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CHAPTER I«

INTRODUCTION,




INTRODUCTIOMN,

The manufacture of iron and steel was well established as an
art long before any major scientific investigations were carried out on
the reactions underlying the processes. Over the last thirty years ,
research hag discovered much about the fundamentals of the processes and
the results obtained are now being used in iron- and steel~making plants
as means of controlling rather complex operationse

The important part played by the slag phase in thege operations
has long been recogniseds In iron-making the quality of the iron
produced, which depends mainly on the sulphur and silicon contents, is
determined by reactions which take place between the metal and slag
phases. In steel making, slag-metal reactions play a major role in the
removal of silicon, phosphorus, carbon end sulphur, although gas-metal
and gas-slag reactions may also occur, especially in the cases of
desulphurisation and decarbonigsation.

It is obvious that, before the reactions governing the iron=~ amd
steel~-making processes can be fully understood, a knowledge of the
constitution of the liquid slag phase is necessary. The present know-
sledge of the constitution of iron=- and steel-makin%A?as been derived from
Qarious works and laborstory investigations, the most fruitful source as
yet being the investigation of slag-metal equilibfia. However, such
data are not eagy to interpret, on account of the lack of informetion on
the activity ccefficients of various constituents in both the liquid

iron and the liquid slag phasese
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In the present approach to the problem of liquid slag constitution
it was decided to study slag-gas equilibriae. The information gained
from such studies is usually easier to interpret than that obtained from
slag-metzal studies, since the gas phasé can be regarded as an ideal
gsolution and the activity or potential of each component is therefore
obtained from a knowledge of the equilibrium conditions at the temperature
of studys The iron oxide~oxygen equilibriumn has already been studied
by White(1l), by Darken and Gurry(2) and by Chipman‘and Larson(3), but the
knowledge of slag congtitution thus obtained wes limited to slegs contain-
sing iron oxides and other oxides which combine with the iron oxides.
in the present work, the equilibrium between molten slags and gases
conbaining sulphur has been studieds This can give information not only
about the constitution of liquid slegs used in iron- and steel-making,

and the activities of the slag components, but also about the transfer

- of sulphur between gas end slag in the open-hearth steelmaking process.

The ultimate reaction to be studied is
L5, +0 = $0,+8

Since the number of variables involved in using iron- and steel-making
slags and gases would have been too great to cope with under laborstory
conditions, the slag systemsstudied were limited to those containing
C20 ag the only bagic oxide congtituent, and Al;0; or SiO; or both as
the acidic oxide constituents, while the gases'used were mixtures of CO,
CO; and SO0z, the simplest possible to give calculable values of Pog and
Pg; The present work was almost completely limited to an experimental

temperature of 1500°C,
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REVIEW OF PREVIOUS WORK;
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The earliest attempts to apply the laws of physical chemistry to
iron- and steel-makinz slag-metal reaction used the total concentrations
of the reactants, but met with little successs Consequently attempts
were made to assess the "free" concentrations of the reactants in the
slag, l.e., that part of the "total" concentration of a component which
can be resarded as available for chemical reaction. The assumption
was made that the compounds found in the solidified slegs were also
present in the liquid state and that these compounds were partially
digsociated in the liquid slage Thus Schenck(4) assumed that the com-
spounds formed in a steel-making slag were Ca0.3i0;, 2Mn0.Si0;, 2Fe0.S510;,
3020.P,05 or 4Ca0.Pa0g, and 3C20.Fe;O4, and that they were in equilibrium
with the "free" concentrations of their component oxides, esge,

RFe0,510; = 2Fe0 + Si0y
From ¢ large amount of works data on slag-metal relationships and from
the laboratory results of Korber and Oslsen(5), Schenck obteined values
for the dissociation constants of these compounds, and constructed charts
releting the free concentrations of slag components to the chemical
enalysis of the slag. Considering the assumptions involved in Schenck's
' treatment, the cgreement obtained by various workers between observed
steelmaking data and values celculeted from Schenck!s charts is goed,
although it is by no means perfecte

White(1l) obteined dissociation constants for compounds formed
between iron oxides, silica and lime, by comparing the loss in weight
caused by the dissociation of Fep03, when melted alone, with the loss

observed on the addition of known quantities of silica and lime,
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separately and together. White attributed the change in dissociation
to the formation of ferrous silicates and calcium ferrites snd calculated
dissociation constants for these compounds in a manner similar to that
of Schencke The agreement between the results of Schenck and of
White is not good, but, since White'!s experiments were carried out in the
absence of molten iron and at oxygeﬁ pressures of 2-76 cms., this is
not reslly surprisinge
Recently, Grant and Chipman(6), investigating sulphur equilibria
between liquid iron and slags, expleined their results on the basis of
a slag congtitution model similar to that of Schencke The basic oxides,
Ca0, Mg0 and Mn0, were taken to be equivalent, on a molar basgis, in
heir capacities to neutralise the acidic oxides, and were taken to
combine with them according to the following ruless
2 Base 31Si0;, 4 Base s 1P;059y 2 Base s 1A1,0%;, 1 Base s 1Fey(;,
the remaiﬁing base being termed "éxcess basea. Their results éhowed
that the sulphur distribution ratio, (8)/[S], was controlled by the
excess base or acid count, and that the relétionship was almost linear.
Theories based on the ionic concept of slag constitution have been
put forward by Herasymenko(7), Temkin(8), Kheinman(9) and Flood, Fgrland
and Grjotheim(10) to explain slag-metal equilibria. Herasymenko!s
theory assumed complete ionisation of the slag, and gave reasonabie
agreement with acid open-hearth data. It was modified in a later peper(il
to explain basic steelmaking reactions, but the "equilibrium constants"

were found to vary with sleg compositions This was not surprising,

since slag concentrations were expressed as ion fractions, i.e., the
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number of gm. ions of the ion considered divided by the total number of

gme. ions present (cations and anions) and constancy of the "equilibrium
constant" would have implied that the ions were randomly mixed irrespective
of their nature or the sign of their charge.

The theory put forward by Temkin(8) wad similar to that of
Herasymenko, but differed in one important respect, in that it assumed that
each cation was surrounded by anions and vice versa. Kheinman(9) pointed
out that the concept of non-ionised oxides and compounds put forward by
Schenck(4) could be used to explain oxygen distribution but not sulphur
digtribution between metal and basic slags, whereasg the ionic theory
of Temkin could explain sulphur distribution but not oxygen distribution,
and suggested that both sulphur and oxygen distribution could be accounted
for satisfactorily if it were assumed that silicate melts conteined
both ionised and non-ionised compoundse

It is unlikely, however, that the various cations are associlated
equally with the different anions present, irrespective of charge, size,
co-ordination number, etc., as is implicit in Temkin's theory. Flood,
Fgrland and Grjotheim(10) made allowance for the differences in the
energies of interaction of the various ions present and achieved consider-
table succegs in the interpretation of sulphur, manganese and phosphorus

éqqilibria under basic slagse

Less success has been achieved in the application of these theories
to acid steelmaking, principally because of the lack of knowledge of
the state of combination of silica in acid slagses Thus before the ionic
theory could be applied it would be necessary to know the types of

silicate ions present in acid slagse



Ge

The purely thermodynamic approach to the problem of slag-constit-
sution, in which the chemical activity of each component is utilized in
éhe evaluation of slag-metal equilibris, is more useful than an approach
relying on one of the theories given above, since it can be used
independently of the methods and assumptions involved in obtaining the
activity valuess Thus the attempts which workers such as Schenck and
Chipman have mode to obtain suitable expressions for the "free" concentra-
stions of slag reactants in slag-metal resctions can be regarded as methods
5f assessing the éctivity of those reactants in slagse In recent years,
Richardson(12) hes used thermodynamic data to estimate the aétivity of
FeO and Si0, in molten Fe0-SiO, slagsy Rey(13) has used the phase diagrams
of a number of binary silicate systemé to estimate the activities of Si0
and the corresponding metal oxidesy and Bell, Murad and Carter(14) have
used the results of experiments onnthe distribution of Mn and O between
iron and FeO-MnO-S5i0y slags to determine activities of the oxide compon-
sents of these slagse Such activity values can be used in the evaluation
6f slag-metal eaquilibria independently of how they were obtaineds The
present approach, through gas-slag equilibria would fall to be included
in this category.

The amount of data at present svailable on reactions of the slag
phase with the furnace atmosphere is small compared with the data available
on slag-metal reactions, and hence there is not an adequate basig for a
full understanding of the transfer mechanism of sulphur and oxygen between
gas and slag. Apart from the recent work of Fincham'and Richardson(15)

information obtained by laboretory investigations has been confined to
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studies on oxygen transfer between the gas phase and slags containing
iron oxides, and information on gas-slag sulphur transfer has been
obtained only from works data and sulphur balances, vhich are, of cource,
unsatisfoctory as sources of fundamental data on iron- and steel-making
reactionse
Laboratory investigations on oxygen=-iron oxide gas-slag equilibria

have been mainly of two typess-
(a) the study of the dissociation of molten slags in an evacuated

system, the oxygen pressure resulting from its decomposition

beinz meacured, and
(b) the study of the equilibration of slags with gases of known

oxygen potentialse.
The former method was used by Krings and Schackmann(16) in their studies
of the dissociation of iron oxide-lime=silica mixtures at temperatures
of 1550-1600°C. The latter method was first used by White(l), as
outlined above. The decomposition of ferric oxide into oxygen and lower
iron oxiaes was studied at various temperatures under oxygen pressures
of 2 - 76 cms. and the effect of sdditions of Ca0 and Si0; upon this
dissociztion was also observeds The experimental procedure involved
suspending a sample in a platinum crucible from one arm of an analytical
balance, the pr0portions’of ferric and ferrous oxides being calculated
from observations of the weight loss caused by the reaction

Fe0s = 2Fe0 + 20,

Unfortunately iron dissolves in the crucible according to the reaction

FeO = Fe (in Pt) + 40,
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thus causing a permanent weight loss to the systems Reviewing this
work, Larson and Chipman(3) indicated that White!'s results do not agree
with the later work of Darken and Gurry(2) on acéount of a faulty method
of correcting for this reaction.

Darken and Gurry(2) worked on the iron-oxygen system melting
iron oxide in a platinum crucible under an atmosphere of controlled
oxygen potential. Depending upon the oxygen potential desired, their
atmospheres were obtained from C0-CO,, CO;-H;, H0, CO;, air or Oz,
gases., By calculations from the ferrous and ferric oxide analyses of
the quenched samples, Derken and Gurry were able to determine the iron
and oxygen activities in the various slags used. In subsequent work
they investigated the effect of additions of CaO, MnO and SiQ: on the
iron and oxygen activitiese.

Analogous methods of slag-gas equilibria using CO-COb'gas
mixtures to fix the oxygen potentials of the gases, have been employed
by Schuhmann and Ensio{17) and by Michal and Schuhmann(18) in studies
of the thermodynamic properties of iron silicate slags. Thus the
laboratory technique involved in slag=gas equilibria investigations of
oxygen transfer requires

(a) the use of a suitable gas mixture to give the desired
oxygen potential at the experimental temperature, and
(b) satisfactory techniques for the freezing of the equilibrium
and the subsequent analysis of the sample.
Both of these conditions were readily obtainable in the above investi-

sgations of oxygen-iron oxide equilibria, and it follows that similar

-



9

conditions would be necessary for the investigation of gas-slag
sulphur transfer.

The only work which hag been carried out on gas-slag equilibria
involving sulphur transfer is that of Fincham and Richardson(15) which was
published when the present work was almost completeds Their work was
carried out using a similar experimental technique to that employed in
the present worke They investigated the absorption of sulphur by
various molten cilicates and aluminates and iron~ and steel-making slags.
Small samples of the slags were brought into equilibrium with gas mixtures
of COzy Hoy SO; and My in such proportions as to give, at the experimental
temperatures the required oxygen and sulphur potentials as calculated
from the available thermodynamic datas Whereas in the present work
a detailed study wos made of the Ca0-Al,0;-SiO; cystem at 1500°C, over
sixty elag compositions being used, Finchem and Richardson investigated
only a few Ca0-Aly03 =510 slag compositions, one Mg0-5i0; slag, two
Fe0-8i0, slags. On the other hand, Fincham and Richardson made a
detailed investigation of the effect of temperature and the oxygen poten-
stial of the gas phasess Thelr work was carried out et four temperatures
fanging from 1425-1656°C, and 2t oxygen potentials from 1 - 10
atmospheress From their work, Fincham and Richardson were able to
compare the relative sulphide capacities of the slags.investigated, within
the temperature range important in iron- and steel-meking, and certain
eomparisons will be made between the results of the present work and

their results.

1t was stated in the introduction that a study of gas-slag



10.

equilibria involving sulphur transfer would give informztion about the
desulphurisation process in steelmalking. It is, therefore, desirable
to note here some of the results obtained from works data ang sulphur
balances which bear on the problem of desulphurisation, noting especially
those pertaining to gas=-slag equilibriae.

Whiteley(19) with data from an acid open-hearth “urnace, was one
of the first to study the effect of the sulphur content of the furnsce
gases on the desulphurisation of the bath. He found that, during the
refining period, sulphur was picked up by the bath only when the gas was
incompletely burnt. VWith completely burnt gas, a slight loss of
sulphur from the bath to the gas could occur.

Schenck(4) in another early study of works data nvestigated
the sulphurisation and desulphurisation of the molten bith by the hea;ting
gases during the boil, and concluded that the reaction iakes place m2inly
between the zas and the slag, while the metal bath is sibject to the
influence of the gaseoug phase b& wey of the slage Sclenck assumed
that the sulphur in the gas is present almost entirely s 80, » and reacts
with the free lime according to the equation

SO; + Ca0 + 3CO0 = CaS + 3C0;
He concluded that sulphurisation of the bath is encourared by reducing
conditionss . -

Herty et al(20), stated that, once the slag ha:i overed the betl
in the basic open-hearth furnace, transfer of sulphur fom gas to slag

takes place according to the following reactionss

~
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SO, + Ca0 + 3C0 = (CaS + 3C0;,
the CO being derived from the carbon-oxygen reaction in the bath, and
S0; + Cal + 3Fe(3) = CaS + 3Fe0,
the iron being present as small droplets suspended in the slag.
Assuming that all the sulphur in the gas is present as S0z, Herty worked
out the ratio

Vol % sulphur in the gas over the bath

—éza‘gmmm = 0:27
but this ratio has no thermodynamic significance since neither the CO/CO
ratio of the gas,nor the state of oxidation of the slag, nor the effect
of temperature has been taken into accounte.

Chipmen and Ta Li(21) in their investigations into the problem,
alsc emphasised the impértance of the slag phese in desulphurisation.
They showed that the most important variable in desulphurisation is the
free lime content of the slag, and that oxygen tends to desulphurise
the slag by oxidisinz CaS to SO;. However, as other substances in the
slegz are competing with the CaS for the small amount of oxygen available,
there could be no efficient desulphurisation via the excess air in the
fleme.

At verious times, investigators have endeavoured to obtain an
overall picture of the movement of sulphur in an open-hearth heat by
carrying out a sulphur balance over the whole operations Due to the
practical difficulties encountered in carrying out such a test, and the
large number of personnel required to carry out the necessary work,
relatively few complete sulphur balances have been carried oute Such

balances as have been carried out furnish us with information on gas-slag



sulphur movement as follows. Eisenstecken and Schultz(22) showed that
in the heats they investigated in a furnace fired by a mixture of coke-
oven gas end blast furnace gas, the sulphur in the gas was only absorbed
in the charging and melting periods and that not only was this sulphur
completely liberated in the boil during the refining period, but the bath
underwent a net loss of sulphur. This desulphurisation was found to
take place independently of whether a reducing or oxidising atmosphere
was present.

Short and Meyrick(23) in a similar sulphur balance on & furnace
fired by ¢ mixture of coke-oven gas and producer gas, pointed out that
by far the greatest amount of sulphur entering and leaving the furnace
does so with the gas. Inthis test & 1little more sulphur was found to
leave the furnace with the waste gases than enter with the fuel gases.
Hence Short and Meyrickbs results are in conformity with the observations
of Eisenstecken and Schultz, since desulphurisation of the charge has
taken places Short and Meyrick also found that the use of sulphur-free
instead of sulphur-containing gases has very little effect on the final
sulphur content of the steel and attributed this to the intervention
of checker reactions.

Harders, Grewe and Oelsen (24) recently carried out sulphur
balances on 25 heats in a furnace using mixtures of coke-oven ga.s, blast
furnace gas and producer gas. They found that there was a considerable
absorption of sulphur by the slag and metal from the gas phese during
charging and meltinges Although there was found to be in meny cases an

increase in the sulphur content of the metal + slag in the refining
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period also, the sulphur content of the metal'itself was reduced due to
csulphur transfer from metal to slag during this period. The decrease
in the metal sulphur content during the boil was found to be smaller
with increasing sulphur content in the gase. These results clearly show
that sulphur can be picked up from the gas phase during the refining
period, although they do not indicate whether the sulphur is transferred
from the furnace geses to the slag directly or indirectly via molten metal
globules thrown up through the slagz into the gas phase by the action of
the boil.

The qualitative conclusions of such works data were followed by
2 paper giving theoretical calculations on slag-gas sulphur reactions
by Richardson and Withers(25). They represented the slag-gas sulphur

reaction thuss

L0, + (877) = ps + (0)

K = (07) g

57 gk,

slag-gas

Although experimental wvalues for the equilibrium constant for this
reaction were not available, Richardson and Withers circumvented this
difficulty by using the gas-metal equilibriums

$0; + [8] = &S, + [0]

Pbén |0| or ﬁ%§i = %
vho, [S] ¥

and by defining the slag in terms of the [0] and [S] velues with which it

~

[s]

K =
gas-netal ges-metal _
(o]

would be in equilibrium. Thus values of the ratio (pééb)/(pﬁbg) in

equilibrium with eny slag defined in this manner could be calculated
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This approach to the problem showed that the metal can lose sulphur to
the gas phase via the slag, even though the same metal in direct contact
with the gas would pick up sulphur, this sulphur transfer from a lower
to a higher sulphur potential being made possible by the simultaneous
movement of oxygen from a higher to a lower potential, i.e., from the gas
via the slag to the metals The results of Richardson and Witherl!s
calculations were presented in the form of curves showing the amo&nt'of
sulphur which the gas phase could contain, at different gas CO/CO,

levels and temperatures, before transfer of sulphur to the slag occurred,
High temperatures and low CO/CO; ratios increased the tendency for this
transfer to occur.

Such a treatment depends strictly on the condition of non-
oxidation of the slag being fulfillede This condition is not obtained
in prectice, since, at high oxygen potentials, (0™") is reduced due to
Fex O3 formation. Richardson and Withers, however, were able to show that
the reduction of (0-‘) which might be expected was relatively unimportant -
as was clgo (SQ.;.")formation, except at very low CO/CO; ratios. The
work of Richardson and Fincham has shown that the conclusions of the
former workers can be teken as substantially correcty

Thus, while the gas phase veriables which play an important part
in the desulphurisation problem have been dealt with adequately by
Richardson and c§-workers, the present work is intended to elucidate
more clearly the factors involved in desulphurisation from the point of

view of the congtitution of the slag phase.
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The reaction by which a lime~bearing slag absorbs sulphur from
& ges containing SO;, CO and CO; may be fepresented chemically by the
equationss -
Cal + S0 + 3C0 = CaS + 3003  eeevessessrscseecese (1)
ahd CaO + SOy + CO» = CaSQs + CO  eevecccescsecessoces (2)
Fincham and Richardson(15) have shown that when Pg, 1s less than about
10°5 atmospheres, a sulphur atom can enter the slag only by displacing
a suitable oxygen atom and the sulphur is then held in the slag entirely
as sulphide, corresponding to reaction (1) above. When PO, 1s greater
than about 1073 atmospheres, the sulphur is held entirely as sulphate,
corresponding to reaction (2) above. These workers have alco chowm that,
in Cal-Al;05 -Si0; slags, Cal is the only effective oxide in the absorption
of sulphur and that no significant proportion of the sulphur is linked
to silicon or aluminium, as, for example, in SiS; or AlpSse
In the pregent investigation into the absorption of sulphur from
C0-C03 -S0; gases by Cal-Al;03-Si0; slags, the PO, of the gases used
varied within the range 2 x 10° to 2 x 10 ° atmospheres (see Appendix).
Therefore, the only reaction which need be consicered is that represented
by equation (1) above. For the purposes of a thermodynamic computation
of the activity of Ca0, it is more convenient to express it in the form
(Ca0) + %5 = (CeS) +302  seveenenraconens (3)
where round brackets denote concentrations in the slag phases The

equilibrium constant is then represented by

K = a‘CaS ° P %
T &Cal ép.!&; %;

. b
e @ aCaO oc aCaS gp—q—z-% ‘ /}’:
( 82)2 ;
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The most satisfactory method of obtaining a value for the 2Ca0 of a
slag is to refer unit activity to a slag in equilibrium with solid CaO.
Therefore, if aCaO and aggg refer to the activities of Ca0 and CaS in a
sleg in equilibrium with a gas of oxygen and sulphur potentials Po, and
pS‘a respectively, and if a slag of unit Ca0 activity, in equilibrium with
a gas of oxygen and sulphur potential p°oz and p°33 respectively has a
CaS activity of a®gg, then the value of the activity of Cal of the first
slag is given by
aga0 = _“Cas -(POH.)% s (po&)%
a"Cage (00, /% (Pﬁaé

Hence the determination of aggQ of a slag depends on 2 knowledge of

&Cgg of the slag when it is in equilibrium with a gas of known pg, and
Pg, » and of ap,g of the standard slag when it is in equilibrium with a
gas of known pQ, and pg,s

If the ratio (psa )ﬁ‘/ (ro, )§ of a gas is denoted by &, then

a-cao = aCElS ° A°

-

2"Cage &
And 4 may be termed the "sulphurising potential" of the gase This
chapter is therefore concerned with
(a) the choice of & standard slag,
(b) the determination of agyg of a slag, and

(c) the determination of the A value of a gase



17,

(a) The choice of a standard slag.

The thermal equilibrium diagrams of the systems Ca0-A150;3,
Ca0~Si0; and Ca0=-Al;03-Si0; are shown in Figse 1, 2 and 3, respectively,
the former being taken from Eitel(26) and the latter two from Hall and
Insley's collection (27)e In the Ca0-2150; system, it can be seen that,
at the"experimental temperature of 1500°C, the liquid raenge extends from
42 - 56+5% Ca0e At 1500°C, no melt is in equilibrium with solid Ca0,
althougﬁ, by extrapolation of the Ca0 liquidus below 1535°C, the 1500°C
isothern cuts it at approximately 59% Ca0 and, as will be shown in the
results, the value of aggp in Ca0-Al;Q; slags when extrapolated to
59% Ca0 agrees well with that of the standard slage

In the Cg0-%i0; system there are two ranges liquid at 1500°C -
35-42+ 5% and 52-56% CaOs. Again no liquid is in equilibrium with solid
Cale )

In the Ca0-A1;0;~-Si0; system, there is a considerable range
liquid at 1500°C, as indicated by the two areas within the 1500°C
isothermal in Fig.3. It will be observed that along & small part of
this isothermal, marked MM liquid slags are in equilibrium with solid
Ca0e  Accordingly one slag on this line, composed of 60+ 5% Ca0, 7-0%
Si0, and 32+5% A1,0; (slag AS1) was chosen as the standard slag, of

unit lime activity.

(b) The determinetion of 2CeS of a slag.

The activity of CaS in a slag cannot be determined from the

present study. = However, the sulphide content of each slag can be
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obtained by analysis. To use the sulphide data), it is therefore necessary
to make certain assumptions, vizs

(1) that the activity of CaS iﬁ a given slag is proportional

to the %S in the slag,

(2) that the activity of CaS does not very with the slag composition.
In order to estimate the agyp value of a slag by this method it is also
necessary to assume

(3) that the activity of Ca0 in the liquid slag is not significantly

lowered by the substitution of small amounts of sulphide for oxide.
These assumptions will only hold below a certain limiting wvalue of
sulphur content in the slag, and such a limit must be set as a guide
to the composition of the gas with which the slags are to be equilibrated
in each experiment.

Obviously this limiting value rmust be below the sulphur
saturztion value of the slag. Various workers have given values for
thiss Glaser(28) found the solubility of sulphur in liquid CaSiG; to be
557 ét 1500°Cy Filer and Darken(29) found the sulphur saturation limit
in blast furnace slags to be 3«5 - 4+5% 8 at 1500°Cy MacCaffery and
Oesterle(30) found the solubility of CaS in Ca0-AlyO;~Si0; melts at
1500°C to correspond to about 8% 8 for acid melts and 11% S for more
basic meltsy Martin, Glockler and Wood(31l) studied the forms of sulphur
in blast fufnace slags and record that the solubility of CaS in a
Ca0-Al,0; -Si0; slag is 3+6% CaS at 1400-1425°C, i.e., 1+6% S. Fincham
and Richsrdson(15) attributed certain abnormally high results to

seturation with CaS. The example given by them is 4+2% S in a 41%

~
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CaC - 52% A1,0; ~ 7% 8i0; slag at 1500°C., and from their results it
can be calculated, as shown in the Lppendix, p.110,that the expected
culphur content of this slag is approximately 1-9%5, which indicates
that the sulphur saturastion limit for this slag'is less than 109%8 at
1500“C. In the present work two preliminary results (see Tabie VI,
pe59, run 88) of 4+5 and 6+1%8 were obtained in a run using a Ca0-Al;05
slag containing 54:4% CaO,Athe resultant slags have a peculiar bulbous
appearances Subs;quent work showed that the expected sulphur content
should have been about 2-9% Se These results are therefore to be
attributed to saturation with CaS, indicating that the sulphur saturation
linit for this slag is less than 2+9% 8. However, these sulphur catura-
stion values would be expected to ge considerably higher than the limiting
éulphide concentration which is in keeping with assumptions (1) and (3).above
Rosengvist(32) applied his results to those of Hatech and Chipman(33)
to derive the graph shown in Fig.4 for the activity of CaS in synthetic
blast furnace slags (Ca0-8i0,-Mg0-A1,0; slags containing 5-26% Al,0; and
0-1-19% Mg0O.) However, in deriving this gravh, Rosenqvist makes several
assumptions whose wvalidity he does not justifly, vizs
(}) He assumes that sulphide saturation occurs ath10% S - which

figure is rather higher than most of the data quoted above.

In addition, the data of Hatch and Chipmen, which he uses

for the derivation of this graph and for the estimation of

the sulphur saturation value, are probably not accurate

enough for this purpose.
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(2) He assumes that the activity of Ca0 in a complex CaQ-llgO-

Ca0 + FMzO
£1,03-8i0; slag of a given S0, +A1L 0, ratio is the same

as that in a simple Cg0-Si0; slag of the same C20/S8i0y ratioc.
(3) He assumes that the abgorption by a slaz of sulphur contents
of up to 55 does not result in any change in its agyg values
On zccount of thege criticisms no great stress can be laid on Rosenqvist!s
graphe The form of the graph of aggg Ve 75 should, however, be similar"
to that shown by Rocenqgviste.
Fincham and Richardson(15) have shown that for e given CaC-Al;0;~
Si0; slag at 1500°C, the function (S) (POZ )i'/ (psa)% wage congtant over a
range of sulphur contents from O-003% to arproximately 13%  Since
constancy mucst be shown by the function aga5+ (PO, )k/ (ps, 535', agag 18
therefore proportional to % S, i.es, J(gag is constant, over this range
of sulphur contentse The limit to which this constancy of )Ypgg entends
in the Ca0-Al; 3 -Si0; slags used in the present work is not mown.
However, a value of 2% was decided upon as the limit below which aggg
could be tnken ag nroportional to the sulphur content of the slag, and
below which ag,g would not be siznificantly affected by the substitution
of small amounts of sulvhicde for oxide in the melt. If this limiting
velue is too high, then errors will be introduced into the wvalues of
agaQ obtained, and the direction of thege errors can be shown as follows.
Fig.4 shows that as %S increases, Ycag decreases.  Therefore, if the

value of agyg is taken to be correct at say 2% 8, the value of acas
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at 0:05% S will be higher than would have been the case if JCag had
been_constant over the range 0-2% S. Hence if the standard slag of
aggg = 1, and a slag of low agyg are both brought to equilibrium with

the same C0=C0;-S0; gas giving S° and Ly A sulphur respectively,

80as = ¥CaS.'Ce8 = YCaS . S

8020 O F%7s  Ycas.Mcas J%Cas 8°

In calculating the ag,g value of a slag in the present work, the assumption

rnade is that S
aCa0 G go

ise., that Y;,g is constant over the range O - 255 3 and for all slag
compositions uceds The error, therefore, is such as would tend to give

a low value to eg,q and wonld increase as ¥gpg increased, l.e., as the

ad
sulphur content of the slzg decreaseds In the present work data will
be presented to show that Ys,g in the standard slag is constant up to
1+8% Se However, it is felt that the largest assumption being made in

the present investigation is the constancy of {cag throughout the

considerable range of slag compositions used.

(¢) The determination of the sulphurising potential, A, of the gas.

To calculate A, the data required ares-
(1) the fres energy change for the reaction
200 + 0y = 200,
Richardson and Jeffes(34) give
o
ZSGT

hence AGf773

=135,100 + 41+5T cals.

-61,520 cals.

and Kynns = 3+84 x 107

~
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(2) the free energy changes for the formation of the gaseous

cormpounds of sulphur, carbon and oxygen from SG; and CO.
This data was initially obtained from Kelley(35)s. Lzter,
however, the data collected by Richardson and Jeffes(36)

| became availables The value of A ¢btained using the data of
Kelley is therefore denoted by fg, and that using the data
of Richardgon and Jeffes by &g.

The following are the equations for AG;_? derived from Kelley's

data, with the values of AG% 775 and Kiros.

TABLE 1.
Reaction AG,J? (cels.) AG% 778 K773
(CB—J.S.)
S3+20;=280,  -172,630+3+43T logT ~ 0-712x10 T2  -112,020 6-46x10°°
+0-166x105T™% + 24+3QT .
80n =5+05 +137,620-4+56T log T + 0-578x10 °T° 483,200 5+31x10
-0-084x105%™% - 16+9T. -

SO4=S0 + &0,  +79,760-1+715T log T + 0-356x10°T%  +47,060 1+58x10 °
| -0.084x10°5T™ =~ 13«57 ,

-~ -9
S0, +C0 = COS+0; +62,390-6+80T IogT + 1+536x10 °T° +66,070  7-16x10
+0 66231076 T + 21s45T .

~ ~

The data for 85, Sg aﬁd S0; showed that, within the range of gas
compositions being used the amounts formed of these compounds would be
negligible, while calculations using the data for CS; showed that the
partial pressure of CS; would never exceed 0+1% of the total partial pressure

of all sulphur-bearing gases in the gas mixture, and therefore it also was
neglecteds
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The data of Richardson and Jeffes(36) gave the following

equations for AG&g and the derived values of AG% 73 and Kiqq3 as

followss
’ TABLE II.
Reaction AG; (cals) Estimated AG% 7 K773
Accuracy (cals

S, +20, 2250, -173,240+434,621 1 Keal, 111,850  6-03x10
S0, =5+05 +125,250-32.16T  #5 Kcalgs  + 68,220 3+89x107°
S0, =S0+20, + 62,120-18.561  # >5 Kcals. + 29,210 2.51x10 *
S0, +C0=CO3+0,  + 63,760+1+30T #2 Keals.  + 66,220  6.86x10 °

~

Data ere ealso given for carbon monosulphide, CS, but it can be showm that,
within the range of gas compositions being used, the amount of CS formed
is negligibles

Before making any comparison between the two sets of data and their
reliability, a sample calculation, by which the Ap value of a gas was
obtained, will be showne

Given the initial CO/CO, and S0; of a gas, the mathematics
involved in celculating its &g value are very complex. Consequently a
simpler way is to assume figures for the equilibrium CO/CC; and the total
partial pressure of all sulphur~bearing compounds in the equilibrium gas
and by calculetion, the values of Po, and pg,, and therefore Ay in the

equilibrium gas, and also the initial CO/CO, and ¥ S0, can be obtained.



4.

By carrying out a sufficient number of such calculations graphs can be
drawn of Ag v. initial CO/CO; at various initial CO/CO, levels. An
example of the calculation will make this clear.

Consider a gas at 1500°C, ‘760 mm, pressure with an equilibrium
C0/CO; of 1+46 and the equilibrium total partial pressure of all sulphur-
containing compounds = 0+0062 (denote this by Spg)e

Then pg, = 1+218 x 1078, pgg = 05899, pgg, = 0-4039

~

and2pg = Ppso, * PS * PS; * PSo * Pgog = 0°0062
From the Ki97a values for the various reactions produéing these S comprmhds

we haves~-

) . 11
Pg = TootgS-Tg—'a = 0-00436a

~
"

1
PS; = 6+461 x 10°x 1+218°x 10
1578 x 1076 - _ | o 4aa
1¢216% x 10°% )
_ 7-162 x 107
PCOS = 17718 x 1075 Po0 - & = 0-3466a
'j " . ”~

e o 104e2a° + a(l + 0-0044 + 0-0143 + 0-3466) = 00062

- - a’_ = 10422

~

Pso =

which gi;res the equiliﬁrium perc;entages t;f the sulphl;r-containing compounds
as followss~

S0, = 0.3572%, S = 0,0016%, S = 0.1330%,

S0= 0,0051%, COS = 0,1238%, and Ay = 331.
To determine the composition of the initial CO-CO3-SO; gas, it can be
shown, by considering the changes in gas volumes in & series of reactions
of SO; with CO giving CO; and each of the sulphur-containing compounds
already considered,
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G.3ey S0z + 2C0 = 2003 + S

that

the initial volume of CO = Peo * Rpg *+ 4PSQ + Pgo *+ 3Pc0gs

and the initial volume of COg = Pgo, ~ 2pg - 4ps3 - Pgo ~ 2PcOs

‘‘‘‘‘

In the present example, the data gives

initial volume of 80 = 0.00753

initial volume of CO

—

e o initial % SO0 = 0.752% and initial CO/CC, = 1.512

Total

initial volume of CO; = 00,3961

A series of eimilar calculations gave the following resultss

Ip Initiel Ges Composition Ay
8 C0/CO; 7505

0.0062 1.512 04752 331

0.0066 1.517 0.805 347

0.0070 1.522 0.859 364

0.0074 1.527 0.914 381

From a graph of these results the following data were obtaineds

-



Initial Gas Composition &y
7502 CO/CCs

0;77 1.514 | 336
0.80 1,517 346
0.83 1.519 355
0.86 leS22 364
0.89 1.525 373
0.92 1.527 383

From similer calculations and graphs, based on equilibrium CO/CC; values
of le42, 1450 and 1.54, similar values were obtained, and these results
were then graphed as shown in Fige6. This graph was fhen used to determine
the sig value%fa ges with an initial CO/CO; within the range 145 = 1.65
and an initial 9S04 within the range 0.77 - 0.92 by interpolation between
the curves of varying % S0, levels. The data for this graph are
contained in the Appendix, calculations numbers 1l-24.

Fige8 gives a general picture of the variation in &g at initial
CO/CO; ratios of 1.0 - 4.0 and at initial %S0 levels of 0.5, 1.0, 1.5
and 2.0%  The data for this graph are contained in the Appendix,
calculations numbers 25 = 40,

Fige5 gives the variation in Ag in gases of initial CO/CO, ratios
of 342 = 4,9 at initial %SOb levels of 2.0 = 344« The data for this

graph arc contained in the Appendix, calculations numbers 41-94.
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Using the data of Richardson and Jeffes(36), values of Ay over

ranges of gas composition somewhat similer to those covered by Figse 5

and 6§ were calculated and are shown in Figse5 and 7, the data used being

contained in the Appendix, calculations numbers 101-124,

Comparison of values of iyx and AR show that there is a considerable

difference between the two, particularly at low values of A, e.gs,

(1) for a gas of initial CO/CO; of 1.52, initial SO; of 0.81% s

-

hg =350, and Ap = 181,

(2) for a gas of initial CO/CO; of 3.34, initial S0; of 3.01% 3

&g = 1640, and 4n = 1280,

The cauce of these differences lies in the discrepancies between the

AGR values of the reactions involving (a) S, and (b) SOs

(2) for SOz =8 + 0z, Kelley gives AG% 73 = 83,200 cals.,

Richardson - 68,200 calse

(b) for SOz = SO + %05, Kelley gives AG% 773 = 47,060 cals.

Richardson =~ 29,210 cals.

These differences are further seen if the proportions of S and S0 to the

total sulphur containing gases in an equilibrium gas are compareds

For gas (1) above

For gas (2) above

~

PS P
Zpg compoundse 2 pg compoundss
Kelleys 0.0025 0.0083
Richardsons 0.078 0.55
Kelleys | 0.0024 0.0045
Richardsons 0.10 0.39

The sources from whicthelley and Richardson obtained their data

were therefore investigated.

For the reaction S0 = S + O; the uncertainty lies in the reaction

S2(g) = 25(g).
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Kelley bases his calculations on corrected spectroscopic data of
Montgomery and Kassel(37) giving a dissociation energy AHS of + 102.6
kcalse This value gives 137.6 kcals. for AHJ of the reaction
S0 =S5 + Oz

Richardson and Jeffes(36) quoting Gaydon(38) state that spectro-
sscopic meagurements indicate that the dissociation energy of S; is most
érobably 101 + 3 kealg., although +83 and +76 are also possible valuese.
Gzydon states that it i1s impossible to decide between the three values,
but indicates a preference for the highest valuees Richardson and Jeffes,
however, taking into account molecular weight determinations by Hernst(39)
and von Wartenberg(40), recommend a value of +73 kcals. for AH3S of S =
25 - which gives +125.2 kcals. for AHS of the reaction SO =S + Gz.

For the reaction S0 = SO + %Cb, the uncertainty lies in the
reaction S + 0 = SO

Kelley bases‘his calculations on corrected specroscopic data of
Montgomery and Kassel(37) giving 2 AHS value of -13.1 kecals. for the
reaction S + & = 250. When allowance is made for the dissociatibn
energies of S5 (+102.6 kcals.) and of O (+118.0 kcals.) this value
cofresponds to a dissociation energy of SO into its atoms, of +117 kcals.,
and to +79.8 keels. for AHS of SO; = SO + 50s.

Righardson and Jeffec quote Gaydon(38) as giving two values for
the dissociation energy of SO into its atoms, vize, +11%.5 kcals. and
+9242 kealse Although he admits there is no conclusive evidence on the
point, Gaydon prefers the higher value, and Richardson and Jeffes accept

this velues When this value is combined with Richardson and Jeffes!
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most probable value for the dissociation energy of Sz (+ 73 kcals.,) and
with the dissociation energy of O; (+117.2 kecals.,) it gives - 49 kcals.
for AH§ of the reaction S; + O; = 280, and 62.1 kcals. for AHJ of

S0 = S0 + %0%. Richardson’and Jeffes also note that if the lower wvalue
for the dissociation energy of SO (+92.3 keals.) is used, AHS of the
reaction S; + O = 250 becomes +6 kecalse - and accordingly give: the
corresponding free energy equation the highest error limits,.

Since Richardson and Jeffes! collection of data was published,
St. Pierre and Chipman(4l) have carfied out experiments on lime-iron
oxide slags, bringinz them to equilibrium with SO + CO mixtures at 1550°C,.
They show that their data lead to a decision between the possible walues
of the dissociation energies of SO and S; quoted by Gaydon, and that
they are in favour of values of +11%+5 kcals. for AHZ of SO =8 + O,
and + 83 kcals. for AHS of S5 = 28.

The effect of these discrepancies on the present work may be seen
more clearly if several combinations of the possible AH3 values of SO =
S + 0 and of S; = 25 are used in the calculation of the A values of the
gases marked (1) and (2) above, and the ratios Ap/A; thus obtained,

compared as shown in Table III bzlowe
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TABLE III,
c AGS (kcals/mole).
AHS (kealse/mole) 1773 Velues
SO=S5+0 S;=28  0p+5;=250 S0, =S0+0, SO0;=5+0; accepted  Ao/Ay
by
+02,3 473 +6 +5646 #6842 =516
+02.3 483
+9243 +101
. 1280
+119.5 +73 -49 +29.2 +6842 Richardson =7.07
181
and Jeffes.
+119.5 +83 St.Pierre ROt calculatal
and Chipmane guz &ppTroXe
+117 +10246 -13.,1 +47e1 +8342 Kelley 12@0 = 4,69

In this Table, &3/8& in the first line is obtained from the data
given in the Appendix, calculations 125-6s. This line corresponds to the
alternative value for the disgsociation energy of SO of 92.3 kcalse, which
Richardson and Jeffes(36) mention but do not favoure. Indeed this value
is favoured by none of the workers quoted above. Therefore, no values
have been calculated for the ratio Ag/ﬁi.in the second and third lines of
the above tables The value of Ag/Ay shown in the fifth line was obtained
by interpolation between the values given in the fourth and sixth lines,
since, as the present work will show, it was not necessary to obtain an
exact value for this linee

The above teble indicates a method by which it should be possible

to select the correct data relating to SO and 8 formation. By bringing

scmples of the seme slag to equilibrium with gases of widely different
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A values (e.g., gases (1) and (2) above), an experimental value of the
ratio fiz/A = /S will be obtained where S; and 8§ are the sulphur

contents of the slag at equilibrium with gases (1) and (R) respectively.

The Effect of Temperature on ixe

From the data in the Appendix, calculations numbers 127-130, it
can be shown that, for a gas of initial C0/C0; = 1l.52 and initial 80, of
0.85%, the rate of change of &g is -1.30% per % over the range 1490-1500°C,
and -1.28% per °C over the range 1500-1510°C.  Therefore at 1500°C, the
rate of change is -1.3% per °C.

As most of the experimental work was carried out at 1500°C,, the
temperature effecﬁ on A does not enter into the celculations. The

following formula can therefore be used to calculate aggg s-

S/&
8Ca0 = S

= 3%/E0
In using this formula the assumptions discussed above must be made. I%
may be noted in passing that S/A corresponds to the function used by
Fincham and Richardson(lS) in their work on sulphur in silicate end

‘ 1
aluminate slags, viz., the sulphide capacity Cg = (%s) (p(_)E| )%/ (psf-) .



CHAPTER IV,

EXPERTMENTAL TECHNIQUE.




The apparatus is shown in Fig.® and consists of three main
sectionss
(1) appafatus for the production of a steady flow of the required
C0-C0,-S0; gas mixtures
(2) apparatus for the analysis of the gas mixturey and
(3) the furnace, containing the reaction chamber.

The details of each of these sections will now be outlined in turne

Gas Production, Purification, Control of Rate of Flow and Mixing.

Carbon dioxide was obtained from cylinders of commercial liquid
carbon dioxide, and drieéd by pacsing through anhydrones Analysis of
this gas for oxygen gave a figure of 0.04% - which can be neglected as
far as its effect on the CO/CC; ratio of the gas mixture at equilibrium
at 1500°C is concerned,

Sulphur dioxide was obtained from a syphon of the liquid, and
dried by passing through anhydrones

Carbon monoxide was obtained by passing cerbon dioxide, obtained
from commercial liquid carbon dioxide, over carbon at a high temperature.
The carbon used was the powder obtained in drilling graphite electrodes
to make crucibles, and wvas contained in a Pythagoras tube in a Nichrome -
wound furnace maintained at 1100-1150°C. In order to prevent the
reaction

C+HO =00+ H
takihg place, the cerbon dioxide was dried over anhydrone prior to

reaction with the carbon, and the graphite powder was dried at 110°C,
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end stored in a desiceator over anhydrone prior to uses.

It was at first thouzht that a CO-CO; gas, of the CO/CO; ratio
desired for the experiments, could be produced directly by control of the
Hichrome furnace. However, using the data of Richardson and Jeffes(34)
for the reaction

Co +C = CO
AG; = 40,800 ~ 41,7 T
it can be shown that, at temperatures of
742.5°C 750°C 760°C
the CO/CO; ratio obtained at equilibrium is
3.00 327 3.79 respectively,
i.es, an increase in temperature of 10°C at 750°C results in an increase
of approximately 16% in the CO/CO; ratio. The production of a gag of a
given CO/CO; ratio under these conditions would have required a furnace
controlled to a greater degree than was practiceble with normal laboratory
epparatus. ‘Hence, it was more convenient to produce pure carbon monoxide
and obtain the desired CO/CO; ratio by mixing with pure carbon diorides
further calculations showed that the % CO; remaining in the gas
obtained by passing carbon dioxide over carbon at temperatures of
1000°C 1050°C 1100°C
was 0.8% 0.42% 0.24%
Hence the graphite was maintained at a temperature of not less than 1100°C
anc the gas obtained was passed through self-indicating soda-agbestos

granules to remove the last traces of carbon dioxide.
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- Another possible source of impurity in the gas would be sulphur
in the graphite, but fhis need cause no anxiety since the reaction products
of sulphur would &lgo be removed by the soda-asbestos.

The three gasec were each‘metered by capillaery flowmeters, L.

The capillaries were constructed by heating short lengths of normal
capillery glass tubinz. in the flame until the constrictions produced were
such as to give pressure differences within the range of 20-140 cms. of
oil for the rahges of gas flow desired. The indicating liquid used
in the flowmeters was Griffin and Tatlock!s Special Flowmeter 0il, of
very low vapour pressure. The total flo; rate of the gas mixture normally
used vag 140~150 mls. per minute, while in a few runs a flow of €60-~70 mls.
per minute was used. | The gas compositions used varied within the ranges
0.3 = 3.5% S0, and 1.0 - 4.8 CO/CO; ratios Hence the flowmeter orifices

were such ag to give the following ranges of rates of flows

S50, Oe5 - 5 mlse. per minutey
co 20 - 120 mls. per minutey
COq 25 - 75 mlse. per minute;

The flowmeters were calibrated using the samé methods ac are described
later for gas analysis, but because of changes in atmospheric pfessure
and temperature causing small veriations in the flowmeter readings for a
given flow of gas (variations of up to + 27) the calibrations were only
used as guides and the gas nmixture to be used in a run was alweys analysed

immediately prior to the runs
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The proplem of maintaininz a constant flow of each gas was solved
by incornorating in each gas system an adjustable bleeder column, Bes The
denth of water in each column was adjucted so that the desired flowmeter
reading was obtained, and the gas cylinder and siphon valves were then
closed till a small steady flow of gas wes escaping through each bleeder
column. By this means adequate control of the gas flow rates was obtained,
since the pressure differences across the flowmeters could be kept constant
to within +0.2 cms.

The three gases were then mixed by leading them to the foot of a

boiling tube filled with glase wool, the gas mixture being led out at the

top of the boiling tube.

Analysis of the Gas Mixture.

On commencing the flow of gases for a run or calibraﬁioh, the gas
mixture wae by-passed through the sampling bulb at S and bubbled, via the
limb C, through a vessel F with an adjustable water level, to the gasrjet
at J vhere it was burneds After running for at least an hour, the weight
of (CO; + SO») flowing per mimute was determined by absorption for a given
time in the soda-asbestos midvele bulb, Ge The weight of SG;, flowing per
minute wes likewise determined by absorption in 100 ml. of 5-volume hydrogen
peroxide solution contained in the gas-jar H, the sulphuric acid formed
being titrated against N/20 sodium hydroxide solution using methyl yellow
es indicator. (Various indicators were tried, but, on account of the
carpbon dioxide dissolved in the peroxide solution, methyl yellow was found
to be the most suitables The end-point of the titration could be detected,

by comparison with a standard colour, to within 0.2 mle., and with practice
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this waes reduced to within 0.1 ml., the titrations being never less than
10 mls.)e Tests showed that, at the maximum rates of gas flow and at the
maximum values of % S0y used, the depth of solution obtained by using
100 mls. of 5 vol. peroxide solution in a gas jar was sufficient to absorb
all the sulphur dioxide in the gas mixture. During these determinations,
the depth of water in each of the 3 vessels, F, was adjusted so that the
resistance offered to the flow of gas in each of the limbs C, D and &, did
not vary, and hence the rates of flow of the gases remained constant during
analysisce

When constant duplicate results for the rates of flow of carbon
dioxide and sulphur dioxide were obtained, the gas sample in the sampling
bulb at S was removed and analysed for the ratio CO/(COz + S03)« This
wag done by flushing the sample with COz-free nitrogen through an analytical
train consisting of a soda-asbestos midvale absorption bulb, followed by
a copper oxide tube in a small furnace kept at 400-500°C, and finally a
second soda-csbestos absorntion bulb. A second copper oxide tube in~the
furnace followed by a soda~asbestos absorption bulb showed that the
conversion of carbon monoxide to dioxide was complete in the first copper
oxide tubes The ratio of the gain in weight in the second soda-asbhestos
absorption bulb to that in the first gave the weight ratio CG (from CO)/
(CO; + 8G;). Together with the rates of flow of carbon dioxide and of
sulphur dioxide, this date was used to calculate the volumetric CO/CO;
ratio and the %80, in the gas mixture used in the experimental rune

Another possible source of impurity in the carbon monoxide, in

addition to those previously mentioned, was hydrogen adsorbed by the
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graphites As a check on the freedom of the carbon monoxide from hydrogen,

an anhydrone U-tube wes inserted immediately after the copper oxide tube
in the analytical train described above.s A sample of carbon monoxide
was then passed through the train and it was shown that no measurable

quantities of hydrogen were present in the carbon monoxide.

The Furnace and Reaction Chambers

The runs were carried out using a pletinum-wound resistance
furnace as shown in Figs9 The furnace tube, K, was a 1%‘in. internal
diameter mullite tube, 30 ins. long. (For later experiments a f% in.
tube was used)s This was placed within a thin alundum tube on which
was wound the platinum wire, L« This tube was wound over a length of
9 ins. with 20 S.W.Ge. platinum wire and insulated as shown by fused
alumina, M, and diatomaceous brick, Ne This furnace gave at 1500°C
a hot zone which was constant to within 5°C, over a length of 1.8 ins.
The power input to the furnace was controlled by a l6-Amp. Variac
autotransformer, by hand adjustment of which the temperature could be
maintained at 1500°C # 2°C, with only occasional attention.

] The temperature was measured by a platimum/13% rhodium-platinum
thermocouple housed in a mullite sheath, P, which fitted into a depression
in the base of the reaction tray, Q. The thermocouple was regularly
standardised against the melting points of gold (1063°C) and palladium
(1555°C)s  The e.m.f. generated by the thermocouple was measured using

a2 Tinsley vernier potentiometer and spot galvanometer. By comparison

with another standard couple placed in one of the platinmum crucibles in
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the reaction tray, a slight correction, never amounting to more than 5°C,
was found to be necessary between the reading obtained in the sheéth and
the actual temperature of the crucibles.

The alundum reaction tray, Q, was supported in the hot zone of the
furnace by a2 series of alundum stools, R, fitting round the mullite sheath,
P, and resting on the rubber bung, T, at the base of the furnace tubes
The rubber bung, U, at the top of the furnace tube held an alumina tube,
v, E'in., outside diameter, %‘in., internal diameter, Chrough which the
gas entered the reaction chamber. The lower bung, T, 2lso held a short
gas entry tube, W, and the upper bung, U, a short gas exit tube, X.
Another series of alundum stools, Y, fitted over the alumina tube, V,
and filled the space between the reaction chamber and the upper bung.

The lowest of these stools was cemented onto the alumina gas entry tube,
Vo  The gap between this lowest stool and the top surface of the reaction
tray was not more than 0.5 in., and this gap, together with the reaction
tray may be conveniéntly termed the reaction chambers Thus the reaction
chamber was contained entirely within the hot zone of the furnace. The
reaction tray itself was 0e4 - 045 ine., deep and is shown in Figs.g(a),
(b) and (¢)s It contained either (é) two % in. diameter, (b) four-fg'in.
dismeter, or (c) three ¢ in. diameter, depfessions to accommodate the
crucibles.

The crucibles were made of platinum since this wasg the only
material which would hold molten slag under the conditions of the experiment.
Circlec of platinum foil were cold-pressed into a2 hemispherical shape

between a ball-bearing and a wooden block containing a series of
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successively deeper depressions. Initially a %‘in. diameter ball-bearing
was used and the crucibles obtained were able to hold 0.25 - 0.30 gmse

of the powdered slage Two such crucibleg could be accommodated within
the lg'in. reaction tube. Later a fg in. diameter ball-bearing was used
and the crucibles could hold Q.16 - 0.20 gms. of slags Four such
crucibles could bes accormodested within the lé'in. diameter reaction tube.
Leter still a 16 in. diameter ball-bearing waé used and the crucibles
could hold Q.40 - Q.45 gms. of slag. Three such crucibles could be
cccomnodated within the ﬂ? in. reaction tube. These weights of slag were
found to be convenient for analysis of sulphur content, and the relatively
hich ratio of slag surface area to weight of slag facilitated the attain-
sment of equilibrium in a reasonable length of time.

~

Thus the reaction chamber and reaction tube fulfilled the following
requirementss
(a) The poésibility of error due to the effects of thermal diffusion,
should be, as far as possible, eliminateds When a gas mixture is
contained in an unevenly heated system, thermal diffusion results in a
higher concentration of the less dense gas in the hotter regions of the
system, with a corresponding decrease in the cooler regions. This
effect is, of course, greater when using high frequency induction heating,
than with a resistance wound furnaces. Investigations of the effect have
beeh made by Chapmara(é%.’i),Ibb&(%}iS),Gillespie(46) and Dastur and Chipman(47)
who have shown that the effect increases with increasing ratio of the
densities of the component gases, and that it varies with the proportions

of the component gases, reaching a mexirmum when their moler fractions are
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equals Dastur and Chipman also showed that the effect of thermal
diffusion in metal-gas equilibria can be minimised by using high flow
rates, by preheating the gas mixture to the temperature of the metal, and
by dilution of the gas mixture with an inert gas of hizh molecular weight,
The effect of thermal diffusion was not expected to be great in the precent
experiments, since the ratio of the densities of SOp, CO; and CO is not large,
the percentages of S0; used were small, and the gases would be preheated
to some extent in travelling down the length of the gas inlet tubey V,
(Fize2). Indeed a thermocouple placed within the reaction chamber showed
no change in temperature when nitrogen, at the rate of 150 mls. per minute,
was passed down the tube, V, through the reaction chambers The high
linear velccity of the gas to and from the reaction chamber, and the

fact that the reaction chamber was contained entirely within the hot zone
of the furnace, would also tend to prevent thermsl diffusion. Later,
experiments showed that alterstion of the linear velocilty of gss flow

(by altering the volume rate of gas flow or by using an 2lumina tube of
thinner bore for the gas inlet tube, V) gave results agreeing, within the
limits of experimental error, with those obteined using the normal linear
velocity of gas flows. Hence it can be concluded that the rate of gas
flow and the degree of preheat of the gas mixbture are such that the effects
of thermal diffusion in the present experiments are within the limits of

experimental error.
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(b) If recquired, it should be possible to approach equilibrium from
both sides within the came experiment. This was practicable since
there were at least two slag camples in each run.

(¢) It should permit of a rapid means of freezing the equilibrium.
At the end of a run, the lower bung, stools and reaction tray were lowered
2 = 3 ins., immediately after shutting off the gas flow and the power
supplys The reaction trey was then removed from the furnace by

slowly lovering over a period of 10 minutess On account of the smzll
bulk of the slag, solidification should be very rapids Fincham and
Richardson(lS) have shown that solidification of a gimilar sample

from a reather higher temperature toolz place in about 10 secondss In
only a very few instenceg did the reaction tray stick in the tube before
it had been lowered cufficiently to cauce solidification to take place,
and in these instances it was found that the influx of air oxidised some

of the sulphide giving low recults.

Slas Freparations

The raw materials used were as followss
analar calcium carbonate,
analar alumina, and
silica sand.
The silica sand was further purified by boiling with concentrated
hydrochloric acid to 99.9% puritye.
To cover the range of Ca0-A130; slag compositions molten at

1500°C, three master slags, containing approximately 42, 43 and 55%

Ca0 respectively, were prepared by calcining weighed quantities of the
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calcium carbonate, mixing with the required weights of alumina and fusing
in carbon crucibles using high frequency induction heatinge The fused
sleg was then powdered and held in air at 1100°C to reconvert all calcium
carbide formed to lime.

To cover the range of Cal0-SiG; slag compositians molten at 1500°C,
two slags, containing approximately 35 and 55% Ca0 respectively, were
prepared in a similar fashion to the Ca0-Al,0; slagse

These five master slags were then analyseds Intermediate
compositions in the Ca0-il;0; and Ca0-5i0; fields were made by miving
these slags in the necessary proportions.s For Ca0-Al,0; slags of more
than 557 Ca0, small amounts of ensler celcium carbonate were added to the
55% Ca0 moster slage Ternary CaQ-Al,03 =810, slegs were made by mixing
the appropriate quantities of the binary master slags with, if necessary,
rmall quantities of analar calcium carbonate or alumina.

Teble IV (p. 54 ) gives 2 list of the slag compositions usede For

convenience in reference each slag composition has been given a number.

Analysis of Slagse

€a0-5i0> Slagse

C.4 gm. samples of the slags were fused with fusion mixture and
the fusion dissolved in warm water, to which hydrochloric acid was added.
Silica was determined by evaporating the solution to dryness and bakingy
the resicdue was then boiled with concentrated hydrochloric acid and the
silice filtered off. The filtrate was again evaporated to dryness,

baked, and the silicz filtered off. Silica was then estimated by

ignition and voletilisation by hydrofluoric and sulphuric acids,
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Lime wes estimated in the filtrate from the silica estimation by
precipitation as oxalate from faintly alkaline solution, and ignition of

the precipitate to CaO.

Ca0-z __2303, Slags s

0.4 gm. samples of the clags were dissolved by boiling in water
and adding concentrated hydrochloric acid dropwise till solution was
complete. Lime was estimated by precipitation as oxalate from a
slightly alkaline csolution buffered by the addition of a 2.5% citric
ecid - O.l% salicylic acid solution to prevent interference of alumina,
The oxalate precipitate was then ignited to CaCe  Alumina was determined
in 2 fresh sample of the slag by addition of ammonium chloride and nitric
acid to the HCl solution obtained as above and precipitation as hydrated
hydroxide by the addition of ammonia at a pH of 645-7+5. The precipitate
wag redissolved in a little hot dilute hydrochloric acid, reprecipitated
and ignited to alumina.

The master slags prepared gave the following analysess

Ca0-A1;0; slagse %Cao °/Aln 0 Total
41.1 5846 09,7
4842 S2e2 100.4
5444 45.8 10042

Ca0-3i0; slagse ‘ZoCaO Z’oSi% Total
34.3 6542 9945
5544 45.1 100.5

Hence the accuracy of the slag analyses has been estimated at :;% of

each constituente



Getimation of Sulphure

Three methods are aveilable by which sulphur may be estimeted in

slagss

‘(l) grevimetrically, as barium sulphates

(2) by evolution, as hydrogen sulphide, and

(3) by combustion, as sulphur dioxides
On account of the small weight of samples used (0s2 = 0u4 gm), the low
sulphur content of the slags (in some cases az low as 0.04%) and the
time which would have been consumed by the gravimetric method, it was
ruled out as impracticable. At the time when runs were being carried
out on Ca0-il;0; slags, estimation of the gulphur by evolution was
considered to be more accurste than estimation by combustion (in oxygen)
since in the latter only about 90% of the sulphur is evolved as 80;, and
en evolution method had just been published by Kjtchener, Liberman and
Spratt(48), for use with steels. This method claimed a satisfactory
technique for 100% absorption of the hydrogen sulphidé evolved in a
combined absorption~oxidation medium, alkaline hypochlorite solution.

This method was then investigated to determine whether it was

suitable fér the estimation of sulphur in slagss The method for use
with stecls consisted of dissolving the sample in a fixed volume of 1lsl
hydrochloric acid solution, in a stream of hydrogen and under slow heéting.
On complete gsolution of the sample, the solution was boiled for 5 minutes
to ensure that all the hydrogen sulphide had been evolved and absorbed.
The hydrogen sulphide was absorbed in alkeline H/10 hypochlorite

solution, the absorbent wes then boiled for 5 minutes to ensure complete
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oxidation of colloidal sulphur and other sulphur compounds to sulphate,
and titrated cold iodometrically against /20 sodium thiosulphate solution.
A condenser above the evolution flask ensured that no hydrochloric acid
was carried over into the absorption flask. One other feature of the
apraratus was that it was of all-glasgc construction - no rubber tubing
was employed to ensure no loss of sulphide through absorption by the
rubber, and all joints were of ground-glass. After the estimation of
sulphur in the steel sample, a blank was carried out and the difference
between the blank and the sample gave the sulphur content thuss

1 ml. N/20 thiosulphate = 0.2004 mgm. sulphur. —
Various modifications in the procedure were found to be necessary in
epplying this method to slagss
(1) it was found that the siag semples required times of up to
1 hour!s boilinz before they were completely dissolveds Hence the
vaseli;e which Kitchener et al used on the ground glass joints was
replaced by a silicone stopcock grease which proved to be satisfactory
in keeping the joints gas-tight.
(2) with slag s#mples of 0.2 gme and less than 0.8% S, the /10 sodium
hypochlorite solution was renlaced by N/40 hypochlorite, and N/80 sodium
thiosulphate solution was used for the titration.
(3) the slaog samples could not be powdered, since, in the case of
the higher sulphur samples, there was a distinct smell of hydrogen sulphide
when they were ground in the mortar. With the Cal0-£1,0; slags, thie did
not prove to be a difficulty since boiling the slags for a period of

10 - 60 minutes resulted in complete solution of the slag.
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Some difficulty was experienced in obtaining consistent blanks.
The blank titration was usually of the order of 40 ml. of thiosulphate.
In several cases, however, low values for the blank titration were
obtained. In investigating the reasons for this, several factors were
checked, viz.,
(1} the effect of photosensitivity on the thiosulphate solution =~
this was shown to be negligible under the prevailing laboratory
condition.
(2) the rate of flow of hydrogen through the apparatus - this wes
shown to heve no effect, provided of course, that the rate of hydrogen
flow was not sufficiently fast to carry over hydrochloric acid from the
condenser into the alkaline hypochlorite solutions It was zlso checked
that the hydrogen contained no hydrogen sulphidee

Up till that time, however, the apparatus had been rinsed out
with acetone after each blank estimation. Occasionally the acetone was
observed to contain a brown flocculent deposit, and it was shown that this
was partially resgponsible for the errors in the blank - as, of cource,
was atmogpheric dust of any description, but precautions had been taken
ageinst the latter. Also, at first the hydrochloric acid was stored in
a Winchester bottle without any special precautions having been token
to prevent any contact with the atmospheres However, it was found
necessary to store it under nitrogen to prevent contact with air, since
this wag found to he a source of error in the blenkses With these
precauvions, nearly all the blanks were found to be within +0.3 ml. of the

mean, while the majority of them were within +0.1 ml. of the means
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A few blanks were outwith these limits and were rejectede The former

limits gave + 5% accuracy for glags of 0.15% sulphur using a 0.2 gm.
sample, and proportionately bettier accuracies for slags of higher sulphur
contents.

A fresh blast furnace slag of approximately 1% sulphur was used
to determine the effect of other wvariables. The slag was powdered and
kept in a sealed bottle to prevent oxidation of the sulphide. It was
shown that, although the slag did not completely dissolve, consistent
results were obtained provided it was boiled with the 1sl acid for ét
least 1 houre The effect of using different weights of sample was shown
to be nil within the range 0.3 - 0.6 gms.

This method of analysis was found to be satisfactory for all
Ca0-A150y slags and for a few Ca0-Al,0;-Si0, slags (AS1-AS4). A
gravimetric sulphate determination on a sample of the residual acid liquid
containing the dissolved slag showed that no sulphate was present in the
slag -~ which was to be expected from thermodynamic consideration.

In the case of Ca0-Si0; slags, it was found that, since the
slag would not dissolve in boiling lsl hydrochloric acid, the only way
in vhich the evolution method could be used to emsure that all the
sulphur was evolved was by grinding the slag and boiling it for at least
1l hour. However, as is noted above, there is a loss of sulphur on
grinding. At this time, the combustion method of Fincham and Richardson
(49) using carbon dioxide as the combusting gas, was published, and the
sulphide contents of Ca0-Si0; and of Ca0-Al,03-Si0; slags were estimated
by this methode The slag pellet was mol crushed but after the platimum
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foil crucible had been peeled from it, was broken into about 4 smaller
pieces and placed in a pre-ignited boat. The slag was combusted at
1450°C in a flow of carbon dioxide of about 1/4 l. per mimite, the
sulphur dioxide evolved was absorbed in a dilute hydrochloric acid
solution containing starch and titrated during the combustion with an
iodide-iodate solution (1 ml.= O.1 mgm. sulphur). The time required
for complete evolution of the sulphur varied from 30 to 120 minutes.
Blank estimations also showed the necessity of making a slight correction,
usually of the order of 0.1 ml. per 20 minutes of the time of evolution.
No absolute standardisation of the evolution method was possible,

on account of there being no satisfactory standard sulphide available.
However, a fresh blast-furnace slag (in which the sulphate sulphur should
be negligible) was analysed by both the evolution and the combustion
methods, the resulis obtained being as followss

by evolution method 1.18%‘3.

by combustion method 1.21% 8.

Therefore the evolution method can be conside:ed as stoichiometrice

Experimental Procedure.

A number of preliminary runs were carried out on slag A6, using
two 3/8 in. diameter crucibles, to ascertain whether equilibrium was
being attained, and to ensure that certain variables did mot affect
the results.

On the evening prior to the day of a run, the reaction tray,

crucibles and slag were placed in the furnace. The furnace tube was
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tested to ensure that it was gas-tight, flushed out with nitrogen, then
heated overnight to approximately 1000°Ce A furtlier 3 hours! heating
the following morning brought it to 1500°Cs During this period of
heating the C0-CO3-50; gas mixture was run, by-passing the furnace, the
bleeder columns being adjusted to give the desired rates of gas flow.
Preliminary runs had shown that a gas of 0.8% SO; and CO/CO; = 1+5 would
give sulphide contents of 0.13% S for slag Al and c.1.2% S for slag All,
i.e., sulphur contents not too small for convenient analysis, nor
sufficiently large to exceed the sulphur saturation value of the slags
Hence the gas flows were calculated to give that gas composition for a
total flow of 150 ml. per minute. After running for at least an hour,
the rates of flow of CO; and SO; were measured as previously described.
When constant values were obtained, the gas sample collected at S was
analysed for the CQ/(CO; + SO;) ratio as previously describeds

When the furnace was steady at the desired temperature the gas
was flushed through the reaction tube, entering via the tube W (Fig.9)
in the lower bung and leaving via the tube X in the upper bung. Flushing
was complete in half-an-hour, after which the gas was led direct to the
reaction chamber at the centre of the furnace tube via the alumina tube, V.

Various methods to determine when equilibrium had been attained
were tried. Eventually the method adopted was to hold the slags for
periods of'zig 3t and 4% hourse For all the slags used, éxposure to
the gas for é periocd of 3% hours was found to be adequate to ensure that
equilibrium had been attained (as will be described below). At the end

of this time the gas flow to the reaction chamber was cut off, fhe powver
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supply to the furnace switched off and the reaction tray immediately
lowered a distance of about 3 ins. It was then slowly removed from the
reaction tube over a period of 10 minutes to prevent spalling of either
the tube or the traye The slags were then analysed for sulphide in the

manner described earlier in this Chaptere

Determination of the Attainment of Equilibrium.

| The first means which, it was hoped, would indicate when equil-
sibrium had been reached, was by the analysis of the exit gases from the
éeaction chambere The reaction tube at that time incorporated an addition-
sal alumina tube, of the same bore as, and parallel to the gas entry tube
ﬁg by means of which the gas could be led immediately from the reaction
chember for sampling and analysis. This additiomal alumina tube led
through a two-way stopcock to gas sampling bulbs in parallel, and then

led into the common limb, 2, from which it could be led through limbs

D and E for analysis for CO; and SOze The first attempt to use this
ﬁethod by the analysis of periodic samples of the exit gas for the ratio
CO/(CO;+S0,) was found to be impracticable because of the time consumed

in carrying out the malysis. Following this, the rete of flow of sulphur
dioxide in the exit gas was measﬁred by abgorption in hydrogen peroxide
solutione The amount of sulphur dioxide present was found to be very
small - about 2% of the quantity in the inlet gas - and also roughly
constante Thirdly, the weight of gas absorbed by soda~asbestos over a
given time was tried, and proved more suitable for measurement, At

1500°C, carbon monoxide and sulphur dioxide react giving carbon dioxide
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and various sulphur compounds. Accordingly, the weight of gas absorbed
by soda-asbestos was found to be some 2-6% greater than that in the

inlet gas. In some cases, it was found that there was a distinct

meximum in the graph of weight flow absorbed in soda-asbestos per minute

ve time, usually about 1-2 hours after the gas had first passed through the
furnace, followed by a fall to a steady rate of flows In other cases

the graph rose to this steady value and no maximum was obtaineds Further

a blank run, in which no slags were used, was carried out, and the graph
obtained for it showed a maximum after about an hour!s running, followed by a
fall to a steady values Hence this method of indic;ting when equilibrium
had been reached, by some kind of analysis of the exit gas, was abandoned
ags being unsatisfactory.

The second method of obtaining an iﬁdication of equilibrium was
by the addition of sulphur to one of the two slag samples. In the first
place, sulphur was added as calcium sulphide, an equivalent amount of
alumina also being added to maintain the same CaOiAl,0; ratioy this
proved quite satisfactory, especially in run 4, (éee Table V,‘p. 56 ) where
a run of 3/4 hour!s duration resulted in one sleg, initially containing no
sulphur, picking up 0.27% sulphur, while the other, containing initially
0.8% fell to 0.64% sulphur. Also, in run 8, of 3& hours duration slags
of initial sulphur contents of 0.3 and 0.5% both gave enalyses of 0.44%
sulphur. Additions of calcium-sulphate were tried, but did not give
satisfactory results and destrbyed the platinum crucibles, appearing to
cause embrittlement of the platinums A further indication of the time

required to attain equilibrium was obtained by carrying out a series of
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runs, for increasing lengths of time, till constant results were obtained.
Runs were carried out for periods of ﬁt, 3% and 4& hours (See Table v,

Ps 56, Tuns 6, 7, 9 and 11)s The results of runs 4-11 have been plotted
against the duration of the run in Fig.l0, and show that equilibrium was
almost attained in 2} hours, and that 5% hours would be a sufficient time
to ensure that equilibrium had been attained.

Similar runs for é: and 4& hours were carried out on slags All,

b

S1 and 56 (Table VI runs Nos.14-16, 31-32, 34-45). In each case, 33

hours was found to be adequate, for the attainment of equilibrium, It

was assumed that this would hold for all the slag compositions used in the
experimentse.

ét hours.

Hence all runs were carried out for a nminimum duration of
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(1) Tables of Resultse

Table IV shows the compositions of all the patiog NCaﬁ/(Nklzcb*Ed
in both weight per cent end mole fraction, their mole ratios NCaO/(”ﬁlzob*
NSiOZ)’ and melting points. The melting points have beeh estimated from
the binary and ternery diagrams collected by Hall and Insley(R7) and
given eerlier (Figs. I, II, III,). e The melting point of slag AlR
is given as 1520°C. Although the run using this slag (run 22) was
carried out at 1500°C as usual, examination of the slag after the run
showed that the absorption of 1.6% sulphur had been cufficient to liquefy
the slag completely at the experimental temperatures As will be shown
later in Fig.1l, the result obteined in this run fits the aggg ve Ca0
croph for Cal-&lsO; slagse  In no other case was the liquidus temperature
of the initial slag higher than the experimental temperature.

The results of the preliminary runs using slag A6 are shown in
Teble V,e Table VI, shows the results of the runs using all other
binary and ternsry slags listeds A1l the data given refer to an
experimental temperature of 1500°C (excepting rung 12 and 13), end to a
total gas flow rate of 140-150 ml. per minute (excepting run 10). The
estimetion of sulphur in the slagé in runs 1-25, 33, 41~44 and 838-8%5 was
done by the evolution method, and the remaining slag sulphurs were estimated
by combustion in carbon dioxides

The volves of the sulphurising potential of the gas, &, which

have been used are those derived from Kelley!s thermodynamic data, i.e.,

the Ag velues. t will be shown later that Kclley!s datz are the data
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TABLE IV.

COLPOSITIONS OF SLAGS.

Noe Composition (Wt.%) Mole Fractions Mole lelting
: ; S .
Ca0 AlzQ3  Sily NCaO “Ifnlg Os NSiOg Ratio Pc(J%cnj
Cal-AMlo0; Slagse Noao/ M1,0,
Al 42,0 58,0 - 0568 0.432 - 1.31 1500
A3 43,0 57.0 - 04578 Qo422 - 1.37 1480
A4 45,0 55,0 - 0,508 0.402 - 1.49 1450
L6 4842 5148 - 0.628 0372 - 1.69 1450
A7 50.0 5C0.0 - 0.645 04355 = 1.82 1400
A8 52.0 48.0 - 0.663 0.337 - 1,97 1430
A0 54,0 46,0 - Ce681 04319 - 2.13 1460
£10 5444 4546 - 0.684 04316 = 2417 1470
511 5640 44,0 - 0.688 0,302 - 2431 1490
Ca0-8i0; Slags. Noao/Tei0,
s2 38.0 - 6240 0.395 = 0.605  0.65 1450
S3 42,5 = 5745 0.442 - 0.558 0479 1500
S4 5240 - 4840 0,537 = 0.463  1.16 1500
S5 53.0 - 47,0 0.547 -~ 0.453 1.21 1490
S6 5544 - 4446 0.571L - 0.429  1.33 1470
S7 56,0 = 4440 0.577 - 04423  1.36 1500
Ca0-A1,0,-810, Slags. mcag/(nglgcb+msiga)
ASL  60e5 3245 7.0 0.713 0.210  0.077  1.77 1500
AS2 572 3948 3.0 04593 0,268 0,034  2.31 1480
AS3 5343 35.7 640 0s698 0235 0,067  2.31 1460
AS4 53¢5 31le5 9.0 0.698 0.203  0.099 2,31 1490
ASS5 56e3 3940 4,7 04686 Qo261 0,053 2,04 1450
AS6 5344 3543 113 0.640 04233 0,127 1,98 1500
AS7 49,0 34,0  17.0 0.586 04224 0,190  1.42 1500
AS8  47.2 38.8  14.0 04578 04262  0.160  1.37 1490
AS9  49.3 40.7  10.0 0.609 04276 04115  1.55 1400
AS10  42.5 4647 1048 0e543 0328 0,129  1.19 1500

AS11  44.5 4845 7.0 0573 04343 0.084 L1.22 1460
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TABLE IV: (Cont'd).

COIPOSITIONS OI SL.’KCrS.T

Noe  Composition (Wtef) Mole Fractions ‘Mole Melting
Ca0 4120y Si0; Noao Mpi,0, Meao,  Ratio P?%ng
C
Ca0-4150; -S10, Slags. N0/ N81,0, #510,)
ASI2 46,0 50.0 4.0 0.596 0.356  0.048  1.47 1430
AS13  51.8 5.0  43.2 0e546 0.029  0.425  1.20 1400
4514 50,7 10,0 39,3 0e546 0.059 0,395  1.20 1440
AS15 49.6 15.0  35.4 00546 0,091 04363  1.20 1470
AS16 38,0 4.0 58,0 0.403 0.023 04574  0.67 1450
AS17 38.0 8.0 5440 0,410 0,047  0.543 0469 1430
AS18  38.0 12.0  50.0 0.416 0.072  0.512 Q.71 1390
AS19  38.0 16.0  46.0 0.423 0,098 04479  0.73 1330
AS20  38.0 20,0  42.0 0.431 0,125  0.444  0.76 1270
LS21 38,0 23.0  39.0 0.437 0,145 0,418 0478 1370
AS23  38.0 30.0  32.0 0.450 0.196  0.354  0.82 1490
AS24 40,0 10,0  50.0 0e434 0,060 0,506  0.77 1420
BS25 40,0 14.0 4640 0e441 0.085  0.474  0.79 1360
kS26 40,0 18,0 42,0 0e449 0,111  0.440  0.81 1290
AS27 40,0 22,0 38,0 0.457 0.138  0.405  0.84 1410
AS28 40,0 23.0  37.0 0459 0,145 04396  0.85 1430
AS29 40,0 26,0 34,0 0.465 0.166 04369  0.87 1490
AS30  45.5 3.8 50,7 0.479 0,022 0,499  0.92 1500
AS3L 45,1 7.5  47.4 0.482 0,044  0.474  0.93 1450
A832 44,8 1l.3  43.9 0.487 0.068  0.445  0.91 1370
AS34 43,7 20.5  35.8 0s494 0,128  0.378  0.96 1470
AS35 46,0 5.0  49.0 Ce487 0.029 0,484 0,95 1490
AS36 46,0 8,7  45.3 0.494 0,051  0.455 0,98 1420
AS37 46,0 12.4  41.6 0,503 0,074  0.423 1,01 1330
£S38  46.1 1645  37.4 0.512 0,101  0.387  1.05 1430
KS39 520 3.3 44,7 0.544 0,019  0.437  1.20 1440
A8540 52,0 6.6  4l.4 0551 0.039 04410  1.23 1430
AS41 50,0 10.0  40.0 0.539 0,059  0.402  1.19 1380

AS42 31l.6 455 2Re% 0,405 0.321 0.274 0.68 1500
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TLBLE V.

RESULTS OF PRELIMIJARY RUNS OIl SLAG A6e

(Unless otherwise stated, runs are at 1500°C and 140-150 mleper minute).

SLAG
fun _Inlet Gas Tine T EINSETIOIT 8. .
No. GO/C0; 450z &g of Run %8 & 748, ¥ Remarkse
(hrse)
le 1.51 Q.78 3420 4 1)0.408 G |
2%0.408 ; 0.408 12.0
. o50 0477 330 4 428 ' ’
2 . 7 330 ;38.400 g 0.414 12,6 Furnace~cocleds
L .
3+ 1ol 077 338 % égg:ggg g 0.319 9.6 Delzyed quenchs
4e  1la52  0.83 356 & 1)0.275 Neither at equilirinm.
250.640 048%S added to(2)e
5e 1e51 0479 340 2%  1)0.396 ) 0.287 11.4  Almost abequilibri
2)04378 ) * Nar%%%-raggg@%u% eflum
e 1448 0,82 320 2k 130.394 Gg 0.378 11.1 Almost at
2)04363 equilibriume
7e 1452 0.83 357 3 0,446 G 12,5 No duplicctes
8o 1.55 0.84 367 3 130.439 ) .30 1.0 O-34S added toglg‘
2)0.438 g) °° ’ 0,578 added to(R).
9. 1.49 0,83 346 - 0,417 G 12.1 lo duplicates
L
10, 1.47  0.82 336 33 ,130-391 G) 0,300 11.6 65ul./min.gas flow.
2)0.388 g )
11. 1.49 0,84 348 4=  1)0,401 ) 4
230.423‘ § 0412 119
12. 1450 0.85 I 0,372 G At 15139, no duplicite
13, 1.50  0.86 3 1)o.332 _ o
| 2500371 g 04352 At 1525°C

Mean value of S/Ax » 10° (from runs 7-11) is 12.0.
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RASULTS

e
TABLE VI.

OF ALL SLAGS.

(Unless otherwise stated, all runs are of ﬁ: hours' duration).

Bun ulag .ml st Gas SLAG S/kx (x108) a
G VALUE

14 A1l 1452 080 347 1.25 35640 , '
16« 11 1.51 0,78 337 1.23 364
17 A 1.52 0.80 347 90.137 G 3095

90.135 G 3e 89) 392 0.074
18 A4 1,52 (.83 356 0,232 5e5 0.123
19 A 1.52 083 356 04570 15.0 . 0.305
20 Al 1.50 0.83 351 50.304 224 93 3.9 0.44

20,804 2249 ¢
21 i9 1.50 0486 358 1.02 2844 Co 54
22 412 1,50 086 358 0165 45.1 o
23 ASL  1.52  0.77 340 9l.81 5343

21,77 52.13 Re7 1.0
24 A2 3¢32 2.83 1600 0571 3456 .
25 &2 3,36 3.18 1680 0.631 3.76) 3466 0.069
26 i 1.45 072 311 0.147 G = 4473 0.090
2 45 1.06 0.72 168 0.196 G 11.7 0e222
28 A5 1,51 0,30 165 0.19 G 11.9 06226
30 AS1T  1.06 Q.72 168 0.88 G 52 04 0699
3l S1 3467 3.08 1800)0.,040 G 0e22)

20,036 G 0620
32« gl 3.569  3.02 1800 #0.036 G 0e20) 0.21 0.0040

H0.039 G 0.21 :
33 S6 1.51 0.82 349 0.064 1,83 0.035
34 56 3467 3.08 1800 10.318 1.76

20,333 1.84
35%& S6 3.69 3402 1800 004305 1.70 L1.73 0,033

2)0.291 1.62
36 52 3471 2490 1790 0.030 G 0.17 0.0032
37 S3 3462 3,11 1780 906045 0e25

20,045 0.2 g 0.27  0.0051
33 St 4,70  3.41 2260 )0.259 G 1.15 0.022
39 S5 3462  3e11 1730 90262 G 1.47

A0,256 G 1.433 L1.45 0.028
20 S7 4e53 3413 2160 04348 G 1.61 0,031
41 A2 1.52 0,86 365 1.40 38.43 35,5 0.73
42 AS2 1.5  0.84 355 1,36 3845 . .

ok 32' hours'! run.

* 41‘ hours! run.
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TA3LE VIe (Cont!'d)e

Run  Slag  DNLET GA8 stag /A (acf) X
How No. ~CO/CC; 190 Ay %8  CLESS  VALUS  TEAN Caly
G VALUS

43 AS3  1.51  0.84 355 9 1.53 43.2) ™,

21460 45.2% ez 0,84
L4+ ASA  1.52 0484 353 n1.53 42.8) 8

21,62 45.2) 4.0 0.04
45 4S5 1e43 0.93 361 1.04 2848 0e55
46 AS6 143  0.98 361 00462 12.8 0.245
a7 AS7 1449 0u72 311 0153 4492 0.093
48 AS3  1.43 0,98 361 0.124 3,44 0.065
49 AS9  1.37 0.88 311 0.314 G 10.1 0,192
50 ASIO0  1.48 0449 236 0,092 G 3,90 0.074
51 AS11 1437 0.88 311 0.189 G 64207 0.115
52 4812 1.37 0.88 311 0.192 G 6117 o117
53 513 3462  3.05 1770 70.314 G 1.77

50.341 G 1.923 185 0.035
54 AS14 3462 3405 1770 904407 G 2429

20387 G ogp) ReRE Qw022
55 515  3.32 2463 1600 00.462 2498

yones 2.773 2.83 0.054
56 AS16 3471 2490 1790 04038 G 0e21 0.0040
57 A4S17  3.88 2.566 1810 0.044 G 0.24
58  ASL7  3.71 2490 1790 0.036 G 3 0.22  0.0042
50 ASI8  4.64 3.17 2200 0.083 G o 38 0.38 00072
60 AS1 8 2.58 2.89 1730 0.066 G 0.38 _
61 AS10  3.58 2,89 1730 0.069 G 0,40 0.0076
62 320  3.69 2461 1720 90,074 G 0443

. 0089

20,089 G 0.513 047 0,008
63 5521  3.88  2.66 1810 90.077 G 0.42

20,069 G 0. 38% 0.48 0.0091
64 AS21  3.58 2489 1730 0.111 G 0.64
65 AS22  3.58 2.89 1730 0.093 G 0.57 0.0108
66 £S23 3469 2.61 17209 0.124 G 0.72

o o1 o 0.703 0.71 0.0135
67 A324 3471 2490 1790 0.053 G 0429 0.0055
68 LS25 3474 2487 1800 0.052 G 0429 0.0055
69 £S26  3.74 2.87 1800 0.079 G Oud4 0.0084
70 AS27 374 2.87 1800 0.104 G 0,57 0.0108
71 AS28 . 3.88 2466 1810 0,107 G 0459 0.0112
72 AS29  3.74 2.87 1800 0.103 G 0457
73 ASR9  4.64 3,17 2200 0.219 G 1. co% 0.79 0.0150
74 AS30 4439  3.41 2140 0.120 G 0.56
75 5S30 4405 3,07 1960 0.096 G 0.49) 0, 53 C.0101
76 AS31 4,05 3.07 1960 0.124 G 0.63 0.0120
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TABLE VI. (Cont'd).

; (<]
Run  Slag ___ LLET CAS stags  /x(x10%)
Noa Ho. GCO/COp 720; Ag /43 GLASS VALUS  MBLN Caly
G VALUE
77 4832 4.05 3,07 1960 0.159 G 0481 0.0154
78 AS33 4,53 3,13 2160 0.225 G 1.04 0.0197
79 5834 4,05 3,07 1960 0.192 G 0,98 0.0186
80 £835 4,76 2492 2210 n0,139 G 0.63;
20,146 G 0.66) 065 0.0123
31 £836 4,53 3,13 2160 0.132 G 0¢84 0.0159
82 A837 4439 3441 2140 0.229 G 1.07 0.020
83 45838 4,76 2492 2210 0.309 G 1.40 . 0.027
84 5339 4470  3.41 2260 0.322 G 1.43 0.027
35 ASA0 4470  3.41 2260 0.424 G 1.88 0.036
86 AS21 4464 3417 2200 04422 G 1.92 0.036
87 £S42 4.39 3,41 2140 0.1256 G 0459 0.0112
fune not used in calculations of activitiess
38 A10 3422  0.95 980 ) 445 45
2 6.1 62

Ixmected value at 980y 2.9 29,8 0. 566
89 ASS 3670 2,20 1780 2452 14.2

Zxvected value 12.8

Sulphur analyses of runs 1-25, 33, 41-44 and 38-89 werecarried out by the

evolution method, and of all other runs by the combustion method.
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which agree best with the results obtained in the present works Column
9 of Tsble V, and column 8 of Teble VI, show the value of the ratio S/EK
for cach runs This ratio is proportionﬁl to the activity of Ca0 in the
slag, hence S/ag values for runs 7-11 (all using slag 46) should be
constant - which was found to be the cases In run 23, the standard
slag AS1 (ag,g = 1.00) was used and the value of 52.7 x 1076 obtained
for S/Ag for this slag. The activity of each slag, shown in column 10,
waz calculated using this value, and is denocted by aCalge

The S/Ag value for each indivicual sample has been shown in the
Tabless  Ior most of the binary slags, duplicate sampleg were uéedu
Where no dupliccte result is showm, it iq{igs in most cacec that the
duplicate sample was lost - usually on account of leakage of the cruciblee
For most of the ternary slags, only one sample of each compogition was
useds  Occasionally, however, duplicates of samples were carried out,
sometimes using different gas compositionse Where duplicates have bheen
carried out, only the mean value of agg0 Das been calculateds

The agreement obtained between duplicstes was reasonably good.
Examination of the results using slag 486 (runs 7-11) shows that all lie
within :5% of the means Over the other duplicates, rgreement in all
but two cases was within 110% ~ which is regarded as satisfactory, since
in mony cases the sulphur conbent of the slegs was lese then 0,1%  Two
other points mey be noted heres (1) the sulphur content of the slags
we.e never greater than 1.8%, aﬁd in more than 80% of the runs the sulphur

content wag less than 0.5% (2) the appearance of the slags varied

congiderablyy the majority were glasses, white, clear or yellow in colour,
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whilst the others were minutely crystalline, white, greyish or yellow

in coloure Two slags (AS7 and $6) were "falling slags" and became
povders on standing for a day or twos In the columns in Tables V and VI
headed "Glass", glassy slags are indicated by "G" and unmerked slags are
minutely crystallines No relation could be seen between the colour and
the tendency to zlegs formation of 2 slag on the one hand, and its
composition on the other, and it is probable that variations in appearance
- which were obtained even between duplicates of the same slag in the same
run - are to be explained by slight differences in the cooling of slag

gcaizples on completion of a run.

(2) Preliminary Runs Using Slegz A6 - Teble Ve

These ﬁreliminary runs were designed to show the effect of certain
variables on the results obtained, as followss

(2) Effect of Rate of Cooling.

The difference between the normel method of cooling of slags,
as described on peS0 , and furnace-cooling is shown by runs 1 and 2. At
the end of run 2, after the gas flow and power supply had been cut off,
the slag semples were allowed to cool within the furnace hot zone.

Comparison with run 1 shows the furnace-cooled samples to be about 5%

“higher. Under furnace cooling the sulphur content of the slaz tends

towards the equilibrium sulphur content of the slag 2t the temperature
of solidification. It would appear, therefore, that the sulphur content

of the slag in equilibrium with a gas of given initial composition
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increases with fall in temperatures  Subsecuently all slags were cooled
to give rapid solidification by lowering the reaction tray 3 ins. immediate-~
v1y after terminating a rune

(b) Effect of the reaction tray stickinz in the furnace tubes

At the end of a run it was occasionally found, after the lower
bung ond stools had been removed, that the reaction tray had stuck in the
centre of the furnace tube - due to canting for instance. Run 3
("delayed quench") was such an instsnce, and the result shows that
atnospheric oxygen had reacted with some of the sulphur before solidifi~

a
scacion had talen place, givinngow result. Hence all such runs were

¥

discorded.

(e) Effect of Chenges in the Rate of Gas Flowe

This is shown by runs 5 and 10s In run 5 the gas mixture entered
the reaction chamber via an alumine tube, V, (Fig.?) of narrower bore -
L in. internal diameter instead of the normal % in. Since the total
gas flow was maintained at 150 mls. per minute, the linear gas velocity
down the entry was four times as greate The result of run 5 is seen to
be comparable to that of run 6, both beinz for ét hours, i.e., equilibrium
very nearly, but not quite, attaineds The change in linear gas velocity
hos made no significant difference to the result. In run 10 the total
zas flow waes reduced to 65 mls. per minutes Again no significant
difference is seen in the result. It can, therefore, be inferred that
whie gas is adequately preheated before reachin~ the reaction chamber, and

thaet errors due to thermal diffusion or to incomplete attainment of
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equilibrium in the gas mixture are within the limits of experimental
SrrOTe

(d) The effect of temperature.

Puns 12 end 13 were carried out at 1513°C and 1525°C respectively
If run 12 had been conducted at 1500°C, the &g value of the gas would
have been 354, and, since the mean value of Sfag for sleg A6 is 12.0 x
1078, a slag culphur of 0.425% would have been obtained. Therefore, a
rise in temperature of 13°C, giving 0.372% S, results in a loss of
135 of the sulphur contents Similerly run 13 would have given an &g
of 356 and a slag of 0.427% S at 1500°C.  Therefore, o rise in temperature
of 25° results in = loss of 18% of the sulphur content. Therefore, the
sulphur content of a clag in equilibrium with 2 gas of given initial
conposition decreaces with rise in temperaturs, the rate for slag &6 being
approximately 1% of the sulphur content per “C at 1500°C, This confirms
the qualitative conclusion reached above from the furnace-cooled sarmple.

At first sight this appears to contradict the results of Fincham
end Richardson{15) who sghowed that, under geses of constant equilibrium
o, end constent SO; inpub, raisinz the temperature increases the amount
of sulphur in the melt. At different temreratures gases of the same
initial SOp content snd of the same equilibriun Py, are initially of
different compositionse Therefore, the results of the present work
canmot be compared directly with those of Iincham and Richardsone To
facilitate comparison it is necegsary to recalculate the results of the
present work and thus obtain the effect of changes in temperature on the

absorption of sulphur by slag 46 under gases of the szme initial S0,
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content and equilibrium pg,. This was carried out for the results of
run 1R as followse

By extrapolation of the data for 1510°C in the Appendix, calculations
numbers 127-8, it can be shown that at 1513°C, a gas of initial co/Coy =
1¢50 and SO; = 0+85% gives Ax = 298 and Po, = 1°62 x 1078,  Slag A6
ebsorbed 0+372% S from this gas at 1513°C (result of run 12).

At 1500°C a gas of the same initial SO; content (0¢85%) and of the
same equilibrium py, (1+62 x 10™) gives Ag = 282 and its initial GO/CO
= 1+31. From the S/Ag valus of slag A6 at 1500°C, it can be shown that,
at equilibrium with this latter gas, slag A6 would have absorbed Os339% S.
Therefore, a rise of 13°C, using gases of constant initial SO; con{;ent
and equilibrium pp, results in a change in sulphur content from O-339%
to 0+372%, i.e., a rise of $Z per °C., wpich agrees qualitatively‘with
the concluston of Fincham and Richardsone

It will be seen from the later discussion (p«80) that whether
aga0 rises or falls with increase in temperature depends on the composition
of the glage For slag A6, the effect of temperature on the ag,q value

can be determinéd as followse For the reaction

C&O(B) + %Sg = 08.8(8) + %05 ooooo‘ooooo (3)
86as
K = a0e

Equilibrating slag A6 with the saeme initial gas at 1500°C and 1513°C, it
follows that

‘GaOilSOO"G} 81500°c g °c) « E15139% . ¥1500%
a SI513%C (1513°C) K1500°C ¥1513°%
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In calculating the effect of temperature on Az, it was shown (p.31),

that the rate of change of Ag for a given gas was ~-1+3% per °C. The
present work shows that, for a given initial gas, the sulphur content

of the slag decreases by approximately 1% per °C. The values of K3500°C
and 3151300 can be obtained from the free energy equation for the reaction
(3) aboves Rosenqvist(32) has shown that the free energy for the

reaction
CaO(g) + HaS = CaS(g) + H0

is given by °
OGp = -15,560 + 0-87T

Qombining this with the free energy given by Richardson and Jeffes(34)
for
K + 30
AG2 = =-59,000 + 13387
end the free energy given by Richardson and Jeffes (36), for
B +55% = HS
8G2 = -21,560 + 11-81T,
the free energy equation for the reaction (3) above is given by
Ae2 = +21,770 - 0707

e o Ey50090 = 2094 x 10® and Kjgy30p = 308 x 10°

8,
a0(1500°C) _ L 0-83 . 1~047 . Y1s00°C _ §%
5_52-09. =557 3}‘15""6 = 0999 §¥57

If YCaS remains constant, then aga0 will not vary within the temperature
range 1500° - 1513°C, As the solubility of CaS probably rises with
temperature an accompanying decrease in B/cas might be expecteds For
this particular glag this would therefore indicate a decrease in ag.q

with rise in temperatures
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(3) The C20-41,0; Systems

The 2Calg velues of Ca0-L1;0; slags and of the standard slag
ASl obtained using gases of approximately constant &g values of 350 + 15
(run 7-22) were plotted against wte% Ca0 as shown in Fig.1l, (points
without appended numbers). The smooth curve obtzined shows a steady
increase of aggQ with % CaO until unit activity is reached at approximately
50% Ca0. This agrees well with the value of 59 CaO obtained for the
point at which the extrapolated Ca0 liquidus cuts the 1500°C isotherm
(Figel)e

On account of the lerpge differences between the calculated
values of &g and &3 for a given gas, it was orizinally intended to
circumvent the resulting difficulty by equilibrating all slags under gacses
of approximately constant composition. However, when Ca0-Si0; slags were
equilibrated with gases of Ay values of 350 + 15, it was found that even
with slag 56, i.e., almost the highest Ca0 content possible in a Ca0-35il0;
slaz liquid at 1500°C, the sulphur content obtained was only 0.064%
(run 33). It was therefore necessary to use gases of higher sulphurising

potentials, e.g., Agx = 1600-2200, Accordingly before further runs were

-carried out using C20-8i0; slags, it was necesgsary to obtain data from

which a decision could be made as to whether the LK or the AR gas values
were the more accurate. It would have been ideal if gases of the
hizher sulphurising potentisles could have been equilibrated with the
standerd slag A8l, but this was impracticsble since the quantity of
sulphur absorbed would have been 8-10%.  Slag S6 had been equilibrated

with a gae of low sulphurising potential (run 33) and was later
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equilibrated with gases of high sulphurising potentials (runs 34 and 35).
Uhen the &g values are used, it can be seen, from Teble VI, that S/Ag

is approximately constent for the three runse On Fig.13, the result of
run 33 is shown separstely from the mean of runs 34 and 35 (EK values are
appended to both points). If the ER values had been used, the following
results would have been obtaineds

Run 33 t Ap =180 8= 0.064% /AR =3.6x10° g0, = 0.035

llean of Runs -
3¢ 2nd 35 » AR = 1430 S = 0.326% S/AR = 2.3x1076  &gp0n = 0.022

These two 2CalR values have also been chown on Fig.13, (with,AR values
eppended). It can be seen that, while the agagp value of run 33 must
be the same as the a0y value, the 2Ca0R valpe of runs 34 and 35 drops
to about 65% of the corresponding agaQp velues  Although this indicates
that the Ag values are more accurate, it was felt that no great stress
could be put on this recult since the accuracy of the slag sulphur
analyeis in run 33 (in which the sulphur was estimated by the evolution
method) was about * 25%, on account of the low titration difference of
1.2 mls., equivelent to the sulphur content. Therefore, some better
method of comperison wes recuired.

In Chapter III, pe27, values of A which have been calculated
using the various free energy data available, are shown for two gases
of widely different sulphurising potentials, (1) of initial CO/C0; of
1.52 and initial 8Os of 0.81%, and (2) of initial CO/CO; of 3.34 and
initial S0, of 3.01%.  From these, values of the ratio Ag/Ay were

calculated and compared as shown in Table II. Using the data of
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Richardson and Jeffes(36), iz/& = 7.07, using the data of Chipman and
Ste. FPierre(4l), Az/A& = epproximately 6.43 and using the data of
Kelley(35), &o/A& = 4.69. It was also péinted out that, by bringing
semples of the same slaz to equilibrium with gases(1l) and (2), an
experimentol value of the ratio Lo/ = S3/S would be obtained, where
S and S are the sulphur contents of the slag at equilibrium with
gagses (1) and (2) respectively.

A Ca0-4120y slag of low Cz0 content, slag A2, wes selected for
this comparison, in order to keep the 7’S absorbed by the slag when
equilibrated with the gas of higher sulphurising potential under the
linmit of 2%  Duns 24 and 25 show the results obtained using the gas of
higher sulphurising potential. »

Tor the standard slag, S/Ag = 52.7 = 10 .  Since ag,q o< S/Ag,
it can be shown from Figell, that for slag &2,

sL/J;nK1 = 4,16 x 10°© |
. . at Ag, =350, S = 0.146%S,
From runs 24 and 235,
et % = 1640, Sz = 0.601%
/S = 4.12.
Comparing this with the values of the ratio 4g/& given above, obtained
using the free energy data of Richardson and Jeffes(36), of Chipman and
Ste Pierre(4l) and of Kelley(35), it can be seen that the experimental

datr fit the free energy data of Kelley more closely than they do any

of the other frec energy datae The experimental evidence given thus
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supporte the values of +1C1 and +119.5 kcals. for the discociation
energies of S and SO respectively. This conelusion, however, is based
on the results of experimentzl work on one slag composition and a number
of similar experiments should be carriled out before the above findings
can be regarded as conclusives In the pregent work calculations of
experimental results are boced on the &g values of the gases, but where
the use of AR values produce gignificant differences, the results based
on the AR volues are also shown, these results being denoted by the
suffix R,

In the above czlculation, an error will be introduced if there
is any significent difference betwzen the values of YBas at 0.146% 8
and at 0.60%8. The direction of such an error can be shown as followss
The zcetivity-mole fraction curve of a golution of CaS in a slag will
probably take a form egimilar to that shown diagrammatically in Fig.l2.
This is similar in form to the apprroximate curve for the activity of
CaS in blast furnace slags derived by Rosenqvist(32) from the experi-
smental data of Hatch and Chipman(33), shown in Fig.4. Such a curve
éhows positive ceviations from Raoult!s Law but negative deviations
from henry's Lavs  f0ag is given by the slope of the chord of the curve
and decreaées with increage in the sulphur content of ths slags In
the case of the slags of culphur contents & (0.146%8) and S, (0460%S)

above,
1

Yoos' ¥ Yous!
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vhere JbaS; J@&S" refer to the activity coefficients of CaB in the

L2 slags containing § and S % sulphur respectively. Further, where
1

N gass Ngag and ahcas‘,a"cas refer similarly to the mole fractions and

activities of Cad respectively in the two slags, then

4 %0  _ foas"oao" _ fGas’ s

% 3Cag  fbag eag'  fCas © &

In the czlenlation above to decide which thermodynamic data fit best, it

was assunmed that ]&éS was constant for the range of slag sulphur contepts
used, i.e., that f3/&4 = S/S1e The correction for the error introduced
by this assumption would therefcore decreasc the value of the ratio
acas"/80as' i.ee, in thig particular case, the value of S/ = 4.12
would tend”to be decreaced if &llowance were made for the variation in
the value of iéaS' Such a correction would therefore‘not alter the
decicion regarding the various sets of free energy datas

One other source of pogsible error lies in the use of slags of
the same initial composition for the comparison, no compencation being
made for the effect of the replacement of some oxide by sulphide in the
experiments  The results of Fincham and Richardson(15) which show that
aCas is proportional to S from 0.003 to 1.3% S in their slags (see
above, Pp.20 ) suggest that this error is negligible.

It has been cshown above that the experimentally determined ratio
Sz2/5. = 4.12, ond that the ratio Lp/A& obtazined using the data of Kelley
is 4469, Thic discrerancy may be due to (2) inaccuracies in the
thermodynamic data used by Kelley, as well as to (b) experimental errors

in defermining Sa/51 » It it was assumed that the error was due
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totally to (a), and that the value of &g = 350 was the true & value of
the gas of composition (1) above, then the correction factor (based on
the experimental data) which would require to be applied to the Ay
value of 1640 to obtain the true A value would be 4.12/4.69 = 0.88, i,e.,
the true A value of the gas of composition (2) would be 12% lower than
the value given by the &y graph for this gas. In several runs (Hos.26-
30) various Ca0-alpCs slags were equilibrated with gases of &g values
less than 350 The resulis of these runs are also plotted on Fig.l1l,
the mumbers eppended to the points on the graph indicating the &g values
of the gases used (no correction being applied to these Ag values). 4n
examination of these points shows that they all lie, within the probable
1imits of experimental error, on the curve and, moreover, that the point
obtained from runs 24 and 25, using the gas of AK = 1640, also lies
within the limits of error of the curve. | There is, therefore, no
justification, on the basis of the present data, for the application of a
correction factor to the high.&K valuess

It may be pointed out also that, if the graph of ag,q of Fig.1ll
ic baced on the Ly values of the gases, the aggop curve thus obtained
will be exactly the same ag the aggQg curve shown.  Therefore, the use
of the suffixes K and R when referring to agyo in Cal0-A130; slags will
be discontinued except when necessary and the curve will be referred to
as the agyQ curves It may also be noted that the agaQp points which
would have been obtained from runs 26~30 would be slightly higher than
the corresponding agaQp points (since the ratio LK/AR is found to

increase with decrease of CO/CC; and % SO of the initial gas), but for
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these points the increase would be very smalle The 20l point corres-
sponding to runs 24 and 25, however, would have been decreased considerably
- in fact by the ratio 8.69/7.07, l.e., to 674 of the agapy velue or
to 58% of the value given by the aCad ve % Ca0 curve. It is, therefore,
on the hasis of this last point that the free energy data of Kelley can
be supported in preference to the data of Richordsons It should be noted
also, that, in order to make the agaQp velue of slag A2 fall on the agyg
curve, an experimental result of 1.037%S would have been required, instead
of the result of 0.60%3 obtained = and such a discrepancy could not be
attributed to e#perimental ETTOrSe

The agreement of the results of runs 24-30 with the graph obtained
using gases of Ag values of 350 + 15 (i.e., runs 7-11, 14-23) is not
solely denendent on the accuracy of the free energy data of Kelley. It
depends also on the veriation of )633 with sulphur content in any given
clag, on the varietion of d@as with slag composition, and on the effect
of the absorption of sulphur on the residusl Ny, g and aggg velues of the
slagse In all graphs of results, the values of % Cal and Neao used
were those calculated on the basis of the composition of the slag before
any sulphur had been absorbed, and no allowance was made for the effect
of sulphur absorption on the velue of INy,g and therefore on the "trus"
acg0 value of a slag of given NCaO’ Ideally it would be necessary to
equilibrote each slag with a series of gases of progressively decreasing
sulphurising potentials, extrapolating to zero sulphur content and thus
obtaining the "true" ag,g value of the slag. 4 limitation is imposed

on this method of course, by the difficulty in the analysis of slags of
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very low sulphur contents obtained under gases of low sulphurising
potentials.s The data available from the present series of experiments
on Ca0-A1,0; slags do however indicate certain probable conclusions.
Since the resulte of runs 24-30 lie fairly close to the graph and do
not show any trend with eithér Ag or 78, it can be concluded that the
effects of all three factors mentioned above, viz., (1) an error in
Kelley's thermodynamic date, requiring a correction to Ag, (2) the
voriations of Jéas’ and (3) the effect of the absorption of sulphur on
the recidual ly,q value of =2 slag, and therefore on the "true" agaQ
value of the slag, are guch as to cancel ezch other out, or the effect
of each factor is within the limits of experimentel error. It is
probable that the latter is the case since the points on the graph
corresponding to runs 24-30 cover the whole range of slag compositions
liquid at 1500°C, and do not show any trend with change in &g or with
change in s in a given slage
In terms of the ionic model of the constitution of a liquid slag,

the above data can be shown to fit into such a pictures When sulphur
atoms are introduced into a Ca0-Al;0; slag the S ions are held by the
Ca*" ions less securely than the 07 ions which they displece, mainly
because of their greater size. The activity of Ca0 in the melt (4n
other words, the oxide activity) is not however decreased by an amount
corresponding to the S  ion introduced, but by an amount less than this.

One would therefore expect that, if a graph of ag, g V. 7S were made for

any given slag (i.e., of constant initial composition) the ag, g value
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would fall slowly from its true velue ag the sulphur content of the slag
increased. From the dato at present available, it appears that the
variation of agsQ with %S is probably smaller, for the slag sulphur

contents used, than the present experimental error limitse

(4) The Ca0-Si0; System.

The results of runs 31-40 are shown in the 8Ca0y Ve % Ca0 graph
in Fig.13. Since Ca0-8i0; slags at 1500°C are solid between 42.35 and
52% Ca0, thaf portion of the aggop curve in Fig.13 refers to the liquid
slag in the supercooled state. Use of the Gibbs-Duhem relation later
to determine agjg,y helped to establish the shape of the curves The
scatter of polnts about the agyg, curve is rather more than in the case
of the Cal0=-als0; slags in Figell, a fact which may be partly ascribed to
the lower sulphur contents of the slags in the Ca0-Si0; runs, and the
consequent lower accuracy in their analysises The aCalp curve obtained
using the AR gas values has also been shown in Figel3 and lies consider-

sably below the aCaQy curve. The aggop velues are all approximstely

éS% of the agypg values.

The comparison between agaQp in Ca0-3i0; and Ca0-Al,0; slags on
a molar basis is shpwn in Fig.1l4s It can-only be carried out over a
very limited range at 1500°C, since Ngao in Cal-rich liquid Ca0-Si0; slags
is approximately equal to Ngpo in AlpQ; -rich liquid Cal0-Aly O3 slags.
Comparison of the agyn values at Nggg = 0657 in both systems showss
agao in 42.2% Ca0-41305 slag = 0.076

a0a0g in 55447 Ca0-5i0; slag = 0.033
aCaQp in 55.47% Ca0-8i0; slag = 0.021
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i.e., as would be expected from a knowledge of the affinity of Ca0 for
810z and for Al (03, the activity of Cal in a Ca0-Si0; slag is much lower

than in a Cal-A1-,0; slag of the same mole fraction.

(5) The Ca0-Al,0; -3i0, Systeme

The activitieg calculated from the experimental data have been
used to construct iso-activity curves for agaQK in Ca0-i150; -Si0; slags
at 1500°C, os shown in Figs.15 and 18, in which the activities are plotted
against the slag composition expressed in weight ] and mole fraction
respectivelys The corregponding aCalp curves have not been calculated.
In the low 5i0s; field they do not differ from the aCaQg CUrves, since the
cases used in the rung in which low-5i0; slags were used had ;“h values of
cpproximately 350,  In the low AlzQ; field the agyop values will be
approximetely 65% of the corresponding agaQp values. As can be seen from
the diagrams, only a part of the region liquid at 1500°C is covered by the
experinental data s the low-S5i0; field has been falrly well covered, but
in the low-alg0s f:ield only the ares with Ng;g > 0.4 has been investigatede

From Figs.1l5 and 16, the following points emerges
(1) Replacement of AlyQ; by Si0; on a molar basis in the "low—SiO;; field
does not materielly elter agpops On a wh. % basis, replacement of Aly0s
by Si0; results in a slight increase in 200K |
(2) Replacement of Si0; by Al,O; on either a molar basis or a wte? basis
in the low-ilpQ; field resultc in 2 small increase in aCalre Fig.l7
illustrates points (1) and (2) in another wey, aggQp curves for slags

of varioug Al,05/8i0; ratios being fairly close to each other in the
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cese of low-S5i0; slagss In the case of low-ily0; slags, the differences
between the curves for the various 41,03/5iQ; ratios are rather

greater.

(3) There is a steep drop in agapy with decreasing a0 along lines of
constant 41305 /510 ratio. This ic chown clearly in Fig.l7. (The

join of constant Alp05/SiC; used in this figure are indicated in Figel5).
(4) The eCaQy Volues of slags in the low-Si0; field at 1500°C are consider-
s2bly higher then those in the low-A1;0; fielde This is partly due to

éhe higher HgnQ values existing in the low-SiQ; field, but also to the
lower affinity of Col for Alp(3 than for SiG;s The implications of ths

lest two points for iron- and steel-moking will be discussed later.



CHAPTER VI,

CALCULATIONS OF THERMODYNAMIC FUNCTIONS

AND COMPARISON WITH PREVIOUS DATA.
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(1) The CaO-Al,0; System.

In order to calculate values of 801,05 from those of ag,g it is
necessary to know the value of agyg in the Ca0-Alp0; slag which is in
equilibriun with solid Al,03. The Ca0-Al;0; thermal equilibrium
diegram (Fige.l), shows that no liquid CaO-AlpO; slag is at equilibrium
at 1500°C with solid Aly;03. It is also very difficult to extrapolate
the Al0; liquidus to 1500°C, since (a) the Al;0; liquidus is not
accuraﬁely known, and (b) the extrapolation involved is quite a consider-
sable one, since the Alp0; liquidus stops at 176Q°C.

’ The 1500°C isothermal cuts the Ca0.,Alz0; liquiduse Therefore
in the first instance, it was decided to calculate values of aga0,A1,0,
from the aggzp curve by application of the Gibbs-Duhem relation, and the

20a0,Al,0, Curve is shown in Fig.1l. Although not of great value in

| ~ itself, this curve, along with the apy,g curve was used to calculate

AR g0 and A/*Cao. Al0, CUTves from which the free energy change for
the reaction '
50_8.0(8.) + 7(ca.o.A1,,Q,)(s_) = 12C20.7A1205 (1)

wag calculated to be
AGP% 93 = =39,6 kcals.

Unfortunately only the most meagre information is as yet available on the
free energies of Ca0-Alp0; melts, and this figure cannot be confirmed ab
presente.

In order to effect a comparison with the free energy given by
Fincham and Richardson(15) for CeO-Alz(s melts at 1650°C, it was decided
to make a tentative extrapolation of the Al,03 liquidus to 1500°C, A

figure of 31% Ca0 was selected as a probable value for the composition
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at which the extrapolated Al;0; liquidus would meet the 1500°C isothermal -
although the true value may lie anywhere from 27 to 35{ Ca0s An extra-
spolation of the ag,p curve to 31% Ca0, with the aid of the Gibbs-Duhen
I;ICaO/NAJ.aQ, v. log Jea0 graph, gave a value of 0.016 for ag,n at AlzQs
saturatione Use of the Gibbs-Duhem relation gave the 231,0, curve shoun
in Figelle The aggg and aAlgO,;' curves were then used to calculate
Apeao andAPAL,Q; curves and the curve of the free energy per mole of
reactant for the formaf.ion of the melt from solid Ca0 and solid Alp Qs
at 1500°C. These curves are shown on the free energy chart, Fig.18.
If 431 o, hed been taken to be 1 at 35.5% Ca0 instead of at 31% Ca0, the
free energy curve would have been raised by Oe¢5 = 08 kcalse Therefare,
error limits of + 1 kcal mey be put on the curve shown in Fig.l8.

From this free energy curve, the following free energy change for
the reaction

| 1209.0(3) + TAlaGy(g) = RCaO.?A:',laq_,, (1)

can be deriveds AG% nna = 19 x (=7.5)

~

= =142 kcals,

with an uncertainty of + 10kcalse

The free energy curve in Fig.l8 gives the value of the free energy
change of the reaction producing the liquid slage Therefore, the point
on the curve corresponding to the composition CaO.Alz(; represents the
free energy, per mole of reactant, of‘ the formation of CaQ.Alz0, (1) which
at 1500°C is in the supercooled state. The free energy of formation of
Ca0.Al;05 (5) however, can be calculated, using the activity product

relationship, ,from the values of (a0 and 83],Q, in the slag in equilibrium
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with solid Ca0.d1303 at 1500°C. The composition of this slag, from

Figell,~ is 427 Ca0 and for this slag ag,g = 0.074 and g3 0, = 0.20.

For the reaction

CaO(S) + Al C (s) = CaO.Rle;(S)
AG% 7723 = RT 1n agy0, 24150,
= «14,9 kcalse
The errors involved in this calculation are again relativély large due
to the uncertainty of the 231,0; CUrves .However, if a

41,03
taken to be 1 at 357 Ca0 instead of at 31% CaO, the value of 31,0, &b

had been

425 CaQ would have been 0.33, and the velue of AGoCaO. L1505 &Y 1500°C
-13.1 keals. Even if ajy,q, had been 0.5, AGOCaO.AJaO;, at 1500°C would
then have been ~1l.6 kcalse Hence error limits of :3 kcals may be
assigned to the value of =14.9 kcals. given above, This wvalue is also
reasonable when compared with the value of ~19.5 kcals. obtained for the
corresponding silicate, Ca0.Si0; (see later), which would be expected
to be larger numerically from a consideration of the relative affinities
of Ca0 for Al,03 and for 5iC;.

. The only comparable data on ag,g in Ca0-AlpQ; melts are those
given by Fincham and Richardson(15). Most of their work on GaO-Als0s
melts was carried out at 1650°C but from the approximate CaS saturation
limit in a 5244% Ca0 slag at 1500°C, they calculate agaQ = 0«5 This
velue has been plotted on Figell and agrees very well with the present
work, being only 124 higher than the 3s,0 CUTVE of the preéent woTrke

Three values of aggQ, obtained by Fincham and Richardson(15) at

1650°C assuming fGag = 5, have elso been plotted in Figell. Since
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at 1650°C, aggo = 1 at 62% Ca0, this point has also been plotted in
Fig.1ll and a smooth curve drawn through it and the afore-mentioned three
pointse This curve lies considerably below that obtained from the
present work at 1500°C, except at low Ny gy values. This mist, of course,
be true for the high Cal compositions, but whether the two aggg curves
cross at lower Ny g curves depends largely on the shape of the AH(CaO+
Al,0;) curvee Unfortunately the latter is not knowm. It would be
expected, however, to be similar in form to that for Ca0#SiO; melts
given by Richardson(51), shown in Fige20, which indicates that ag,q(1600°C)
should exceed agg(1500°C) when Ngao falls below 0.47. Figell shows
that the curves cross at approximately Ny g = 0.52.  Although this figure
is not in dis_agreement with the corresponding value for the C20-Si0
system, it is, however, felt that the value of 5 for [fgg assumed by
Finchem and Richardson(15) in calculating their ag,q values is low and
that their egaQ curve for 1650°C should lie higher than is indicated by
thems The curves would then cross at a somewhat higher Ngpo value
(~~0.6)e The assumed value of 5 corresponds to a solubility of sulphur
of 8.6% S at 1650°C in a Ca0-Alz(s slag of Noa0/Maj,q, = 2-0. However,
it can be calculated from their data that the solubility of sulphur in
the same slag at 1500%C is approximately 4.1% and that [ggg is 10.7 at
this temperature. Whereas the solubility of sulphur would be expected
to increase with rise in temperature, a more than twofold increase seems
unusually larges

It seems desirable at this point to examine the assumptions made

in the present work regarding the constancy of XCaS (a) in a given slag
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over the range of sulphur contents used, and (b) in Ca0-A1;0;-Si0y slags
of the range of compositions used in the present work, as far asg the
available data allow, and to compare the values of XCaS given by the
present work- with the values used by other workerse

(a) In the calculation of agyg, the assumption was made that ag,g
is proportional to weight %S up to 2%. In the light of the discuséion
on ppe 72=~74, the available data can be used to show to what extent this
assumption is true over the range of sulphur contents useds For the

reactions

Ca0 + %S, = CaS + &0, .
= 2Ca8 « (PO2)3 _  )oag,Meas
8a0  (Psz)f 20a0. 4K
Considering slag ASl and the results of runs 23 and 30, and assuming
that ag,0 = 1.00 in both slags as they exist at equilibrium with the gases

concerned, i.e., that the partial replacement of 0 by S does not signi-

sficantly lower the ag g value, thens

4 . .
for run 23s Ag = 340, 8ggp = 1, %S in slag = 1.79, « o MNggg = 0.0374
. _ 1x340xK
* o feas = 5 o373

for run 30s &g = 168, acag = 1, %S in slag = 0.88, .
. 1x168xK

+ o foas =T g1g = 3

= QOQOK

o Nggg = 0.0182

o d6as {atl.?gﬂs)/déas(at 0.88%S) = 0.985
Therefore, within the limits of experimental error, and assuming that
variables (1) and (3) on p&3 have no appreciable effect, the above shows
that ]/Ca.S in slag AS1 is constant for slags containing up to 1.8%S,

This agrees with the work of Fincham and Richardson(15) which shows
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(see p20) that j5.g at 1500°%C is constant up to at least Ll.37S.

(b) The question of whether g, in Ca0-Al;05-Si0; slags at 1500°C
is substantially constant (as has been assumed in the present work) is
a difficult one to answer. Deductions from the present work and the
data given by previous workers cen however be compared here.

The sulphur content of slag AS1 at which saturation occurs can
be estimated approximately from certain experimental data obtained in
the present worke A preliminary experiment using slag AlO gave sulphur
contents of 4.5 and 6.1% (see run 88 in Table IV) but the bulbous appear-
sance of the slag suggested that the sulphur saturation content had been
exceedede Later, calculations based on the mean S/AK value of slag
A10 indicated that a value of 2.9% sulphur should have been obtained in
run 88 Therefore, it is concluded that saturation of slag AlO occurs
at less than 2.9% S and at greater then 0.46% S - the experimentally
obtained figure which gave a satisfactory result (run 29). In addition
a Tun using slag AS6 gave an equilibrium sulphur content of 2.52% S (see
run 89, Table VI)e This slag was minutely crystalline in appearance,
like many others, and did not appear to be above the sulphur saturation
content. The result of 2.52%S has not, however, been used since it
exceeds the limit of 2% S above which it had been decided to reject
results. The aggQ value obtained for slag AS6 using this result is
in fact about 11% higher than that obtained from the equilibrium sulphur

content of run 46 of 0.467S. IéaS at 2.5% S would be expected to be
less than J&as at 0.467S. If allowance had been made for the lower

value of Jﬁas in the slag of 2.524S, the aCaQ value thus obtained would
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have agreed more closely with the agyg value obtained from run 46. The
results of these two runs can be used as pointers to the sulphur satura-
stion value of slag ASl. The saturation value of Ca0-Aly0;-SiO; slags
with CaS would not be expected to vary greatly for slags of the same
basicitye From Table IV, it can be seen that the NC#O value of the
standard slag ASl does not greatly exceed the Ny o value of slags S10
and AS6. Therefore, an approximate estimate of the sulphur content at
saturation of slag ASl is 3.0% 8, and it is improbable that this figure
should be lower than 2.5% S or greater than 49S. The corresponding
values of foag ares
if saturation in slag ASl occurs at 3.0% S, Joas = 16,
at 2,5% S, Xbas = 19?
and af 4.07 B, YCag = 12.
These J&as figures are rather higher than the figure deduced from the
work of Fincham and Richardsop(ls) of fcag =10.7 in a Ca0-AlaGs slag
of Ca0/A1,0; = 2.00 at 1500°Ce The solubility figures deduced from the
present work are rather lower than most of the data obtained by otheF
workers for various Ca0-Al,03-8i0; slags and given in Chapter III (p.18),
figures of fgom 4 to 11% S being given by these workers. There is,
therefore, no more than an approximate agreement between all the data
available, but it is rather difficult to come to any definite conclusionse.
It does appear, however, that the value: of'Jbas = 5, assumed by Fincham
and Richardson is rather low, and that a value of 10-15 at 1500°C in
the slags used in the present work is more likelye It also appears

likely that there is some variation in the value of Jbas with slag
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composition, and although the extent of this variation in the value of
&&as with slag composition cgnnot be determined, Jbas will probably vary
within such limits as 12 # 5. It is therefore highly desirable that
mre accurate data be obtained on the variations of [geg and on the
solubility of CaS in élags. As far as the present work is concerned
the results can only be presented by assuming J&as is constant and the
possibility of errors arising from this assumption is noted for future
correctione.

Further deductions can be made from the data on the standard

slage It has been shown that

K = =0as
aCB.O.A

For the standard slag, &gap = 1, and when saturated with S, aggg = 1.

Under these conditions, K.A =1
Using the Ag gas values and assuming saturation of slag AS1l with sulphur
is at 3.0% S, then, since S/&g for slag ASl is 52.7x107€, it can be
shown that the &g value of the gas required to obtain an absorption of
3.0% 8 is 569,
..o K773 = 1l.76 x 1078
Therefore for the reaction CaO(s) + %Sz = GaS(s) -0- 1503

AG%n73 = +2244 kecalse
If saturation were at 2.5% or 4.0% S, this figure would be +21.7 or
+23¢4 kcals. respectively. However, if the Az gas values had been used,
the free energy for the reaction would have been +20 kcalse It has been
shown (p.65) that the free energy equation deduced from the work of

Rosenqvist(32) and Richardson and Jeffes(34)(36) is
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AG; = +21,770. ~ Q7T ‘

--.QAG'oiqqa = <+ 2045 kcals.
Although Rosenqvist! s free energy data appear to support the_choice of
the AR gas values, his work was carried out at temperatures not exceed-
sing 1425°C., and it did not take into consideration the possibility of
compounds such as HS or SO being formede It is difficult to assess how
these factors would affect the free energy equation obtained, but they
may account for the difference between the value for the free energy
of the reaction at 1500°C, deduced from Rosenqvist!s work and the value
obtained using the Ag gas values in the present worke In view of the
discussion in the previous Chapter in support of the &K values , it is
felt that Rosengvist!s work is not strongly enough evidenced to warrant
any changes in the conclusions given there, l.e., that the Ag values
are to be preferred to the AR values. On the other hand, the conclusions
of the present work themselves require further evidence and it is there-
sfore desirable to show the results based on the AR values where th?se
results differ significantly frodfhose obtained using the Ag valuese

Comparison can be made between the free energy curves for CaO-
AlgO; slags obtained at 1500°C from the present data and at 1650°C from
the work of Richardson and Fincham(15). If it is assumed that the values
of AH(CaO + Al Q) are of the same order as the values of AH(CaO + SiO;)
given in Fig.20, then the difference between the free energy curves due
to the effect of the 150°C difference in temperature is approximately

200-400 cals., which means that there is a remarkably close agreecment
between tha two curves. It must be pointed out that, in view of the
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assumptions made in obtaining each curve, the close agreement between
the two curves cannot be taken as a guarantee of a high degree of accuracy
but only as confirmation that the free energy curve given by Finchanm

and Richardson is correct to within the probable uncertainty figure of

+ 2 kcals. given by them.

(2) The Ca0-8i0; System.

By the application of the Gibbs Duhem relation, vglues of 2810,
were calculated from the ag,ogp curve and are shown in Fig.19  Since
the values of agaQg are an approximately constant proportion of the
values of agaQg, the Noao/Ngig, Ve 10g fcap Gibbs-Duhem graph obtained
from the aGaQg CWIVe is the same as that obtained from theAa(';aOK values,
fiiffering only in its position relative to the log JCaQ gxis. Conse-
squently the agiop g;rve coincides with the ag5i0,g CUrve. Therefore,
the use of the suffixes K and R with agjg, will be discontimued. The
20a0g and agj0,, and the agaop and agjg, curves were then used to
calculate curves °f‘AP"CaOK’ A FCaogs AY S Si0, and curves for the free
energy of formation per mole of reactant of the melt from solid CaQ and
solid 8i0;, denoted by AGg and AGR respectively. These curves have been
plotted on the free energy chart, Fig.2ls As would be expected, the
AGR curve is similar in shape to the AGg curve but slightly lower than

it, the difference being from 0.5 to 1.0 kcalse For the purposes of

4comparison with the free energy curves obtained by other workers, it was

desirable to determine the position of the minimum of the curves obtained

in the present work. Therefore, the 8CalK and alaQR curves were extra-
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spolated to 68% Ca0 with the aid of the NoaQ/Vsiq, V- 108 )Ca0 &raph
used in the calculation of 2510, by tbe Gibbs-Duhem relation, and the
corresponding 2510, values calculatedes The free energ curves derived
from these values showed minimum values as follows;
AG(Ca0¥Sil; )g curve - minimm value = ~10.4 keals. at Ngjo, = 0.38
AG(Ca0+58i0; )g curve - minimunm value = -11.4 keals. at Ngyq = 0.37
The free energy curves also indicate the following wvalues for the
free energy of formation of the compound Ca0.Si0; at 1500°C
Cal(g) *+ SiGa(s) = GaO.;Sj.Oz (1)
AG® 705 () = ~19¢5 kecals.
‘ AG% 793 R) = «21.1 kcalse
Since Ca0.Si0; does not melt till 1540°C it will be noted that this free
energy equation refers to Ca0.Si03 in the supercooled liquid state.
The free energy of formation of the compound 20a0.SiC; was
calculated from the activity product relationship,
AG% 773 = -RT 1n aBCaO'a-SiOz
where agg0 and 8510, refer to the activities of CaO' and &i0; in th’e
liquid Ca0-8i0z slag in equilibrium with solid 2Ca0.8i0; at 15009C.
The values obtained were as followss
2Ca0(s) + Si0z(s) = R0Ca0.810z(s)
AG% 773 m) = -31.9 kcalse
AG% 773 (R) = —=35.,0 kcals.
The results of the present work may be compared with the limited amount
of experimentally determined free energy and activity data for the Ca0-SiG»

system which has so far been published, and also with theoretical compub-~
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sations made recently by Richerdson(50) Rey(13), Murray and White(51)
and Darken(52). Chang and Derge(53) gave 2 values for 2gjq, 2t 1500°C
and these are indicated in Fig.19. The agreement with the present work
is not goods Further comment on Chang and Derge!s results will be made
when considering their agjg, values in Ca0-Alp(Q;-8i0; slagse.

Richardson and co-workers have given data on the Ca0-3iC; system
in verious pcperse In their collection of data on compounds of interest
in iron and steel-making, Richardson, Jeffes and {Jithers(54) summarised
the available data on the compounds CaQ.5i0z, 2C20.S1i02 and 3Ca0.Si0z.
From this data, Richardson(50) deduced the free energy curve for Ca0-SiC,
slags at 1600°C., which is shown in Fig.20. As a result of the experi-
smental work of Fincham and Richardson(15), this curve was amended over
the range Ngjo, = 0«4 - 0.5 and the amended portion of the curve is also
shown in Fige20e The values of agyg at 1600°C obtained from the curve
of Richardson(50) and the value used by Fincham and Richerdson(15) to
amend the free energy curve have been plotted in Fig.l3. The correé-
sponding values of agjg, have been plotted in Fig.l19

A fair comparison between the results of the present work and
those of Fincham and Richardson(15) must make allowance for two factora;
(1) the work of Fincham and Richardson was carried out at 1600°C
while the present work was carried out at 1500°C., and
(2) the work of Fincham and Richardson is based on the thermodynamic
deta given by Richardson et 21(36), whereas the evidence of the present

work favours the data put forward by Kelley(35)e
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To eliminate the differences due to (2), the afa0p and AG(CaO+Sils)g
data obtained in the present work must be used, and not the data based

on the Ay gas valuese It is also possible to eliminate the effect of

the difference in temperature in the following waye Fincham and
Richardson(15) in addition to giving the AG(Ca0+SiO; )1 g75 curve, also

gave the AH(Ca0+810; )1g7s curve (shown in Fige20)s  The AH(CaO+SiO: hig7s
curve can be assumed to hold for 1500°C also since the difference due to
100°C change in temperature is negligibles Therefore, from the Al g7a
end AGy g73 curves ziven by Fincham and Richardson, the AG rr3 curve was
calculated and is shown in Fige2le However, it is much more accurate to
derive a AG curve from activity wvalues than to derive activities from the
intercepts of the tangents to the AG curves Comparison between the present
work and the work of Fincham and Richardson is therefore best mede between
the AG 77gR curve and the 4G r73 curve deduced from the work of Fincham
and Richardson. From Fige2l, it can be seen that the two curves are
substantially in agreemente Therefore, the differences between the aCa0R
curve and the agpg curve of Fincham and Richardson seen in Figel3, are to
be attributed mainly to the difference in temperatures The only real
points of disagreement between the two free energy curves are in the
position of the minimum and in the shape of the curve at NSng values less
than about 0e50. In the case of the presenmt work, the shape of this
portion of the curve depends on experimental results from NgjO, = Oe5 = 0.42,
and on the extrapolation of the agaQp curve at Ngi0; values below 0.42,
whereas in the case of the AG 473 curve deduced from the work of Fincham

and Richardson, the portion of this curve corresponding to Ns10, values
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less than about 0.5 depends on two data for the support of which adequate
evidence is not availables These two data ares

(1) the agyQ value given by Fincham and Richardson for Nsio, =
Oe44 [which in turn is derived, very indirectly, from their results by
assuming that XC&S has an approximately constant value of 5 over the range
of Ca0-8i0; slags used in their work (i.es, Nggo = 0¢39-0.56)]. Fincham
and Richardson did show that this value has some support but s;.t best it
can only be very approximatee

(2) the assumption that the AGers curve at Ngjq, values less than
0.44 is approximately parallel to the AG g7z curve given by Richardson(50)
which itself depends only on one point of rather doubtful accuracy at
NgiQ, = 0e33e
Since the results of the present work are based on experimental work, in
which a fair number of precautions have been taken to ensure the accuracy
of the results obtained, it is thought that the portion of the AG(CaO+Sii'(’)$2R
curve at Ns::oz values less than about 0.5, is more accurate than the
corresponding portion of the AG(Ca0+8i0, 4 775 curve given by Fincham and
Richardsons It should alsc be noted, that although Fincham and B.ichardson
do not state the probable uncertainty to be ascribed to their AG(Ca0+SiO;)
curve, examination of the data used in compiling it indicate that it is at
least + 1 kecal., and this uncertainty is sufficiently great to enable it to
be said that the AG(Ca0+Si0;) curve given by Fincham agrees with both the

AG(C20$810; ) curve and the AG(Ca0+Si0z )g curve obtained in the present

worke

Fulton and Chipman(55) have lately deduced values of agjp, at

1600°C from their experiments on the reduction of SiO, from Ca0-Alp03-Si0;
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slags by carbon-saturated irone Their values of agj0, in Ca0-Si0; slags
are shown in Fig.l9, and agree remarkably well, as they stated, with the
agj0, values derived by Richardson(:50)e Fulton and Chipman's values of
8510, in Ca0-58i0; slags do not agree s0 closely with the aSia.a values
derived from the amended free energy curve of Fincham and Richardson, as
can be seen from Fige19s Fulton and Chipman's curve is also considerably
below the agjpo, (1500°C) curve derived from the present worke Unfortunately
their work covers only part of the range of slag composition covered by
the present worke The agreement of the present work with the various
other agjg, curves shown in Fige.1l9 is also betier than that of Fulton and
Chipman's curve with thems A possible reason for this is that the work

. Ye in Fe-Si-C
of the latter suthors is based on the thermodynamic data oi/“loltn vhichis
regarded as being, as yet, not too relisble.

Fulton and Chipmen calculated values of aggo(1600°C) from their
2gj0, CWrve using the Gibbs-Duhem relation and the activity product
relationship K = E‘zCaO'aSiOa where K is derived from the free energy of
formation of 2C20.3i0ye The free energy equation which they used is as
followss

'20a0(g) + Si0:(s) = 2Ca0.810s(s)

AG% = -26,200 - 4,9T
AG% g3 = =354 kcalse
Their agg0(1600°C) curve is shown in Figel3, and as would be expected, is
éonsiderably higher than the 2,0 Curves obtained in the present work.
The aggo and agjQ, curves obtained by Fulton and Chipman were used to

calculate the AG(Ca0+8i0; )y g75 curve shown in Fige20. It is interesting
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to note that Fulton and Chipman'!s AG(Ca0+810;)ig73 curve does not show the
agreement which might be expected, on the grounds of the agreexﬁent of the
8510, curves, with the AG(Ca0+5i0;)1e7s curves given by Richardson(50)e
This is due to the difference between the values of the free energy of
formation of 2Ca0e¢5i0; used in the two sets of data - the value used by
Richardson being =30 kcals., and that used by Fulton and Chipman ~35+4
kcalse .

Fulton and Chipmén's free energy curve agrees, within the limits
of uncertainty, with both"tha free energy curves obtained in the present
work, i.e., AG, and BGg, the difference betwsen it and the OGp curve
being 1 kcal., and between it and the AGy curve being 2 kcalse However,
on account of the assumptions involved in calculating the aggap and
Gy p7a curves from Fulton and Chipman's experimental data, the conclusion
that Fulton and Chipman's work favours the cholce of the BGp curve
rather than the AGg cur;e is not justified.

Rey(13) deduced silica activitie;s in Ca0-Si0; melts at 1600°C
from liquid immiscibility and melting point diagrams, his: agjp, Curves
being shown in Figel9s He admis, ho&evar, that the graph is only
approximate, firstly because of the assumption made in the derivation of
the equation used to compute the activity of a component, viz., that the
solution was “fegular“,and secondly, becanse this equation can only bs
used when the slag compositioﬁ is such that the solid deposited when the
liquidus is reached im the pure component, in this case cristohalite s leee,
the equation can only be used from 68-64+5% S10; at 1600°C., Below 64.5%

5103, the trend of the agigy curve was olh)tained by Rey, through the
approximate similarity between the slope of the activity curve and that of
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the solidification curve and through 2550, being small when compositions
are reached at which stable silicates are formeds At 1500°C, the range
of compositions over which values of agjo, can be calculated is 65 - 644 5%
810, , and over this very small range (where 2510, = 1 - 0.98) it is not
surprising that the graph obtained duplicates the results of the present
worke The trend of the agjq, graph at 1600°C given by Rey is probably
consistent with that of the present work at 1500°C., but it is obvious
that this method is not suitable for confirming the results of the present
worke

Hurrey and White(51) deduced ag.q and 2540, 2t 1600°C from the
dissociation constants of Ca0eS5i0y and 2Ca0.810;. They stressed that this
treatment was "purely formal" and in no way inferred the existence of
molecular entities in the slag, nor was it a solution of the problem of
slag constitutions Their values are referred to liquid silica as the
standard state and if divided by 0.509 (the factor between the activities
referred to liquid and solid silica), can be compared with the present
worke Their graph is shown on Fig.19. (It may be noted that it very
nearly coincides with the curve of Chang and Derge(53) for agjp, at
1600#C). However, it cannot be used for more than a general comparison
withﬁthe present worke

Darken(52) has given a semi-quantitative free energy curve for
the CaQ-SiOg system at 1600°C, which he has constructed by using the free
energy data of Chipman and co-workers and by calculating the free energies
by a method recently devised by himself., The curve is shown in Fig.20

and is rather lower than the curves obtained in the present work and
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than that given by Richardson(SO) ;nd corrected by Fincham énd.Richardson
(15)¢ Rosenqvist(32) used Dgrken!s chart to deduce two values of aggQ
at 1500°C and these values are indicated in Fig.13. They agree very well
with the aCaQR curve obtained in the present worke However, Rosengvist
has stated thet these values are only approximete, and they cannot
therefore be used to support the aCaQR curve rather than the agygp curve.
Bell, Murad and Carter(14). assumed values for gco0 of 1 at Ngjg, =0
almost t0 aggg = O at Ngjg, = 033, and, with Rosenqvist's values at less
basic composgitions, used the Gibbs-Duhem relation to caléulate the 2gi0,
curve which is shown in Figel9., The assumptions involved make this a
very arbitrary gréph and no useful comparison can be made with the present
worke

A summary of the data aveilable on the Ca0-Si0; system can now
be given. A comparison of all the aggg curves given in Figel3, shows that,
apert from the curves given by Fulton and Chipman(55) and by Richardson(50).
there is a fair measure of agreement.

A comparison of all the agjg, curves given in Fig.19 shows that
the curve derived from the present work agrees fairly well with most of
the other curves givene The present work is based more on direct experi-
smental data than any of the other curves, excepting possibly that of
Fulton and Chipman(55)s Therefore, and because of the other reasons
given above, it is felt that it is more accurate than the other activity
curves given.

From a comparison of the free energy curves given in Figs.20 and

21, it can be seen that there is a general measure of agreement between
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the curves obtained from the present work and most of the other curves
givene The semi-quantitative curve given by Dgrken(52) is the only one
which is outwith the probable errors involved in the derivation of the
curve based on the present worke The agreement with the curve given
by Fincham and Richardson(15) especially is very goode The shape of the
curves based on the present work at NSiOg values less than 0.5 is flatter
than that of any of the other curves given. The present curve is regarded
as being more accurate, since the free energies of formation (per mole of
reactant) of the two compounds Ca0.8i0; and 2020.Si0; are approximately
the same, and therefore, for melts with compositions between those of these
two compounds, very little difference might be expected in the free energy
of formation of the melt over that range of NSiO; valuese

The values given by the various workers for the free energies of
formation of the two compounds may also be compared as followss For the
reaction

CaQ(g) + 510,(g) = 020.8i0:(s)
Richardson, Jeffes and Withers(54) give
AG®% 773 =-RL4 kcals.
the error limit assigned‘ to this value being * 3kcalss The values given
by other workers are for the reaction
Cal(g) + Si0z(5) = Cal.8i0;(3)

Finchan and Richardson(15) give
| AG%grs = =22 kcals.

and Chipman(55), the following value is obtained
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AG%ars = =24.5 kcals.
Darken(52) gives | ,
| AG%g7s = =24 kealse
The values obtained in the present work are at 1500°C., but from the

AH(Ca0+8i0; )4 g73 curve given by Fincham and Richardson(15), the difference

due to the 106°G difference in temperature has been shown to be ~~400 calse

and can therefore be neglecteds These values are
AGE = <-19.5 kealss, and
AGﬁ = =21 kcals, 'y

Ca0.8i0; (1) referring here to the liquid in the supercooled states

For the reaction,

20a0(g) + Si0z(g) = 20a0.8510:(g)
Richardson, Jeffes and Withers(54) give
 AG%773 = =30 kealse,

Fulton and Chipman(55) give

AG% 773 = =34.9 kcals.
and the present work gives

AG%qnag = =-31.9 keals., and

AG% 775 = -35.0 kealse
In conclusion therefore the free energy curves and values obtained from
the present work agree within the limits of experimental error with most
of the data given by other works, the agreement being best with the data
of Fincham and Richardson(15)e
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(3) The Ca0-Al,0; -Si0; Systeme
An attempt was made to calculate agjg £from the agyq curves

obtained experimentally. Since no apj,q, -values were known, the only
ﬁaethod available was that of Wagner(56) which enables values of 2510,

to be calculated along lines of constant Nﬁlzoa /_NS:i.Oz ratio by an adapta-
stion of the Gibbs Duhem relation to ternaries.

-

Wagner showed that if y = /(1% + M),
log a1 (Ih,y) = ‘yjflg s%.. (&f—fﬁg—)m dif —j}é T-I_\-_Iﬁ-ﬁz d log ag,
in which I3t is the mole fraction of component 2 where a3 = 1. Lines
of constant y have /(15 + M) = constant, ieee, /N = constant. In
the present problem, component No.,l is Si0O;, No.2 is Ca0, and Ho.3 is
Al;0;+ Therefore, the integration is carried out along joins of constant
Na1,0,/Ngig, ratio. However, for the evaluation of the iﬁtegration
certain boundary conditions mmust be knowne In this case, the choice of
a standard state for Si0; is a slag in equilibrium with solid SiO;e This
restricts the use of Wagner!s equation, since the integration can only be
carried out along joins of ;onstant Np1,0, /NSiQa ratio which interaet¢t the
Si0y liquidus at 1500°C, i.e., it restricts Wagner's equation to the ares
with Ny, q, /Ns10; 3 7/93, which is a very small part of the ternary .
Wider application of Wegner!s equation would, of course, be possible if
the values of ag;g, were known along the 1500°C isothermal at which mullite
separates out - bul these values are not at present knowne An attempt was
made to apply Wagner's method to the present data in this restricted area,
but it was found thai:'; the mathematics involved, especially in determining

the first integral in the equation given above, were extremely complex,
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and Wagner! s method was therefore abandoneds Therefore, as this was the
only methoé available, it was not possible to obtain accurate values of
2510, ¢

By assuming that aMQQ, is constant along sections of constant
1\{4-;]_2(13 , and applying the binary Gibbs-Duhem relation along such a section,
approximate values of agjg, can be calculateds This method was used by
Fulton and Chipman(55) to calculate aggg in Ca0-A130;-Si0; slags from their
values of i5i0, The use of this method in the present work was limited
to sections which cut the Si0, liquidus, iees, with Nuz%:k 0.07. It
was, applied to the Nyj o, = 0.05 section and the agip, curves shown on
Figel6 were obtaineds Two points must be noted in connection with this
methode

(1) Values of ag. along the Na1,0, = 0-05 section are kmown only
as far as agya0 = 0.0027 at Nggg = 0e35.  Use of the Gibbs-Duhem relation
demands a knowledge of the value of aggq at Si0; saturation. This was
obtained by extrapolation of the Gibbs=Duhem Ncao/NSiO;, Ve log XCaO
graph, giving ag,g = 0.00054 at Si0; saturation.

(2) The assumption that 831,0, is constant along the Nyy,o, =0.05
section is probably not correct, since the affinity of AlgOQ; for Cal is
considerably smaller than that of SiO; for CaO, One would therefore
expect that, as NCaO increased along the Nm,zoa = 005 gsection, 231,0,
would slowly decrease. The trend of a curve of constant 31,0, is
indicated in Figel6e Therefore, the curves of constant 2510, shown are
probably nearer to the Ca0-SiO; binary than they ought to be, i.e., they

indicate minimum values for agjqg, e
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Data obtained by other workers, with which the present work
noy be compared, is very limitede  The conclusion of Holbrook and Joseph
(57) can be compared qualitatively with the present worke In an attempt
to find the factors controlling desulphurisation in the blast furnace,
they carried oub experiments using artificial CaO-llg0-Alz0;-Si0; slags,
and found that, for MgO-free slags containing 30-50% Silz, 5-25% AlpO; and
35-55% Ca0, iees, slags in the low-A150; field of the Ca0-Al;0; -SiO,
ternary, the desulphurising power of the slags
(1) increased rapidly as lime replaced silica (by whe ),
(2) increased less rapidly as lime replaced alumina, and
(3) increased slowly as alumina replaced silica. lime
Since the desulphurising power of & slag corresponds to itq(activity,
these conclusions may be compared with the results of the present work,
as shown in Figel5 and with the points emerging from the present work
noted above (ps 79, and it can be seen that the present work cempletely
confirms the conclusions of Holbrook and Josephs

Hatch and Chipman(33) have carried out a very comprehensive
series of experiments on CaO-Mg0=A1;0; -Si0; slags in which they brought
carbon-saturated iron into equilibrium with the slags, in order to obtain
a better understanding of the physical chemistry of desulphurisation by
blest furnace slagse They defined the desulphurising power of a slag
es being equal to the ratio (% sulphur in slag)/(% sulphur in metal) and
reached the following conclusions for slag compositions consisting of

30-50% Ca0, 29-40% Si0s, 6-27% AlpOs and 0-19% g0 at 1500°C.
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(1) The desulphurisation ratio (8)/[S] for slags containing
approximately 1.5% S, is controlled by the excéss base, where excess base
is equal to (Ca0 + & 1g0) -(Si0s + Aly0s) in mols. per 100 gms. of slage

(2) Alumina acts like silica in reducing the desulphurising power
of & bagic slagy 1in the more acid slags it is less harmful than silica.

(3) The sulphur concentration in the metal is not directly propor-
stional to the sulphur in the slag, but, as the sulphur in the slag increases
the desulphurising power (S)/[S] increases. This phenomena could not be
explained by them with the dataiavailable.

Magnesia-free slags of the compositions used by Hatch and Chipman
lie in the low-£1503 field of the Ca0-4150;-~Si0p; ternarye. Applying the
above conclusions to MzO-free slags and compering with the present work,
it can be seen that conclusioﬁs(l) and (2) agree roughly with aga0g CUTVes
in Figel5y although in the present work, it has been shown that Alp0; is
less harmful than Si0; for slags of all basicities in the low-Al;0; fields
A possible explenation of the increase of (8)/[S] with increase in (8)
is that ﬂ*s) or X[S] is not constant but variesvwith the sulphur content
of the slage It seems more probable that st) in the slag decreases
slightly as the sulphur content increzsese |

Chang and Derge(53) in a study of the reversible electrode
potentials of molten Ce0-A130;-Si0; slags, have given a graph of iso-e.mefs
curves at 1600°Cs These iso=e.m.fs curves show one peculiarity, as
Darken has pointed out in the discussion on this papere If the cell is
revergible then the iso~e.m.f. curves can,he points out,~be interpreted as

iso-activity curvese 4Also, the isothermal curves in the ﬁ-cristobalite
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regions of the thermal equilibrium diagram are iso-zctivity curves. But
whereas the isothermals slope upwards towards the Si0; corner, the iso-
e.m.fo curves all slope down. It is clear that, if the cell is reversible,
iso-e.m.fs curves ﬁust follow the direction of the iso-aqtivity Curvess
The fact that they cross, according to Chang and Derge, must be attributed
to the cell not being truly reversible, the use of the wrong chemical equa-
stion to express the reaction, or umusually large experimental errorse
Whatever rnay be the reason, the results cannot be used for a comparison
with the present worke

Fincham and Richardson(15) have calculated the sulphide capacities
Cg, of Ca0-A1,03-8i0; slags at 1500°C and 1650°C from their experimental
work on gas-slag equilibriae As was pointed out earlier, their sulphide
capacity is equivalent to the function (S)/A of the present investigation,
and to convert their sulphide capacities into activities (making the
assumptions noted earlier) only requires the knowledge of the sulphide
copacities of slags in equilibrium with solid CaQ at the experimental
temperatures.s Unfortunately Fincham and Richardson have'hot carried out
such experimentse Comparison with the present data can therefore only be
nade on the basis of the trend of the iso-Cg and iso-activity curves. This
comparison shows that the curvature of the iso=Cg curves of Fincham and
Richardson is considerably greater than that of the iso-activity curves of
the present work - and this is.true irrespective of whether the aCaQK
or aCaOR curves are considereds However, Fincham and Richardson admit
that they have an inadequate number of points from which to draw their

curves accuratelye. The qualitative evidence of Holbrook and Joseph(57)

and of Hateh and Chipman(33) given above also seems to support the slight
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curvature of the lso-ap,n curves glven by the present work.

Fulton and Chipman(55) have obtained values of agjg, at 1600°C
in Ca0-Al;30;-Si03 slags of up to Q.1 HAL;Q, from investigations of slag~
metal graphite reactions. From these values, they have calculated values
of 85,9 by making the same assumption as has been made in the present work
(viz., that ay3, o, 1s constant along lines of constant Ma1,0, ) and using
the Gibbs-Duhem binary relation. Their igo-activity curves have been
shown on Fig.1l6s. The slopes of their 8gj0, Curves are roughly the same
as those of the present woark, but thelr wvalues are approximately half
those of the present work, and yet, as has been polnted ocut, the values
obtained in the present work are to be looked on as minimum values. As
has already been stated, it may be that the discrepancy lies in the wvalues
of Zgi in Fe-Si=C melts used by Fulton and Chipman.

Towers(58), from her investigations into the contact angles of
slags on golid surfaces has given a value of agjg, = 0+15 at 1520%C for
a slag of 40% Ca0, 40% Si0; and 207 AlzGye This value has been plotted
on Fig.1l6 and agrees roughly with the present work, this agreement being
considerably better than that with the work of Fulton and Chipman,

It can be sald, therefore, that the data presented hére far ag,g
and ag 10, in Ca0-Al;03~Si0; slags at 1500°C is in general agreement with
the small amount of data already published in this field.
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A study has been made by mesns of slag-gas experiments of the
equilibrium in the reaction

(ca0) +%5, = (cas) + o,

for which
(8Cas) (292 )%‘

= (%€a20) ‘Pg,

By making the assumption that Yp,g does not vary with slag composition,
the results of these experiments were used %o determine as o in Ca0-1130;,
Ca0-510; and Ca0-Al;0,=5i0; slags at 1500°C (as shown in Figs.11, 13 and
15)¢ In the case of Ca0-Aly0, slags, 8g,q Was obtained by comparing the
sulphur pick-up with that of a slag of unit lime activity, using the same
gas mixture. As it was necessary to use different gas mixtures in the
case of Ca0-510; and Ca0-A1;0;-810; slags, a knowledge of the thermcdynamic
properties of the varicus sulphur compounds which might occur wes required
in order to calculate the composition of the gas at 1500°C. As experiments
in which the same slag was equilibrated with different gas mixtures gave
results which were found to agree best with the thermodynzmic data of
Kelley, these data were used in the calculation of apggg in Ca0-5i0; and
Cal0-Al;03~S10; slags from the experimental resultse

Fige22 summarises the results obtained for ag,n in Ca0-Ala Oy
and Ca0-S10; slags at 1500°C, and those calculated from the results of
Fincham and Richardson(15) at higher temperatures. It will be seen
that aggo is small for all compositions more acld than CazSiQy but
increases rapidly as Ngg0 increases beyond that corresponding'to CazSiQse
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The effect of temperature appears to be comparatively small, only slight
increases in NgaQ belng required to produce the same values of ag,q &s
the tempefature risess These observations are consistent with the oft~
used method of interpreting slag behaviour in steelmaking slag-metal
reactions by assuming the formation of CazSiQO, when calculating "base" or

"oxygen-ion® activities. At lower basicities than that corresponding to

CepSiCy, the desulphurising and dephosphorising powers of basic steélnald.ng
slags are very poore Fige.22 also shows that the corresponding rapid increase
in aga0 in Ca0-A150; slé,gs occurs at much lower bagiclties and that the
value of agg0 is more temperature dependente As somewhat similar behaviour
might be expected in more complex slags, it would appear that the method
frequently used of agsessing the effect of Alz0; on the base or oxygen

ion activity by assuming the formation of 3Ca0.Alz0s, or AlGy  ions,

is of dubious value.

It has been shown that the sulphur absorbed by the slag from a
given gas mixture decreases with rise in temperature. High temperatures
during melting and refining in open-hearth steelmaking should therefore
result in lower metal sulphur contentss 4n incresse in flame temperature,
as would be obtained from a higher preheat, should have a similar effect.
Increase in the oxygen potential of the gas phase, as would result from an
increase in the air/gas ratio or improved combustion of the fuel should
also minimise sulphur pick-up by the bath, or even cause loss of sulphur

to the gas phases On the other hand, excessive amounts of alr might lead
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to reduced flame temperatures which would offset to some extent the bene-
sficial effects of increased oxygen potentiale. Similar considerations
é.pply in the checkers where abscrption of sulphur from the incoming fuel
gas by lime and iron oxide dust deposited on the brickwork is favoured by
the lower temperatures and reducing conditions prevailing on the ingoing
side, and loss of sulphur to the waste gases during the subsequent reversal
is favoured by the higher temperatures and oxidising conditions when the
checkers are on waste gase 4
Activities of lime in Ce0O=Al303~810, slags are of interest when
considering slag-metal reactions im the blast furnacee The variation of
2ca0 With slag composition has been given in Figs.l5 and 17, from which it
can be seen thati- 7
(a) in the ”low-ilg(la" field, which covers the range of normal blast
furnace slag compositions, 2C0a0 increasesg falrly rapidly with slag
basicity, so that small composition ch;a.nges may result in comparat-
sively large changes in the sulphur content of the pig irqn produced,
(b) slags in the "low-510," field have ag, values approximately 10-20
times those of normal blast furnace slagses They should give rise .
to very low metal sulphur contents, and, on account of the low agjq,
values of these slags low slilicon contents should also be obtained.
However, ores high in A1,y and low in Si0; (e.g., the West African Con-
sakri ore) are comparatively rare and also present a mumber of practical
difficulties in ore preparation and smeltinge



106.

The Gibbs~-Duhem integration was used to calculate aklg 0 in
Ca0-Al30, slags and 8sie, in Ca0-Si0, slags. It was also possible to
estimete 8510, in a limited portion of the Ca04A1203 -S10; diagram. No
data has been published for the values of ag,g and 8)1,0, in Ca0-Al30; slags
but values calculated from the results of Finchem and Richardson were
consistent with phe present resultse Similar consistency was obtained
when the results for Ca0-SiC, slags were compared with those of the latter
workers at 1650°Cs The present results differed considerably from those
of Fulton and Chipman who used a rather lengthy extrapolation to obtain
values of )gj in graphite-saturated iron to calculate agyg » It is
probable that the walues of fSi used were too low at the higher carbon
(and lower silicon) contentse

The activity values obtained in C40-Al,0; and Ca0-Si0; slags were
nzed to construct free energy curves and to estimate the free energies of
formation of Caleflz03, 12 Cale7Alp 03, C20.210; and 20a0.S8i0;e The
experimental results were not sufficiently complete to determine the fre;e'
energies of formation of the ternasry compounds 2Ca20.A150;.Si0; and
Ca0uAl;03.2810;. However, as the primary crystallisation fields of
26a0.810; and 2Ca0.Al50.510; have a common point at 1500°C for which
841,0, & 1 , the free energy of formation of 2Ca0.Al30;.510; must be
considerably greater (numerically) than the value of =32 kcals obtained in

the present work for 2Ca0.Si0ae
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Data Used in Ax and Ap v. Initial Ges Composition Graphse

Celculation Initial Gas Composition ~logioP
Using Kelley's free energy equations, at 1500°C.

1l 0.77 1.470 321 7.890

2 0.80 1.473 330 "

3 0.83 1.475 339 "

4 0.86 1.478 348 »

5 0.89 1.480 357 o

6 0.92 1.483 366 "

7 0.77 1.514 336 7.914

8 0.80 1.517 346 "

9 0.83 1.519 355 "
10 0.86 1.522 364 ®
1 0.89 1.525 373 bl
12 0.92 1.527 383 "
13 0.77 1.557 351 7.938
14 0.80 1.560 361 "
15 0.83 1.563 37l "
16 0.86 1.566 381 "
17 0.89 1.569 391 “
18 0.92 1.572 401 .
19 0.77 1.601 367 74960
20 0.80 1.604 377 *
21 0.83 1607 387 o
22 0.86 1.610 397 "
23 0.89 1.613 407 "
24 0e92 1.616 417 .
25 0.50 1.C1 112 74585
26 1.00 1.03 204 »
27 1.50 1.05 282 *
28 200 1.G7 353 b
29 0.50 1.83 335 8.085
30 1.00 1.89 546 »
3l 1.50 1.96 720 b
32 2.00 2.04 858 ®
33 0.50 260 537 84381
34 1.00 272 845 .
35 1.50 2.86 1087 .
36 2.00 3.01 1294 .
37 0.50 3.32 712 8.585
38 1.00 3.51 1107 »
39 1.50 3.72 1416 »
40 2.00 3495 1679 .
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Celculation Initial Gas Composition Ay -logmp':)a
Noe W GO/ a

41 2.00 3457 1530 84510
42 2.10 3.61 1570 "
43 2.20 3.65 1620 "
44 2.30 3,70 1660 "
45 2.40 3.74 1700 "
46 2.50 3.78 1740 "
47 2.00 3.71 1590 8.540
48 2.10 3,76 1630 "
49 2.20 3.80 1680 "
50 2.30 3.85 1720 "
51 2440 3,89 1760 "
52 2450 3.94 1810 "
53 2.80 3.28 1580 84381
54 2.90 3.31 1610 "
55 3,00 3.35 1650 "
56 3.10 3439 1680 "
57 3.20 3.43 1710 "
58 3.30 3447 1740 "
59 2.80 3.43 1650 84415
60 2490 3447 1680 "
61 3.00 3452 1720 "
62 3.10 3.56 1750 "
63 3.20 3,60 1780 "
64 2.80 3.60 1720 8.448
65 2,90 3.64 1760 "
66 3,00 3468 1790 »
67 3.10 3.73 1830 "
68 3,20 3477 1860 "
69 2.70 3.72 1750 8.480
70 2.80 3.76 1790 "
71 \ 2490 3.81 1830 "
72 3,00 3.86 1870 "
73 3.10 3,91 1900 "
74 3,20 3496 1940 "
75 3,30 4,01 1970 "
76 2.70 3.88 4 1820 84510
77 2.80 3.93 1860 "
78 2490 3.98 1900 "
79 3,00 4,03 1940 »
80 3.10 4,08 1970 "
81 3420 4,13 2010 "
82 3420 4,31 2080 »
83 3.30 4,38 2120 »
84 3,40 4,44 2160 "
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Calculation Initial Gas Composition =logiop .
Nou s ol "0
85 2480 4443 2060 84594
86 2490 4.50 2110 "
87 3.00 4457 2130 8.594
88 3.10 4.63 2190 u
89 3.20 4470 2230 »
90 3.30 4,77 2270 "
9l 3.40 4,83 2310 .
92 270 4.73 2160 84647
93 2.80 4,80 2200 "
94 2090 4,87 2250 "
95 0.30 1.508 165 7.93
96 0.49 1.483 236 7.91
97 Qe72 1.060 168 762
93 072 1.487 311 7.90
99 0.88 1.370 311 7483
100 0.98 1.432 361 7.86
Using Richardson!s free energy equations at _;500%
101 0.77 1.552 ~I80 7.938
102 0.80 1.554 186 b
103 0.83 1,557 192 "
104 0.86 1.560 198 "
105 0.89 1.562 204 "
106 0,92 1.565 210 "
107 0,77 1.510 171 7.914
108 0.80 1.512 177 "
109 0.83 1.514 183 .
110 0.86 1.516 189 "
111 0.89 1.519 195 "
112 0.92 1.521 201 "
13 0.77 1.469 160 7.890
114 0.80 1a471 166 b
115 0.83 1.473 172 "
116 036 1.474 178 »
117 0.89 1.476 183 -
118 0.92 1.478 189 "
119 290 3.39 1290 8.431
120 3400 3e43 1320 "
121 3.10 3646 1350 .
122 2.90 3.47 1320 8448
123 3.00 3.51 1350 "
124 3.10 3655 1390 R
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Calculation Initial Gag Composition Ap ~log oD
o 7% G0/ o

Using Richardson's free energy equations at 15009C
but replacing AGY = -49,000 - 2,5T byAfi'a = +6,000 -~ 2,5T
for the reaction S3 + O = 280. _

125 0481 1.52 316
126 3.01 3.34 1630

Using Kelley's fres energy eguations, at 1490°C and 1510°C.

ax Temperature.
127 0.85 1.518 317 15109
128 0485 1.518 360 1500°C
129 0.84 1.524 410 1490°C
130 0.84 1.524 360 1500°C

Calculation based on the data of Fincham and Richardson(15)

on the maximum sulphur content at saturation of a 41% Ca0-52% Alz0,~7% SiG;
slag at 1500°C - referred to on ppe18-193
Using an ingoing gas of

1% S0, PN, = 0055 PHy/PCO, = 3025  evecessecss (a)
for whiéh they have calculated

Po, = 4427 x 10 7% and pg, = 2.51 x 10°*¥,
Fincham and Richardson obtained, using the above slag composition, a
clear, glassy slag cvontaining 1.26% Se

o G = (#)(g, B /o, ¥ = 1604 x 107
Using an ingoing gas of

2% SO,B, p& = 0.5, %/pcoz = 3.15 cessecsee (b)
for which they have calculated |




Py, = 708 x 10*°  and = 9,33 x 1o'f,

P,
Fincham and Richardson obtained, using the same slag composition, a
crystalline slag containing 4.2% S - which result they attribute to
saturation with CaS.

Since Cg is constant for any given slag at a constant temperature,
the value obtalned sbove can be used to calculate the sulphur content
which would havelf(eoebr%ained using the gas of composition (b), bad not
saturation intervened. The expected sulphur content thus calculated
is - |

(4S) = g (pg, B/ (pg, ¥
= 1604 x 10* x (7.08::10'“_)3'/(9.33;:10'?)3'
= 1,97
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