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The k ine t i c s  of the  evolut ion of SO s gas  f r o m  a l iquid syn the t i c  b l a s t  f u r n a c e - t y p e  s l ag  
(CaO-A12Os-SiOs) in an a t m o s p h e r e  of O2 + A r  gas  at  a to ta l  p r e s s u r e  of 1 a i m  for  0.003 
-< PO2 < 1.00 a im  has  been  s tud ied  in the r ange  1360 to 1460~ The p r o c e s s  has  been  
fol lowed by co l l ec t ing  and ana lyz ing  the SOs a s  i t  f o r m s ,  and a l so  by  o b s e r v i n g  the change 
in weight of the s l ag  s a m p l e  with t ime .  The effect  of s l a g  c o m p o s i t i o n  has  a l so  been  s t u d -  
ied.  F o r  p a r t i a l  p r e s s u r e s  of oxygen l e s s  than about  0.1 a im ,  the  r a t e  i s  v e r y  r a p i d  and 
is  con t ro l l ed  by  t r a n s p o r t  in the gas  phase .  At  g r e a t e r  va lues  of PO2, the r a t e  is  much 
s lower  and is con t ro l l ed  by  a c h e m i c a l  p r o c e s s .  In the high PO2 reg ion ,  the  p r o c e s s  is  
h a l f - o r d e r  with r e s p e c t  to the concen t ra t ion  of su l fur  in the s lag .  This  h a l f - o r d e r  d e p e n -  
dence on su l fur  concen t r a t i on  in the s l ag  may  be  exp la ined  by  an in i t i a l  f a s t  i r r e v e r s i b l e  
r e a c t i o n  to f o r m  two i n t e r m e d i a t e  s p e c i e s  which then d e c o m p o s e  a t  equal  r a t e s  to give 
the f inal  p roduc t s .  Addi t ions  to the s l ag  of i ron  o r  manganese  ox ides  g r e a t l y  a c c e l e r a t e  
the r a t e  of evolut ion  of SO2 a t  Poz = 1.00 a im .  This  is  i n t e r p r e t e d  to mean  tha t  a c h a r g e  
t r a n s f e r  p r o c e s s ,  p o s s i b l y  involving S 2- and O z- ions,  is  r a t e - c o n t r o l l i n g  at  PO2 = 1 a im .  
It is  a l so  a p p a r e n t  that  Fe  s* and Fe  3§ (or Mn ~ and Mn 3~) ions can ac t  a s  cha rge  c a r r i e r s .  
Some m e a s u r e m e n t s  with ac tua l  i n d u s t r i a l  b l a s t  fu rnace  s l ags  a r e  a l so  r e p o r t e d .  

T H E  growing  conce rn  for  the e n v i r o n m e n t  n e c e s s i t a t e s  
inves t iga t ion  of m e a n s  to m i n i m i z e  the  con tamina t ion  of 
the a t m o s p h e r e  by  s u l f u r - b e a r i n g  g a s e s .  In a s t e e l  plant ,  
g a s e s  conta in ing su l fur  may  be  evolved  when hot b l a s t  
fu rnace  s l ags ,  which may  contain  in e x c e s s  of 2 wt pc t  
su l fur ,  and was te  p r o d u c t s  of e x t e r n a l  de su l fu r i z a t i on  
p r o c e s s e s  a r e  exposed  to a i r  o r  wa te r  vapo r .  The p r e s -  
ent  p a p e r  r e p o r t s  the r e s u l t s  of a s tudy of the r a t e  a t  
which su l fur  d ioxide  is  r e l e a s e d  by  a syn the t i c  l iquid 
b l a s t  fu rnace  s l ag  when it is  exposed  to an a t m o s p h e r e  
of oxygen and a rgon  at  1 a im  to ta l  p r e s s u r e .  The t e m -  
p e r a t u r e  and compos i t i on  of the s lag ,  p a r t i a l  p r e s s u r e  
of oxygen,  and ve loc i t y  of gas  ove r  the s l ag  a r e  the p r i -  
m a r y  e x p e r i m e n t a l  v a r i a b l e s .  

The only  p r e v i o u s  k ine t i c  inves t iga t ion  of th is  type 
is  that  of Turkdogan  and Pea rce*  who used  CO +CO s 
gas  m i x t u r e s  to s tudy the r a t e  of d e s u l f u r i z a t i o n  of 
CaO-SiOs and CaO-AlsO s m e l t s  a t  1550~ F o r  sha l low 
m e l t s  with depths  be tween  1 to 4 m m  the e x p e r i m e n t a l  
da ta  could not be exp la ined  on the b a s i s  of a s ing le  r a t e -  
con t ro l l i ng  s t ep  that  would be va l id  at  a l l  p a r t i a l  p r e s -  
s u r e s  of oxygen.  The r a t e  da ta  we re  ana lyzed  us ing 
t h e o r e t i c a l  equat ions  fo r  a p r o c e s s  c o n t r o l l e d  e i t h e r  
by  d i f fus ion in the s l ag  o r  by an i n t e r r a c i a l  r e a c t i o n  
at  the s l a g - g a s  i n t e r f a c e ,  Equal ly  good a g r e e m e n t  was 
ob ta ined  be tween  the e x p e r i m e n t a l  r e s u l t s  and t h e o r e t -  
i ca l  p r e d i c t i o n s  fo r  e i t he r  r a t e  p r o c e s s .  

EXPERIMENTAL 

A horizontal platinum resistance tube furnace was 
used for the study. The slag sample of approximately 
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1.5 g was he ld  in a 99.8+ pe t  pu re  high de ns i t y  a l u m i n a  
boa t  ins ide  a 7 /8  in. ID a l u m i n a  r e a c t i o n  tube which in 
tu rn  was p l a c e d  within the fu rnace  tube.  The depth of 
the m e l t  was a p p r o x i m a t e l y  0.4 cm.  In a few e x p e r i -  
men t s ,  a l a r g e r  boa t  with a c a p a c i t y  of about  3.0 g of 
s l ag  was used.  The boa t  was he ld  in a l a r g e r  c e r a m i c  
c a r r i e r  boa t  which was a t t ached  to a c e r a m i c  rod  so 
that  the e n t i r e  a s s e m b l y  could  be  i n s e r t e d  quickly  into 
o r  wi thdrawn f r o m  the fu rnace .  Af te r  m o r e  than t h r e e  
hour s  at  t e m p e r a t u r e ,  the a lumina  boa t s  were  not a t -  
t acked  by  the s l ag .  

The flow r a t e s  of oxygen and a rgon  were  m e a s u r e d  
us ing  c a p i l l a r y  flow m e t e r s .  A long s e m i - c y l i n d r i c a l  
c e r a m i c  i n s e r t  was p l a c e d  in the lower  ha l f  of the  r e -  
ac t ion  tube u p s t r e a m  f r o m  the r e a c t i o n  zone to give 
w e l l - d e f i n e d  flow condi t ions  ove r  the s a mp le .  The r e -  
ac t ion  t e m p e r a t u r e  was m e a s u r e d  with a P t - P t / 1 0  pc t  
Rh t h e r m o c o u p l e  e m b e d d e d  in the  c e r a m i c  i n s e r t  with 
i ts  hot junct ion  about  1 cm f r o m  the s a m p l e .  Slag t e m -  
p e r a t u r e s  were  v a r i e d  ove r  the r ange  1360 to 1460~ 
and m e a s u r e m e n t  of the t e m p e r a t u r e  is  e s t i m a t e d  to 
be  a c c u r a t e  to within +2~ 

The exi t  g a s e s  we re  ana lyzed  fo r  SO s by  a Leco au to -  
ma t i c  t i t r a t o r  us ing  i o d o m e t r i c  t i t r a t i o n  with a s t a r c h  
i nd i ca to r .  C a l i b r a t i o n  runs  with NBS s t a n d a r d  Fe  s a m -  
p l e s  showed that  quant i t a t ive  s t o i c h i o m e t r i c  t i t r a t i o n s  
could be  ach i eved  with an u n c e r t a i n t y  of • pct .  

To begin  a t yp i c a l  run,  the tube was f lushed  with a r -  
gon for  s e v e r a l  minu te s .  Then the s a m p l e  was i n s e r t e d  
qu ick ly  into the fu rna c e  tube f r o m  the d o w n s t r e a m  end 
with the f low of a rgon  ma in t a ined  through the fu rnace .  
A tubu la r  connec t ion  was made  be tween  the fu rnace  
tube and the t i t r a t o r ,  and the t i t r a t o r  was i m m e d i a t e l y  
tu rned  on. The s l ag  s a m p l e  was a l lowed to come to 
t e m p e r a t u r e  in the a rgon  s t r e a m  for  a p e r i o d  of about 
10 min.  Dur ing  th i s  t i m e ,  about  1 to 2 pc t  of the to ta l  
su l fur  in the s a m p l e  was los t  to the gas  s t r e a m ,  a p p a r -  
en t ly  by  r e a c t i o n  with the s m a l l  amount  of oxygen in 
the  a i r  a d m i t t e d  dur ing  i n se r t i on  of the s a mp l e .  The 
a rgon  flow was  then r e p l a c e d  by  a s t r e a m  of an O J A r  
gas  m ix tu r e  having  the d e s i r e d  p a r t i a l  p r e s s u r e  of 
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oxygen and a t  the  d e s i r e d  to ta l  f low r a t e .  The exi t ing  
gas  p a s s e d  into the  t i t r a t o r  which cont inuous ly  t i t r a t e d  
the  SO= conta ined  in the gas .  

A syn the t i c  s l a g  was made  by  mix ing  high p u r i t y  CaS 
powder  (99.9 pc t  CRS) with a powdered  oxide mix tu r e  
with the Composi t ion:  SiO= 38.8 pct ,  AI=O= 17.8 pct ,  CaO 
42.7 pc t  and MgO 0.7 pc t  (by wt). The mix tu r e  was 
m e l t e d  in a c o v e r e d  g r a p h i t e  c ruc ib l e ,  then pou red  out, 
cooled  and ground to a p p r o x i m a t e l y  - 2 0  mesh .  The 
s l ag  was  ana lyzed  for  to ta l  su l fur  by  two d i f fe ren t  
me thods  us ing  the Leco  t i t r a t o r .  In one method,  a 
s a m p l e  of pu re  s l ag  was p l a c e d  in the p la t inum r e s i s -  
t ance  fu rnace  used  for  the k ine t i c  e x p e r i m e n t s ,  and in 
the  o the r ,  a m i x t u r e  of s l ag  and Fe ,  Sn and Cu " a c c e l -  
e r a t o r s "  was hea ted  in a s t a n d a r d  Leco  combus t ion  
f u r n a c e .  The to ta l  su l fur  content  of the s l ag  was 1.59 
+ 0.03 wt pet ,  which is  t yp i ca l  of that  found in an ac tua l  
i n d u s t r i a l  b l a s t  fu rnace  s lag .  The amount  of s l ag  
c h a r g e d  was  weighed ca re fu l l y ,  but  the ac tua l  quant i ty  
v a r i e d  s l i gh t ly  f r o m  run  to run.  A t yp i ca l  s a m p l e  of a 
t o t a l  weight  of 1.5 g thus  conta ined  about  0.024 g of 
su l fu r .  

In some  e x p e r i m e n t s  add i t ions  of FezO=, FesO 4 and 
MnO w e r e  made  to the p o w d e r e d  s lag .  The Fe203 was 
r e a g e n t  g r a d e  while  the  Fe=O 4 was F i s h e r  pu r i f i ed  
g r a d e .  The MnO was p r e p a r e d  by  ca l c ina t ion  of r e -  
agen t  g r a d e  MnCO v 

A few e x p e r i m e n t s  w e r e  a l so  p e r f o r m e d  with ac tua l  
b l a s t  f u rnace  s l a g s .  The t h r e e  s l a g s  used  had the fo l -  
lowing c o m p o s i t i o n  (wt pct) :  SiO= 36 •  pct ,  Al=O 3 9.5 
•  pct ,  CaO 35 •  pct ,  Mgo 16 •  pct ,  MnO 0.4 • 
pct ,  S 2 •  pct ,  to ta l  F e  0.83 to 1.43 pc t  (by wt). A 
few e x p e r i m e n t s  we re  p e r f o r m e d  with t hese  ac tua l  
s l ags ,  and, un le s s  o t h e r w i s e  s ta ted ,  a l l  r e s u l t s  r e f e r  
to m e a s u r e m e n t s  made  us ing  the syn the t i c  s lag .  

RESULTS 

In F ig .  1 a r e  shown r a t e  c u r v e s  obta ined  for  s e v e r a l  
p a r t i a l  p r e s s u r e s  of oxygen,  PO2. Al l  c u r v e s  shown 
were  obta ined  a t  about  the  s a m e  t e m p e r a t u r e  (1405 to 
1416~ and the s a m e  to ta l  gas  flow r a t e  of 1250 to 
1350 m l / m i n  m e a s u r e d  a t  25~ and 1 a tm.  To i l l u s -  
t r a t e  the  na tu r e  of the r e s u l t s ,  a c tua l  e x p e r i m e n t a l  
po in t s  a r e  shown on the cu rve  for  PO2 = 0.54 arm.  The 
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Fig. 1--Sulfur removal at different PO (in atm). Curve for 
PO2 = 0.18 atm obtained at 1406~ Al~other curves in the 
temperature range 1411 to 1417~ Total gas flow rate in the 
range 1250 to 1350 ml/cm. Nominal surface area 1.85 cm 2. 
Origin of abscissa  scale displaced for each curve to avoid 
overlap. 

t ime  coord ina t e  i s  d i s p l a c e d  for  each  cu rve  with each 
curve  o r ig ina t ing  at  z e r o  t i m e  to avo id  confusion b e -  
tween the r e s u l t s  a t  d i f f e r en t  oxygen p a r t i a l  p r e s s u r e s .  
F o r  each cu rve ,  a v e r y  s m a l l  c o r r e c t i o n  has  been  made  
fo r  the su l fur  which was lo s t  b e f o r e  the  oxygen was a d -  
mi t t ed .  Al l  the e x p e r i m e n t s  shown in Fig .  1 w e r e  con-  
t inued for  much longer  t i m e s  than shown so that  v i r t u -  
a l l y  a l l  of the  su l fur  in the  s l ag  was r e m o v e d .  The 
nomina l  s u r f a c e  a r e a  of the  s l ag  a s  c a l c u l a t e d  f rom 
the d i m e n s i o n s  of the boa t  with no account  taken  of 
m e n i s c u s  ef fec ts  was 1.85 cm =, but  s ince  the a c t u a l  
s u r f a c e  a r e a  is  not  a c c u r a t e l y  known, the  r e s u l t s  a r e  
p r e s e n t e d  s i m p l y  as  to ta l  g r a m s  of su l fu r  r e m o v e d .  

F ig .  1 shows that  the  r a t e  of su l fur  r e m o v a l  i s  r e l a -  
t i v e l y  s low at  the h igher  p a r t i a l  p r e s s u r e s  of oxygen,  
and that  th i s  r a t e  i n c r e a s e s  a s  the oxygen p a r t i a l  p r e s -  
s u r e  i n c r e a s e s .  However ,  be low a p p r o x i m a t e l y  Po2 
= 0.3 arm,  a r a t e  cu rve  has  two p a r t s :  an in i t i a l  p e r i o d  
when the r a t e  i s  qui te  high, and a l a t e r  p e r i o d  when the 
r a t e  is  much lower .  F o r  ins tance ,  a t  PO2 = 0.14 arm, 
the  r a t e  dur ing  the f i r s t  20 to 300 s is  f a s t e r  than i s  
the  r a t e  dur ing  the equiva len t  p e r i o d  with P02 = 1.00 
a rm.  However ,  a f t e r  th i s  in i t i a l  pe r iod ,  the  r a t e  with 
P02 = 0.14 a tm  s lows to b e c o m e  l e s s  than i t  i s  with 
Po2 = 1.00 a tm.  This  o b s e r v a t i o n  of the in i t i a l  r a t e s  
i s  c ons i s t e n t  with that  of Turkdogan  and P e a r c e  t who 
noted that  the  r a t e s  of d e s u l f u r i z a t i o n  of CaO-SiO= 
m e l t s  in pu re  oxygen were  no t i c e a b ly  s l o w e r  than in 
a 1 pc t  Oa +N= mix tu re .  However ,  no ac tua l  r a t e  da ta  
w e r e  p r e s e n t e d  by  these  i n v e s t i g a t o r s .  In F ig .  2 the 
r a t e  cu rve  for  Po2 = 0.021 a tm  is  shown expanded so 
tha t  d e t a i l s  a r e  m o r e  evident .  Po in t s  shown a r e  a c -  
tua l  e x p e r i m e n t a l  poin ts .  The v e r y  e a r l y  induct ion 
p e r i o d  a p p a r e n t l y  a r i s e s  b e c a u s e  the  in i t i a l  flow of 
ox id iz ing  gas  f o r w a r d - m i x e s  with the i n e r t  gas  s t r e a m  
in the  r e a c t i o n  tube jus t  a f t e r  the gas  f low is  changed 
to s t a r t  the e x p e r i m e n t .  Th is  induct ion p e r i o d  b e c o m e s  
neg l ig ib le  for  va lue s  of Po2 g r e a t e r  than 0.1 a tm.  F r o m  
the curve ,  which is  t yp i c a l  of a l l  r a t e  c u r v e s  for  Po2 
< 0.1 a tm,  i t  can be  seen  that  the e a r l y  f a s t  p e r i o d  
obeys  a l i n e a r  r a t e  law. The onse t  of the s l ower  p r o -  
c e s s ,  point  B, o c c u r s  qui te  ab rup t ly .  As the p a r t i a l  
p r e s s u r e  of oxygen is  d e c r e a s e d ,  point  B o c c u r s  at  
h ighe r  and h igher  f r a c t i o n s  of to ta l  su l fur  r e m o v e d  
(Fig .  1). However ,  the r a t e  of the  s l ower  p r o c e s s  a f t e r  
point  B i s  r e a c h e d  d e c r e a s e s  a s  the p a r t i a l  p r e s s u r e  
of oxygen in the incoming  gas  i s  r educed .  

The In i t i a l  F a s t  P r o c e s s  

The l i n e a r i t y  of the  in i t i a l  f a s t  po r t ion  of the r a t e  
c u r v e s  when P02 < 0.1 a tm  sugges t s  tha t  in th i s  r ange  
of oxygen p a r t i a l  p r e s s u r e s ,  the r e a c t i o n  is  gas  t r a n s -  
p o r t - c o n t r o l l e d .  In Fig .  3 the r a t e  of evolut ion  of s u l -  
fur  dur ing  the in i t i a l  p e r i o d  ( i .e . ,  the s lope  of the l ine  
AB in F ig .  2) i s  p lo t t ed  v e r s u s  PO2 for  e x p e r i m e n t s  a t  
s e v e r a l  oxygen p a r t i a l  p r e s s u r e s  with t h r e e  d i f f e ren t  
to ta l  gas  flow r a t e s  and fo r  a nomina l  s u r f a c e  a r e a  of 
the  s l ag  of 2.90 cm 2. The dashed  l ines  a r e  c a l c u l a t e d  
r a t e s  which would be o b s e r v e d  if the to ta l  supply  of 
oxygen gas  we re  consumed  by the r e a c t i o n :  

(S ~-) § 3/2 O= (~) = SO= (g) + (O 2-) [1] 

The s p e c i e s  in p a r e n t h e s e s  a r e  in the s lag .  Ev idence  
that  th i s  i s  the  o v e r a l l  p r o c e s s  wi l l  be given l a t e r .  It 
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can be seen  that  the e x p e r i m e n t a l  r a t e s  v a r y  d i r e c t l y  
with oxygen p r e s s u r e  at  cons tan t  to ta l  flow r a t e  and 
that  a p p r o x i m a t e l y  60 pc t  of the to ta l  amount  of oxygen 
suppl ied  is  consumed  by the r e a c t i o n .  When s m a l l e r  
boa t s  with a nomina l  s u r f a c e  a r e a  of 1.85 cm 2 we re  
used,  l i n e a r  p lo ts  of the d e s u l f u r i z a t i o n  r a t e  vs  PO2 
aga in  were  obta ined.  In th is  case ,  only about  40 pc t  
of the to ta l  oxygen supply  was consumed .  It was a l so  
found that  t e m p e r a t u r e  in the  r ange  of 1360 to 1460~ 
had v e r y  l i t t l e  ef fec t  upon the r a t e  for  the in i t ia l  l i n -  
e a r  p e r i o d  of the cu rve s .  F u r t h e r m o r e ,  the s a m e  curve  
for  the r a t e  of sul fur  r e m o v a l  v e r s u s  PO2 was obta ined  
when the ac tua l  i ndus t r i a l  s l ags  r a t h e r  than the syn -  
the t ic  s lag  were  s tudied .  These  o b s e r v a t i o n s  indica te  
that  the r e a c t i o n  is  con t ro l l ed  by  t r a n s p o r t  in the gas  
phase  for  the f a s t  l i n e a r  p e r i o d  of the r a t e  c u r v e s  ob-  
t a ined  a t  lower  va lues  of Po2. 

Weight Los s  E x p e r i m e n t s  

Addi t iona l  in fo rmat ion  on the na tu re  of the r e a c t i o n  
was ob ta ined  by  wi thdrawing s a m p l e s  r a p i d l y  f rom the 
fu rnace  a f t e r  v a r i o u s  e x p o s u r e  t i m e s ,  quenching them 
in a i r ,  and r e c o r d i n g  the l o s s  in weight .  F o r  these  e x -  
p e r i m e n t s ,  l a r g e  A120 s boa t s  holding about 3.0 g s l ag  
we re  used.  The r e s u l t s  a r e  shown in F ig .  4. In th is  
f igure ,  t = 0 is  the t i m e  at  which the oxygen flow was 
s t a r t e d  with Po2 = 0.0039 a tm.  F o r  th i s  low value  of 
Po2, F ig .  1 shows that  the in i t i a l  l i n e a r  fas t  po r t ion  
of the  r a t e  curve  p e r s i s t s  unti l  n e a r l y  a l l  the sul fur  
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Fig. 2--Typical removal curve for low oxygen levels (Po2 
= 0.021 atm} indicating two rate processes.  A-B initial l in-  
ear rate,  B-C chemical control. T = 1414~ Total gas flow 
rate 1300N ml/min. Nominal surface area  1.85 cm 2. 
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pressure .  
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Fig. 4--Weight loss measurements at low PO2" Po2 = 0.OO39 
atm, T = 1398 to 1412~ Total gas flow rate 1250 to 1350 
ml/min. Nominal surface area 2.90 cm 2. Calculated curve-  
weight loss calculated from weight of sulfur removed and 
stoichiometric addition of oxygen to melt by reaction. 
(S 2-) + 3/2 O2(g ) = (02- ) + SO2(g ). 

has been removed before the transition occurs to the 
slower process. The point at t = 0 was obtained from 
a sample which was melted under argon and then 
quenched in air. It can be seen that a weight loss of 
about 0.005 g occurs in quenching. If the overall re- 
action is that given by Eq. [I], then every S ~- ion re-  
moved from the melt is replaced by an O 2- ion, and 
so the observed weight loss, Aw, at any time would 
be one half of the weight change due simply to the re-  
moval of sulfur, i .e.: 

16.06 (w~- Ms-Mo . ( w ~ - - W s ) =  ~ WS) 
Aw = MS 

= 0.50 (w~ - WS) [2] 

where M s and M O are the molecular weights of sulfur 
and oxygen, w s is the weight of sulfur in the sample at 
any time, and w~ is the initial sulfur content. A plot of 
0.50 (w~ - Ws) calculated from the results of the titra- 
tion experiments described earlier is also shown in 
Fig. 4. The slope of this line is obtained by multiply- 
ing the rate corresponding to PO2 = 0.0039 atm and a 
total flow rate of 1300 ml/min, as read off Fig. 3, by 
the factor of 0.50. An initial induction time of 250 s 
has been estimated for this curve. This is approxi- 
mately the start-up time actually observed in titration 
experiments at this oxygen partial pressure. Fig. 5 
shows results similar to those of Fig. 4, except that 
the experiments were performed at Po2 = 1.00 atm 
where no initial fast portion is observed in the rate 
curves. 

Although the weight l o s s  is  not d e t e r m i n e d  p r e c i s e l y  
b e c a u s e  of the na tu re  of the e x p e r i m e n t ,  i t  a p p e a r s  that  
Eq.  [1] d e s c r i b e s  the o v e r a l l  r e a c t i o n  o c c u r r i n g  at  any 
t ime  both dur ing  the in i t i a l  fas t  p r o c e s s  at  low va lues  
of PO2 and fo r  the s l ower  p r o c e s s  at  Po2 = 1.00 a tm.  
That  i s ,  no a p p r e c i a b l e  amounts  of su l fa te  ions o r  o the r  
oxy - su l f i de  s p e c i e s  a r e  f o r m e d  within the s l ag  at  any  
t ime  dur ing  the p r o c e s s  even though SO~ is  p r o b a b l y  
the t h e r m o d y n a m i c a l l y  s t ab le  f o r m  of su l fur  in t h e s e  
s l a g s  at  t he se  oxygen p r e s s u r e s  and t e m p e r a t u r e s ,  a's 
It is  to be noted that  PS02 is kept  e s s e n t i a l l y  at  z e r o  
by  the na tu re  of the  e x p e r i m e n t .  However ,  t he se  r e -  
su l t s  do not ru l e  out the  p o s s i b i l i t y  that  s p e c i e s  such 
as  su l f a t e s  and p y r o - s u l f a t e s  fo rm  on the s u r f a c e  of 
the me l t .  

F o r  e v e r y  e x p e r i m e n t ,  the to ta l  weight  l o s s  was m e a -  
s u r e d  a f t e r  the su l fur  had been  c o m p l e t e l y  r e m o v e d  
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Fig .  5 - - W e i g h t  l o s s  m e a s u r e m e n t s  a t  P02 = 1.00 a rm.  T 
= 1395 to 1405"C. To ta l  g a s  flow r a t e  1300 m l / m i n .  N o m i n a l  
s u r f a c e  a r e a  2.90 c m  2. C a l c u l a t e d  c u r v e - w e i g h t  l o s s  c a l c u -  
l a ted  f r o m  we igh t  of  s u l f u r  r e m o v e d  and s t o i c h i o m e t r i c  a d -  
d i t ion  of  oxygen  to m e l t  by r e a c t i o n .  (S 2-) + 3 / 2  0 2 (g) = (O 2-) 
+ SO s (g). 

f r o m  the samples .  For  the overa l l  p r o c e s s  r ep resen ted  
by Eq. [1], the weight loss  should be (0.50) .w~ (Eq. [2]). 
In all  cases ,  the total  weight loss  was (0.63 • 0.1) .w~. 
This d i sc repancy  can be explained if about 6 pct  of the 
sulfur  in the sample  was init ial ly p resen t  as  sulfate 
r a the r  than sulfide ions. Some of the weight loss  could 
a lso  resu l t  f rom the oxidation of ca rbon  dissolved or  
entra ined in the s lag  during melt ing of the s lag in 
graphite  c ruc ib les .  Some loss  in weight might resu l t  
f r o m  volat i l izat ion of other  spec ies .  However,  no de-  
posi ts  were  observed  in the cooler  por t ions  of the s y s -  
tem downst ream f r o m  the s lag sample .  

The Slow P r o c e s s  

For  the la t ter  por t ions  of the ra te  curves  at the 
lower  values of P o~ and for  v i r tua l ly  the whole of the 
ra te  curves  at the higher  values  of PO2 (>0.3 arm), the 
re la t ive ly  slow p r o c e s s  that is observed  is no longer  
gas  t r anspo r t - con t ro l l ed .  For  example,  the ra te  of r e -  
moval  of sulfur  is quite insensi t ive to the total gas flow 
for  flow r a t e s  g r e a t e r  than about 500 m l / m i n  measu red  
at 25~ 1 arm. Inc reas ing  the total ra te  f r o m  1300 to 
2300 m l / m i n  only i n c r e a s e s  the ra te  of evolution of SO2 
by  about 3 pr For  flow r a t e s  l e s s  than 500 ml /min ,  
the reac t ion  ra te  drops  off slowly. At a flow ra te  of 
160 ml /min ,  the ra te  of SO2 evolution has dec rea sed  
by about 20 pct  f rom its value at 1300 ml /min .  All 
exper iments  d i scussed  subsequent ly  in this sect ion 
were  p e r f o r m e d  in the high PO2 range at a to ta l  gas 
flow ra te  of 1300 ml/mino 

Attempts  were  made to fit these  r a t e  curves  with a 
wide va r i e t y  of ma themat ica l  re la t ionships ,  and it was 
found that the curves  for  the slow p r o c e s s  can be fit ted 
v e r y  well by a ra te  equation of o rde r  one-half  with r e -  
spect  to sulfur  concent ra t ion .  That is:  

dws /a t  : - k~/" [3] 
where k is the overa l l  r a t e  constant  and w S is the 
weight f rac t ion  of sulfur  in the s lag  at any t ime t. The 
sulfur  concentra t ion,  Cs, is defined in t e r m s  of the 
weight of sulfur  in the s lag  at t ime t and the total 
weight of the slag, WT: 

Cs = W S / W T  [4] 

Thus,  the initial sulfur  concent ra t ion  in the synthetic 

slag, c~, is 0.0159 + 0.0003. However,  cg may  v a r y  
sl ightly f r o m  run to run because  of the smal l  amount  
of sulfur  lost  during equil ibrat ion of t e m p e r a t u r e  under 
an a rgon a tmosphere  before  oxygen is admit ted.  

The value of c~ is not known p r e c i s e l y  for  any given 
run, and a method of analyzing the data has been de -  
v ised which does not depend on it. A calcula ted  value 
of the initial sulfur  content,  wg, is obtained which then 
gives a se l f -cons i s ten t  value of c~. Inser t ing  Eq. [4] 
into Eq. [3] and integrat ing the resu l t ing  equation be -  
tween the l imits  of w~ at to and w s at t g ives :  

( w ~ - W s )  = k  , , ( w - - ~ ) .  (wO S \ , /a h 2 ( t -  to) 
[5] (t - to) ~-~-r + - - 4  

The integrated equation has been manipulated and 
squared  to obtain this fo rm.  In Eq. [5], (w~ - WS) is 
s imply  the amount of sulfur  r emoved  f r o m  t ime t o 
until t ime t. A plot of (w~ - W s ) / ( t  - to) vs (t - to) has 
k .  ( w ~ / W T )  1/2 as the intercept ,  and (kZ/4WT) as  the 
slope, w T is known, and so h and w~ can be obtained 
for  each exper iment .  For  all ra te  cu rves  analyzed 
in this way, the value of wg obtained was within 7 pct  
of the total initial sulfur  content  of the s lag  which was 
found by chemical  analys is  to be 1.59 pct  by  weight. 

Several  plots of (wg - W s ) / ( t  - to) vs (t -- to) a r e  
shown in Fig.  6 for  va r ious  t e m p e r a t u r e s  when PO~ 
= 1.00 arm, and a lso  for  va r ious  oxygen par t ia l  p r e s -  
su res  with t empe ra tu r e s  within 5 ~ of 1412~ For  all 
the curves  with PO2 = 1.00 arm, and for  the curve  with 
P O5 = 0.54 atm, t o was taken as the t ime at which the 
oxygen was f i r s t  admit ted.  The l inear  plots obtained 
indicate that the p r o c e s s  is desc r ibed  sa t i s fac to r i ly  
by Eq. [3], and that this r a t e  law is obeyed even dur ing 
the initial per iod  of the exper iments  when Poz -> 0.54 
a t m  ~ 

With PO2 - 0.27 arm, l inear  plots a r e  not obtained 
in Fig. 6 during the initial por t ions  of the curves  b e -  
cause  of the rap id  initial ra te .  However,  these cu rves  
do become  l inear  af ter  some  t ime has e lapsed and thus 
the s lower  p r o c e s s  encountered during the la t ter  p a r t s  
of these exper iments  a lso  compl ies  with Eq. [3]. In the 
analys is  of the curves  for  Poz  -< 0.27 arm, it was not 
possible  to take t o as  the t ime at which the oxygen was 
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Fig .  6 - - T e s t  of  h a l f - o r d e r  r a t e  law (Eq. [5]) at  d i f f e r e n t  t e m -  
p e r a t u r e s  and  POz- To ta l  g a s  flow r a t e  1250 to 1350 m l / m i n .  
N o m i n a l  s u r f a c e  a r e a  1.85 c m  2. 
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f i r s t  admit ted.  Rather ,  a ca lcu la ted  value of t o in each 
case was obtained by solving Eq. [5] for t o us ing  three  
widely spaced expe r imen ta l  points  taken f rom the l a t e r  
por t ion  of the r a t e  curve,  and by e l imina t ing  w~ and k 
f rom the th ree  r e su l t an t  s imul t aneous  equat ions.  Al-  
t e rna t ive ly ,  these  curves  could be analyzed by a r b i -  
t r a r i l y  choosing t o as some large  value (say 3000 s), 
and then plot t ing ( w ~  - W s ) / ( t  - to) vs (t - to) as  before .  
In this  case,  w~ is the value of w s at t = to, and (w~ - Ws) , 
as well as (t - to) , can have posi t ive  or negat ive  va lues .  
Rate constants  were also ca lcula ted  in this  way, and 
were  found to be in exce l len t  ag r eemen t  with those ob-  
ta ined by the f i r s t  method. 

The ra te  cons tant  k for the slow p r o c e s s  i n c r e a s e s  
with i n c r e a s i n g  Pc2 and the most  sa t i s f ac to ry  c o r r e l a -  
t ion found is shown in Fig.  7, where  log k v a r i e s  d i -  
r ec t ly  with 1 /Pc2  over  the range  0.14 _< PC2 -< 1.00 
a tm.  No s imple  co r re l a t ion  of the fo rm k cc p n was 
found. ,~2 

T e m p e r a t u r e  has a la rge  effect upon the ra t e  of the 
r eac t ion  when PC2 = 1.00 a tm.  Values of the ra te  con-  
s tant  k calcula ted us ing Eq. [5] a r e  shown in Fig. 8 for 
expe r imen t s  at 1445, 1413, 1411, 1402 and 1363~ An 
apparen t  exper imen ta l  ac t ivat ion energy  of 65 kcal  is 
obtained for the p roce s s  at Pc2 = 1.00 atm.  

The use of Eq. [5] to obtain k depends upon the total  
sample  weight w T .  To examine  the effect of changes 
in W T ,  an expe r imen t  was conducted with w T = 0.8216 g 
which is about one-hal f  the usual  amount  of slag.  The 
r e s u l t s  a re  shown in Fig.  6 as the curve  at 1411~ and 
Pc2 = 1.00 atmo The value of k so ca lcula ted  is plotted 
in Fig.  8, and is in good a g r e e m e n t  with the va lues  ob-  
ta ined  for w T ~ 1.5 g. 

Because  the slow p roces s  obeys a r a t e  equation which 
is h a l f - o r d e r  with r e spec t  to the concen t ra t ion  of su l fur  
in the slag, (Eq. [3]), it would appear  that the reac t ion  
is cont ro l led  by a chemica l  p rocess .  The reac t ion  is 
much fas te r  than would be expected if bulk diffusion in 
the s lag were the r a t e - d e t e r m i n i n g  step with the diffu- 
s ion coeff ic ients  for  oxygen and sulfur  be ing of the 
o rde r  10 -5 to 10 -6 cm2/s ,  which is the probable  range  
for spec ies  in l iquid s lags  at these  t e m p e r a t u r e s .  4 
This  indica tes  that there  is some bulk mixing  of the 
mel t ;  however ,  the mixing appears  not to be rapid  over  
the s e v e r a l  minu tes  r e q u i r e d  for a typical  exper iment .  
The broad  shallow conf igura t ion of the sample  com-  
b ined with such s t i r r i n g  should e n s u r e  that diffusion 
in the s lag  is not r a t e - l i m i t i n g  for this  expe r imen ta l  
a r r a n g e m e n t .  Examina t ion  of the su r f aces  of quenched 
spec imens  indicated that a s l ight  bubbl ing act ion oc-  
cu r s  at the s lag  sur face .  However,  no bubbles  were 
found within the bulk of the mel t  or  along the walls  of 
the a lumina  boats .  The bubbl ing  is audible  as a sl ight 
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Fig. 7--Effect of oxygen pressure on rate constant for half- 
order process. Nominal surface area 1.85 cm 2. Tempera- 
tures in the range of 1407 to 1417~ 
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Fig. 8--Effect of temperature on rate constant for P 0 2  = 1.00 
atm. Nominal surface area 1.85 cm 2. Flow rate 1300N ml/min. 

c rack l ing  sound when oxygen is admi t ted  and ceases  
immed ia t e ly  when the reac t ion  tube is f lushed with 
argon.  To de mons t r a t e  that the sur face  bubbl ing was 
caused by the evolut ion of SO~ alone and not by the oxi-  
dat ion of ca rbon  d isso lved  or  en t r a ined  in the synthet ic  
s lag dur ing  p r e m e l t i n g  in a graphi te  c ruc ib le ,  a s a m -  
ple of s lag was p r e p a r e d  i n  s i t u  by mixing the powdered 
oxides (CaO + AI~O s + SIC2) with CaS and mel t ing  the 
mix ture  in the a lumina  boat  in the r eac t ion  furnace  
under  argon.  Bubbling o c c u r r e d  as soon as  oxygen was 
admit ted.  Turkdogan and P e a r c e  I a lso  obse rved  gas 
bubbles  in quenched samples  of CaO-StO2 s lags  which 
had been  desu l fu r ized  in pure  ca rbon  dioxide. However, 
these  bubbles  were  a t t r ibu ted  to the p r e s e n c e  of CO,. 
in the l iquid slag.  

T r a n s i t i o n  f rom Fas t  to Slow P r o c e s s  

The t r ans i t i on  f rom a fast  to a slow process ,  approx-  
imate ly  point  B in Fig.  2, was a l so  s tudied by the ex-  
p e r i m e n t  shown in Fig.  9. A sample  of s lag  was ex-  
posed to a gas s t r e a m  with a r e l a t i ve ly  high oxygen 
pa r t i a l  p r e s s u r e  of 0.22 arm for 1000 s. The pa r t i a l  
p r e s s u r e  of oxygen in the s t r e a m  was then quickly de -  
c r e a se d  to 0.045 a tm where it was held for  410 s, and 
then it was dec reased  to 0.0032 arm.  In each case ,  the 
r a t e  of su l fur  evolut ion immedia t e ly  i nc r e a se d  follow- 
ing the dec rea se  in oxygen pa r t i a l  p r e s s u r e .  Thus,  the 
t r a n s i t i o n  f rom the fast  to the slow p roces s  is  r e v e r -  
s ible ,  and may also occur  in the opposite d i rec t ion .  
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Fig. 9--Effect of suddenly changing oxygen pressure on sulfur 
removal. T = 1411~ Total gas flow rate 700• 50 ml/min. 
Nominal surface area 2.90 cm 2. 
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The results  shown in Fig. 9 are  consistent with the ob- 
servations in the res t  of this investigation in that a 
sudden decrease in the oxygen partial pressure  to zero 
during an experiment by flushing with argon resulted 
in an immediate cessation of SO2 evolution. 

The point B in Fig. 2 can be determined accurately, 
and this point may be taken as a semi-quantitative mea- 
sure of the position of the transition from the fast to 
the slow process .  As PO2 is decreased, the point oc- 
curs at continually lower concentrations of sulfur r e -  
maining in the slag. Fig. 10 is a plot of the concentra-  
tion of sulfur remaining in the slag at point B (ex- 
pressed as the fraction of the initial sulfur) vs Poz 
for several  experiments with different surface areas  
and at different total flow rates  of gas. The line drawn 
on the logarithmic plot in Fig. 10 has a slope of �89 and 
thus defines a locus of constant c S / P ~ .  

The position of the line in Fig. 10 is not affected sig-  
nificantly by temperature.  Rate curves obtained with 
actual blast  furnace slags also exhibited "break 
points ."  These points, when plotted in Fig. 10, lay 
slightly above the points for the synthetic slags. More 
significantly, the addition of 2.02 wt pet MnO has no 
apparent effect on the position of the break point, al-  
though the addition of this much MnO has a large accel-  
erating effect upon the rate of the slow process  which 
occurs  after point B as discussed in the following sec-  
tion. 

Addition of Oxidizable Species 

The overall reaction of oxidizing sulfur f rom the 
slag to form SOs, Eq. [1], involves a charge t ransfer  
step. A possible reaction is: 

(S 2-) + O(ad) = (0 z-) + S(ad) [6] 

where 0 (ad) and S (ad) represent oxygen and sulfur ad- 
sorbed on the surface of the melt and the charged spe- 
cies are  dissolved in the slag. In the present discus- 
sion, it is postulated that this charge t ransfer  is the 
rate-determining step in the slow process  occurring 
at the higher values of PO2. The addition of an oxidiz- 
able species such as iron to the melt could accelerate 
the process  by providing a charge ca r r i e r  as, for ex- 
ample, in the paired reactions:  

(S z-) + 2Fe s+ = S (ad) + 2Fe 2+ [7] 

O(ad) + 2Fe ~+ = (O s-) + 2Fe s+ [8] 

where Eq. [7] and Eq. [8] sum to give Eq. [6]. The 
same general effect would also be obtained if the ad- 
sorbed species were for example S-(ad) and O-(ad). 

To test the possible effects of the presence of an oxi- 
dizable species on the rate of evolution of SO2, small 
quantities of several  oxides were mixed in with the 
powdered slag when it was charged into the reaction 
boat. The effect of each oxide was tested separately, 
and additions were made up to 0.28 pct FesOs, 0.26 pct 
FesO 4 and 6.93 pet MnO. As was the case  with the syn- 
thetic slags without these special additions, no SOs is 
evolved unless the gas passing over the system con- 
rains oxygen. 

The results  showed at Po2 = I atm that additions of 
iron and manganese oxides greatly accelerate the rate 
of evolution of SO s and that the rate is no longer half- 
order  with respect  to c S (Eq. [3]). An addition of 0.28 
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Fig. 10--Effect of oxygen p r e s s u r e  on sulfur content of s lag 
at t rans i t ion  point (point B, Fig. 2) in sulfur  removal  curve 
( r  2 ~- 3). Nominal t empera tu re ,  1412~ E r r o r  l imit  is v~ 
:L0.06 on all points. 

pct FesO s was found to be ten times more effective than 
was a like addition of MnO in increasing the rate of r e -  
moval of sulfur. On the basis of the model described 
by Eqs. [6]. [7] and [8], it is to be expected that the ef- 
fect of manganese would not be as great as that of iron. 
This is because the trivalent state of Mn is less stable 
relative to the divalent state than is the case for Fe 
and also the difference between the second and third 
ionization potentials of manganese is approximately 
30 pct greater  than that for iron. 

Kinetic analysis of the data indicates that above a 
crit ical concentration of MnO and for the part icular  
amounts of FesO s considered, the initial rate is approx- 
imately f i rs t  order with respect  to the concentration of 
sulfur in the slag. As the reaction proceeds, apparently 
the rate process  changes back to being half-order  in 
slag sulfur concentration. This apparent change in the 
order  of the reaction depends on the concentration of 
the metal ion added and the time over which the reac-  
tion takes place and requires further investigation. 

When actual industrial blast furnace slags were ex- 
posed to oxygen gas at high partial  p ressures  (I)O2 -> 0.1 
aim), SO 2 was evolved so rapidly that the slags foamed 
out of the alumina boats. This rapid evolution is be- 
lieved to result  f rom the relatively large amounts of 
iron and manganese in these slags. When additions of 
more than 1.0 wt pct FesO s were made to the synthetic 
slag, it also foamed out of the boat, and the rate of evo- 
lution of SOs was too rapid to be measured. 

Effect of Changes in Slag Basicity 

Additions of calcium oxide and magnesium oxide 
modestly increased the rate of evolution of SO2. Typi- 
cal curves for the two oxides are shown in Fig. 11 
where it is seen that an addition of MgO has almost  the 
same effect as does one of CaO. The addition of 4 pct 
CaO increased the initial rate over that of the untreated 
slag by approximately 30 pct; this is equivalent to in- 
creasing the l ime-si l ica  ratio (wt pct) to 1.2 from 1.1. 
The addition of 4.6 pct MgO increased the initial rate 
over that of the untreated slag by approximately 20 pct; 
this is equivalent to increasing the basicity ratio (pct 
CaO +pc t  MgO)/(pct SiO s +pc t  AlsOs), from 0.77 to 0.85. 
Because neither calcium nor magnesium are oxidizable 

1168-VOLUME 5, MAY 1974 METALLURGICAL TRANSACTIONS 



- i~ / /  / "  

E 8 �9 

~ 4 

o 

o 2 

I I I I I I 
0 I00 200 300 400 500 600 700 800 900 I000 I100 

T ime  , e. 

Fig. ll--lnerease in the rate of sulfur removal by MgO and 
CaO additions at PO- = 1 atm for temperatures in the range z 
1400 to 1407~ Flow rate 1340 N ml/min. 

in the slag, it is believed that the effect is to be associ- 
ated with their influence on slag basicity. It is to be 
noted that these oxides had approximately 1/15th the 
effect of MnO and 1/150th the effect of iron oxides for 
a given weight of addition on the rate of evolution of 
SO2 from the liquid slag. It was also found that small 
additions of SiO s slightly decreased the rate of SO s evo- 
lution from the slag (Po2 = 1 atm). The influence of 
slag basicity on the kinetics of evolution of SO s does 
not appear to be large, but more work on the matter 
is needed. 

DISCUSSION 

Transition from Fast to Slow Process, 
Pure Oxide Melts 

The transition from the initial fast process to the 
slow process as oxygen partial pressure is in- 
creased may result from the "poisoning" of the sur- 
face at higher oxygen partial pressures. Let it be as- 
sumed that oxygen and sulfur may be adsorbed on the 
surface as S (ad) and O (ad) atoms, and that an active 
surface site may be occupied by either oxygen or sul- 
fur or it may be vacant. If the assumptions used in the 
derivation of the Langmuir isotherm s are valid in the 
p r e s e n t  ca se ,  then:  

pUS r o  
= K o .  rD [9] 

rs 
Cs = Ks" [10] 

where FO, F s and F D are the numbers of active sur- 
face sites that are occupied by oxygen, O(ad); sulfur, 
S (ad); and are vacant, respectively. It is to be recog- 
nized that the adsorbed oxygen and sulfur may be 
charged. K O and K s are constants, and c s is the bulk 
concentration of sulfur in the slag. It is assumed here 
that the rates of adsorption and desorption of species 
to and from the gas phase and the rate of diffusion of 
species in the liquid slag are sufficiently rapid rela- 
tive to the rate of reaction of the adsorbed species to 
form SO z so that equilibrium between S (ad) and the sul- 
fur in the bulk of the melt, and between O(ad) and Os(g), 
can be assumed. From Eqs. [9] and [I0]: 

r s  c S 
_ _  [11] 

FO pl/S 
02 

If the s u r f a c e  is  n e a r l y  c o v e r e d  with 0 (ad) a toms ,  then 
r o / ( r  s + F o + r [ ] )  ~ 1, and 

rs cs/P   [121 
As the oxygen p a r t i a l  p r e s s u r e  i n c r e a s e s  and the s u l -  
fu r  concen t r a t i on  d e c r e a s e s ,  F s con t inua l ly  d e c r e a s e s .  
A s s u m i n g  that  the f a s t  p r o c e s s  o c c u r r i n g  dur ing  the 
in i t i a l  s t a g e s  of the r a t e  c u r v e s  depends  s t r o n g l y  upon 
t h e r e  be ing  a suf f ic ien t  c onc e n t r a t i on  of a d s o r b e d  s u l -  
fur  on the  su r f ace ,  t h e r e  m a y  come a c r i t i c a l  va lue  of 
F ~  and hence  (c s / ~ O 2 / ,  be low which a t r a n s i t i o n  to 
ano the r  r e a c t i o n  m e c h a n i s m  may  occu r .  The ab rup t  
na tu re  of the o b s e r v e d  t r a n s i t i o n  m a y  be the  r e s u l t  of 
a t r a n s i t i o n  f r o m  a d i s t u r b e d  to a m o r e  qu ie scen t  s u r -  
face  a s  F s r e a c h e s  a c r i t i c a l  va lue  and the r a t e  of SO~ 
evolu t ion  a b r u p t l y  d e c r e a s e s .  Thus,  the o b s e r v a t i o n  of 
a " c r i t i c a l "  va lue  of c s /P~/ i s  a s  shown in Fig .  10 can 
be exp la ined  by  " p o i s o n i n g "  of the s u r f a c e  by  a d s o r b e d  
oxygen.  

Another  p o s s i b l e  exp lana t ion  of the o b s e r v a t i o n s  is  
that  " p o i s o n i n g "  of the s u r f a c e  by  a d s o r b e d  o x y - s u l -  
f ide s p e c i e s  such as  SO~- (ad) or  SOs (ad) o c c u r s  at  the 
h ighe r  oxygen p a r t i a l  p r e s s u r e s .  

Order One-Half Reaction, CaO-Al2Os-SiO2 
Melts 

For a CaO-A12Os-SiO 2 slag containing sulfur only, 
the rate of evolution of SO s at higher oxygen partial 
pressures has been shown to be half-order with re-  
spect to Cs, Eq. [3]. Furthermore, the overall process 
is described by Reaction [I], and the results of the 
studies with iron and manganese oxide additions indi- 
cate that a charge transfer process is rate-controlling 
even though the reaction no longer obeys Eq. [3] with 
appreciable additions of these oxides. 

For the pure oxide melts (no iron or manganese ad- 
ditions), the results may be explained as follows: A re-  
action obeying an order one-half rate law will occur in 
the following general case. Suppose that a number of 
reactants, RI, R s , . . . ,  R n react to form two intermedi- 
ate species 11 and Is: 

R 1 + R  s + . . . . .  + R  n = I ,  + I  s [13] 

Reaction [13] is assumed to be fast in both directions 
and the equilibrium is described by 

K l s  = c I '  ~ c I2  [14] 
eRr  " CR2 " . . . " CRn 

where  K~s is  the e q u i l i b r i u m  constant ,  and c i is  the 
concen t r a t i on  of s p e c i e s  i.  The two i n t e r m e d i a t e s  I~ 
and I s now f o r m  p roduc t s  P ,  and Ps a c c o r d i n g  to: 

I f - -  PI [15] 

I s -  Ps [16] 

Reactions [15] and [16] are assumed to be slow rela- 
tive to reaction [13], and it is assumed that no signifi- 
cant back-reaction occurs in either case. 

At steady-state, stoichiometric restrictions require 
that the rates of formation of Pl and P2 be equal. 
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Hence, the overall  rate, dw/dt ,  is given by 

dw/dt  = k15. c11 = kle .  c12 [17] 

where k15 and k~, are the rate constants for reactions 
[15] and [16] in the forward direction. Combining Eqs. 
[14] and [17] results  in the expression: 

dw/dt  oc (Kxakx, k l .  )l/z "c'/2R,"'" "C~.~ [18] 

For the desulfurization process,  then, it is required 
that two intermediate species be formed during the 
course of the overall  reaction (Eq. [1]), and that these 
two intermediates then decompose by two slow para l -  
lel steps. Assume, for example, that adsorbed oxygen 
and sulfur in the slag react  with O2 (g) to form SO~. (ad). 
The existence of the species O-(ad) is also postulated, 
and the following equilibrium equation may be written: 

(S z-) + 30(ad) + �89 = 802 (ad) + 20-(ad) [19] 

it being the sum of the following: 

[] + �89 (g) = O (ad) [19a] 

[] + (S z-) + 20(ad) ~ S(ad) + 20-(ad) [19b] 

S(ad) + 20(ad) ~-- SO~.(ad) + 2[3 [19c] 

where [] represents  a vacant active surface site. The 
equilibrium constant for Eq. [19] is: 

"rso2 [20] 
K,,_- P  .cs 

where 1,i is the surface concentration of species i (ad). 
The f irs t  of the two slow parallel steps is the com- 

bination of the intermediate species O-(ad) to form O "- 
ions in the bulk of the melt. This may be the slowest 
step in the overall charge transfer  process.  The sec-  
ond slow parallel  step is the desorption of SO2 (ad) 
molecules. That is: 

O-(ad) + O-(ad) ~ (O 2-) + O(ad) + [] [21] 

SO s (ad) ~ SOs (g) + [] [22] 

Setting 

" [23] k~l 1,O- = k221"802 

and substituting this expression into Eq. [20], an ex- 
pression is obtained for the overall rate of reaction 1 
by ~.q. [18]: 

dw/dt  oc (Klg.kz 1 .k2~)1/2. CIS/2. pI/402 F~ ~ [24] 

Thus, dw/dt  oc c~l z as observed. 
For nearly complete coverage by O (ad) atoms, 1,0 

approaches a constant value and dw/dt  cc p ~ 4  For very 
1/2 x"'2 low coverage by O (ad) atoms, r Occ p~ (Langmuir iso- 

therm), and dw/dt  oc Po2- Near PO2 = ~.00 atm, dw/dt  
is, in fact, observed to vary  approximately as la~.  

This model is presented to illustrate the general 
sort  of process  which is occurring. Several different 
models, all with two parallel slow steps involving 
charge t ransfer  and desorption, but differing in the 
details of the part icular  participating species, can be 
postulated, and will all result  in an overall rate equa- 
tion of the form of Eq. [3]. 

A possible explanation of the effects of additions of 
iron and manganese oxides is that reactions [7] and 
[8] could provide the means for partially, or wholly, 
by-passing reaction [21]. Then all steps necessary  to 

l l 7 0 - V O L U M E  5 , M A Y  1 9 7 4  

the formation of SO, (ad) would be fast and only Eq. 
[22] would be slow. As a result,  the order  of the pro-  
cess with respect  to sulfur in the slag increases  to- 
wards 1. 

C ONC LUSIONS 

A liquid synthetic (CaO-AlzOs-SiO2-S) blast furnace 
slag exposed to mixtures of oxygen and an inert gas 
will evolve SO 2 gas at a very  rapid rate for 0.003 
-< PO2 -< 0.1 atm. At about Po2 = 0.1 atm, a t ransi -  
tion in the rate occurs  early in the process  with the 
fast initial rate followed by a slower rate.  With in- 
creasing oxygen pressures  the fast initial process  in- 
creases  in rate, but decreases  in duration and the 
slower second process  increases in rate. The rate 
of the initial process  is gas t ransport  controlled and 
the second process  is chemically controlled. The 
transition is reversible and this may be shown by 
suddenly decreasing PO2 to a low value during an ex- 
periment to give an increased rate of SO s evolution 
and a transition back to the fast process .  The t ransi -  
tion may result  from the "poisoning" of the surface 
at higher values of PO2 by adsorbed oxygen or oxy- 
sulfide species. 

Weight loss experiments indicate that the overall 
process  at any time and at any PO involves the re -  2- . 2 . 
placement of $2- ions by O ions according to the re -  
action 

($2-) + 3 / 2 0 a ( g  ) = SOs(g ) + (02-) [25] 

No appreciable amount of sulfate ions or other oxy- 
sulfide species is formed within the bulk slag at any 
time. 

For the slower process  occurr ing at oxygen partial 
p ressures  between 0.1 and 1 atm, the rate at which 
sulfur is removed from the CaO-A12Os-SiO2-S melts is 
proportional to the square root of the sulfur concentra-  
tion in the slag, Cs, i .e. ,  the process  is half-0rder  with 
respect  to sulfur in the slag. 

dw S 
---dT-- = - k(Cs)'/2 [26] 

This half-order  dependence on sulfur concentration 
may be explained by an initial fast reversible reaction 
to form two intermediate species which then decom- 
pose at equal rates to give the final products. An ac-  
tivation energy of 65 kcal has been obtained for this 
process  at lao~ = 1 atm. 

When the oxxdes of metals that can exist in two va-  
lence states, such as iron (Fe § Fe §247247 or manganese 
(Mn §247 Mn §247247 are added to the oxide melt, the rate of 
evolution of SO, at PO2 = 1 atm is enhanced. It is found 
that iron is more effective than is manganese in in- 
creasing the rate. With more than 1 wt pct Fe20 s in a 
synthetic slag, SO s is evolved so quickly that measure-  
ments cannot be made because violent bubbling occurs.  
The rate of evolution of SOs from a commercial  slag is 
very  rapid, apparently as a result  of this slag contain- 
ing some iron and manganese oxides. These observa-  
tions indicate that a charge transfer  process  involving 
oxygen and/or  sulfur ions is rate-controlling, and that 
ferrous and fer r ic  ions (or Mn2§ Mn s§ ions can act 
as charge ca r r ie r s .  The order  of the process  with r e -  
spect to sulfur in the slag appears to increase with the 
addition of iron and manganese oxides. This change to 
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a h i g h e r  o r d e r  p r o c e s s  i s  d e p e n d e n t  on the  c o n c e n t r a -  
t ion  of  the  m e t a l  ions  added  and the  e f f e c t  of  such  a d -  
d i t i ons  of m e t a l  ions  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  

Add i t i ons  of  MgO, C a O  o r  SiO2 to t he  s l a g  h a v e  r e l a -  
t i v e l y  l i t t l e  e f f e c t  on the  r a t e  of e v o l u t i o n  of SO2 c o m -  
p a r e d  to a d d i t i o n s  of i r o n  and m a n g a n e s e  ox ide s .  T h i s  
i n d i c a t e s  t h a t  t h e r e  shou ld  be  l i t t l e  e f f e c t  of s l a g  b a -  
s i c i t y  on the  p r o c e s s .  
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