3.0 2,40
144 2 6.5 1.5 1,300 0.0 0,70
145 2 20,0 1.6 54100 2.0 1.50
146 2 h7.0 1.6 5,300 L0 2.85
152 2 56.9 1.5 5,700 . 2.91

f



Thus, as will be noted, the average duration of individual
experiments wags two hours. All these experiments were carried out
at o temperature of 1,550°C and ne atbenpt hns been made to investigate
the effoct of temperature. The flow rate, throughout was maintained
at not less then 150ce/min., and in many cases, particularly at hipgh
CO0/C0s  vatios the Flow rate was cemsiderably greater than this.
Carter and Mocfarlane (9) cxemined tie problem of thermal diffusion
in this type of duvestigation 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 odequately preheated as it passes dowa the
farnace to the reaction chamwber which is contained entirely in the

ot zone.

X It will be noted that the resulis do nmot include any record of
the appearance of the asloags when they were removed from the experimental
furnace, bhowever, it will be useful to make some comments on this here,
Slags of very low sulphur content (less than 0,5%) appeared completely
glassy, but as the sulphug content inereased an opague region developed,
originating around the edge of the slag in econtact with the platiaum
erucible, I'rowm these observations it appeared that the sulphur

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

prevent undercooling or glass formation,



Wby,

Algo, it would not be correet to assume that sinece a crystaline phase
was present when the slags were rvemoved from the furnaee, this phase
was walso present at the operating temperature, In this eonnection,
to attach too much significance to slag appearance could be very

misleading.,

It is true that the appearance of a slog definitely saturated
with caleium sulpbide was always the same, The surface of such a slag
on removal from the furnoce waz always covered by a thick uneven erust,
Howeveyr, it was considered guite impossible to detcxrmine, by slag
appearance alone, the sulphur content at which caleium sulphide began

to appear as a sepavate phase.
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DISCUSSION,

Originally it was the object of this investigation to study the
solubility and thermodynmmic properties of caleium sulphide in line-
elumina~-silica slage only. Ags hes already been made elear, the lime
acbivity data ot 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-alumina-silica system, liguid
at 1,550°C as shown in fig. 16, to be investigated. Initially the
results of SBharma and Richardson (22) for the lime-alunina system
appeared to be perfectly recasonable and there scemed 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 calciwn sulphide, the wide vange of slags planned
originally.

This resulted from the fact thet the lime aelivity decrcased much
nore rapidly than available datsa indicated, as the slay composition
moved away from lime saturation,

(3) There appeared to be some discrepancy between the results being
obtained here and the results reported by Shavma snd Bichardson

for the lime-alumina binary system.
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This latter deduction was nude largely from the obscrvation that in

the ternayy gystem, fairly close to the binary, the percentage sulphur
corresponding to calcium gulphide gnturation for the slag appeared to
increase as the mole fraction of alumina increased, whereas the reverse
was the case for the binary slags of Sharma and Richardson, On this
basis. therefore, it seemed not only justified'but of considerable

importonce to invesbigate some binary composition (lime-alumina) slags.

With regard to the first point mentioned above, the only solution
to the problem was to use, Hp M8, aud €Uy as the sulphurising gas mixture,
According to Sharma and Hichardson, however, the complete range of lime-
alumina slags could be investigated within the sulphurising potential
range of 450 - 1,850 a range which was well within the scope of the CO,

C0o, 509 gns mixture.

At thia stage therefore, two lines of progress were availables

(1) Change tv a gas mixtuve of ﬁ?, H,8 and 009 and complete the

ternary system.

(2) Maintain the original gas mixture and investigate the limew

alumina bivary,.

The second alternative was chosen because it was accepted that
a change over in the gas wmixtore being used and the necesgity of several
changes in the experimental set~up which would result, would involve a

certain amownt of delay.



LY.

Purthermore it was essential that every effort should be made to isolate
the source of the apparent discrepancy in the binary gystem if the

ternary results were te be considered yeliable,

It was only after the binary slag iuvestigation was well under
way that it was concluded that the results of Sharma and Richardson
hud been misleading and that the sulphurising peotential required to
gaturate the high alumina slugs was very considerably greater than that
indicated by these authors. Indeed fox the high alumina slags the
sulphurisiﬂg potential was not available from the €O, COg, 50, mixture
and a change of gas mixbure would again be essential to cowplete the

study.

Had 11 been realised at the ouwiset that the sulphurising potential
to saturate the complete range of lime-alumina binary glags was neot
available fyrom the gas mixture of €O, CUy, 305 then a change over to
Hys 1,8, Tl although invelving several wecks delay would undoubtedly
have been profitable; however, in the eircumatances, this sequence of

events could not have been forescen ox deduced fyom the data available,

Although, as hag been exploined, the main objest of the researeh
was o gbudy of the liwe-aluwmina-silica system, the results obtained for
the Lime=alumina gystem will be diseussed first. This is because a
knowledge of the lime-~alumine results is uecessary to complete the satura-
tion level contours and the iso-lime activity lines diseussed for the

ternory system.
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he_Lime=Alunina System,

The results obtained for the lime~alumina gystem at 1,55000,
detailed in table IX, have been plotted as shown in figs. 4, 5 and 6,
Although it was intended that the calcium gulphide free lime content
of the slags should remain constant it was essential that some sulphur
should be gained ox lost by the slag used in each experiment and this
of course resulted in an alteration in the calciuwu sulphide free lime
percentage, Some measure of the effeet of this on the position of
the final points can however, be obbtained by making a slight eoxrection,
derived from a plot of the variation of sulphurising potential (A value/
with perecentage linme at suitable percentage sulpbur levels. %The data
for this graph was obtaincd from the UWncorrected pleots for the
individual slags. Thin correection ig only approximate but it will
he noted that the adjustment requived to individual points is, with one

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

From figures 4 and % it can be scen that for each slag a point
is reached at which the sulphur conient of the slag inereases mavkedly
for only o slight increase in the sulphurising capacity of the gas
mixture with whieh it is in equilibrium, Thig point represents caleium
sulphide saturation for the slag and since calcium sulphide is present

as a free phase, A, . = 1.
L )
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The sulphur contents eorrcoponding to Caf asaturation for each slap ave

plotted in figs. 17 and 19 and will be discussed later,

The equation for the reaetion:

Cabl 4 ":!'"S, a2 Cas*"”?gﬂ R (5)

gives K = __CoS ( Pog y*

. . . 1 .
At celeiwn sulphide saturation, @, n = T and thus a value of the
LE .
lime aetivity corvesponding to the slag ecompogition at saturation can
A £ it

be obrtained. These lime activities ave plotted in figure 7.

Kalyanvom and Bell (10), Carter and Meefarlane (9) and Sharma
end Richardson (22) have also gtudicd the Lohaviour of lime-~nlwning
slags in contoect with 2 ﬁulphubiaing gas mixture bul these workers
studied the rveaction at a temporature of 1,50000. Heaction (5) does
have a lavge temperature coefficient ns indicoted by the alteration in
the value of the cquilibrium constant for a 50%ncrease in temperature

vigi-

B

: 2 - g
KISQG 2525 x 14 5
ez "'3
1{1550 = 9632 x 10
It would therefore be expected that the experiments at higher temperature
would show an ipereased slaog sulphur couient but this presupposes little
change in the sulphurising capability of the gas mixture with increased

tenpevature*
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In feet a given gas composition gives a lewer A value at 1,55000 than

at 1,50000 (c.g. for a gas mixture of C‘J/C()? = 10/1 and %869 = 1.6

Alﬁﬁﬂ = 5,000; A = 2,100). This will tend to offset the effect

1550
of the incrcase in the ¥ value of reaction (5) and explains why tie

difference in sulphur content of the slags varies so little between

1, 500°C and 1 ' 550°G,

The equilibrium in each of tiic four major reaetions involved in

the A value caleulation, viz:

fl
o7

250,,
392 =8 4+ 02
505 = 50 + »}0?
CO + 850 = COS + 0O,
ig displaced further to the right as the temperature incrcoases and since

this couses an inerease in pOg as well as pSo the nett effect is to

decrease the funcbion (Qﬁﬁ) 2 which is the A value.
pl2

Hince the present results were oblained at a higher temperature
than those of the previous suthors (9), (10) and (22) direct comparison
cannol readily be made., The best basis for comparison would be that of
the lime activity values obtained from each set of experimental results
gince it is probable that the variation of Lime activity with temperatore
is small, Chipuan (13) re-exmmined the results of Carter and Macfarlone

in the light of recent information on the compounds lformed in the lime

alumina/



alumine system and concluded that a 50° chunge in temperature would
have little effect on the activity of lime, A gimilax conclusion
was reached by Sharma and Richordson (16) who invegtigated lime

activitics in the lime~siliecn system at 1,500°C and 1,550°C.

Bell and Ealyanvam calculated lime activity values from theiw
results by tbe method used by Carter and Macfarlane viz, with reference
to a standard slag with arig;inal composition such that the lime activity

wag unity.

O‘Cu() for any slag is gilven bhyi=

Aiad

K.A.

a

=

Lal

When the stondard slog was equilibrated with a suitable gas mixtuve,
a & Gass
Cad = A.
Aa

A For any slag, Q

gad ~ m‘o ) ELes a-cg‘w , the superseript referring

to the standarvd slag. It woa then asswmed that for slags far removed

from sulphide saturation, Yf*aS remained substantially constant and
A

equal bo that for the standard slag. The expression for amo then

became:?
a - .({.{Lﬁ.:’. / 25_5\3_‘_0 ( )
Cald ~ A




This techaique of using a stendard 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 calciuvm sulphide, Inherent in this technigue
ig the assumption that\'CaS ig congtant and equal to the‘fcas of the
gtandard slag, for every slag investigated, The present work, has
however, yiclded some information on {C ag and indications are that

the above agsumption is not valid, Therafore, as will be seen later,
the results of Kolyanrom and Bell, which are in good agreement with
those of Carter end Macfarlane, have been recalculated usingh’

Cad

values derived here,

After the standard slag had been equilibrated with the gas mixture,
some of the lime would have been coanverted to caleium sulphide and
therefore the lime activity value would no longer be equal to unity.

This was observed by Caviter and Maelarlane who suggested that pevhaps
aﬂao would be reduced to 0,95, However, more recent datu sugpgested

that aﬁao could he reduced to 0.8,

vt

Since tue lime activity values of the previous auathors (9),(10)

and (22) bave been caleculated from experimental results where NGQS was
)

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

be made with the present calculations some asgessment of the probable

effect of small amounts of CaB on lime activity values, must be attempted.



Wt
(o]
.

It will be noted however, from yresults of previous workers, that an
increase of 1,0 N% on lime content malkes only a slight incrcase in
lime activity and a 1.0 N% increase in calcium sulphide content must
make a smaller inercase in the wvalue of lime activity. On this
basig, therefore, the assumpiica that liwme activity remains constant

over the range of Npag values being considered, scems justified,

I'rom the equation:

w * .-.:L.
HY¢ m%g (pu_?),a o= ‘%S Y’}{L'S 1
QAgas 82 mo—— N
A Cal 4
a straight line rolatienship for o plet of (%8) ageinst (?32;/& A
102

means that the Yunction \(Ciliﬁ wmust be a econgtant.
ACa0

When a eurved relationship is obtained for the plot of ((78)

e Fhe it 108 . . .
againgt A, ithe functien ﬁiﬁ’& iy no louger constant and since it has
QA Cal

been shown that aCa& way be considered o be gonsbant, then any
variation of !ﬁl"f’;’, must be dune to a variation in fthwe value m‘;‘Y o
Q ('t Cas,
Cal
As has already heen mentioned, il is pessible to recalculate
the values oi lime aetivity obtained by Kelyanram and Bell using the
values of YC&)S derived frouw the present work and obtained as follows:
From the cquation: €ad + 480 = CaS + $04

£7 %Gas popd

Lioad Vo

a P . N el s ] .
or G ab "'{%E}ﬁ)’ ' a’C&O = o Y(}ﬂs)
] * ES. ': A‘j-.”"'
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However, since Q.. is eongtant, the calelwn sulphide activity
coefficient for a slag sulpbur content below saturation may be

ohtained from:

%S h/CaS

A Where the superseript refers
= 1
%80 yo to the saturated slag.
AQ

Values of YC&S can be obtained direetly from curves of the
type shown in fig. 5. A couvenient way of doing this is to draw
a line fyom the owvigin thyough the point in guestion to the line
representing caleiuom sulphide satuyxation, The reciprocal of the
intercept which the line malkeswith this saturatioun line gives the
required value of?(GaS. In this vay, new lime activity values have
been caleulated weing these values for the activity coefficicent of

calcium sulphide,

The actual experimental results (10) have heen modified to toke
into account any difforence in ealeiwm sulphide free lime content and
the A wvalues have heen recaleulated to the soame basis as those used
in the present worl, The discrepancy here was due to the use of
different thermodynamie datn for the reaction,

%SQ + 02 = 502
the A values of Bell and Kalyanram being between 50 and 150 lower

than those used here,




M
‘ot

It will be noted, that when the vesults of these workers are
recaleulaied uging the values of KC&?B obtained from tuis invesgtigntion,

the new lime activity valurs show excellent agreement with those of

the present study (fig.7).

The experimental results of Sharma and Hichardson (22) have been
replotied as weight pereent sulphur sgainsd pﬂg/pgog rather than log
weight perecent sulphur againat pﬁg/PCOQ and axre shown in figure 8.

The cumpéaitious of glags A and B are such that, on lesing lime in the
forim of caléiwn sulphide, the new compositions move into a two phasc
region and since the effect of ealciom sulphide on the liquidus cannot
be readily estimated, it was cousidered that no corelation with the

results of the present work could be made.

Slags D and E, however, compare reasonably well from a cowposition
point of view with slags CAl and CA3 but for D and T it must be noted
that the original cowpogition has changed as sulphur is absorbed and

. . . 1
pCog 0y

While this is approximately eyunivalent to A value, a slight correction
would also be regquired here, It ig difficult to asscss the effect of
these two factors on the position of the final poinis on the plot but
it would scem that, for hoth these slugs, saturation with calcium

sulphide occurs between 1.5 and 2,045 ond this is in reasonable agrecuent

with the present resulis,
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In table I of the publication by Sharma and Richardson,
thege authors indicate sulphide capacity (CS) values calculated
at CoS saturation for the slags investigated. Since

Co = @8 (1)09, )Va

PR
an A value corresponding to an experimental point for D and E nmay
be obtained, enabling these points to be plotted on graphs in fig.h
corrections being made to bying the compositions onte the same CaS
free lime basis as those of this investigotion, In a similar fashion
to thot alveady degserived for Bell and Kalyenram it is then pogsible

to caleulate Qpng values using the present results for Ybuﬁ'

g

s will be scen from fig.7, the valucs of lime activity so obtained,
show excellent apreement with the lime activities cnleulated from

the expevimentel results of this investigation,
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Lime=alumina-silicn systoem.

The results obteined for the slags investigated in this system,
shown in table II, have been pgloticd and are shown in figé 9 to 15,
As for the lime~alumina system, previously discussed aud except Lox
slag M, the caleium sulphide saturation level is clearly rccognisable
by the sudden increase in slag sulpbuar content corrcesponding to only
a slight inercase in the sulphurising potential of the gas with which
it is in equilibrium, Again, a correction hoas been applied fo talke
into account the alteration in composition of the slag as it gaine or
loses sulphbur; this correction is in most ecascs small and probebly
within the limits of experimental error, It has alveady been explained
that, because of the rapid decrease of lime activity as the lime content
of the slags decwroased and the conseyuent diificulty of saturating
these slags with caleivn sulphide with the sulpbhurising potential

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

The graphs plothted in figs. 9 to 15 show that the plot of {#8)
against (yOQ/pSQ)% obtained for the less basic slags, shows a straight
line relationship but for the slags of higher lime content, this plot
tends o give a slishtly eurved line. sinee it can again (as for the
lime-alumina system) be reasonably cssumed that the lime activity
remaing substantially constant as sulphur is absorbed by the slag, it

mast be deduced that, for the more basic slags, tic calecium sulpnide

activity coefficient increases fairly rapidly at low slag sulphur contents.
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The percentoge sulphur corvegponding to caleiuwm sulnhide
satnration for eachlslag, as vead from figs. 9 to 14 has been
plotted on a ternary diagrom in fige. 17 and 18, In a paper on
the msolubility of caleium sulphide in the lime—gilica system, Sharna
and lichardson (16) guote a caleium sulphide saturation limit at 150005
for a lime-aluwina~silica slag of composition 58.5% lime, 7.6/ silica
and 33.9% alumina, Although the resuitﬁ of the present investigation
disagree with thoge of Sharma and Bichardeon (22) for lime-alumina
the same disagreement need not necesserily hold for the results in the
lime-snilica system since in bhis case the saturation levels were
obtained in a different way. The caleium sulphide saturation level
reported by these authors for the ternary slag wmentioned above, has
therefore been plotted in fig,., 17 and found to be in reasonable

agreement with the results of the present investigation,

¥rom these saturation results, contour lines have been drawn
representing consbant sulphar levels cervesponding to calciuwa sulphide
aataration, lere, the lime=-alumina resulis have been used to link up
with the values noted in the ternary, For the binary system, the
gulphur content corresponding to caleium sulpbide gaturation appears to
be fairly congtant until the lime-alumina ratio becomes less than 2
to L, Thereafter a rapid iancrease occurs, a trend which appears to

be coptbinued with slag CAZ.
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These saturation values have also been plotited on a mole
froetion secale and are shownlin figs, 19 and 20, Here the
caleiuwm sulphide solubility level appears o increase asg NCaG
decreagses above a silica/alumina ratio of 3/1l. For lower silica/
alumina ratios the solubility appears to be more affected.by the
pilica content of the slag and ineyeases as Nﬁiﬁg incrcases. The
data obtaiued by Sharma end Richardson for the lime/silica binary
are also shown in fig, 16, The uwnexplored region of the ternary
aystom between the resultis in the lime siliea binary and those

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

not scem possible to relate the two sets of data,

From the equations
C 3 0 EX- N CY 31
& + aﬂz = Cab o+ L‘,O‘)

it has been shown that Q0 = A ana values of the lime activity

o
corresponding to the slag composgition at ealcium gulphide saturation
(and therefureClC&S = 1) have been calcalated, These lime activity
values have been plotted on a fernary diagram as shown in fig,21 and
igo=-lime activity lines have been drawn on tuc basis of these results,

Accurate location of these lso netividty lines is not eusy beconse of

the paucity of data.
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60,

Chipman (13) aod Kay and Taylor (14) have published iso-sctivity
contours for this region of tie lime-alumina-silica system. These isom
activity lines have been obtained from a Gibbas=—bPubem type integration
using silica actbivity date, The actual lime activity values based
ae they were on the Corter and Macfarlonce lime activities in the lime-
alumina system connot be expected to be in good agreement with the lime
ectivitieg of the present study bubt comparison of the slopes of the
igo=lime activity conteurs is of some value, To ebtain iso-activity
liges represenbing high lime activity values, the above authors
extrapolated beyond the range of availeble siliea activity data and for
thig reason, comparison is noi very satisfoetory at high lime activivy

volues,

The dotted line in fig.21 is reproduced from tihe publication of
Kay and Taylor and ig in goeod agreement with Chipman's date. This line
hee been caleulated without appreciable extrapolation and it will be
obgerved that it is parallel to the iso-activity lines obisined here,
Since the slope of the iso~activity céntbours obtained from the Gibbg-
Dubienn type integration is the same as those obbained in this investiga-
tion it follows that there 1s good general agreement between the two

seby of data, at least so far as the shape of the line is concerned,
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To give a erosscheck on the lime activity values caleulated
here, some independent meagurement of lime activities was sought.
Unfortunately, no experimental determinations of lime activity have
previously been caerriced out in the region of the lime-alumina-silica
ternary system studied in this investigation., However, if silica
activity values ore known along the Cyp8 saturation boundary, then

lime activities may be ealculated from the reaction

CQS = 20 4+ B

for which K e Qﬁﬁ)g x {as).

Longenberg ond Chipwan (23) have investigated the equilibrium
of irop-carbon~gilicon alloys in contact with slags conteaining silica,
by obgerving the distribution eof silicon between metal and slag.

These exyeriments were carxied out in graphite crucibles under g CO
pressure of 1 atmosphere, so that for the reaction,

8100 crist) + 2C(graph) = 8i(1) + 2c0(g)
the equilibrium constant reduceg to;

K o= %3

CEHN

From the silica activities so obtained along the CoS saturation boundary
lime actvivity values can be calculated from the equilibrium mentioned

above, (viz, CgS = 2C + 8)
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It is necessary firstly however, to recalculate the silleca
activities obtained by Langenberg ond Chipman because a recent
determination of the free emergy of formation of silica (24)
indicates that the value used by these aunthors was in error by
about - 8,000 cals; also, new values of Kéi are available (25).
Unfortunately the data reported iy in this publication (23) did
net quite extend into the composition rapnge used here and some
extrapolation of the data was neccsgary. It should alse be noted
that the work was carrvied out at 1,600% phut the higher temperature

is probably of little significance.

The lime activity values, calculated from the new silica
activity values along the GQS gsaturation boundary arve shown in fig,
21. It ig perhaps fair to say that while these results are of the
same orxder as those cealculated here, the agreement is not outsiandingly
good. Difficulties of extrapolation moy, in part, account for the

digerepancies,

Further independent sources frowm which lime aetivity values
may be calculated may he obtained from consideration of the lime,
alumina, silica phase diagrem; and if, in the fivst place, the effects

of temperature are ignored the following data may be calculated..



At a temperature of 1,33500, the phases, 028, C3A and 012A7
and liquid are in equilibrium at thie eutecetic point represented by
the composition, 52%liwe, 41,3%alumina, 6.7%silica, Thesc three
phases can be arranged to give a reaction in which either lime ox
gilica is formed in solution viz:

for silica 9Cy8 + 2012A7 = 1403A + 98
The free energy for this reaction may be obtained frow the free
energy values of the individual compounds and this gives a silica

[ £4
activity of h x 1077, Similarly the equation:
734 = Cyphy + 2C
gives a lime activity of approximately unity. This latter value
igs obviously in error and casbts some doubt on the therumodynamic data

used ia the calenlation,

A second eutectic point is available at 1,33500 and this
corresponds to the compoéition, 49.0plime, 43.7%aluvmina, 6.7%silica,
where the phases CyS, CA and 012A7 and liguid are in equilibrium,

llere the equationu,

and CIHA7 = YCA + 5C
may be applied to give: CISiOg = h,106 x 10""jh

and a;gao = 0,32
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This result, quite apart from the fact that it is in betiber sgreementy
with the values obtaiged from this investigation, seems much morve
eredible and on compayring the date used in the caleculsations at each
eunbeetie point, it would appear as though the free energy data for

05A way be inaccurate,

Finally, the peritectic resction at 1,380%C and a composition
of 4B.A%lime, 47.0%alumine, and 9.6¥silica where the phases, CA,
iohS and CAy are in equilibriwm, may be considered. In this case,
however, there is some doubt about the thermodynemie data for
Gehleni te (CQAS). The fvree encrgy values for gehlenite quoted by
Kelley (26) cannot be veconeiled with the gilica activity velues
reported by Kay and Taylor; these suthors indicate a Iree energy value
for gehlenite considerably higher than that mentioned by Kelley;
When the date supplied by Kelley for gehlenite is used to calculate
a lime activity value fromi~

CA + Cp8 = CohS + €

the value obtained is very low and undoubtedly in errvor, Alternatively
when the Kay ond Tayler free energy veluve is chogen the lime aetivity
calculated from the same equation is approximately equal {to unity and
again obviously in error. This gives couse to doubt the value of the

gehlenite free energy used,



It should be noted that o difference of 4+ 2K cals in the free
energy value for the reaction (i.e. gehlenite) alters the activity of
lime by a factor ol 2., Since the accuracy of the thermodynamic date
uged throughout for caleulation of setivities from these compounds isg
not greater than g 2K cals then it is clear that these activities are
of limited value as o crosscheck and can only be expected to furnish
an approximate indication of the order of the activity which may be

expected.



CHAPTER YV,

CONCLUSLON,
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CONCLUSION,

It will be clear from what has gone hefore that the secope
of this investigation has been more restricted thoan was intended
in the first place. Thig restriction arose because such line
petivity data as exisbted supggested thot a subgtantial area of the
lime alumine silica diagram could be explorved using the sulphurising
potential available from the gos mixture GO/COQ/SQQ. In fact, the
lime acﬁivity decreased wuch wmore rapidly than available data
indicated, as the lime content of the slag deercased, and the
sulphourising potential obtainable proved to be lnadeqguate to saturate
the less basic slags with caleium salphide, A gas mixture of
HQ/HQS/COQ will allow an extension of the field of investigation
but it is donbtiwl if this gas mixture would bave been suitable for
the whole alap range. This ig because, for the highly basic slags,
requiring enly a low sulpburising potential to give Cof saturatien

control of the gas flow with t.is gas wmixture beecomes difficult.
L] g

The work has shown that the calcium sulphide saturation values
vary more ‘than had been suspected and so far as the lime~alumina
system is conceraned they vary in a different direction to that
reported by other authors (22). tHowever, the present vesults only
indicate a trend over o navvoew vange of composition and obviously an

extension of the field of investigation is necessary to determine how

this/
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this trend develops.

Similar remarks apply to the lime aectivity 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 lime-
alumina-gilica system along with available data on the interoxide
compounds, it would be possible to eatimate lo what extent the lime

and silica activity data arve compatible.

Although regtricted, the resultis obtained sugpest that this
approach if extended, should be a valuable method of increasing the

thermodynanmic hkuowledse of the lime—alumina-silica system.
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I.

CALCULATION OF SULPHURESING POTIHNTIAL,

The purpose of the gas mixture used for the experiments just
described ig to gupply a sulphur parviel pressure, to which the slog
samples are submitted, At the game time, it is necessary to control
the oxygen partial pressure of the system to ensuxe that all the
gulphur combines with the slag as coleium sulphide, Marthermore,
for maximum sulphur absorplion from a given sulphur dioxide flow vate,
the oxypen partial pressure shonld he as low as possible and henece

eful control of the CO/¢ io i ived if

eareful contrel of the C0o rotio is requived if large amounts of
sulphur are to be absorbed by the slag, To obtain a basis for
comparigon of the individual gas analysis vesulis, quoted as sulphur
dioxide porcentas p €0/ , .

ioxide percentages and Clg ratios, a quantity lmown ns the
sulphurising potential must be calculated.

‘ . . . . . = SO
For the ealeulation of this quantity which is equal to (Pﬁz)h

plg
t is neecssary to obtain thermodynamic dato for the rxeactions between

=

carbon monoxide, carbon dioxide, and sulphur diexide at the operating
e N o 13 ot O .
temperature of 1,5507¢, Carter and Maefaorlane (9) have shown that

under the conditions of the experiment, the amounts of 869 By 08,

€5, and 509, formed could he iguored, Thus enly the reactions

involving SGQ, 50, COS and 82 need be considered,




IL.

It is the purpose of this chapter to discuass the choice
of thermodynamic data for the present calculations and to assess

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

Fpree encrgy data for the formation of the various gaseous
compounids have been given by Kelley (£7) and by Richarvdson and
Jdeffes (28). Hguations for the standard free energy clianges for
the relevant reactions have been caleculated by Kelley (27),
ftichardson ond Jeffes (28) and 8t. Pierre and Chipman (29), while
it is now agcepted that the most reliable data for the formation
of 80 are those of Dewing and Richardson (730). The data of St. Pierre
and Chipman along with Dewing and Richardson's data for $0 have been
vaed throughout in the calculptions of sualphurising potential in
the present work, The data of bBt, Piexre and Chipman, have been
used in preference to the others because these arc the wmost up to
date data available, there being no reason for preferring any of the
earlier information.

1
Caleulation of the Sulphurising Potential, A = (ps2)h
p02

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

the sulphuriging potential from the compogition of the gas mixture
introduced into the furnaece, It is more convenient to asswme an
equilibrimm gas composition within the furnace i.e, the final

composition/
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composition obtained when the carbon monoxide, carbon dioxide and
the various sulphur compounds have all reached eguilibrium, and from
the selected thermodynamic data the initial gas composition con be
calculated, A series of calculation of this type must be coupleted,
_ . " e ) . ¢ CO/¢ v et 140
and by plotiing the vesulis as curves of COo ratios against 'A
value at certein percentage sulphur dioxide levels, the inlet gas

composition may be roelated do sulphurising potential,

The ealculations referrved to above can best be illusirated by
an exawple., The date wsed throughout in these calculations are

shown in table IV,

Assune an equilibriom 00/002 ratio of 19/1 and a total partial
pregsure of sulpbur compounds, pps = 0,008, The tewperature is

0 .
1,550 C and pressure = 760 nmm,

Bince LU/CQG = 19/1: 992 may be obtained from the reaction:-

[1]

200 + 0y = 200p, for which Kjgsgoq = 1,41 x 107

1.41 x 361

: -7 -
X poy = 10 = 1,96 x 20710

*e pCU o 009%2 and }}GGQ, o= 0.0509
Also by the above agsumpbion, pps = faug + Pa & P8y 4+ Pso + FPeos = 0,008

If Paog = a, Pyy, Pso, and Peos can be obtained in terms of a from the

equilibrium constants for the relevant reactions:

i 3?.'3/
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2,76 % 10"‘9

o = lha,
0,196 x 10=9

pSy = o2 = 2,100,000a2
1.26x1013(0,196x1079)*

PR -4
pﬁﬂ = 3072 x 10 : a = 2.65&,
1.0 = 1072

R i ‘9 3
peis = 8,35 x 10 2.0 = 40418,
0.196 x 10~
.o pps ™ 2,100,000@2 + a(l+14+2.65+&051) = 0.008

This is a simple guadratic equation which may be solved by the
application of the well lmown formula and, rejecting the negative
root, this selution gives:

a = (0.00005

and the partial pressures of the other gwlphur compounds become:-

pS = 0.00070; pSo = 0.00525; pSO = 0.00013; pCOs = 0,0020,

The final gas composition is controlled by the following
reactions:-—

302 + 200 = 8 + 2062 ts s s sr s (1)

SQQ + 260 = %62 + 2002 NN R RN N NN (2)

gﬁg + cﬁ = SO LS 062 I E R R EREX] (3)

SOQ + 300 = CO5 + 3002 Sessvssnsesane (4)



v,

From a consideration of th&_volumc changes in thoese reactions
it will be obgserved that the carbon dioxide content is increased atb
the expense of carbon monoxide, and sulphur dioxide, and hence, more
gulphur dioxide and carbon monoxide and less corbon dioxide will be

requived in the initial gos mixtare.
llence, initinl ;!,5302 = 100 ( pps + pS,) = L33
%Pﬂ = 100 {Pcor2PsthProiPoorIPeos) = 97,15
%00, = 100 (Peogm2Pamblos=Poo-2Pcos) = 2.7
Thig composition would be requived lo obtain a CO/COQ ratio of 19/1
and ppg = 0,008 at equilibriom a 15590G.

The sulpburising potential A = P”U) = 54200,
D M

The initial ﬁa/gog ratio = &2/1.

A series of these calculations was cavried out for a wide vange
¢ €%/ c00 pation and e diexide sereenbaces Betvoan §.C
0! o ratios and for sulphuy dioxide percentages between 0,9 and
1.6H. ‘The results so obtained were then plotted as shown in fig.22
and thig plot by interpolation could be used to obtain the sulphurising
potential of any gas wmixture used, provided the sulphur dioxide content
. . R . » L) v m I CG/ R .
was within the limits indicated abowve. The maximum C0g ratio
indicated om this plet was ravely used because of the experimental
difficulty of conitrolling the very small flow rale of carbon dioxide

required,
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An interesting feature of the curves in fig, 22 is the faet that when
UU/CG2 ratios are low (i.e. less than 30/1) incveasing the sulphur
dioxide content of the gas wmixture increases the sulphurising potential
as would b expected, ftowever, as the CD/GUQ ratio inercases and
becowes greater than 30/1, increasing the sulphur dioxide content
lowers the sulphurising potential, This is because, svlphur dioxide,
apart fyrom being a source of sulphur is also a source of oxygen and this
oxypen contribution beeomog signifiéant when the carbon dioxide content
of the wmixture is low. In short, a high sulphurising potential
beecomes more dependent on a low oxygen partial pressure than on a

high sulphur partial pressure, and ander 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 thig reason, the gas mixture of sulphur dioxide, carben dioxide

and carbon wonoxide is net entirely satisfactory for work where very
high sulphurising potenitials are required. DBy compavigon, if hydrogen
sulphide is used as a source of sulphur, along with hydrogen asnd carbon
dicexide, the sulpbur source is not at the same time a source of oxygen
and much higher sulphurising potentials are possible.  The experience
gained from the present work has indic:ted that to saturate slogs of
high silica acltivitiecs with calcium sulphide, this latter pgas mixture,

of hydrogen sulphide, hydrogen and carbon dioxide will be nceessary.
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fffect of Acecuracy of the Thermodynamic date on the Sulphurising
Potential Calculation.

It will be elear from the sample calculotion shown above. that
since the partial pressures of Bg and C0S are considerably greater than
those of 8§ and 80, the two most significant reactions ave those from

which pSg and pCOS are calculated, viz:

52 + 202 L= 3302 PN I A N I ) (5)
Ca « 302 = 0% 4 02 tsseenasin (6)

Aleo, it should be noted that the data for reaction (6) is derived

from the data for reaction (5) along witi: that of the reaction:
200 B Sg = 2008 teatraces e (7)

Thus, it is clear that reaction (5) is of considerable significance
in the caleculation affecting as it does, the two most sipnificant
partial pressures, particulerly when it is replised that the value of
the sulphur partial pressure direetly affects the value obtained fox

3

the sulphurising potential = (1332)“ and olthough this quantity is
0o

equally affected by the value of pOy, derived from the equation:

200 + Og = 200,
the thermodynamic data forx this veaction are fairly well esteblished
and the free encrgy values caleulated from the data of Kelley, 54, Pierre
and Chipman, and Dewing and liichardson, are in good agrecment, the

/

maximany
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maximum difference being about 150 cals. Therefore, the accuraey of
the data for the reaction:
Sg + 209 = 280q

is a matter of cardinal importance,

When results obtained in the present ilnvestigation were compared
with those of Bell and Kalyenram (10), it was appawent that there was
some digereponcy in the gulphurising potentials calculated by that
worker and those calculated here. The data wsed by the above avthors

" % viw @ e am 3 L3
(16) (and also by Sharma and Richardson (16) (22)),, those of Dewing
and Wichardson, i,e. Richardson and Jeffes coubined with the 50
information of Dewing and Richardson, The free encrgy values of
5t., Pierre and Chipman used here were the most recent available and to
enable 2 closer comparison to be made between the two sets of data,
several 'A' value calculations wewve carried out at 1,500°C for the

. . . O s . .
St. Pierre and Chipman data used at 1,5507C¢ in this investigalion.

Ag a result of this exereise it became clear that the discrepancy
lay with the slightly different free energy values quoted by the aunthors
for the recaetion:

S

2
The caleulated sulphurising petential of the gas mixture depends on the

results obtained for sulphur partial pressure (as SQ) and oxygen partiesl

pressure in the systhem, For the reaction:
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For the reactiont

200 + 02 = 2@02
which contrels the oxygen partial pressure, the data quoted by three
groups of authors is in good agreement, as has alveady been mentioned,
Phe reaction:

By + 20p = 2800
controlg the sulphur paritial pressure of thgéystem and here again it
would appear as though the differvence between the individual sets of

data was of little significonce (see table V helow.)

Table V.

Free Inerxgy & Bguilibrium constent values for weaction $94205 = 280
at 1,500%

Kelley. Hichardgon & Dewing. St. Pierre & Chipman
A6 = -112.019 AG = -111.88 AG = ~111.2

K = 0,461 x 101’ K= 0,106 % 1013 K= 5,01 x 1013

The difference between the free energy values of 5t, Pierre and
Chipman and Dewing and Hichardson is 0.08K cale and although this would
appear to be an insignificant focler it obviously has a censiderable
effect on the value of the equilibrium constant for the reaction.

This cffect is tronsmitted to the value of the sulphur partial pressure
obtained and it was clear, on compaving the calculations using the two

sets/



Ko

gsets of data, that the diserepancy came from the uncertaintics

concerning the free energy data for this reaction,

To cheek the effeet of this, calculations were carried out in
which $H cal was added to the orvipginal St. Pierre and Chipmen free
energy data for this resction. Phe new value of NG for Bo 4 209 =
2505, gave a new value Ior the partial pressure of SQ in the system
and the effeet of this was indicated by the new value for the sulphorisg-
ing potential of a given gas mixture, calculated thevefrom. Bxamples

of this are shown in table VI below.

Table VI,

Temp. Equili'b.-(’o/ COs  Jguilib, pps. A wvalue for A value for
BG St Pierre AG St. Pierre
& Chipman., & Chipmn.+ 500cal

1,500 1.5/4 0,008 35 Ny,

1,500 3.0/ 0,007 1,113 1,060

1,500 245/1 0,007 880 8hh

14550 19/ 0,008 5,200 5,000

It will be observed that the difference in sulphurising potentinl
resulting from this very slight alteration to the free energy for this one
reachtion is considerable.  Although this peint has already been mentioned
it will be further emphasised that the data fox the reaction:

S?, b 292 m 23@2

is/
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is combined with the data fox

o give the date yvequired Yor the veaction:

€O + 80, = COS + 02

Thus the effect colculated above represents only part of the
influence a slight alteration in the doata foxr the veaction:

will have on ithe ealeulated sulphurising potential,  The difference
in the A values of Iell and Kalyanram and those of fthe present
investigation {these differences vavied between 50 and 150 depending
oft the actual magnitude of the A value) may be attributed very largely

to the different data selectod for this reacthion,

A Surther point emerges from this obsewxvation, Thermodynawic
data is rarely aceurate to 3.%K eal and therefore the accuracy required
for consistent colenlations of sulphurising petentinls is unlikely to

be available.
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