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In the p r e s e n t  work  the so l id  so lub i l i t i e s  of CaS and CaSO 4 in burn t  l ime  were  i nves t i ga t ed  
by  equ i l i b r a t i ng  l ime  with CO-CO2-SO2 m i x t u r e s  at  t e m p e r a t u r e s  f r o m  950 to 1300~ Also,  
the equ i l i b r i um cons tan t s  for  the f o r m a t i o n  of CaS and CaSO 4 we re  d e t e r m i n e d .  At high oxy-  
gen a c t i v i t i e s ,  c o r r e s p o n d i n g  to a C O J C O  r a t i o  > 100 in the gas,  the su l fur  d i s s o l v e s  in l ime  
p r i m a r i l y  a s  su l fa te  ions.  At l ower  oxygen a c t i v i t i e s  (CO2/CO < 30), the su l fur  goes  into s o -  
lut ion in l i m e  e s s e n t i a l l y  as  su l f ide  ions.  Over  the t e m p e r a t u r e  r ange  i nves t i ga t ed  the l i m i t -  
ing sul f ide  so lub i l i t y  is  within 0.01 to 0.03 pct  S, w he re a s  the su l fa te  so lub i l i t y  is  within 0.03 
to 0.1 pct  S, i n c r e a s i n g  with i n c r e a s i n g  t e m p e r a t u r e .  

L I M E S T O N E  i n v a r i a b l y  conta ins  some  su l fur ,  p r i -  
m a r i l y  in the fo rm of p y r i t e ;  the a v e r a g e  su l fur  con-  
tent  is  u sua l ly  within the r ange  0.02 to 0.1 pct ,  but it  
can be as  high as  0.3 pct .  Since the spec i f i ed  m a x i -  
mum su l fur  content  of bu rn t  l ime  used  in oxygen s t e e l -  
mak ing  is  about 0.03 pct ,  p a r t i c u l a r  a t ten t ion  mus t  be 
pa id  to the d e s u l f u r i z a t i o n  dur ing  ca l c ina t ion  of the 
l i m e s t o n e .  Recen t ly  th is  sub jec t  was s tud ied  by  Wr ied t  
and Darken  1 and by  Turkdogan  and Rice .  2 F r o m  t h e r -  
modynamic  c o n s i d e r a t i o n s  and e x p e r i m e n t a l  i n v e s t i g a -  
t ions ,  the fol lowing conc lus ions  we re  drawn.  

The e q u i l i b r i u m  su l fur  p r e s s u r e  of p y r i t e  is  one a t -  
m o s p h e r e  at  697~ T h e r e f o r e ,  dur ing  hea t ing  of the 
l i m e s t o n e  to the ca l c ina t ion  t e m p e r a t u r e ,  the p y r i t e  
d i s s o c i a t e s  to p y r r h o t i t e  and su l fur  v a p o r  which may  
r e a c t  with CaCO s to f o r m  CaS, SO2, and CO. Also,  at 
the  ca l c ina t ion  f ront ,  that  is  the CaCOs/CaO in te r face ,  
S2 m a y  r e a c t  with CO2 to fo rm SO2 and CO. As SOs 
d i f fuses  through the p o r e s  of the l ime  she l l  t oge the r  
with CO2, some  CaSO 4 may  a l so  f o r m .  F o r  the cond i -  
t ions  p r e v a i l i n g  in ca lc ina t ion  f u r n a c e s  (shaft  o r  r o -  
t a r y  kiln) t h e r e  a r e  two key  su l fur  r e a c t i o n s  to be 
c o n s i d e r e d .  

CaO(s )  + so2(g)  + co~ (g) = CaSO, (s) + c o ( g )  [1] 

CaO(s)  + SO2 (g) + 3CO(g) = CaS (s) + 3CO2 (g) [2] 

The r e s p e c t i v e  e q u i l i b r i u m  cons tan t s  for  these  r e -  
ac t ions  a r e  r e p r e s e n t e d  by  

P c o  1 [3] 
K 1 - PCO2 PSO 2 

( PCO2.~ s 1 [4] 

K 2 =\--P~co ] PSO s 

The equ i l i b r i um SO2 p r e s s u r e  for  c a l c i u m  sulf ide  in 
burn t  l ime  i n c r e a s e s  with i n c r e a s i n g  P c o  2 / P c o  r a t io .  
On the o the r  hand, fo r  c a l c ium su l fa te  in bu rn t  l ime ,  
the equ i l i b r i um SOs p r e s s u r e  i n c r e a s e s  with d e c r e a s -  
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ing P c o  2 / P c o  r a t i o .  F r o m  the compi l a t ion  of ava i l ab l e  
equ i l i b r i um data ,  Wr ied t  and Darken  1 d e r i v e d  the op t i -  
mum gas  c o m p o s i t i o n s  for  e f fec t ive  d e s u l f u r i z a t i o n  
dur ing  the ca l c ina t ion  of l ime s tone .  These  we re  a l so  
v e r i f i e d  e x p e r i m e n t a l l y  by  Turkdogan  and Rice .  2 Also,  
it  is  ev ident  f rom Reac t ions  [1] and [2] that  i n c r e a s i n g  
to ta l  p r e s s u r e  would f avo r  the su l f ide  and su l fa te  f o r -  
mat ion .  

In addi t ion to the d i s s o c i a t i o n  of CaSO 4 o r  CaS dur ing  
ca lc ina t ion ,  c o n s i d e r a t i o n  should be  given to the so l id  
solut ion of su l fur  in l i m e  as  su l fa te  and su l f ide  ions.  
Accord ing  to the work  of Kor and R icha rdson ,  s the so lu -  
b i l i t y  of CaS in l ime  is 0.003 pct  S at  1500~ and 0.011 
pct  S at  1650~ A l i t e r a t u r e  s u r v e y  r e v e a l e d  no p r e v i -  
ous work  on the so lub i l i t y  of CaSO 4 in l i m e .  

The c h e m i s t r y  of r e a c t i o n s  be tween  s u l f u r - b e a r i n g  
g a s e s  and s l a g s  is  wel l  known, a s  out l ined  for  example  
by  F incham and R icha rdson ,  4 and by  Turkdogan  and 
Darken ;  5 t h e r e  a r e ,  of c o u r s e ,  many  o the r  s i m i l a r  pub-  
l i shed  p a p e r s  on th is  sub jec t .  Whether  the so lvent  ox -  
ide is  l iquid o r  so l id ,  the su l f ide ,  su l fa te ,  and p y r o s u l -  
fa te  r e a c t i o n s  a r e  r e p r e s e n t e d  s i m p l y  by  

Sulfide: 

�89 $2 (g) + 02-  (in oxide) = S 2- (in oxide)  + �89 02 (g) [5] 

Sulfate:  

�89 $2 (g) + ~ 02 (g) + O s- (in oxide) = SO4 z- (in oxide) [6] 

P y r o s u l f a t e :  

S 2 (g) + 302 (g) + O s- (in oxide) = $20~- (in oxide)  [7] 

F o r  a given a c t i v i t y  in the gas ,  the lowes t  e q u i l i b r i -  
um sul fur  c onc e n t r a t i on  in the  oxide  is  a t  an oxygen 
poten t ia l  a t  which t h e r e  is  equal  d i s t r i bu t ion  of sul f ide  
and su l fa te  ion c o n c e n t r a t i o n s  in the oxide .  At much 
h igher  oxygen a c t i v i t i e s  the  p y r o s u l f a t e  ions m a y  fo rm.  5 

In the p r e s e n t  work  Reac t ions  [5] and [6] in l ime  
were  i nves t i ga t ed  by  equ i l i b r a t i ng  l ime  with CO, COs, 
and SO2 gas  m i x t u r e s  up to s a t u r a t i o n  with CaS o r  
CaSO 4. 

E X P E R I M E N T A L  

All  the equ i l i b r i um m e a s u r e m e n t s  were  made with 
c a l c i n e d  c a l c ium c a r b o n a t e  ( reagen t  g rade)  and d r y  
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gas  m i x t u r e s  CO-CO~-SO~. The l ime  thus p roduced  
conta ined  the fol lowing m a j o r  i m p u r i t i e s :  0.01 pct  Ba, 
0.04 pc t  Sr,  0.06 pot  Na and < 0.01 pct  K. The e x p e r i -  
men ta l  r e s u l t s  did  not ind ica te  any m e a s u r a b l e  i n t e r -  
f e r e n c e  of t h e s e  t r a c e  i m p u r i t i e s  on the su l f ide  and 
su l fa te  s o l u b i l i t i e s  in l i m e .  Ev iden t ly  t hese  i m p u r i t i e s  
a r e  in so l id  so lu t ion  in l i m e  at  the t e m p e r a t u r e s  in -  
ve s t i ga t ed ,  i.e., at  a c t i v i t i e s  much below unity, hence 
no i n t e r f e r e n c e  with the su l fur  so lub i l i t y  m e a s u r e -  
men t s .  About 1 g of c a l c ium ca rbona te ,  conta ined  in 
a p l a t inum b a s k e t  and suspended  in the u n i f o r m - t e m -  
p e r a t u r e  zone of a v e r t i c a l  fu rnace ,  was f i r s t  c a l c ined  
at  the  d e s i r e d  e x p e r i m e n t a l  t e m p e r a t u r e  in a CO-CO2 
m i x t u r e  fo r  about  1 h; th is  t ime  was f a r  in e x c e s s  of 
that  r e q u i r e d  fo r  c o m p l e t e  ca lc ina t ion .  Then, a d e -  
s i r e d  CO-CO2-SO2 mix tu r e  was f lowed through the 
r e a c t i o n  tube at  about  2 1 ( S T P ) / m i n  for  a pe r iod  of 
1 to 6 h, a f t e r  which the s a m p l e  was a i r - q u e n c h e d  by  
r a p i d  r e m o v a l  f rom the fu rnace .  The p r e l i m i n a r y  e x -  
p e r i m e n t s  ind ica ted  that  the su l fu r  so lu t ion  in l ime  in 
a given gas  m ix tu r e  r e a c h e d  e q u i l i b r i u m  within about 
1 to 2 h; that  i s ,  the su l fu r  so lub i l i t y  ob ta ined  did not 
change at  r e a c t i o n  t i m e s  l onge r  than 2 h. I m m e d i a t e l y  
a f t e r  r e m o v a l  f r o m  the fu rnace ,  the s a m p l e  was a n a -  
lyzed  fo r  to ta l  su l fur  by  the i o d o m e t r i c - c o m b u s t i o n  
method.  

The e q u i l i b r i u m  m e a s u r e m e n t s  we re  made  at  t e m -  
p e r a t u r e s  f r o m  950 to 1300~ with gas  m i x t u r e s  con-  
t a in ing  0.1 to 60 pot  SOz and C O J C O  r a t i o s  f rom 3 to 
200. The s u l f u r - s o l u b i l i t y  m e a s u r e m e n t s  were  made  
up to the  l i m i t  of s a t u r a t i o n  of l i m e  with ca l c iu m s u l -  
f ide  o r  c a l c i u m  su l fa te ,  a t  which point  t h e r e  was a 
m a r k e d  i n c r e a s e  in the su l fur  content  of the  s a m p l e .  
The f o r m a t i o n  of the  su l f ide  o r  su l fa te  phase  at  a c r i t -  
i ca l  gas  c o m p o s i t i o n  could  be  v e r i f i e d  r e a d i l y  by a 
qua l i t a t ive  c h e m i c a l  t e s t .  The addi t ion  of a few d rops  
of a c a d m i u m  a c e t a t e  so lu t ion  to the s a m p l e  of s u l f i -  
d tzed  l i m e  d i s s o l v e d  in w a t e r  p roduced  a dense  yel low 
p r e c i p i t a t e  when l i m e  was s a t u r a t e d  with ca l c ium s u l -  
f ide .  Sa tu ra t ion  of the s a m p l e  with ca l c ium su l fa te  was 
v e r i f i e d  by  the b a r i u m  c h l o r i d e  t e s t .  

In a few e x p e r i m e n t s  the equ i l i b r i um for  su l f ide  o r  
su l fa te  so lub i l i t y  was a p p r o a c h e d  f rom the h i g h - s u l f u r  
s ide  by  us ing  l i m e  s a m p l e s  p r e v i o u s l y  su l f id ized  to 
about  3 pc t  S. The su l fur  so lub i l i t i e s  obta ined  (< 0.1 
pot  S) with t h e s e  i n i t i a l l y  h i g h - s u l f u r  s a m p l e s  we re  
in g e n e r a l  a c c o r d  with those  obta ined  by  us ing the 
s u l f u r - f r e e  l i m e  s a m p l e s .  

With gas  m i x t u r e s  high in SO2 a n d / o r  low in CO2/CO 
r a t i o  t h e r e  was s o m e  su l fu r  depos i t ion  at  the top of the 
fu rnace  tube.  However ,  t h e r e  was no su l fur  depos i t ion  
in the  lower  p a r t  of the r e a c t i o n  tube,  be low the p o s i -  
t ion of the  s a m p l e .  Since the su l fur  depos i t ion  o c c u r r e d  
only on the exhaus t  s ide  of the gas  s t r e a m ,  no d i f f icu l ty  
was e x p e r i e n c e d  in ident i fy ing  the gas  compos i t i on  in 
the  r e a c t i o n  zone f r o m  the ingoing gas  compos i t ion .  

A s s u m i n g  that  the gas  equ i l i b r i um is  ma in ta ined  
n e a r  the s u r f a c e  of the  l i m e  s a m p l e ,  the p a r t i a l  p r e s -  
s u r e s  of the  gaseous  s p e c i e s  can  be ca l cu l a t ed  f r o m  
the ava i l ab l e  e q u i l i b r i u m  da ta  for  a l l  the  pe r t i nen t  gas  
r e a c t i o n s .  F o r  the  r a n g e s  of t e m p e r a t u r e s  and gas  
c o m p o s i t i o n s  employed  in th is  work,  the  fol lowing a r e  
the p r e d o m i n a n t  ga seous  s p e c i e s  in the  equ i l i b r a t e d  
gas  m i x t u r e s :  CO2, CO, COS, $2, and SO2; o the r  s p e c i e s  
such as  02, S, SO, SOs, CS, and CS2 a r e  s m a l l  enough 

to be neg lec ted  in the ca l cu l a t i ons .  With th is  s i m p l i f i -  
cat ion,  the m a t e r i a l  b a l a n c e s  fo r  c a r b o n  (ZC), su l fur  
(ES), and oxygen (ZO) a r e  r e p r e s e n t e d  by  the fo l low-  
ing r a t i o s  for  the Ingoing gas  m i x t u r e  at  (p c o ) i  
+ (PCOa) i + (Pso2) i = 1 a t m o s p h e r e .  

ZC 1 - (Pso2) i PCO 2 + P c o  + P c o s  

F,S - ~SO 2)i - 2Ps a + p s O  2 +PCOS 

EC _ 1 - (Pso2) i _ P C O 2 + P c o  + P c o s  

ZO 2 - (Pco) i  2Pso2 + P c o s  + 2Pco2 + P c o  

F o r  the r e a c t i o n  2CO + SO2 = ~S 2 ~  + 2CO2, 

Ks = (Pc% ~ ~sa)~/~ 
P c o  / P so2 

F o r  the r e a c t i o n  3CO + SO2 = COS + 2CO2, 

(/1002)2 PCOS 
K C -  a 

(/'co) Pso2 
F o r  the sum of a l l  the p r e d o m i n a n t  s p e c i e s ,  

P c % + P c o  + P c o s  +Ps2 +Pso2 = 1 

By s imu l t aneous  so lu t ion  of these  f ive equat ions ,  for  
known va lues  of the e q u i l i b r i u m  cons tan t s  6 K S and K C 
and known ingoing gas  compos i t i on ,  the equ i l i b r i um 
p a r t i a l  p r e s s u r e s  of the gaseous  s p e c i e s  were  c a l c u -  
l a t ed  through a c o m p u t e r  p r o g r a m .  

E x a m p l e s  a r e  given in Fig .  1 showing the equ i l i b -  
r i um r a t i o  p C02/p CO at  the  ind ica t ed  t e m p e r a t u r e s  a s  
a function of p e r c e n t  (SO2)i in the  ingoing gas .  T h e r e  
i s  a p ronounced  i n c r e a s e  in the  equ i l i b r i um r a t i o  
Pco/Pco with i n c r e a s i n g  SO2 content  of the gas ;  th is  
i n c r e a s e  is  much g r e a t e r  a t  l ower  t e m p e r a t u r e s .  How- 
eve r ,  a t  low SO2 contents  with a CO2/CO r a t i o  in the 
ingoing mix tu r e  g r e a t e r  than 50, the equ i l i b r i um v a l -  
ues  p co/Pco and PSO2 a r e  c l o s e  to those  in the  in -  
going m i x t u r e ,  p a r t i c u l a r l y  at  h igher  t e m p e r a t u r e s .  
At low SO2 conten ts ,  the equ i l i b r i um Pso2 is  m a r k e d l y  
a f fec ted  by  the r a t i o  (CO2/CO)i, p a r t i c u l a r l y  at  lower  
t e m p e r a t u r e s .  This  is  d e m o n s t r a t e d  in F ig .  2 for  CO- 
CO2-0.1 pc t  SO2 m i x t u r e s .  

RESULTS 

Typical examples of experimental results for sul- 
fate solubility in lime and the formation of calcium 
sulfate are shown in Figs. 3 and 4 for I000 to 1300~ 
The point of discontinuity on the solubility line gives 
the critical gas composition for calcium sulfate co- 
existing with lime. The slopes of the solubility lines 
increase with increasing PCOa/PC 0 ratio in the gas 
phase as expected for the sulfate reaction [I]. 

At low Pco 2/PCO ratios the sulfur is in solution in 
lime primarily as sulfide ions. The results in Fig. 5 
are typical examples of sulfide solubility and the for- 
mation of calcium sulfide in the presence of lime. The 
coordinates are for equilibrium gas compositions for 
the indicated ingoing gas mixtures. Near the point of 
discontinuity the solubility lines approach the theoret- 
ical slope--3:l in this logarithmic plot for the sulfide 
reaction. 
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Table I. Experimental Results on Sulfide and Sulfate Solubility in Lime and Formation of CaS and CaS04 in C 0 - C 0 2 - S 0 2  Mixtures at Atmospheric Pressure 

C 0 2  (S02)i ,  S, PC02 PS02 K l PSo~(P02) I / : ,  K2 

CO i p c t  w t  p c t  '~  a t m  a t m  -1 a t m  3/2 a t m  - t  (Psz/P02) 1p 

950~ K'I = 3.09 X 107;K~ = 8.91 X 101~ 

99 1.5 0.032 99 0.015 0.67 4.85 • 10 -s - - 

1000~ K'I = 1 .10•  107;K~ = 1.15 • l 0  w 

160 1.8 0.044 160 0.018 0.35 2.63 • 10 -7 - - 
99 3.2 0.040 99 0.032 0.32 2.88 X 10 -7 - - 

49 5.0 0.046 56 0.049 0.36 2.52 X 10 -7 - - 
32 2.7 0.027 36 0.026 - - 1.79 • 106 6.44 X 10 a 

24 1.3 0.025 27 0.012 - - 1.64 X 106 7.02 X 103 
- 2 .24X 106 5.14X 103 18 0.3 0.017 18 0.0026 

13 0.1 0.013 13 0.00075 - - 2.93 X 106 3.93 X 103 

1050~ K'I = 4.07 X 106 ;K~ = 2.51 X 109 

99 5.1 0.054 99 0.051 0.20 1.23 X 10 -6 - - 
- 6.40 X l 0  s 3.93 X 10 a 18 1.0 0.022 18 0.0091 

1100~ K'1 = 1.62 X 106 ,K2 = 4.57 • 10 s 

155 7.4 0.069 155 0.074 0.087 7.08 • 10 -6 - - 

99 11.1 0.068 99 0.111 0.091 6.76 X 10 -6 - - 

49 19.7 0.069 55 0.196 0.093 6.60 • 10 -6 - - 

32 26.0 0.091 45 0.257 0.087 7.08 • 10 -6 - - 

24 30.0 0.105 41 0.295 0.083 7.41 X 10 -6 - - 
20 18,0 0.078 31 0.174 - - 1.71 X l 0  s 2.68 X 10 a 

18 6.0 0.041 21 0.052 - - 1.78 X lO s 2.57 X 10 a 

16 2.8 0.030 17 0.024 - - 2.04 X l 0  s 2.24 • 10 a 

4.4 0.1 0.030 4.5 0.00054 - - 1.69 • l 0  s 2.70 X 10 a 

1180~ K'1 = 3.98 X 10 s ;K~ = 5.10 X 107 

99 24.0 0.095 99 0.240 0.042 5.95 X l 0  -s - - 

1200~ K'I = 2.82 X l 0  s ;K~ = 2.63 X 107 

199 15.5 0.100 199 0.155 0.032 1.11 X 10 -4 - - 
99 29.5 0.102 99 0.295 0.034 1.04 X 10 -4 - - 

49 57.3 0.104 55 0.570 0.032 1.10 X 10 -4 - - 
24 57.0 0.115 37 0.567 0.047 0.75 X 10 -4 - - 
16 48.0 0.115 28 0.475 - 4.62 X 104 5.69 X 102 

12 42.0 0.090 22 0.410 - - 2.59 • 104 1.01 X 10 a 

10 9.7 0.028 12 0.090 - - 1.92 X 104 1.36 X 10 a 

9 4.2 0.017 9.6 0.039 - - 2.27 X 104 1.16 X 10 a 
- 2 . 0 1  X 104 1.31 X 10 a 6 1.0 0.016 5.8 0.0097 

1300~ K'I = 6.92 X 104 ; K~ = 2.40 X 106 

199 23.5 0.081 199 0.235 0.021 6.88 • 10 -4 - - 

99 47.5 0.089 99 0.475 0.021 6.88 • 10 -4 - - 
2.74 X 103 8.76 X 102 5 8.5 0.012 5.9 0.075 - 
2.71 X 10 a 8.86 • 102 3 1.5 0.012 3.1 0.011 - 

PCO 1 
KI = PCO2 PSO2 for  sul fate  e q u i l i b r i u m  

K'1 PCO2 1 l 
=P CO (po2)1/2 Therefore PSo2(P02 )1/2 -KIK, 1 

= ( P c o 2 y  1 -y,%-j for sul.deequ ibnum 

K'2 \P021 \PCO ] ~ 2  Theref~ \ f f ~ O : /  =K~ 

All  the exper imenta l  re su l t s  are  s u m m a r i z e d  in 
Table I where  pct S is  the sulfur in solut ion in l ime ,  
as  sulf ide and sulfate  ions in equi l ibr ium with ca l c ium 
sulfate or ca l c ium sulf ide .  The equi l ibr ium contants 
K I and K2 are for sulfate  and sulf ide  react ions  as  given 
by Eqs.  [1] and [2]. Other derived va lues  in Table I are  
d i s c u s s e d  later .  

The variat ion of the equi l ibr ium SO2 p r e s s u r e  over  
CaS or CaSO a and CaO with the oxygen act iv i ty ,  that is ,  
the Pcoz/Pc 0 ratio,  i s  shown in Fig.  6, as  determined  

from the re su l t s  of the present  work. The data points 
are  c l o s e  to s traight  l ines  drawn in this  l o g - l o g  plot 
with the theoret ica l  s lopes  3:1 and - 1 : 1  for the sulf ide  
and sulfate equi l ibr ium,  r e s p e c t i v e l y .  The points of 
in tersec t ion  of the sulf ide  and sulfate l ines  are  located 
on the univariant for c o - e x i s t i n g  CaO, CaS, and CaSO 4. 
At 1200~ and presumably  higher,  there  is  a marked 
curvature  sugges t ing  partial  so lubi l i ty  of l i m e  in CaS 
and CaSO 4. 

As seen  from the resu l t s  in Table I, the equi l ibr ium 
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gas compositions differ much from the composition of 
the ingoing gas mixture, part icularly for COs/CO less 
than 50. The importance of gas equilibrium to accurate 
interpretation of the data is well demonstrated in Fig. 7 
for ll00~ The lines obtained in this log-log plot by 
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I (c~176 / / / . ,ooo 
I ~ 6 ,,' / /  / b ,,OOlI 
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Fig. 1--Equilibrium ratios #CO2/~C O at indicated tempera- 
tures as a function of pet (SO2) i for indicated ratios (CO2/CO)i 
in ingoing gas mixtures CO-CO2-SO 2 at atmospheric pressure. 
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Fig. 2--Equilibrium SO 2 partial pressures  at indicated tem- 
peratures as a function of ratio (CO2/CO)i in ingoing gas mix- 
tures CO-CO2-0.1 pct SO 2 at atmospheric pressure. 
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Fig. 3--Sulfate solubility in lime and formation of CaSO 4 in 
CO-CO2-SO 2 m i x t u r e s  at a t m o s p h e r i c  p r e s s u r e .  

using the calculated gas compositions (from crit ical  
(CO2/CO)i and pct (SOs)/ in the ingoing gas) have slopes 
in accord with the theory. On the other hand, the plot 
obtained by using (COJCO)i and pct (SO2)i for the sul- 
fide and sulfate formation has no meaning in terms of 
reaction equilibrium, part icularly for (CO2/CO)i ratios 
below about 50. 

DISCUSSION 

The temperature dependence of the equilibrium con- 
stants K I and K2, from the present work, is shown in 
Fig. 8. 

For the sulfide equilibrium the temperature depen- 
dence of the equilibrium constant, for the temperature 
range I000 to 1300~ is represented by 

log K 2 = 20,000 9.270 [8] 
T 

Rosenqvist 7 determined the state of equilibrium for 
the reaction 

CaO(s) + HsS (g) = CaS(s) + HsO(g) [9] 

To compare the present results with those of Rosen- 
qvist, Reactions [2] and [9] may be written in a more 
general form, thus 

1 1 CaS (s) + 2 02 (g) = CaO(s) + ~$2 (g) [10] 

for which the equilibrium constant is given by the ratio 
(Ps2/Po2) 1/z. By combining the equilibrium constant K 2 
= (PCOz/PCO)3/Ps02 from Table I or PH20/PH2S from 
Rosenqvist 's measurements with the known equilibri- 

�9 . 6 
um constants of the approprmte gas reactmns,  these 

1/2 two sets of data are converted to (Ps2/P02) for Re- 
action [10]. The temperature dependence of the equi- 
librium constant (Ps2/P02)1/2 is shown in Fig. 9, in 
which two data points from the work of Kor and Rich- 
ardson 3 are also included; the dotted line is that cal-  
culated from the compiled thermodynamic data. 6 The 
agreement between the results  of different investi- 
gators is satisfactory. For the temperature range 
750 to 1650~ the line in Fig. 9 may be represented 
by 

�9 1 / 2  

/ P s 2  ~ 4805 _ 0 .133 [11] _ -  
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CaO re la t ive  to ingoing and equi l ibra ted  gas  c o m p o s i t i o n s  at 
l l00~ 

a = 6.22, b = 6.96, and c = 6.97. The h i g h - t e m p e r a t u r e  
modif icat ion,  ~-CaSO4, could not be quenched for s t r u c -  
t u ra l  s tudies .  The heat of/3 ~ a t r a n s f o r m a t i o n  is not 
known. The l ine for K, in Fig.  8 for the ~ - phase  is 
based on the l ine for the /3-phase  by a s s u m i n g  a value 
of 2 kcal  for t h e / 3 - -  c~ t r a n s f o r m a t i o n ;  this  is a r e a -  
sonable  approx imat ion  for so l i d - s t a t e  phase t r a n s f o r -  
mat ion in ca rbona tes ,  n i t r a t e s ,  sul fa tes ,  and so on. 
The value of K 1 at 1300~ is higher  than would be ex-  
pected f rom the ext rapola t ion of the K, va lues  obtained 
at lower t e m p e r a t u r e s ;  this  is d i scussed  la te r .  The 
t e m p e r a t u r e  dependence of K 1 may be r e p r e sen t ed  by 
the following equat ions up to the l i m e - s u l f a t e  eutect ic  
t e m p e r a t u r e  1365~ 9. 

The top l ine in Fig. 8 is for the equ i l ib r ium constant  
K 1 for the co-ex i s t ing  phases  CaO and CaSO 4. At 1195~ 
ca lc ium sulfate undergoes  a phase t r ans fo rma t ion .  8 The 
l ow- t empera tu r e /3 -CaSO 4 has a r h o m b i c - d i p y r a m i d a l  
s t ruc tu re  with the following cel l  d imens ions  in A: 

*According to the measurements of Grieveson and Turkdogan (Trans. TMS- 
AIME, 1962, vol. 224, pp. 1086-95), the melting point of CaSO4 is 1465~ This 
is in good agreement with the value of 1462~ reported later by Rowe etaL 
(J. inorg, nucL ChercL, 1965, vol. 27, p. 53). 

9617 
Below I195~ (/3-phase): log K~ = ~ - 8.021 [12] 
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F r o m  1195 to 1365~ (a -phase ) :  log K~ - 9180 7.708 
T 

[13] 
The f ree  ene rgy  of decomposi t ion  of ca lc ium sulfate 

(a) has been de te rmined  by Dewing and Richardson  l~ 
by a unique technique of differential  t he rma l  ana lys is  
in SO~-O2-N~ mixtures  at a tmospher ic  p r e s su re .  The 
decomposi t ion  of CaSO 4 is r ep re sen t ed  by 

CaSO4 (s) = CaD(s)  + SO2(g ) + �89 [14] 

for  which the equi l ibr ium constant  fo r  unit act ivi t ies  
of CaO and CaSO 4 is given by the product  Pso2 (pO2) '/2. 
The resu l t s  of Dewing and Richardson  and those de-  
r ived  f r o m  the p resen t  work a re  given in Fig. 10; the 
data f r o m  the p resen t  work were  obtained by combin-  
ing the exper imenta l  values of K1 in Table I with the 
known equi l ibr ium constants  for  the appropr ia te  gas 
reac t ions .  8 These  two se ts  of data f r o m  vas t ly  d i f fe r -  
ent exper iments  a r e  in v e r y  good agreement .  The data 
point f r o m  the presen t  work for  1300~ is lower than 
that  of Dewing and Richardson;  this is d i scussed  la ter .  
The l ines for  ~ -  and/3-phases  a r e  drawn by again a s -  
suming 2 kcal  for  the heat of t rans format ion ,  thus 

Below 1195~ (/3-phase): 

log p so2(PO2) ~/2 = 24,120 T + 12.416 [15] 

F r o m  1195 to 1365~ (or-phase): 

log p So2(Po2) ~/2 23,680 = T + 12.111 [16] 

The decomposi t ion  equi l ibr ium for  ca lc ium sulfate 
was de te rmined  also by Zawadsk i "  in the ea r ly  1930's 
by measur ing  the total  equi l ibr ium p r e s s u r e  of decom-  
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In accord  with Eqs .  [5] and [6], the sulf ide and su l -  
fate reac t ions  invest igated  may be r e p r e s e n t e d  by the 
fo l lowing reac t ions  involving CO, CO2, and SO2. 

Sulfide: SO s (g) + 3CO(g) + O 3- (in CaO) = S z-  (in CaO) 

+ 3co  (g) [17] 
Sulfate: SO s (g) + CO s (g) + 05-  (in CaO) = SO~- (in CaO) 

+ co [18] 
It is seen that at sufficiently low oxygen activities, at 
which the sulfide reaction predominates, the sulfur 
content of llme (in solid solution as sulfide ions) is 
inversely proportional to the ratio ( P c o / P c o )  3 for a 
given equilibrium p SO 2 in the gas. At high oxygen ac- 
tivities where the sulfate reaction predominates, the 
sulfur content of lime (in solid solution as sulfate ions) 
is directly proportional to the ratio PCO/PCO, for a 
given equilibrium PSO2 in the gas. 

In a log-log plot in Fig. I i ,  the slopes of the sulfur 
solubility lines are shown as a function of PCO/PCO 
for several temperatures. The curves approach the 
limiting slopes of - 3  and I for the sulfide and sulfate 
solubilities at low and high oxygen activities, respec- 
tively. Within the intermediate range of oxygen activi- 
ties, the sulfur is in solution in lime as sulfide and 
sulfate ions. 

The total sulfur in solution in lime saturated with 
CaS or CaSO 4 is  shown in Fig.  12 for 1000, 1100, and 
1200~ as a function of the ratio of sulfate  act iv i ty  to 
sulf ide act iv i ty ,  (as )~ / (as )s ,  where  

(as)l = K i P s 0 2  (Pco/Pco) 
(as) z = K 2 P s o  2 ( P c o / P c o 2 )  S 

From the l imi t ing  sulf ide and sulfate  so lub i l i t i e s  the 
total  sulfur in the in termedia te  m i x e d  region c a l c u -  
lated for ideal  solut ion of these  ions in l i m e  is  shown 
by the dotted curve .  It appears  that, within the l i m i t s  
of e x p e r i m e n t a l  e r r o r ,  it is  reasonable  to say  that the 
concentrat ions  of sulf ide and sulfate  ions in l i m e  are  
near ly  proport ional  to their  r e s p e c t i v e  ac t iv i t i e s .  The 
m a x i m u m  sulfur so lubi l i ty  in l i m e  is ,  of c o u r s e ,  at the 
univarient  equi l ibr ium where  CaO, CaS, and CaSO 4 c o -  
ex i s t .  
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Fig. if--Sulfide-sulfate solubility in lime. 

The t e m p e r a t u r e  dependence  of the l imi t ing  so lubi l -  
ity of CaS and CaSO 4 i s  shown in Fig.  13, together  with 
va lues  obtained by Kor and Richardson s for CaS at 
1500 and 1650~ According to the present  work,  the 
l imi t ing  CaS so lubi l i ty  in l i m e  r e a c h e s  a m a x i m u m  of 
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0.03 pe t  a t  about  l l 00~  The n o n l i n e a r i t y  of the log 
(pct S) vs  lIT plot  m a y  be  an indica t ion  of a s t r o n g  
t e m p e r a t u r e  e f fec t  on the defec t  s t r u c t u r e  of l ime  
r e l a t i v e  to vacan t  s i t e s  w h e r e  su l f ide  ions  a r e  a c c o m -  
modated .  It is  d i f f icul t  a t  p r e s e n t  to account  for  the 
a p p a r e n t  d i s p a r i t y  be tween  the C a S - s o l u b i l i t y  da ta  of 
Kor  and R i c h a r d s o n  at  high t e m p e r a t u r e s  and those  
of the p r e s e n t  work  at  lower  t e m p e r a t u r e s .  

The t e m p e r a t u r e  dependence  of the l im i t i ng  su l fa te  
so l ub i l i t y  in e q u i l i b r i u m  wi th /3-CaSO 4 is r e p r e s e n t e d  
wel l  by  a s t r a i g h t  l ine in F ig .  13. By a s s u m i n g  2 kca l  
fo r  the /3 ~ a phase  t r a n s f o r m a t i o n ,  the so lub i l i t y  l ine 
i s  d r awn  fo r  the  a - p h a s e .  The f i l l ed  da ta  point  for  
1300~ is  the  e x p e r i m e n t a l  so lub i l i t y  ad jus t ed  to unit 
a c t i v i t y  of a -CaSO4 as  d i s c u s s e d  below.  

As po in ted  out e a r l i e r  (Fig .  8), the e q u i l i b r i u m  con-  
s tunt  Kz fo r  the f o r m a t i o n  of ~ - C a S O  4 is  a f ac to r  of 1.6 
h ighe r  than that  e s t i m a t e d  by  e x t r a p o l a t i o n  of the K~ 
va lues  f r o m  lower  t e m p e r a t u r e s .  By in fe rence ,  th is  
o b s e r v a t i o n  would sugges t  a m a r k e d  so lub i l i t y  of CaO 
in a - C a S O  4 such that  the a c t i v i t y  of a - C a S O  4 is low-  
e r e d  to 0.63. P u r s u i n g  th i s  l ine  of a rgumen t ,  the l i m -  
i t ing su l fa te  so lub i l i ty ,  0.089 pc t  S, d e t e r m i n e d  e x p e r -  
i m e n t a l l y  fo r  1300~ would be that  fo r  l i m e - s a t u r a t e d  
CaSO 4 a t  0.63 ac t iv i ty .  The so lub i l i t y  ad jus t ed  to the 
unit  ac t iv i ty  of a - C a S O  4 would be  0.14 pct  S, which is 
the  va lue  shown by  a f i l l ed  c i r c l e  in F ig .  13. Also,  a 
m a r k e d  c u r v a t u r e  on the 1200~ i s o t h e r m  in Fig .  6 in 
the  mixed  s u l f i d e - s u l f a t e  r e g i o n  s u g g e s t s  s o m e  mutua l  
so l id  so lu t ion  be tween  CaS and CaSO 4. 

Samples  of CaO-CaSO a m i x t u r e s  quenched to room 
t e m p e r a t u r e  f r o m  1300~ were  examined  by  X - r a y .  
The d i f f r ac t ion  p a t t e r n  of CaSO a was that  of the /3 -  
phase .  That  i s ,  the h i g h - t e m p e r a t u r e  a - p h a s e  could 
not be  r e t a i n e d  by  quenching;* t h e r e f o r e ,  the sugges t ed  

*Also Rowe e t  al. a were not able to quench the a-phase. 

CaO so lub i l i t y  in a - C a S O  4 could not be v e r i f i e d .  A 
su i t ab le  h i g h - t e m p e r a t u r e  X - r a y  technique  should  be 
employed  to eva lua t e  the extent  of CaO so lub i l i t y  in 
o t - C a S O  4. 

In c o n t r a s t  with the  fo rego ing  t en ta t ive  deduct ions ,  
the  e x p e r i m e n t a l  r e s u l t s  of Dewing and R i c h a r d s o n  z~ 
(Fig .  10) do not sugges t  much CaO so lub i l i t y  in ~ -  
CaSO 4 at  1300~ o r  h ighe r .  In the e x p e r i m e n t a l  work  
of Dewing and R i c h a r d s o n ,  in which the DTA technique 
was employed ,  the  r e a c t i o n  t ime  was shor t .  P e r h a p s  
for  th is  r e a s o n  t h e r e  was l i t t l e  o r  no so lu t ion  of CaO 
in a -CaSO4,  hence  t h e i r  da ta  m a y  c o r r e s p o n d  c l o s e l y  
to that  fo r  the unit  a c t i v i t y  of the ~ - p h a s e .  

The su l fa te  r e a c t i o n  (Eq. [6] o r  [18]) m a y  be  r e p r e -  
s en ted  a l so  b y  

SOz (g) + �89 02 (g) + 02-  (in oxide)  = SOn z- (in oxide) 

[19] 
fo r  which the e q u i l i b r i u m  r e l a t i o n  is  given b y  

k~ = pet  S [20] 

PSO~ (Po2) ~/~- 

The v a l u e s  of k I a r e  ob ta ined  f rom the l i m i t i n g  su l fa te  
s o l u b i l i t i e s  in l i m e .  The t e m p e r a t u r e  dependence  of 
kz is  shown in Fig .  14, whe re  one da ta  point  is  inc luded 
f r o m  the work  of Turkdogan  and Darken  5 for  a l i m e -  
s a t u r a t e d  CaO-CaSO 4 me l t .  In the p rev ious  work  with 
c a l c i u m  f e r r i t e  m e l t s  5 i t  was found that  the entha lpy  
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change accompany ing  Reac t ion  [19] d e c r e a s e s  (more  
negat ive)  with d e c r e a s i n g  i ron  oxide  content .  F o r  the 
me l t  conta in ing  about  70 mole  pc t  CaO and 30 mole  
pc t  i ron  ox ides ,  the  en tha lpy  change  was e s t i m a t e d  to 
be  about - 105 kca l .  Depending on the i n t e r p r e t a t i o n  
of the p rev ious  data ,  ~ th i s  en tha lpy  va lue  could be  as  
high as  - 95 kca l .  F r o m  the s lope  of the l ine  in Fig .  
14 for  so l id  l i m e ,  the en tha lpy  change  for  Reac t ion  [19] 
i s  found to be - 96.1 kca l ,  which is  c l o s e  to that  for  the 
l i m e - r i c h  ca l c ium f e r r i t e  m e l t s  ment ioned  above.  

Although ca l c ium oxide has  a s t o i c h i o m e t r i c  c o m p o -  
s i t ion  with p r e s u m a b l y  l i t t l e  defec t  in the c r y s t a l  s t r u c -  
t u r e ,  i t  is  capab le  of t ak ing  into so lu t ion  s o m e  sul f ide  
and su l fa te  ions.  In ionic c r y s t a l s  the  r a d i u s  of S 2- is  
1.84,~, w h e r e a s  the r a d i u s  of S 6§ in SO~- is  0.29.~. Iz 
This  d i f f e rence  in ionic  s i z e  m a y  account  for  the s u l -  
fa te  so lub i l i t y  be ing  g r e a t e r  than the su l f ide  so lub i l i t y .  
Since the c r y s t a l  r a d i u s  of S 6§ is  s m a l l e r  than that  of 
Ca 2+ (0.99A), so lu t ion  of SO~- in CaO is  expec ted  to d e -  
c r e a s e  i ts  l a t t i c e  p a r a m e t e r ;  with the  so lu t ion  of S 2- 
ions in l l m e ,  a l a t t i c e  expans ion  is  an t i c ipa t ed .  With 
the  l i m i t e d  in fo rma t ion  ava i l ab l e  at  p r e s e n t ,  i t  i s  p r e -  
m a t u r e  to specu la t e  on the defec t  s t r u c t u r e  of l ime  
and on the a t o m i s t i c  mode l  of a so lu t ion  of su l f ide  and 
su l fa te  ions in l i m e .  

As pointed out e a r l i e r ,  Reac t ions  [1] and [2] a r e  the 
key  r e a c t i o n s  in the d e s u l f u r i z a t i o n  of l i m e  dur ing  c a l -  
c inat ion .  Using the ava i l ab l e  e q u i l i b r i u m  data ,  Wr ied t  
and Da rken  I eva lua ted  the  op t imum gas  c o m p o s i t i o n  
fo r  e f fec t ive  d e s u l f u r i z a t i o n  dur ing  the ca l c ina t ion  of 
l i m e s t o n e .  They showed tha t  a t  oxygen a c t i v i t i e s  in the 
gas  c o r r e s p o n d i n g  to PCO2/Pco r a t i o s  in the r ange  30 
to 60 the c a l c ium sul f ide  o r  su l fa te  m a y  d e c o m p o s e  
r e a d i l y  at  ca l c ina t ion  t e m p e r a t u r e s .  In fact ,  in our  
p r ev ious  Inves t iga t ion  2 i t  was found tha t  l i m e  could 
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be desulfurized rapidly during calcination in CO2 con- 
taining 1 to I0 pct CO. 

However, because of noticeable sulfur solubility in 
llme, the optimum gas composition for effective de- 
sulfurization becomes more critical. This is demon- 
strated in Fig. 15, which shows the sulfur content of 
lime as a function of oxygen activity at 1200~ with 
0.02, 0.I, and 0.5 pct SO 2 in the gas (these are equilib- 
rium gas compositions). In the rotary-kiln calcination 
the fuel is usually fully combusted with 0.i to 0.5 pct 
excess oxygen, corresponding to a Pco2/Pco ratio of 
about 104 at 1200~ In the shaft furnace, however, the 
PCOo/PCO ratio is about I0. 

we see from the equilibrium relation in Fig. 15 that, 
even at low SO2 contents (< 0.I pct) in the gas, there 
may be little or no desulfurization of lime if the 
Pco2/PC 0 is much above 1000 or much below 50. The 
gas composition for effective desulfurization is seen 
to be more critical for the rotary-kiln calcination; 
under these conditions most of the sulfur is in solu- 
tion in lime as sulfate ions. Fig. 15 also shows that 
by adjusting the Pco/Pco ratio in the furnace atmo- 
sphere within the range I00 to 300, low residual sulfur 
in lime could be obtained even when there is as much 
as 0.5 pct SO 2 in the furnace gas. 

C ONC LUSIONS 

Sulfur dissolves in lime as sulfide or sulfate ions, 
depending on the oxygen potential. The temperature 
dependence of the sulfide solubility is complex; the 
limiting sulfide solubility in lime in equilibrium with 
CaS reaches a maximum of 0.03 pct at about II00~ 
The limiting CaSO 4 solubility in lime increases from 
0.032 pct S at 950~ to 0.I pct S at 1200~ At 1300~ 
the sulfate solubility decreases to about 0.085 pct. 

From the values of the equilibrium constant, 
(Po2) I/2, for the formation of CaSO 4 and the sulfate Pso~  

s o l u b i l i t y  in  l i m e  a t  1300~  i t  i s  d e d u c e d  t h a t  t h e r e  
m i g h t  b e  a p p r e c i a b l e  C a O  s o l u b i l i t y  in  a - C a S O  4 a t  
t e m p e r a t u r e s  f r o m  1300 to  t h e  e u t e c t i c  t e m p e r a t u r e  
1365~ 

At intermediate oxygen activities the sulfur dis- 
solves in lime as sulfide and sulfate ions. The results 
indicate that the ideal-solution law can be assumed 
for S 2- and SO~- in lime. The maximum solubility is 
at the univariant equilibrium, where CaO, CaS, and 
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Fig.  15--Sulf ide and su l fa te  solubi l i ty  in l i m e  at 1200~ as  a 
funct ion of  gas  c o m p o s i t i o n  in r e l a t i o n  to a v e r a g e  gas  c o m -  
pos i t ion  in shaf t  f u rnace  and r o t a r y  ki ln ca lc ina t ion .  

C a S O  4 c o - e x i s t ,  a t  w h i c h  t h e  t o t a l  s u l f u r  in  s o l u t i o n  
i s  t h a t  g i v e n  b y  t h e  s u m  o f  t h e  l i m i t i n g  S 2- a n d  SO~-  
s o l u b i l i t i e s .  

T h e  e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  C a S  a n d  C a S O  4 

f o r m a t i o n ,  ~ b s 2 / P o  2)1/z a n d  P s 0 2  (/~02 )i /z,  r e s p e c t i v e l y ,  
a r e  in c l o s e  a g r e e m e n t  w i t h  t h o s e  d e t e r m i n e d  b y  o t h e r  
i n v e s t i g a t o r s  w h o  u s e d  v a s t l y  d i f f e r e n t  e x p e r i m e n t a l  
t e c h n i q u e s .  

REFERENCES 
1. H. A. Wriedt and L. S. Darken, Trans. SME-AIME, 1973, vol. 254, pp. 1-9. 
2. E. T. Turkdogan and B. B. Rice, Trans. SME-AIME, 1973, vol. 254, pp. 38-33. 
3. G. J. W. Kor and F. D. Richardson, Trans. Sect. C, Inst. Mining Met., 1970, 

vol. 79, pp. C147-56. 
4. C. J. B. Fincham and F. D. Richardson, Proc. Roy. Soc., 1954, vol. A223, 

pp. 40-62. 
5. E. T. Turkdogan and L. S. Darken, Trans. TMS-AIME, 1961, vol. 221, pp. 

464.74. 
6. JANAF Thermochemical Tables, 2nd edition, Nat. Stand. Ref. Data Set., 

Nat. Bur. Stand. (U. S.), June 1971. 
7. T. Rosenqvist: Trans. AIME, 1951, vol. 191, pp. 535-40. 
8. J. J. Rowe, G. W. Morey, and C. C. Silber: J. Inorg. NucL Chem., 1967, vol. 

29, pp. 925-42. 
9. E. S. Newman: Nat. Bur. Stand., 1941, vol. 27, pp. 191-96. 

10. E. W. Dewing and F. D. Richardson: Tran~ Faraday Soc., 1959, vol. 55, 
pp. 611-15. 

11. J. Zawadski: Z. Allgen. Anorg. Chemie, 1932, vol. 205, pp. 180-92. 
12. L. Pauling, The Nature of the Chemical Bond, Cornell University Press, 3rd 

edition, 1960. 

METALLURGICAL TRANSACTIONS VOLUME 5, JULY 1974- 1535 


