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SUMMARY,

The effect of Magnesia on the activity of lime in Cal-Al;05-S10;
slags has been studieds The experiments conslsted of equilibrating
synthetic binary, ternary and quaternary slags with Co~CGOg -803‘ ges
mixtures at 1500°C, the slags bheing held in platinum cruc:ible;. The
gslags, quenched at the end of the run, were analysed for sulphur by
combustion in COg.

The reaction has been represented ag s

Eat

cao*%si = GaS't-%O,%.

Certain differences exist in the therftodynamilc date available
on the gaseous compounds of sulphur, carbon and oxygen abt 1500°C,
From a critlical survey of these data, the data of Dewing and Richardson
was gelected for the calculaition of the equilibrium partial pressures
of 39 and 03 o« The activity of lime in these slags hag been d.e:’aeo.'c'm:i.ir:t‘eac'i\.*w -
by cémparis&n of the equilibrium sulphur contents of the various slags
with the sulphur conbenlt of o standard slag of unit lime activ,:i.ty.

From these resulis the equiveldence of Cal and Mg0 with respect
to sulphur absorption has been debermineds Mg0 would appear 4o increase
the activity of lime due to its basgic characterigticse In (a0-AlyQ;-Mg0
slags 1 mol of Ca0 was equivalent to 2 mols of Mg0O, and in the .
Ca0=3i03 ~Mg0 slags 1L mol of Ca0 was equivalent to le5 mols of MgQe.
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The acbivity of lime in slags contelning silica was found to be con=-

siderably lower than thait in slags containing equivalent AlaGy conbtenbse
Lime iso~activity lines have bheen drawn in the gysbems

Ca0-Als 03 ~Mg0 and Cal-gi0s=MgOs The iso-activity lines in the

Ca0-Al;03-Mg0 system have been debermined and reported in graph forme
The effect of basicity, as exprassed by the molar ratilo

CoQ + & g0
AlgOg b Si()g

has been discussed in the light of the experimontal resulitg.

on lime activity in the quaternary system Ca0-Als03~Si0;-MgO

- -~
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CHAPTER I,

INTRODUGT IONs




INTRODUCT ION

The need for very high quality iron and steel cannot be over
emphagised in these modern times of rapid scientific advancese The
increased production of iron and sbaeel which has been taking place
throughout the world has led to a rapid depletion of good quality raw
materials including serape As a result the industry is being foreed
o use leaner ores of poorer qualily requiring larger amounts of coka.
Ag 90 per cent of the sulphur charged inbo the blast furnace comes from
bthe coke used, there is a significant increase in the sulphur burden,
due to the usage of larger quantities of coke of inereasingly higher
sulphur contentse As a result, in recent years, the problem of sulphur
removal in iron and steel malting has assumed;great importance and
urgency due to this increased sulphur burdens

Although differences may exist in the actual mechanism of desul~
phurization in the blast furnace and the open hearth furnace, the process
is esgentially a transfer of sulphur from metal to slage The desulphup-
igation of the metal hasg bheen found to depend upon a number of fachorss
GeZey Lemperature, total sulphur, composition of the slag, metal, and
gas phasesy and the degrese of attaimment of equilibrium among Lhe
varlous phéses. The slag composition plays an important part in both
the blast furnace and the Upen hearth furnace, and an inbimate lmowledge
of the thermodynamic properities of the slag components ghould be of

agsistance in the undersgtanding of the reactions occurringe Several



workers have ablempted to study the complex sulphur bransfer problen
using works slag-metal data, but without much success due Lo the
complexity of the slag-metal systeme The thermodynamic properties of
the slag components mey be debermined in the laboratory by establishing
equilibrium conditions for the chemical reactions involving the slage
Unfortunately slag-metal studles btend to become rabher complicated due
to the corrosive action of the molten metal and slag on the contoiners
which generally congist of graphibte, magnesia, or aluming. Furthermore,
interpretation of the resulis from such studies is difficult due to the
non-ideal behaviour of the differant components in solutions A
simplification can be introduced by eliminating the metal phase and in
its gbead using a gaseousg phases The advantage of this procedure ig
two~fold. Metallic contalners can be used for the molten slag, and
ideal behaviour of the individval componentg of tha gas phase can be
reagonably asgssumed at the higher temperatures used. The partial
pressures of the gas components calculated from the knowm thermodynamic
data can then be aquated to bhe activities of these componentsge

The present investigation is meinly concerned with sglag-gas
equilibria and it is proposaed to gtudy the sulphur pick up by synthetie
blast furnace slags from a gaseous atmosphere containing S0y, the
slags being held in platinum cruciblese From a survey of the papers
published on desulphurization it was found that the role of magnesia
in blagt furnace slag is not very clear, though mogt of the investi-

gatiws agree that MgO is not a good desulphurizere The present work
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deals with this partlcular aspect and an attempt has been made to
assess quanbibtabtively the effect on sulphur pick up of the addition of

MgO to Cal0-Alp03, Ca0-Silys and Cal-Ale(; ~Si0s slagse



CHAPTER II,

LITERATURG SURVEYe
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LITHERATURE SURVEY,

The papers published up to the present on the problem of

desulphurization may be classified inbto three broad groupings.

le Gag~Metal Investigabtionse
2+ Slag-Metal Investigationse

3¢ (Gag=Slag Investigabionsgs

Though the present work is on Gas-Slag reactions it is proposed
to make a general review of bhe work done on the other two types of
investigabions, as in practice thae three types of reachtions are taking
place simulbaneougly. Most of the invesbtigatlions referred to in thigs
review have been carried oub using slag and mebal in the molten con-
dition. The effect of the furnace atmosphere in the Open hearth
furnace prior o the complete melting of bhe charge was summarised by

Cartersan

Gas-Metal Investipabionse

Several workers have determined bhe equilibrium between molten
iron and hydrogen~hydrogen sulphide mixturese Maurer and Bischof(2)
observaed a linear relatlonship bebtween the sulphur conbent of the metal
and the rabio of the parilal pressures of I and IpS. The values of

the equilibrium constont K = pleS/plk.#S were about 100 times these

-~
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of Chipmen and Ta Li(3) who investigated the game reaction and obitained
a value of 0.00515 for the equilibrium constent at 1600°C. The latber
suggastad that the beryllis crucibles used by Maurer and Bischof may
have been active in picking up sulphur, and that thermal diffusion was
not taken into accounts DBecause of thls discrepancy bebween the
results of the above workers, White and Skelly(4) repeated these exper-
Iments and taking special precautions againgt thermal diffusion.s Their
resulbs showed the experiments of Maurer and Bischof to be considerably
in error due to thermal diffusione The equilibrium constant of 00,0025
of White and Skelly is aboubt half that of Chipmen and Ta Li. The
metal used by White and Skelly picked up 2465 per cant gilicon and they
suggesbed that the gilicon in the metal may be the cause of this
discrepancy between their results and those of Chipman and Ta Li.
This is substantiated by the resulbs of Morris and Williams(5) who
showed that the silicon content of the metal influenced the sulphur
absorplbions

Agsuming a stendard state in which the metal contained 1 per cenb
sulphur, Morris and Williams obtained a valus of 0,00256 (at 1615°C)
for the equilibrium consbant, For a given sulphur content the
activity of sulphur increased with the additioﬁ of gilicone If the
affect of silicon content of the metal on the activity of sulphur is
taken into congideration and the resulbs of White and Skelly corrected
accordingly, their constant would be still lower than that of Chipman

and Ta Li. They did nob favour the idea that the added olement (Si)
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formed a compound with the iron, thereby reducing the mole fraction of
free iron and increasing the activity of sulphur. Morris and Buehi(e)
found that carbon had a gimilar bub greater efTect on the activity of
sulphur, which increased by as much &s gix fold hebween zero carbon and
saturation. In the discussion of this paper Darken(7) stated that in
a solubion countaining Fey C, 8, the affinilty of carbon for iron ig

much stronger than that for sulphur. Making the reasonable assumption
thet each carbon atom is surrounded by six iron atoms he showed thatb

at low concentratlons each atomic per cent of carbon increased the
activity coefficient of sulphur by 6 per cent which is in good agreement
with the observed increase (6-7 per cent).

Sherman, Elvander and Ghipman(B) reinvestigated the above reaction
taking special precautions to avoid bthermal diffusion and found the
equilibriun constant K = plbS/pHa.%S was nob a brue constant but veried
with sulphur conbente By graphical extrapolation of the wvalues to
zero sulphur the true equilibrium constant wag obitained utilizing the
Infinitely dilubte solution ag a slandard stobee Making suitable
allowances for the effech of silicon, they found that the results of
White and Skelly(4), and Morris end Willisms(5) were in good agreement
wibth the extrapolated valuege

Sherman and Chipman(9) investigated the activity of sulphur in
iron golubions containing P, C, Si, Al, Cu, Mn, and found that P, C, Si,
Al, increased the acbivilty coefficient of sulphur, whereag Cu, Mn

decreasad ite Ib was found that in ternary and mors complex systems



Te
the activity coefficlent of sulphur could be expressed in the form

fs = f--ﬁ . iss seesetense

1
where fs is the overall activity coefficlent of sulphur and i‘B is the

actbivity coefficient in the binary iron-sulphur sysbem, £ is the
coefficient representing the effect of the bhird elefnent gn the
activity of sulphur and is equal to the ratio £ ﬁ’/:4?’ e

Mourer and Bilschof(2), and Carter and Tahir{l0), studied the
aquilibrium between molten iron and gas mixtures containing sulphur
dioxidey UThe former used S0u~0x mixtures and the latter workers
505 -1 , and N +03~N> nmixtures. Maurer and Bigchof found that the
final sulphuzr conbent s proportional to the ratio pSly/ply, and
guggested thal the reaction occurying wag Fe + g = fi‘es + Oz
Chipman and Ta Li(3) showed from thermodynsmic considerabions that this
reaction would not be expected to be the controlling reaction, since a
high positive value was obtained for the free aenergy changes They
therefore repragsented the reaction bebtween iron and 80 by the

equation

3Fe, . + 80y = Fe3(#) + 2Fa0(%)
(Lig.) R

for which the standard free energy change is
G° = +1600 =~ 23,32 7T

This was confirmed by Carter and Tahir who observed no raelationship at

all between pSOy and pOa. At constant pOy values they found par cent sulphur

-
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wag proporitional to pSly, although the walues oblained were not equilib-
rium values as ecgzilibr:ium was never attained in thelr experimentge
It was suggested that sulphur removal from the metal was much
slower thon the rate of absorpbtion becsuse no mechanism existed for
the transfer of sulphur from metal to gas except via the slag. '- Since
sulphur vapour was found in the exit gases the reaction was consideraed

to occur in two gtagese
. 1
2Fg + 03 = 2Fe0 + /?.sg
L
Fe + /?.S:a = FeS

The compogition of the metal phase is affected by the amount of sulphur
in the gas phase, but the reverse is not the case becsuse the sulphur
content of the metal cammol influence the gulphur content of the gas

current which is continuously being renewads

Slag-Metal Inveshigalbiongs

. Papers publishad under this heading may be clagsified into those
perteining to Open hearth practice, and those to blast furnace practice.
Thege gtudigs were carried out the contribube Ho the undergtonding of
the factors which affect the reactions occurring in these two furnaces.
In the laboratory it is possible to isolate these reactions, and gbudy
them individuelly., The present survey is restricted to investigations

of sulphur removal from the metale Application of the resulbs obtained
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from experiments on reaction equilibria in the laborabory, to furnace
practice, is rather limited, due to the non~establishment of equililrium
baetween the reacbants and products in actual practice, albhough in
certain practices equilibrium may be approached very closelye

The desulphurizing power of the slags has often been reprasented
by the ratio of sulphur in slag to that in the metal~-(8)/[8] (where the
round and square brackebs denote concentrations in the slag‘ and metal
phases respectively)s Wentrup(ll), one of the earliest workers in
this field represented this ratlo in an Open hearth furnace, ag

zg) _ (8)gg + (8)p, + (S)yy,
ST = [§7]

where (S)Ga,Fe,mgis..pres.@nt.ag.sﬂmm asgociated with Ca, Fe, and Mn ag
sulphidese According to Wenbrup lime was effective in controlling the
desulphurization only if PPe0 and 8i0,contenvs were kept lowe  The
important offect of slag bagicity and lime additions to achieve
desulphurizatlion bag long been recognisede  But the concept of slag
bagicity in bermg of the slag composibion has been variedes According
0 Maurer and Bischof(12) basicily as represented by the ratio Cao( 5102
was not very useful in defining the phenomenon of desulﬁhm‘ization.
Grant and Chipman(l3) regorded it as the direct partitioning of FeS,
the partition coefficlent increasing with the "excess basge" in the
slage The latber was calculated by assuming that Cal, Mg0, MnO were

equivalent hases, and bthat they combined with the acidic oxides such
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ag Sily, P05, AlpO3 to form certain compoundse By plotbing the
"eoxcess bage® which is the excess of bage remaining after allowing for
any possible compound formation, against the sulphur digtribution ratio,
an almost linear relabionship was obtained, indicating that Ca0, MgO,
MnO were equally effective as desulphurizers.

Carter(l4) expressed the desulphurization ratio by the relation-
ghips

: .
(8)/[s] = K (E?—I\-qg) s Whore S nMo is the measure

of excess bases A linear yelalbionship between the two terms was
obtained, by considering FeO as a base in addition to Cal, MgO and
MoO. He also assumed the formation of certaln compounds, not very
different from those of Grant and Chipmane The desulphurigzation

reaction was represented asg

[s] + (0) = (8) = [OJ.

Harders, Grewe and Oclsen(l5) suggested bthal a relationship
exisbed bebween bagicity and the ratio -LS)J.QQQ s the basicity heing
expressed by the »atio CaQ/Si0ze [S].[MnJ The ratio (Mu)/[Ma]
rapregented the gtate of oxidai‘.iong 80 that there is similarity befween
this expraession and that used hy Ceirber.

The MgO content in a bagic slag is appreciably smaller than that
of Cal, and being practicelly constant, its contribution to sulphur
removal was generally overlookede There has been much speculation

on the effectivensss of Mgl in desulphurization, and somewhal contra-

dictory rasults have been reporteds In certain cases addition of MgO
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improved the desulphurisation, in others there was no difference or
aven a slight deterioration. Maurer and Bischof(12) found that add-
itiong of MgO up to 1O per cent did not affect the desulphurization
rabios They suggesbed thalt higher percentages of Mgl might impair
desulphurization to a slight extents When Mp0O crucibles or MgO lined
bagic furnaces are used, bthe Mg0 content of the slag ceases to be an
independent variable, and increases with the amount of acid oxides
praesente  According to Carter(ls) the low sulphur distribubion ratios
atbributed to Mgl by Maurer and Bischof may be really due %o the
increased acid contenbs associated with high MgO contenbge

The standard free energy changes for the desulphurization by the
basic oxides alb 1600°C are as follows.

Ca0O + 8§ = CaS8 + 0 AG =

FegO + & = FeS + 0 A G = 14,800 ¢
M0 + 8§ = MaS + 0 AG = 17,600 ®
MgO + £ = Mg + 0O A G = 33,400 "

Rocea, Grant and Chipman(l?) estimeted that lime was aboubt 1000
times a betber desulphurizer than Mgle This was confirmed by Harders,
Grewe and Oeclsen(l5) who found that Mg0SiO; slags, and pure Mg0 at
sintering bemperatures (1700°C) were unable to desulphurize molten
iron containing sulphur, whereas basic CaSiC; and lime had appreciable
desulphurizing powerse Of the four oxideg Ca0 is shown 1o have the

best desulphurizing ability, that of MnO being slightly lowere Tha
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desulphurizing ability of Mg0O is much lesa due to the low affiniby of
Mg*+ for sulphide ions, so that the effect of Mgl on desulphurigzation
in an Open hearth furnace seems relatively unimportants I'e0 in a basic
slag, as pointed out by Richardson(18) causes an incresse in the number
of oxygen atoms replaceable by sulphur, at the same time as 1t increases
the oxygen content of the wmetal, exerbting thus o dual and conflichbing
effaect on desulphurizalblion.

The desulphurization is dependent on the baslcity of the glog as
well as on the oxygen pobential of the systeme Sulphur distribution
ratios of about 10 have been obtained in the Open hearith furnace, while
in the electric furnace(reducing period), and blast furnace much higher
rabios are obtalned, probably due to the lower oxygen potential in these
furnacese

The major congtituents of a blast furnace glag may be considered
to be Ca0, Mg0, Al303, SiOze Holbrook and Josaph(19,20), were the
earliest to conduct laboratory investigatlons on the desulphurization
of molben iron by synthetic slags made up from thaese four oxidess
Their experiments were performed in graphite crucibles at 1500°C, each
run lasting for half an hours Although they studied neither the
equilibrium nor the kineltics of the reaction, thay obltalned the relatilve
desulphurizing powers of a range of Cal0-Alg(s -SiQ; slags containing
0~20 per cent Mgle It was found that for a given MgO content there
was an optimum basicity beyond which the slags became very poor desulph=-

urizers, basicity being calculated as the weight per cent ratio of
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basic o;cides $o acidic oxides ( = g—i%%gi%). The isodesulphurisation
curves drawn showed that desulphurization was critically related to the
glag compogition at opbimum and higher basilcities and less so in bthe
range of less basic slagse They found that the desulphurization
increased regularly and rapidly as Ca0O replaces Si0x, less rapidly as
Ca0 replaces AlzOz, and slowly as Alp(O; replaces S510z.

Hatch and Chipmen(Rl) carried out similar experiments, with the
difference that the sulpbur distribubtion ratlio was measured afier est-
ablishing ecuilibrium conditions in the systeme As expected bhe
distribution ratio was found to increage with bagicitye. i‘hey obtained
lower ratbios with slags conbaining more than 6 per cent MgO, and from
this they a\.\ésumed that Mg0 could not be as effective as Ca0. According
to Holbrook and Josaeph, MgO and Ca0 should not be combined as total
bhages, nor AlgOs; with 8i0; as tolal acidse Tach oxide has ity owm
affect and the degree of the effect is not constant for all ranges of
compositionge AlpgO3 being an amphoteric oxide may function as an acid
or a bage d‘epanding upon the oxide ion activibty of the golution to which
it is addede

Hateh and Chipman calculated the "excess base" by substracting
the total acid oxides from total basic oxides, all quantities being
expressaed in moler concentrabtionse The bhegt correlation hetween the
sulphur partibtion ratio and the excess base was obtained when MgO was
taken to be equivalent to two-thirds of a mol of CalOs According to them

the difference between Ca0 and MgO may be due to the binding forces of
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Mgﬁ+ and O being greater than those between Ca** and 0™, and hance
the replacement of one mol of Cal by one mol of Mg0 would result in
lovering the 0" concentration of the slage On a weight bagis Cal
and Mg0 were thought to be equivalent, but on a molar basgis MgO was
assumed to bae aqual bo only 2/3 of a mol of Cale

Recantly Negresco(22) carried out experiments with CaO=AlgQ; =SiQ;~
MgO slagse According to him, AlaO; exercised no direct influence on
the sulphur distribution, and the desulphurizing abililby of such slags
was abtbributed to the proportion of "active linme" in a glag of a given
composition, the active lime belng calculated assuming that some of the
lime was engaged by the silica in the glag forming inactive groupse
It is difficult to compare this work with that of the previous workers
because of the lack of data about the equilibrium sulphur content of
the melal used by Negrescoe His results only show the relative merits
of slags used in the investigalions According to Negresco, in a
Ca0=3i0s~Mg0 slag the magnesia may combine wibh Si0; to seb free Cal

for the'sulphur reaction according to the equaltion

Cals + 4Mg0 = MSs + 3Ca0 .
Although the exact nature of the combination im the molten state wag not
given, the idesa of inert groupings beilng present in the mell wag
favoured by Negrescoe
The effect of Mgl in a blast furnace siag has sbtill to be eluci~

datede On thermodyramic grounds it is unlikely to have any desulphur-
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izing acbion relative to Cal, but as it is a fairly strong base, ibs
influence mey still be important.

Attempts have been made to apply ionic theory to the explanation
of acid and basic Open hearth reactionse It is probable, that molten
blagt furnace slags are also lonic in nature, but knowledge about the
ion species present in such slags is very meagre. While some invesbi-
gators (23,24,25) proposed an ionic constitution for molten blast
furnace slags, obthers (26,27,28), have stated that they are composed of
minerals of definite compogition and propertiese A purely ﬁhermodynaﬁlic
approach is more reliable, as it does not make any assumplbion of ionic
or molecular constituents in the molten slag, even though the method

may ha slow and tediougs
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THey suggested the following equations to represent the reacblons vaking

place between Np and slags containing lime.

S0z + 300 + Ca0 = CaS + 300y
S0n + CaQ + 3Fe = CaS + 3Fe0

-

Under thelir experimental condibiong sulphur was agsumed to he present
mogtly ag Ca8 since Cal is a much stronger bage than Fed oxr MgO.
Agsuming sulphw: in silicatoe melis to ho present in the form of
sulphide and sulphate, Fincham and Richardson(32) represented the
veactiong for the partitioning of sulphur bebween mell and gas asg

followse

(5)ep0n"?

Y% S +(0) = 1/; 0a + (8) Iﬁ=m

(5Q.)
+ (0 -:-3( = (S Kg =
Yo AR SR TR O

-~
- o~

For a slag of constant composition (0) is constant, and at constant
gulphur contenl of the gas, increase of oxygen partial pressure while
favouring sulphate formation decreased the sulphide formation.  Ih wag
found that at oxygen pressures less bthan 10“5 - 10“6 atme the sulphlde
reachbion was predominant, and at pressures greater than 09 - 10.'4’ a'line
the sulphate reaction was more importante With 2% S0 in the gas, a

slag containing 41% Cal, 53% AlsOs s 7% S30y beceme saturated with Cas
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at an oxygen prassure of 10° otme  Still lower oxygen pressures
resulted in the separation of CaSs At pressures ahove 10—2'5 atme
the formatlion of pyroswlphate hecomas significantse

Fincham and Richardson studied the effect of temperature on the
aquilibria, and showaed, that at a constant pls and a congtant S0z inpub,
raising the temperature increased the sulphide contenlt while decreasing
the sulphate contente For the puwposes of comparing the various slags
& . term sulphide capacity was introducede It wog represented ag
Cg = (#8)ep 3'/f/psa"'é-

work using CO-C0x~0a gas mixtures (Finchem and Richardson uged

Corter and Macfarlane(33) carried oub similar

1-13.-00,3_ -SO;,:—N% nﬁ.;cturés). The ratio ps;/? /po;/ ? wag Ltermed the
salphﬁriz«ing“potential of the pase As theixr experiments were confined
to an oxygen pressure range of 10° - 107° atm. only the sulphide
equilibrivm was Investigoteds They used their raesulbs to calculate the
activity of lime,alumina, silica in synthebic binary and Gernary slagse

The following sesumpblons were made by the sbove workerse

l. The activiby of replaceable oxygen in the melt is nol significanbly

alterad by the substitution of small amounts of sulphure

2« For low concentrations of sulphur in the slag the achtivity of
sulphide is proportional to the sulphur concentrations Or in obther
words the activity coefficient of GaS does not vary appreciably in the

range of low sulphw percentagaes found in the slagse
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Ste Pierre and Chipman(34) investigabed the sulphur equilibria
between S0z or S03-C0 gas mixtures and Cad-FeO slagse Their invesbi-
gations essentially consisbed in using the ratio Fa*™/Fo™** + Fo** in
the I'e0 slags in equilibrium with the gas mixture to debermine the
partial pressure of oxygen in the gase The same aubhors, in a later
investigation(35), used Fe0 slags containing CaQ, Si0s, and MgO.
According to them, the substitubtion of Cal for Ie0 in Cal-Fe0 slags ab
constont atmospheric conditions decreased the sulphide content while
increaging the sulphate conbente Ib was also showm that the addition
of 810y to such slags lowared the sulphur contents As to the effect
of Mg0O, it was :eeéarded as conbribubing to the oxide concentration bub
not to the desulphurizing power of the slage The addition of Mg0
results in an increasae of the aclhiviby coefficient of the sulphide ion.
This could be effected, according 4o these workers, by a portion of the
magnegsivm ions talking a coordination number of four in silicale melitoe

In order o have maximum efficiency in desulphurization, a glag
must have as large a capaciby for sulphur as possible or in thermodynemic
terms the slag should be ablq to hold a hilgh concenbrabion of sulphur at
a low chemical potentlale The usefulness of any slag can be judged
only by having an intimate kmowledge of the thermodynamlc properities of
the varlous congbituents present in that slag, a}’xd in parbticulor of
the activities of the metal oxldes and sulphidese
The investigabion of Fincham and Richardson into the equilibrium of

the reaction GCal + 1’4&3 = (CaS 1/903 lad Lo a value of

- -~ ~
~
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K = 3482 x 10° at 16009 for the equilibrimm constant, agsuming bthe
gtandard states to bs pure crystalline 0al and GaSe TFrom this equil-~
ibwivm congtant and the lime activity wvelues caleulated from the free
energies of formation of gilicabes, wvalues for A GaS.pD;é / 13331/"3 vare
calculateds By combining these with the corresponding values for sul-
phida copacity Cg ( = %S.pO;/"“E /pS;/ ?.) values of A Cal were deriveds
Thus for a G&O"'Si@g;_ s?l&g contﬁning 56 mol per cenb Cal,
16000 = 5 was caleuloted. A gimilar procedure was foﬂolmd to

obtain ¥igs = R (L600°C), from results for the reaction Mg0 + /2 Sn =

1 .
Mgs + {3 Q;s The activity of lime in 0a0-Als0; melts wag obtained by

¥ Cas

Fincham end Richordson, assumlng that ¥ Cas is the same es for a silicate
melbts The basis for this assumption was that the ratio of ¥ ggqg to
¥ 0as0., is the game in the silicate and aluminate molbse

Ag mentioned earlier, Carter and Macfarlane(33) followed a diff-
erent procedure in determining A Ca0 in Cal0-Alp(;, and Cal-8i0: slags.

- 1/ . 1/
The equilibriwma congtant for the reaction ig K =A&laS.pls é/aCaO.p.Sa ‘a

-
~

I the desulphurigzing potential of the gas is denobed by A s where

A = pS /PG , K= A Cag/ ACa0.be for a standard slag of unit lime
activi%y and gR.C'biViﬁy‘ of CaS = UCGaS in equilibrium wilth o gas whose
sulphurizing pobential is A®, K =A°Cag/A°  lNow combining the equation

for the gtandard slag and the obher slag of lime activity & Cad

A g @
Q'Cao 2““29"@ o}}-‘—

ACas8 A
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In the lou sulphur concentrations encounbered “ACoS was taken to be
equal to per cent gulphur by weight. In using this procedure it waa
agsumed that AL or Si atoms in the slag do not combine with sulphur to
form aluminium or silicon sulphide. The finding of the investigations
of Carter and Macfarlans, and Iinchem and Richardson that replecement
of lime by alumina or gilica in the slags resulted in lowering the
‘sulphur pick up provides ample Jjustification for such an aggumpitions
A weakness in these calculations is the assumption that ¥ CaS is
constant throughout the range of sulphur contents obtained in their
experinentss However, by equilibrating a standard slag with gases of
different sulphurizing potentials, Carter and Macfarlane observed a
proportionality between the sulphur conbent of the melt and the sulphur-
izing potentialy which suggested that ¥ CaS was constant up to 1.8 per
cent 8¢ The equation of Carber and Macfarlane thus reduced to

Ca0 = %S.4°/78°.5 where #S° was the amount of sulphur picked up
by the standard slage The choice of a gtanderd slag presented some
difficultiess In order that dime actlvity may be unity, it is essential
that the slag selected is all liquid at the working temperature and
ghould be in equilibrium with solid lime. In the Cal-Als(Q; system no
such glag could be founds It was found that a small part of the 1500°C
isotherm in the Ca0-Alg(O3-Si0: system passed through the primory phase
field of Ca0. A composition on this part of the isotherm was chosen
as the gtandard slage The Gibbs=-Duhem relationghip was used in deriving

the activities of alumina and sillica in their respective binary slags,
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and approximate values obbained for the free onergles of formation of
binary aluminates and gilicabes from the oxide activitiess In the
case of ternary Ca0-AlpO;-Si0: slags Macfarlane(36) mede use of the
Gibbs-Duhem relationship to evaluate O.Cal and & 8ils, assuming AAl,0s
on a congbant AlpG; line to be congtante The labiber assumpblon leads
to appreciable errors, and a more rellable method of dealing with
acbivities in ternary systems has been given by Schumamn(37). He
derived a quantitablve relabionship between the tangent inbtercepits of
iso=activibty curves for the wvarious componenbs and usged this relation
to calculate the activities of 8i0;, FeO and 0 in bernary iron gilicate

slagse

Solubility of Sulphur in Slagde

Line actlvities obitained as in the method of Carter and Macfarlane
by comparing sulphur plck ups by different glags from similar gas
mixbures are mora likely to be corract if the sulphur contents are far
removed from the saturation value, and if bthe sulphur godubilities are
of the game ordere Lititle accurate work has been carried out on
sulphur golubilities in slags and most of this work had been confined
to slags of the blaglh furnace typee McCaffery and Ossterle(38) deter-
mined the solubility of CaS in Cal-Lls0s~5i0; slagse According to
them the effect of AlsO; in blash furnace slags is to increase bthe

golubility of the slags for CaS and that the chemical compositlon of
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the slag is of less importance than the temporature of the slag. They
found the solubility of Ca8 in Cal0-Al;03~8i0; melbs at 1500°C to
corraspond to aboub 8% § for acid melts and about 11% S for more bagic
mellse These values are thought to be rather high by Carter and
Macforlones Glaser(39) found the solubility of Ca8 in liquid CaSils
to ba 5¢5% S by weight at 1500°C. Filer and Darken(40) found the Cas
saturation limit in blast furnace slags to ba 3¢5 = 4¢5%. Uhile
Finchom and Richardson obbtained a value of about 2% S, Carter and
Macfarlane used a value of 2.7% S in their calculationse

It is clear from the above that conglderable variatilons appear
to exigl in slag sulphlde solubilities, and that there are indicabtions
that solubilitles are greater in the more baslc glagse This would

correspond to a decrease in ¥ CaS with increasing basicilye.
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LQUILIBRIA IN S~-CONTATNING GASES AND CALCULATIONS

In order that the sulphwrizing pobentlal as denoted by Carter
and Macfarlane(33) may be obtained it is egsential that the correct
thermodynanic data are known for the various reacltlons baking place
between €Oy CQO; and S0g in the gas mixture. Sulphur can exist in a
gaseous abtmosphere, @egey Open hearth furnace gases - ag WS, IS, SO,
C0S, S0, 03, S, Sy olce Ires energy data for the formation of these
compounds have been given by Kelley(4l), and Richardson and Jeffes(42).
The calculations of Carter and Macfarlane showed that within the range
of compositiong they used the amounits of S5, S, €S, CS3, SO formed
could be ignoraed.

Bauations for the standard free energy changes for the relevant
reactions have been derived by Kelley(4l), Richardson and Jeffes(42),
and Ste. Pierre and Chipman(34) and values of the free energy changas
at 1773°%K are given in Table Is I can be seen that there are signifi-
cant differences babween the three sebs of datas The values of Kellay,
and Richerdson and Jeffes, and to a cerbain exbent those of St. Pierre
and Chipman, are haged on spechtroscopic measurementse Thege meagure-
ments have been inbterpreted differently by the wvarious workerse The
disagreementes in the data lie in the choice of the correct dissociation
energy of & and S into normal abomse

There have been considerable discussions about the true value
of the digsociation energy of Se According to Gaydon(43) the spectro-

gcopic measurements indicate the possibility of three values -
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101 + 3, 83, or 76 K.calgs. ~ for the dissoclatlon energy of & into
normel atomse Nernst(44) and Wartenberg(45) determined the molecular
weight of sulphur gas abt 2000°C, and thelr resulis showed agreement
with the lowest waluee Dewing and Richardson(46) suggested thatb
gince irvidium vesgels were used by Nernst, and Wartenberg, they may
be in errvor due to the formation of iridium sulphide in the hot part
of their apparatus. Although it was nobt possible to decide conclusively
beltween the three values, Gaydon himself favoured the highest value as
being the most probable one. DBasing his calculations on the corrvected
data of Montgomery and Kassel(47), Kelley derived a value which agreed
with that of Gaydons Recenbly Dewing and Richardson(46) determined
the heal of formation of S0 from & and Oy and used that value to
calculate the dissoclation energy of S;e Although carlier, Richardson
and Jaffes gave a wvalue of 76 k.calse. these results seem to confirm the
value of 83 kecalse

According to Ggydon, the energy of dissoclation of S0 into normal
atoms is elbther 1195 or 9243 k.cals., depending on how the spectroscopic
measurements are inberpretede I the predisgociation limit of 1195
kecals for SO is due to a 3T glate arising from normal atoms, then
it is the dissociation energyy however, if it goes to 0(3p)+s8(*D),
then the dissociation energy is 9243 kecalge Gaoydon favoursd the
first interpretation while Herzmberg(48) chose the latbere Richardson
and Jeffes used Gaydonds higher value as being the most probable one,

and Kelley's calculations too agree well wilth Gaydon's choicee
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Ag there are three probable values for the dissoclation of S
there could he six different values for the heat of Lormatlon of S0
from & and Oz These values are presentaed in Table 2, along with
thogse for SO and S from normal abomse In order to debtermine the
correct value of the heat of Fformption of 80, Ste Plerre and Chipman(34)
aquilibrated Cal~Fel sla.gs‘ with S03~00 gos mixbures, the slags being
held in platinum cruciblese The quenched slag was analysed for
ferric iron, ferwous iron, calcium, and sulphure Using sulphur, carbon,
and oxygen balances, in the gas phase, the value of pl; debermined from
The slag compogition, and the lmown equilibripm congtants, the gas
compositionf resulting from the gas phase reactlons of the gas mixture
entering the furnace, wag calculaiteds Their experimentally determined
valug of AH° = -19 kecalss for the reaction kS + %0 = 80, agrecs
with the velue obtained by combining the intermediate AN® value for
S formation (= =83 k cals.) with =119.5 k cals. for the formation of
85 from normal atomse

Dewing and Richardson(46) studied the equilibria & + 2805 = 480,
250s = 0 + S0z, ab 1250° and 1500°C respectivelye In the f£irsb, the
sulphur pressures developed in mixtures of g and S were debermined
from the sulphur conbents of bheads of silver heated in conbtach with the
gasase In The second, the S0 pressures developed in S0y wore deter=
mined from the sulphate contents of a calclum gilicabe melte From
these resulls they obiained a walus of «16 K.cals. for the game

reacbion K S + L0y = 80, Though both Ste Pilsrre and Chipman,



TABLE Il
CALCULATED VALUES FOR  Ho FOR THE

REACTION %Sz +%05 = S0.

o S+0=80 RS =8 %S+ 20y = 80 Investigationse

A Ho K.cal, AHo Kecole A Ho cha:l;g_

1. ~02e3 -76 +* 447

e =0243 -83 + 843

e =004 3 ~101 +172

4de ~11.9e5 ~76 “22ed Richardson and
Jaffasge

De ~119.,5 -83 ~19,0 StePlerre and
Chipmane

Ge »119e5 =101 =10.0 Kelley » GB;_V' done
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and Dewing and Richardson seem %0 agree on thae choice of the dissociabion
energy of 83 and 80, the difference in the AH®° walues is thought, by
Dewing and Richardson, to be probably,due to tha different gas mixbtures
uged in the two investipptionse This new value of Dewing and Richardson
gives an addibional sobt of daba to the already existing bhree sebs
when it is combined with the velues of Richardgson and Jeffes for the
other weactions (Reference Table I).

The correctness of the sulphurizing potential depends on the
choice of the wight values Lor the formation of the compounds Ss, S0,
and C0Se Carter and Macfarlane examined the date pul forvard by
Kelley, and Richardson and Jeffes, in thelr calculations, and their
resulbg geemed bo indicate bebier agreement with the data of Kelleye
The intermedisbe values of Ste Pilerre and Chipman were not used in
their calculationse The agreement of Carter and Macfarlane with
Kelley could also mean that the data of the obher two investigators may
be in errore In this Chapter,btherefore, all four sebts are brought

togebher for the purposes of comparison.

Caleulation of the Sulphurizing Potential (A)e

It is difficult to deduce A from the composition of the gas
mixture introduced into the furnaces It ig belbbter bo agsume a Linal
gas compositvion obtained inside the furnace after equilibrium has been
avtained bebween the various sulphur compounds and CO and COz, and

from the known, or mors correctly, the selected equilibrium consbants
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caloulate backwards to obtaln the initial gas composition. By
making a geries of such calculations, curves relating the inltial gas
composiltion and the sulphurizing potenblal may be obbtained. In the
following illustration the equilibrium constants obltained from the
data of Ste. Plerre and Chipman have been used, although curves obbtained
in this mamner were derived from each of the four sebs of datae The
results of all the calculations on gas compositlon are shown in the
Appendixe The caleulations of Macfarlane(36) for the data of Kelley,
and Richardson and Jeffes have also been ugede

Leb us agsume an equilibrium C0/CO; ratio of le5 and a total
pertial pressure of . PPS = 0,007 for the sulphur compounds formed
at 1500°C and 760 meme pressuree Then as 00/00z = 1.5, pls = L.164x10 ©
pCO = 0.5958, and pC0a = 0.3972, and L PPS = pS0y 4 pS + pSy * pSO +
pC0S = 0,007, If psda = 8y P, pSO, and pl0S can be oblbained in
terms of 'al! from the équﬂibl*iﬁ:n congtants for the appropriate reactions
in Table I.

Therefora,

9477210 +©
pS = 8 = 0,08392a

1.164x10 ©

2
pSa = 2 = 11946 a°

-}
64166210 7 2(1e164310 ).




P80 = (T T5ani0°8 )t

pCOS =

29

640393107

04645%x10°°
A, 2.4pC0 = 0,23772

1.164x108

= 0.5597a

e o SPPS = 119.6a° + a(1+0.08392+0,5507+0.2377) = 0.007,

Solving the ahove equation, a = 3.106x10 73 s and the percentage

composition of sulphur compounds is s-

SO = 44439, S = 3.726, & = 16449, &0 = 24.84,

COS = 10,55,

The final composition of the gas mixture is controllaed hy the

following reactionge

02
S0z
S0z
S0

~

+

o+

o+

+

200 = S + 200
200 = a S + 200q
C0 = 80 + CO
3C0

H

COS + 200,

L E R R RN NN BN
[ E XN AN NN EN]
St puomsen

([ XA R ENNRENYN]

Considering the volume changeg in the above reactions it

S0; and CO are expended while the GOg conbent incrsagese

and CO, and less CO; will have to be used in the initlal

[

o o Initial % SO0
Initial % GO
Initial % COy

100 x (Z£PPS + p&)

100 x (pCO+2pS+ipS, +pSO+3pCos)
100" x (pCOg ~2pS=4pSs ~pS0-2pC0OS)

-

I

H

il

Total

il

(1)
(2)
(3)
(4)

can be seen that
Hence mora SOg

-

gos mixturge

0.813
6044
388

100,013
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The above gas composition would have to be used to obtain the
agsumed C0/C0; ratio of le5 and 2 FPPS = 0,007 in the gas mixture at
1500°C.

4
The sulphurizing potential A = pz = 314.8, and

-
~

p
the Initial CO/CO; ratio = l.556.

A geries of calculations gimilar to that shown above was carried
out forl gach of the four sebs of date, and curves relating C0/CO; ratio
to the lgulphurizing potential for wvarious SO,-% contents wera drewme The
sulphurizing potentials obtained wera designa%ed Ay Apyy Bpcy LpR, where
the subscoripbts refer to the investigators Kelley, Richardson and Jaffes,
Ste Plerre and Chipman, Dewing and Richardson, respectivelys The four
sats of curves are presented in Iigele The difference in the A values
obtained from the game inibial gos composition ig readily seen. For
instance for a gas of 00/C0; = 1.5, %so% = 1.0, the A values are
By =400, Apy =205, Apg = 340, App = 343, and with G0/G0z = 2.5,
and the same SO content the A values are 770, 485, 710, 680, respectively.
Thug for the same initial gas composition the highest A value is obtained
using the data of Kelley and the lowest fpom those of Richardson and
Jaffese Those of the obher investigators are intermediate, and also
ghow the closest e:lgreement. The slopeg of the Apg curves are greater
than those of Appe  The difference in the A vaiues ig largely due to
the difference in the equilibrium gas compogitions This is made clear

in Table 3, in which the final gas compositiong obtained from the same
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initial gas mixture usging the four sete of data are given.

In general there iz lLlittle agreement to be observed betwean the
four compositions, and at bthis stage no cholce will be made between the
four possibilitles. Ixperiments will be‘ described later in which an

attempt wag made to resolve this quesitions



CHAPTER 1IV.

EXPERTMENTAL,
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EXPERIMENTAL

@Qarams.

The experimental procedure consigbed of tlwree stages, and
consequently the apparatus mey be described under the following

sechionge

le Gas preparation, Ilow regulation and Mixing. (Fige2)e
2¢ Gas Anolysige

(Fig.3).
3¢ Reactlion Chamber,

Gag Preparation.

Three gases, namely, G0, S0z, and CO, were used in the experi-
ments. Cylinder CO; was used after being dried over anhydrone(A),.
The oxygen content of COp which :is about 0,04 per cent could be taken
o have a negligible effoct on the C0/C0, ratio at 15009,

S0; was used from a gyphons Before 1t enbered the flowmetor
it was passed through a HpS0s bubbler(AB) and a U~bube filled with
Mg(C10s )2 o ‘

Cb wag prepared from COy by passing it over dry powdered graphite
held in a "Pybhagoras" tube at 1150%, The heating was carried oub
in a nichrome wound resistance furnace(G). At 1150°C the conversion
of COz to CO wag as high as 99 per cente Any unreduced G0z was removed
by an absorption train congisbing of a trap(T), a bobitle containing
600-700 mle of 20-25 per cant NaOH(SB), and a tower £filled with 8-14
megh soda ashestos and Mg(C1lQy)s (ST).
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Some difficulties were encountered during this part of the worle
Ag far ag the CO preparation went, at firgt no NalOH bubbler was usade
The temperature of the furnace containing the graphite powder (hereafter
termed the "Gég-aph:i.j':e Furnace") was hand controlled through an auto-
variac transformere Slight fluetuvations in the bemperature of the
furnace increasaed the amount of unreduced COp and this caunsed undue
heating of the soda asbesbos towerye This difficully was successfully
overcome by the NaQOH bubbler, which takes up most of the CO3 coming
through, leaving only small traces for the tower to cope t-ri“:ch. A
concentration of 20-25 per cent NaOH is about the limit as with higher
concentrations the Nep(O; formed during the absorplion process tends
to precipitate and sometimes choke the glass tubege The trap serves
a. ugeful purpose by prevanting the hack suction of the alkali into the
graphite furnacees

With regord to the 803 purification, the perchloraite U-tube was
fitted, in the beginning, wilbth rubber bungse They wore atitacked by
S0gand thus hardened with timee This made it difficult to make the
appropriate points gas tight. Also, some fine liquid droplets were
observed inside the glass tube leading vp to the flowmetere These
droplets could be sucked right into the rather fine throat of the
venturis followlng sudden fluctuations in the gas flow, the consequence
being stoppage of the gas flow. A new U~tube with ground~in glass

stopcocks was used combined with a largely reduced number of rubber
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Jointse  This change proved beneficial and no liquid droplebs were
formeds A slight drawbock was that the grease (silicone) used was
attacked by s giving rise bo a black subgstances Contamination of the
gas mixture by this substance was prevented by cleaning the tubes and
regreasing these joinbs.after every rune As this occurraed before the
gas is metered and analyse.d the possibility of its affecting the final

gas analysis is negligibles

Ilow Meagurement and Regulabtione

The flow rates were measured by means of venburimeters(F). A
2" long capillary tube with a constriction in the middle served as a
ventiwi. The meter limbs were fill_ad with "Griffin and Tatlock
flovmeter" oile The mebers were calilbrabed by the water £low mebhods
In this an agpirator bottle is connected to the oublet gide of the meber,
and the amounts of water, flowing out in lmown periods of time for
various pressure differences acrogs the venturi, were measureds Such
neasurements were congidered to be approximate and were used only ag a
guide, the actual flowrates being oblained by analysis as explained
latere The following ranges of flowrates were measurable with these
meberse | ‘ '
S0g =04 5-5 ml/mine CO-40-120 ml/mine COz=27-75 ml/mine.

The problem of flow regﬁlation was golved by Carter and Macfarlane
by inbroducing bleeder columng. By adjusting the level of the tube
dipping into the water column, the gas flow could be regulated to a :’;‘ing

degrege A similar set up (BC) was institubted in the present apporatuse.



Mixing of Gasoge

The three gases were led into a speeially prepared gas mixer(M)
which congigbs of a boiling tube (8" x l"/%") wibth three short glass
tubes atltached to it, 1" from the bases The gases impinge on a layer
of Mg(Cl1l0.)z placed in the mixers It is fitted with a standard B29
joint and a wad of glass wool(GW) is packed into the stopper part of
the mixers The large space in the mixer along wibth the glass wool

packing at the exil ensured good mixing of the three gasaese

Gog Analysise

The gases after metering and mixing were analysed at this sbage.
A gampler(8) of 150 ml. capaclty was connected to tha outlet of the gas
mixers A bypass was provided at this pointy 1o enable the withdrawal
of the sampler(s), from 'l;he_ £lov sysbem for determining CO/CO#80; volume
rabioe This was followed by a drier containing Mg(ClOs)s and four
saeparate channelse Channelising is made possible by using S-way
stopcockse The Channels indicated by numbers in Fige3, were used for
the following purposase
le To pass direcily to the Reaction staga.
Re Tor Lhe egtimation of combined CO; and S0g.
3¢ For the estimation of S0z.

4e To bhe abmospheras
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The channel for the estimation of combined COp; and SO congigted
of a Midwole bul}gyrggcl«:ed with sode ashegtos, and a waber bubbler(WB)
wibh an outlet o the atmosphere. Channel 3 is the same as 2, with
the difference that the Midvele bulb wag replaced by 2 bubbler(D), con~
taining acidulated waber for absorbing S0ze The gas mixbure may also
be released directly into the atmosphere bhrough Charmel 4 which
congigbs of a water bubblers The water bubblers enabled the atiainment
of conglbant flow rates 'as denoted by the levels in the flowmebters. The
height ofthe wabter in these bubblers could be adjustbed according to
requirenents by attaching a thimble fumnel at the top and a tap al the
base of each of these bhubblerse Onece they were properly adjusted the
flowrates romained proactically constant whan the gas flow was switched

from one channael o anobhera

Reaction Stagaes

Channel 1 led the gas to the reaction stages This section
essentially consisbaed of a verbical resisbance furnace with a Mullite
tube (11/,‘3" x 30") inside ibe The heating element(H) was of 13 per cent
Rh-Pt. wire (18 swg.) wound over a length of 12" on an alundum tube
(2" iede)e The current flowing through the coil was adjusbted with a
20 amp. outovariac transformer, and a "Sunvic" energy controller was
used to regulate the temperaturee The winding gave a 2" long uniform
temperature zone at 1500° in the Mullite tube, the temperature being

measurad by a 13 per cent Rh=Pt.-Pt. thermocouple (IC)e The Mullite
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tube wos supported at the top with a clamps When supported from the
botbtom the tube showed a tendency to Dend with time, probably due to
the welght of the moberials ingide ite The open ends of the Mullite
reaction tube were Libtted with rubber bungs. The top bung carried
an 18" long aluminn tube (M/e" ede, “/a" 0ede) which extended into .
the hot zone of the weaction tube, and a ghort glags tubee The alumins
tube carried a number of light weilght alundum stools(AS)e The lowesh
stool was cemented on to the alumina tube so as to act as a support for
the stoolg above ite IbL was necéssary t0 roughen the surface of the
aluming tube before the sbool was cemented on to it, since the giool,
vhen cenmented on to a smoolth surface, slipped down on being fired ai
high temperaturege The boltor bung carried a Mullite' thermocouple
sheath containing the thermocouple, and a short glass tubee VWhen %he
two bungg were fitted to the reaction tube the tips of the sheath and
the alumina susgpension lay within the uniform temperature zone and were
separated by about an inches Thig space formed the reaction chambar
within which the crucibles containing the slags could be placede
Platimm was found to be the most suitable crucible material for
the types of slags used in the present investigation. Small discs
(0.7" dia.) of gheet foil (0.0012% thick) were cut oub, annealed, and
pressed into crucibles. Annealing prevenﬁs'tearing of the foll while
being pressede  These crucibles can hold 0.25~0.4 gme of slage Use

of larger quantities of glags involves difficulties in quenchinge
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Rapid cooling is highly desirable. With larger amounts of slag,
involving the use of bigger crucibles, cooling is nob so rapid, and
this inbroduces the possibility of loss or gain of sulphur by the glag
while cooling, depending upon the abtmospheric conditions and rate of
changa of temperature in the reaction tubes An alundum tray (AT.
%é" thick 1%/4"dia.) was prepared with four depresglons in it for
holding the cruciblese The thermocouple sheath fitted into a small
depression at the base of the reaction tray. The dead space hetween
the botbom bung and the tray was £illed by fitbting alundum stools round
the sheath rlight up to the bass of the tray, the stools thus gupporting
the traye This arrangement is shown in Fige3e.

Requisite arrangements were made Lo introduce the gag nixture
gither at the bottom during the early stages of a run or at the top
of the reaction tube in the later stagese The glass tube in the
bottom bung could also be connecled %0 a supply of purified nitrogen for
flushing the gystem fres of any oxygen. The oubgoing gas from the top
or the bottom of the reaction tube was connacted to Channel 4, and thereby

to the atmospherec.

Slag Preparatione

The experiments essentially congloted of equilibrating slags
containing lime with SO0;~containing gasese The object of such experi-
ments was to debermine the effect of Ala(;, S10,, Mg0 on the pick up of

sulphur by limee In order that the slag composition may be effaectively
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controlled, it is important that synthetic slags be usede These slags
werae prepared from the following materials.

l. Calcined analar CaCls

2« Analar Aluminae.

3« Annlar MgO heated to 1000°C.,

4o Acid washed and ground Silica.

The melting was carried out in a graphibe erucible heated by a
high frequency induction coile. Usually the molten slags were poured
out into sma.:l.l buttons, crushed, and remelteds This ensured a homo-
gensoug melty The slag was then crushed in a percussion mortar and
finally ground in a mechanical agate mortars Any carbon picked up by
the slag was removed by igniting in a platinum crucible at 1000°C.
Binary Ca0=AlgQs, Ca0-310,, and ternary CaQ-Alp0; -Si0, slags were
prepored in the above manners Mogt of the Ca0-Alp(z ~Mg0 and CaO~Si0z-MgO
glags ware obtained by adding the required amount of MgO directly +wo %he
small platinum crucibles and bhoroughly mixing before placing the crucible
in the furnaces This method of addition waes preferred td the addition
of MgO=containing binary slags due to the difficulty of obtaining such

binary melbts with low enough meliting pointse

Analysls of Slagse

Silicas  Sillca wag estimated in bhe slag-binary or ternary by
fusing a lmowm weight of sample with NagCQO; in a platinum cruciblea

The waber-leachaed fusion was acidified with HOL and a feu drops of
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HNO; and boilede The gilica wad dehydrated with perchloric acid.
On dense whibe fumes being obtalned the solution was coolaed, diluted,
and filtered 'i;hroﬁgh paper pulp, and the residuc wasghed albternabively
with hob ls4 IK1 and water, and finally with wabere The residue,
wailghed afber ign:i.‘ht’lon in a platinum qrucible, was fumed with HF and
280, and reweigheds The difference between the two weighings gives

the anount of silicae

Aluminae Alumine in the ternary slag was dotermined in the filitrate
obtained from the silica estimations The Cal-~AJz0; slag was fuged with
Nag G0z and the fusion leached witvh waboer, heated to bhoiling and dilube
0L added until just acide The AL(OH)y precipitate, obtained by
treéting the golution with dilube NHOH in the presence of NH.Cl, was
dried, ignited, and weighed as AlaOe

Lime. Lime wag precipltated as calcium oxalate from the fillrabe
obtained from the debermination of alus:*iina. It was usvally necessary
to keep the solution overnight. Add:i%ion of a few grams of urea
assisbed in the formation of a coarge precipitate within 5 minubes.

The precipitabe was washed with 2 per cenb HHaNO; solution, dried, and

ignited, the residue woighed ag Cal.

Mognesias. Two masber slags containing MgO were prepared by
mixing Ca0, Si0; and MgO in the required proportionge The meliing

procaedure was as deserlbed earliere The MgO in such slags was -
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determined in the filbrate Ifrom the lime estimation by precipitating
it as MghPO, with NagllPQpe On ignition the precipiltate is converted
to MeePa0; « Using the appropriate conversion factor the percentage
of MgO present can be obtained.

A complate analysis of a ternary slag is given below in duplicate.

A B Average.
$i0g 7448 7436 742
Alg0s 32465 3046 32463
a0 60044 59492 60410
Total 100457 99,88 100416

The analysis obtained showed good agreement with the proportions in which

the oxldas were mixed, the greatest dlfference being about 1 per cente

Bxperimental Procedureas

The alundun tray with the crucibles containing the weighed slags
was introduced into the Peaction tubes Purified Mo was inbtroduced at
the bottom_of the roachion tube and released Lo the atmosphere from the
top through Channel 4. The reaction furnace and the graphite furnace
were then switched on and left on overnighte By morning the temper-
aturesof the two furnaces were up to 1350°C, and 1100°C respectively.
It took as much as bwo hours to obtain a gas mixture of congtant
composition, when all the thires gas flows were started simultaneously.

This may be due to the difference between the flow ratess The largest
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difference was beﬁﬁeen CO and S04, the*gas flovs of which were of tha
order of 100 ml./min. and 2-4 mle/mine respectively. The time taken
to obtain the constant composibtilon gas mixture could be reduced to an
hour by the following procedures The SO03 flow was first started and
lot out into tha abmogphere through Channel 3, as Channel 4 was being
usad for the nitrogen outlet, from the reaction furnsces A fouw
mlge of KI-KIO; solution in the S0 bubbler will indicate the flow of
S0ze At Ghis stage the CO; was gbarted slowlys As the COp flow rate
wos increased the CO was also admitteds In a feow minutes the Llowrates
wvere Wp Lo The desired values. Small adjustments were made by moang
of the bleeder columnse

The gas was allowed Ho run to waste for an hour and was then analysed
for S0ze The abgsorbent in the SO; bubbler consisted of 100 ml. of
distili@d waber + a few mls. of 1ls4 HCl. The gas mixture wos passed
through thig golution for a perioé.of 2-4 ninutese The HaSO; formed
was then titrated against gitandard KI-KIO; solution using freshly
prepared stareh solution as an indicatore The nitrogen flow through
the reaction tube was stopped before the S0; analysis wag sbarteds This
was in order to divert the gas flow through Channel 4 while the absorhent
in the SO0p bubbler was being titrateds S0p absorption was complete and
a second S0y bubbler was found to be superfluouse At leagt three
gstimations were carried oub within a period of 15-20 minubes to

debermine any fluctuations in the SO flowe DPuring the second and



43,

lator estimations it was found easier 1o add KI-KIO; golubion (about

2 ml. short of the volume required in the first one) into the SOy bubbler
and bibrate as previously. In an alternative method a 5-volume H;0g
solubtion was usad as the absorbent and the IS0, formed titrated against
a gbandard NaOH solution using dimethyl yellow as an indicator. Diffi-
culty was experiencaed in obbtalning the game end point in each titration
unless a standard coloured solubion was kept for comparison. Carber
and Macfarlane used the second method while the first one was used in
the present worke The firslt method was considered to be more convenient
and sharp end poinbs could be oblained more easilye.

When S03 was flowing at a steady rate the total CO; + S0z was
delermined by passing the gas for 6 minubes through the weighe& Midvale
bulb in Channel 2. CO; and S0z were both absorbed and thus the lncrease
in the weight of the bulb gave the weight of CO; + SOy for that periods
The gas sampler was now disconnected and analysed to obtain the
C0/C0; +502 rabio hy :ﬁ‘ltishing the gas out with purified nitrogen ithrough
a we:i.ghed.w Midvale bulb containing soda ashesstoge This absorbed COg
and S0ze The CO was oxidised further on by Copper oxide held at )
450-500°C in a small nichrome wound furnacee. The 902 thus obtained
was absorbed by a second weighed soda agbestos bulbe This esgtimation
wag completed in about 20 minutese

The three deberminations gaves-

le Weight of SO; in gm./mimutes
2« Weoight of COz+S0: in gm./minube.
3s Weight ratio - CO/C0Oz+50z.
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The volumetric composition of the gos mixture can be oblained from the
above ‘three valucse

The gas mixture was now introduced into the reaction tube fron
the bottom and withdrawn from the top to f£lush out all the nitrogen
ingide ite The flughing was carried out for half an hour. By thisg
tima the btemperabure of the reaction furnace had been brought up o
1500°Ce The gas flow was momentarily sulbched to Chamnel 4, thereby
by-passing the furnacee The top outlet was closed, and the gas
rointroduced into the reaction tube thirough the central narrow borg
alunina tube, and withdrawn from the bottome Carter and Macfarlane
uging a similar set up found that the temperature in the reaction zone
remained unaffecbed when the gas impinged on the slag in the crucibles,
showing that the gas mixbture was sufficiently preheateds Thermal
diffusion effects were reduced to a minimum by having a small reaction
chambere

The direction of the gas flow wibhin the reaction tube was subjech
to some changes before the above menbioned procedure was adoptade The
gas mixture was, at first, introduced and withdrawn from the tope Thig
mathod wag found to be satisfactory only as long as the top suspension
was very close to the crucibles ( l/z"). If oo close, the crucibleg
sbick to the guspension, thus spoiling the enbire rune If on the obher
hand, bhe suspension was too far away, lowver sulphur plck-ups were
obtainede For exampla a slag containing 49.6 per cent CaO, and 504
per cent Aly03 absorbed 0e3 per cent sulphur instead of the expected

value of 036 per cent sulphur from a gas whose AR wvalue was 245, when
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the distence was more then 24" The distance hetweon bhe lower tip
of suspension and the crucibles was not very critical in the method
adopted for the present work which differed from Cariter and Macfarlane
in that the gas was withdrawn from the botbom instead of the Gope

The gas flow through the reaction tube was conbtinued for at least
4 hours after which the gas was swibched o Channel 4, the reaction
furnace switched off and the slags quenched by lowering the alundum tray
quickly through the firgt 3" and then morae slowly to prevent cracking
the Mullite tubee The crucibles were out of the furnace in less than
2 ninutege The slags wers then kept in desiccatorse. Tho SO0z analysis
wag carried out every hour during each runy the wvariabtion in the
titration reading did not very.by more than 0.2 mle per minute (= 0.014
mls of S0z)e The analysis of the gas mixture ab the end of the run
showaed a gimilaxly negligible difference from the earlier analysege

The sulphur conbenits of the glags were debermined by the method
given by Fincham and Richardson«sq).The glag wds broken up (with one single
blow) into small pieces in a percussion mortar and then weighed into
a pre-ignited alundum boats The boal was inbroduced into a 13 perw
cent Rh-Pt. wound furnace held at 1425-1450°C., CO; was passed over the
glag and the S0y evolved absorbed by acidulated water, and contlnuougly
bitrated with KI-KIQ; solutione The estimabion wes complebed in half
an hour for Ca0~Si0; slags, whereas some CaQ-Al;0; slags took as much
ag ong and a half hourse By adding smell quantities of NegCO; to the
glag in the boat, the time taken could be reduced o ahout half an

houre This procedure wag adopted for all slags containini AlsOze
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COMPARISON OF POSSIBLE THERMODYNAMIC DATA.,.

In Chapter III the differences in the bthermodynamic data were
discussed, bub no conclusion was reached as to the best choice of data
for use in the caleulations of Q. Ca0 in the present investigation.

In order to obtain further informabtion a series of experiments was
corried oulb in which a slag containing 45 per cenb Cal, and 55 per cent
AlpQ; was equilibrated with gas mixtures of different C0/CO; ratios and
S0; contents at 1500°C, These results are presented in Table IV.

Line activities were calculabed in a manner gimilar to that used
| by Carter and Macfarlanee Thus Ffor The reactions
Ca0 + j/aas'a = Cas + Y 0

-

the equilibrium constent™ K = O_EPE_S_ . f_’_g& s and if pSy /pl =4,
A Cad pS3 ~ ~
0.Ca0 = ACas/Keh. -

Although the direct debermination of absolute values of A Ca0 and A CaS
is not posgible from thege experiments, the résul'bs obtdined can be
combined with the results of an experiment in which a standard slag of
unit lime activity (leee, saturated with lime) im equilibrated with a
suitablae 00-002_ ~50; gas mixture. IHence the lime actbivity for any slog
will be given bys

Agas / A°%Cas
Q G 0 - /
& A A°

where the superscript refers to the standard slage If it is assumaed

that for slags far removed from sulphide saturation, percentage sulphur
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can be substituted for K CaS, this expression becomes
i
A a0 = @ / 7:.%-
A 7 A°

A similar agsumption was also made by Carter and Macfarlanee A standard
slag (Ca0 = 60,0 per cenb, AlyO3 = 3246 per cent, Silz = 7«4 per cent)
was found o absorb 2 per cant sulphur from a gos mixbure with suwlphur-
izing potential -~ Ag = 358, AR = 185, Apc = 300, App = 307, substit-
ubing these values in the above equation the lime acltivity walues shown
in Table IV were obtainede These values are plotted againgt sulphurizing
potential in Flge4 for cach of the four sebs of data. It é(a—tgi:;e seaen
that ACal values colculated using the date of Ste Plerre and Chipman(34),
and Dewing and Richardson(46) remain constant within the limits of
experimental errors up to a sulphurizing potential of 1300, beyond which
o decrease is observeds In tho case of Kelley's data A Cal shous a
slight increage in the region of Axg = 1100 anci"decreases from 1400
onwardss The lime activilty values derived from the data of Richardson
and Jeffes show a decrease right through the range of A valuvage

Congtancy in the calculated values for lime activity would he
expectad ifw-
(2) the agztivi‘by cogfficient of CaS does not vary with sulphur

contanty
(b) substitution of oxide ions by sulphide ions does not affect
the lime activity,

(e) ‘the correct thermodynamic data have been chogen.
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The date and the caleulations of Rosengvist(50) indicate that
¥ CasS decreases with increasing sulphur content in blagh furnace type
slagge  Howewer, the effect does nobt appear 4o be gerious below aboub
2 per cent sulplmrs A gmoll decreage in ¥ Cad ab high sulphur conbents
should show itself in the form of a decrease in (L Ca0 and this moy
account for bthe small decrsasae ohserved, as shown in Fige.4, when the
sulphur content exceeded about 1 per cente On the other hand, it would
seem probable that substibtubion of oxlde ions by sudphlde iong would
cause gome lowering of the oxlde activity of the slag and this also may
be the reason for the oﬁserved decrease in G Ca0 when the sulphur
contenbs excead 1 per cente It would be difficult Lo calculate the
guanbitative effect of this substitubion bul some lowering of A Cal
night have been expected at an earlier gtage, lece, at lover sulphuw
contenbsse It may be bthal in the early stages of the gubstitublon
gufficient furither breakdown of the aluminate ions occurs, giving more
oxide ions o counteract to o large extent the substitubtion of oxide lons
by sulphide iongse It would be expected thalt evenbually a sbage would
be reached when the breakdown of the aluminate ilons would materially
fall short of that required %o compensgate the loss of oxide ions caused
by sulphide substitubione & marked fall in oxide activity should then
occur and this is probably the main reason for the drop in (A Ca0 shown
in Fige4 ab high sulphur conbontse

If this explanation is feasible, then some light might be thrown
on. thg problem by re-calculabing the slag compositions on a Cag8-ifree

basise This has been done and the results plotted in Fige5, which
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also shows the variation of G (a0 with composition given by Carter

and Mocfarlance Apparenbly there is no agreement hetween the basic
curve and the calculated results, and in fact in this line of argument
the resulis of Richordson and Jeffeg ssem to it the picture bebber
than any of the otherse However, it was shoun by Carter and Macfarlane
that L Ca0 ig constant for low sulphur concentrabions, and consequently
the agsumpblon made in using CaS-free slags has been fallacious.

It seems probable that at low sulphur concentrations the subsbit-
ution of sulphide ions for oxide ions does not lower A Cal gignificantly.
If this aggumption is made, the resulis of the above experiments, recorded
in Table IV, seaem to rule out the possibililty of the data of Richardson
and Jeffes being correctbe There is libtle Lo choose between the
remaining three sels of dabta, albhough the slight rise in (L Cal with
sulphurizing pobential shown by bhe data of Kelley seems lmprobables
The difference between the data of Dawing and Richardson, and Ste Pidrre
and Chipman cenbres mainly around the value for the heal of formation
of 80, The wvalue put forward by Dewing and Richardson wag obtained
by two independent methods and hence one might expect thal greater
reliance could be placed on their valuese Furthermore, the experimental
resulbs of Ste Piarre and Chipman are more susceptible bto errors caused
by the presence of small amounts of oxygen which could enter the system
either as an impuriby in S0 or by a small lealks In thelr experiments
the oxygen pressure in the gas (essentially pure 80z) was calculated

vl b
2]

from the ratio Ia™'/p + Fe'  in Ca0-FeD slags with which the
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gag wag in equilibriume Ib was assumed that ps0 would equal % pOse

If oxygen has leaked into the system this assumpbtion is not frue and
calculation indicates that legs than Q.08 per cent O; would he guffic-
ient to cause the discrepancy bebween Dewing and Richardson, and St.Pilerre
and Chipmane Since the SO data of Dewing and Richardson were obtained
by bwo different methods which gave closely agreeing resulisg, it is

proposaed to use their data in the remainder of this worke
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RESULIS.
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RESULT Se

The puxpose of the present work is to determine the effect of
addition of MgO on the sulphur absorption characteristics of slags
contalning Caly Als0;, and Si0;e The general plan of work was to stard
with binary and ternary master slags and measure the equilibrium sulphur
conbents for these slags with and without Mgle In Table V, the compos-
ltions of the slags used in the present invesbigabion are given. The
method of preparation of these slags has been given earliere The gbudy
of the masler slags made it posgible to compare the resulis of the
present work with those of Carter and Macfarlane for glags of the same
systemse

A daebailed study of the effect of some variables like bime,
temperatura, and gas rate hag not been carried out during the prasent
worke Fincham and Richardson(32) studied the effect of temperatura,
and showed that for a gas of constant equilibrium pO; and a given S0z
conbent the equilibrium sulphur content increased with ltemperature.

This wag confirmed by Carter and Macfarlanes In the present investi-
gation only 1500°C was useds Ag to the other variables Carter and
MocFarlanet g thorough investigation has been used as a basis for the
present woa':.'k. The equilibrium sulphur pick-up was attained in aboub
three hours, and the flow rate did nov greatly influence the sulphur

pick~upe Hence in the present work the runs were carried out for a



TABLE Ve
COMPOSITION OF SLAGS.

Weight Ter cente ~Tol. Iraction.
Slag - CaD A:Laoa S0 T MgbT T AT ALl 80 M
CAL 40,3 59,7 - - 0.551 0,449 - -
CA2 41,6 5844 - - 0.564 0e4:36 - -
CA3 45,0 55,0 - - 0,598 0.402 - -
CA4 49,6 5064 - - 0.642 0,358 - -
CAS 5348 4042 - - 0.679 0.321 - -
CsL 35,14 =~ 64486 - 0ed67 - 0,633 -
CS2 40,25 - 59,75 - Ou42 - 0,58 -
CS3 4.5 94 - 54..06 - Q477 - QeS23 -
c3 492 - 5008 - 0+ 509 - Q.49 -
CS5 52.0 - 48,0 - 0,538 - 0.4:62 -
CS6 56,0 - 4440 - 0577 - 0.423 -
41374 568 - 4362 - 0.59 - 0.4l -
CASL 20,45 11.76 0779 - 0226 0.072 0,702 -
CAS2 29,66 1l.14 592 - 0.326 0,067 0.607 -
.CAS3 40,8 Q.64 49456 - 0,443 0.057 05 500 -
CAS4 23,88 14,87 6125 - Ce268 0,092 QeG4 -
CASH 354 14515 49,75 - 0e.393 0,091 0,516 -

- CAS6 41038  1de34 44,28 - 06457 0,087 0456 -
CAS7 Rled 19,56 55694 - 0280 0,123 02597 -

. CASS 3682 16434 47 46 - 0,405 0,100 0495 -
CA.S9 45,9 18.38 35671 - 052 Q112 0.368 -
CASLO 60,06 3256 738 - 0,708 0,211 0.081 o~
CAML 3893 5667 - 5,0 0.50L 04,408 - 0,091
CAMD 3769 56461 - 6.0 0:492 00400 = = 0,108
CAM3 375 555 - 7.0 Oe482 0,393 - 0,125
CAMa: 371 5449 - 8.0 0,473 0.385 - 0.142
CAMS 367 54e3 - 9.0 Oe464 0,378 - 0.158
CAM6 3643 5367 - 10.0 0.453 0.372 - 0.175
CAMY? 3965 555 - 5,0 0e513 0,397 - 0,030
CAMB 39,0 550 - 640 0,503 (0,390 - 06,107
CAM9 3866 5404 o 70 0,494 0,382 - 0. 124
CAMLO 378 532 - 9,0 0475 0,368 - 0.157
CAM1) 443 5467 - 1.5 0.580 0,393 - 0,027
CAMl2 4367 53e3 - 360 0,566 0,380 - 0,054
CAML3 4362 528 - 440 06555 0.373 - 0.072
CAMIA 42,8 522 - 540 0,546 Qu366 = 0.088
CAMLS 42ed 5166 - 6.0 0536 Ow359 - 0,105
CAMl6 4169 5lel - 740 0u525 0353 - 0e122
CAML7 4165 5065 - 8.0 Qe 516 04346 - 0.138



Welght Per cente

Mol. Iractione

Slag Ca0 AlpQy 810, Mg0 Ca0 Als Oy Si0z  MgO

CAMLS 41,0 50,0 - 9.0 0506 (w340 - Ou 154
CAMLY 4761 479 - 5,0 0.586  0a328 - 0,086
CAM20 4646 4794 - 640 0.575 0,322 - 0,103
CAMRL 4651 46,9 - 740 04565 0.316 - 04119
CAMo2 4560 4084 - 8.0 0.555 (0.310 - 0.135
CAM23 4561 4569 - 00 0e545 0,304 - 0.151
CAMp4 L4406 4504 - 10,0 Q4534 0,300 - 0,166
CAM25 51.0 44,0 - 500 0.621 06295 - 0. 084
CAMPG 5065 4345 - 60 0,610 0.289 - C.10L
CAM27 49,9 4301 - 7.0 0,599 0,284 - 0.117
CAMPS 42,0 55,0 - 3.0 0.55 0,396 - 0, 054
CAM29 4160 55,0 - 4,0 06534 0,394 - 0.022
CAM30 40,0 55,0 - 5.0 0,518 0,392 - 0,09

CAM31 4891 5064 v 15 0.618 0.356 - 0.026
GAM32 4666 5064 - 3.0 0.594 0,353 - 0,053
CAM33 4566 5064 - 4,0 0,578 0e352 - 0,07

CAM34 496 50,4 - 5,0 0. 563 Qe349 - 0,088
CAM35 4366 5004 - 6,0 Q547 0,348 - 0.105
CAM36 4066 = D504 - 70 0e532 0.346 - 0.122
CAM37 4166 504 - 850 0.517 0,345 - 0,138
CAM38 4.0.6 50,4 - 9.0 Ou502 0,343 - 0,155
CAM39 3966 5064 - 10,0 0,488 0Oe341 - 0e171
CAMAO D263 46e2 - 1.5 0s656 0,318 - 0.026
CAMAl, 508 4692 - 3.0 0,632 0,316 - 0,052
CAMAR 49,8 4692 - 440 0.81l7 06,314 - 0.069
CAMA3 48.8 4682 v 9«0 0601 04313 - 0.086
CAMA4 4768 4602 - 6.0 0.586 0.312 - 0,102
CAMAS 468 4642 - 7.0 0,571 0,310 - 0.119
can 3346 - 6204 460 0:345 = 0,598 0,057
caMe 323 o 59,7 860 0326 - 0562 0,112
caM3 31.0 - 57%0 12,0 0,307 - 0527 0,116
cau 29:5 - 5465 16,0 0,288 - 0.496 0.216
CaMb 28.0 - 520 20.0 0269 - Q465 0,260
G 2 67 - 49,3 2440 Cu252 = 0,434 0,314
e 3866 - 5704 460 0,395 = 0.548 0,057
caM8 370 - 5520 80 0372 - 0s516 0,112
caM9 3565 - 52ed 12,0 0351 -~ 0484 0,165
CcsaMLo 3460 - 50,0 1640 0.331L - 0,453 0Qe216
caal 325 - 4745 20,0 0e311 = Osd24 0,265
can2 3067 - 4543 24,40 0,289 =~ 0.397 0.312
CsML3 4490 - 5240 40 0,249 - 0,494 0,057
CaMls 4246 i 2964 840 Qudn7 - 0.462 0,111
caMs 4043 - 47 o7 1240 0.397 = 0.439 0.164



Weigh‘b_?er CENbe

Mole Fraction,

Slag Cal Alp0;  Si0 Mg0 Ca0 Ala0; 810z Mg0
CaML6 38,5 - 455 16,0 02373 - 0e4ll 06216
CML7 366 - 4364 20,0 (e 349 - 0.386 0,265
caMls8 35,0 - 410 24,0 0e328 = 0,359 04313
csMie 47%3 - 48,7 4.0 0,481 =~ 0.462 0,057
CaRo 4565 - 46ed 840 0.4:55 - 0s434 04,111
Carl 4364 - 4496 12,0 c QudR? - 0:409 0,164
CaMan 41’ - 425 16.0 Qo4 = 0s383 0u215
CaMe3: 39,5 - 4095 20,0 0.376 =~ 0,359 0,265
CAp4 37.3 - 3847 2440 0,349 =~ 0,338 0,313
Caps 3lals - 64086 4,0 Oe32 - 0.623 0,057
CaMR6 OT7eld =~ 64686 8.0 0275 = 0,612 0,113
CaMR7 2314 = 64486 12.0 0230 = 0,604 0,166
cars 15,14 = 64986 20,0 Oell = 0,585 0,269
Cap9 1leld - 6486 2240 0.108 = 0,576 0,318
C8M30 36425 = 59,75 490 0372 = 0.57) 0,057
Ca3l 32625 = 59,75 840 Qa326 = 0,562 0O.ll2
CaM32 2825 - 59,75 12:0 (Je28 o 0:554 0,166
CsM33 24w25 - 59,75 1640 OuR37 = 0.545 0,218
CaM34 2025 - 59.75 20,0 0,185 = 0,537 0,268
CaM35: 1625 = 59475 D0 Qulbs = Uu529 0317
CM36 5160 - 4362 50 0s523 = 0,407 0,070
CSM37 4768 - 4362 9.0 08475 = 0400 0,125
CgM38 4348 - 4362 13,0 0e429 = 0.394 0177
CaM39t 30.8 - L3e2 17.0 Qw384 - 0,388 228
CaRo 368 - 43,2 20,0 0s35L = 0,384 0,265
0 338 - 4362 2320 0s319 -~ 0380 0,301
CoMae 30,8 - 4302 2640 0.287 =~ 0.376 0,337
CA.ML 19,42 11,18 649l 560 0.210 0.066 0648 0,075
CASM2 18441 10,59 61.0 1050 0194 0,062 0,599 0,146
CAgM3 1738 10,0 57462 1540 0.178  0.056 0.552 0,214
CASME 28,18 10,58 5024 5.0 0,302 0,062 0. 562 0,074
CASMS 26«69 10,03 53.28 10.0 06279 0,057 0.512 0,145
CASMG 25622 Q47 50,31 1560 0.257 0,053 0478 00212
CaQM7 38,77 %16 47.07 5.0 04l 0,053 0464 0,073
CASMB 3673 B.066 44,61 10.0 0e379 0,049 0e429 Q0,143
CAMO 34468 8420 4212 15.0 0349 0,045 0.396 0.21
CAsMILO 2968 14,12 5842 560 0e247 0,085 0,592 0,076
CASMLI 21,49 13,39 55,12 10,0 0,228  0.078 0s546 0,148
CAQML2 20230 12,64 52606 15,0 0.210 0,072 0,502 0.216
CASML3 33,62 l4.11 47627 540 0364 0,084 0,477 0,075
QA ML 31le.85 13,37 44478 10,0 0.336 0,078 04440 0,146
CASMLS 30.09 J2.62 42429 15,0 0,309 0,071 0406 0,214
cAgvié 39,31 13.62 42407 5 0e423 0,080 0.422 0,075



Welght Per cantbe

Tiol, Iractions

Slag Ca0 AlaQy 510z Mg Cad Al 05 Si0 Mgl
CASMLY 3724 12,90 39,85 100 06390 0.074 0,390 0,146
cASMS 35,18 12,19 37,63 15,0 0.360  0.068 0«360 0,213
CASTLY 23,28 18,58 53914  5e0 04259 0,113  0.551L 04077
CASR0 2205 17,60 50,35 10,0 06238 0,105  0s507 0,150
CASMPY . 20,83 16463  47.54 15,0 0u218 0,096 0,466 0.220
CASMR2 3439 15.52 45,00 5.0 0.374 0,093  0.457 0,076
CASM3 3258 14,71 42,71 10,0 0e345 0,086 04422 0,147
CASM24 3077 13,89 40234  15.0 0,318 0,079  (,388 0.215
CASMRS 4396 1747 33493 5e0 0475 0105  0a345 0,075
CASM26! 41e3  16.55 32,15  10.0 0,438 0,096 0,318 0,147
CASMRY 39e0L 15463 30636 15,0 0s403 00089 04293 00215
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minimum of four hours with o flow rate of 140-150 ml./min.

No definite trend was noticeable from the nature of the slag ab
the end of each rune. Slags varied from a glass %o a milky coloured
melte Probably the differences are due to the quenching technique,
the difference between the experimentol bemperatura, the liquidus
temperature and the slaf composition. Osborn and Co=workers(5L)
dﬁterm;ned the melting point of a number of slags using the quenching
mebhode  They found that liquids having a welatively low CaQ + Mg0
content quenched to glasses, while those containing more than 60 per
cent of Cal + Mg0O contgnn do not quench to a glass but devitrify during
quenchinge

. In each experiment the slags woere weighed before and after the
runy -In almost every case a loss in veight was observeds In Tablaes
VI, VIL and VIII, the percentoge loss in weight is tabulated ggainsh
per cent Mgl in Cal-8ls03, Cal-851i0; and Cal-Al,(; ~Si0s slagse Auy
increase in weight is denoted by a plus signe In all three sysbenms
the logs In weight is found to increage with MgO contente Thig
suggesbs that the loss may be due to volatvilization of Mg from the slag.
The agresment between the varlous seis is not particularly goods  This
mey be dus Go the different C0/CO; ratios uged in the verious experi-

ments, if the loss observaed is assumed %0 be according to the reaction

MO + CO = Mg + CQp
AGops® = +58.16 Kecalse
Kigsa© = 64876 x 10™



TADLE VIe
Por cont Losg in Weipht in Cal~AloC;~Mz0 slags.
(a) Mg0 additions to slags of consbant CaQ/AlaQ; ratioe

Cal/ ‘ /o MgQ

Slag AlgQy 0  1e5 3 4 5 6 7 8 9 10
Ratlo. -

CAl 0e68 Qo34 =~ - - 0662 0.7 08 069 1ol 0,9

GA\3 008!‘?; 0. 92 l-z 1.% 1.21 - - - - - -

" " le26 = - - 1ed oS led  Lle6  Le7  1e7
Ch4 0.98 0494 -~ - - l..l le3 1.3 - - -

" " 0.. 9% = - - le2  Le2 " Lle2 le3 le3  leb
CAS lel6  0e42 - - - 0e75 0s8 0.8 - - -

(b) Mz0 additions to slags of consbant AlsQ; conbent.

Slag AlgO0; O 1.5 3 4 5 6 7 8 0 10

CA3  55¢0 1e22 le4 Lled 15 = - - - - -
CA4 50e4 la22 lué le5 1.6 - - - - - -
" " Ll - - = Lo 1e6 Le6 1e6 Le2  Le7
CA5  46e2 Oef 044  0o5 0.7 0.7 0.9 Lol - - -




TADLE VIl

Por cant Logg in Helsw Ca0-810-100 fdacoe

»

(2) M0 additlons o plogs of consbant Cal/sS10y »atlo.

Gat/ 20
Slag 810, 0 4 8 216 20 24
SO 12121 S -
Ol Qe 54 - 0ed 0e7 1e0 ~ = -

" " 02  0e3 Qo8 L0 000 18 Le6
C& Oe7 +0e 1, Oe#: 0.8 Le0 ledk N
083 0e9 - - Qe 005 103 lol lo‘g:
GSQ 1.0 b 003 0.6 0.8 102 1-0 1.0

(b) MO additions to slapp of constant Si0y conbonbe

%,, Mgu 3 T 20 o w23 o 18
Slog A 0 & 8 12 16 20 24,
_— S‘j*.ﬁ _ o - - e o
I 64806 02 Qe Qe Lol (] 1.9

Ceo 50495 Qa2 Qa2 Qe 0u6 0.8 L0 1e3

Cm SOuS nd - 004' 0e8 leld - -
(5) (9) (x3) (v (23)
Co7 4362 - L0 Lol 3-.4: Le7 - -~
" e loo 1-0 107 10? 107 Je8




TABLE VIII,

Per cent logs in Weight in 0aO-AlsGh ~-8i0a-Mg0 Slagse

MgO additions to slags of consbant Ca0/Aly0s+S8i0; ratio.

Slag Ca0/Alp 0y +S10, 7 MgO
Rabios - 0 5 10 15
chsl 0257 - 0n2 Outh 1.0
CAS2 0.422 - 0.3 06 0.9
| CAS3 0689 - 0.3 0e9 1.2
CASA 0,314 - 0e3 0s6 1.0
CAS5 0,549 0l 0.5 0e7 1o
CAS6 0,706 0e7 0.8 1.3 145
CASY 0w 324 02 0.3 0e6 0.9
CAS8 0o 567 - 0e3 a7 240

GASQ Ou 848 b 004. 0.7 l. 0
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But for the lack of data, it would have been posgible to debermine

the partial pressure of Mg over such melts and uge these resulis to
calculate G-MgOs Abgorpbion of moisture by the magnesia during the
prelininary weightings eamnot be overlookedes This would algo result in
a loss in weighte A 2 per cen,t logs in welght corresponds to a logs
of 5 megiie In a 0625 gme gample. Solte of the high losses obltained

may also be due to the slag mabterial being blowm away by the gas
impinging on the slag surface.

On comparing the two binary systems, it can be geen that the
change in weight of Ca0-8i0y, and Cal-Alg03-8il0; slags is small compared
o that in Cal-AlgQ; slagse The activity of lime in Cal-5i0z, and
Cal=Alg (s -Si0s s].;).gs is low, resuliing probably in smaller 10%9@8 in
weigh"i'.; even %hough the silica activities may vary from l«0 Lo Ol.l. In
the cage of Cal=Alp03 glags, the 1ifne acbivities are much highey with
the alunina activity varying from 0.2 downwardse. The greabter loss in

Cal-Ala (s slags may be due to this increased A Cal.

AN BSTIMATE OF EXPLERIMENTAL ERRORS.

During o run, as described in the experimental procedure, several
gas analyses are carried outs Variations in these analyses would affect

the £inal Q Ca0 values obbained from bhese measurementge



ote

Slag Analysis v+ 0.5 %
Furnace Temperature . + 2%
S0 flow rate v+ 0,014 cc/mine

Tobal GO + S0p v+ 0.086 cce
Sulphurizing "
Pobantial v +8%

Sulphur estimation s 3 %

-

From this data the caleulated Total Error is + 12 %.

The effect of the change in welght of the slag must also be considered.
Ag pointed out earlier, bthe loss cammot be ascribed to any particular
Cause, qegey maechaunical loss, moisture, volatilizatlion of Mg, loss of
CaO.  If only MgO was losh, it would be posgible to correclt the slag
compositions A maximum loss in weight of 243 per cent (Table VII)
corresponds to a change in MgO content from 26 per cont o P4e3 per cent.
If other factors were operabtive in the logs then the change in Mg0
content would be much lessge

All the expewimental results obtained during the presont work are
praesented in Tableg IX -~ XIV, and the graphs plotied from these resgulls

are pregsented in the appropriate sequenca.

Ca0=0Jp0s Sysbeie

The lime activity values of Table IX are plotied againgt per cenb

Ca0 by weight in Fige6, where they are repraesented by open circlege



TABLE IX.

Cal=Ala0s Systeme

Time Nafure
Slag C0/C0y  %SOg Bpn in of Jsulphur QA Ca0 Mean
Ratio. Hoursg Slag N

CAL 1.83 0.695 360 5% Glass 0.119 0,050 oo
CAl 1.83 0u511 285 5¥a Cryste 04100 0.054 Vo

CAZ le 91 0;48 300 4 Yellow Q. 12 5 Oo 064

CAS 1483  0.533 295 5%  UWhite 0127 0,066 0065
CA3 Mean of first 15 in Table IV. 6.6
CAd 1,937 076 420 5% Glass 06652 06238

CA4 1,981 04596 360 - 54 " 06627 04267

CA4 1.837 0.599 325 5 " 0o 542 06256 04257
CA4  1.68L  0.624 292 5 n 0,483 0,254

CAd 1576 0,811 323 4 " 0o 543 04258

CMA 1,624  0.643 292 5 " 0,514 0,270

CAS 1467 0.597 275 5, " 0.875 04488

CAS 1,526 04773 293 5 " 0,944 0,494

CA5 1,694  0.647 300 5 " 0.889 0.455  0.473
GAS5 14784  0.588 310 5 Glass + 0962 06476

w spobs '
CA5  1.746  0.73¢ 350 St/ v ® 1,057 04463
CAS  1.737 Oe704 335  4¥y "o 1.005 0e461
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Lime activity values were also calculated using Ag velues and these
are shoun in the graph as crosses. It can be clearly seen thal the
lime activiby values presented here are independent of the thermodynamic
dota used for their calculatlons, when a narrow range of ges composibions
is used in tho experiments. (In the present work the Apgr values
varied from 250 to 420 ~ Table IX). The expex;imental points of Carter
and Macfarlene, obtained with gas mixtures having Ak = 358 _-i; 15, are
also plotted in the same graphs Due to the almost congbancy of gas
compositions used, their resulis ghould be independent of the thermo-
dynemic data usede There is close agreement bebween the two investi-
gations and it can be inferred that there is no significant difference
in bthe experimental techniques followed by Carter and Macfarlans, and
the authore The begt curve through the combined gets of points has

been drawn in Fig.6.

Ca0-510s System.

In the calculation of AACal in this and obher Si0g containing
systems with low Alg(Os;, an error would be introduced if no account were
taken of a possible difference in ¥ CaS between these slags and the
standard slags, as might, for instance, be expected if the sulphur
golubilities were different in the two cases. It has been shown by
Carter and Macfarlane thal this change may be reagonably accounted for
by using a correction factor of 0.75 (= 12/16), assuning that there is

no appreciable change in ¥ CaS over the range of Cal0-Si0s slags



S6e

investigated. In Tables X, XI, XIII, and XIV, A Ca0 values corrected
by a factor of Q.75 are presented along with the uncorrected valuaes.

The resulis for the Cal0-Si0; system given in Table X are plotted
in Fige7. The lime acbivily wvalues of Carber and Mocfarlane were
recalculated with App and plotted in the graphe The activity values
obtained with App are slightly lower than those with Age A similarly
cloge agreementy as in the Cal-Al;0; system, may be observed here 00
The best curve through the combined gebt of pointe has been drawn. In
addition the lime activity curve obtained by calculation from O SiOp
values of Balrd and Taylor(52) using the Gibbs-Duhem relationship, is
also drawm in Fig.7. Baird and Taylorts curve is seon to lie well
outside the recommended + 12 per cent e;ror limite The slags containing
Ca0 bebween 424 and 52 per cent have melting poinbg higher than 1500°Cs
as such this portion of the curve refeors to a supercooled liquid
condibion,

In Fige.8y A SI0; values calculated from O Cal values of the
present work uslng the Glbbs-Duhem equation, and those of Carter and
Macfarlanae, and of Balrd and Teylor, arve plotted against Ngio,e The
gilica activibies of Carter and Macfarlane were calculated from A Gal
with Age  The present curve was obtained from & Cal with Appe Close
agreement ig indicated between the curves of the present work, and
Carter and Macfarlanes Since, as pointed out by Carter and Macfarlane,
the valuas of A CaQ obtained using the various thermodynamic data are
approximately in congtant proportion to each other, the Gibbs-Duhen

curves would differ only in their positions relatlve Lo the log ¥ CaQ



TABLE X,

Ga0~8i0s Sysbeils

Timeg 4 Hourge

Nature
Slag 00/C0; %0y A of  Jsulphr @0 Mean  ©-Ca0
Ratio. N IR Slag (corraected
CSL  3.138  1.786 1175 White 0,031 0,004
CS. 34408 1,964 1332 " 0,028 0,003
CSL 3,575  2.595 1552 " 004D 0,004 0-0037  0.0028
CSL 3,516 2,719 1550 " 0,041 0,004
CSL 34685 2,72 1625 " 0036 0. 0034
082 24818 2,292 1165 Glags 0.042 0.0056
w CS2  3.215 24689 14l n 04051 040055
0S2 34516 2,719 1550 " 0.057 0.0056 0.0054 0,0041
082 3.042 24691 1340 n 0,050 0.0057
0S2  38.118  2.721 1375 " 0,043 0.0048
0S5 3,758 2,143 1525 " 0,153 0.0154 0.0115
0S6 3.758 2,143 1525 n 06296 0.0298 0. 0224

£ 3% Hourse
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axlse Thus tho derived (A 810z values would he expected to be idenitical
and independent of the thermodynamic date used.

The curves obtained by Fulton and Chipman(53) and Fincham and
Richardson(32), and others have not beeb presented for the sake of
clarity in Fig.8e. The difference hetween these and other invesbigations
has been Mully discussed by Cartor and Macfarlane, and Bsird and Taylore
Concprdince hag been indicated bhetween the curves of Carter and Macfarlana,
and Fincham and Richardson, and magt of the investigators agree with the
general btrend shoun by the present curva.

The greatest difference between Carter and Macfarlane, and Baird
and Taylor lies at the high gilice regions No inflexion ag shown in
the curve of Garter and Macfarlene is indicated by the curve of Baird
and Taylors The gilica activiby curve of the present work is the
minimum, and if the increage of ¥ CaS with silica content is taken into
congideration, the activity curve would be shifted even higher, thereby
increasing the difference between the two curvese The curve obtained
by the latter from the directly debermined A $i0s values is less reliable
due to the congiderable scatier of the few experimental pointse The
activity determinations alt the high silica side in the present worki
are congldered to be more accurate, since at least four experimentsg
were carried oul with each slage

Ag was pointed out by Carter and Macfarlane, increage of Als(y
or 8i0z in bthe binary sglags bends to decrease the amount of sulphur
absorbed, and A Ca0 in a Cal0-Alg(; melt is much greater than that in

a 0a0-8i0; melt. Hence in the calculation of basicily of a slag,



S8

AlsQ; and 8i0; would have to be congidered as acids of different
sﬁéeng‘oha. The present experiments provide more ewvidence in support
of the assumption that sulphur is not aggoclated with eithere Al or

Sig in the Sl&go

Ca0-Als0:~51i0> Syghome

A geries of 9 slags was used in these experiments and A Gal was
caleulated in a manner gimilar to that adopted for the binary Ca0-Sils.
slags, and the resulis prasented in Table XI are plotted in FigeQe )
The black golid linesg in the graph refer to the iso~activity lines
obteined by Carter and Macfarlane(36)e In the high silica field his
acbivity walueg have been corrected by a factor of 0«75  Though there
ara not sufficient results from the pregent work, to enable the drawing
of iso~activity lines, thfa trend is noticeable and in agreement with
the rasulis of Macfarlanes On a constant Cal line, replacemeni of SiOg
by A\J.%Os increases the activity, which may be due to the lower a:’;'finity\
of a0 for Al2Q; than for Si{)% » in addition to the higher mol. fraction
of Ca0 in low silica fielde Negresco(2o) presented his results in the
form of iso=-gulphur capacity lineg, and in the graph bhree such lineg
have been reproducede The numbers on the lines refer to grams. of
sulphur absorbed by 100 gms. of slage Albthough quantitative comparison
of his results with those of Macfarlene(36) is not possible, the trend

of the lines is similay.



TABLE XI,

Ca0~Alp Qs ~Si0y System.

Ratio  GU/G0g Time  Nature
Slag G/, .o Retlo A0 A Hggr ng %Sulphyo 0000 QCCaO
= 8 ag orrected
CASL 0.257 3.722 2,762 1645 4 Glass 0.0117  0.0011 0.0008
CAS? 04422 34301 24887 1527 4%/p  © 0.0239  0.0024 0.0018
CAS3 0,689 3.514 2.369 1475 4 " 0.0683  0.0071 0.,0053
CASA 0.314 3,508 2,425 1528 4 " 0.0L59  0.0016 0.0012
CASS 04549 3.195 2,702 1400 44/ ® 0.0356  0.0039 0.0029
CAS6 0,706 3328 2,68 1458 4 " 0.1273  0.,0134 0,0101
CAS? 04324 34397 24672 1493 4 " 0.0098  0,0010 0,0007
CAS8 04567 34452 2,809 1535 4 " 0.0405  0,0041 0,0031
CASO 0,848 34157 2.821 1407 5 " 0.205¢  0.0224 0.0168
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CaD~Aln Qs <Me0 Syghbene

In the sbudy of this (and also the Ca0-Mg0-Si0; system) two

methods of obtaining the desired compositvion were followeds

(2) Addition of MgO while maintaining the weight proporbion of
CaQ to AlyO; or Si0; constant, and

(b) Addition of MgO while maintaining the weight per cent of
Als03 or SiDg congtante

-

The above methods ware adopted in order o cover as wide a range of
ternary slag compositions as posgible with a minimum number of masher
binary slagse About 12 ternary MgO-containing slags were prepared
from each binary slage In each run three hernary slags and a maghber
binayy slag were usede The binary slag acbed as a reference point or
a cheek for each serles of slogse In no case did the result for the
binary slag vary, within the limits of experimental errors, from those
given eorliler for the binary sysbemse It may therefore be concluded
that the regulbs obhtained for the bernary slags are consisbent with the
earliecr work and that nothing untoward happened during these runge
Figures 10 and 11 give the phase diagrams for (Ca0=-Al,03-MgO, and
Ca0-8i0g~Mg0O systems, and the compositions studied are plotted in the
diagramge One or two slags which have melling poinbs slightly above ‘
1500°C were found to be molten at 1500°C, probably due to the absorpbion

off sulphture
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In ternary MgO-containing slags, Mg0 as well as Cal mey play
a part in the absorption of sulphur, but the extent to which the sulphur
is combined as CaS or MgS is not knowm, due to the lack o;f." celear under~
gbanding of the relative capacities for sulphur absorptions It ig
proposed to uge the term "lime equivalent® for slags containing Mg0,
gince A Cal strictly can only he calculated when Ca0 is the only oxide
present which can lead to sulphur absorpbions The lime equivalent would
therefore vepresent the combined effect of Cal anci MeOe

The resullts of Ca0-Alg0; ~Mp0 aexperiments are presented in Tables
XII A, B, ond are plotted against weight per cent Mgl in Figel3a, be
From Figel2a, 1t can be seen that as per cent Mg0 is increased there is
a glight increage in the lime equivalent for each of the Ca0/Als0; ratios.
The slope of curves also increases at higher ratioss In Figel2b, whaere
Ca0 is replaced by MgO while per cent AlzQ; is kept constant, there is
a decreasge in the lime equivalent as per cant MgO is increaseds It
may be concluded thal on & weight bagis Mg0 is not as good a desulphurizer
ag Ca0s The glope of the curves increases as per canbt &lp0Q; in the slag
decreages, leas, the deleterious effect of Mgl ig more pronounced ab

higher bagiciltliese

Ga0-3i0> ~Mo0 Systems

The results of Tables XIII A, B, are plotted in Iigse.l3 a, be
The maximum amount of Mg0 that could be addedws 24-28 per centbe

Sulphur absorption data were obtained at 4 per cent intervals of MgO.



JABLE XIIA,

Ca0-Ala 0y ~Me0 Systeme.

(Mg0 addition maintaining CaQ/Ala0s wheratio constant)

C0/CT0; “Tie Neture Lime '
Slag M0 Ratioe U Eg in of ZSulphwr  Eouivelente
a . Hourg Slag —
- : C/E = 0,675 '
CAML 5,0 183  0.695 360 5% @lass 0,128 0.055
CAM2 6,0 183 0,695 360 8% n Op 154 0.066
CAMS 70 183 0,695 360 5% d 0,178 0. 076
CAMA 8e0 1,83 Cabll 285 57 " 0.156 0,084
CAMS 0,0 1,83 0u0ll. 285 5 " 0Cpl48 0.079
GAMG 10,0 1,83 Cebl1l 285 - 5% " 00168 0,090
' : ' % = Q712 : :
CAMY B0 14755 04597 305 5% " Q0,158 0,079
CAMB 6e0  1w755 0,597 305 57 n 0,159 0,080
CAM9 7.0 1,83 0e533 297 5 " T 0.182 0. 094
GAMZLO 9.0 1083 Oo 533 A}BQ? ! 1 5 n " 0.196 0.101
: ' ‘ O( ) = Qa818 ' '
CAMLL 1e5 Lo778  0s658 339 5 " 0.295 0,138
CAMIZ 340 1,778 0,658 335 5 " 0322 0,147
CAML3 4,0 1,778 0u658 335 B i Q.336 Oe 154
CAMLE 540 1,762 Qu521 275 5% Glass # 0.298 0e 166
' : : White :
CAMLS Go0 1e706 0,513 257 54  Glass 0,298 0,178
CAMI6 7.0 1lo762 04521 275 5% Glags + 0,299 00 1.67
' o : - VWhibte ’ '
CAML? 8,0 1lo706 0,513 257 5% Glags 0. 324 0,194
CAMLB 9,0 1.762 OQ 5?1 P7J ) b ‘a White 0.365 0.204
! ) { = 0. 934 t )
CAMIO 5,0 1.618 0.862 345 . 5% Glass 0,647 0.288
CAMRO 6.0 1,618 2862 345 57 " 0,662 0,294
CAM2) 7.0 1.618 Q3862 345 5% " 0,707 Qe 315
CAMR2 86,0 1,937 C.76 410 5% " 0,800 02300
CAM23 9,0 1,937 Q.76 410 5% " 04863 0.323
CAMR4: 10,0 1.937 0,76 210 5% ® 0880 0.329
’ ' ) _/.A} 1a1l65 )
CAMRS 540 1467 Ce597 275 5k " 1.007 0e 562
CAM26 6.0 1a67 0,597 275 5%, " 1.02 0,569
CAMR7 7.0 LeG7 06597 275 5%, " 1.043 0, 562




C&O"‘AAE% —MgO @gtem-
(Mg0 addition maintaining % AlaO; Constant)

TABLE XIIB,

Time Nature Lime
Slag  AMg0 CO/C0y 780, A in of fSwlphr Equivalent
RBatiQe " Hours Slag

10y = 55,0
CAM28 3.0 1,618 0.657 285 54 Glass  Owl?7 04093
CAMRO 4,0 1s61 0,657 285 5%, " Owl62 0.085
CAMBO 5.0 1,618 0,657 285 5% " 0e158 - 0,085

#laQs = 50,4
CAMBL 15 162 0.643 285 5 h " Oe 502 Ou271
CAM32 3.0 1,62 0.643 285 5% " 0p4:33 04233
CAM33 4,0 1,62 0,643 285 5% " 0.426 0,229
CAM34 5.0 1s576 0.811 323 4% " 0,420 0. 190
CAM35 6,0 1,576 0,811 323 4% " - 0383 0,181
CAM36 790 1.576 0,811 323 aYe f 0e372 0e177
CAMB? 8.0 1,681 (0.624 200 5 " 0,306 Qel62
CAM38 9,0 14681 0,624 290 5 " 0,270 0142
CAM39 10,0 1,68l 04624 290 5 " 0,225 0,119

Z‘Ala% = ‘?;.6.2
CAMAO 1.5 1.746 0.734 355 5% n 0. 948 0410
CAMAL o0 1746 0,734 355 5% " 0,933 0404
CAMA2 4.0 1.746 Qu734 355 5% " 0,858 0371
CAMA3  5e0 1,737 0.704 335 4% n 0.816 Ou374:
COMAL  GaQ  1.737  Os704 335 4% n 0.750 0,344
CAMAS5 7.0 1.737 0.704 335 4va n 04705 0323
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TABLE XILIA,

Ga.0~510g -Mz0 Sygbeme

(Mg0 addition meintaining CaQ/Si0; whe ratio constont)

re—

Time 4 Hourge

Nature %  Lime "Lime
Slag Mg0 Ratlo. %80y Ay of  Sulphur Eqiv- Equivalent
i o Sag alent. "corrected’
— ' ‘ TR = O bhz. | -

cSML 4,0 3,138 1l 786 1175 White 0.033 0,0043 0.0032
CSM2 8,0 3,138 1,786 1175 Glags O.(R9 0,0039 0,0029
CSM3 12,0 3,138 1,786 1175 " 0,031 0,0049 ©O,0037
CoM4 1660 3el5l 1e84 1197 " 0,042 0,0054 0,004l
CRM5 20,0 3.,151 1,84 1197 " 0,053 0.0069 0,0052
CSM6 240 3,151 1.84 1197 " 0.072 0,0098 0,0074

C/8 = 0.674
C7 4,0 2997 2,185 1220 " 0.056 0,0071 0,0053
caB 8.0 2,997 2,185 1220 " 0,062 0.,0078 0.0058
CAM9 12,0 2,997 2,185 1220 " 0,065 0,008l 0.0061
CSM1O 1640 2,818 2,292 1165 " 0,077 00,0102 0.0077
CaMll 20,0 2,818 2,292 1165 " 0,095 0,0125 0,0094
CAMI2 2440 24818 24292 1165 " 0128 0,069 0,0127

G‘ S = 0085
CSML3 4,0 34522 24456 1500 " 0.083 0,0085 0.0064
CSMLE 80 3ud22 2,456 1500 " 0008 0,000 0,0075
CSMLS 12,0 34522 2,456 1500 " 0,119 0,0123 0,0092
CML6 16,0 3,522 2,456 1500 " 0w145 0,0149 0,0112
CSML7 20,0 3,376 2,478 1440 " 0el94  0,0207 0,0155
CSMIB 2440 34376 24476 1440 " 0,291 0,031 0.0233

Q_/S = 0096§
CSM19 440 3515 26396 1480 " 0¢l134 0,0L39 0,01L04
CAR0 840 3,515 24396 1480 Glags+ 0,163 0.,0169 00,0127

' ' : Vhite - ' '

CSM21 12,0 3,515 26396 1480 " " 0,239 0,0247 0,0185
CM22 16,0 3,515 2,396 1480 White 0,329 060341 0,0256
CoM23 2060 3,376 24478 1440 Glass 0.542 0,0578  0.0434
COM24 2440 3376 24478 1440 Glass 04645 0,0688 0,0b016




TABLE XIIIB,

G&O"Siga =}MoQ)- sl@_'_hgl‘ﬂo
(Mg0 addition with %Si0; constant)
Time 4 Hourss

GO/G05 lature & Lime  Lime
Slag A0 Ratios %SG  Ap of Sulplr Bquive Bouivalent
: o Slag alonbe corrected

‘ZOSJ'.O:R = 4o _B_Q s

CORS 440 34575 24595 1550 White 0.041 0.,0041 0,003L

CSMR6 8.0  3eH75 24595 1550 " 0,040 0.0040 0,0030

CSMp7 1260 3,575 2,595 1550 " 0,033 0.0033 0,0025

COR28 20,0 3,685 272 1625 " 0.028 0.0026 0.0019
”n

CMRY 24.0 3,680 2,72 1625 0024 0,0023 04,0017

CSM30 4,0 3,042 2,691 1340 Gli.ss 0,042 0.0048 0,0036

CaM3l 20 3,042 2,691 1340 0.039 0.,0044 0, 0033

CaM32 12,0 3,042 2,691 1340 " 0,038 0,0043 0,0032

CaM33 1660 3,118 2,721 1375 " 0. 029 0,0032 0,0024

C8M34 20,0 3,118 2,721 1375 " 0.02 8 0,003 0,0023

CoM3D 24,0 3.118 2,721 1375 White 0.028 0. 0031 0,0023
ﬁm% = éﬁ*z

COM36 5.0 3,088 2,809 1395 G+l{hite 0313 G,035 0.0259
"

CaaY 9.0 3,098 2,909 1395 " OeR87 0.0316 0,237
CRB8 13,0 3,088 2,900 1395 " w Qe26G5 0,0292 00,0219
CQ39 17,0 3,098 2,909 1395 " " 0s2063 0,028 0,017
CERHUO. 20,0 3227 2,77 1428 "o 0e203 . Qe(R18 0,0L64
CaM1 23,0 36227 2,77 1428 : : 0e232 , 060249 0.0187

CaM2 206.0 3227 2677 1428 0.217 / 0a0234 0,76
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Observatbions similar to those made in the Ca0=Als(; ~MpQ system may

be made here algo, l.@e, Lime Lquivalenl increased wilth increase of MgO
when Ca0/8i0s ratio was kept constant, and decreased when Cal was

replaced by MgOe The increage in lime esquivalent cauged by additions

of MgO is pgreater at higher Ca0/Si0; ratios, and for constent Si0z contents
the decrease ig greater at higher bagicitiess In the more acid QMgs

the effect of replacing Ca0 by Mg0 is very small. The amount of

sulphur absorbed was much smaller bthan that by a CaQ-Alg(;~MgO slage

Ca0-Alo O3 ~Si0a~Mo0 System.

In these experiments 5, 10, 15 per cent Mgl were added to each
of the 9 ternary CaO-AlsQ; -8iQ; slags, thus giving in all 27 quaternary
glagse As in the earlicr expérimen'bs, in each run one ternary magber
glag and three different quaternary slags were used, the bernary slag
acting as a check for each geriess The resulis of.these experiments
are given in Table XIV. The 9 masber slags are divided inko three
groups of slags containing approximately 10, 15, 20 per cent AlaQs
raespectivelye The actual compositions are given in Table Ve The
results have been plotited in Iigel4, where three sets of curves are
showm, corresponding to 10, 15 and 20 per cent Alz03 in the originsl
master glag respectivelys In each case lime equivalent is plotted
againgt CaQ/AlaQs + Si0: (weight ratio). It can be seen thait in any
particular seb of curves bthe lime equivalent increases with increase of

Mg0Q content from O to 15 per cent. Also, for the same MgO and gimilar



TABLE XIVe

Cal=Ala Oy ~510s -Mz0 §zstam;

- GO/C0; Time  Nature & Lime . Lime
Slag Ratio. %80z A in of  Sulphwr Equiv- Emiwlent
- " Hours Slag alente corraecteds
CAML 3,772 2.762 1645 4 Glass 0,013 0.,0012 00,0009
CASMD 3u722 2,762 1645 4 " 0,016  0,0015 0,0012
CASM3 3,722 2.762 1645 4 " 0.015  0,0014 0,0011
CASME 3,391 2,887 1527 4% " 0.026 0.0026  0,0019
CASMS 3,391 2,887 1527 4% " 0.033 0.,0034  0,0025
CASMG 32391 2,887 1527 4k " 04047 0,0047  0,0035
CASM? 34514 2.369 1475 4 n 0.085  0.,0088  0.,0066
CASMB 3514 2.369 1475 4 " 0,114 0.,0119 0,0089
CASMO 34514 2369 1475 4 " 0159 0.0165 00,0123
CASMIO 3.598 2,425 1528 4 n 0,020 0,0020  0.,0015
CASMLL 3,598 2,425 1528 4 n 0,024 0,0024  0,0018
CASML2 3.598 2,485 1528 4 " 0,034 0.0034  0,0025
CASML3 3,195 2,702 1400 4= " 0,044 00,0048 0.0036
CASMLE 3,195 2.702 1400 4% " 0,054  0,0060 0,0045
CASMLS 34195 20702 1400 4% " 0,082 0.0089  0,0067
CASMIG 34328 2,68 1458 4 n 0.200  0,0211 0.,0158
CASML? 3.328 2.68 1458 4 " 0e247 0,259 00,0194
CASMIB 34328 2.68 1458 4 " 0s443 0,0466  0,0349
CASMLY 3,397 2.672 1493 4 " 0,011  0,0012  0,0009
CASMRO 3,397 24672 1493 4 " 0,016 0.,0016 0,0012
CASMRL 3,397 2.672 1493 4 " 0,036 0.0041 0,0031
CASMR2 34452 2.809 1535 4 " 0067 0,0066  0,0049
CAMR3 34452 2,809 1535 4 " 0,088 0.,0088 00,0066
CASMP4 3.452 2,809 1535 4 " 0,112 0,0112  0,0084
CASMR5. 3,157  2.821 1407 5 " 0e275 0,030  0,0225
CASIMR6 34157 2,821 1407 5 " 0380 00,0394 0,0296
CASMR7 3.157 24821 1407 5 " Oe 534 0,0583  0,0438
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Ala03 contents the lime equivalent increases when Csl repladaes Sils.

It will be nobed that for a given CaQ/AlpOs; +Si0; ratio lime equivelents
are higher in the 15 per cent AlgQ; series than in glther the 10 per
cent or 20 per cenb Alz0; seriess This indicates thot an optimum
desvlphurizing power must exlst in the region of 15 per cent AlpO; in

thege slagse

Activity of ILimaee

So far in this work on slags containing MgO, the term lime
equivalent has been usede At this sbage the validity ‘oi’ using lime
acbivity in place of lime equivalent will be considerede Referring
4o the phase diagram of the Ca0-Als(s-Mg0 system (FigelQ) it can be
seen thabt the slag of composibion 37 per cent Caly 10s4 per cent Mg0,
and 526 per cent Algl; contains free Mgly and lieg on the 1500°C
isotherme This slag, being in equilibrium with pure Mgl will theraefore
have a MgO activity of unity. It was found that this sglag absorbed
0.22 par cent sulphur under standard gas conditions, giving a lime
equivalent of Oelle This valuae of 0.1l corresponds to the additive
effacts of Mg0 (AMg0 = 1), and A .Ca0 of an uncertain valuee It can
be concluded that Cal is more powerful than MgO.

Further evidence of the low desulphurizing power of MgO as
compared with Cal can be derived from a consideration of the Cal-Sily-Mg
systeme Il can be seen from the phase diagram shoun in Figell that

the 1500°C isobherm almost coincides witbh the binary curve separating
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the monticellite and periclasge fleldse Compositions on this ocurve may
therafore be regerded og having a magnesia acbivity of unity at 1500°C,
The two exbromes of composibions (P and Q) on this curve have lime
aquivalents of approximately 0.055 and 0.025 vespecitivelys The contri-
bubion of MgO to sulphur absorphlon along the curve is constant and
must he smaller than the total contribublon of 0.025 for the composition
Qe

For further evidaence, a MgO-B:(; meli containing 72 per cent MgO
vas equilibrated with a gas mixture of stendard App values This system
was selected because of the suitable melbing ranges This melt, which
could be considered to have an A Mgl nearly equal to one, was found to
abgorb Q.4 por cent sulphure In berms of Llime equivalent this would
corraspond to 0,012y whereas a melt of unit O.Cal would absorb aboub
2 per canb sq;l.phu:s:-.h In this cege, therefore, the abgorpiion of sulphmr
by lime is aboub 100 times greater than thal by MgOs Those resulis are
in agreement with the large differaence :in the equilibrium constants

calculataed for the reactionss

-

Ca0 + 8§ = Cad + 0 ~K 00 = 0s04

Mg0 + § = MgS8 + Q K_ o = L.Oxl0™~

They are algo of the expected order of magnitudes Ixact agreement with
the caleculabed constants could hardly be expected, gince no allowances
could be made for differences in acbivity coefficlent of Cas and MgS

in the slags concernade
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In view of tha above resullbs, it mey be assumed that little
error will be incurred if lime activibies are substituted for lime
equivalents in glags containing Mg0 as well as Cal, except in slags
of relatively low bagicities containing high percentages of Mgle This

agsumption has heen made in the gubsequent digcusslone



CHAPTER VII,

DISCUSSTON OF RESULTS,
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DLSCUSSION OF RESULTS.

Lg the conbribution of MgO to sulphur absorption is considerably
smaller than that of CaQ, lime equivalent values given in Table IX, X,
have been taken to represent activitiess These volues are plobted
against welght per cent Cal for various levels of Mg0 in I'ige.l5, 1G.

In extending the curves of Flg.l5 to unit activity, the compositions

on the pert (DE) of the 1500%C isotherm in FigelO having a lime activity
corresponding to ona, have been usede The dobtbed portions of the curves
shown in Iigeld refer to slags in the super cooled condition, legey 0
compositiong in the shaded ares of FigelOe It can be geen that at

each Mgl level lime activity increases asg expected with lime content,

and that for the same Cal content increasing Mpg0O conbent increases the
activity of limee

It can be deduced from the relative pogitions of the curves in
Figel5, that in the Cal-Alg0l;-MgQ system 1 gme of Cal may be replaced '
by Approximately le5 gme of MgO wilthout affecting the activity of limee
This relationship holds with surprising congtancy up to A Cal of 0.7.

At higher activities the Mg0 equivalent is very slightly lowere The
comparigon cannot ba made over such a wide range of slag compositions
in the Ca0-8i03-Mg0 system, but for the range showm in Figel6 it can
be deduced that Ca0 and Mgl are almost equivalent on a weight basise

On a2 molar basis 1 mol. of Ca0 is equivalent Lo aboubt 2 mols. of MgO
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in the Cal-Aly 03 ~Mg0 system and le5 mols. in the Ca0=-Si0s-Mg0
gy ahem.

In both systems it has been shown (Fig.12, 13) that when Mgl
is added to a binary slag while mainisainir{g the ratio of the two
consbituents constant, the activity of Cal is increased, bub when'
Ca0 is replaced by MgO (on a weight basis) the achbivity decreasese
In the first case, MgO though by itself a poor desulphurizer, may
increase the activity indirectly by combining with AlgO; or Si0; of
the slag thereby incrassing A Cale In the second case, as Mg0 is
inbroduced into the slag ab the cost of lime which is the sole
desulphurizer, the lime acbivity would be expected to decreases

The curves of Iig.l5, 16, have been used to draw iso-activity
Lines in the Ca0-Alg Qs -MgQ, Ca0-Si0.,-Mg0 systems, and these are given
in Figel7, 18, respectivelye. Very little is kmown about the thermo-
dynamic properties of Ca0-AlsO;=MgQ and Ca0~-Si0z=MgO slags. In view
of the absence of activity data in theso sysbems, 1t was therefore
congidered that even approximate caleculations of activities of Aly03,
MgO and Si0; might be of some value. Referring to I'ig.l0 a parﬁﬁof
the 1500°C Esotharnm (AB) traverses the Cabls0, field. Carber and
Macfarlane obtalned an activibty of 0.2 for AlgQ; for the binary melb
corresponding to point A, where the 1500°C igotherm meebs the Cal-Alaly
binarye The slag B im in equilibrium with CaAlgQ. at 1500°C. Since
the activity of Ca0 and AlOy for point A, and the lime activity for

point B (from the present ;iork) are known, the alumina actbivity atb



A
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B can be calculatede This is found to bae equal to 0.38. Now an
alumine. lso~acbivity line of 0.38 is obtained by Joining point B with
a point on the Ca0-AlyQs; binary having the same alumins activibty.
A Aly0; at C could be obtained within a reasonabla accuracy by drawing
a Line parallel to this knowa A.py.q, line, to meet the binary line at
o point whose & pq.q, is also knowm.  The point C corresponds to 0e22e
Also, the C\Mgo at:G ig 1.0, The activity of AlpaOs; and Mg0 being knowm
for composition C, the activily of MgO at B may be obtalned, since the
liguid slags abt B and C are both in equilibrium with the spinel at
1500°Ce By calculations this is found to be Qebe The two limiting
lines for AMp0 are the binary Cal-Al;0; line having an A Mg equal to
zero, and bthe line CD where A MgO is equal. to ones Thus it is possible
to obtain a corregponding point Lo B on the high Cal gidee Similarly
other lines were also drawn in Figel7e.

In IMigel8, in addition to the lime iso-actlvity lines from the
present work, iso=sulphur capacity lines obtained by Negresco have also
been drawme The numbarg on these lines refer to graimg of sulphur
absorbed by 100 gms. of sglage The curves of Negresco indicate bthe
inter-changeability of Ca0 and Mg0 on a weight basis without any
detrimental effect on sulphur absoxpiion, and' are peen to be in fair
agraement with the curves of the present worlke

In thig system too, an attempt was made to determine the trend,
of activity lines for SiOs and MgO. On bthe line EFF (¥igell) the
slegs are saburated with silica at 1500°C, and as such have unib

gilica ac‘bivity. At the low gilica end a part of the isothernm
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(GH) traverses the dicalcium silicate fielde Trom the knowm free
energy of formation of this compound, and the lime activiby obtained
from the present work, bthe activity of silica for composition (H)
mey be calculated. By drawing a line through Q parallel to GH,
Ogile at Q is found to be Oe2s  TFrom the free energy of formation
of forsterite (2Mg0.8i0s) given by Richardson, Jeffes and Withers(52),
a value of 0.0L4 for A 8i0s ab Q, may also be obtainede This value
ig considerably smaller than 0.2 obtained from the present worke It
could be that the thermodynamic data of Richardson eb al is incorrect.
On the other hand the consbancy of ¥ CaS wibth MgO content moy be
questionablee There is an obvious discrepancy which cannot be
resolved here with the limited kmowledge on the solubility of CasS and

the variation of ¥ CaS with composition in these slagse.
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GENERAL DISCUSSION.

Application of the experimentally debermined activity values to
pracbical problemg is geverely limited because these results relate only
to ideal conditions where equilibrium has been egtablisheds In the
blagh furnace there is no certainty of this occurring. Even then the
activity velues obtained here should serve as a pointer to the desulphur-
izing characteristics of the induslrial slag.

A glag to have maximum desulphurizing capaciby must bave a high
O.Ca0 valuse The results of the present work indicabte bthalt high
Alp Q3 glags possess such ACal valuese DBubt they are not ideally suited
for this purpose gince their meliing points are not low enoughe On
the other hand high silica glags, though having low melting points, are
not gulbable eibher due to their low ACald valuese TFurthermore, these
slags havd been shown 4o be more viscous' due to the presence in the
melt of long polymerised silicate chainse An oplimum slag sh‘ould thus
have moderately high QA Cal wvalue and falrly low melbing pointe

MgO which is invariably present in a blast furnace glag, though
not directly taking part in the desulphurization, agsists in this
procaesg indirvectly by lowering the viscosity of high silica and alumina
slages =~ by breaking down the long silicate and aluminate chaing

which are responsible forr the increaged viscositye Ag polnted oub by
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Negresco, Mg0 may combine with AlgQ; and Si0z to form inactive groups
and increasing A Cals, According to Holbrook and Joseph, the presence
of MpO in the melt enables the uge of higher Cal contents than would
otherwige he possiblee

The desulphurizing power of a glag is closely related to the
basicity of the slage In calculating basicity Haltch and Chipmen
congiderad Cal and MgO to be equivalent on a weight basis, and on a
molar basis MgO is equivalent to two-thirds of a mol. of CaQs  From
the present work this equivalence is found to hold good only in the
Ca0=-5103~-Mg0 slags, while in the Cal=Alp O3 =~Mg0 slags, Mz0 1s only
equ:i.valént %o half a mols of Cal. This difference is probably due
to bhe greater affinity of Cal for 8103 than for AlpOse The amphoteriec
nature of AlzQs, as po:lnted?%?r Hateh and Chipman, méy also cauge this
differencae )

In quaternary sglags an abtempb was made to correlate OCal and
baglelty as expressed by the ratlo of bagic and acidie congtituents on
a molar baglge The scatber of the points was grealtly reduced when Mg0
was taken 4o be equivalent to 2/3 of a mol. of Ca0, which ig in accordance
with the inferenceg of the present work on the Ca0=-5i0s-Mg0 system and
those of Hotch and Chipmane In Figel9, A (Ca0 is plotted againgt
bagicity, basicity being oquel to Ca0 + % MaQ/AlaQy + Si0; in molar
rabioe Three sebs of points, corresponding to approximw‘sély 10, 15 and

20 per cont AlaOs in the original {ernary slag, are plotted in the

graphe
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AL basicities lower than 0.8 the scatter is very much less than
that ab higher basiciblese The slope of the curves, which could be
drawvn through these points would change at basgicity approximately equal
10 OeBe IM'igel9 suggaeste that at low basieitles Alg(; conbtent hag
little or no effect on A Cals At hasicities higher thon 0.8 the A Cal
vories with the AlpO; content, bg:Lng higher in the 15 per cent AlaQs
slags than in the 10 per cent or 20 per cenb Al,(Q; slags for a gi‘;ren
bagicitye Unfortunately insufficiency of data on slags in this range
of composition prgvents the aubhor from making eny definite conclusions
from thig scabbers Yor the present a mean curve through all these
points will be assumed Lo repraesent the lime activity-basicity reiation-
shipe

The quaternary slags investigated during the present work have
melting points of 1300«1400°C. In slag=metal studies Hatch and Chipman,
and obhers, have correlated the desulphurizing power ((8)/[s]) with b
bagicity, while in the present work basicity has been cozmeléted with
lime activitys It ghould be possible to _correlate the three factors
1l.cey A Caly basicily, and desulphurizing power. More activity date
for a wider reange of glag compositlons may be advantageously used in
combination with the melting point dete glven hy Osborn and co-workerse
Desulphurization in the furnace is alse governed by the oxygen potential
of the gysteme The FéO contant of the glags encountered in practice
will further modify the deductions to be made from the experimental

results of the praesent worke
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Data used in Lpc  ve Initinl Gas Composition Graphe

Thitial Gag
Noae Compositione Aoc ~log ©Og
78—0;—-?--«-—-17——0 o &o

1 O 5 l.27 148 77749

P 0.77 le284 208 "

3 0.80 l.285 215 n

4 0,83 1,288 223 "

5 0.86 1,290 230 "

6 0,89 Le292 237 "

7 0. 02 Le293 245 "

8 @0 1298 265 "

9 l.25 1,313 317 "

10 1.5 1.33 362 "

11 Le75 1.35 405 "

12 2.0 Le37 450 "

13 2625 1.387 493 "

14 2250 1,406 538 "

15 0u5 1322 160 78099

16 0,77 1,338 232 "

17 0,80 1340 238 b

18 0,83 L.342 24.5 "

19 0.86 1.344 252 "

20 Q.89 1.346 260 "

21 0,92 1348 266 "
.22 1.0 1363 285 h

23 l.25 Lla.369 340 "

24 150 1,387 390 "

25 1.75 1406 435 "

26 2,00 le425 482 "

27 225 1,445 528 "

28 2650 1463 576 - "

29 0,50 le374 173 78427

30 Q677 1,392 250 "

31 0,80 Le394 257 78427

32 082 1.396 265 "

33 0,86 1,398 273 "

34 089 1,400 2380 n

35 0. 52 1402 287 "

36 1.0 14006 308 #

37 125 l.425 366 "

38 1,50 l.446 417 "

39 175 1468 467 "

240 2.00 149 511 "

41 2e25 1l.512 560 "



ii.

‘ nitial Cag
NO. GORIEOSi'biOHQ A PC "'log P 03
ooa)a 0 0% 10 .

42 2950 1,535 610 78427
43 0e 50 Led27 187 78743
44 0,77 1,444 266 "
45 0.80 1446 275 "
46 0,83 1,448 282 "

4% 0,86 l.451 290 "

48 0,89 1,453 298 "

49 0.92 1455 305 "

50 1.0 1e462 326 "

51, l.25 l.482 387 "

52 1.50 12505 44, "

53 175 1.527 499 "

54 2,0 1.552 542 "

55 225 1,575 593 "

56 250 1.60 645 +

57 0,50 L.479 198 79045
58 077 Le499 283 n

59 0.80 1502 292 "

60 0.83 1505 300 "

61 0,86 1.507 308 n

62 0.89 L.509 316 "

63 0e92 1.512 325 "

64 1.0 1.518 347 "

65 1e25 1538 412 "

66 1.50 la562 467 "

67 1,75 1,588 518 "

68 2.0 1,612 570 "

69 Re25 1.638 623 "

70 250 1,662 675 - "

71 50 1,530 212 79339
72 0,77 1,552 300 "

73 0,80 1.555 308 "

74 0.83 1.557 318 "

75 086 1,560 327 "

76 0,89 1a563 335 "

V&4 0,92 1565 345 "

78 1.0 1e572 367 "

79 1.25 1,591 435 "
80 1,50 1617 495 "
81 L.75 l.643 552 "

82 2.0 1,672 607 "

83 2e25 170 660 "

84 250 1,73 712 "

85 0,50 1795 277 8,0685
86 077 1.823 386 "

87 0,80 1.827 397 "

88 0.83 1.83 408 "



iii.

Initial Gos i
Noe Compositione A -log b
TG 0T re Fuo®

89 , 0.86 1.833 420 8.0685
20 0,89 1.837 430 "
ol 0e 92 Le842 441 "
92 1.0 L8585 470 n
93 125 1,887 548 "
04 Ls 50 Le922 631 #
o5 L.75 1.958 700 8.0685
06 20 1e995 768 "
o7 225 2a027 826 "
28 2950 2206 885 - "
09 0s 50 2,057 345 84,1840
100 0.77 2.1 481 "
101 0:80 20103 496 "
102 0:83 2ed07 510 h
103 086 98112 925 "
104 0.89 2ell? 535 0
105 0w 92 2,121 47 "
106 1,0 2,132 577 "
107 L.25 2,168 671 "
108 150 22006 760 "
109 1,75 2255 840 "
110 20 24305 908 "
111 a5 2,355 991 "
112 2e50 2406 1.058 "
113 275 26457 1126 1
114 0. 50 2325 415 B8.,2864
115 0,77 D372 570 "
116 0.80 2377 580 n
117 C,83 2.782 596 n
118 286 2,387 612 "
119 089 26392 627 "
120 0.92 2,40 640 "
121 1.0 2415 675 "
In2 Le25 20467 790 n
123 1.50 24520 893 L
124 1,75 N, 578 982 "
125 240 22635 1070 "
126 242D 24691 1146 "
127 2450 2758 1225 "
128 275 2827 1305 "
129 0. 50 De 592 478 8.3779
130 077 22652 650 "
131 0,80 260 668 "
132 0.83 2665 85 "
133 0,86 0967 702 "

1]

134 0.89 2+678 720



ive

Tieiel Gas

Noe Composition. A =log b
“%EEE“E"“'“CG7EE;" pe 10 G?
135 0a92 24680 747 843779
136 1.0 26695 786 "
137 Lu25 26737 905 "
138 L.75 28908 1117 "
139 2.0 269267 1216 "
140 Re25 3042 1311 "
14l 2450 32125 1395 "
142 2275 320 1480 "
143 3.0 3429 1565 ‘“
144 05 22857 545 84,4605
145 0277 293 738 "
146 0,80 Re94 757 "
247 0,83 24947 777 o
148 0286 . 22955 795 #
149 0,89 2 964 815 "
150 0,92 2972 8386 "
151 0 24995 877 "
152 1,25 34060 1020 n
153 L1e75 Ju225 1258 #
L54: 20 3312 1360 f
155 2a25 3440 1465 "
156 2350 Fe 50 1560 #
157 2575 3460 1655 "
158 3.0 367 1750 "
Data of Dewing and Richardsons
1 Oed - 1,483 202 79048
2 0.75 s 50 201 "
3 - 160 1,528 352 "
4 1eR5 1455 415 "
5 1,50 1,573 4795 "
6 1.75 1,596 532 "
7 2.0 1.622 586 n
g 225 Ls654 636 "
9 2ed 1685 685 "
10 0eb 1,83 283 8.0854
11 0:75 1.86 388 "
12 1.0 1,892 480 "
13 Le25 1,93 565 "
14 5 1.967 641 "
15 1.75 Re2 712 "
16 240 22045 762 "
17 21Y'45) 2,086 847 "
18 Dab 24132 907 b



Ve

Initisd Gag

Noe Composition A ~log pOq
s ~S6750; PC o ?

19 275 2175 265 8.0854

20 3.0 2e222 1020 "

21 3e25 DeR72 1075 "

22 Oe5 22606 452 8.3813

23 075 2466 610 "

24 1.0 2,717 757 "

25 Le25 22785 870 "

26 1.5 26855 290 "

27 L.75 22927 1080 "

28 2.0 3.0 1180 "

29 225 3.078 1270 "

30 2ed 3,165 ‘ 1357 "

31 Re75 3262 1242 "

32 3,00 3.345 1522 "

33 329 3s44:1 1600 843813

34 ded 3054 1680 "

4

Data of Richardson and Jeffege

1 0.73 1. 508 162 79048
2 222 leG2 430 "
3 Re3 2037 620 8,0854
4 2,81 2113 77 "
5 240 de(4 1072 8.3823
6 3«01 34203 1238 "
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