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CHAPTER I ,

INTRODUCTION,



INTRODUCTION.

The m anufacture o f iro n  and s te e l  was w ell e s ta b lish e d  as an 

a r t  long before any major s c ie n t i f i c  in v e s tig a tio n s  were c a r r ie d  ou t on 

th e  rea c tio n s  underly ing  th e  p ro cesse s . Over th e  l a s t  t h i r t y  y ea rs  , 

re sea rch  has discovered  much about th e  fundam entals of the  p ro cesses and 

th e  r e s u l t s  obtained a re  now being used in  iro n -  and steel-m aking  p la n ts  

as means of c o n tro ll in g  ra th e r  complex o p era tio n s .

The im portant p a r t  p layed by the  s lag  phase in  th ese  opera tio n s 

has long been recognised . In  iron-m aking th e  q u a l i ty  of th e  iro n  

produced, which depends mainly on th e  sulphur and s i l ic o n  c o n te n ts , i s  

determined by re a c tio n s  which ta k e  p lace  between th e  m etal and s la g  

phases. In  s te e l  making, s lag -m eta l re a c tio n s  p lay  a major r o le  in  the  

removal of s i l ic o n ,  phosphorus, carbon and su lp h u r, although gas-m etal 

and g as-s lag  re a c tio n s  may a lso  occur, e s p e c ia lly  in  the  cases of 

de su lphu ri sa tio n  and decarbon isa tion .

I t  i s  obvious th a t ,  before the  re a c tio n s  governing th e  iro n -  and

steel-m aking p rocesses can be f u l ly  understood, a knowledge of th e

c o n s ti tu t io n  of th e  l iq u id  s la g  phase i s  necessary . The p resen t know-

* ledge of the  c o n s ti tu t io n  of i ro n -  and steel-m aking has been derived  from
A

various works and la b o ra to ry  in v e s t ig a t io n s , th e  most f r u i t f u l  source as 

y e t being th e  in v e s tig a tio n  of slag -m eta l e q u i l ib r ia .  However, such 

data  are  not easy to  in te r p r e t ,  on account o f th e  la ck  o f in fo rm ation  on 

the  a c t iv i ty  c o e f f ic ie n ts  o f v a rio u s c o n s titu e n ts  in  both th e  l iq u id  

iro n  and th e  l iq u id  s lag  phases.
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In  th e  p resen t approach to  the  problem of l iq u id  s la g  c o n s t i tu t io n  

i t  was decided to  study q lag-gas e q u ilib r ia *  The in fo rm ation  gained 

from such s tu d ie s  i s  u su a lly  e a s ie r  to  in te rp r e t  than  th a t  obtained  from 

slag -m eta l s tu d ie s , since th e  gas phase can be reg a rd ed  as an id e a l  

so lu tio n  and th e  a c t iv i ty  or p o te n t ia l  o f each component i s  th e re fo re  

ob tained  from a knowledge of th e  equ ilib rium  con d itio n s a t  th e  tem perature 

of study* The iro n  oxide-oxygen equ ilib rium  has a lread y  been s tu d ied  

by W h ite ( l) , by Darken and Gurry(2 ) and by Chipman and L arso n (s), bu t th e  

knowledge o f s lag  c o n s ti tu t io n  thus ob ta ined  was lim ite d  to  s lag s co n ta in - 

fcing iro n  oxides and o ther oxides which combine w ith  the  iro n  oxides*

In  th e  p resen t work, the  equ ilib rium  between molten s lag s  and gases 

con ta in ing  sulphur has been studied* This can give in fo rm ation  not only 

about th e  c o n s ti tu t io n  of l iq u id  s la g s  used in  iro n -  and steel-m aking , 

and th e  a c t i v i t i e s  of the  s la g  components, but a lso  about the  t r a n s f e r  

of su lphur between gas end s lag  in  th e  open-hearth  steelm aking p ro cess .

The u ltim a te  re a c tio n  to  be s tu d ied  i s  

| > § 3 + 0  = k O s + S

Since th e  number of v a r ia b le s  involved  in  using  iro n -  and steel-m aking  

slags and gases would have been too  g re a t to  cope w ith  under la b o ra to ry  

co n d itio n s , th e  s lag  systems s tu d ied  were l im ite d  to  th o se  con ta in ing  

CaO as th e  only basic  oxide c o n s ti tu e n t,  and AlaC^ or 8 iOg or both  as 

the a c id ic  oxide c o n s titu e n ts , w hile th e  gases used were m ixtures o f CO, 

CQ2 and SO2 , th e  sim plest p o ss ib le  to  give c a lc u la b le  values of Bb» and 

The p re sen t work was alm ost com pletely l im ite d  to  an experim ental 

tem perature of 1500^0*
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The e a r l i e s t  a ttem pts to  apply th e  laws of p h y s ic a l chem istry to  

iro n -  and steel-m aking  slag -m eta l r e a c tio n  used th e  t o t a l  co n cen tra tio n s 

of th e  r e a c ta n ts ,  but met w ith  l i t t l e  success. Consequently/ a ttem pts 

were made to  a ssess  th e  "free"  co n cen tra tio n s o f th e  re a c ta n ts  in  th e  

s la g , i . e . ,  th a t  p e r t of th e  " to ta l"  co n cen tra tio n  o f a component which 

can be regarded as a v a ila b le  fo r  chem ical re a c tio n . The assumption 

was made th a t  the  compounds found in  th e  s o l id i f ie d  s ls g s  were a lso  

p resen t in  th e  l iq u id  s ta te  and th a t  th e se  compounds were p a r t i a l l y  

d is so c ia te d  in  the  l iq u id  s lag . Thus Schenck(4) assumed th a t  the com- 

I pounds formed in  a steel-m aking s lag  were CaO.SiO^, SMnO.SiOg, SFeO.SiC^, 

SCaO.PgOs or ^CaC.PgO^, and 3Ga0.F%0^, and th a t  they  were in  equ ilib rium  

\n.th th e  " free"  concen tra tions of th e i r  component o x id es , e .g . ,

ZFeO.Sipa = 2FeO + SiO^

From e la rg e  amount of works d ata  on slag -m eta l r e la tio n s h ip s  and from 

th e  la b o ra to ry  r e s u l t s  o f Korber and O elsen (s), Schenck ob tained  values 

fo r  th e  d is s o c ia tio n  constan ts  of th ese  compounds, and co n stru c ted  c h a rts  

r e la t in g  the  f re e  concen tra tions of s lag  components to  th e  chemical 

an a ly s is  o f the  s la g . Considering the  assumptions involved in  Schenck's 

trea tm en t, th e  agreement obtained by v ario u s workers between observed 

steelm aking d a ta  and values c a lc u la te d  from Schenck's c h a rts  i s  good, 

although i t  i s  by no means p e r fe c t .

in i i te ( l )  obtained  d is s o c ia tio n  constan ts  fo r  compounds formed 

between iro n  ox ides, s i l i c a  and lim e, by comparing th e  lo s s  in  weight 

caused by th e  d is s o c ia tio n  of Fe^Cb f when m elted a lo n e , w ith th e  lo ss  

observed on the  a d d itio n  o f known q u a n ti t ie s  of s i l i c a  and lim e,
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sep a ra te ly  and to g e th e r . l^hite a t t r ib u te d  the  change in  d is s o c ia tio n  

to  th e  form ation of fe rro u s  s i l i c a t e s  and calcium  f e r r i t e s  and c a lc u la te d  

d is s o c ia tio n  co n s tan ts  fo r  th ese  compounds in  a manner s im ila r  to  th a t  

of Schenck* The agreement between the  r e s u l t s  of Schenck and of 

I'/hite i s  not good, b u t, s ince  W hite 's  experim ents were c a rr ie d  out in  th e  

absence of molten iro n  and a t  oxygen p re ssu re s  of 2-76 cm s., t h i s  i s  

not r e n l ly  su rp rising*

R ecen tly , Grant and Chipman(6 ) ,  in v e s t ig a t in g  sulphur e q u i l ib r ia  

between l iq u id  iro n  and s la g s , explained  th e i r  r e s u l t s  on the  b a s is  of 

a s lag  c o n s ti tu t io n  model s im ila r  to  th a t  of Schenck. The basic  ox ides, 

GaO, MgO and MnO, were taken  to  be eq u iv a le n t, on a molar b a s is ,  in  

th e i r  c a p a c itie s  to  n e u tra lis e  th e  a c id ic  ox ides, and were taken to  

combine w ith them according to  th e  fo llow ing  r u le s %

2 Base ilSiCfe, 4 Base i IPsOg^ 2 Base * lAlgCh , 1 Base i IFegQa,

the  rem aining base being termed "excess base". T heir r e s u l t s  showed 

th a t  the  sulphur d is t r ib u t io n  r a t i o ,  ( S ) / [S ] ,  was c o n tro lle d  by th e  

excess base or ac id  count, and th a t  the r e la t io n s h ip  was alm ost lin e a r*

T heories based on th e  io n ic  concept of s la g  c o n s ti tu t io n  have been 

put forward by Herasymenko(7), Temkin(3), Kheinman(9) and Flood, F prland  

and Grjotheim (lO) to  ex p la in  s lag -m eta l e q u i l ib r ia .  Herasymenko* s 

theory  assumed complete io n is a t io n  o f th e  s la g , and gave reasonable 

agreement w ith  ac id  open-hearth  d a ta . I t  was m odified in  a l a t e r  p a p e r ( l l  

to  exp lain  b as ic  steelm aking r e a c t io n s ,  but th e  "equ ilib rium  c o n s ta n ts” 

were found to  vary w ith  s la g  composition* This was not su rp r is in g , 

since s lag  co n cen tra tio n s were expressed  as ion  f r a c t io n s ,  i . e . ,  th e
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number of gm. ions o f the io n  considered  d iv ided  by the  t o t a l  number o f 

gm. ions p re sen t (c a tio n s  and anions) and constancy o f th e  "equ ilib rium  

constan t"  would have im plied th a t  th e  ions were randomly mixed i r r e s p e c t iv e  

o f  th e i r  n a tu re  or the  s ig n  of th e i r  charge*

The theo ry  put forward by Temkin(8 ) wad s im ila r  to  th a t  o f 

Herasymenko, bu t d if fe re d  in  one im portant r e s p e c t ,  i n  th a t  i t  assumed th a t  

each ca tio n  was surrounded by anions and v ice  v e rsa . Kheinman(9) po in ted  

out th a t  the  concept o f non-ion ised  oxides and compounds pu t forw ard by 

Schenck(4r) could be used to  ex p la in  oxygen d is t r ib u t io n  but not su lphur 

d is t r ib u t io n  between m etal and b as ic  s la g s , whereas th e  io n ic  th eo ry  

of Terakin could ex p la in  sulphur d is t r ib u t io n  but not oxygen d is t r ib u t io n ,  

and suggested th a t  both sulphur and oxygen d is t r ib u t io n  could be accounted 

fo r  s a t i s f a c to r i ly  i f  i t  were assumed th a t  s i l i c a t e  m elts contained 

both io n ised  and non-ion ised  compounds*

I t  i s  u n lik e ly , however, th a t  th e  v arious ca tio n s  are  a s so c ia te d  

equally  w ith th e  d if fe re n t  anions prew ent, i r r e s p e c t iv e  o f charge, s iz e ,  

co -o rd in a tio n  number, e t c . ,  as i s  im p lic i t  in  TemkLn's th eo ry . F lood, 

F /rlan d  and Grjotheim (lO) made allowance fo r  th e  d iffe re n ce s  in  th e  

energ ies o f in te ra c t io n  o f the  v ario u s ions p re sen t and achieved co n s id e r-  

ta b le  success in  th e  in te rp r e ta t io n  of su lp h u r, manganese and phosphorus 

e q u i l ib r ia  under b asic  slags#

Less success has been achieved in  the  a p p lic a tio n  o f th ese  th e o r ie s  

to  ac id  steelm aking , p r in c ip a lly  because o f the lack  of knowledge o f 

th e  s ta te  of com bination of s i l i c a  in  a c id  slags* Thus before th e  io n ic  

theo ry  could be app lied  i t  would be necessary  to  know th e  types o f  

s i l i c a t e  ions p resen t in  ac id  slags#
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The pu re ly  thermodynamic approach to  th e  problem o f s la g -c o n s t i t -  

tu t io n , in  which the chemical a c t iv i ty  o f each component i s  u t i l i z e d  in  

th e  ev a lu a tio n  of s lag -m eta l e q u i l ib r ia ,  i s  more u se fu l th an  an approach 

re ly in g  on one o f the th e o r ie s  given above, s in ce  i t  can be used 

independently  o f the  methods and assumptions involved in  ob ta in in g  th e  

a c t iv i ty  values* Thus th e  a ttem p ts which workers such as Schenck and 

Chipman have made to  o b ta in  s u ita b le  expressions fo r  th e  " f re e ” concen tra- 

i t io n s  of s lag  re a c ta n ts  in  slag -m eta l re a c tio n s  can be regarded  as methods 

of a ssess in g  th e  a c t iv i ty  of those re a c ta n ts  in  slags* In  re ce n t y e a rs , 

Richardson( 12) has used thermodynamic data  to  es tim a te  th e  a c t iv i ty  o f 

FeO and SiOg in  molten FeO-SiOg slags} Rey(l3) has used th e  phase diagrams 

of a number of b inary  s i l i c a t e  systems to  es tim ate  th e  a c t i v i t i e s  of SiO ĵ 

and the corresponding m etal oxides} and B e ll ,  Murad and G arte r( 14) have 

used th e  r e s u l t s  of experim ents on the  d is t r ib u t io n  of Mn and 0 between 

iro n  and FeO-MnO-SiOg s lag s to  determ ine a c t iv i t i e s  o f the  oxide compon- 

le n ts  o f th ese  s la g s . Such a c t iv i ty  values can be used in  the  ev a lu a tio n  

of s lag -m eta l e q u i l ib r ia  independently  of how they were ob ta ined . The 

p resen t approach, through g as-s lag  e q u i l ib r ia  would f a l l  to  be inc luded  

in  th i s  ca tegory .

The amount of d a ta  a t  p re sen t av a ila b le  on re a c tio n s  o f th e  s la g  

phase w ith  the  furnace atmosphere i s  sm all compared w ith  the data  a v a ila b le  

on slag -m eta l r e a c t io n s , and hence th e re  i s  not an adequate b a s is  fo r  a 

f u l l  understanding  of the  t r a n s f e r  mechanism o f sulphur and oxygen between 

gas and s lag . Apart from th e  re c e n t work of Fincham and R ichardson(l5) 

in fo rm ation  ob ta ined  by la b o ra to ry  in v e s tig a tio n s  has been confined to
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s tu d ie s  on oxygen t r a n s fe r  between th e  gas phase and s lag s  con tain ing  

iro n  ox ides, and in form ation  on g a s -s lag  su lphur t r a n s f e r  has been 

obtained  only from works data and su lphur b a lan ces, which a re ,  o f cou rse , 

u n sa tis fa c to ry  as sources of fundam ental data  on iro n -  and steel-m aking  

reac tions*

L aboratory in v e s tig a tio n s  on oxygen-iron oxide g a s -s lag  e q u i l ib r ia  

have been mainly of two types»-

(a) th e  study of the  d is s o c ia tio n  o f m olten s lag s in  an evacuated 

system , th e  oxygen p ressu re  r e s u l t in g  from i t s  decom position 

being measured, and

(b) th e  study of th e  e q u i l ib ra t io n  o f s la g s  w ith gases o f known 

oxygen p o te n tia ls*

The former method was used by Krings and Schackmann(l6 ) in  th e i r  s tu d ie s  

o f th e  d is s o c ia tio n  of iro n  o x id e - l im e -s il ic a  m ixtures a t  tem peratures 

o f 1550-1600^0* The l a t t e r  method was f i r s t  used by W h ite (l) , as

o u tlin ed  above* The decom position of f e r r i c  oxide in to  oxygen and lower

iro n  oxides was s tu d ied  a t  v arious tem peratures under oxygen p ressu res  

o f 2 -  76 cms* and the  e f f e c t  o f ad d itio n s  o f CaO and SiO^ upon th i s  

d is s o c ia tio n  was a lso  observed* The experim ental procedure involved 

suspending a sample in  a p latinum  c ru c ib le  from one arm of an a n a ly t ic a l  

balance, th e  p ro p o rtio n s of f e r r i c  and fe r ro u s  oxides being c a lc u la te d  

from observa tions of th e  w eight lo s s  caused by th e  re a c tio n

“  2FeO + ^0}

U nfortunate ly  iro n  d isso lv es  in  th e  c ru c ib le  according  to  th e  r e a c tio n

FeO = Fe ( in  P t) LOg



8.

thus causing a permanent w eight lo s s  to  the  system* Reviewing th i s  

work, Larson and Chipman(3) in d ic a te d  th a t  W hite 's r e s u l t s  do not agree 

w ith th e  l a t e r  work of Darken and Gurry(2 ) on account of a f a u l ty  method 

of c o rre c tin g  fo r  th i s  re a c tio n .

Darken and Gurry(2) worked on the  iron-oxygen system m elting  

iro n  oxide in  a platinum  c ru c ib le  under an atmosphere o f c o n tro lle d  

oxygen p o te n tia l*  Depending upon th e  oxygen p o te n t ia l  d e s ire d , t h e i r  

atmospheres were obtained from CO-CQ3 , 0 % -% , G%, a i r  or % ^

gases. By c a lc u la tio n s  from th e  fe rro u s  and f e r r i c  oxide analyses o f 

th e  quenched sam ples, Darken and Gurry were ab le  to  determ ine th e  iro n  

and oxygen a c t iv i t i e s  in  th e  v ario u s s la g s  used. In  subsequent work 

they  in v e s tig a te d  the  e f fe c t  o f a d d itio n s  of CaO, I4nO and SiQg on th e  

iro n  and oxygen a c t iv i t ie s *

Analogous methods of s lag -g as  e q u i l ib r ia  u sin g  CO-CQ3 gas 

m ixtures to  f ix  th e  oxygen p o te n tia ls  o f the  gases, have been employed 

by Schuhmann and E nsio (l7 ) and by M ichal and Schuhmann(l8 ) in  s tu d ie s  

of th e  thermodynamic p ro p e r tie s  of iro n  s i l i c a t e  s la g s . Thus th e  

lab o ra to ry  technique involved in  s la g -g a s  e q u i l ib r ia  in v e s tig a tio n s  o f 

oxygen t r a n s f e r  re q u ire s

(a) th e  use of a su ita b le  gas mi:[ture to  give th e  d e s ire d

oxygen p o te n t ia l  a t  th e  experim ental tem pera tu re , and

(b) s a t is f a c to ry  techniques fo r  th e  fre ez in g  o f th e  equ ilib rium

and th e  subsequent a n a ly s is  of th e  sample*

Both o f th ese  cond itions were r e a d i ly  ob ta inab le  in  th e  above in v e s t i -  

» gâ tio n s of oxygen-iron oxide e q u i l ib r ia ,  and i t  fo llow s th a t  s im ila r



9.

co nd itions would be necessary  fo r  the  in v e s tig a tio n  of g a s -s lag  

sulphur tra n s fe r*

The only work which has been c a r r ie d  out on g a s-s lag  e q u i l ib r ia  

invo lv ing  sulphur t r a n s f e r  i s  th a t  of Fincham and Richardson( 15) which was 

pub lished  when th e  p re sen t work was alm ost completed* T heir work was 

c a rr ie d  out u sing  a s im ila r  experim ental technique to  th a t  employed in  

th e  p resen t work* They in v e s tig a te d  th e  ab so rp tio n  o f su lphur by 

various molten s i l i c a t e s  and a lu n in a te s  and iro n -  and steel-m aldng  slags* 

Small samples o f th e  slags were brought in to  equ ilib rium  w ith gas m ixtures 

o f COfe, Hq , SQs and % in  such p ro p o rtio n s as to  g iv e , a t  the  experim ental 

tem peratures th e  req u ired  oxygen and su lphur p o te n t ia ls  as c a lc u la te d  

from th e  a v a ila b le  thermodynamic data* Ifhereas in  th e  p re sen t work 

a d e ta ile d  study was made o f the CaO-AlgCb-SiQa system a t  1500^0, over 

si]{ty s lag  com positions being used , Fincham and R ichardson in v e s tig a te d  

only a few CaO-AlgCb-SiOg s la g  com positions, one MgO-SiQg s la g , two 

FeO-SiQs slags* On th e  o ther hand, Fincham and R ichardson made a 

d e ta ile d  in v e s tig a tio n  of the  e f f e c t  o f tem perature and th e  oxygen po ten- 

i t i a l  of the  gas phases. Their work was c a rr ie d  out a t  four tem peratures
T.3.

ranging from 1425-1650*0, and a t  oxygen p o te n tia ls  from 1 - 1 0  

atmospheres* From th e i r  work, Fincham and Richardson were ab le  to  

compare the  r e la t iv e  sulploide c a p a c it ie s  of th e  s lag s  .in v e s t ig a te d , w ith in  

the  tem perature range im portant in  iro n -  and steel-m ak ing , and c e r ta in  

comparisons w il l  be made between th e  r e s u l t s  of th e  p re sen t work and 

th e i r  r e s u l t s .

I t  was s ta te d  in  th e  in tro d u c tio n  th a t  a study o f g as-s lag



10.

e q u i l ib r ia  invo lv ing  sulphur t r a n s f e r  would give in fo rm ation  about the 

desu lp h u risa tio n  process in  steelm aking. I t  i s ,  th e re fo re , d e s ira b le  

to  note here some of the  r e s u l t s  ob tained  from works data and sulphur 

balances which bear on th e  problem of de sulphur i s  a t  io n , n o tin g  e s p e c ia lly  

those  p e r ta in in g  to  g as-s lag  e q u i l ib r ia .

V fhiteley(l9) w ith data from an ac id  open-hearth  fu rnace , was one 

of th e  f i r s t  to  study the  e f f e c t  o f the  sulphur con ten t o f th e  furnace 

gases on th e  d esu lp h u risa tio n  of th e  b ath . He found th a t ,  during  the 

r e f in in g  p e rio d , sulphur \/as p icked up by the  bath  only when th e  gas was 

incom pletely  b u rn t. With com pletely burn t gas, a s l i g i t  lo s s  o f 

su lphur from the  bath  to  the  gas could occur.

Schenck(4) in  another e a rly  study o f works data in v e s tig a ted  

th e  su lp h u r isa tio n  and d esu lp h u risa tio n  o f th e  molten b&th by th e  heatino* 

gases during th e  b o i l ,  and concluded th a t  the re a c tio n  lakes p la ce  raaiily  

between th e  gas and th e  s la g , w hile th e  m etal bath  i s  s ib je c t to  th e  

in flu en ce  of the  gaseous phase by way of the  s la g . Sclenck assumed 

th a t  th e  su lphur in  th e  gas i s  p re sen t alm ost e n tire ly  cs SQj, and reac ts  

w ith  th e  f re e  lim e according to  th e  equation

SQg + CaO + 300 = GaS + 3GQg 

He concluded th a t  su lp h u r isa tio n  o f th e  bath  i s  encouraged by reducing 

conditions»  ., *

Herty e t  a l (2 0 ) ,  s ta te d  t h a t ,  once th e  s la g  has covered th e  bath 

in  th e  b asic  open-hearth  fu rn ace , t r a n s fe r  of s u lphur fDm gas to  s lag  

tak es p lace  according to  th e  fo llow ing  reac tio n s»
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SCb + CaO + 300 = CaS + 3CQ3 , 

the  CO being derived  from th e  carbon-oxygen re a c t io n  in  th e  b a th , and 

SOg + CaO + 3Fe^2  ̂ — OaS + 3FeO, 

th e  iro n  being p resen t as sm all d ro p le ts  suspended in  th e  slag*

Assuming th a t  a l l  the  sulphur in  th e  gas i s  p resen t as SOg, Herty worked 

out the  r a t io

Vol % sulphur in  th e  gas over th e  b a th
% sulphur in  th e  s la g  " "*

but th i s  r a t io  has no thermodynamic s ig n if ic a n c e  s in ce  n e ith e r  th e  OO/OQ3

r a t i o  o f th e  gas,nor th e  s ta te  of o x id a tio n  of the s la g , nor th e  e f f e c t

of tem perature has been taken  in to  account#

Chipman and Ta L i(2 l)  in  th e i r  in v e s tig a tio n s  in to  th e  problem, 

a lso  emphasised the  importance of th e  s la g  phase in  desu lphu risa tion#

They showed th a t  the  most im portant v a r ia b le  in  d esu lp h u risa tio n  i s  th e  

f re e  lime co n ten t of th e  s la g , and th a t  oxygen tends to  desu lphurise  

th e  s lag  by o x id is in g  CaS to  SQg* However, as o ther substances in  th e  

s lag  are  competing \d.th the  CaS fo r  th e  sm all amount o f oxygen a v a ila b le , 

th e re  could be no e f f ic ie n t  d esu lp h u risa tio n  v ia  th e  excess a i r  i n  th e  

flam e.

At various tim es, in v e s tig a to rs  have endeavoured to  o b ta in  an 

o v e ra ll p ic tu re  of th e  movement o f su lphur in  an open-hearth  h ea t by 

ca rry in g  out a sulphur balance over the  whole o p e ra tio n . Due to  th e  

p r a c t ic a l  d i f f i c u l t i e s  encountered in  ca rry in g  out such a t e s t ,  and th e  

la rg e  number of personnel re q u ire d  to  c a rry  out th e  necessary  work, 

r e la t iv e ly  few complete su lphur balances have been c a rr ie d  o u t. Such 

balances as have been c a rr ie d  out fu rn ish  us w ith  in fo rm ation  on g a s-s lag
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su lphur movement as fo llow s. E isenstecken  and S ch u ltz (22) showed th a t  

in  th e  h ea ts  th ey  in v e s tig a te d  in  a fu rnace f i r e d  by a m ixture o f coke- 

oven gas and b la s t  furnace gas, the  su lphur in  th e  gas was only absorbed 

in  th e  charging and m elting  p eriods and th a t  not only was th i s  su lphur 

com pletely l ib e ra te d  in  the  b o il  during th e  re f in in g  p e rio d , but th e  b a th  

undervzent a n e t lo ss  of su lphur. This d e su lp h u risa tio n  was found to  

tak e  p lace  independently  of whether a reducing or o x id is in g  atmosphere 

was p re se n t.

Short and Meyrick(23) in  a  s im ila r  su lphur balance on a fu rnace 

f i r e d  by a m ixture of coke-oven gas and producer gas, po in ted  out th a t  

by f a r  the  g re a te s t amount of su lphur e n te rin g  and leav ing  the  fnrna.ce 

does so w ith  th e  gas. In th is  t e s t  a l i t t l e  more su lphur was found to  

leav e  th e  fu rnace w ith  the  waste gases than  en te r  w ith  th e  fu e l  g ases . 

Hence Short and Meyricldb r e s u l t s  a re  in  conform ity w ith  th e  observa tions 

of E isenstecken  and S ch u ltz , s in ce  d esu lp h u risa tio n  o f the  charge has 

taken  p la c e . Short and Meyrick a lso  found th a t  th e  use of su lp h u r-fre e  

in s te a d  of su lph u r-co n ta in in g  gases has very l i t t l e  e f f e c t  on th e  f i n a l  

su lphur con ten t of th e  s te e l  and a t t r ib u te d  th i s  to  th e  in te rv e n tio n  

of checker re a c tio n s .

H arders, Grewe and Oelsen (24) r e c e n tly  c a rr ie d  out sulphur 

balances on 25 h ea ts  in  a fu rnace u sing  m ixtures o f coke-oven gas , b la s t  

fu rnace  gas and producer gas. They found th a t  th e re  was a co n sid erab le  

ab so rp tio n  o f su lphur by th e  s la g  and m etal from th e  gas phase during  

charging  and m eltin g . Although th e re  was found to  be in  many cases an 

in c re a se  in  the  sulphur con ten t o f the  m etal + s la g  in  the  r e f in in g
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p eriod  a ls o , th e  sulphur con ten t of th e  m etal i t s e l f  was reduced due to  

sulphur t r a n s f e r  from m etal to  s la g  during th i s  p e rio d . The decrease  

in  th e  m etal sulphur con ten t during  th e  b o il  was found to  be sm alle r 

w ith  in c re as in g  su lphur conten t in  th e  gas. These r e s u l t s  c le a r ly  show 

th a t  sulphur can be picked up from th e  gas phase during  th e  r e f in in g  

p e rio d , although they  do no t in d ic a te  whether th e  sulphur i s  t r a n s fe r r e d  

from th e  fu rnace gases to  th e  s la g  d i r e c t ly  or in d i r e c t ly  v ia  m olten m etal 

g lobules thro;m  up through th e  s la g  in to  th e  gas phase by th e  a c tio n  of 

th e  b o i l .

The q u a l i ta t iv e  conclusions o f such works d a ta  were follow ed by 

a paper g iv ing  th e o re t ic a l  c a lc u la tio n s  on s lag -g as sulphur re a c tio n s  

by Richardson and W ithers(25). They rep resen ted  th e  slag -g as sulphur 

re a c tio n  thus»

|Cb + ( s " )  = &% + (o " )

^slag-gas ~  ̂  ̂ ^83
( s - - )

Although experim ental va.lues fo r  th e  equ ilib rium  co n stan t fo r  th i s  

re a c tio n  were no t a v a ila b le , R ichardson and W ithers circumvented th i s  

d i f f i c u l ty  by u sing  th e  gas-m etal equilibrium »

+ [S] = + [0]

and by d efin in g  th e  s la g  in  term s o f th e  [ 0 ] and [S] values w ith  which i t  

would be in  eq u ilib riu m . Thus values of th e  r a t i o  )/(p^o^ ) in

equilib rium  w ith  any s la g  defined  in  th i s  manner could be calculated.
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This approach to  the  problem showed th a t  th e  m etal can lo se  su lphur to  

the  gas phase v ia  the  s la g , even though th e  same m etal in  d i r e c t  co n tac t 

w ith  the  gas would p ick  up su lp h u r, th i s  sulphur t r a n s f e r  from a lower 

to  a h igher sulphur p o te n tia l  being made p o ss ib le  by the  sim ultaneous 

movement o f oxygen from a h igher to  a lower p o te n t ia l ,  i . e . ,  from th e  gas 

v ia  th e  s la g  to  th e  m etal. The r e s u l t s  of R ichardson and Wither* s 

c a lc u la tio n s  were p resen ted  in  th e  form of curves showing th e  amount of 

sulphur which th e  gas phase could c o n ta in , a t  d if f e r e n t  gas CO/COg 

le v e ls  and tem pera tu res , before t r a n s f e r  of sulphur to  the  s la g  occurred . 

High tem peratures and low CO/CQ3 r a t io s  in c reased  th e  tendency fo r  th i s  

t r a n s fe r  to  occur.

Such a trea tm en t depends s t r i c t l y  on th e  co n d itio n  o f non

ox ida tion  of the  s la g  being f u l f i l l e d .  This co n d itio n  i s  not ob ta ined  

in  p ra c t ic e ,  s in c e , a t  h igh oxygen p o te n t ia ls ,  (O"” ) i s  reduced due to  

FegCb form ation . Richardson and W ithers, however, were ab le  to  chow th a t  

th e  red u c tio n  of (O ) which might be expected was r e la t iv e ly  unim portant • 

as \Tas a lso  (SQi ^form ation , except a t  very low QO/OOq r a t i o s .  The 

work o f R ichardson and Fincham has shown th a t  th e  conclusions of the  

former workers can be taken  as s u b s ta n tia l ly  co rrec t^

Thus, w hile th e  gas phase v a r ia b le s  which p lay  an im portant p a r t

in  th e  d esu lp h u risa tio n  problem have been d e a lt  w ith  adequately  by 

Richardson and co-w orkers, th e  p re se n t work i s  in tended  to  e lu c id a te  

more c le a r ly  th e  fa c to rs  involved in  d e su lp h u risa tio n  from the p o in t o f

view of the c o n s t i tu t io n  of th e  s la g  phase.
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The re a c tio n  by which a lim e-b earin g  s lag  absorbs su lphur from 

-s con ta in ing  8% , GO and GOg may be rep resen ted  chem ically  by th e  

equations»-

CaO + %  + 3C0 = GaS + SCOg .........................................  ( l )

and CaO + SQj + CCfe = CaSO& + CO .........................................  ( s )

Fincham and R ichardson(l5) have shown th a t  when pm i s  le s s  th an  a.hout 

lO*̂ ® atm ospheres, a sulphur atom can en te r  th e  s la g  only by d isp la c in g  

a su ita b le  oxygen atom and the  su lphur i s  then  h e ld  in  th e  s la g  e n t i r e ly  

as su lp h id e , corresponding to  r e a c tio n  ( l )  above. I'/hen p(^ i s  g rea te r  

than  about 1 0"^ atm ospheres, th e  su lphur i s  held  e n t i r e ly  as su lp h a te , 

corresponding to  re a c tio n  (2 ) above. These workers have a lso  shovm t h a t ,  

in  CaO-AlgC^-SiOg s la g s , CaO i s  th e  only e f fe c t iv e  oxide in  th e  ab so rp tio n  

of sulphur and th a t  no s ig n if ic a n t  p ro p o rtio n  o f th e  su lphur i s  lin k ed  

to  s i l ic o n  or aluminium, a s ,  fo r  example, in  SiSg o r .

In  the  p re se n t in v e s tig a tio n  in to  th e  ab so rp tio n  o f sulphur from 

CO-GQ3-SO2 gases ty  CaO-AlgCb“SiQa s la g s , th e  PO3 o f the  gases used 

v aried  Txithin th e  range 2 x 10  ^ to  2 x lo"^ atm ospheres (see  Appendix). 

Therefore, the only re a c tio n  which need be considered  i s  th a t  re p re se n ted  

by equation ( l )  above. For th e  purposes of a thermodynamic com putation 

of th e  a c t iv i ty  o f CaO, i t  i s  more convenient to  express i t  in  the  form

(CaO) + I f e  = (CaS) +   ( s )

where round b racke ts denote co n cen tra tio n s  in  th e  s la g  phase. The

equ ilib rium  co n stan t i s  then  rep re se n ted  ly

K _ ^GaS .

^CaO «= ^CaS / ;
(^ % )8  / .
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The most s a t is f a c to ry  method of o b ta in in g  a value fo r  th e  ^CaO of a 

s lag  i s  to  r e f e r  u n it  a c t iv i ty  to  a s lag  in  equ ilib rium  w ith  s o l id  CaO. 

T herefore, i f  ag^Q and ac^S r e f e r  to  th e  a c t i v i t i e s  of CaO and CaS in  a 

s lag  in  equ ilib rium  w ith  a gas o f oxygen and su lphur p o te n t ia ls  pg^ and 

Pg^ re s p e c tiv e ly , and i f  a s la g  of u n i t  CaO a c t iv i ty ,  in  eq u ilib riu m  w ith  

a gas of oxygen and su lphur p o te n t ia l  p* and p* re s p e c tiv e ly  has a 

CaS a c t iv i ty  of a^Q^g, then  the value of th e  a c t iv i ty  of CaO of the  f i r s t  

s lag  i s  given by

 ̂ CaS*(P ObÆ* I P S .*
-

a-'^CaS' lP8g &

Hence th e  determ ination  of agaO o f a s la g  depends on a knowledge o f

^ a S  of th e  s la g  when i t  i s  in  equ ilib rium  w ith a gas of known pg^ and

Pg^, and o f aQĝ g o f th e  s tan d ard  s la g  when i t  i s  in  equ ilib rium  w ith  a

gas of known po^ and pg^.

I f  th e  r a t io  (pg^ (p% o f a  gas i s  denoted by A, then

a r .n  = % aS .

And A may be termed th e  "su lp h u ris in g  p o te n t ia l"  o f th e  gas. This 

chap ter i s  th e re fo re  concerned w ith

(a) th e  choice of a s tan d ard  s la g ,

(b) th e  determ ination  o f ag^g o f a s la g , and

(c) th e  determ ination  o f th e  A value of a gas.
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(a) The choice of a s tandard  s la g .

The therm al equ ilib rium  diagrams of th e  systems CaO-AlgCb» 

CaO-SiO^ and GaO-Alg% -Si%  a re  shown in  F ig s . 1 , 2 and 3, r e s p e c tiv e ly , 

th e  former being taken  from E ite l(2 6 )  and th e  l a t t e r  t\jo from H all and 

In s le y 's  c o lle c tio n  (2 7 ). In  th e  CaO-AlgCb system , i t  can be seen th a t ,  

a t  th e  experim ental tem perature of 1500*0, th e  l iq u id  range extends from 

42 -  56*5^ CaO. At 1500*C, no m elt i s  in  equ ilib rium  w ith  s o lid  CaO, 

although , by ex tra p o la tio n  of th e  CaO liq u id a s  below 1535*0, th e  1500*0 

isotherm  cu ts i t  a t  approxim ately 59^ CaO and, as w il l  be shown in  th e  

r e s u l t s ,  th e  value of aQ^o iu  CaO-AlgQj s lag s  when ex trap o la ted  to  

59/v CaO agrees w ell w ith th a t  o f the  s tandard  s la g .

In  th e  CaO-SiOg system th e re  a re  two ranges l iq u id  a t  1500*0 -  

35-42" 5̂ ! and 52-56^ CaO. Again no l iq u id  i s  in  eq u ilib rium  w ith  s o l id  

CaO.

In  th e  CaO-AlgCb “SiQa system , th e re  i s  a considerab le  range 

l iq u id  a t  1500*0, as in d ic a te d  by th e  two areas w ith in  th e  1500*0 

iso therm al in  F ig . 3, I t  w il l  be observed th a t  along a sm all p a r t  o f 

th i s  iso th erm al, marked MH l iq u id  s la g s  a re  in  eq u ilib rium  w ith  s o l id  

CaO* A ccordingly one s la g  on th i s  l in e ,  composed of 60" 5% CaO, 7'

SiO^ and 32*5^ AlgQj ( s la g  ASl) was chosen as th e  standard  s la g , o f 

u n it  lime a c t iv i ty .

(b) The determ ination  of &CeC of a s la g .

The a c t iv i ty  of CaS in  a s la g  cannot be determ ined from th e  

p re sen t study . However, the su lph ide con ten t of each s la g  can be
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obtained  by analysis*  To use the  su lph ide d a ta ‘s i t  i s  th e re fo re  necessary  

to  make c e r ta in  assum ptions, viz»

(1) th a t  the  a c t iv i ty  of CaS in  a given s la g  i s  p ro p o rtio n a l

to  th e  ^  in  th e  s la g ,

(2 ) th a t  th e  a c t iv i ty  of CaS does not vc.ry w ith  th e  s la g  com position.

In  order to  es tim ate  th e  ag^o value of a s lag  by th i s  method i t  i s  a lso  

necessary  to  assume

( 3 ) th a t  th e  a c t iv i ty  of CaO in  th e  l iq u id  s la g  i s  not s ig n if ic a n t ly  

lowered by the s u b s t i tu t io n  o f sm all amounts o f su lph ide fo r  oxide*

These assumptions in .l l  only hold below a c e r ta in  l im it in g  value of 

su lphur conten t in  the  s la g , and such a l im i t  must be s e t  as  a guide 

to  th e  com position 01 the  gas w ith  which th e  s la g s  a re  to  be e q u il ib ra te d  

in  each experiment*

Obviously th i s  l im itin g  value must be below th e  su lphur 

s a tu ra tio n  value of the slag* V arious workers have given values fo r  

th is*  G laser( 28 ) found th e  s o lu b i l i ty  of sulphur in  l iq u id  CaSiCfe to  be 

56^ a t  15CXD°0> F i le r  and Darken(29) found th e  su lphur s a tu ra tio n  l im i t  

in  b la s t  furnace s lag s  to  be 3-5 -  4* 5^ S a t  1500*0} MacGaff ery  and 

0 e s te r le (3 0 )  found th e  s o lu b i l i ty  o f CaS in  CaO-AlgQ3 -SiO^ m elts a t  

1500*0 to  correspond to  about 8 /C S fo r  a c id  m elts and 11^ S fo r  more 

basic  m e lts} M artin , G lockler and V/ood(3l) s tu d ied  the  forms of su lphur 

in  b la s t  fu rnace s lag s  and reco rd  th a t  th e  s o lu b i l i ty  of CaS in  a 

CaO-Al2 Q3-SiQs s la g  i s  3*6^ CaS a t  1400-1425*0, i* e* , 1*6^ S* Fine ham 

and R ichardson(l5) a t t r ib u te d  c e r ta in  abnorm ally high r e s u l t s  to  

s a tu ra tio n  w ith CaS* The example given by them i s  4*2^ S in  a 41^
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CaO -  52/̂ 0 AI3 Q3 -  7^ SiC^ s lag  a t  1500®G., and from th e i r  r e s u l t s  i t  

can be c a lc u la te d , as shown in  th e  Appendix, p .l lQ ^ th a t  th e  expected 

su lphur con ten t o f  th is  s lag  i s  approxim ately  1 * 9 ^ ,  which in d ic a te s  

th a t  th e  sulphur s a tu ra tio n  l im i t  f o r  th i s  s la g  i s  le s s  th an  1*9^8 a t  

1 5 0 0 ^ . In  th e  p resen t work two p re lim in ary  r e s u l t s  (see  Table VI, 

p .59, run  8 8 ) o f 4*5 and 6 * 1 ^  were ob ta ined  in  a run  u sing  a CaO-AlgQ3 

s la g  co n ta in ing  54»4/  ̂ CaO, th e  r e s u l ta n t  s la g s  have a p e c u lia r  bulbous 

appearance. Subsequent work showed th a t  th e  expected sulphur con ten t 

should have been about 2*9^ S. These r e s u l t s  a re  th e re fo re  to  be 

a t t r ib u te d  to  s a tu ra t io n  vjith CaS, in d ic a tin g  th a t  th e  sulphui* s a tu ra tio n  

l im i t  fo r  th i s  s la g  i s  le s s  than  2"9^ S. However, th ese  sulphur s a tu ra -  

i t i o n  values would be expected to  be considerab ly  h igher than  th e  l im it in g  

su lph ide co n cen tra tio n  which i s  in  keeping w ith  assum ptions ( l )  and (3) .above 

Rosenqvist(32) ap p lied  h is  r e s u l t s  to  those o f Hatch and Ghipman(3 3 ) 

to  derive  th e  graph shoim in  F ig . 4 fo r  th e  a c t iv i ty  o f CaS in  sy n th e tic  

b la s t  fu rnace s lag s  (CaO-SiQa-MgO-AlsCb s lag s  co n ta in in g  5-26/^ AI2 Q3 and 

0*1-19^ MgO. ) However, in  d eriv in g  th i s  graph, R osenqvist makes se v e ra l 

assum ptions whose v a l id i ty  he does not j u s t i f y ,  viz%

(1 ) He assumes th a t  su lphide s a tu ra t io n  occurs a t  10^ S -  which 

f ig u re  i s  r a th e r  h igher than  most of the  data  quoted above.

In  a d d itio n , th e  d a ta  of Hatch and Chipman, which he uses 

fo r  th e  d e r iv a tio n  of t h i s  graph and fo r  th e  es tim a tio n  of 

th e  su lphur s a tu ra tio n  v a lu e , a re  probably not accu ra te  

enough fo r  th is  purpose.
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(2) He assumes th a t  th e  a c t iv i ty  o f CaO in  a complex CaO-MgO-
CaO + ^MgO

AleC^-SiOs s la g  of a given r a t i o  i s  th e  same

as th a t  in  a simple CaO-SiOo s lag  of th e  same CaO/SiQa ra tio *

( 3 ) He assumes th a t  the  ab so rp tio n  by a s lag  o f su lphur con ten ts 

o f up to  5/b does not r e s u l t  in  any change in  i t s  value*

On account of th ese  c r it ic is m s  no g re a t s t r e s s  can be la id  on Rosenqvist* s

graph* The form of the  graph of ag^S v* ^  should , however, be s im ila r

to  th a t  shown by R osenqvist.

Fincham and R ichardson(l5) have shown th a t  fo r  a given CaO-Alg Q3 -

SiQs s lag  a t  1500^C, th e  fu n c tio n  ( /^ )  (pq  ̂)^ /(p S g )^  was constan t over a

range of su lphur conten ts from 0*003/^ to  appro}d.mately l«3Jo. Since
if "4.

constancy must be shoim by the fu n c tio n  (pQ^ ) / (pg^ , ag^g i s

th e re fo re  p ro p o rtio n a l to  % S, i . e . ,  ^CaS c o n s ta n t, over t h i s  range 

o f sulphur c o n ten ts . The l im it  to  which th i s  constancy o f JfcaS G]:tends 

in  th e  CaO-AlgQj-SiQs s lag s used in  th e  p re se n t work i s  not Imown.

However, a value of Z% was decided upon as the  l im i t  below which ag^g 

could be taken as p ro p o rtio n a l to  th e  sulphur con ten t o f th e  s la g , and 

below which ag^g would not be s ig n i f ic a n t ly  a f fe c te d  by th e  s u b s t i tu t io n  

of sm all amounts o f su lph ide fo r  oxide in  th e  m e lt. I f  th i s  l im itin g  

value i s  too h ig h , th en  e rro rs  w i l l  be in troduced  in to  th e  values of 

agâ O ob ta ined , and the  d ire c tio n  of these  e r ro rs  can be shown as follows* 

F ig .4 shows th a t  as ^  in c re a se s , decreases* T herefo re , i f  th e

value of uqq^s i s  taken  to  be c o r re c t a t  say 2^ 8 ,  th e  value of agg^g
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a t  0"05^ S id .l l  be h igher than  would have been th e  case i f  had

been constan t over the  range 0-2^ S. Hence i f  the  s tan d ard  s la g  of 

^CaO -  I f  o.nd a s lag  of low ^Qq̂ q a re  both brought to  equ ilib rium  w ith  

the  same CO-CQ3 -SQ3 gas g iv ing  S* and sulphur r e s p e c tiv e ly ,

ĜaS = ypaS# = jfoaS • S 
aCaO OC ÿ c a S .^ “c a S  jf“GaS S “

In  c a lc u la tin g  th e  value o f a s la g  in  th e  p re se n t work, th e  assum ption

made i s  th a t  ^
%aO ^  go

i . e . ,  th a t  i s  co n stan t over the range 0 -  2/t S and fo r  a l l  s lag

com positions used. The e r ro r ,  th e re fo re , i s  such as would tend to  give 

a low value to  and would in c rease  as JTcaS In c reased , i . e . ,  as th e

sulphur con ten t of the s lag  decreased. In  th e  p re se n t work data  w il l  

be p resen ted  to  show th a t  XcaZ th e  standard  s la g  i s  co n stan t up to  

1 *8^ S. However, i t  i s  f e l t  th a t  the  la rg e s t  assum ption being made in  

the  p resen t in v e s tig a tio n  i s  the  constancy o f throughout th e

considerab le range of s lag  com positions used .

(c) The determ ination  of the su lp h u ris in g  p o te n t ia l .  A, o f th e  ga,s.

To c a lc u la te  A, the data re q u ired  a r e t -

(1 ) th e  f re e  energy change fo r  the  re a c tio n

2C0 + 0 3 =  ZCO3 

R ichardson and Je ffe s(3 4 ) g ive

AG^ = -135,100 + 41* 5T c a ls ,  

hence AOf?73 = -61,520 c a ls ,  

and IQ.773 = 3*84 x  10*̂
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(2 ) th e  fre e  energy changes fo r  the  form ation  o f the  gaseous 

compounds of su lphur, carbon and oxygen f i ’om 8% and CO.

This d a ta  was i n i t i a l l y  ob tained from K elley (3 5 ). L a te r , 

however, th e  d a ta  c o lle c te d  by R ichardson and Je ffes(3 6 ) 

became a v a ila b le . The value of A ob ta ined  u sing  th e  d a ta  o f

K elley i s  th e re fo re  denoted by Ag, and th a t  u sing  the d ata

of Richardson and J e f f es by 

The fo llow ing  a re  th e  equations fo r  AG  ̂ derived  from Kelley* s

d a ta , w ith th e  values o f  AG^??^ and K17 7 3 .

TABLE 1 .

iioaction ( c a l s . ) AG‘i773
(c a ls » )

E1773

Sa+Z03=ZS0n -172,630+3»43T lo g !  -  0»712x10*^T* 
♦0» 168x1051’̂  ♦ 24»30T

-112,020 6»46xld®

SCb=S+Q3 +137,620-4»56T lo g  T + 0»578xl0*^T® 
-0» 084x105T"4 -  16» 9T.

+83,200 5»31x10

SC*=80 + +79,760-1»715T lo g  T + 0-356xl0‘^T® 
-0 .0 8 4 x l( fT l -  13»5T

+47,060 1» 58x10"®

SQ3+GO = COS+Cfe, +62,390-6» 80T]cgX + i»536xlo‘®T^
+0»662xlO"5lT- + 21t45T

+66,070 7*16x10 ®

The data fo r  Sg, % and 8% showed t h a t ,  w ith in  th e  range of gas

com positions being used th e  amounts formed of th e se  compounds would be

n e g lig ib le , w hile c a lc u la tio n s  u s in g  th e  data fo r  CSs showed th a t  th e

p a r t i a l  p ressu re  of CS3 would never exceed 0 - 1 ^  o f the  t o t a l  p a r t i a l  p re ssu re

of a l l  su lphu r-bearing  gases in  th e  gas m ix tu re , and th e re fo re  i t  a lso  was 
n eg lec ted .
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The data of Richardson and J e f fe s (S 6 ) gave th e  fo llow ing  

equations fo r  and the derived  values o f AG*i773 and IQ.773 as

follows*

TABLE I I .

R eaction (c a ls ) Estim ated
Accuracy

AG®1773
( c a ls ;

%&773

S2+3Cb=2Sp3 -173,240+34.62T +1 K cal. -111,850
i 0

6* 03x10

SQ3=S+P3 +125,250-32.16T +5 Kcalfi. + 6 8 ,2 2 0 3*89x10'®

Qg + 62 ,120-18.56T + > 5  K cals. + 29,210 2.51x10"'*

S0u+C0=G£)G+O3 + 63,760+1*39T +2 K cals. + 6 6 ,2 2 0 6 . 86xlO"®

Data are  a lso  given fo r  carbon mono su lp h id e , CS, bu t i t  can be shovm th a t ,  

w ith in  th e  range of gas com positions being used , th e  amount of CS formed 

i s  n e g lig ib le .

Before maiding any comparison between the  two s e ts  o f data  and th e i r  

r e l i a b i l i t y ,  a sample c a lc u la tio n , by which th e  Ag value o f a gas was 

o b ta in ed , w i l l  be shown.

Given the  i n i t i a l  CO/COg and o f a gas, th e  mathematics 

involved in  c a lc u la tin g  i t s  value a re  very complex. Consequently a 

sim pler way i s  to  assume f ig u re s  fo r  th e  equ ilib rium  CO/CQ3 and th e  t o t a l  

p a r t i a l  p ressu re  of a l l  su lphur-bearing  compounds in  th e  equ ilib rium  gas 

and by c a lc u la tio n , th e  values of pQ  ̂ and pg^, and th e re fo re  in  th e  

equ ilib rium  gas, and a lso  th e  i n i t i a l  CO/CCfe and ^ SQ3 can be ob ta ined .
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B y carrying out a s u ff ic ie iit  number o f  such ca lcu la tio n s graphs can be 

drawn o f  Ag v# i n i t i a l  CO/CQg a t various i n i t i a l  CO/CÔ  le v e ls*  An 

example o f the ca lcu la tion  w i l l  make th is  clear*

Consider a gas a t  1 5 0 0 ^ , 760 mm* pressure w ith an equilibrium  

CO/CQ3 o f  1*46 and the equilibrium  to ta l  p a r tia l pressure o f  a l l  sulphur- 

containing compounds = 0*0062 (denote th is  by Zpg)*

Then pq  ̂ = 1*218 % 10*^, pco = 0*5899, pqq  ̂ = 0*4039

andZps = pgOh ♦ PS PSb + P80 + PCOS = 0*0062 

From the IQ.773 values fo r  the various reaction s producing these 8  coc^oonds 

we have*-
5.309 T 10*^^

PS ® X lO"*. '* ~  0* 00436a

1
P£b -  6-461 X l ‘ 218^x lO"*-® * ^  ~

PSO = * â = O'0143a
1*218» X 10‘.

POOS 1 * ^ 8 ' X 10“fe %0  ̂ ^ " 0 * 3466a

* ♦ 104*2a  ̂ + a ( l  ♦ 0*0044 + 0*0143 + 0*3466) = 0*0062

which gives the equilibrium  percentages o f  the sulphur-containing compounds

as fo llow s»-

SCb = 0.3572^, S = 0*0016^, % = 0 .1 3 3 0 ^

80= 0 .005i;(, COS = 0*1238^, and Ag = 331.

To determine the composition o f the i n i t i a l  CO-CQ3 -SQ3 gas, i t  can be 

shown, by considering the changes in  gas volumes in  a se r ie s  o f reaction s

of SĈ  with CO giv ing  CO3  and each o f the sulphur-containing conq)ound8

already considered.
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0 # g#, Sûg + 200  = 20Qg + s  ^

th a t  .................
:)

th e  i n i t i a l  volume of SQg =(̂ PgQ  ̂ +

th e  i n i t i a l  volume of 00  = p^^ + 2pg + 4pg^ + pgQ + Sp^pg,

and th e  i n i t i a l  volume of 00^ = Pco^“ 2pg -  4pg^ -  pgp -  2pppg

In  the  p resen t example, th e  data  givei

i n i t i a l  volume of SC  ̂ = 0.00753

i n i t i a l  volume o f 00 = 0*5990

i n i t i a l  volume of GQj = 0*3961

T o ta l = 1.0026

*

. .  i n i t i a l  ^  SO3 = 0.1  and i n i t i a l  00/0%  = 1.512

A s e r ie s  of s im ila r  c a lc u la tio n s  gave th e  fo llov /ing  re su lts»

1 ■ Z P g I n i t i a l  Gas Oomposition
00/ 0% ^Og

%

0.0062 1.512 0.752 331

0.0066 1.517 0.805 347

0.0070 1.522 0.859 364
I

0.0074
i

1.527 0.914 381

From a graph of these  r e s u l t s  th e  fo llow ing  d ata  were obtained»
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I n i t i a l  Gas Composition 
CO/C%

0.77 1.514 336

0.80 1.517 346

0.83 1.519 355

0 .8 6 1.522 364

0.89 1.525 373

0.92 1.527 383

Froia s im ila r  c a lc u la tio n s  and graphs, based on eq u ilib riu m  00/ 0% values

o f 1 .4 2 , 1 .50 and 1 .5 4 , s im ila r  values were o b ta in ed , and these  r e s u l t s

were then  graphed as shown in  F ig*6 . This graph was then  used to  determ ine 
of

th e  v a lu e ^ a  gas w ith  an i n i t i a l  CO/CQg w ith in  th e  range 1.45 -  1 .65

and an i n i t i a l  w ith in  the  range 0.77 -  0.92 by in te rp o la t io n  between

th e  curves o f vary ing  % SQ3 lev e ls#  The data  fo r  th i s  graph a re  

con tained  in  th e  Appendix, c a lc u la tio n s  numbers 1-24 .

F ig . 8 g ives a genera l p ic tu re  o f th e  v a r ia t io n  in  a t  i n i t i a l  

CO/CQ3 r a t io s  of 1 .0  -  4 .0  and a t  i n i t i a l  ^SOg le v e ls  of 0 .5 , 1 .0 ,  1 .5  

and 2 .0 ^ . The data  fo r  th i s  graph a re  contained  in  th e  Appendix, 

c a lc u la tio n s  numbers 25 -  40*

F ig .5 g ives th e  v a r ia t io n  in  in  gases of i n i t i a l  GO/CO3 r a t io s

of 3.2 -  4*9 a t  i n i t i a l  fS02 le v e ls  of 2 .0  -  3 .4 . The data  fo r  th i s

graph a re  contained  in  the Appendix, c a lc u la tio n s  numbers 41-94.
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Using th e  data  of Richardson and J e f fe s (3 6 ) , values of over 

ranges of gas com position somewhat s im ila r  to  th o se  covered Î57 Figs* 5 

and 6 were c a lc u la te d  and a re  shown in  Figs* 5 and 7 , th e  data  used being 

contained  in  th e  Appendix, c a lc u la tio n s  numbers 101-124*

Comparison of values of Ag and show th a t  th e re  i s  a co n sid erab le  

d iffe re n ce  between th e  two, p a r t ic u la r ly  a t  low values o f A, e .g * ,

(1 ) fo r  a gas of i n i t i a l  CO/CQ3 of 1 .5 2 , i n i t i a l  8 % of 0.81/i %

= 350, and = 181)

(2 ) fo r  a gas o f i n i t i a l  GO/CO2 of 3 .3 4 , i n i t i a l  8 Q3 o f  3.01/» *

= 1640, and = 1280*

The cause of th e se  d iffe ren ces  l i e s  in  the  d isc rep an c ies  between th e  

values of the  re a c tio n s  in v o lv in g  (a) S, and (b) 80$

(a) fo r  SO2 = 8  + 03, K elley gives AG^ ? 7 3  = 83,200 c a ls* ,
R ichardson -  68,200 cals*

(b) fo r  SQ2 = SO + IO3 , K elley  g ives AG^i773 = 47,060 cals*
Richardson -  29,210 cals*

These d iffe re n ce s  a re  fu r th e r  seen i f  th e  p ropo rtions of 8  and 80 to  the

to t a l  sulphur co n ta in in g  gases in  an equ ilib rium  gas a re  compared#

.. . - p a . , . Fgp
ZPS compounds* Z p s  compounds.

For gas ( l )  above Kelley# 0.0025 0*0083

Richardson# 0.078 0.55

For gas (2 ) above Kelley# 0.0024 0.0045

Richardson# 0.10 0.39

The sources from which K elley  and R ichardson ob tained  th e i r  data

were th e re fo re  in v estig a ted *

For th e  r e a c tio n  8Q3 = 8 + th e  u n c e rta in ty  l i e s  in  th e  re a c tio n

8 2 (g) = 2 8 (g ),
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K elley bases h is  c a lc u la tio n s  on co rrec ted  spectro scop ic  data  of 

Montgomery and K assel(37) g iv ing  a d is s o c ia tio n  energy of + 102*6 

kcals* This value gives 137*6 k c a ls . fo r  o f the  re a c tio n  

SO3 =  S + Qg •

Richardson and Je ffe s (3 6 )  quoting Gsydon(38) s ta te  th a t  sp e c tro -  

isc o p ic  measurements in d ic a te  th a t  th e  d is s o c ia tio n  energy of % i s  most 

probably 101 + 3 k c a l s , , a lthough +83 and +76 a re  a lso  p o ss ib le  values* 

Gaydon s ta te s  th a t  i t  i s  im possible to  decide between th e  th re e  v a lu e s , 

but in d ic a te s  a p reference  fo r  th e  h ig h est value* Richardson and J e f f e s , 

however, tak in g  in to  account m olecular w eight determ inations by N ernst(39) 

and von W artenberg(40), recommend a value of +73 k c a ls . f o r  o f  S3 = 

2S -  which gives +125.2 k c a ls . fo r  ZiHo of th e  r e a c tio n  SQ3 = S + Qg*

For th e  re a c tio n  SQg = SO + 3 Q2 , the  u n c e r ta in ty  l i e s  in  th e  

r e a c tio n  S + 0 = SO»

K elley bases h is  c a lc u la tio n s  on co rrec ted  specroscopic data  of 

Montgomery and K assel(37) g iv ing  a AHg value of -1 3 .1  k c a ls , fo r  th e  

re a c tio n  83 + % = 250. Uhen allowance i s  made fo r  th e  d is s o c ia tio n  

energ ies of S3 (+102*6 k c a ls .)  and o f % (+118.0 k c a ls .)  th i s  value 

corresponds to  a d is s o c ia tio n  energy of SO in to  i t s  atom s, o f +117 k c a l s . , 

and to  +79.8 k c a ls . fo r  AH§ o f 5% = SO + 3"%.

Rifihardson and J e f f  es quote Gaydon(38) a s  g iv ing  two values fo r  

th e  d is s o c ia tio n  energy of SO in to  i t s  atoms, v i z . , +110*5 k c a ls . and 

+92.3 kcals* Although he adm its th e re  i s  no conclusive evidence on th e  

p o in t , Gaydon p re fe rs  th e  h igher v a lu e , and Richardson and J e f f es accep t 

th is  value* When th i s  value i s  combined \r±th R ichardson and J e f f  es*
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most probable value fo r  th e  d is s o c ia tio n  energy o f S3 (+ 73 k c a l s . , )  and 

w ith the  d is s o c ia tio n  energj^ of O3 (+117.2 k c a l s . ,)  i t  gives -  49 k c a ls . 

fo r  o f th e  re a c t io n  S3 + % = 2SO, and 62.1 k c a ls .  fo r  6 5 ^  o f

SQ3 = SO + gO^* R ichardson and J e f f  es a lso  no te  th a t  i f  th e  lower value

fo r  th e  d is s o c ia tio n  energy of SO (+92.3 k c a ls .)  i s  u sed , AE% o f  th e  

re a c tio n  % + Qg = 2S0 becomes +6 k c a ls . -  and acco rd in g ly  give: th e  

corresponding f r e e  energy equation  th e  h ig h e s t e r ro r  lim its*

Since Richardson and J e f f  es* c o l le c t io n  o f d a ta  was p ub lished ,

S t. P ie r re  and Chipman(4l) have c a r r ie d  out experim ents on lim e-iro n  

oxide s la g s , b rin g in g  them to  equ ilib rium  w ith  S% + CO m ixtures a t  1550°G. 

“̂ hey show th a t  th e i r  data lead  to  a d ec is io n  between th e  p o ss ib le  values 

of th e  d is s o c ia tio n  energ ies of SO and % quoted by Gaydon, and th a t  

they a re  in  favour o f values of +119.5 k c a ls . fo r  AHS o f SO = S + 0 , 

and + 83 kcaJLs. fo r  AEg o f S3 = 2S.

The e f f e c t  of th ese  d isc rep an c ies  on th e  p re se n t work may be seen 

more c le a r ly  i f  se v e ra l com binations o f th e  p o ss ib le  AH§ values of SO =

S + 0 and o f S3 = 2S a re  used in  th e  c a lc u la tio n  of th e  A values of th e

gases marked ( l )  and (2 ) above, and th e  r a t io s  Aq/Al thus ob ta ined ,

compared as shorn in  Table I I I  below.
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TABLE I I I .

^Ho (k ca ls ./m o le )
30=8+0 % =28 %+83 =230

AG°i7 7 3 (k ca ls /m o le ). Values 
S03=SO+^Qb 8% =6 +% accep ted

_______________________________________ fez________________

+92.3 +73 +6 +56*6

+92 .3 +83

+92.3 +101

+119.5 +73 -49 +29.2

+119.5 +83

+117 +JL0 2 .6 -13 .1 +47.1

+ 68 .2 1630 _ _  “m = 5 . l 6

+68.2 Richardson ^ « 9  ^ . 0 7  
and J e f f  es.
S t .P ie r r e  c a l c u l a t e

and Chipman. approx.
6#4#

+83.2 K elley 1640
" 3 ^ = 4 .69

In  th i s  T able, A3/&1 in  th e  f i r s t  l in e  i s  ob ta ined  from th e  d a ta  

given in  th e  Appendix, c a lc u la tio n s  125-6. This l in e  corresponds to  th e  

a l te rn a t iv e  value fo r  the  d is s o c ia tio n  energy of SO o f 92.3 k c a l s . , which 

Richardson and Je ffes(3 6 ) mention but do not fav o u r. Indeed th is  value 

i s  favoured by none o f the  workers quoted above. T herefo re , no values 

have been c a lc u la te d  fo r  the  r a t i o  Ag/A  ̂ in  th e  second and th i r d  l in e s  o f 

th e  above ta b le .  The value of Ag/Aj, shown in  th e  f i f t h  l in e  was ob ta ined  

by in te rp o la t io n  between th e  v alues given in  th e  fo u rth  and s ix th  l in e s ,  

s in c e , as th e  p re se n t work w il l  show, i t  was no t necessary  to  o b ta in  an 

exact value fo r  th i s  l in e .

The above ta b le  in d ic a te s  a method by which i t  should be p o ss ib le  

to  s e le c t  the  c o rre c t data  r e la t in g  to  SO and S form ation . By b rin g in g  

samples of th e  same s la g  to  eq u ilib rium  w ith gases o f i&dely d if fe re n t
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A values ( e .g . ,  gases ( l )  and (2j above), an experim ental value o f  th e  

r a t io  A2/AL = %/%. w il l  be ob ta ined  where % and Sl a re  th e  su lphur 

con ten ts of th e  s lag  a t  equ ilib rium  w ith  gases ( l )  and (2 ) re s p e c tiv e ly .

The E ffe c t o f Temperature on

From th e  data  in  the  Appendix, c a lc u la tio n s  numbers 127-130, i t  

can be shown th a t ,  fo r  a gas of i n i t i a l  00/0%  = 1.52 and i n i t i a l  80^ o f

0 .85^, th e  r a t e  of change of i s  -1 .3 0 ^  p er % over th e  range 1490-1500^0,

and -1 .28^  p er ^0 over the  range 1500-1510^0. Therefore a t  ISOO'^C, th e

ra te  o f change i s  -1 .3 ^  per ^0.

As most of the  e^cperimental work was c a rr ie d  out a t  1500^^0., th e  

tem perature e f f e c t  on A does not e n te r  in to  th e  c a lc u la tio n s . The 

fo llow ing formula csji th e re fo re  be used to  c a lc u la te  agg^g %-

S/A
%aO = —sy A ^

In  u sing  th i s  form ula th e  assum ptions d iscussed  above must be made. I t

may be noted in  passing  t l ia t  S/A corresponds to  th e  fu n c tio n  used by

Fincham and R ichardson(l5) in  th e i r  work on su lphur in  s i l i c a t e  and
1  1

alum inate s la g s , v i z . ,  th e  su lph ide cap ac ity  Gg = (/^)(pO a) •



CHAPTER IV.

EXPERH'SETAL TECHNIQUE,
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The apparatus i s  shown in  F ig . 9 and c o n s is ts  of th re e  main 

sections»

(1) apparatus fo r  the  production  of a steady  flow  of th e  re q u ire d

GO-C%-S% gas m ixture)

(2 ) appara tus fo r  the an a ly s is  of th e  gas m ixture) and

( 3 ) th e  fu rn ace , co n ta in ing  th e  re a c tio n  chamber.

The d e ta i l s  o f each of th ese  se c tio n s  w il l  now be o u tlin e d  in  tu rn .

Gas P roduction . P u r if ic a t io n ,  C ontro l o f  Rate of Flow and Mixing.

Carbon d ioxide was ob ta ined  from cy lin d e rs  of commercial l iq u id  

carbon d iox ide , and d r ie d  by p assin g  through anhydrone. A nalysis of 

th i s  gas fo r  oxygen gave a f ig u re  of 0 .04^  -  which can be n eg lec ted  as 

f a r  as i t s  e f f e c t  on th e  GO/CQ3 r a t i o  of the gas m ixture a t  eq u ilib riu m  

a t  1500^0 i s  concerned*

Sulphur d iox ide was ob ta ined  from a syphon of th e  l iq u id ,  and 

d ried  by passing  through anhydrone.

Carbon monoxide was ob ta ined  by p assin g  carbon d io x id e , ob ta ined  

from commercial l iq u id  carbon d io x id e , over carbon a t  a high temperature* 

The carbon used was th e  powder ob tained  in  d r i l l i n g  g rap h ite  e le c tro d e s  

to  make c ru c ib le s , and was contained  in  a Pythagoras tube in  a Nichrome - 

wound furnace m aintained a t  1100-1150^0. In  o rder to  p reven t th e  

re a c tio n

C + BgO = GO + % 

tak in g  p la c e , th e  carbon dioxide was d ried  over anhydrone p r io r  to  

r e a c tio n  w ith  the  carbon, and th e  g rap h ite  powder was d r ie d  a t  110%^
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and s to red  in  a  d ea ieo a to r over anhydrone p r io r  to  u se .

I t  was a t  f i r s t  thought th a t  a 00-0% gas, o f th e  CO/C% r a t i o  

d es ired  fo r  the e^meriments, could be produced d i r e c t ly  by co n tro l of the  

Nichrome fu rnace . However, u sin g  th e  d ata  o f R ichardson and Je ffe s (3 4 )  

fo r  the  re a c tio n

CCb + C = GO

= 40,800 -  41.7 T

i t  can be shorn th a t ,  a t  tem peratures of

742.5^0 750‘='G 760^0

the  CO/CQs r a t i o  obtained a t  equ ilib rium  i s

3.00 3.27 3.79 re s p e c tiv e ly ,

i . e . ,  an in c rease  in  tem perature of 10^G a t  750‘̂G r e s u l t s  in  an in c re ase  

of approxim ately 10% in  the  CO/C% r a t i o .  The p roduction  o f a gas of a 

given CO/C% r a t i o  under th ese  cond itions would have re q u ire d  a fu rnace 

c o n tro lled  to  a g re a te r  degree than  was p ra c tic a b le  w ith  normal la b o ra to ry  

appara tus. Hence, i t  was more convenient to  produce pure carbon monoxide 

and o b ta in  the  desired  00/ 0% r a t i o  by mixing w ith pure carbon d io x id e .

F urther c a lc u la tio n s  showed tlia t  th e  % C% rem aining in  th e  gas 

obtained by passin g  carbon d iox ide over carbon a t  tem peratures of 

1000^0 1050°C 1100'"G

yas 0 . 8^  0.42/c 0 .24^

Hence th e  g rap h ite  was m aintained a t  a tem perature o f not le s s  than  1100°G 

and the  gas ob tained  i-ms passed through s e l f - in d ic a t in g  soda-asbestos 

granules to  remove th e  l a s t  tr a c e s  of carbon d io x id e .
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Another p o ss ib le  source o f im purity  in  the  gas would be su lphur 

in  th e  g ra p h ite , but th i s  need cause no an x ie ty  s in ce  th e  re a c tio n  p roducts  

of sulphur would à lso  be removed by th e  so d a-asb esto s .

The th ree  gases were each m etered by c a p i l la ry  flovnneters, A.

The c a p i l la r ie s  were co n stru c ted  by h ea tin g  sh o rt le n g th s  of normal 

capillar}" g la ss  tub ing  in  the  flame u n t i l  th e  c o n s tr ic t io n s  produced were 

such as to  give p ressu re  d if fe re n c e s  w ith in  th e  range o f 20-140 cms. o f  

o i l  fo r  the  ranges of gas flow  d e s ire d . The in d ic a t in g  l iq u id  used 

in  the  flowmeters vms G r if f in  and Tatlock* s Special. Flovmieter O il, o f 

very low vapour p re ssu re . The t o t a l  flow  r a te  o f th e  gas m ixture norm ally 

used was 140-150 mis* per m inute, w hile in  a few runs a flow of 60-70 m is. 

p er minute was used. The gas com positions used v a r ie d  w ith in  the  ranges

0*3 -  3 . 5/0 S% and 1 .0  -  4*8 GO/CQ3 r a t i o .  Hence the  flowmeter o r i f i c e s  

were such as to  give th e  fo llow ing  ranges of r a te s  o f flow»

30^ 0 . 5 - 5  m is. p e r m inute)

GO 40 -  120 m is. p e r minute)

GO3 25 -  75 m is. p e r m inute.

The flowmeters were c a lib ra te d  u sin g  th e  same methods as a re  d escribed  

l a t e r  fo r  gas anal^rgis, bu t because o f changes in  atm ospheric p re ssu re  

and tem perature causing sm all v a r ia t io n s  in  th e  flowmeter read ings fo r  a 

given flow of gas (v a r ia tio n s  of up to  + Z%) th e  c a l ib ra t io n s  were only  

used as guides and the  gas m ixture to  be used in  a ru n  was always analysed  

immediately p r io r  to  th e  run .
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The problem of m aintain ing  a co n s tan t flow  of each gas \i3lB so lved  

by in co rp o ra tin g  in  each gas system an a d ju s ta b le  b leeder column, B. The 

depth of water in  each column vras ad ju s te d  so th a t  th e  d es ired  flowmeter 

read in g  was o b ta in ed , and the  gas cy lin d e r  and siphon valves were th en  

c lo sed  t i l l  a sm all steady  flow o f gas was escaping through each b leeder 

column. By th i s  means adequate c o n tro l of th e  gas flow r a te s  was o b ta in ed , 

since  the  p ressu re  d iffe ren ces  a c ro ss  th e  flowmeters could be kept co n stan t 

to  w ith in  +0 .2  cms.

The th ree  gases were then  mixed by lead].ng them to  th e  fo o t o f a 

b o ilin g  tube f i l l e d  w ith g la ss  wool, th e  gas m ixture being led  out a t  th e  

top  of the  b o ilin g  tube .

A nalysis of th e  Gas M ixture.

On commencing the  flow of gases fo r  a run  or c a l ib r a t io n ,  th e  gas 

m ixture was by-passed through th e  sampling bulb a t  ÎS and bubbled, v ia  th e  

limb C, through a v e sse l F w ith an a d ju s ta b le  w ater le v e l ,  to  th e  g a s rJe t 

a t  J  where i t  was burned. A fte r running fo r  a t  l e a s t  an hour, th e  w eight 

o f  (CQ3 + SO2 ) flow ing per minute was determ ined by ab so rp tio n  fo r  a given 

tim e in  the  soda-asbestos midvale bu lb , G. The weight of S% floimLng per 

minute was lik ew ise  determ ined by ab so rp tio n  in  100  ml. of 5-volume hydrogen 

peroxide so lu tio n  contained  in  th e  g a s -Ja r  H, th e  su lp h u ric  ac id  formed 

being t i t r a t e d  a g a in s t N/20 sodium hydroxide s o lu tio n  using  methyl yellow  

as in d ic a to r . (Various in d ic a to rs  were t r i e d ,  b u t, on account of th e

carbon dioxide d isso lv ed  in  the  peroxide s o lu t io n , methyl yellow  was found

to  be th e  most s u i ta b le .  The end-po in t o f the  t i t r a t i o n  could be d e te c te d ,

by comparison w ith  a standard  c o lo u r, to  w ith in  0 .2  m l,, and w ith  p ra c t ic e
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th i s  was recîiiced to  w ith in  0 .1  ml*, the  t i t r a t i o n s  being never le s s  than  

10 m is .) .  T ests showed th a t ,  a t  th e  maximum r a te s  of gas flow  and a t  th e

maximum values of % 8% used , th e  depth of so lu tio n  ob ta ined  by u sin g

100 m is. o f 5 v o l. peroxide s o lu tio n  in  a gas j a r  was s u f f ic ie n t  to  absorb 

a l l  th e  sulphur d iox ide in  th e  gas m ix ture . During th e se  d e te rm in a tio n s, 

the  depth of w ater in  each of th e  3 v e s s e ls , F , was ad ju s ted  so th a t  th e

re s is ta n c e  o ffe re d  to  the  flow  of gas in  each of th e  lim bs C, D and E, d id

not vary , and hence the  r a te s  of flow  of the  gases remained co n stan t during  

a n a ly s is .

V/hen constan t d u p lic a te  r e s u l t s  fo r  th e  r a te s  o f flow o f carbon 

dioxide and sulphur d ioxide were o b ta in ed , th e  gas sample in  th e  sampling 

bulb a t  S was removed and analysed fo r  th e  r a t i o  GO/(C% + SO^). This 

was done by f lu sh in g  th e  sample w ith  G % -free n itro g en  through an a n a ly t ic a l  

t r a i n  c o n s is tin g  of a soda-asbestos midvale ab so rp tio n  bu lb , follow ed by 

a copper oxide tube in  a sm all fu rnace kept a t  400-500^G, and f in a l l y  a 

second soda-asbestos ab so rp tio n  bu lb . A second copper oxide tube in  th e  

furnace follow ed by a soda-asbestos ab so rp tio n  bulb showed th a t  th e  

conversion o f carbon monoxide to  d iox ide was complete in  the  f i r s t  copper 

oxide tube . The r a t io  o f the  gain  in  weight in  th e  second soda-asbestos 

ab so rp tio n  bulb to  th a t  in  th e  f i r s t  gave th e  weight r a t io  G% (from GO)/ 

(CQs + 8% ) . Together w ith th e  r a te s  o f flow  of carbon dioxide and of 

sulphur d iox ide , th i s  data was used  to  c a lc u la te  th e  volum etric GO/GGig 

r a t io  and the  in  th e  gas m ixture used in  th e  experim ental ru n .

Another p o ss ib le  source of im purity  in  th e  carbon monoxide, in  

a d d itio n  to  those p rev iously  m entioned, was hydrogen adsorbed by th e
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g ra p h ite . As a check on the  freedom of th e  carbon monoxide from hydxogen, 

an anhydrone U-tube was in s e r te d  im m ediately a f t e r  the  copper oxide tube  

in  th e  a n a ly t ic a l  t r a in  described  above. A sample of carbon monoxide 

was then  passed through th e  t r a i n  and i t  was shown th a t  no m easurable 

q u a n titie s  o f hydrogen were p re sen t in  th e  carbon monoxide.

The Furnace and R eaction  Chamber.

The runs were c a rr ie d  out u sin g  a platinum-wound r e s is ta n c e  

furnace as shown in  F ig .9. The fu rnace tu b e , K, ^vas a in . in te rn a l  

diam eter m u llite  tu b e , 30 in s . long . (For l a t e r  experim ents a 1^ in .  

tube was u sed ). This was p laced  w ith in  a th in  alundum tube on which 

was wound the  platinum  w ire , L. This tube was wound over a le n g th  o f 

9 in s .  w ith  20 S.U.G. platinum  w ire and in su la te d  as shown by fused  

alum ina, M, and diatomaceous b r ic k , N* This fu rnace gave a t  1500®C 

a ho t zone which was constan t to  w ith in  5 ^ ,  over a len g th  o f 1 .8  in s .

The power in p u t to  th e  fu rnace was c o n tro lle d  by a 16-Amp. Variac 

au to tran sfo rm er, by hand adjustm ent o f which the  tem perature could be 

m aintained a t  1500*^0 + 2^0, w ith  only occasional a t te n t io n .

The tem perature was measured by a p latinum /13^ rhodium-platinum 

thermocouple housed in  a m u llite  sh ea th , P , which f i t t e d  in to  a dep ression  

in  th e  base of th e  r e a c tio n  t r a y ,  Q. The thermocouple im.s re g u la r ly  

s tan d ard ised  a g a in s t th e  m elting  p o in ts  o f gold (1063®C) and palladium  

(1555^0). The e .m .f. generated  by the  thermocouple was measured using  

a T insley  v e rn ie r  po ten tiom eter and spot galvanom eter. By comparison 

w ith  another s tandard  couple p laced  in  one o f th e  platinum  c ru c ib le s  in
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the  r e a c tio n  t r a y ,  a s l ig h t  c o r re c t io n , never amounting to  more th an  5^C, 

xTas found to  be necessary  between th e  read ing  ob tained  in  th e  sheath and 

th e  a c tu a l tem perature of the  c ru c ib le s .

The alundum re a c tio n  t r a y ,  Q, was supported in  th e  hot zone o f the  

furnace by a s e r ie s  of alundum s to o ls ,  R, f i t t i n g  round th e  m i l i t e  sh ea th ,

P, and r e s t in g  on the rubber bung, T, a t  th e  base of th e  furnace tu b e .

The rubber bung, Ü, a t  the  top  o f th e  furnace tube held  an alumina tu b e ,

V, i  i n . ,  o u ts id e  d iam eter, © i n . ,  in te rn a l  d iam eter, through which th e  

gas en tered  the  re a c tio n  chamber. The lower bung, T, s lso  held  a sh o rt 

gas en try  tu b e , W, and th e  upper bung, TJ, a sh o rt gas e x i t  tu b e , X.

Another s e r ie s  of alundum s to o ls ,  Y, f i t t e d  over th e  alumina tu b e , V, 

and f i l l e d  th e  space between th e  r e a c tio n  chamber and th e  upper bung.

The low est of th ese  s to o ls  was cemented onto th e  alumina gas en try  tu b e ,

V. The gap between th i s  low est s to o l and th e  top  su rface  of th e  re a c tio n  

tra y  was not more than  0 .5  i n . ,  and th i s  gap, to g e th e r  w ith  th e  re a c tio n  

tr a y  may be conven ien tly  termed th e  re a c tio n  chamber. Thus th e  r e a c tio n  

chamber was contained  e n t i r e ly  w ith in  th e  hot zone of the fu rnace . The 

re a c tio n  t r a y  i t s e l f  was 0 .4  -  0 .5  i n . ,  deep and i s  shown in  F ig s .9 (a ) ,

(b) and ( c ) .  I t  con tained  e i th e r  (a) two §" in* d iam eter, (b) four ^  in# 

d iam eter, or (c) tliree  l ê  in . d iam eter, depressions to  accommodate th e  

c ru c ib le s .

The c ru c ib le s  were made o f p latinum  sin ce  t h i s  was the  only 

m a te ria l which would hold molten s la g  under th e  cond itions o f th e  experim ent. 

C irc le s  of p latinum  f o i l  were co ld -p ressed  in to  a hem ispherical shape 

between a b a ll-b e a r in g  and a wooden block co n ta in in g  a s e r ie s  o f
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su ccessiv e ly  deeper depressions* I n i t i a l l y  a e in .  d iam eter b a ll-b e a r in g  

was used and th e  c ru c ib le s  ob ta ined  were ab le  to  ho ld  0.25 -  0.30 gms.

of th e  powdered s la g . Two such c ru c ib le s  could be accommodated id_thin
±  ̂

the  I |r in . re a c tio n  tube . L ater a l e  in .  diam eter b a l l-b e a r in g  was used

and the  c ru c ib le s  could hold 0.16 -  0.20 gms. o f s la g . Four such

c ru c ib le s  could be accommodated w ith in  the  2^ in .  diam eter re a c t io n  tu b e .

L ater s t i l l  a in . diam eter b a ll-b e a r in g  was used and th e  c ru c ib le s

could hold 0 .40  -  0.45 gms. o f s la g . Three such c ru c ib le s  could be

a.ccommodated w ith in  th e  Is  in . r e a c tio n  tube . These weights of s la g  were

found to  be convenient fo r  a n a ly s is  of su lphur co n te n t, and th e  r e la t iv e ly

high r a t i o  of s la g  su rface  area  to  w eight of s lag  f a c i l i t a t e d  th e  a t t a i n -

%ment of equ ilib rium  in  a reasonab le  len g th  of tim e.

Thus th e  re a c tio n  chamber and re a c tio n  tube f u l f i l l e d  th e  fo llow ing  

requirem ents»

(a) The p o s s ib i l i ty  of e r ro r  due to  th e  e f fe c ts  o f  therm al d if fu s io n , 

should be, as f a r  as p o ss ib le , e lim in a ted . When a gas m ixture i s  

contained  in  an unevenly heated  system , therm al d if fu s io n  r e s u l t s  in  a 

h igher co n cen tra tio n  of th e  le s s  dense gas in  th e  h o tte r  reg ions of th e  

system , w ith a corresponding decrease in  th e  coo ler re g io n s . This 

e f fe c t  i s ,  o f course , g re a te r  when using  high frequency in d u c tio n  h e a tin g , 

than  w ith  a r e s is ta n c e  wound fu rn ace . In v e s tig a tio n s  of th e  e f f e c t  have 

been made b̂ r G hapm anj^^3),Ibbc(4^5),G illespie(46) and D astur and Chipman(47) 

who have shown th a t  th e  e f fe c t  in c re a se s  w ith  in c re a s in g  r a t io  o f th e  

d e n s itie s  of the  component gases, and th a t  i t  v a r ie s  w ith  the  p ropo rtions 

o f th e  component g ases , reaching  a maximum when th e i r  moler f ra c tio n s  a re
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equal* D astur and Chipman a lso  showed th a t  th e  e f f e c t  of therm al 

d if fu s io n  in  m etal-gas e q u i l ib r ia  can be minimised by using  high flow  

r a te s ,  by p reh ea tin g  th e  gas m ixture to  th e  tem perature of th e  m eta l, and 

by d i lu t io n  of th e  gas m ixture w ith  an in e r t  gas of h igh m olecular w eight.

The e f f e c t  of therm al d if fu s io n  was not expected to  be g rea t in  th e  p re se n t 

experim ents, s ince  the  r a t i o  o f th e  d e n s i t ie s  of SQ3 , and CO i s  not large; 

th e  percen tages o f SQ3 used were sm all, and th e  gases would be p rehea ted  

to  some ex ten t in  tr a v e l l in g  down the  len g th  o f th e  gas i n l e t  tu b e , V,

(F ig .9) . Indeed a thermocouple p laced  w ith in  th e  r e a c t io n  chamber showed 

no change in  tem perature when n itro g en , a t  the  r a te  of 150 mis. p e r m inute, 

was passed down th e  tu b e , V, through th e  re a c tio n  chamber. The high 

l in e a r  v e lo c ity  of the gas to  and from th e  re a c tio n  chamber, and th e  

f a c t  th a t  the r e a c tio n  chamber was contained  e n t i r e ly  w ith in  th e  ho t zone 

of th e  fu rn ace , would a lso  tend  to  p reven t therm al d if fu s io n . L a te r , 

experiments showed th a t  a l te r a t io n  o f the  l in e a r  v e lo c ity  o f gas flow  

(by a l te r in g  the  volume r a te  of gas flow or by u sin g  an alumina tube of 

th in n e r bore fo r  th e  gas i n l e t  tu b e , V) gave r e s u l t s  ag ree in g , w ith in  th e  

l im its  of experim ental e r ro r ,  w ith those ob tained  u sin g  the normal l in e a r  

v e lo c ity  o f gas flow . Hence i t  can be concluded th a t  th e  r a t e  o f  gas 

flow and the  degree of p rehea t of the  gas m ixture a re  such th a t  the  e f fe c ts  

of therm al d if fu s io n  in  the  p re se n t experim ents a re  w ith in  the  l im i ts  o f 

e:{perimental e r ro r .
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(b) I f  re q u ire d , i t  should be p o ss ib le  to  approach equ ilib rium  from 

both s id es  w ith in  the came e:cperiment* This was p ra c t ic a b le  since  

th e re  were a t  l e a s t  two slag  samples in  each ru n .

(c) I t  should perm it o f a ra p id  means o f fre e z in g  th e  equ ilib rium .

At the  end of a ru n , the  lower bung, s to o ls  and re a c tio n  tr a y  were lowered 

2 - 3  i n s . ,  imm ediately a f te r  sh u ttin g  o f f  the  gas flow  and th e  power 

supply. The re a c tio n  t r a y  was th en  removed from th e  fu rnace by 

slowly low ering over a period  of 10 m inutes. On account of the  sm all 

bulk of th e  s la g , s o l id i f i c a t io n  should be very ra p id . Fincham and 

R ichardson(l5) have shovm th a t s o l id i f i c a t io n  of a s im ila r  sample 

from a r a th e r  liigher tem perature took p lace in  about 10 seconds. In  

only a very  few in s tan ces  did th e  re a c tio n  t r a y  s t ic k  in  th e  tube before 

i t  had been lowered s u f f ic ie n t ly  to  cause s o l id i f i c a t io n  to  take p la c e , 

and in  these  in s tan ce s  i t  was found th a t  the  in f lu x  of a i r  ox id ised  some 

of the  su lphide g iv ing  low r e s u l t s .

Slag P rep a ra tio n .

The raw m a te ria ls  used were as follows» 

a n a la r  calcium  carbonate , 

a n a la r  alum ina, and 

s i l i c a  sand.

The s i l i c a  sand was fu r th e r  p u r if ie d  by b o ilin g  w ith  concen tra ted  

hydrochloric  ac id  to  99.9^ p u r i ty .

To cover th e  range of GaO-AlgCh s la g  com positions m olten a t  

1500^0, th re e  m aster s la g s , con ta in ing  approxim ately 42, 48 and 55^

GaO re s p e c tiv e ly , were prepared by ca lc in in g  weighed q u a n t i t ie s  o f th e
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calcium  carbonate , mixing w ith th e  req u ired  weights of alumina and fu s in g  

in  carbon c ru c ib le s  u sing  high frequency in d u c tio n  h ea tin g . The fu sed  

s la g  was th en  powdered and held  in  a i r  a t  1100°C to  reco n v ert a l l  calcium  

carb ide  formed to  lime*

To cover the  range of CaO-SiO^ s la g  com positions molten a t  1500^0, 

two s la g s , co n ta in in g  approxim ately 35 and 55^ CaO re s p e c tiv e ly , were 

p repared  in  a s im ila r  fash io n  to  the CaO-AlgCb slags*

These f iv e  m aster s lag s were then  analysed . In term ed ia te  

com positions in  the  GaC-AlsCb and GaO-SiO^ f ie ld s  were made by mixing 

th ese  slags in  the  necessary  p ro p o rtio n s . For GaO-AlgCb slag s of more 

than  55°o CaO, sm all amounts of e n a la r  calcium  carbonate  were added to  th e  

55/0 CaO m aster s la g . Ternary GaO-AlgQs -SiOg s lag s  were made by mixing 

th e  ap p ro p ria te  q u a n ti t ie s  of the  b inary  m aster s la g s  w ith , i f  n ecessary , 

sm all q u a n ti t ie s  o f an a la r  calcium  carbonate or alum ina.

Table IV (p . 54 ) gives a l i s t  of the  s la g  com positions used . For 

convenience in  re fe re n ce  each s la g  com position has been given a number*

Ana.lysis of S lag s .

GaO-SiOs S lags.

0 .4  gm. samples of th e  s lag s  were fused  w ith  fu s io n  m ixture and 

th e  fu s io n  d isso lv ed  in  warm w ate r, to  which hydroch loric  ac id  m s  added. 

S i l ic a  was determ ined by evaporating  the  so lu tio n  to  dryness and baking) 

th e  res id u e  vra.s then  b o iled  w ith concen tra ted  hydroch loric  ac id  and the  

s i l i c a  f i l t e r e d  o f f .  The f i l t r a t e  was aga in  evaporated to  dryness, 

baked, and th e  s i l i c a  f i l t e r e d  o f f .  S i l ic a  was th en  estim ated  by 

and v o la t i l i s a t io n  by h y d ro flu o ric  and su lphu ric  a c id s .
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Lime was estim ated  in  the f i l t r a t e  from the s i l i c a  es tim a tio n  by 

p r e c ip i ta t io n  as o x a la te  from f a in t l y  a lk a lin e  s o lu t io n , and ig n i t io n  of 

the  p r e c ip i ta te  to  CaO.

CaQ—AlgCb S lag s.

0 .4  gm. samples of the s lag s  were d isso lved  by b o ilin g  in  w ater 

and adding concen tra ted  ĥ ’̂ drocloloric ac id  dropwise t i l l  so lu tio n  was 

com plete. Lime was estim ated  by p re c ip i ta t io n  as  o x a la te  from a 

s l ig h t ly  a lk a lin e  so lu tio n  buffered  by the  a d d itio n  of a 2 .5 ^  c i t r i c  

ac id  -  O.l/o s a l ic y l ic  ac id  so lu tio n  to  p reven t in te r fe re n c e  of alum ina.

The oxa la te  p r e c ip i ta te  was then  ig n ite d  to  CaO. Alumina v/as determ ined 

in  a f re s h  sample of th e  slag  by a d d itio n  of sjmnonium ch lo rid e  and n i t r i c  

ac id  to  th e  HCl so lu tio n  obtained as above and p r e c ip i ta t io n  as hydrated  

h;,-droxide by the  ad d itio n  of ammonia a t  a pH o f 6 .5-7.5* The p r e c ip i ta te

was red isso lv ed  in  a l i t t l e  hot d i lu te  hydrochloric  a c id , r e p re c ip i ta te d  

and ig n ite d  to  alum ina.

The m aster s la g s  prepared  gave th e  fo llow ing  analyses»

CaO-AlgQj s la g s . ^ aO T ota l

41 .1 58.6 99.7
48.2 52.2 100.4
54,4 45.8 100.2

CaO-SiQa s la g s . ^ aO f-sic^ T o ta l

34.3 65.2 99.5
55.4 45.1 100.5

Hence th e  accuracy o f the  s lag  ana ly ses has been estim ated  a t  +1^ of 

each c o n s ti tu e n t.
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E stim ation  of Siilphiir»

Three methods are  a v a ila b le  by which sulphur may be estim ated  in

slags»

(1) g rav im etric  a l ly ,  as barium sulphate*,

(2 ) by ev o lu tio n , as hydrogen su lp h id e , and

(3 ) by combustion, as sulphur d iox ide .

On account of the  sm all weight of samples used (0 .2  -  0 .4  gm), th e  low 

sulphur conten t of the  slags ( in  some cases a s  low as 0.04^) and th e  

time wliich would have been consumed by th e  g rav im etric  method, i t  was 

ru le d  out as im p rac ticab le . At the tim e when runs were being c a r r ie d  

out on CaO-AlgQj s la g s , es tim a tio n  o f the  sulphur by evo lu tio n  was 

considered to  be more accura te  than  es tim a tio n  by combustion ( in  oxygen) 

s ince in  th e  l a t t e r  only about 90% o f  the  su lphur i s  evolved as SO3 ,  and 

an ev o lu tio n  method had juS t been pub lished  by K itch en er, Liberman and 

S p ra tt(4 8 ) , fo r  use w ith s te e l s .  This method claim ed a s a t is f a c to ry  

technique fo r  lOOĴ  ab so rp tio n  o f th e  hydrogen su lph ide evolved in  a 

combined ab so rp tio n -o x id a tio n  medium, a lk a lin e  h y p o ch lo rite  s o lu t io n .

This method XvTCls then  in v e s tig a te d  to  determ ine whether i t  was 

su ita b le  fo r  th e  es tim a tio n  o f su lphur in  s la g s . The method fo r  use  

w ith s te e ls  co n s is ted  of d isso lv in g  th e  sample in  a f ix ed  volume of 1»1 

hj^di'ochloric a c id  so lu tio n , in  a stream  of hydrogen and under slow hea ting , 

On complete so lu tio n  o f the  sample, th e  so lu tio n  was b o iled  fo r  5 m inutes 

to  ensure th a t  a l l  th e  hydrogen su lphide had been evolved and absorbed.

The hydrogen su lph ide was absorbed in  a lk a lin e  N/lO h y poch lo rite  

so lu tio n , th e  absorbent was then  b o iled  f o r  5 m inutes to  ensure complete
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o x id a tio n  of c o l lo id a l  sulphur and o ther sulphur compounds to  su lp h a te , 

and t i t r a t e d  co ld  io d o m etrica lly  a g a in s t ÎT/20 sodium th io su lp h a te  s o lu tio n . 

A condenser above th e  evo lu tio n  f la s k  ensured th a t  no hydrochloric  a c id  

was c a rr ie d  over in to  the  ab so rp tio n  f la s k .  One o th e r fe a tu re  of the  

appara tus was th a t  i t  was of a l l - g l a s s  c o n s tru c tio n  -  no rubber tub ing  

was employed to  ensure no lo s s  of su lphide through ab so rp tio n  by th e  

rubber, and a l l  jo in t s  were of ground-g la s s . A fte r  th e  es tim a tio n  of 

sulphur in  the  s te e l  sample, a b lank was c a r r ie d  out and th e  d iffe re n c e  

between the blank and th e  sample gave th e  sulphur con ten t thus»

1 ml. it/ 20 th io su lp h a te  = 0.2004 mgm* su lphu r.

Various m od ifica tions in  the procedure were found to  be necessary  in  

applying th i s  method to  slags»

(1) i t  was found th a t  th e  s lag  samples req u ired  tim es of up to

1 hour* s b o ilin g  before they were com pletely d isso lv ed . Hence the  

v ase lin e  which K itchener ^  ^  used on th e  ground g la ss  jo in ts  was 

rep laced  by a s il ic o n e  stopcock grease which proved to  be s a t is f a c to ry  

in  keeping the  jo in t s  g a s - t ig h t.

(2 ) w ith  s lag  samples of 0 .2  gm. and le s s  than  0 .8 ^  S , the  N/lO sodium 

hypoch lo rite  so lu tio n  was rep la ced  by N/40 h y p o ch lo rite , and N/80 sodium 

th io su lp h a te  so lu tio n  was used fo r  th e  t i t r a t io n *

( 3 ) the  s la g  samples could no t be powdered, s in c e , in  th e  case of

th e  h igher sulphur samples, th e re  was a d i s t in c t  sm ell o f hydrogen su lph ide 

when they  were ground in  th e  m ortar. With th e  GaO-Alg% s la g s , th i s  d id  

not prove to  be a d i f f i c u l ty  s ince  b o ilin g  th e  s lag s  fo r  a p erio d  of 

10 -  60 m inutes r e s u lte d  in  complete so lu tio n  o f th e  slag*
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Some d i f f i c u l ty  was experienced in  ob ta in ing  c o n s is te n t b lanks.

The blank t i t r a t i o n  was u su a lly  of th e  order of 40 ml. o f th io su lp h a te .

■̂n se v e ra l c a se s , however, low values fo r  the  blank t i t r a t i o n  were 

ob ta ined . In  in v e s tig a tin g  the reasons fo r  t h i s ,  se v e ra l f a c to rs  were 

checked, v i z . ,

(5-i the  e f f e c t  of p h o to s e n s itiv ity  on the  th io su lp h a te  so lu tio n  -  

th i s  v/as shown to  be n e g lig ib le  under th e  p re v a ilin g  lab o ra to ry  

co n d itio n .

(2 ) th e  r a te  o f flow of hydrogen through th e  appara tus -  t h i s  was 

shown to  have no e f f e c t ,  provided of course , th a t  the  r a te  of hydrogen 

flow was not s u f f ic ie n t ly  f a s t  to  ca rry  over hydroch lo ric  a c id  from th e  

condenser in to  th e  a lk a lin e  h ypoch lo rite  so lu tio n . I t  was a lso  checked 

th a t  the  hydrogen contained  no hydrogen sulphide*

Up t i l l  th a t  tim e, however, the apparatus had been r in se d  out 

w ith acetone a f te r  each blank es tim a tio n . O ccasionally  th e  acetone was 

observed to  co n ta in  a broT/n f lo c c u le n t d e p o s it, and i t  was shown th a t  th i s  

was p a r t i a l ly  resp o n sib le  fo r  th e  e r ro rs  in  th e  b lank  -  a s ,  of course , 

was atm ospheric dust of any d e s c r ip tio n , but p recau tio n s had been taken  

ag a in st th e  l a t t e r .  A lso, a t  f i r s t  th e  hydroch lo ric  a c id  was s to red  in  

a W inchester b o t t le  w ithout any sp e c ia l p recau tio n s having been talcen 

to  p reven t any co n tac t w ith  the  atmosphere. However, i t  was found 

necessary  to  s to re  i t  under n itro g en  to  p reven t co n tac t w ith  a i r ,  s in ce  

th i s  was found to  be a source of e r ro r  in  the b lan k s . With th ese  

p recau tio n s , n ea rly  a l l  the  blanks were found to  be w ith in  +0.3 ml. of th e  

mean, w hile the  m a jo rity  of them were w ith in  +0.1 ml. of the mean*
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A few blanks were outwith these lim its  and were rejected* The former 

l im its  gave + 5^ accuracy fo r  slags o f 0*15^ sulphur using a 0 .2  gm. 

sample, and proportionately b etter accuracies fo r  s la g s  o f higher sulphur 

contents.

A fresh  b la st furnace s la g  o f approximately 1^ sulphur was used  

to  determine the e f f e c t  of other variables* The slag  was powdered and 

kept in  a sealed  b o tt le  to  prevent oxidation  of the sulphide. I t  was 

shown th a t, although the slag  did not com pletely d is so lv e , con sisten t  

r e su lts  were obtained provided i t  was b oiled  with the 1»1 acid  for a t  

le a s t  1 hour. The e f fe c t  o f using d ifferen t weights o f sample was shown 

to  be n i l  w ithin the range 0 .3  -  0 .6  gms.

This method of an a lysis was found to  be sa tis fa c to ry  fo r  a l l  

CaO-AlgQa s la g s  and fo r  a few CaO-AlgCb-SiOg s la g s  (AS1-AS4). A 

gravimetric sulphate determination on a sample o f the resid u a l acid  liq u id  

containing the d isso lved  s la g  showed that no sulphate was present in  the  

sla g  -  which was to  be expected from thermo dynamic consideration.

In the case o f CaO-SiQj s la g s , i t  was found th a t , s in ce  the  

slag  would not d isso lv e  in  b o ilin g  1»1 hydrochloric a c id , the only way 

in  which the evolution  method could be used to  ensure that a l l  the  

sulphur was evolved was by grinding the slag  and b o ilin g  i t  for  a t  le a s t  

1 hour. However, as i s  noted above, there i s  a lo s s  o f  sulphur on 

grinding. At th is  tim e, the combustion method of Fincham and Richardson 

(4 9 ) using carbon dioxide as the combusting gas, was published, and the 

sulphide contents of CaO-SiO  ̂ and o f CaO-Alg % -8i%  slags were estim ated  

by th is  method. The slag  p e l le t  was not crushed but a fter  the platinum
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f o i l  crucib le had been peeled  from i t ,  was broken in to  about 4 smaller 

p ieces  and placed in  a p re-ign ited  boat* The s la g  was combusted a t  

1450®C in  a flow  of carbon dioxide o f about 1 /4  1* per minute, the  

sulphur dioxide evolved was absorbed in  a d ilu te  hydrochloric acid  

so lu tio n  containing starch and t itr a te d  during the combustion w ith an 

iod id e-iod ate  so lu tion  ( l  ml.= 0*1 mgm* sulphur)* The time required  

for complete evolution  o f the sulphur varied f^om 30 to  120 minutes#

Blank estim ations a lso  showed the n e ce ss ity  o f  making a s l ig h t  correction , 

u su a lly  o f the order of 0 * 1  ml. per 2 0  minutes of the time o f evolution*

No absolute standardisation o f the evolution  method was p o ss ib le , 

on account o f there being no sa tis fa c to ry  standard sulphide available*  

However, a fresh  b last-furnace slag  ( in  which the sulphate sulphur should 

be n eg lig ib le )  was analysed by both the evolution  and the combustion 

methods, the r e su lts  obtained being as follow s»

by evolution  method 1.18^ S*

by combustion method 1*21^ S*

Therefore the evolution  method can be considered as stoichiom etric#

Experimental Procedure*

A number o f preliminary runs were carried  out on s la g  A6 ,  using  

two 3/8 in . diameter cru c ib les , to  a scerta in  whether equilibrium  was 

being a tta in ed , and to  engure that certa in  variab les did not a f fe c t  

the resu lts*

On the evening prior to  the day o f a run, the reaction  tra y , 

cru cib les and s la g  were placed in  the furnace* The furnace tube was
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te s te d  to  ensure that i t  was g a s -t ig h t , flushed out with n itrogen , then 

heated overnight to  approximately 1000®G. A further 3 hours* heating  

the fo llow ing morning brought i t  to  1500®C# During th is  period of 

heating the GO-C% - 8 % gas mixture was run, by-passing the furnace, the 

bleeder columns being adjusted to  give the desired  ra tes  o f gas flow# 

Preliminary runs had shown that a gas o f 0.8^ SQg and CO/CQ5 = 1*5 would 

give sulphide contents o f 0.13^ S fo r  s la g  A1  and c. 1 .2^  S for s la g  A l l ,  

i . e . ,  sulphur contents not too small for  convenient a n a ly s is , nor 

s u ff ic ie n t ly  large to  exceed the sulphur saturation  value o f the s la g .

Hence the gas flow s were ca lcu lated  to  give that gas composition fo r  a 

t o ta l  flow  o f 150 ml. per minute. A fter running for a t le a s t  an hour, 

the ra tes o f flow o f COg and 8 % were measured as previously  described. 

Mhen constant values were obtained, the gas sample co lle c te d  a t S was 

analysed for the CO/CCQg + SQ3 ) r a t io  as previously described.

When the furnace was steady at the desired temperature the gas 

was flushed through the reaction  tube, entering v ia  the tube W (F ig .9) 

in  the lower bung and leaving v ia  the tube Z in  the upper bung. Flushing 

was complete in  half-an-hour, a fter  which the gas was le d  d irect to  the 

reaction  chamber at the centre o f the furnace tube v ia  the alumina tube, V.

Various methods to  determine when equilibrium  had been a tta in ed  

were tr ie d . Eventually the method adopted was to  hold the slags for  

periods o f 2^, 3^ and 4^ hours. For a l l  the slags used, exposure to  

the gas for a period o f ^  hours was found to  be adequate to  ensure that 

equilibrium had been attained  (as w i l l  be described below). At the end 

o f th is  time the gas flow  to  the reaction  chamber was cut o f f ,  the power
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supply to  the furnace switched o f f  and the reaction  tray immediately 

lowered a distance o f about 3 in s . I t  was then slow ly removed from th e  

reaction  tube over a period o f 1 0  minutes to  prevent sp e llin g  o f e ith er  

the tube or the tray . The slags were then analysed for  sulphide in  the  

manner described e a r lie r  in  th is  Chapter#

Determination o f the Attainment of Equilibrium.

The f i r s t  means which, i t  was hoped, would in d ica te  when e q u il-  

librium had been reached, was by the an a lysis  o f  the e x it  gases from the 

reaction  chamber. The reaction  tube a t that time incorporated an addition

nai alumina tube, o f the same bore a s , and p a r a lle l to  the gas entry tube 

by means o f which the gas could be led  immediately from the reaction  

chamber for sampling and a n a ly sis . This ad d itional alumina tube le d  

through a two-way stopcock to  gas sampling bulbs in  p a r a lle l ,  and then 

led  in to  the common lim b, Z, from which i t  could be led  through limbs 

D and E for an a lysis for  00  ̂ and SQg# The f i r s t  attempt to  use th is  

method by the an a lysis o f periodic samples of the e x it  gas for the ra tio  

C0/(C 0 3 +Sp2 ) was found to  be im practicable because of the time consumed 

in  carrying out the a n a ly sis . Following t h i s ,  the ra te  o f flow  o f sulphur 

dioxide in  the e x it  gas was measured by absorption in  hydrogen peroxide 

so lu tio n . The amount o f sulphur dioxide present was found to  be very  

small -  about 2 ^ o f the quantity in  the in le t  gas -  and a lso  roughly 

constant. Thirdly, the weight of gas absorbed by soda-asbestos over a 

given time was tr ie d , and proved more su ita b le  for  measurement. At 

1500^0, carbon monoxide and sulphur d ioxide react g iv ing carbon dioxide
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and various sulphur compounds. Accordingly, the weight o f gas absorbed 

by soda-asbestos was found to  be some 2 - 6 ^ greater than that in  the  

in le t  gas. In some ca ses , i t  was found that there was a d is t in c t  

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

V *  tim e, u sua lly  about 1-2 hours a fter  the gas had f i r s t  passed through the  

furnace, follow ed by a f a l l  to  a steady ra te  o f flow . In other cases  

the graph rose to  th is  steady value and no maximum was obtained* Further 

a blank run, in  which no s la g s were used, was carried  ou t, and the graph 

obtained for i t  showed a maximum a fte r  about an hour* s running, follow ed  by a 

f a l l  to  a steady value. Hence th is  method o f in d ica tin g  when equilibrium  

had been reached, by some kind of analysis o f  the e x it  gas, was abandoned 

as being unsatisfactory*

The second method of obtaining an in d ica tion  o f equilibrium  was 

by the addition o f sulphur to  one of the two s la g  samples. In the f i r s t  

p lace , sulphur was added as calcium sulphide, an equivalent amount of 

alumina a lso  being added to  maintain the same CaOiAlgCh ratio*  th is  

proved quite sa t is fa c to r y , e sp e c ia lly  in  run 4 , (see  Table V, p . 56 ) where 

a run o f 3/4 hour* s duration resu lted  in  one s la g , i n i t i a l l y  containing no 

sulphur, picking up 0.27^ sulphur, while the other, containing i n i t i a l l y  

0 . 8 ^ f e l l  to  0.64^ sulphur. A lso , in  run 8 , o f ^  hours duration slags  

o f i n i t i a l  sulphur contents of 0 .3  and 0.5^ both gave analyses o f 0.44^  

sulphur. Additions of calcium -sulphate were tr ie d , but did not give 

sa tis fa c to ry  r e su lts  and destroyed the platinum cru c ib les , appearing to  

cause embrittlement of the platinum, A further in d ica tion  o f the time 

required to  a tta in  equilibrium  was obtained by carrying out a se r ie s  o f
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runs, for increasing lengths o f tim e, t i l l  constant r e su lts  were obtained. 

Runs were carried out for  periods o f 3^ and 4^ hours (See Table V, 

p. 5 6 , runs 6 , 7 , 9  and 1 1 ). The r e su lts  of runs 4-11 have been p lo tted  

against the duration o f the run in  F ig . 10, and show that equilibrium  was 

almost atta ined  in  ^  hours, and that 3* hours would be a s u ff ic ie n t  time 

to  ensure that equilibrium  had been atta in ed .

Sim ilar runs for and ^  hours were carried cut on slags A ll ,

81 and 8 6  (Table 71 runs Nos, 14-16, 31-32, 34-45). In  each ca se , ^  

hours was found to  be adequate, for  the attainment of equilibrium . I t  

was assumed that th is  would hold for a l l  the s la g  con^ositions used in  the  

experiments* Hence a l l  runs were carried  out fo r  a m in im u m  duration of 

3^ hours.
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( i )  Tables of Results»

Table IV shows the  com positions of a l l  the  r a t io s  

in  both weight p er cen t end mole f r a c t io n ,  th e i r  mole r a t io s  

îlgiQ^), and m elting  p o in ts . The m elting  p o in ts  have been estim ated  ftom 

the  b inary  and te rn a ry  diagrams c o lle c te d  by H all and Ins le y  (27 ) and 

given e a r l ie r  (Figs* I ,  I I ,  I I I , ) *  The m elting  p o in t of s la g  A12

i s  given as 1520°C. Although th e  run  using  th i s  s lag  (run  22) was 

c a rr ie d  out a t  1500A] as u su a l, exam ination o f the s la g  a f t e r  the ru n  

showed th a t  the ab so rp tio n  of 1.6^. sulphur had been s u f f ic ie n t  to  l iq u e fy  

the  s la g  com pletely a t  the ei^perimental tem peratu re . As w il l  be shown 

l a t e r  in  F ig . 11, th e  r e s u l t  ob tained  in  th is  run f i t s  the ag^o v. ^ aO  

graph fo r  GaO-AlgQs s la g s . In  no o ther case \ias the liq u id a s  tem perature 

of the i n i t i a l  s lag  h igher than th e  experim ental tem perature*

The r e s u l t s  of the p re lim in ary  runs using  s la g  AG a re  shown in  

Table V;.* Table VI, shows the  r e s u l t s  of th e  runs using  a l l  o ther 

b inary  and te rn a ry  s lag s l i s t e d .  A ll the data  given r e f e r  to  an 

experim ental tem perature of 1500^0 (excep ting  runs 12 and 1 3 ), and to  a 

t o t a l  gas flow r a te  of 140-150 ml. p er minute (excep ting  run  lO ). The 

es tim a tio n  of sulphur in  the  s lag s  in  runs 1-25 , 33, 41-44 and 88-89 \ms 

done by the  evo lu tio n  method, and the rem aining s lag  su lphurs were estim ated  

by combustion in  carbon dioxide*

The values of the  su lp h u ris in g  p o te n tia l  of the  gas. A, which 

have been used are  those  derived  from K elley*s thermodynamic d a ta , i . e . ,

th e  A]£ v a lues. I t  w i l l  be shown l a t e r  th a t  Kelley* s data are  the  data
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TABLE IV.

GOliPOSITIOî^S OF SLAGB,

No. Composition (Wt./Q 
CaO Alg Qj SiOg

Mole F rac tio n s  

^^3a0 ‘  Qs %iOa
Mole
R atio

M elting
P o in t

SI %aC/fkleCb

Al 42 .0 58.0 - 0.568 0.432 - 1.31 1500
A2 42.4 57.6 - 0.572 0.428 - 1.34 1490
A3 43.0 57.0 - 0.578 0.422 - 1.37 1480
A4 45.0 55.0 - 0.598 0.402 - 1.49 1450
A5 47,8 52.2 - 0.625 0.375 - 1 .6 6 1450
A6 48.2 51.8 - 0.628 0.372 - 1.69 1450
A7 50.0 50.0 - 0.645 0.355 - 1.82 1400
A8 52.0 48.0 - 0,663 0.337 - 1.97 1430
A9 54.0 46.0 - 0.681 0.319 - 2.13 1460
AlO 54,4 45.6 - 0.684 0.316 - 2.17 1470
AU 56.0 44.0 - 0.698 0.302 - 2.31 1490

• AIZ 58.0 42.0 0.715 0.235 — 2,51 1520

CaO-SiOh S lag s. % a0/l'SiCb

SI 35,0 - 65.0 0.366 - 0.634 0.58 1500
S2 38.0 - 62.0 0.395 - 0.605 0.65 1450
S3 42.5 - 57.5 0.442 - 0.558 0.79 1500
S4 52.0 - 48,0 0.537 - 0.463 1.16 1500
S5 53.0 - 4 7 .0 0.547 - 0.453 1 .2 1 1490

! S6 55.4 - 44.6 0.571 - 0.429 1.33 1470
i S7 56.0 44 .0 0.577 0.423 1.36 1500

Cs.O“A]^Q5 ”SxQ> Slags*
1

% aO /(% ]g % + % i% )

ASl 60.5 32.5 7 .0 0.713 0 .2 1 0 0.077 1.77 1500
AS2 57.2 39.8 3 .0 0.698 0.268 0.034 2.31 1480

i AS3 58,3 35.7 6 .0 0.698 0.235 0.067 2.31 1460
! AS4 59.5 31.5 9.0 0.698 0.203 0.099 2 .31 1490

AS5 56.3 39.0 4 ,7 0.686 0.261 0.053 2.04 1450
1 AS6 33.4 35.3 11.3 0.640 0.233 0.127 1.98 1500

AS7 49.0 34.0 17.0 0.586 0,224 0.190 1.42 1500
i AS8 47.2 38.8 14 .0 0.578 0.262 0.160 1.37 1490

A89 49.3 40.7 10 .0 0.609 0.276 0.115 1.55 1400
ASIO 42.5 46.7 10.8 0.543 0.328 0.129 1.19 1500
Asn 44.5 48 .5 7 .0 0.573 0.343 0.084 1.22 1460
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TABLE IV; (C o a t 'd ) . 

COliPOSITIOIIS OF s u e s , '

No, Composition (W t.^) 
CaO Ala Qs SiOa

Mole F rac tio n s
%1Q3

Mole
R atio

M elting
P o in t

_

CaO “Ala Qs “21

AS12 46.0 50.0 4 .0 0.596 0.356 0.048 1.47 1430
AS13 51.8 5.0 43.2 0.546 0.029 0.425 1 .20 1400
ASL4 50.7 10.0 39.3 0.546 0.059 0.395 1 .20 1440
AS15 49.6 15.0 35.4 0.546 0.091 0.363 1 .20 1470
ASL6 38.0 4 .0 58.0 0.403 0.023 0.574 0.67 1450
AS17 38.0 8 .0 54.0 0.410 0.047 0.543 0.69 1430
AS18 38.0 12.0 50.0 0.416 0.072 0. 512 0 .71 1390
AS19 38.0 16.0 46.0 0.423 0.098 0.479 0.73 1330
AS20 38.0 20.0 42 .0 0.431 0.125 0.444 0.76 1270
AS21 33.0 23.0 39.0 0.437 0.145 0.418 0.78 1370
AS22 38.0 26 .0 36.0 0.442 0.167 0.391 0.79 1430
AS23 38.0 30.0 32.0 0.450 0.196 0.354 0.82 1490
AS24 40.0 10.0 50.0 0.434 0.060 0.506 0.77 1420
AS25 40 .0 14 .0 46.0 0.441 0.085 0.474 0.79 1360
AS26 40.0 18.0 42.0 0.449 0.111 0.440 0.81 1290
AS27 40.0 22.0 38.0 0.457 0.138 0.405 0.84 1410
AS28 40.0 23 .0 37.0 0.459 0.145 0.396 0.85 1430
AS29 40.0 26 .0 34.0 0.465 0.166 0.369 0.87 1490
AS30 45.5 3.8 50.7 0.479 0.022 0.499 0.92 1500
AS31 45.1 7 .5 47.4 0.482 0.044 0.474 0.93 1450
AS32 44.8 11.3 43.9 0.487 0.068 0.445 0.91 1370
AS33 44.3 15.1 40.6 0.490 0.091 0.419 0.96 1340
AS34 43.7 20.5 35.8 0.494 0.128 0.378 0.96 1470
AS35 46.0 5.0 49 .0 0.487 0.029 0.484 0.95 1490
AS36 46 .0 8 .7 45.3 0.494 0.051 0.455 0.98 1420
AS37 46.0 12.4 41.6 0.503 0.074 0.423 1 .01 1330
AS38 46.1 16.5 37.4 0.512 0.101 0.387 1.05 1430
AS39 52.0 3.3 44.7 0.544 0,019 0.437 1 .20 1440
AS40 52.0 6.6 41.4 0.551 0.039 0.410 1.23 1430
AS41 50.0 10.0 40.0 0.539 0.059 0.402 1.19 1380
AS42 31.6 45.5 22.9 0.405 0.321 0.274 0.68 1500
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TABLE V.

RESULTS OP PRELD'EiARY RUl'IS OH SLAG A6.

(Unless otherw ise s ta te d ,  runs a re  a t  1500°C and 140-150 m l.per m inu te).

SLAG
Run I n le t  Gas T i m e ------------- s te g 3'- t ! 5dn~ S_ g
No. GO/GQ2 Ajj " of Ran G ^  S. %  Remarks,
_____________________________ Ü E S i i___________

1 , 1 .51  0.78 340 4 l)0 .4 0 8  G ) ' „
2)0 .408 ) 0.408 12 .0

2 , 1 .50  0.77 330 4 l)0 .4 2 8
2 ; o!400 j 0.414 12.6 Furnaoe-cooled.

3. 1.51 0.77 334 33 1)0.318
2 )0 .3 2 0

4 . 1.52 0.83 356 & 1 )0 .2 7 5
2 )0 .6 4 0

5. 1.51 0.79 340 sk 1 )0 .3 9 5
2 )0 .3 7 0

6. 1.48 0.82 340 2^ 1 )0 .3 9 4
2)0 .363

7 . 1.52 0.33 357 é 0.446

8 . 1.55 0.84 367 34 1 )0 .4 3 9
2 ) 0 .4 3 9

9. 1.49 0.83 346 0.417

10. 1.47 0.82 336 Ba 1)0 .391
2 )0 .3 8 8

11. 1.49 0.84 348 4 1)0 .401
2 )0 .4 2 3

12. 1.50 0.85 & 0,372

13. 1.50 0.86 1)0 .332
2 )0 .3 7 1

! 0*319 9.6 Delayed quench,

N either a t  equüürima* 
0 .8?^ added to ( 2 ) .

) 0.387 11.4 iümost a t  eq u ilib riu m
; Narrow g as-tu b e .

G ) 0.378 11.1  Almost a t
) eq u ilib riu m .

G 12 .5  No d u p lic a te .

o j

G 12.1  No d u p lic a te .

0*390 11,6 65ml./min*gas flow .

0.4-12 11.9

At 1513*0,no duplicate 

0.352 At 1525*0

Mean value of S /%  x 10® (from runs 7-11) i s  12 .0 .
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TABLE VI.

RESULTS OF ALL SLAGS.

(Unless otherw ise s ta te d , a l l  runs a re  of 3* hours* d u ra tio n ) .

Run
No.

Slag i n l e t  Gas 
No. “ G0/CQ3~7oS03 '

SLAG
A 'W GLASS VALUE MEAN 

G VALUE

aCa%

7-11
14

A6
A ll 1.52 0.60 347 1.25

15*sfc A ll 1,49 0.35 349 1.29
IG* .All 1 .51 0.78 337 1.23
17 A1 1.52 0.80 347 00.137 G

18 A4 1.52 0.33
#0.135  

356 0.232
G

19 A7 1.52 0.83 356 0.570
20 A3 1.50 0.83 351 DÛ.304

21 A9 1.50 0.86
a)0.804

358 1.02
22 .112 1.50 0.86 358 01.65

23 ASl 1.52 0.77
^1.55  

340 01.81

24 A2 3.32 2.83
41.77  

1600 0.571
25 A2 3.36 3.18 1680 0.631
26 A3 1.49 0.72 311 0.147 G
27 A5 1.06 0.72 163 0.196 G
28 A5 1.51 0.30 165 0.196 G
29 AlO 1.06 0.72 168 0.46 G
30 ASl 1.06 0.72 168 0.88 G
31 SI 3.67 3.08 180040.040 G

32* SI 3.59 3.02
30.036 

1800 00.036
G
G

33 S6 1.51 0.82
3)0.039 

349 0.064
G

34 35 3.67 3.08 1800 00.318

35* 35 3.69 3.02
00.333  

1800 00.305

36 32 3.71 2.90
900.291 

1790 0.030 G
37 S3 3.62 3.11 1780 40.045

33 S4 4.70 3.41
3)0.050 

2260 0.259 G
39 S5 3.62 3.11 1730 40.262 G

40 S7 4.53 3.13
40.256 

2160 0.348
G
G

41 AS2 1.52 0.86 365 1 .40
42 AS2 1.51 0.84 355 1.36

^  hours* run. *  ^  hours* n

3.95)
3 .8 9 '

1.15

12.0 0.23

36.5 0.69

3.92 0.074

22.9

0.123
0.305
0.44

0.54
44.8 0.85

52.7 1.00

3*66 0.069
0.090
0.222
0.226
0.52
0.99

0.21

1.73

0.27

1.45

33.5

0.0040

0.035

0.033

0.0032
0.0051

0.022 
0.028 

0.031 ■ 
0.73
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RI3LB VI. (C oat'd),

Run Slag INTST GAS SIAG SAk(x10®)
No. No. CO/CCb /oSĈ  % aS GLASS VALUE MSIII GaO^

G VALUS

43 AS3 1.51 0.84 355 0 1.53 
« 1 .6 0

4 3 .2 )
4 5 . 2 ) ^4 .2 0.84

44- ' AS4 1.52 0.84 353 A l.53 44.0 0.84
4 1 .6 2 4 5 . 2 '

45 AS5 1.43 0.98 361 1.04 28.8 0.55
46 AS6 1.43 0.98 361 0.462 12.8 0.245
47 AS7 1.49 0.72 311 0.153 4.92 0.093
48 AS3 1.43 0.98 361 0.124 3.44 0.065
49 AS9 1.37 0.88 311 0.314 G 10 .1 0.192
50 ASIO 1.48 0.49 236 0.092 G 3.90 0.074
51 ASH 1.37 0.88 311 0.189 G 6.07 0.115
52 AS12 1.37 0.88 311 0.192 G 6117 0.117
53 .1313 3.62 3.05 1770 A 0.314 G 1 . 7 7 ) 1,85 0.035j) 0.341 G 1 . 92)
54 AS14 3.62 3.05 1770 00.407 G 2.29 \ 2.24 0.04220.387 G 2 .1 8 '
55 AS15 3.32 2.83 1600 00.462 2 .88) 2.83 0*05440.444 2 . 7 7 )
56 AS16 3.71 2.90 1790 0.038 G 0.21 0.0040
57 AS17 3.38 2,66 1810 0.044 G 0.24) 0.22 0.004258 AS17 3.71 2.90 1790 0.036 G 0 . 2 0 )
59 AS18 4.64 3.17 2200 0.083 G 0.38) 0.38 0"0072
60 ASl 8 3.58 2.89 1730 0.066 G 0.38)
61 A319 3,58 2.89 1730 0.069 G 0.40 0.0076
62 AS20 3.69 2 .61 1720 0 0.074 G 0 . 4 3 ) 0.47 0.0089

3 0 .0 8 9 G 0 .5 l)
53 AS21 3.88 2.66 1310 00.077 G 0.42)

40.069 G 0.38) 0.48 0.0091
64 AS21 3.53 2.89 1730 0.111 G 0 . 6 4 )
65 AS22 3.58 2.89 1730 0.093 G 0. 57 0.0108
66 AS23 3.69 2.61 1720 0 0.124 

3)0.121
G
G

0.72)
0.70) 0.71 0.0135

67 AS24 3.71 2.90 1790 0.053 G 0.29 0.0055
68 A325 3.74 2.87 1800 0.052 G 0.29 0.0055
69 AS26 3.74 2.87 1800 0.079 G 0.44 0.0084
70 AS27 3.74 2.87 1800 0.104 G 0.57 0.0108
71 AS28 . 3,68 2.66 1810 0.107 G 0. 59 0.0112
72 AS29 3.74 2.87 1800 0.103 G 0.57) 0.79 0.015073 AS29 4.64 3.17 2200 0.219 G l.O û)
74 AS3Û 4.39 3.41 2140 0.120 G 0.56)

0 . 4 9 ' 0.53 0.010175 AS30 4.05 3.07 1960 0.096 G
76 ilS31 4.05 3.07 1960 0.124 G 0.63 0.0120
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TABLE VI. (C o n t'd ) .

Run INLET GAS SLAGS S/A^(xlO®)
No. No, CO/GOs /'aSQs /s ' GLASS 

G
VALUE MEAN

VALUE
&CaO%

77 AS32 4.05 3.07 1960 0.159 G 0.81 0.0154
78 AS33 4.53 3.13 2160 0.225 G 1.04 0.0197
79 AS34 4 .05 3.07 1960 0.192 G 0.98 0.0186
80 AS35 4.76 2.92 2210 0 0.139 G 0.63)

4 0.146 G 0.66} 0.65 0.0123
31 AS36 4.53 3.13 2160 0.182 G 0.84 0.0159
82 AS37 4.39 3.41 2140 0,229 G 1.07 0.020
83 AS38 4.76 2.92 2210 0,309 G 1.40 d, 0.027
84 AS39 4 .70 3.41 2260 0.324 G 1.43 0.027
■35 AS40 4 .70 3.41 2260 0,424 G 1.88 0.036
86 AS41 4.64 3.17 2200 0,422 G 1.92 0.036
87 AS42 4.39 3.41 2140 0.126 G 0.59 0.0112

Runs not used in  c a lc u la tio n s  of a c t iv i t ie s #

08 AlO 3.22 0.95 930 i) 4 .5 46
4) 6 .1 62

Expected value o,t 980% 2 .9 29.8 0. 566
89 AS5 3.70 2,90 1780 2.52 14.2

Exîr'ected value 12.8

Sulphur analyses of runs 1-25 , 33, 41-44 and 88-89 w erec a rried  out by th e  
evo lu tion  method, and of a l l  o th er runs by th e  combustion method*
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which agree b es t w ith the r e s u l t s  ob tained  in  the  p re sen t work. Column 

9 o f Table V, and column 8 of Table VI, show the  value o f th e  r a t io  

fo r  each run . This r a t i o  i s  p ro p o rtio n a l to  th e  a c t iv i ty  of CaO in  th e  

s la g , hence S/Aj  ̂ values fo r  runs 7-11 ( a l l  u sing  s la g  A6) should be 

constan t -  which was found to  be the  case . In  run  23, th e  stan d ard  

s la g  ASl (a^aO — 1*00) was used and the  value of 52,7 x 10“® ob ta ined  

fo r  S/A^ fo r  th i s  s la g . The a c t iv i ty  of each s la g , shown in  column 10, 

was c a lc u la te d  using  th i s  v a lu e , and i s  denoted by ag^Oi^*

The S/i% value fo r  each in d iv id u a l sample has been shoim in  th e  

Tables, For most of the  b inary  s la g s , d u p lic a te  samples were used .

V/here no d u p lic a te  r e s u l t  i s  shoirn, i t  in f e r s  in  most cases th a t  th e  

d u p lica te  sample was lo s t  -  u su a lly  on account o f leakage o f the  c ru c ib le . 

For most of the  te rn a ry  s la g s , only one sample of each com position was 

used . O ccasionally , however, d u p lic a te s  of samples were c a rr ie d  o u t, 

sometimes u sing  d if fe re n t  gas com positions. Vihere d u p lic a te s  have been 

c a rr ie d  o u t, only the mean value of a^^Q has been c a lc u la te d .

The agreement obtained between d u p lic a te s  was reasonably  good. 

Examination of the r e s u l t s  u sing  s la g  A6 (runs 7 - l l )  shows th a t  a l l  l i e  

w ith in  +5/  of the  mean. Over th e  o th e r d u p lic a te s , agreement in  a l l  

but two cases was w ith in  +10/ -  which i s  regarded  as s a t is f a c to ry ,  s in ce  

in  many cases the  sulphur conten t of the s lag s  was le s s  than  O .l / .  Two 

o ther p o in ts  may be noted here# ( l )  the  su lphur con ten t o f the  s lag s  

I'jas never g re a te r  than  1 .8 / ,  and in  more than  80 /  o f th e  runs the  su lphur 

con ten t was le s s  than  0.5/# (2 ) th e  appearance of th e  s lag s v a rie d

considerab ly ) th e  m ajo rity  were g la s se s , w liite , c le a r  or yellow  in  co lo u r.
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w h ils t th e  o th ers were m inutely c r y s ta l l in e ,  w h ite , g rey ish  or yellow  

in  co lo u r. Two slags (AS7 and 86) were " f a l l in g  s la g s"  and became 

powders on stand ing  fo r  a day or two. In  th e  columns in  Tables V and VI 

headed "G lass", g lassy  s lag s  are in d ic a te d  by "G" and unmarked slags a re  

m inutely c r y s ta l l in e .  No r e la t io n  could be seen between th e  co lour and 

the  tendency to  g la ss  form ation of a s lag  on the  one hand, and i t s  

com position on the  o th e r , and i t  i s  probable th a t  v a r ia t io n s  in  appearance 

-  which were ob tained  even between d u p lica tes  of the  same s la g  in  the  same 

run  -  a re  to  be explained by s l ig h t  d iffe re n ce s  in  the coo ling  of s la g  

samples on com pletion of a run .

(2 ) P re lim inary  Runs Using Slag A6 -  Table V.

These p re lim in ary  runs were designed to  show th e  e f f e c t  o f c e r ta in  

v a r ia b le s  on th e  r e s u l t s  ob ta ined , as follows»

(a) E ffe c t of Rate of Cooling.

The d iffe re n c e  between th e  normal method of cooling  of s la g s , 

as described  on p.50 , and fu rnace-coo ling  i s  shown by runs 1 and 2 . At 

the  end of run  2 , a f te r  the  gas flow and power supply had been cu t o f f ,  

the  s la g  samples were allowed to  cool w ith in  th e  fu rnace ho t zone. 

Comparison w ith run  1 shows th e  fu rnace-coo led  samples to  be about 

h igher. Under furnace cooling  th e  sulphur con ten t of the s la g  tends 

towards the  equ ilib rium  sulphur con ten t of th e  s la g  a t  the  tem perature 

of s o l id i f i c a t io n .  I t  would appesT, th e re fo re , th a t  the  su lphur co n ten t 

o f th e  slag  in  equ ilib rium  w ith  a gas o f given i n i t i a l  com position



62.

in c rease s  w ith  f a l l  in  tem perature* Subsequently a l l  slags were cooled  

to  give ra p id  s o l id i f i c a t io n  by low ering th e  r e a c tio n  t r a y  3 ins# immediate- 

»ly  a f t e r  te rm in a tin g  a ru n .

(b) E ffe c t of th e  r e a c tio n  t r a y  s t ic k in g  in  th e  fu rnace tu b e .

At the  end of a run i t  was o ccas io n a lly  found, a f te r  th e  lower

bung and s to o ls  had been removed, th a t  the re a c tio n  tr a y  had stuck  in  th e

cen tre  of th e  furnace tube -  due to  can ting  fo r  in s ta n c e . Run 3

("delayed  quench") was such an in s ta n c e , and the r e s u l t  shows th a t

atm ospheric oxygon had reac ted  w ith some of the  su lphur before s o l i d i f i -
a

icaû io n  had taken  p la c e , giving^low r e s u l t .  Hence a l l  such runs were 

d iscarded .

(c) E ffe c t of Changes in  th e  Rate of Gas Flow.

This i s  shovTn by runs 5 and 10. In  run  5 th e  gas m ixture en te red

the re a c tio n  chamber v ia  an alumina tu b e , V, (F ig .9) o f narrower bore -

in .  in te rn a l  diam eter in s te a d  of th e  normal s' in . Since the  t o t a l

gas flow  was m aintained a t  150 m is. p er m inute, th e  l in e a r  gas v e lo c ity  

down the en try  was fou r tim es as g re a t . The r e s u l t  of run  5 i s  seen to  

be comparable to  th a t  of run  6, both being fo r  ^  hou rs, i . e . ,  eq u ilib rium  

very n ea rly , but not q u ite ,  a t ta in e d . The change in  l in e a r  gas v e lo c ity  

lia.3 made no s ig n if ic a n t  d iffe re n ce  to  the  r e s u l t .  In  run 10 th e  t o t a l  

gs.s flow W2.8 reduced to  65 mis. p e r m inute. Again no s ig n if ic a n t 

d iffe ren ce  i s  seen in  the r e s u l t .  I t  can, th e re fo re ,  be in fe r re d  th a t  

th e  gas i s  adequately  p reheated  before reach ing  the  re a c tio n  chamber, and 

th a t  e r ro rs  due to  therm al d if fu s io n  or to  incom plete a tta inm ent of
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equ ilib rium  in  the  gas m ixture a re  w ith in  the l im its  of experim ental 

e r ro r .

(d) The e f f e c t  of tem perature.

Runs 12 and 13 were c a r r ie d  out a t  1513*0 and 1525*0 re sp e c tiv e ly  

I f  run 12 had been conducted a t  1500*0, th e  value of th e  gas would

have been 354, and, s in ce  the  mean value of fo r  s lag  A6 i s  12 .0  x

10 a s lag  su lphur of 0.425^ would have been ob ta ined . T herefo re , a

r i s e  in  tem perature of 13*0, g iv ing  0.372/i S, r e s u l t s  in  a lo s s  of

13^ of the  sulphur co n ten t. S im ila r ly  run  13 would have given an 

of 350 and a s lag  of 0.427/^ S a t  1500*0. T herefo re , a r i s e  in  tem perature 

of 25*0 r e s u l t s  in  a lo s s  of 1 8 of  th e  sulphur co n ten t. T herefore , the

sulphur conten t of a s lag  in  equ ilib rium  w ith a gas of given i n i t i a l

com position decreases w ith  r i s e  in  tem peratu re, the  r a te  fo r  s la g  A6 being 

approxim ately 1/S of the sulphur con ten t per *0 a t  1500*0. This confirm s 

the q u a l i ta t iv e  conclusion  reached above from th e  fu rnace-coo led  san p le .

At f i r s t  s ig h t t h i s  appears to  c o n tra d ic t th e  r e s u l t s  of Fincham 

and R ichardson(l5) who showed t h a t ,  under gases of con stan t equ ilib rium  

Pq̂  and constan t 8% in p u t, r a is in g  the  tem perature in c rease s  th e  amount 

of sulphur in  the  m elt. At d if f e re n t  tem peratures gases of th e  same 

i n i t i a l  SQg con ten t and of th e  same equ ilib rium  Pq̂  a re  i n i t i a l l y  of 

d if fe re n t  com positions. T herefo re , the  r e s u l t s  of the  p re se n t vK)rk 

cannot be compared d ir e c t ly  w ith those of Fincham and R ichardson. To 

f a c i l i t a t e  comparison i t  i s  necessary  to  r e c a lc u la te  the r e s u l t s  o f th e  

p resen t work and thus ob ta in  the  e f f e c t  of changes in  tem perature on th e  

ab so rp tio n  o f sulphur by s lag  A6 under gases of th e  same i n i t i a l  8%
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content and equilibrium  This was carried  out fo r  the r e su lts  o f

run 1 2  as follow s#

Bty extrapolation  of the data for 1510*0 in  the Appendix, ca lcu la tio n s  

numbers 127-8, i t  can be shown th at a t 1513*0, a gas o f i n i t i a l  CO/CQj = 

1*50 and %  = 0*85^ g ives A  ̂ = 298 and pg  ̂ = 1*62 x  10“*®. Slag A6

absorbed 0*372^ S from, th is  gas a t  1513*0 (r e su lt  o f  run 12 ).

At 1500*0 a gas o f the same i n i t i a l  5% content (0«85^) and o f the  

same equilibrium  (1*62 x  10"®) g ives Ag = 282 and i t s  i n i t i a l  CO/CQj 

= 1*31# From the S/Ag value o f s la g  A6  a t 1500*0, i t  can be shown th a t ,  

a t equilibrium  with th is  la t te r  gas, s la g  A6  would have absorbed 0*339yi S# 

Therefore, a r is e  o f  13*0, using gases o f  constant i n i t i a l  SOĵ  content 

and eqiuilibrium r e su lts  in  a change in  sulphur content from 0* 339>£ 

to  0*372^, i . e . ,  a r i s e  o f % %  per *0 . ,  which agrees q u a lita tiv e ly  w ith  

the conclusion o f  Fincham and Richardson#

I t  w i l l  be seen from the la te r  d iscussion  (p«80) that whether 

r is e s  or f a l l s  with increase in  temperature depends on the composition  

o f the s la g . For s la g  A6 ,  the e f fe c t  o f temperature on the value

can be determined as fo llo w s. For the reaction

CaO(g) + = CaS(gJ + . # . . . . . .  (3 )

^ a S

Equilibrating s la g  A6  with the same i n i t i a l  gas a t  1500*0 and 1513*0, i t  

fo llow s th at

»Ca0(l500°C) _  81500% .  & (1500% ) .  ^1513% .  VÏ500%
®CED(I5I3'V7 “  81513% ^ ( 1 5 1 3 * ^  ^1500% T1513%
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In ca lcu la tin g  the e f fe c t  o f temperature on 1^# I t  was shown (p . 3 1 ), 

that the ra te  o f  change o f for  a given gas was -1* 3/î per *C# The 

present work shows th a t , for  a given i n i t i a l  gas, the sulphur content 

o f the s la g  decreases by approximately 1^ per The values o f Kx§00*G

and % 5 X3 0 q can be obtained from the t r e e  energy equation for  the reaction  

(3) above. Eosenqyist(32) has shown that the fr e e  energy for  the  

reaction
CaO(g) + IfeS = CaS^g) + QgO

i s  given by ^
(SQpj* = —15,560 + 0*87T

Oombining th is  w ith the fr e e  energy given by Richardson and J effes(3 4 )

for

%  ^

AGJ = -59,000 + 13.38T 

and the free  energy given by Richardson and J e f f  es (36 ) ,  for

% ^ “  0)8  

AGJ = -21,580 ♦ 11*81T, 

the free  energy equation fo r  the reaction  (3) above i s  given by

AgJ  = +21,770 -  0'70T 

# .  %500*C = 2*94 X 10*® and = 3*08 x  10^

I f  VcaS remains constant, then agaO v i l l  not vary w ithin  the temperature 

range 1500* -  1513*0. As the s o lu b il i ty  o f CaS probably r i s e s  w ith  

temperature an accompaqying decrease in  XcaS might be expected. For 

th is  particu lar slag  th is  would therefore in d ica te  a decrease In  â ĝ Q 

with r i s e  in  temperature.
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(3) The GaO-AloO  ̂ System.

The va.lues of GaO-Al^Qa s la g s  and of th e  s tan d ard  s la g

ASl obtained  using  gases of approxim ately constan t values o f 350 + 15 

(run  7-22) were p lo t te d  ag a in s t wt./^ CaO as shown in  F ig . 11, (p o in ts  

^Tithout appended numbers). The smooth curve ob ta ined  shows a steady  

in c rease  of ag-Q w ith  ^ CaO u n t i l  u n i t  a c t iv i ty  i s  reached a t  approxim ately 

59% GaO. This agrees w ell w ith  the  value of 59^ CaO ob ta ined  fo r  th e  

p o in t a t  which th e  ex trap o la ted  CaO liq u id u s  cu ts  th e  1500*0 iso therm  

( F ig . l ) .

On account of the  la rg e  d iffe re n c e s  between the  c a lc u la te d  

values of and fo r  a given gas, i t  was o r ig in a l ly  in tended  to  

circumvent the  r e s u l t in g  d i f f i c u l ty  by e q u i l ib ra t in g  a l l  s lag s  under gases 

of approxim ately constan t com position. However, when CaO-SiQa s lag s  were 

e q u ilib ra te d  i^rith gases of A|t v a lues of 350 + 15, i t  was found th a t  even 

w ith s lag  S6, i . e . ,  alm ost th e  h ig h e s t GaO con ten t p o ss ib le  in  a GaO-SiO^ 

s lag  l iq u id  a t  1500*0, th e  sulphur con ten t ob tained  vias only 0.064^

(run  33). I t  was th e re fo re  necessary  to  use gases of h igher su lp h u ris in g  

p o te n t ia ls ,  e . g . ,  A%{ = 1600-2200. A ccordingly befo re  fu r th e r  runs were 

c a rr ie d  out u sing  GaO-SiQa s la g s , i t  was necessary  to  o b ta in  data from 

which a d ec is io n  could be made as to  whether th e  or the  Ap gas values 

were the  more ac cu ra te . I t  would have been id e a l  i f  gases of the  

h igher su lp h u ris in g  p o te n tia ls  could have been e q u il ib ra te d  w ith  th e  

standc.rd s lag  ASl, but th i s  was im p rac ticab le  s ince  th e  q u a n tity  o f 

sulphur absorbed would have been 8 -1 0 ^  S lag 36 had been e q u il ib ra te d  

w ith a gas o f low su lp h u ris in g  p o te n t ia l  (run  33) and was l a t e r
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e q u ilib ra te d  w ith  gases of high su lp h u ris in g  p o te n t ia ls  (runs 34 and 35). 

When th e  values a re  used , i t  can be seen , from Table VI, th a t  S/Aj  ̂

i s  approxim ately constan t fo r  th e  th ree  ru n s. On F ig . 13, th e  r e s u l t  o f 

run  33 i s  shown se p a ra te ly  from th e  mean o f runs 34 and 35 (A^ values a re  

appended to  both p o in ts ) .  I f  th e  values had been used , th e  fo llow ing  

r e s u l t s  would have been obtained*

Run 33 t = 180 S = 0.064^ = 3.6x10 ® ^CaOj  ̂ — 0.035

Mean of Runs
34 and 35 * = 1430 S = 0.326J» S /%  = 2.3x10*6 ^Oe.0  ̂ = 0.022

These two values liave a lso  been shov/n on F ig . 13, (w ith  %  values

appended). I t  can be seen t h a t ,  w hile th e  value of run  33 must

be th e  same as th e  v a lu e , th e  value of runs 34 and 35 drops

to  about 65^ of th e  corresponding v a lu e . Although th is  in d ic a te s

th a t  th e  values a re  more a c c u ra te , i t  was f e l t  th a t  no g re a t s t r e s s  

could be pu t on th i s  r e s u l t  s ince  the  accuracy o f th e  s la g  sulphur 

a n a ly s is  in  run  33 ( in  which the sulphur was es tim ated  by th e  ev o lu tio n  

method) was about + 2 5 /, on account o f th e  low t i t r a t i o n  d iffe re n ce  of 

1 .2  m is . , equ iva len t to  the su lphur co n ten t. T herefo re , some b e t te r  

method of comparison was req u ired .

In  Chapter I I I ,  p .27, values of A which have been c a lc u la te d  

using  th e  v ario u s lYee energy d ata  a v a ila b le , are  shown fo r  two gases 

of w idely d if fe re n t  su lp h u ris in g  p o te n t ia ls ,  ( l )  o f i n i t i a l  GO/GOq o f 

1.52 and i n i t i a l  8% of 0 . 8l / ,  and (2 ) of i n i t i a l  CO/CQ3 o f 3.34 and 

i n i t i a l  SQ3 o f 3 .0 l / .  From th e s e , v a lues o f th e  r a t io  % /%  were 

c a lc u la te d  and compared as shown in  Table I I .  Using the  data  o f
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Richardson and J e f f  es (36 ), % /d^  = 7 .0 7 , u sing  the  d ata  of Chipman and 

S t. P ie r r e ( 4 l ) , = epproxim ately 6,4} and u sing  the  d ata  of

K elley (3 5 ), = 4 .69 . I t  was a lso  po in ted  out th a t ,  by b rin g in g

samples of the  sajne s lag  to  equ ilib rium  w ith  g a se s ( l)  and (2 ) ,  an 

experim ental value of the r a t io  = S^/Sl would be o b ta in ed , where

Sl and % a re  th e  sulphur con ten ts  o f th e  s lag  a t  eq u ilib riu m  w ith  

gases ( l )  and (g) re s p e c tiv e ly ,

A GaO-AlgO] s lag  o f low CaO co n ten t, s lag  A2, was se le c te d  fo r  

th is  comparison, in  order to  keep the  /S  absorbed by th e  s la g  when 

e q u ilib ra te d  w ith th e  gas of h igher su lp h u ris in g  p o te n t ia l  under th e  

l im i t  of 2 / .  Runs 24 and 25 show th e  r e s u l t s  ob ta ined  u sing  the  ga,s of 

higher su lp h u ris in g  p o te n t ia l .

For th e  standard  s la g , S/Aj  ̂ = 52.7 x 10 Since c c  S/Aj^,

i t  can be shovm from F ig . 11, th a t  fo r  s la g  A2,

= 4.16 X 10"G.
. . a t  Av = 3 50, Sl = 0 .146 /S .

From runs 24 and 25,

.
• #

a t  = 1640, Sa = 0.601%3 

Sq/S j, — 4 .12 .

Comparing th i s  w ith  th e  values of th e  r a t i o  Ag/Ai given above, ob ta ined  

using  th e  f re e  ener.gy data  of R ichsrdson and J e f fe s (3 6 ) ,  o f Chipman and 

8 t .  P ie r re (4 l)  and o f K elley (35 ), i t  can be seen th a t  th e  experim ental 

data f i t  th e  f re e  energy d ata  of K elley  more c lo se ly  than  they  do any 

of th e  o ther f re e  energy data* The e:cperimental evidence given thus
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supports th e  values of +101 and +119.5 k c a ls . fo r  th e  d is s o c ia tio n  

energ ies o f 3q and SO re sp ec tiv e ly *  This conclusion , however, i s  based 

on th e  r e s u l t s  of experim ental work on one s la g  com position and a number 

of s im ila r  experim ents should be c a r r ie d  out before th e  above f in d in g s  

can be regarded  as conclusive* In  the p re se n t work c a lc u la tio n s  of 

experim ental r e s u l t s  are  based on th e  %  values of th e  g ases , but where 

the  use of values produce s ig n if ic a n t  d if fe re n c e s , the  r e s u l t s  based 

on the  %  values are  a lso  shoim, th ese  r e s u l t s  being denoted by th e  

s u f f ix  R.

In  the  above c a lc u la tio n , an e r ro r  w il l  be in troduced  i f  th e re  

i s  any s ig n if ic a n t  d iffe re n ce  between the  values o f a t  0 .1 4 6 / S

and a t  0 .6 0 /^ . The d ire c tio n  of such an e r ro r  can be shoi-m as follows* 

The ac tiv ity -m o le  f r a c t io n  curve of a so lu tio n  of CaG in  a s lag  w il l  

probably take a form s im ila r  to  th a t  shown dlagram m atically  in  F ig .12* 

This i s  s im ila r  in  form to  th e  approxim ate curve fo r  the  a c t iv i ty  of 

GaS in  b la s t  fu rnace s lag s derived  by Rosenqvist(32) from the  ex p e ri-  

% m ental data of Hatch and Chipman(33), shown in  F ig .4. Guch a curve 

shows p o s it iv e  d ev ia tio n s from Raoult* s Law but nega tive  d ev ia tio n s 

from Henryk s Law. jt)aS given by the  slope of the  chord o f th e  curve 

and decreases w ith  in c rease  in  the su lphur con ten t of the  s la g . In  

the  case of th e  s lag s of sulphur con ten ts (0 .146 /^ ) and % (0 . 60/s )  

above,

^  icaSV
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where ^CaS? J^ a s” r e f e r  to  the  a c t iv i ty  c o e f f ic ie n ts  o f CaS in  th e

LZ s lag s con tain ing  Sl and % /  su lphur re sp e c tiv e ly *  F u rth e r , where 

^^CaS> '̂”caS ^-nd a 'c aS f^  GaS r e f e r  s im ila r ly  to  the  mole f ra c t io n s  and 

a c t iv i t i e s  of CaS re sp e c tiv e ly  in  th e  two s la g s , then

Ĉao" j'Cas"d̂ CaO" ifeas" S3
4 . "  acaS JtaS* *% aS' "  fCaS' * %

In  the  c a lc u la tio n  above to  decide which thermodynamic data f i t  b e s t ,  i t  

was assumed th a t  JfCaS constan t fo r  the  range of s lag  su lphur co n ten ts  

used, i . e . ,  t l ia t  = Ss/S l * The c o rre c tio n  fo r  th e  e r ro r  in tro d u ced

by th i s  assum ption would th e re fo re  decrease the value of th e  r a t i o  

6-GasV^CaS* i . e . ,  in  th i s  p a r t ic u la r  case , th e  value of %/%_ = 4.12 

would tend  to  be decreased i f  sllovrance were made fo r  the  v a r ia t io n  in  

th e  value of ^"^ch a c o rre c tio n  would th e re fo re  not a l t e r  th e

dec is io n  reg ard in g  the various s e ts  of f re e  energy data*

One o th er source of p o ss ib le  e r ro r  l i e s  in  th e  use o f s la g s  o f 

th e  same i n i t i a l  com position fo r  the  comparison, no compensation being 

made fo r  th e  e f f e c t  of the  replacem ent of some oxide by su lph ide in  th e  

experim ent. The r e s u l t s  of Fincham and R ichardson(l5 ) which show th a t  

agaS i s  p ro p o rtio n a l to  /S  from 0.003 to  1 .3 /  3 in  th e i r  s lag s  (see  

above, p.20 ) suggest th a t  th i s  e r ro r  i s  n e g l ig ib le .

I t  has been shovm above th a t  th e  experim entally  determ ined r a t i o  

%/%. = 4*12, and th a t  th e  r a t i o  Aq/&  ̂ o b ta ined  using  th e  d ata  o f K elley  

i s  4 .6 9 . This d iscrepancy may be due to  (a) in accu rac ies  in  th e  

thermodynamic d a ta  used by K elley , as w ell as to  (b) experim ental e r ro rs  

in  determ ining Ss/Gl . I t  i t  was assumed th a t  the  e r ro r  vjas due
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t o t a l l y  to  ( a ) ,  and th a t  the  value of = 350 was th e  tru e  A value o f 

the  gas of com position ( l )  above, then  the  c o rre c tio n  fa c to r  (based on 

th e  experim ental data) which would req u ire  to  be ap p lied  to  th e  Ap 

value of 1640 to  o b ta in  th e  tru e  A value would be 4 .1 2 /4 .6 9  = 0 .8 8 , i . e . ,  

th e  tru e  A value of th e  gas o f com position (2) would be 1 2 / lower than  

the  value given by th e  graph fo r  th i s  gas. In  se v e ra l runs (Nos.26- 

30) various GaO-AlgCd s la g s  were e q u ilib ra te d  w ith  gases o f va lues 

le s s  than  350. The r e s u l t s  of th e se  runs a re  a lso  p lo t te d  on F ig . 11, 

th e  numbers appended to  th e  p o in ts  on the  graph in d ic a tin g  th e  A%[ v a lu es 

o f the  gases used (no c o rre c tio n  being ap p lied  to  th e se  Aj{ v a lu e s ) . An 

exam ination of th ese  p o in ts  shows th a t  they  a l l  l i e ,  w ith in  th e  p robab le  

lim its  of ejcperimental e r ro r ,  on the curve and, moreover, th a t  th e  p o in t 

obtained  from runs 24 and 25, u sing  the  gas of A%{ = 1640, a lso  l i e s  

w ith in  th e  l im its  o f e r ro r  o f th e  curve. There i s ,  th e re fo re , no

ju s t i f i c a t i o n ,  on th e  b as is  of the  p re sen t d a ta , fo r  th e  a p p lic a tio n  of a

c o rre c tio n  fa c to r  to  the high values*

I t  may be po in ted  out a lso  th a t ,  i f  the  graph of a^^g o f F ig . 11

i s  based on the  %  values of th e  gases, th e  agg^oR curve thus ob ta ined  

w il l  be ex ac tly  th e  same as th e  agaOj^ curve shown. T herefo re , th e  use  

o f the  su ff ix e s  K and R when r e fe r r in g  to  ag^o Tn CaO-Al^Ch s la g s  w il l  

be d iscon tinued  except when necessary  and the  curve w il l  be r e fe r re d  to  

as th e  agaQ curve. I t  may a lso  be noted th a t  th e  agaOR p o in ts  which 

would have been obtained  from runs 26-30 would be s l ig h t ly  h igher than  

th e  corresponding agaO^ p o in ts  (s in ce  th e  r a t io  Ak/Ar. i s  found to  

in c re ase  \n.th decrease of GC/G% and /  SÔ  o f th e  i n i t i a l  g as ), but fo r
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th e se  p o in ts  th e  in c rease  would be very small* The ag^Q^ p o in t c o rre s -  

$ ponding to  runs 24 and 25, however, would have been decreased considerab ly  

-  in  f a c t  by the  r a t io  4*69/7 .07 , i . e . ,  to  67 / o f th e  agg^Q  ̂ value or 

to  58/ o f the  value given by th e  aCaO v . /  CaO curve. I t  i s ,  th e re fo re , 

on the  b a s is  of th is  l a s t  p o in t th a t  th e  f re e  energy d a ta  of K elley  can 

be supported in  p referen ce  to  th e  d a ta  o f Richardson* I t  should be noted 

a ls o , th a t ,  in  order to  make th e  aCaO^ ve.lue of s lag  A2 f a l l  on th e  ag^Q 

curve, an experim ental r e s u l t  of 1 .03 /S  would have been re q u ire d , in s te a d  

o f th e  r e s u l t  of 0 .60 /3  ob ta ined  -  and such a d iscrepancy could not be 

a t t r ib u te d  to  experim ental e rro rs*

The agreement of the  r e s u l t s  of runs 24-30 w ith  the  graph ob ta ined  

using  gases of Ak values of 350 + 15 ( i . e . ,  runs 7-11, 14-23) i s  not 

s o le ly  dependent on the  accuracy o f the  f re e  energy d ata  of K elley . I t  

depends a lso  on th e  v a r ia t io n  of w itb  sulphur con ten t in  any given

s la g , on the  v a r ia t io n  o f ^ a S  w ith  s la g  com position, and on the  e f f e c t  

o f  the  ab so rp tio n  of sulphur on th e  r e s id u a l Nqq̂q and aggQ values o f th e  

s la g s . In  a l l  graphs of r e s u l t s ,  the  values of /  CaO and used 

were those c a lc u la te d  on the  b a s is  of th e  com position of th e  s la g  befo re  

any sulphur had been absorbed, and no allowance was made fo r  the  e f f e c t  

of sulphur ab so rp tio n  on th e  value of and th e re fo re  on th e  " tru e"  

aQaO value o f a s la g  of given Id e a lly  i t  would be necessary  to

e q u i l ib ra te  each s lag  w ith  a s e r ie s  of gases of p ro g re ss iv e ly  decreasing  

su lp h u ris in g  p o te n t ia ls ,  ex tra p o la tin g  to  zero sulphur con ten t and thus 

ob ta in ing  the " tru e"  value of the  s la g . A l im ita t io n  i s  imposed

on th i s  method of course , by th e  d i f f i c u l t y  in  th e  a n a ly s is  of s lag s  o f
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very  low sulphur con ten ts ob tained  under gases of low su lp h u ris in g  

p o te n tia ls*  The data av a ila b le  from th e  p re sen t s e r ie s  o f experim ents 

on CaO-Alg% sla g s  do however in d ic a te  c e r ta in  probable conclusions*

Since the  r e s u l t s  of runs 24-30 l i e  f a i r l y  c lo se  to  th e  graph and do 

not show any tren d  v/ith e i th e r  or /S , i t  can be concluded th a t  the  

e f f e c ts  of a l l  th re e  f a c to rs  mentioned above, v i z . ,  ( l )  an e rro r  in  

K elley’ s thermodynamic d a ta , r e q u ir in g  a c o rre c tio n  to  Aj ,̂ (2) th e  

v a r ia tio n s  of and (s) th e  e f f e c t  of th e  ab so rp tio n  o f sulphur on

th e  re s id u a l value of a s la g , and th e re fo re  on th e  " tru e ” agĝ Q

value of the  s la g , are  such as to  cancel each o ther o u t, or the  e f f e c t  

of each fa c to r  i s  w ith in  th e  l im its  o f experim ental e r ro r .  I t  i s  

probable tl ia t  the  l a t t e r  i s  the  case since th e  p o in ts  on the  graph 

corresponding to  runs 24-30 cover the  whole range o f s lag  com positions 

l iq u id  a t  1500^0, and do not show any tren d  w ith  change in  or w ith  

change in  /S  in  a given s la g .

In  term s of the io n ic  model of the c o n s t i tu t io n  of a l iq u id  s la g , 

the  above data can be shovai to  f i t  in to  such a p ic tu re .  IVhen su lphur 

atoms are  in troduced  in to  a CaO-AlgCh s la g  th e  S ions a re  held  by th e  

Ga** ions le s s  secu re ly  than  th e  0 ions which they  d isp lace ,m ain ly  

because of th e i r  g re a te r  s iz e .  The a c t iv i ty  of CaO in  th e  melt ( in  

o ther words, the  oxide a c t iv i ty )  i s  no t however decreased  by an amount 

corresponding to  th e  S ion  in tro d u ced , but by an amount le s s  than  th is*  

One would th e re fo re  expect th a t ,  i f  a graph o f a-ggo ^  were made fo r  

ary^ given s la g  ( i . e . ,  o f co n stan t i n i t i a l  com position) the value
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would f a l l  slowly from i t s  tru e  value as the  sulphur conten t o f th e  s la g  

in c reased . From the  data  a t  p re se n t a v a ila b le , i t  appears th a t  th e  

v a r ia t io n  of agaO w ith / s  i s  probably  sm a lle r, fo r  the  s la g  su lphur 

con ten ts used , than  the  p resen t experim ental e r ro r  l im i t s .

(4 ) The CaO-SiO^ System.

The r e s u l t s  of runs 31-40 are  shown in  the  agaO% v. /  CaO graph 

in  F ig .13. S ince GaO-SiQa slags a t  1500^0 a re  s o l id  between 42.5  and 

52/  CaO, th a t  p o r tio n  of th e  aggQ^ curve in  F ig . 13 r e f e r s  to  th e  l iq u id  

s la g  in  the  supercooled s ta te .  Use of th e  Gibbs-Duhem r e la t io n  l a t e r  

to  determ ine helped to  e s ta b lis h  the  shape of the  curve* The

s c a t te r  of p o in ts  about th e  a^gQ ,̂ curve i s  ra th e r  more th an  in  th e  case 

of th e  GaO-Alg (% s lag s in  Fig*11, a f a c t  which may be p a r t ly  a sc r ib e d  to  

th e  lower sulphur con ten ts  of th e  slags in  th e  CaO-SiOg ru n s , and th e  

consequent lower accuracy in  th e i r  a n a ly s is . The agaO^  ̂ curve ob ta ined  

using  th e  gas values has a lso  been shown in  F ig .13  and l i e s  co n s id e r- 

ta b ly  below th e  agaOjr curve. The values a re  a l l  approxims^tely

65 / of th e  aggOK v a lu es .

The comparison between ^  CaO-SiQg and CaO-Al^Q^ slag s on

a molar b a s is  i s  shown in  F ig .14. I t  can only be c a rr ie d  out over a 

very  lim ite d  range a t  1500*G, s in ce  in  CaO-rich l iq u id  CaO-SiCb slags 

i s  approxim ately equal to  UqqO Tn A l^C b-rich l iq u id  GaO-AI ĵQj slags* 

Gomparison o f th e  ag^Q values a t  UcaO “  0.57 in  both systems shows* 

aggQ in  4 2 . 2 /  CaO-Alg% s la g  = 0.076

&GaO  ̂ Tn 55 . 4 /  CaO-SiQg s lag  = 0.033

aCaO& in  5 5 .4 / CaO-SiC^ s la g  = 0.021
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i . e . ,  ar, would be ej;pected from a Imowledge of th e  a f f in i ty  of CaO fo r  

SiQj and fo r  Alg Qq , th e  a c t iv i ty  of CaO in  a CaO-SiQa s lag  i s  much lo v er 

than in  a CaO-Alg Q3 s la g  of th e  same mole fra c tio n *

( 5) The 0 aO-AlaCb -SiOg System*

The a c t i v i t i e s  c a lc u la te d  from th e  experim ental data  have been 

used to  c o n s tru c t i s o - a c t iv i ty  curves fo r  SLQaOĵ  i n  CaO-AlgCh -SiQ) s la g s  

a t  1500°C, as shown in  F ig s . 15 and 16, in  which th e  a c t i v i t i e s  a re  p lo t te d  

ag a in s t th e  s la g  com position expressed  in  weight % and mole f r a c t io n  

re sp e c tiv e ly . The corresponding acaO^ curves have not been ca lcu la ted*

In  th e  low SLO3 f i e ld  they  do not d i f f e r  from th e  agaO^ cu rves, s in ce  the  

gases used in  th e  runs in  which low-SiOg s lag s  were used  had values of 

approxim ately 3 50* In  th e  low AI2 Q3 f i e l d  the  values w il l  be

approxim ately 65^ of th e  corresponding acaC^ v a lu es . As can be seen from 

the  diagram s, only a p a r t  o f th e  reg io n  l iq u id  a t  1500^0 i s  covered by th e  

experim ental data  \ the  low-SiO^ f i e l d  has been f a i r l y  w ell covered, but 

in  the low-Alg Ch f i e l d  only the  a rea  w ith :>  0 .4  has been in v e s tig a te d .

From F ig s .15 and 16, th e  fo llow ing  p o in ts  emerge*

(1 ) Replacement of AI2 Q3 by SiOg on a molar b as is  in  the  lo if-8 i%  f i e l d  

does not m a te r ia l ly  a l t e r  &CaQ%. On a wt* ^  b a s is ,  replacem ent o f AI3 Q3 

by SIO3 r e s u l t s  in  a s l ig h t  in c re ase  in

(2 ) Replacement of SiQs by AI0 Q3 on e i th e r  a molar b a s is  or a wt./io b a s is  

in  the low-Al^% f i e ld  r e s u l t s  in  a small in c rease  in  F ig . 17

i l l u s t r a t e s  p o in ts  ( l )  and (2 ) in  ano ther way, curves fo r  s lag s

of various AlgC^/SiCA r a t io s  being f a i r l y  c lose  to  each o th e r in  th e
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case of low-SiOo s la g s • In  the  case of low-Alg% sls^gs, th e  d iffe re n c e s

between the curves fo r  the v arious AI3 % / 8 i%  r a t io s  are  ra th e r  

g re a te r .

( 3 ) There i s  a s teep  drop in  a^ap^ w ith  decreasing  /fcaO along  l in e s  of 

constan t AlgCh/SiOg r a t i o .  This i s  shown c le a r ly  in  F ig . 17. (The 

jo in  of co n stan t AlgOg/SiOs used in  th i s  f ig u re  a re  in d ic a te d  in  F ig .1 5 ).

(4 ) The agg^orr values of s lag s  in  th e  low-SiO^ f i e ld  a t  1500^0 a re  consider- 

% ab ly  h igher than those in  the  low-Al^ % f i e l d .  This i s  p a r t ly  due to  

the  higher HcaO va3.ues e x is tin g  in  th e  low-Si% f i e l d ,  but a lso  to  the  

lower a f f in i ty  o f Co,0 fo r  AlgQg th an  fo r  SiQs. The im p lica tio n s  of th e  

l a s t  two p o in ts  fo r  iro n -  and steel-m aking  w il l  be d iscussed  l a t e r .
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( l )  The CaO-AleCh System.

In order to  ca lcu la te  values o f from those of i t  i s

necessary to  know the value o f ac^o the CaO-Al^Ch s la g  which i s  in  

equilibrium  with s o lid  Al^Cb* The CaO-AlgCh thermal equilibrium  

diagram (F ig .l)  $ shows that no liq u id  CaO-AlgCh slag  i s  a t  equilibrium  

at 1500* 0̂ with so lid  Alg%. I t  i s  a lso  very d i f f ic u l t  to  extrapolate  

the AI3 Q3 liqu idus to  1500®C, since (a) the AlgGh liq u id as i s  not 

accurately known, and (b) the extrapolation  involved i s  quite a consider- 

tab le  one, since the AlgCh liqu idus stops a t 1760®C.

The 1500% isotherm al cuts the CaO.AlgC  ̂ liq u id a s . Therefore 

in  the f i r s t  in stan ce, i t  was decided to  ca lcu la te  values o f a^aCfAlgCb 

from the UQaO curve by app lication  of the Gibbs-Duhem r e la t io n , and the 

%aO.AlgCh curve i s  shown in  F ig. 11. Although not o f great value in  

i t s e l f ,  th is  curve, eilong with the slqqQ curve was used to  ca lcu la te

^ h C a O  ^/^CaO.AlsCh from which the free  energy change for

the reaction

5CaO(gj + 7(CaO.A30Cb)(g.) = 12Cs0.7AleQ, j

was calcu lated  to  be
^G®i7 7 3  = -3 9 .6  k ca ls .

Unfortunately only the most meagre information i s  as y et ava ilab le  on the  

free  energies o f GaO-AlgO  ̂ m elts, and th is  figu re cannot be confirmed a t  

present.

In order to  e f fe c t  a comparison w ith the free  energy given by 

Fincham and Hichardson(l5) for CaO-Al^Ch m elts at 1650%, i t  was decided  

to  make a ten ta tiv e  extrapolation  of the AI2 Q3 liq u id a s to  1500%. A 

fig u re  of 31^ CaO was se lec ted  as a probable value for  the composition
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at which the extrapolated Alg% liq u id us would meet the 1500% isotherm al -  

although the true value may l i e  anywhere from 27 to  35^ CaO. Am ex tra -  

tp o la tion  o f the â ĝ Q curve to  31^ CaO, with the a id  o f the Gibbs-Duhen 

%aO/%]aCh ^aO  gave a value of 0.016 fo r  a t  Al^Qj

saturation . Use o f the Gibbs-Duhem r e la t io n  gave the a-AlgQ̂  curve shown 

in  F ig . 11# The slqqQ and a ^ ^  curves were then used to  ca lcu la te  

^r’CaO curves and the curve o f the free  energy per mole o f

reactant fo r  the formation of the melt from so lid  CaO and so lid  AlgCh 

a t 1500%. These curves are shown on the fr e e  energy chart, E ig .18 .

I f  had been taken to  be 1  a t 35.5^ CaO instead  o f a t 31^ CaO, the

free energy curve would have been ra ised  by 0 .5  -  0 . 8  k ca ls . Therefore, 

error lim its  o f + 1 kcal may be put on the curve shown in  F ig . 18.

From th is  free  energy curve, the fo llow ing fr e e  energy change for  

the reaction

12CaO(s) + 7 Al0 % (g) = I2Ca0.7AIcCfe (1)

can be derived]# = 19 % (-7 .5 )

= -142 k ca ls ,

with an uncertainty o f ♦ 1 0  k ca ls .

The free  energy curve in  F ig . l 8  g ives the value o f the fr e e  energy 

change o f the reaction  producing the liq u id  s la g . Therefore, the point  

on the curve corresponding to  the composition CaO.A]Q% represents the  

free  energy, per mole o f  reactan t, o f the formation o f CaO.AI^C  ̂ 2̂ .) > which 

at 1500% i s  in  the supercooled s ta te . The free  energy o f formation of

CaO.AlgOh (s )  however, can be ca lcu la ted , using the a c t iv ity  product

re la tio n sh ip , ,from the values o f aoaO &nd flAlgCh the slag  in  equilibrium
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w ith so lid  CaO.Al3 % a t  1500^0. The com position o f th i s  s la g , from 

F ig#H i," i s  42^ CaO and fo r  th i s  s lag  aQĝ Q = 0.074 and = 0 .2 0 .

For th e  re a c tio n

GaO^g  ̂ + (s) ~ CaC.AlgOs^gJ

AG\ 7 7 3  = ET In  acaO.^Alg%

=s -14 .9  kcals#

The e rro rs  involved in  th i s  c a lc u la tio n  a re  ag a in  r e la t iv e ly  la rg e  due 

to  the  u n c e rta in ty  of th e  curve# However, i f  a ^ ^ ^  had been

taken  to  be 1 a t  35^ CaO in s te a d  of a t  31% CaO, the  value of ^AlgC^ &t 

42^ CaO would have been 0 .3 3 , and th e  value o T a t  1500^0 

-13 .1  kcals# Even i f  s-Al^Qj been 0#5, a t  1500% would

th en  have been -11#o kcals# Hence e r ro r  l im i ts  of +3 k ca ls  may be 

assigned  to  the  value of -14.9  k c a ls . given above. This value i s  a lso  

reasonab le  when con^ared w ith  th e  value o f -1 9 .5  k c a ls . ob ta ined  fo r  th e  

corresponding s i l i c a t e ,  GaO.Si% (see l a t e r ) ,  which would be expected 

to  be la rg e r  num erically  from a c o n s id e ra tio n  o f th e  r e la t iv e  a f f i n i t i e s  

o f CaO fo r  AI2 Q3 and fo r  S iQ j.

The only comparable d ata  on â ^̂ Q in  CaO-AlgQj m elts a re  those  

given by Fincham and R ichardson(l5)#  Most o f th e i r  work on CaO-AlgCb 

m elts was c a r r ie d  out a t  1650% but from th e  approxim ate CaS s a tu ra t io n  

l im i t  in  a 52.4^ CaO slag  a t  1500% , they  c a lc u la te  agaO -  0*5. This 

value has been p lo t te d  on Fig# 11 and ag rees very w ell w ith  th e  p re sen t 

work, being only  12^  h igher than  th e  a^^Q curve of th e  p re sen t work.

Three values of agg^Q, ob ta ined  by Fincham and R ichardson(l5) a t  

1650% assuming JijaS = 5, have a lso  been p lo t te d  in  F ig . 11* Since
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a t  1650% , agaO = 1  62^ CaO, t h i s  p o in t has a ls o  been p lo t te d  in

Fig* 11 and a smooth curve drawn through i t  and th e  afore-m entioned th re e  

poin ts*  This curve l i e s  considerab ly  below th a t  ob ta ined  from th e  

p re se n t work a t  1500% , except a t  low values* This must, o f co u rse ,

be tru e  fo r  th e  high CaO com positions, but whether th e  two agaO curves 

cross a t  lower curves depends la rg e ly  on th e  shape of th e  AJS(CaO+ 

AI0 Q3) curve* U nfortunately  th e  l a t t e r  i s  not: known* I t  would be 

expected, however, to  be s im ila r  in  form to  th a t  f o r  CaOrSiOg m elts 

given by R icb ard so n (5 l) , shown in  F ig .2 0 , which in d ic a te s  th a t  aQgo(l600%) 

should exceed aGg^Q(l500%) when UcaO below 0*47, F ig * H  shows

th a t  th e  curves c ro ss  a t  approxim ately ~ 0*52. Although th i s  f ig u re  

i s  not in  d isa g re em e n t w ith  th e  corresponding value fo r  th e  GaO-SiCb 

system , i t  i s ,  however, f e l t  th a t  th e  value of 5 fo r  ^CaS assumed by 

Fincham and R ichardson(l5) in  c a lc u la tin g  th e i r  "V&Tucs i s  low and 

th a t  th e i r  agaO curve fo r  1650% should l i e  h igher th an  i s  in d ic a te d  by 

them* The curves would then  c ro ss  a t  a somewhat h igher UcaO "vaiiiG 

( ^ 0 . 6)* The assumed value o f 5 corresponds to  a s o lu b i l i ty  o f su lphur 

o f 8 . 6^  S a t  1650% in  a CaO-Al^Qj s la g  of = 2 .0 .  However,

i t  can be c a lc u la te d  from th e i r  d a ta  th a t  th e  s o lu b i l i ty  o f su lphur i n  

the  same s la g  a t  1500% i s  approxim ately 4 .1 ^  and th a t  i s  10*7 a t  

th i s  tem perature. Whereas the  s o lu b i l i ty  o f su lphur would be expected 

to  in c rease  w ith  r i s e  in  tem peratu re , a more than  tw ofold  in c rease  seems 

unusually  large*

I t  seems d es ira b le  a t  t h i s  p o in t to  examine the  assumptions made 

in  th e  p re se n t work regard ing  th e  constancy of (a) in  a given s la g
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over th e  range o f su lphur con ten ts  u sed , and (b) in  CaO-Al^Qj-SiQg s la g s  

o f th e  range of com positions used  in  the  p re se n t work, as f a r  as  th e  

a v a ila b le  data  a llow , and to  compare the  values o f JfCaS by th e

p resen t work- w ith  th e  values used by o th e r w orkers.

(a ) In  th e  c a lc u la tio n  o f a^aO^ th e  assum ption was made th a t  slqq̂q 

i s  p ro p o rtio n a l to  weight %S up to  In  th e  l ig h t  of th e  d iscu ss io n

on pp. 72-74 , th e  a v a ila b le  data  can be used to  show to  what ex ten t th i s  

assum ption i s  t r u e  over th e  range o f sulphur co n ten ts  used . For th e  

reac tion#

CaO + irSb = CaS + |rp3

K = -S2â§ • lE 9 a h  a  yCaS«^CaS 
^ a O  (PSb)^ *CaO.^^E

C onsidering s la g  ASl and th e  r e s u l t s  o f runs 23 and 30, and assuming 

th a t  agaO = 1*C0 in  both s lag s as  they  e x is t  a t  eq u ilib riu m  w ith  th e  gases 

concerned, i . e . ,  th a t  th e  p a r t i a l  replacem ent o f 0 by S does not s ig n i -  

f f ic a n t ly  lower th e  then#

fo r  ru n  23# Ag = 340, ag^O "  ^  in  s la g  = 1 .7 9 , .  .  ”  0.0374

r c a s =  -. .
f o r  run  30# Ag = 168, slq̂ q = 1 , %S In  s la g  = 0 .8 8 , . ♦ = 0.0182

**. (|6 aS 4 K t l .7 9 ^ ) /^ a g (a t  0 . 8 8 %g) = 0.985

T herefo re , w ith in  th e  l im i ts  o f experim ental e r r o r ,  and assuming th a t  

v a r ia b le s  ( l )  and (3) on p ^ 3  have no ap p rec iab le  e f f e c t ,  th e  above shows 

th a t  jfcsiS in  s la g  ASl i s  co n s tan t fo r  s la g s  co n ta in in g  up to  l.B ^S .

This agrees w ith  the  work o f Fincham and R ichardson(l5 ) which shows
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(see  p20  ) th a t  q̂q̂q a t  1500% i s  constan t up to  a t  l e a s t  1 , 3 ^ ,

(b) The q u estio n  o f whether in  CaO-AlgC^-SiOg s la g s  a t  1500% 

i s  s u b s ta n tia l ly  co n stan t (as has been assumed in  th e  p resen t work) i s  

a d i f f i c u l t  one to  answer# Deductions from th e  p re se n t work and th e  

d ata  given by p rev ious workers can however be compared h e re .

The sulphur con ten t o f s la g  ASl a t  which s a tu ra t io n  occurs can 

be estim ated  approxim ately from c e r ta in  experim ental d a ta  ob ta ined  in  

th e  p resen t work. A p re lim in ary  experim ent u sing  s la g  AlO gave su lphur 

con ten ts  o f 4 .5  and 6 .1 ^  (see  run  88 in  Table 17) bu t th e  bulbous appear- 

tance  of th e  s la g  suggested th a t  th e  su lphur s a tu ra t io n  con ten t had been 

exceeded. L a te r , c a lc u la tio n s  based on th e  mean S/Ag value of s la g  

AlO in d ic a te d  th a t  a value o f 2 .9 ^  sulphur should have been ob ta ined  in  

run  88. T herefo re , i t  i s  concluded th a t  s a tu ra t io n  of s lag  AlO occurs 

a t  le s s  than  2 .9 ^  S and a t  g re a te r  th an  0 .46^ S -  th e  experim en ta lly  

ob tained  f ig u re  which gave a s a t is f a c to ry  r e s u l t  (run  29 ). In  a d d itio n  

a run  u sing  s la g  AS6 gave an eq u ilib riu m  su lphur con ten t o f 2 .52^  S (se e  

ru n  89, Table 7 l ) .  This s lag  was m inutely  c r y s ta l l in e  in  appearance, 

l ik e  many o th e rs , and d id  not appear to  be above th e  su lphur s a tu ra t io n  

co n ten t. The r e s u l t  of 2 .5 2 ^  has n o t, however, been used  s in ce  i t  

exceeds th e  l im i t  o f Z% S above which i t  had been decided to  r e j e c t  

r e s u l t s .  The agaO value ob ta ined  fo r  s la g  AS6 using  th i s  r e s u l t  i s  

in  f a c t  about 11^ h igher than  th a t  ob tained  from th e  equ ilib rium  sulphur 

con ten t o f run  46 of 0 .4 6 ^ .  2 .5 ^  S would be expected to  be

le s s  th an  a t  0 .4 6 ^ .  I f  allow ance had been made fo r  th e  lower 

value o f j[tîaS In  the  s la g  o f 2 .5 2 ^ ,  th e  agaO v alue  thus ob tained  would
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have agreed more c lo se ly  with the agĝ Q value obtained from run 46# The 

r e su lts  of these two runs can be used as pointers to  the sulphur satura- 

it io n  value of slag  ASl* The saturation  value of CaO-AlgOg "SiQ  ̂ s la g s  

with CaS would not be expected to  vary greatly  for  slags of the same 

b asicity*  From Table IV, i t  can be seen that the value o f the  

standard slag  ASl does not greatly  exceed the value of slags 810 

and ÂS6 * Therefore, an approximate estim ate o f the sulphur content a t  

saturation  of s lag  ASl i s  3*0^ S , and i t  i s  improbable th at th is  figu re  

should be lower than 2*5^ S or greater than 4 ^ .  The corresponding 

values of are# 

i f  saturation  in  slag  ASl occurs a t  3*0% 8 ,  = 16,

a t 2*5^ S, ^CaS ~

and a t  4*0^ B, ŷ ĝ g = 1 2 *

These figu res are rather higher than the figu re  deduced from the  

work o f Fincham and Richardson(l5) o f  ^CaS in  a CaO-A]g% sla g

o f CaO/AlgQj = 2 .00  a t 1500%* The s o lu b il ity  fig u res deduced from the  

present work are rather lower than most o f  the data obtained by other 

workers for various CaO-Al^Cb-SiOa slags and given in  Chapter I I I  (p*18), 

figu res of from 4 to  11^ 8  being given by these workers* There i s ,  

th erefore , no more than an approximate agreement between a l l  the data 

a v a ila b le , but i t  i s  rather d i f f ic u l t  to  come to  any d e f in ite  conclusions, 

I t  does appear, however, that the value:^ o f JcaS = 5 , assumed by Fincham 

and Richardson i s  rather low, and that a value o f 10-15 a t 1500% in  

the s la g s  used in  the present work i s  more lik e ly *  I t  a lso  appears 

l ik e ly  that there i s  some varia tion  in  the value o f  j^g^g with slag
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com position, and although th e  e x te n t o f t h i s  v a r ia t io n  in  the  value  o f 

jfcaS w ith  s la g  com position cannot be determ ined, w i l l  probably  v ary

w ith in  such l im i ts  as 12 + 5* I t  i s  th e re fo re  h ig h ly  d e s ira b le  th a t  

more accu ra te  d a ta  be ob tained  on th e  v a r ia t io n s  of j^^g and on th e  

s o lu b i l i ty  of CaS in  s la g s . As f a r  as  the  p re sen t work i s  concerned 

th e  r e s u l t s  can only be p resen ted  by assuming ^ ^ g  i s  co n s tan t and th e  

p o s s ib i l i ty  o f e rro rs  a r is in g  from th i s  assum ption i s  noted fo r  fu tu re  

c o rre c tio n .

F u rth e r deductions can be made from th e  d a ta  on the  standard

s la g . I t  has been shown th a t

TT -

For th e  s tan d ard  s la g , a<;aO "  i f  and when sa tu ra te d  w ith  S , agg^g = 1 . 

Under th e se  co n d itio n s , K.A = 1

Using th e  Ag gas values and assuming s a tu ra t io n  o f s la g  ASl w ith  sulphur 

i s  a t  3 .0 ^  S , th e n , s in ce  S/Ag fo r  s la g  ASl i s  52*7x10”®, i t  can be 

shown th a t  th e  Ag value of th e  gas re q u ire d  to  o b ta in  an ab so rp tio n  o f 

3 .0 ^  S i s  569.

.  « %L??3 = 1 .76 X  10“̂

Therefore fo r  th e  r e a c tio n  CaO^g) + = CaS(s) t

A ̂ ^1773 = +22.4 k c a ls .

I f  s a tu ra t io n  were a t  2 .5 ^  o r 4 .0 ^  S, th i s  f ig u re  would be +21.7 or 

+23.4 k c a ls . re s p e c tiv e ly . However, i f  th e  gas values had been used , 

th e  f r e e  energy fo r  th e  re a c tio n  would have been +20 k c a ls . I t  has been 

shown (p .63) th a t  th e  f re e  energy equation  deduced from th e  work of 

R osenqvist(32) and Richardson and Je ffe s (3 4 )(3 6 )  i s
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AG° = +21,770 -  0.7T 

.  # A 0^773 = + 20*5 kcals*

Although Rosenqvist* s f re e  energy d a ta  appear to  support th e  choice of 

th e  gas v a lu e s , h is  work was c a r r ie d  out a t  tem peratu res no t exceed- 

t in g  1425% ., and i t  d id  no t tak e  in to  c o n s id e ra tio n  th e  p o s s ib i l i t y  o f 

compounds such as  HS o r SO being formed# I t  i s  d i f f i c u l t  to  a s se s s  how 

th e se  fa c to rs  would a f f e c t  th e  f r e e  energy equation  o b ta in ed , bu t th ey  

may account fo r  th e  d iffe re n c e  between th e  value f o r  th e  f re e  energy 

o f th e  r e a c t io n  a t  1500% , deduced from Rosenqyist* s work and the value 

ob ta ined  u sin g  th e  Ag gas values in  th e  p re se n t work* In  view o f  th e  

d iscu ss io n  in  the  p rev ious Chapter i n  support o f th e  Ag values , i t  i s  

f e l t  th a t  Rosenqvist* s work i s  no t s tro n g ly  enough evidenced to  w arran t 

any changes in  th e  conclusions given th e re ,  i . e . ,  th a t  th e  A%[ values 

a re  to  be p re fe r re d  to  the  values* On th e  o th e r hand, th e  conclusions 

o f th e  p re se n t work them selves re q u ire  f u r th e r  evidence and i t  i s  th e ro -  

$ fo re  d e s ira b le  to  show th e  r e s u l t s  based on th e  values where th e se  

r e s u l t s  d i f f e r  s ig n i f ic a n t ly  fro i^ h o se  ob ta ined  u sin g  th e  Ag values#

Comparison can be made between th e  f r e e  energy curves fo r  CaO- 

A]@% slag s  ob ta ined  a t  1500% from th e  p re se n t d a ta  and a t  1650% from 

th e  work of R ichardson and F incham (l5). I f  i t  i s  assumed th a t  th e  values 

o f  /ÜH(Ca0 + A lg% ) a re  of th e  same order a s  th e  values of AH(CaO + SiQs) 

given in  F ig .2 0 , th en  th e  d iffe re n c e  between th e  f*ee energy curves due 

to  the  e f f e c t  o f th e  150% d iffe re n c e  in  tem peratu re i s  approxim ately 

200-400 c a l s . , which means th a t  th e re  i s  a  rem arkably c lo se  agreement 

between ttm two curves. I t  must be p o in ted  out t h a t ,  i n  view o f th e
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assum ptions made in  ob ta in ing  each curve, th e  c lo se  agreement between 

th e  two curves cannot be taken  as a guarantee of a h igh  degree of accuracy 

but only as confirm ation  th a t  th e  f re e  energy curve given by Fincham 

and R ichardson i s  c o rre c t to  w ith in  the  probable u n c e r ta in ty  f ig u re  o f  

+ 2 kcals# given by them.

(2 ) The CaO-SiOb System.

By th e  a p p lic a tio n  of th e  Gibbs Duhem r e la t io n ,  v a lu es  of 

were c a lc u la te d  from th e  curve and are shown in  Fig* 19# S ince

the  values of acaCR an approxim ately co n s tan t p ro p o rtio n  o f th e  

values o f agaOK» ^bao /% i%  v* lo g  Gibbs-Duhem graph ob ta in ed  

from th e  curve i s  th e  same as  th a t  ob tained  from th e  v a lu e s ,

d if fe r in g  only in  i t s  p o s i t io n  r e la t iv e  to  th e  logJfQgfl a x is .  Conse- 

#quently  th e  agiO^ durve co incides w ith  th e  curve# T h erefo re ,

the  use o f the  su ff ix e s  K and R w ith  agj^Q  ̂ w il l  be d isco n tin u ed . The 

%aÛK agiQg, and th e  acaOR ^'SiQa curves were th en  used to  

c a lc u la te  curves o f  A ja-q^q^ ,  Ap'CaOR> ^ P 'S iQ a  curves f o r  th e  f r e e

energy of fo rm ation  p er mole of r e a c ta n t  of th e  m elt from s o l id  GaO and 

s o lid  SiCb 9 denoted by AGg and re s p e c tiv e ly . These curves have been 

p lo t te d  on th e  f r e e  energy c h a r t .  Fig*21. As would be expected , th e  

curve i s  s im ila r  in  shape to  th e  AGg curve but s l ig h t ly  lower than  

i t ,  th e  d if fe re n c e  being from 0*5 to  1 .0  k c a ls . For th e  purposes o f 

comparison w ith  th e  f re e  energy curves ob ta ined  by o th er w orkers, i t  was 

d e s ira b le  to  determine th e  p o s i t io n  o f th e  minimum o f the  curves ob ta ined  

in  the  p re se n t work. T herefo re , th e  agĝ Qjj and aCaQ^ curves were e x tra —
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tp o la te d  to  68^  CaO w ith  th e  a id  o f the  %aO/%iQg v . lo g  ^CaO Sf&pb

used in  the  c a lc u la tio n  of s-siQ^ by th e  Gibbs-Duhem r e la t io n ,  and th e

corresponding values c a lc u la te d . The f re e  energy curves derived

from th ese  values showed minimum v a lu es as follow s#

AG(CaOèSiC^ )k curve -  minimum value  = -10 .4  k c a ls . a t  = 0.38

^G(CaO+SiQ3 )it curve -  minimum value = -11 .4  kcals* a t  = 0*37

The f re e  energy curves a ls o  in d ic a te  th e  fo llow ing  values fo r  th e

f re e  energy o f fo rm ation  of th e  compound GaO.SiOb a t  1 5 0 0 ^

G a O (s ) t  S i03 (s) = Ca0.3iQ3(i)

4 0 ^ 7 7 3 (K) = -19 .5  k c a ls .

A G ^ 7 7 3 (j^J = - 2 1 .1  kcals*

Since CaO.SiQs does not m elt t i l l  1540% i t  w il l  be noted  th a t  th i s  f r e e

energy equation  r e f e r s  to  GaC.SiOg in  the  supercooled  l iq u id  s t a t e .

The f re e  energy of form ation  of th e  compound ZGaO.SiQg was

c a lc u la te d  from th e  a c t iv i ty  product r e la t io n s h ip ,
2

AG%.7?3 = “RT In  a CaO*®'SiCb 

where ag&o and r e f e r  to  the  a c t i v i t i e s  of CaO and &LQ3 i n  th e

l iq u id  CaO-SiQg s la g  in  eq u ilib rium  w ith  s o l id  2CaO.SiQ2 a t  1500% .

The values ob tained  were as follows#

2CaO(s) ♦ S i% (s)  = 2CaO.SiCb(s)

A^^1 773^K) = —31.9 k c a ls .

AG®i773 = —35.0 k c a ls .

The r e s u l t s  of th e  p resen t work may be compared w ith  th e  l im ite d  amount 

o f e% perim entally determ ined f re e  energy and a c t iv i ty  data  fo r  th e  GaO-SiQa 

system which has so f a r  been p u b lish ed , and a lso  w ith  th e o re t ic a l  connut-



88.

%ations made re c e n tly  by Richardson( 5C  ̂ R ey (l3 ), I to r a y  and W hite(5 l) 

and Darken(52)* Chang and Derge(53) gave 2 values f o r  agiQg a t  1500% 

and th e se  a re  in d ic a te d  in  P ig . 19. The agreement w ith  th e  p re se n t work 

i s  no t good. F u rth e r comment on Chang and Derge* s r e s u l t s  w il l  be made 

when considering  th e i r  v a lues in  CaO-AlgCb-SiQ) s la g s .

R ichardson and co-workers have given data  on th e  CaO-SiCb system 

in  v ario u s papers* In  th e i r  c o l le c t io n  o f data on compounds o f i n t e r e s t  

i n  i ro n  and stee l-m ak ing , R ichardson, J e f f  es and W ithers (54) summarised 

th e  a v a ila b le  d a ta  on th e  compounds CaO.SiQa, 2CaO*SiQ3 and 3Ca0.8iQ3. 

From th i s  d a ta , Richardson(50) deduced the  f r e e  energy curve fo r  CaO-SiCfe 

s lag s  a t  1600% ., which i s  shown in  F ig .2 0 . As a r e s u l t  o f th e  e x p e ri-  

I m ental work of Fincham and R ich ard so n (l5 ), th i s  curve was amended over 

th e  range % iQ 3 ~ 0 .4  -  0 .5  and th e  amended p o r tio n  o f th e  curve i s  a ls o  

shown in  F ig .2 0 . The values o f  ag^O 1600% ob ta ined  from th e  curve 

o f R ichardson( 50) and the  value used by Fincham and R ichardson(l5 ) to  

amend th e  f re e  energy curve have been p lo t te d  in  F ig . 13. The c o r re s -

$ ponding values of agiQ^ have been p lo t te d  in  F ig . 19.

A f a i r  comparison between th e  r e s u l t s  of th e  p resen t work and 

those  o f Fincham and R ichardson(l5) must make allowance fo r  two fac to rs*

(1) th e  work of Fincham and R ichardson was c a r r ie d  out a t  1600% 

w hile th e  p re se n t work was c a r r ie d  out a t  1 5 0 0 % ., and

(2 ) th e  work of Fincham and R ichardson i s  based on th e  thermodynamic 

d a ta  given by R ichardson e t  a l (3 6 ) ,  whereas the  evidence o f the p re sen t 

work favours the  data  pu t forward by K elley (3 5 ).
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To e lim ina te  th e  d iffe re n ce s  due to  (2 ) ,  th e  aCaO^ and AG(CaO+8iQg 

data  obtained  in  th e  p re sen t work must be used , and not the  data  based 

on th e  gas v a lu es . I t  i s  a lso  p o ss ib le  to  e lim in a te  th e  e f f e c t  o f 

th e  d iffe re n ce  in  tem perature in  th e  fo llow ing  way. Fincham and 

R ichardson(l5) in  a d d itio n  to  g iv ing  th e  Æ(CaO+SiQ3 ) ie 73 cu rve, a lso  

gave th e  AH(CaO+SiQ3 ) i 873 curve (shown in  F ig .2 0 ). The AH(CaO+SiQ3 ) i s 73

curve can be assumed to  hold fo r  1500% a lso  s in ce  th e  d iffe re n c e  due to  

100% change in  tem perature i s  n e g l ig ib le . T herefo re , from th e  873 

and AQl873 curves given by Fincham and R ichardson, th e  ^0^773 curve was 

c a lcu la te d  and i s  shown in  F ig .2 1 . However, i t  i s  much more ac cu ra te  to  

derive  a AG curve from a c t iv i ty  values than  to  d eriv e  a c t i v i t i e s  from th e  

in te rc e p ts  o f th e  tangen ts to  th e  AQc cu rve. Comparison between th e  p re se n t 

work and the  work of Fincham and R ichardson i s  th e re fo re  b e s t made between 

theAQL773 f̂  curve and th e  ^ 0*1.773 curve deduced from th e  work of Fincham 

and R ichardson. From F ig .2 1 , i t  can be seen th a t  th e  two curves a re  

s u b s ta n tia l ly  in  agreem ent. T herefo re , th e  d if fe re n c e s  between th e  c-CaClR 

curve and th e  aĝ ^Q curve of Fincham and R ichardson seen in  F ig . 13, a re  to  

be a t t r ib u te d  m ainly to  th e  d if fe re n c e  in  tem p era tu re . The only r e a l  

p o in ts  o f disagreem ent between th e  two f re e  energy curves a re  in  th e  

p o s it io n  of th e  minimum and in  the  shape of the curve a t  values le s s

than  about 0 .5 0 . In  th e  case of th e  p re sen t work, th e  shape o f th i s  

p o rtio n  of th e  curve depends on experim ental r e s u l t s  from HisiQa = 0*5 -  0 .4 2 , 

and on th e  e x tra p o la tio n  o f th e  aCaOR curve a t  %iO^ values below 0 .4 2 , 

whereas in  th e  case o f th e  AGL773 curve deduced from th e  work o f Fincham 

and R ichardson, th e  p o r tio n  of th i s  curve corresponding to  values
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le s s  than  about 0 .5  depends on two data  fo r  th e  support o f which adequate 

evidence i s  not a v a ila b le . These two d a ta  are#

(1) th e  aQaO value given by Fincham and R ichardson fo r  Rsic^ =

0.44 [which in  tu rn  i s  derived , very  in d i r e c t ly ,  from th e i r  r e s u l t s  by 

assuming th a t  jfcaS bas an approxim ately co n stan t value o f  5 over th e  range 

o f CaO-SiOfe s la g s  used in  th e i r  work ( i . e . ,  RgaO = 0 .3 9 -0 .5 6 )] . Fincham 

and Richardson did show th a t  t h i s  value has some support bu t a t  b e s t i t  

can only be very  approxim ate.

(2 ) th e  assum ption th a t  th e  AQisvs curve a t  values le s s  th an  

0 .44 i s  approxim ately p a r a l le l  to  th e  AQl873 curve given by Richardson(50) 

which i t s e l f  depends only on one p o in t of r a th e r  doub tfu l accuracy a t  

%iCb ~ 0 .3 3 .

Since th e  r e s u l t s  of th e  p resen t work a re  based on experim ental work, in  

which a f a i r  number of p recau tions have been taken  to  ensure th e  accuracy 

of th e  r e s u l t s  o b ta ined , i t  i s  thought th a t  th e  p o r tio n  o f the  AG(CaO+Si^j^ 

curve a t  values le s s  than  about 0 .5 , i s  more accu ra te  than  th e

corresponding p o r tio n  o f th e  40(CaO+SiC|3 X 773 curve given by Fincham and 

R ichardson. I t  should a lso  be no ted , th a t  although  Fincham and R ichardson 

do no t s ta te  th e  probable u n c e r ta in ty  to  be a sc r ib ed  to  th e i r  ^^(CaO+SiQj ) 

curve, exam ination of th e  data  used in  com piling i t  in d ic a te  th a t  i t  i s  a t  

l e a s t  + 1 k c a l . , and th i s  u n c e r ta in ty  i s  s u f f ic ie n t ly  g re a t to  enable i t  to  

be sa id  th a t  th e  ^^(CaO+SiQg) curve given by Fincham agrees w ith both th e  

AG(GaÛ+âiQî )k curve and the^O(CaO+8iO^ )jĝ  curve ob ta ined  in  the p re sen t 

work.

F u lton  and Ghipman(55) have l a t e l y  deduced values of agiQj a t  

1600 C from th e i r  experim ents on th e  red u c tio n  of SiCb from GaO-A3cC^-SiC^
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sla g s  by ca rb o n -sa tu ra ted  iro n . T heir v a lues o f ag^û^ in  CaO-SiC^ s la g s

a re  shown in  F ig . 19, and agree rem arkably w e ll , as th ey  s ta te d ,  \ / i th  th e

asiQ 3 values derived  by Richardson(;50)* P u lto n  and Chipman*s values o f

•̂SiCb CaO-SiQa s lag s do not ag ree  so c lo se ly  w ith  th e  agiQj v a lu es

derived  from th e  amended f re e  energy curve of Fincham and R ichardson, as

can be seen from F ig . 19. P u lton  and Chipman* s curve i s  a lso  considerab ly

below the  ugj_Qg (1500%) curve derived  from th e  p re se n t work. U nfo rtuna te ly

th e i r  work covers only p a r t  o f the  range of s lag  com position covered by

th e  p re se n t work. The agreement of th e  p re se n t work w ith  th e  various

o ther s-SiQj curves shown in  F ig . 19 i s  a lso  b e t te r  than  th a t  o f F u lton  and

Chipman* s curve v/ith them. A p o ss ib le  reaso n  fo r  t h i s  i s  th a t  th e  work
ys? in  Fe-Si-C

of th e  l a t t e r  authors i s  based on th e  thermodynamic d ata  o^meltB which i s  

regarded  as  being , as y e t ,  not too  r e l i a b le .

P u lton  and Chipman c a lc u la te d  v a lu es o f aCaO(lGOO%) from th e i r  

®’SiQj curve u sin g  th e  Gibbs-Duhem r e la t io n  and th e  a c t iv i ty  product 

re la t io n s h ip  K = '̂^CaO’ ^SiQj ^bere  K i s  derived  from th e  f re e  energy of 

form ation  of ECaO.SiQs. The f r e e  energy equation  which they  used i s  as 

follow s#

2 CaO(s) + SiCb(s) = 2CaO.SiCh(s)

/ \ G ^  = -26,200 -  4.9T

4G®i 873 = -35 .4  k c a ls .

T heir aGao(lGOO%) curve i s  shown in  F ig . 13 , and as  would be expected, i s

considerab ly  h igher than  th e  â ^̂ Q curves ob ta ined  in  th e  p re sen t work.

The a(jao s.nd aSiQj curves ob ta ined  by F u lto n  and Chipman were used to  

c a lc u la te  th e  ^G(CaO+8 i%  )i 8?3 curve shown in  F ig .2 0 . I t  i s  in te r e s t in g
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to  note th a t Pulton and Chipman* s A G(CaO-» îQj)jL eve curve does not show the  

agreement idiich might be expected, on the grounds o f the agreement o f the  

asio^ curves, w ith th e AG(CaO+SiQa)i873 curves given  by Richardson(50) .

This i s  due to  the d ifference between the values o f  the fr e e  energy of 

formation of 2 CaOwSiÔ  used in  the two s e t s  o f data -  the value used by 

Richardson being -30 k c a ls . ,  and that used by Fulton and Chipman -35*4 

k ca ls .

Fulton and Chipman*s free  energy curve agrees, w ithin  the lim its  

o f uncertainty, with both the f f e e  energy curves obtained in  the present 

work, i . e . ,  A (^  and AGg, the d ifferen ce  between i t  and the AGg curve 

being 1 k c a l . ,  and between i t  and the AGg curve being 2  kcals* However, 

on account o f the assumptions involved in  ca lcu la tin g  the a^^o 

AG|iq7 3  curves from Pulton and Chipman* s experimental data, the conclusion  

th at Fulton and Chipman* s work favours the choice o f  the AGg curve 

rather than the AGg curve i s  not ju s t if ie d *

Hey(13) deduced s i l i c a  a c t iv i t i e s  in  CaO-SiQa melts a t 1600% 

from liq u id  im m iscib ility  and m elting point diagrams, h isc| agjjQ̂  curves 

being shown in  P ig . 19* He adm its, however, th at the graph i s  only  

approximate, f i r s t l y  because of the assumption made in  the derivation  o f  

the equation used to  compute the a c t iv ity  o f a cosponent, v i z . ,  th at the  

so lu tion  was "regular”,and secondly, because th is  equation can only be 

used when the slag  conposition i s  such that the so lid  deposited idien the  

liqu idas i s  reached in  the pure component, in  th is  case c r is to b a lite ,  i . e . ,  

the equation can only be used from 68-64* 5^ SiQa a t  1600%. Below 64.5yî 

Sipa,  the trend o f the asiQi curve was obtained by R$y, through the  

approximate s im ila r ity  between the slope o f  the a c t iv ity  curve and th a t o f



93.

the s o lid if ic a t io n  curve and through being small when compositions

are reached at which stab le s i l i c a t e s  are formed# At 1500%, the range 

of compositions over which values o f agj ô̂  can be ca lcu lated  i s  65 -  64# 5^ 

SiQj, and over th is  very small range (where = 1 -  0*98) i t  i s  not

surprising that the graph obtained dup licates thé r e s u lts  o f the present 

work* The trend of the a-SiÔ  graph at 1600% given by Rey i s  probably 

con sisten t with that o f the present work a t 1500% ., but i t  i s  obvious 

that th is  method i s  not su itab le  for confirming the r e su lts  o f the present 

work.

]to ra y  and ’̂h ite (5 l)  deduced ’̂SiCh 1600% from the

d isso c ia tio n  constants o f Ca0 .SiQ3 and ZCaO.SiOh# They stressed  th at th is  

treatment Was "purely formal" and in  no way in ferred  the ex isten ce o f  

molecular e n t it ie s  in  the s la g , nor was i t  a so lu tio n  o f the problem o f  

s la g  co n stitu tio n . Their values are referred  to  liq u id  s i l i c a  as the  

standard sta te  and i f  divided by 0.509 (the factor  between the a c t iv i t ie s  

referred  to liq u id  and so lid  s i l i c a ) , can be compared with the present 

work. ^heir graph i s  shown on F ig . 19. ( i t  may be noted that i t  very 

nearly coincides with the curve o f Chang and Derge(5S) for a t

1600% ). However, i t  cannot be used fo r  more than a general comparison 

with the present work.

Darken( 52) has given a sem i-quantitative fr e e  energy curve for  

the CaO-SLOs system at 1600%, which he has constructed by using the fr e e  

energy data o f Chipman and co-workers and by ca lcu la tin g  the free  energies 

by a method recen tly  devised by h im self. The curve i s  shown in  F ig .20  

and i s  rather lower than the curves obtained in  the present work and
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than that given h j  Riehardson(50) and corrected by Fincham and Richardson 

(is). Rosenqvist(32) used Darken* s chart to  deduce two values o f â aO 

a t 1500% and these values are ind icated  in  F ig . 13# They agree very w ell 

with the curve obtained in  the present work. However, Rosenqvist

has stated  that these values are only approximate, and they cannot 

therefore be used to  support the curve rather than the agaOK ^urve.

B e ll ,  Murad and Carter(14) assumed values fo r  a^^Q o f 1 a t  = 0

almost to  aQĝ Q = 0 a t  = 0 .3 3 , and, with Rosenqvist* s values a t  le s s

basic conpositions, used the Gibbs-Duhem r e la tio n  to  ca lcu la te  the SLgiQj 

curve which i s  shown in  F ig. 19* The assumptions involved make th is  a 

very arbitrary graph and no u sefu l comparison can be made with the present 

work*

A summary of the data ava ilab le  on the CaO-SiO  ̂ system can now 

be given. A comparison o f a l l  the aQĝ g curves given in  F ig . 13, shows th a t, 

apart from the curves given by Fulton and Chipman(55) and by Richardson(50) • 

there i s  a fa ir  measure o f agreement.

A comparison of a l l  the agĵ q̂  curves given in  F ig . 19 shows that  

the curve derived from the present work agrees f a ir ly  w ell with most of 

the other curves given. The present work i s  based more on d irect experi-  

tmental data than any of the other curves, excepting p ossib ly  that o f  

Fulton and Chipman(55). Therefore, and because of the other reasons 

given above, i t  i s  f e l t  that i t  i s  more accurate than the other a c t iv ity  

curves given.

From a comparison of the fr e e  energy curves given in  Figs*20 and 

2 1 , i t  can be seen that there i s  a general measure o f agreement between
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the curves obtained from the present work and most of the other curves 

given* The sem i-quantitative curve given by Darken(52) i s  the only one 

which i s  outwith the probable errors involved in  the derivation  o f  the  

curve based on the present work* The agreement with the curve given  

by Fincham and Richardson( 15) e sp e c ia lly  i s  very good. The shape o f the  

curves based on the present work a t  values le s s  than 0 .5  i s  f la t t e r

than that of any o f the other curves given. The present curve i s  regarded  

as being more accurate, since the free  energies o f  formation (per mole o f  

reactant) o f the two compounds CaO.SiOh and 2 CaO.SiO!2 are approximately 

the same, and th erefore , for m elts vm.th compositions between those o f th ese  

two compounds, very l i t t l e  d ifferen ce might be expected in  the free  energy 

of formation o f the melt over that range of v a lu es.

The values given by the various workers fo r  the free  energies o f  

formation of the two compounds may a lso  be compared as fo llo w s. For the  

reaction

CaO(s) + SiO^(s) = CaO.SiQ3(s)

Richardson, J e f fes and Withers(54) give

4 ^ * 1 7 7 3  = "2]*4 k ca ls .

the error lim it  assigned to  th is  value being + 3kcals. The values given  

by other workers are for the reaction

CaO^g^ + SiQg^g^ = GaO. SiQg 

Fincham and Richardson( 15) give

4 0 * 1 0 7 3  = -2 2  k c a ls .

By extrapolation of the free  energy curve obtained from the data o f  Fulton  

and Ghipman(55), the follow ing value i s  obtained
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40^1873 = -24*5 kcals*

Darkea(52) g ives

A 0 * 1 8 7 3  = -24 kcals#

The values obtained in  the present work are a t 1500% ., but from the 

AE(OaO+8i% )i 3 7 3  curve given by Fincham and R ichardson(l5), the d ifferen ce  

due to  the 100% difference in  temperature has been shown to  be ~ 4 0 0  cals#  

and can therefore be neglected . These values are 

AGg = -19#5 k cals* ,  and 

AGg = -21 kcals* ,

CaO.81% (1 ) referrin g  here to the liq u id  in  the supercooled state#

For the reaction ,

2CaO(g) + SiCfe(g) = 2CaO.SiQ2(s)

Richardson, J e f fes and Withers(54) give  

AG^ 7 7 3  = —30 k cals# ,

Fulton and Chipman(55) give

AG*i7 7 3  = -34*9 kcals#

and the present work gives

A 0 *1 7 7 3 g = -31 .9  k c a ls . , and

AG®i 778ĵ  — —35.0 locals#

In conclusion therefore the free  energy curves and values obtained from 

the present work agree w ithin the lim its  of experimental error with most

of the data given by other works, the agreement being best with the data

o f Fincham and Richardson(l5).
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(3) The CaO-AIgCb-SiOs System.

An attempt was made to  ca lcu la te  agj (̂  ̂ Crom th e  agĝ Q curves 

obtained experim entally. Since no a&i_n  ̂ values were known, the only  

method ava ilab le  was that o f Wagner(56) which enables values of 

to  be calcu lated  along l in e s  o f constant r a t io  by an adapta-

»tion  of the Gibbs Duhem re la t io n  to  tern a r ies .

Wagner showed that i f  y  = % /(%  + % ) ,
rife

4  ^  ®a»

in  which Ifê  i s  the mole fra ctio n  o f component 2  where at = 1 .  Lines 

o f constant y have %/(%  + %) = constant, i . e . ,  %/% = constant. In 

the present problem, component N o.l i s  SiCfe, Hb.2 i s  CaO, and No.3 i s  

AlgCb. Therefore, the in tegration  i s  carried  out along jo in s of constant 

%lsQ3 /%iCfe r a t io .  However, for  the evaluation o f the in tegration  

certa in  boundary conditions must be known. In th is  ca se , the choice of 

a standard sta te  for SiQs i s  a s la g  in  equilibrium  with s o lid  SlCfe. This 

r e s t r ic t s  the use of Wagner^s equation, sin ce the in tegra tion  can only be 

carried  out along jo in s o f constant r a t io  which in teraebt the

8 i(fe liq u id as a t 1500%, i . e . ,  i t  r e s t r ic t s  Wagner* s equation to  the area 

with %lgCb/%i% ^  7 /9 3 , which i s  a very small part o f the ternary .

Wider ap p lication  of Wagner* s equation would, o f course, be p ossib le  i f  

the values o f  were known along th é 1500% isotherm al a t which m u llite

separates out -  but these values are not a t present known. An a tte cp t was 

made to  apply Wagner* s method to  the present data in  th is  r e s tr ic te d  area, 

but i t  was found that the mathematics involved , e sp e c ia lly  in  determining 

the f i r s t  in teg ra l in  the equation given above, were extremely complex.
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and Wagner* s method was therefore abandoned# Therefore, as th is  was the  

only method a v a ila b le , i t  was not p o ssib le  to  obtain accurate values o f

By assuming that i s  constant along sectio n s of constant

and applying the binary Gibbs-Duhem r e la tio n  along such a se c t io n , 

approximate values o f «-SiCfe can be ca lcu la ted . This method was used by 

Fulton and Chipman(55) to  ca lcu la te  in  CaO-Al^Cb-SiCfe s la g s from th e ir  

values o f The use o f th is  method in  the present work was lim ited

to  section s which cut the 8 i% liq u id a s , i . e . ,  w ith 0 .0 7 . I t

was, applied to the = 0.05 sectio n  and the curves shown on

F ig . l 6  were obtained. Two points must be noted in  connection with th is  

method.

(1) Values of along the = 0 .05 sec tio n  are known only

as far as a^^o -  0*0027 at IfeaO ~ 0 .35 . Use o f the Gibbs-Duhem r e la t io n

demands a knowledge o f the value o f â ĵ Q a t 8 i%  saturation . This was

obtained by extrapolation  o f the Gibbs-Duhem ^aO^%iCfe ^OaO

graph, g iving = 0.00054 a t SiQs saturation .

(2) The assumption that a ^ ^  i s  constant along the %1qĈ  “  0 .05  

sectio n  i s  probably not correct, sin ce the a f f in ity  o f Al^Cb for  CaO i s  

considerably smaller than that of SiQj for CaO. One would therefore  

expect th a t, as Nq^̂q increased along the = 0.05 se c tio n , s-âlgCh

would slow ly decrease. The trend of a curve o f constant 8AI5 Q3 ^ 8  

ind icated  in  F ig . 16. Therefore, the curves o f  constant shown are

probably nearer to  the CaO-SiCfe binary than they ought to  be, i . e . ,  they  

in d ica te  minimum values for asicfe*
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Data ob ta ined  by o ther w orkers, w ith  which th e  p re sen t work 

may be compared, i s  very lim ite d . The conclusion  o f Holbrook and Joseph 

( 57) can be compared q u a l i ta t iv e ly  w ith  the  p re se n t work. In  an attem pt 

to  f in d  the f a c to r s  c o n tro ll in g  d e su lp h u risa tio n  in  th e  b la s t  fu rn ace , 

th ey  c a rr ie d  out experim ents using  a r t i f i c i a l  GaO-MgO-AlgQ3-81%  s la g s , 

and found th a t ,  fo r  MgO-free s lag s  co n ta in in g  30-50^ SiCfe, 5-25/^ AlgQj and 

35-55^ CaO, i . e . ,  s lags in  th e  I 0W-AI2 Q3 f i e l d  of th e  CaO-AlgCb-SiCfe 

te rn a ry , th e  d esu lphu rising  power of th e  s lag s

(1 ) in c reased  ra p id ly  as lim e rep laced  s i l i c a  (by w t . ) ,

(2 ) in c reased  le s s  ra p id ly  as lim e rep la ced  alum ina, and

( 3 ) in c rease d  slowly as alumina rep la ced  s i l i c a .
lim e

Since th e  desu lp h u risin g  power of a s lag  corresponds to  itq^  a c t iv i ty ,  

th e se  conclusions may be compared w ith  the  r e s u l t s  o f th e  p re sen t work, 

as shown in  F ig . 15 and w ith  the  p o in ts  emerging from th e  p re se n t work 

noted above (p . 7 ^ ,  and i t  can be seen th a t  th e  p re se n t work com pletely 

confirm s th e  conclusions of Holbrook and Joseph.

Hatch and Chipman(33) have c a r r ie d  out a very comprehensive 

s e r ie s  of experim ents on CaO-M gO-Alg-8i%  s la g s  in  which t h ^  brought 

ca rb o n -sa tu ra ted  iro n  in to  eq u ilib rium  w ith  the  s la g s ,  in  order to  o b ta in  

a b e t te r  understanding  of th e  p h y s ica l chem istry  of d e su lp h u risa tio n  by 

b la s t  fu rnace  s la g s . They defined  the  desu lp h u ris in g  power of a s lag  

as being equal to  th e  r a t io  (^  su lphur in  s la g ) / ( ^  sulphur in  m etal) and 

reached th e  fo llow ing  conclusions fo r  s la g  com positions c o n s is tin g  of 

30-50% GaO, 29-40% S iQ j, 6-27% and 0-19^ MgO a t  1500*0.
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(1) The d esu lp h u risa tio n  r a t i o  (S )/[S ] fo r  s la g s  co n ta in in g  

approxim ately 1 .5 ^  S, i s  c o n tro lle d  by th e  excess b ase , where excess base 

i s  equal to  (CaO + 3 H ^ )  -(SiCfe + AlgCb ) in  mois* p e r 100 gms. o f  s la g .

(2 ) Alumina a c ts  l ik e  s i l i c a  in  reducing  the  d esu lp h u ris in g  power 

o f a b as ic  slag} in  th e  more a c id  slags i t  i s  le s s  harm ful than  s i l i c a .

( 3 ) The su lphur co n cen tra tio n  in  th e  m etal i s  not d i r e c t ly  p ropo r- 

t t i o n a l  to  the  sulphur in  the  s la g , b u t, as th e  sulphur in  th e  s la g  in c re a se s  

th e  d esu lp h u ris in g  power (S )/[S ] in c re a se s . This phenomena could not be 

explained  by them w ith th e  data  a v a ila b le .

L lagnesia-free s la g s  of the  com positions used by Hatch and Chipman 

l i e  in  th e  low-AlgQj f i e l d  of th e  CaO-AlgCh -8iOg te rn a ry . Applying th e  

above conclusions to  MgO-free s la g s  and comparing w ith  th e  p re se n t work, 

i t  can be seen th a t  co n c lu s io n s(l)  and (2 ) agree roughly  w ith  a^g^q^ curves

in  F ig . 15, although in  th e  p resen t work, i t  has been shown th a t  AlgC^ i s

le s s  harm ful than  SiQg fo r  s lag s of a l l  b a s ic i t i e s  in  th e  I 0W-AI2 Q3 f i e l d .

A p o ss ib le  exp lana tion  of the  in c re a se  of (S )/[S ]  w ith  in c re ase  i n  (S) 

i s  th a t  g) or i s  not constan t but v a r ie s  w ith the  sulphur con ten t

o f th e  s la g . I t  seems more probable th a t  in  th e  s lag  decreases

s l ig h t ly  as th e  sulphur con ten t in c re a se s .

Chang and Derge(S3) in  a study o f th e  r e v e r s ib le  e lec tro d e  

p o te n t ia ls  of molten GaO-AlgCh-SiOg s la g s , have given a graph of is o - e .m .f .  

curves a t  1600% . These is o -e .m .f .  curves show one p e c u l ia r i ty ,  as

Darken has p o in ted  out in  th e  d iscu ss io n  on th i s  p ap e r. I f  th e  c e l l  i s

r e v e r s ib le  then  th e  is o -e .m .f .  curves can ,he p o in ts  o u t, be in te rp re te d  a s  

i s o - a c t iv i ty  cu rves. A lso , th e  iso therm al curves in  th e  ^ - c r i s to b a l i t e
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reg ions o f the  therm al equ ilib rium  diagram a re  i s o - a c t iv i ty  curves. But 

vhereas th e  iso therm als slope upwards towards th e  SiQs co rner, th e  i s o -  

e .m .f. curves a l l  slope down. I t  i s  c le a r  th a t ,  i f  th e  c e l l  i s  r e v e r s ib le ,  

is o -e ,m ,f .  curves must fo llow  th e  d ire c tio n  o f th e  i s o - a c t iv i ty  cu rv es .

The f a c t  th a t  th ey  c ro ss , according to  Chang and Derge, m is t be a t t r i b u te d  

to  th e  c e l l  no t being t r u ly  r e v e r s ib le ,  th e  use o f th e  wrong chemical equa- 

t t i o n  to  express th e  re a c tio n , or unusua lly  la rg e  experim ental e r r o r s .  

Whatever may be the  reaso n , th e  r e s u l t s  cannot be used fo r  a comparison 

w ith  the  p re se n t work.

Fincham and R ichardson(l5) have coJ-culated th e  su lph ide c a p a c it ie s  

Gg, of CaOrâlgQj-SiQs slags a t  1500^0 and 1650^0 from th e i r  experim ental 

work on g a s -s lag  e q u i l ib r ia .  As was p o in ted  out e a r l i e r ,  th e i r  su lp h id e  

c a p ac ity  i s  equ ivalen t to  th e  fu n c tio n  (S)/A  o f th e  p re se n t in v e s t ig a t io n , 

and to  convert th e i r  su lph ide c a p a c itie s  in to  a c t i v i t i e s  (making th e  

assum ptions noted e a r l ie r )  only re q u ire s  the knowledge of the  su lph ide  

c a p a c itie s  of s lag s  in  equ ilib rium  w ith  s o l id  CaO a t  th e  experim ental 

tem peratu res. U nfortunately  Fincham and Richardson have no t c a r r ie d  out 

such experim ents. Comparison w ith  the  p re sen t d a ta  can th e re fo re  only be 

made on th e  b as is  of th e  tren d  of th e  iso-Cg and i s o - a c t iv i ty  cu rves . This 

comparison shows th a t  th e  cu rvatu re  o f the  iso-Cg curves of Fincham and 

Richardson i s  considerab ly  g re a te r  than  th a t  of th e  i s o - a c t iv i ty  curves o f 

th e  p resen t work -  and th i s  i s  t ru e  ir re s p e c tiv e  o f  whether the  

or a^g^Q  ̂ curves a re  considered . However, Fincham and Richardson adm it 

th a t  they have an inadequate number o f p o in ts  from which to  draw th e i r  

curves a c c u ra te ly . The q u a l i ta t iv e  evidence o f Holbrook and Joseph(57)

and o f Hatch and Ghipnan(33) given above a lso  seems to  support th e  s l ig h t



102.

curvature o f the iso-ûQg^Q curves given by the present work.

Fulton and Chipman(55) have obtained values o f  asiQj 1600% 

in  CaO-AlgCb-SiOa slags o f  up to  0 . 1  from in v estig a tio n s  o f slag^

metal graphite reaction s. From these va lu es, they have ca lcu lated  values 

o f  by making the same assumption as has been made in  the present work 

( v i z . ,  that a^^Qj i s  constant along l in e s  o f constant  ̂ using

the Gibbs-Duham binary r e la t io n . Their is o -a c t iv ity  curves have been 

shown on F ig . 16. The slop es o f th e ir  curves are roughly the same

as those o f the present work, but th e ir  values are approximately h a lf  

those o f the present work, and y e t ,  as has been pointed out, the values  

obtained in  the present work are to  be looked on as minimum values. As

has already been sta ted , i t  may be th at the discrepancy l i e s  in  the values

o f  in  Fe-Si-C m elts used by Fulton and Chipman.

Towers(5 8 ), from her in v estig a tio n s in to  the contact angles o f  

s la g s  on so lid  surfaces has given a value o f agiCb “  0*15 a t  1520% for  

a s la g  o f 40^ CaO, 40^ SiOb and 20^ Al@Cb# This value has been p lo tted  

on F ig . 16 and agrees rcAighly w ith the present work, th is  agre^ en t being  

considerably b etter  than that with the work o f Fulton and Chipman.

I t  can be sa id , therefore, that the data presented here for  

and ^  CaO-AlgOb-SiOb sla g s a t 1500% i s  in  general agreement with

the small amount o f data already published in  th is  f i e l d .
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A study bas beau made by means o f slag -gas experiments o f  th e  

equilibrium  in  the reaction

(CaO) ♦ ^  =  (CaS) * ^

fo r  \dilch

B j  making the assumption th at does not vazy with s la g  coo^ osition ,

the r e su lts  o f  these experiments were used p o  determine in  

CaO-SiQi and CaO-Alg%-810^ sla g s a t 15^0% (as shown in  F igs. 1 1 ,  13 and 

1 5 ) . In  the case o f CaO-A]g% s la g s , a^^Q was obtained by comparing the  

sulphur pick-up with that o f a s la g  o f u n it lim e a c t iv i t y ,  using the same 

gas mixture. As i t  was necessary to  use d ifferen t gas mixtures in  th e  

case o f  CaO-SiO  ̂ and CaO-AlaC -̂SLOb s la g s , a knowledge o f the thermodynamic 

p roperties o f  the various sulphur coiapounds which might occur was required  

in  order to  ca lcu late  the cos^ osition  o f the gas a t 1500%. As experiments 

in  which the same s la g  was equ ilibrated  w ith d ifferen t gas mixtures gave 

r e su lts  which were found to  agree best w ith the thermodynamic data o f  

K elley , these data were used in  the ca lcu la tion  o f â ĝ o in  CaO-SiQ  ̂ and 

CaO-Alg Q) ""SiQg slags from the experimental resu lts#

F ig .22 summarises the r e su lts  obtained for in  CaO-AlsCb 

and CaO-8 iO  ̂ slags a t 1500%, and those ca lcu lated  f r o a  the r e su lts  o f  

Fincham and Richardson( 15) a t  h i^ e r  temperatures. I t  w i l l  be seen  

that aoa,o i e  small fo r  a l l  compositions more acid  than CsgOiOt but 

in creases rapidly as %aO increases beyond that corresponding to  Ca^SiO^.
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The e f fe c t  o f temperature appears to  be comparatively sm all, only s l ig h t  

increases in  llQaO being required to  produce the same valu es o f  as 

the temperature r ises#  These observations are co n sisten t with the o ft*  

used method o f in terp retin g  s la g  behaviour in  s tee l making slag-m etal 

reaction s ty  assuming the formation o f OagSiQ  ̂ when ca lcu la tin g  "base" or 

"oQcygen-ion" a c t iv it ie s *  At lower b a s ic i t ie s  than that corresponding to  

C%8 iO&, the desulphurising and dephosphorising powers o f basic steelmaking 

slags are very poor* Fig# 2 2  a lso  shows that the corresponding rapid increase  

in  acaO in  CaO-Ala% slags occurs a t  much lower b a s ic i t ie s  and that the  

value o f acaO l 8  more tenperature dependent# As somewhat sim ilar behaviour 

m i^ t  be expected in  more complex s la g s , i t  would appear th at the method 

frequently used of a ssessin g  the e f fe c t  o f Alg% on the base or oxygen 

ion  a c t iv ity  by assuming the formation o f 3CaO*Al@% , or AlCb io n s , 

i s  o f dubious value*

I t  has been shown th a t the sulphur absorbed by the slag  from a 

given gas mixture decreases with r i s e  in  temperature* High temperatures 

during m elting and re fin in g  in  open-hearth steelmaking should therefore  

re su lt  in  lower metal sulphur contents* An increase in  flame tenperature, 

as would be obtained from a higher preheat, should have a sim ilar e ffec t*  

Increase in  the oxygen p o ten tia l o f the gas phase, as would r e su lt  from an 

increase in  the a ir /g a s  r a t io  or improved combustion o f  the fu e l should 

a lso  minimise sulphur pick^tp by the bath, or even cause lo s s  o f sulphur 

to the gas phase* On the other hand, excessive amounts o f  a ir  might lead
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to  reduced flame temperatures which would o f f s e t  to  some extent the bene- 

» f ic ia l  e f fe c t s  o f increased oxygen p o te n tia l. Sim ilar considerations  

apply in  the checkers idiere absorption o f sulphur £rom  the incoming fu e l  

gas by lime and iron  oxide dust deposited on the brickwork i s  favoured by 

the lower temperatures and reducing conditions p reva ilin g  on the ingoing  

s id e , and lo s s  o f sulphur to  the waste gases during the subsequent rev ersa l 

i s  favoured by the h i^ e r  temperatures and ox id isin g  conditions lAen the  

checkers are on waste gas.

A c t iv it ie s  o f  lim e in  CaO-AlsQj-SiO^ s la g s  are o f  in te r e s t  when 

considering slag-m etal reaction s in  the b la st  furnace. The varia tion  o f  

Sq^q with s la g  cofiposition has been given in  F ig s .15 and 1 7 , A?om which i t  

can be seen th a t i-

(a) in  the "low-Alg%" f i e ld ,  which covers the range o f  normal b la st  

furnace s la g  com positions, aCaO increases fa ir ly  rap id ly  with slag  

b a s ic ity , so that small co ip o sitio n  changes may r e su lt  in  comparat- 

» iv e ly  large changes in  the sulphur content o f  the p ig  iron produced^

(b) s la g s in  the "low-SiQ^" f ie ld  have values approximately 10-20 

tim es those o f normal b la st  furnace s la g s . They should give r i s e  

to  very low metal sulphur contents, and, on account of the low 

values of these slags low s i l ic o n  contents should a lso  be obtained. 

However, ores high in  Al^Qa and low in  8 i%  (e « g .,  the West African Con- 

$akri ore) are comparatively rare and a lso  present a number o f p ra ctica l  

d if f ic u l t ie s  in  ore preparation and sm elting.
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The Gibbs-Duhem in tegration  vas used to  ca lcu la te  a in  

GaO-Alg% slags and agj ĝ̂  in  CaO-SiOg s la g s . I t  was a lso  p o ssib le  to  

estim ate in  a lim ited  portion o f the CaO-Al@% - 8 IO3  diagram. No

data has been published for the values o f and in  CaO-AlgO  ̂ slags

but values ca lcu lated  from the r e su lts  o f Fincham and Richardson were 

con sisten t with ÿhe present r e su lts . Sim ilar consistency was obtained  

when the r e su lts  fo r  OaO-SiC  ̂ slags were compared with those o f the la t te r  

workers a t  1650**C. The present r e su lts  d iffered  considerably from those  

o f  Fulton and Chipman who used a rather lengthy extrapolation  to  obtain  

values o f  in  graphite-saturated iron  to  ca lcu la te  &ĝ Qg» I t  i s

probable that the values o f used were too low at th e  higher carbon 

(and lower s ilic o n )  contents.

The a c t iv ity  values obtained in  C&0 -A]g% and CaO-8 i% sla g s were 

used to  construct free  energy curves and to  estim ate the fr e e  energies o f  

formation o f GaO.A]@0 ,̂ 12 CaO$7A]g% ,  GaO.&LQi and 2Ca0.8iG|,. The 

experimental r e su lts  were not s u f f ic ie n t ly  complete to  determine the f r e e  

energies o f formation o f  the ternary compounds 2 GaO.AlgQ3 . 8 iGb and 

CaO.AlgQ) .28iQ3.  However, as the primary c r y s ta ll is a t io n  f ie ld s  o f

2 GaO.SiQ3 and 2GaO.Ala% * HiQ; have a common point a t  1500% for idiich  

®AlgC  ̂ ^  1  ,  the free  energy o f  formation o f 2 GaO.Alg% .SiQg must be 

considerably greater (numerically) than the value o f  -32 kcals obtained in  

the present work fo r  2 G aO.SiQs#
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Data Used in  Ay and y» I n i t ia l  Gas Composition Graphs.

C alcu lation  I n i t ia l  Gas Composition A«r -logLoPrL
No, CÔ/ÔÛi" , ^

Using Keller* s f f e e  energy equations, a t  1500%,

1 0.77 1.470 321 7.890
2 0.80 1.473 330 »
3 0.83 1.475 339 n

4 0 . 8 6 1.478 348
5 0.89 1.480 357 It

6 0.92 1.483 366 w

7 0.77 1.514 336 7.914
6 0.80 1.517 346 n
9 0.83 1.519 355 It

1 0 0 . 8 6 1.522 364 n
1 1 0.89 1.525 373 *
22 0.92 1.527 383 *

13 0.77 1.557 351 7.938
14 0.80 1.560 361 #

15 0.83 1.563 371 «

16 0 . 8 6 1.566 381 ■
17 0.89 1.569 391 N

18 0.92 1.572 401 m
19 0.77 1.601 367 7.960
2 0 0.80 1.604 377 It

2 1 0.83 1.607 387 «
2 2 0 . 8 6 1.610 397 #

23 0.89 1.613 407 m
24 0.92 1.616 417 m
25 0 .50 1 . 0 1 1 1 2 7.585
26 1 . 0 0 1.03 204 n

27 1 .50 1 .05 282 #
28 2 . 0 0 1.07 353 *
29 0 .50 1.83 335 8.085
30 1 . 0 0 1 .89 546 n

31 1.50 1.96 720 »
32 2 . 0 0 2.04 858 #
33 0.50 2 . 6 0 537 8.381
34 1 . 0 0 2.72 845 m
35 1 .5 0 2 . 8 6 1087 *
36 2 . 0 0 3.01 1294 *
37 0 .5 0 3.32 712 8.585
38 1 . 0 0 3.51 1107 #
39 1 .5 0 3.72 1416 m
40 2 . 0 0 3.95 1679 m
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C alculation
No.

I n i t i a l  Gas Composition 
"  C O /C Q i""

- I obioPq^

4 1 2 . 0 0 3 . 5 7 1 5 3 0 8 . 5 1 0
4 2 2 . 1 0 3 . 6 1 1 5 7 0 M
4 3 2 . 2 0 3 . 6 5 1 6 2 0 *
4 4 2 . 3 0 3 . 7 0 1 6 6 0 H
4 5 2 . 4 0 3 . 7 4 1 7 0 0 #
4 6 2 . 5 0 3 . 7 8 1 7 4 0 n
4 7 2 . 0 0 3 . 7 1 1 5 9 0 8 . 5 4 0
4 8 2 . 1 0 3 . 7 6 1 6 3 0 N
4 9 2 . 2 0 3 . 8 0 1 6 8 0 m
5 0 2 . 3 0 3 . 8 5 1 7 2 0 n
5 1 2 . 4 0 3 . 8 9 1 7 6 0 N
5 2 2 . 5 0 3 . 9 4 1 8 1 0 m
5 3 2 . 8 0 3 . 2 8 1 5 8 0 8 . 3 8 1
5 4 2 . 9 0 3 . 3 1 1 6 1 0 a
5 5 3 . 0 0 3 . 3 5 1 6 5 0 «
5 6 3 . 1 0 3 . 3 9 1 6 8 0 a
5 7 3 . 2 0 3 .4 3 1 7 1 0 a
58 3 . 3 0 3 . 4 7 1 7 4 0 a
5 9 2 . 8 0 3 . 4 3 1 6 5 0 8 . 4 1 5
6 0 2 . 9 0 3 . 4 7 1 6 8 0 a

6 1 3 . 0 0 3 . 5 2 1 7 2 0 a
6 2 3 . 1 0 3 . 5 6 1 7 5 0 a
6 3 3 . 2 0 3 . 6 0 1 7 8 0 a
6 4 2 . 8 0 3 . 6 0 1 7 2 0 8 .4 4 8
6 5 2 . 9 0 3 . 6 4 1 7 6 0 a
6 6 3 . 0 0 3 .6 8 1 7 9 0 a
6 7 3 . 1 0 3 .7 3 1 8 3 0 a
6 8 3 . 2 0 3 . 7 7 1 8 6 0 a
6 9 2 . 7 0 3 . 7 2 1 7 5 0 8 . 4 8 0
7 0 2 . 8 0 3 . 7 6 1 7 9 0 a
7 1 2 . 9 0 3 . 8 1 1 8 3 0 a
7 2 3 . 0 0 3 . 8 6 1 8 7 0 a
7 3 3 . 1 0 3 . 9 1 1 9 0 0 a
7 4 3 . 2 0 3 . 9 6 1 9 4 0 a
7 5 3 . 3 0 4 . 0 1 1 9 7 0 a
7 6 2 . 7 0 3 .8 8 1 8 2 0 8 . 5 1 0
7 7 2 . 8 0 3 . 9 3 1 8 6 0 a
7 8 2 . 9 0 3 .9 8 1 9 0 0 a
7 9 3 . 0 0 4 . 0 3 1 9 4 0 a
8 0 3 . 1 0 4 . 0 8 1 9 7 0 a
8 1 3 . 2 0 4 . 1 3 2 0 1 0 a

8 2 3 . 2 0 4 . 3 1 2 0 8 0 a
8 3 3 . 3 0 4 . 3 8 2 1 2 0 a
8 4 3 . 4 0 4 . 4 4 2 1 6 0 a
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C alculation I n it ia l  Gas Composition "logLoPfu
Ho. CO/CO!, ^

8 5 2 . 8 0 4 . 4 3 2 0 6 0 8 . 5 9 4
8 6 2 . 9 0 4 . 5 0 2 1 1 0 *
8 7 3 . 0 0 4 . 5 7 2 1 5 0 8 . 5 9 4
8 8 3 . 1 0 4 . 6 3 2 1 9 0 n
8 9 3 . 2 0 4 . 7 0 2 2 3 0 w
9 0 3 . 3 0 4 . 7 7 2 2 7 0 n
9 1 3 . 4 0 4 . 8 3 2 3 1 0  ■ u
9 2 2 . 7 0 4 . 7 3 2 1 6 0 8 .6 4 7
93 2 . 8 0 4 . 8 0 2 2 0 0 N
9 4 2 . 9 0 4 . 3 7 2 2 5 0 N
9 5 0 . 3 0 1 . 5 0 8 1 6 5 7 . 9 3
9 6 0 . 4 9 1 .4 8 3 2 3 6 7 . 9 1
97 0 . 7 2 1 . 0 6 0 1 6 8 7 . 6 2
98 0 . 7 2 1 . 4 8 7 3 1 1 7 . 9 0
9 9 0 . 8 8 1 . 3 7 0 3 1 1 7 . 8 3

1 0 0 0 . 9 3 1 . 4 3 2 3 6 1 7 . 8 6

Using Richardson* 8 fr e e  energy equations a t 1 5 0 0 % é
r r

101 0 . 7 7 1 . 5 5 2 r m 7 . 9 3 8
1 0 2 0 . 8 0 1 . 5 5 4 1 8 6 m
1 0 3 0 . 8 3 1 . 5 5 7 1 9 2 n
1 0 4 0 . 8 6 1 . 5 6 0 1 9 8 n
1 0 5 0 . 8 9 1 . 5 6 2 2 0 4 n
1 0 6 0 . 9 2 1 . 5 6 5 2 1 0 tt

1 0 7 0 . 7 7 1 . 5 1 0 1 7 1 7 . 9 1 4
1 0 8 0 . 8 0 1 . 5 1 2 1 7 7 a
1 0 9 6 . 8 3 1 . 5 1 4 1 8 3 a
1 1 0 0 .8 6 1 . 5 1 6 1 8 9 n
1 1 1 0 . 8 9 1 . 5 1 9 1 9 5 a
1 1 2 0 . 9 2 1 . 5 2 1 2 0 1 a
1 1 3 0 . 7 7 l ; 4 6 9 1 6 0 7 . 8 9 0
1 1 4 0 . 8 0 1 * 4 7 1 1 6 6 a
1 1 5 0 . 8 3 1 . 4 7 3 1 7 2 a
1 1 6 0 . 8 6 1 . 4 7 4 1 7 8 a
1 1 7 0 . 8 9 1 . 4 7 6 1 8 3 a
1 1 8 0 . 9 2 1 .4 7 8 1 8 9 a
1 1 9 2 . 9 0 3 . 3 9 1 2 9 0 8 . 4 3 1
1 2 0 3 . 0 0 3 .4 3 1 3 2 0 a
3J21 3 . 1 0 3 . 4 6 1 3 5 0 a
1 2 2 2 . 9 0 3 . 4 7 1 3 2 0 8 .4 4 8
1 2 3 3 . 0 0 3 . 5 1 1 3 5 0 a
1 2 4 3 . 1 0 3 . 5 5 1 3 9 0 a
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C alculation
No.

I n i t ia l  Gas C o ^ o sitio n
ŝcS ôo/oôz~

-lO gLO PQ j

Using Richardson* s  free  energy equations a t  1500%
but rep lacin g AO** = - 49,000 -  2 . 5T by Ĝ*̂  = *6/XX) -  2 . 5T
fo r  the reaction  % + % = 280,

125
126

0.81
3.01

1.52
3.34

316
1630

Using Kelley* s free  energy equations» a t 1490% and 1510%.

% Temperature

127 0.85 1.518 317 1510%
128 0.85 1.518 360 1500*G
129 0.84 1.524 410 1490%
130 0.84 1.524 360 1500%

C alculation based on the data o f Fincham and Richardson(l5) 

on the maximum sulphur content a t saturation  o f a 41^ CaO-52/2 AlgQj-?^ SiCb 

slag  a t  1500% -  referred  to  on pp. 1 8 - 1 9 *

Using an ingoing gas o f

1^ SQg, p|^ =5 0 .5 ,  P^/PCQj “ 3 .25 (a)

for which they have calcu lated

PQj = 4.27 X 10*^  ̂ and p ^  = 2 .51  x  10 * ,

Fincham and Richardson obtained, using the above s la g  com position, a 

c le a r , g lassy  slag  containing 1.26^ S.

. .  Og = ( ^ ) ( p c ^ A /( p s i ,A  = 16 .4  x l 0 “*

Using an ingoing gas o f

2 ^  SQg, p j ^  = 0 . 5 ,  P H jj /P c Q j " 3 . 1 5  . . . . . . . . .  (b)

for which they have ca lcu lated
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= 7 .08 X 10*^° and = 9.33 x 10"'*',

Fincham and Richardson obtained, using the same slag  com position, a

c r y s ta llin e  s la g  containing 4 .2^  S -  which r e su lt  they a ttr ib u te  to

saturation  with CaS.

Since Cg i s  constant fo r  any given s la g  a t  a constant temperature,

the value obtained above can be used to  ca lcu la te  the sulphur content 
been

which would have/obtained using the gas o f  composition (b ) , had not 

saturation  intervened# The expected sulphur content thus ca lcu lated  

i s

( ^ )  = Cg . (Pg  ̂)^ / (PQj )S

= 16 .4  X 10"* X (7 .082 i0 ‘̂ ® )V (9*333i0“* F  

= 1.!
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