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E x p e r i m e n t s  we re  c a r r i e d  out to c o m p a r e  the  r a t e s  of f o r m a t i o n  of CaS on CaO c r y s t a l s  
which were  e i t he r  i m m e r s e d  in a s u l f u r - b e a r i n g ,  c a r b o n - s a t u r a t e d  i ron  me l t  o r  he ld  in 
the eff luent  g a s e s  ju s t  above the mel t .  T e m p e r a t u r e s  r anged  f r o m  1375~ to 1600~ and 
t i m e s  r anged  f r o m  one to twelve  hours .  The CaS l a y e r s  we re  m e a s u r e d  both m e t a l l o -  
g r a p h i c a l l y  and with an e l e c t r o n  m i c r o p r o b e .  Data on the t i m e  and t e m p e r a t u r e  depen -  
dence of the l a y e r  t h i ckness  a r e  p r e s e n t e d .  These  l a y e r s  w e r e  about 15 m i c r o n s  th ick  
a f t e r  6 h at  1460~ independent  of whether  o r  not the c r y s t a l  was i m m e r s e d  in mol ten  
i ron .  The r o l e  of l i m e  in the de su l fu r i z a t i on  p r o c e s s  is  to ac t  as  a ge t t e r  for  r e m o v a l  of 
su l fur  f rom the gas  s t r e a m .  

MucH at tent ion  has  been  given r e c e n t l y  to l i m e  as  a 
d e s u l f u r i z i n g  agent ,  e s p e c i a l l y  in the c l ean ing  of sou r  
s t a c k  ga se s .  The f indings  r e p o r t e d  in th i s  pape r  m a y  
have some  b e a r i n g  upon th is  p r o b l e m  even though the 
e m p h a s i s  is  d i r e c t e d  e x c l u s i v e l y  to the d e s u l f u r i z i n g  
of i ron .  

The d e s i r a b i l i t y  of us ing  so l id  l ime  dur ing  o r  ju s t  
a f t e r  the b l a s t  fu rnace  ope ra t ion ,  when the ca rbon  con-  
tent  of the i ron  is  s t i l l  qui te  high, and the consequent  
ac t i v i t y  of oxygen is  low, has  been  d e m o n s t r a t e d  b y  
t h e r m o d y n a m i c  ca l cu l a t i ons .  The r e a c t i o n  which can  
be  used  to d e s c r i b e  the o v e r a l l  p r o c e s s  i s  

CaO(s )  + C_(gr) + S_(pct) ~ CaS(s)  + CO(g) .*  [1] 

*The nomenclature used in the chemical reactions throughout this paper indi- 
cates the standard states or the compounds as follows: 

CS (g), CO (g): the gases at 1 atmosphere partial pressure, sulfur or oxygen 
dissolved in liquid iron with respect to a reference state. 

S_ (pet),O (pc0: the (hypothetical) 1 pet solution in pure, liquid iron. 
_C (gr): carbon dissolved in liquid iron with respect to graphite as 

the standard state. 
CaS(s), CaO(s): pure, solid calcium sulfide or calcium oxide. 

All of the standard states are at the temperature in question. 

E q u i l i b r i u m  ca l cu la t ions  have shown that  with c a r b o n  
monoxide  p a r t i a l  p r e s s u r e s  as  high as  1 a t m o s p h e r e  
the e q u i l i b r i u m  sul fur  content  o r  c a r b o n - s a t u r a t e d  
i ron  can be  r e d u c e d  to as  low as  10 p a r t s  pe r  mi l l i on  
by  th i s  r eac t i on .  1'~ 

I ron,  e s p e c i a l l y  h i g h - c a r b o n  o r  h igh - s i l i con  i ron ,  
can be e f f ec t ive ly  d e s u l f u r i z e d  by  reduc ing  the gas  
p r e s s u r e  at  the g a s - m e t a l  i n t e r f ace  and a l lowing s u l -  
fur  to v a p o r i z e  as  one o r  m o r e  s u l f u r - b e a r i n g  gas  
s p e c i e s .  Many i n v e s t i g a t o r s  3'4'6'6'~ have o b s e r v e d  and 
r e p o r t e d  th is  phenomenon.  Zubrev et al.a have r e c e n t l y  
examined  the k ine t i c s  of de su l fu r i z a t i on  of s t e e l  by  
blowing powdered  l i m e  into the  mol ten  s t ee l .  They 
found the r e a c t i o n  k ine t i c s  to be  con t ro l l ed  by  the s u r -  
face  a r e a  of the  l ime  powder  which was exposed  to the 
s t ee l .  

The ob jec t ive  of th is  work  is  to c o m p a r e  two p r o -  
posed  m e c h a n i s m s  for  Reac t ion  [1] which a r e  i l l u s -  
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t r a t e d  in F i g s .  l ( a )  and l (b) .  In m e c h a n i s m  (a), l ime  
ac t s  only  as  a ge t t e r  for  the su l fur  and does  not en te r  
into the ac tua l  de su l fu r i z a t i on  r eac t i on .  In m e c h a n i s m  
(b), the r a t e - l i m i t i n g  s t ep  in the  d e s u l f u r i z a t i o n  is  the  
su l fu r -oxyge n  dif fus ion through the CaS with the  s u b s e -  
quent deoxida t ion  of the  i ron  by  ca rbon .  E x p e r i m e n t s  
were  des igned  to m e a s u r e  and c o m p a r e  the r a t e s  of 
f o r m a t i o n  of CaS on CaO c r y s t a l s  which were  e i t he r  
i m m e r s e d  in a c a r b o n - s a t u r a t e d  i ron  me l t  o r  held  at  
t e m p e r a t u r e  in the eff luent  g a s e s  above  the mel t .  

EXPERIMENTAL PROCEDURE 

Time  and t e m p e r a t u r e  s tud ies  we re  made  on s ingle  
c r y s t a l s  of fused  l ime ,  which we re  exposed  to 700 g 
of su l fu r i zed ,  c a r b o n - s a t u r a t e d ,  l iquid  i ron.  A s c h e -  
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Fig.  1 - - D i a g r a m  of the  p o s s i b l e  s u l f u r  and  oxygen  p a t h s  for  
d e s u l f u r i z a t i o n  of  c a r b o n - s a t u r a t e d  i r o n  wi th  l i m e  r e a c t i o n s :  
(a) _S ~ S (g), fo l lowed by S (g) + CaO (s) + CO (g) ~ CaS (g) 
+ CO 2 (b) C a O ( s )  + _ S ~  CaS(s )  + O, fo l lowed by C + O 

CO (g). 
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mat ic  d iagram of the fu rnace  used for mos t  of the ex-  
p e r i m e n t a l  r uns  is p ic tu red  in Fig.  2. The s y s t e m  
cons is ted  of two s t a i n l e s s  s teel  vacuum tanks  with an 
induct ion-heated  c ruc ib l e  made f rom AUC graphi te .  
The l ime was held in pos i t ion  by a net  of graphi te  yarn  
in a graphite  j ig  which could be manipula ted  into or  
away f rom the c ruc ib le  by  an ex te rna l  cont ro l  in the 
l id  of the vacuum tank.  At the comple t ion  of the r un  
the l i m e - c o n t a i n i n g  j ig  was allowed to f r eeze  in the 
i ron .  When cold, the c ruc ib l e  was sec t ioned  and the 
i ron  containing the i m m e r s e d  l ime  c rys t a l  was mounted,  
pol ished and examined  with optical  me ta l lography  and 
also with the e l ec t ron  mic roprobe .  The s ame  p r o c e -  
dure  was repea ted  with l ime  c ry s t a l s  which had been  
exposed to the a tmosphe re  above the mel t  but  not i m-  
mer sed .  P a r t i c u l a r  a t tent ion was paid to the i r o n -  
l ime  or g a s - l i m e  in te r face  where a ca lc ium sulf ide 
l aye r  had bui l t  up dur ing  the course  of the e x p e r i m e n -  
ta l  run.  

The batch m a t e r i a l s  used for the i ron  a l loy were  
E lec t ro ly t ic  Glidden Pure  Iron Melt ing Stock (Regular  
A-101 type),* g r anu l a r  FeS, and graphi te  chips.  The 

*Iron supplied by Inland Steel Research Labs. 

l ime  was c o m m e r c i a l l y  fused CaO (Dynacel) .* Each 

*Supplied by Dynamit Nobel Aktiengesellschaft. 

crystal was cleaved before each run, having the double 
advantage of insuring flat, perpendicular surfaces for 
easy examination and flat, clean surfaces for reproduc- 
ibility. They were handled exclusively with tweezers. 

Fig. 3 shows a partially immersed lime crystal after 
exposure to a melt but before being polished. When the 
crystals were polished they were usually completely 
transparent. This macrograph is of a lime crystal 
from run 4a. The lime crystal was only partially im- 
mersed due to the high buildup of graphite on the melt 
surface. The remnants of the graphite glisten in this 
picture. The lighter area on the lower half of the crys- 
tal is the CaS layer; however, it has chipped off of the 
upper half. The slug of metal in which the crystal is 
embedded is one inch in diameter. The sulfur content 
of the liquid metal was stabilized by carrying out the 
experiments under an atmosphere of flowing CO at 10 
mm Hg pressure. This suppressed the desulfurization 
due to the evolution of sulfur-bearing gases (e.g., S, 
CSa, CS, COS, and so forth). After the metal and cru- 
cible had cooled and the vacuum broken with air, the 
non-immersed crystal was removed and mounted and 
examined both metallographically and by electron mi- 
croprobe. Sulfide layer thickness measurements were 
made perpendicular to the lime-metal or lime-gas in- 
terface on a calibrated, moveable stage microscope 
and on metallographic photomicrographs. They were 
confirmed by electron microprobe analysis. Micro- 
probe traverses across the lime-metal interface were 
generally stepped at 2 micron intervals. The calcium 
and sulfur contents were measured at each point. 

Two supplemental experimental runs, also carried 
out in a vacuum induction furnace, were made to dem- 
onstrate the affinity of CaO for sulfur-bearing liquid 
i ron  in the bot tom of the two-chambered  graphi te  c r u -  
cible  shown in  Fig.  4. The top chamber  conta ined fused 
l ime :  e i ther  in powder fo rm as in Run #7 or  in the 
fo rm of about 20 h a l f - g r a m  c rys t a l s  as in Run # 8. Any 
gases  given off by  the i ron  in the lower chamber  would 
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Fig. 2--Desulfurizing furnace. 

Fig. 3--Maerograph: partially immersed lime crystal. 

t r ave l  through the holes in the bot tom of the upper 
chamber ,  through the graphi te  felt ,  past  the l ime  in 
the upper  c ha mbe r  and out through the top. This  a s -  
su red  that  no l iquid i ron  would touch the l ime ,  but  that  
any eff luent  gases  would have m a x i m u m  opportuni ty  to 
be in contact  with the l ime.  After the run  the l ime  was 
analyzed.  The powder was analyzed for sul fur  on a 
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L e c o  S u l f u r  A n a l y z e r  a n d  o n e  o f  t h e  c r y s t a l s  w a s  
m o u n t e d ,  p o l i s h e d ,  a n d  e x a m i n e d  m e t a l l o g r a p h i c a l l y  
a n d  w i t h  t h e  e l e c t r o n  m i c r o p r o b e  a s  p r e v i o u s l y  d e -  

s c r i b e d .  

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

In  t h e  c o u r s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  a t o t a l  o f  
t w e n t y - t w o  d e s u l f u r i z a t i o n  r u n s  w a s  m a d e .  S i x  o f  t h e m  
w e r e  m a d e  a t  v a r i o u s  t e m p e r a t u r e s ;  e i g h t  o f  t h e m  
w e r e  .made  f o r  v a r y i n g  l e n g t h s  o f  t i m e ;  s i x  w e r e  m a d e  
w i t h  v a r y i n g  s u l f u r  a n d  o x y g e n  p o t e n t i a l s ,  a n d  t w o  w e r e  
m a d e  in  t h e  v a c u u m - l i m e  d e s u l f u r i z a t i o n  c r u c i b l e .  T h e  
t a b l e  s u m m a r i z e s  t h e  r e s u l t s  o f  t h e s e  r u n s .  T h e  r e -  
p o r t e d  a v e r a g e  s u l f u r  c o n t e n t  i s  w e i g h t e d  s l i g h t l y  i n  
f a v o r  o f  t h e  f i n a l  s u l f u r  a n a l y s e s  s i n c e  t h e  b u l k  o f  t h e  
s u l f u r  l o s t  f r o m  t h e  l i q u i d  i r o n  w a s  p r o b a b l y  l o s t  d u r -  
i n g  t h e  i n i t i a l  s t a g e s  o f  t h e  r u n .  A n a l y s e s  w e r e  m a d e  

i n - h o u s e  ( L e c o )  a n d  b y  t h e  H o m e r  R e s e a r c h  L a b o r a t o -  
r i e s  ( B e t h l e h e m ) .  

A f t e r  a l i m e  c r y s t a l  f r o m  a r u n  w a s  e x a m i n e d  m e t -  
a l l o g r a p h i c a l l y ,  a C a S  l a y e r  t h i c k n e s s  c h a r a c t e r i s t i c  
o f  t h a t  p a r t i c u l a r  c r y s t a l  w a s  r e p o r t e d .  G e n e r a l l y  i t  
w a s  t h e  a v e r a g e  o f  f i v e  o r  t e n  o r  m o r e  m e a s u r e m e n t s .  
Q u i t e  o f t e n  t h e  l a y e r  w a s  n o t  o f  u n i f o r m  t h i c k n e s s  

a r o u n d  t h e  p e r i m e t e r  o f  t h e  c r y s t a l ,  o r  t h e  l i m e - s u l -  
r i c e - m e t a l  i n t e r f a c e s  w e r e  n o t  c l e a r l y  e n o u g h  d e f i n e d  
t o  m a k e  a m e a n i n g f u l  m e a s u r e m e n t .  S u c h  p r o b l e m s  
a s  t h e  c r y s t a l  c r a c k i n g  a n d  c h i p p i n g  a w a y  a t  t h e  i n t e r -  
f a c e ,  o r  t h e  e p o x y  n o t  f u l l y  h a r d e n i n g  a n d  c a u s i n g  t h e  
s u l f i d e  t o  e r o d e  d u r i n g  p o l i s h i n g  w e r e  c o m m o n .  In  

s o m e  s a m p l e s  t h e  s u l f i d e  l a y e r  i t s e l f  w a s  c r a c k e d  a n d  
s e p a r a t e d  f r o m  i t s e l f  a l o n g  t h e  i n t e r f a c e .  T h i s  c r a c k -  
i n g  m a d e  m e a s u r e m e n t  d i f f i c u l t .  In  v i e w  o f  t h e s e  f a c -  
t o r s ,  t h e  d e g r e e  o f  c o n f i d e n c e  w i t h  w h i c h  e a c h  C a S  
l a y e r  t h i c k n e s s  i s  r e p o r t e d  i s  i n d i c a t e d  w i t h  a s u p e r -  

Table I. Experimental Results 

Melt (a) Run Gas Melt Sulfur, Pet. 
Run Temp. Time Pressure Final 

No. ~ hrs. mm. Hg Average Init ial '" 

12a 1360 6 10 0.11 0.92 

14 1370 6 10 0.12 0.93 

18 1415 6 10 0.12 0.97 

20 1530 6 10 0.11 0.96 

13 1595 6 10 0.11 0.76 

9 (d)-- 1460 6 10 0.11 0.95 

10 1460 1 10 0.11 0.84 

4a 1460 2 10 0.13 0.86 

6 1460 2 10 0.11 0.93 

15 1465 4 10 0.I0 0.86 

17 1465 8 10 0.12 0.88 

19 1465 10 10 0.11 0.79 

11 1460 12 10 0.10 0.78 

16 1470 12 10 0.11 0.89 

1 1460 2 0.1 - 0.18 

2 1460 6 0.1 - 0.037 

3 1460 2 0.07 0.01 0.32 

5 1460 2 1 0.1 0.70 

21 1470 6 10 0.01 1.00 

22 1470 6 100 0.01 1.00 

7 1460 (h)-- 2 0.06 - 0.17 

8 1480 1% 0.06 - 0.60 
o 

CaS Layer 
Thickness, microns 
Not 

Immersed Immersed 

7D,7 D (b) 

l0  B (b) 
12 B 15 D 

12D12 D 15 B 

70C(c) 35 D 

18 C 20D,16 D 

12 D 12 A 

not done 15 B 
12A(e) 10 D 

17 B 15 B 

11C 16 B 

15D,15 B 17 A 

(i") 23C,22 B 

15 A 15 A 

not done 44 A 

not done 30 B 

not done 11C 

not done (g) 
8 D 12 B 

10 D 12 B 

not done not done 
11C not done 

Melt Sulfur, Pct. Oxy- Car- Sili- 

Initial Final gen ben, con, 
(ealc.) Leco Bethlehem ppm. Pet. Pct. 

0.12 - 0.11 46 4.5 00.006 
0.126 0.115 0.12 30 4.6 0.001 

0.118 0.110 0.12 26 4.8 ~0.01 

0.120 0.10 0.11 28 4.5 ~0.01 

0.126 0.093 0.10 47 4.6 0.002 

0.118 0.113 0.11 52 5.1 0.057 

0.123 0.107 0.10 44 5.1 0.007 

0.14 0.121 . . . .  

0.119 0.111 . . . .  

0.122 0.10 0.11 54 5.1 ~0.01 

0.125 0.097 0.12 48 5.1 <0.01 

0.120 0.08 0.11 24 4.3 ( 0 . 0 1  

0.121 0.100 0.088 60 5.2 <~0.002 

0.123 0.110 0.11 48 4.7 <0.01 

0.3 0.055 . . . .  

0.3 0.011 . . . .  

0.025 0.008 . . . .  

0.14 0.098 . . . .  

0.013 - 0.016 30 5.4 ( 0 . 0 1  

0.013 - 0.016 49 5.3 ~0.01 

0.111 0.019 . . . .  

0.121 0.073 . . . .  

(a) The reported metal temperature is the estimated temperature at the 
center of the metal (where the immersed lime crystal is); it is 20~ less 
than the temperature measured in the crucible wall. 

(b) The crystal perimeter was not well-enough defined for meaningful 
measurement. 

(c) The layer thickness varied by about 6 microns but there was a 
well-defined, measurable layer around almost 100% of the perimeter. 

(d) The 16 D micron layer thickness is the one in the middle crystal, 
which was immersed for six hours but pulled out before the iron 
solidified. It was mounted in epoxy. 

(e) The middle crystal, not immersed for the first hour or the run then 
immersed for the second hour, had a layer thickness of 11B microns. 

(f) The crystal was inadvertently immersed. 

(g) The crystal was unsatisfactorily mounted. 

(h) The temperature of Run 7 varied as much as 40VC from the mean 
temperature that is reported. 

The degree of confidence with which each reported layer thickness 
should be regarded is indicated by a superscript with the following 
meanings: 

A-90% of the measurements made were within 2 microns of the 
reported value and that the sulfide layer was measurable on 90% of the 
perimeter. 

B-90% within 4 microns and measurable on at least 75% of the 
perimeter. 

C-90% within 6 microns and measurable on at least 50% of the 
perimeter. 

D-The  variation was more than 6 microns OR the layer was measurable 
on less than 50% of the perimeter. 
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s c r i p t  in the table.  The mos t  s ignif icant  co r r e l a t i ons  
of the data a re  shown graphica l ly  in Figs .  5, 6, and 7. 

Effects of T e m p e r a t u r e  and T ime  on 
CaS Fo rma t ion  

Even though there  is a sca t te r  in the data, s eve r a l  
s igni f icant  conclus ions  can be made.  Reference  to the 
7th and 8th columns in the table shows that the f o r m a -  
t ion of CaS proceeds  jus t  as rapid ly  on c r y s t a l s  s u s -  
pended above the mel t  as on i m m e r s e d  c r y s t a l s .  As a 
r e s u l t  of the sca t t e r ,  it is imposs ib le  to te l l  f rom Figs.  
5 and 6 which set  of c ry s t a l s ,  i m m e r s e d  or  n o n - i m -  
mer sed ,  had the th ickes t  CaS layers  over the t ime  and 
t e m p e r a t u r e  ranges  studied.  Thus all  of the points  in 
each f igure a re  r e p r e s e n t e d  by one s t ra igh t  l ine,  fit by 
the leas t  squa res  method. 

The Arrhenius  plot in Fig.  5 shows that the r a t e  of 
CaS format ion  is sens i t ive  to t empe ra tu r e .  The equa-  
t ion of the l ine is 

log x '  = 7780(1/T)  + 5.67 

where x '  is  the th ickness  of the CaS layer  in m i c r o n s  
and T is the t e m p e r a t u r e  in K. In more  convent ional  
t e r m s  this re la t ionsh ip  can be r e p r e s e n t e d  by: 

x = 46 e -Q/RT, 
where x is the l ayer  th ickness  in cen t ime te r s ,  R is the 
gas constant ,  1.987 c a l o r i e s / g m  mole-K,  and Q is an 
apparent  act ivat ion ene rgy  equal to 36 Kca l /gm mole.  
The s tandard  devia t ion of the slope of the l ine in Fig. 5 
r e p r e s e n t s  a range  of about • Kcal for the act ivat ion 
energy.  

Parabol ic  behavior  of the format ion  of CaS with t ime  
may be in fe r red  f rom Fig.  6. At bes t  it is m e r e l y  an 
approximat ion to the t ime  dependence of the growth of 
CaS and can by no means  be taken as a def ini t ive  m e a -  
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Fig .  6 - - E f f e c t  of  t i m e  on CaS l a y e r  t h i c k n e s s .  

su re  of it. The e r r a t i c  behavior  is most  probably due 
to the obse rved  chipping, scal ing,  and poros i ty  in the 
l aye r s .  This  p r e m i s e  is subs tan t ia ted  by the r e su l t s  
of the meta l lographic  and mic rop robe  s tudies .  The 
equation of the l ine of Fig.  6 is 

x '  = 5.917t 1/2 

where x '  is the CaS layer  th ickness  in mic rons  and t 
is  the t ime  in h. In more  convent ional  t e r m s ,  

x = (2Kt) 1/2 

o r  
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dx _ K / x  
dt  

where  x is  the CaS l a y e r  t h i cknes s  in c e n t i m e t e r s ,  t 
i s  the t ime  in seconds ,  and K is a r a t e  cons tant ,  4.9 
x 10 -11 cm2/s .  The s t a n d a r d  devia t ion  of the s lope  of 
the  l ine  r e p r e s e n t s  a r a n g e  of about • • 10 - ~  c m ~ / s  
fo r  the  r a t e  cons tan t .  

Ra tes  of Vacuum Desu l fu r i za t ion :  F o r  a l l  of the  runs  
with individual  l ime  c r y s t a l s ,  the amount  of su l fu r  
which could  be accounted  fo r  a s  CaS was s t o i c h i o m e t -  
r i c a l l y  about 1 o r  2 pc t  of the in i t i a l  su l fur  content  of 
the i ron .  Accord ing ly ,  the  o b s e r v e d  to ta l  d e s u l f u r i z a -  
t ion r a t e  of the i ron  was not  con t ro l l ed  by  the l i m e  d e -  
su l fu r i za t ion  r e a c t i o n  but  depended in s t ead  on the r e -  
ac t ions  of vacuum desu l fu r i za t i on ,  i . e . ,  the f o r m a t i o n  
of S, CS~, CS, Se, and COS g a s e s .  

F ig .  7 g ives  a s e m i - q u a n t i t a t i v e  s u m m a r y  of o b -  
s e r v e d  vacuum d e s u l f u r i z a t i o n  dur ing  the 16 runs  that  
we re  made  at o r  n e a r  1460~ The de su l fu r i z a t i on  
r a t e s  a r e  at  b e s t  c h a r a c t e r i s t i c  of the  e x p e r i m e n t a l  
a p p a r a t u s  and condi t ions  used.  However ,  the r e s u l t s  
show c l e a r l y  the n e c e s s i t y  for  ope ra t i ng  at  gas  p r e s -  
s u r e s  of the o r d e r  of 10 m m  Hg or  m o r e  to m i n i m i z e  
the  l o s s  of sul fur  due to the  fo rma t ion  of s u l f u r - b e a r -  
ing g a s e s .  The lower  c u r v e  in F ig .  7 a g r e e s  wel l  with 
s i m i l a r  condi t ions  r e p o r t e d  by  F ruehan  and Turkdogan ,  9 
ind ica t ing  that  l o s s e s  of su l fur  at these  condi t ions  we re  
p r i m a r i l y  by  evapora t ion .  An a n a l y s i s  of t he se  cond i -  
t ions  is  given by  Belton e t  al .  1~ 

The ob jec t  of run 7 was the  max imum vacuum d e s u l -  
f u r i za t i on  of the l iquid  i r on  and the m a x i m u m  e x p o s u r e  
of the effluent  gas  to the powdered  l ime .  The run  l a s t ed  
2 hour s  at 0.06 m m  Hg. The 100 g r a m s  of l iquid m e t a l  
went  f rom 0.111 pc t  S to 0.019 pct  S, a l o s s  of 92 mg 
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Fig .  7 - - E f f e c t  of t o t a l  g a s  p r e s s u r e s  on d e s u l f u r i z a t i o n  a t  
1460~ 

su l fur .  The 20 grams~of  powdered  l i m e  went f rom 0 pc t  
S to 0.36 pc t  S, a gain  of 72 mg su l fu r .  About 80 pct  of 
the  su l fur  lo s t  f r o m  the i r on  was r e c o v e r e d  in the l i m e .  
All  t h r e e  a n a l y s e s  of the mix tu r e  of CaS and CaO which 
was used  as  a s t a n d a r d  a g r e e d  to wi th in  0.03 pc t  su l fur  
fo r  an a v e r a g e  su l fur  content  of 0.43 pct .  The two a n a l -  
y s e s  on the unknown a g r e e d  to within 0.01 pct  sul fur  fo r  
an a v e r a g e  su l fur  content  of 0.36 pc t .  

In run 8, however ,  not n e a r l y  as  much d e s u l f u r i z a -  
t ion was ach ieved  (0.121 pc t  S to 0.073 pct  S in 1 -1 /2  h). 
This  was p r o b a b l y  b e c a u s e  a g r e a t  dea l  of k i sh  g r a p h -  
i te  bui l t  up on the s u r f a c e  of the  p r e v i o u s l y  c a r b o n -  
s a t u r a t e d  i r on  me l t  a s  i t  was r i s i n g  to t e m p e r a t u r e s .  
N e v e r t h e l e s s  a CaS l a y e r  11 m i c r o n s  th ick  was bui l t  
up on the l i m e  c r y s t a l  which was exposed  only to the 
g a s e s  coming  off of the me l t .  

M i c r o p r o b e  and Meta l log raph ic  R e s u l t s :  The r e s u l t s  
of the m i c r o p r o b e  a n a l y s e s  we re  a l l  p lo t ted  as  in tens i ty  
r a t i o s  v e r s u s  d i s t ance .  A va lue  of 1.00 on the o rd ina t e  
c o r r e s p o n d s  to the in tens i ty  of the CaS s t a n d a r d  minus  
the background .  In tens i ty  r a t i o s  f r o m  m i c r o p r o b e  da ta  
a r e  c l o s e l y  r e l a t e d  to weight  f r a c t i o n ;  f u r t h e r m o r e ,  
CaO conta ins  a g r e a t e r  weight  f r a c t i o n  of c a l c ium than 
does  CaS. T h e r e f o r e ,  when the m i c r o p r o b e  t r a v e r s e  
l e a v e s  the su l f ide  and e n t e r s  the oxide ,  the ca l c ium in -  
t e n s i t y  is  o b s e r v e d  to i n c r e a s e .  

F ig .  8 shows an idea l  and g e n e r a l l y  t yp i c a l  t r a v e r s e .  
It shows tha t  a 19 m i c r o n  l a y e r  of the  s a m e  ca lc ium 
dens i ty  and su l fur  de ns i t y  a s  the  s t a n d a r d  CaS has  
f o r m e d  on the l i m e .  The t r a v e r s e  a l so  shows the l a y e r  
to be  in d i r e c t  contac t  with the  l i m e .  The c a l c ium den -  
s i t y  s h a r p l y  i n c r e a s e s  upon p a s s i n g  f r o m  the ca l c ium 
dens i ty  a s s o c i a t e d  with CaS to the c a l c i u m  dens i ty  a s -  
s o c i a t e d  with CaO. The c a l c ium d e n s i t y  then b e c o m e s  
cons tan t ,  and the su l fur  de ns i t y  goes  to ze ro .  
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Fig .  9 i s  a p h o t o m i c r o g r a p h  of the  i m m e r s e d  c r y s t a l  
of run  4a. The l i m e  c r y s t a l  is  in the  upper  r igh t  p a r t  
of the  p i c tu re ,  and the  i ron  mount ing is  the  white a r e a  
in the  lower  lef t  c o r n e r .  The CaS l a y e r  is  white s t r i p  
tha t  runs  a long the c r y s t a l  and back  into the  c r a c k  in 
the  c r y s t a l .  The g r e y  m a t e r i a l  f i l l ing  the c r a c k  in the 
c r y s t a l  be tween the CaS l a y e r s ,  and aga in  be tween  the 
CaS and the i ron ,  is  the  epoxy  used  for  f i l l ing  the  l a r g e  
vo ids  to f a c i l i t a t e  po l i sh ing .  The l ines  d rawn  on the 
p i c t u r e  a r e  the pa ths  of the  t r a v e r s e s  shown in F igs .  
10 and 11. The ca l c ium sul f ide  l a y e r  can obv ious ly  be 
d i s t i ngu i shed  quite r e a d i l y  f rom the l i m e ;  however ,  it  
i s  g r a n u l a r  and s o m e w h a t  uneven, t h e r e b y  mak ing  m e a -  
s u r e m e n t  diff icul t .  One of the mos t  i n t e r e s t i n g  f e a t u r e s  
of th is  p i c tu re  c o n c e r n s  the  c r a c k  which deve loped  in 
the  l ime  c r y s t a l  n e a r  the  s t a r t  of the e x p e r i m e n t a l  run.  
Even  though no i r on  i s  in the  c r a c k ,  the  CaS l a y e r  s t i l l  
f o r m e d  a long the s i d e s  of the c r a c k .  This  type  of phe -  
nomenon,  which was no t iced  in s e v e r a l  c r y s t a l s ,  sug -  
g e s t s  high m o b i l i t i e s  of su l fur  and oxygen ions a long 
the s u r f a c e  of the l i m e .  F igs .  10 and 11 a r e  m i c r o -  
p r o b e  t r a v e r s e s  which fol low the paths  d rawn on the 
p h o t o m i c r o g r a p h  of Fig .  9. They con f i rm  the white 
l a y e r  to be ca l c ium su l f ide .  

The r e s u l t s  y i e ld  ev idence  to suppor t  m e c h a n i s m s  
fo r  sul fur  t r a n s f e r  f r o m  l iquid  i ron  to so l id  l i m e  v i a  
a gaseous  i n t e r m e d i a r y  such  as  is  i l l u s t r a t e d  in Fig .  
l ( a ) .  

T h e r m o d y n a m i c  ca l cu l a t i ons  7 have shown that  mon-  
a tomic  S gas  and CS~ gas  a r e  the p r e d o m i n a n t  gas  s p e -  
c i e s  e scap ing  f rom c a r b o n - s a t u r a t e d  i ron ;  CS, Sa, and 
COS a r e  of l e s s e r  i m p o r t a n c e  depending upon the s u l -  
fu r  content  of the  i ron  and the CO p a r t i a l  p r e s s u r e .  
F ig .  7 shows c l e a r l y  that  l iquid,  c a r b o n - s a t u r a t e d  i ron  
can  be e f f ec t ive ly  d e s u l f u r i z e d  by  expos ing  i t  to r e -  
duced  p r e s s u r e s .  Thus,  any mechan ica l  o r  c h e m i c a l  
m e a n s  which r educe  the  p a r t i a l  p r e s s u r e s  of t h e s e  
s u l f u r - b e a r i n g  g a s e s  n e a r  the i ron  wil l  a id  d e s u l f u r i -  
za t ion .  F r o m  a t h e r m o d y n a m i c  point  of view,  l i m e  can 
ac t  as  an ef f ic ient  g e t t e r  fo r  the su l fur  in the g a s e s  
coming  f rom the i ron .  The r o l e  of l i m e  a s  a g e t t e r  for  
ga seous  su l fur  was  d e m o n s t r a t e d  by  the r e s u l t s  of run 
7. In th is  run a l l  of the  eff luent  g a s e s  f r o m  the i r on  
we re  pul led  through a bed  of powdered  l i m e .  E igh ty -  

Fig .  9 - -Mac rog raph :  The CaS l a y e r  on the  l ime  c r y s t a l  of 
r u n  4a. 

t h r e e  pc t  of the  su l fur  in the  i r on  v o l a t i l i z e d  in two 
hours ,  but  about  80 pc t  of the su l fu r  tha t  vo l a t i l i z ed  
was r e c o v e r e d  in the l i m e .  

R e f e r e n c e  to F igs .  5 and 6 shows tha t  ca l c ium su l f ide  
wil l  f o r m  at the  s a m e  r a t e  on c a l c i u m  oxide whether  
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the CaO is i m m e r s e d  in the l iquid i ron or  held in the 
gases  above it. This  s i m i l a r i t y  in r a t e s  indicates  that  
if there  is not a l r eady  a gas i n t e r m e d i a r y  which f o r ms  
between l ime  and the i ron  su r round ing  the l ime,  then 
in t roduc ing  such an i n t e r m e d i a r y  of r e l a t i ve ly  l a rge  
th ickness  will not d imin i sh  the overa l l  ra te  of su l fur  
t r a n s f e r .  Hence, the p r e s e n c e  of a gas i n t e r m e d i a r y  
is  at l eas t  an impor tant ,  if not vi tal ,  s tep in the p r o -  
cess  of desu l fur iz ing  i ron with l ime.  

The r e s e a r c h  has not been  able def ini te ly  to ident ify 
the r a t e - l i m i t i n g  step for the desu l fur iza t ion  p r o c e s s ;  
however ,  the apparent  r a t e  constant ,  K, for the th ick-  
ening of the ca lc ium sulfide l ayer  with t ime  is taken 
f rom the slope of the l ine in Fig. 6 and is equal to 4.9 
x l 0  -11 cma/s .  The apparent  r a t e  constant  is about the 
o rde r  of magnitude that one would expect if so l i d - s t a t e  
diffusion was the r a t e - l i m i t i n g  step. Sulfur and oxygen 
have r e l a t ive ly  high mobi l i t i e s  along the sur face  of 
c racks  which form in the l ime  (see Fig. 7) dur ing  the 
expe r imen ta l  runs .  Since sur face  diffusion is s e v e r a l  
o r d e r s  of magnitude f a s t e r  than bulk diffusion, the 
so l id - s t a t e  diffusion through the CaS may be augmented 
by surface  diffusion along g ra in  boundar ies  and f i s s u r e s  
which develop in the l ime .  

The data of Fig.  5 may be applied as follows to a s y s -  
t em in which sulfur  r emova l  is p redominan t ly  by ge t t e r -  
ing with l ime.  For  ins tance ,  suppose that 200 mesh  
(74 -mic ron  pa r t i c l e  d iamete r )  powdered l ime is ex-  
posed to s u l f u r - b e a r i n g  pig i ron  for th ree  minutes  at 
1460~ The data in Fig. 5 predic t  that the depth of 
pene t ra t ion  of sulfur  into each l ime pa r t i c l e  will  be 
about 1.3 mic rons .  This coat of ca lc ium sulfide which 
bui lds  up on each l ime pa r t i c l e  (assumed spher ica l )  
r e p r e s e n t s  about 8 pct of the total  weight of the l ime .  

To i l l u s t r a t e  that this  pe rcen t  conver s ion  is r e a s o n -  
able,  cons ider  the work of Tren t in i ,  Wahl, and Allard.  2 
They desul fur ized  5500 lbs.  of l iquid pig i ron  f rom 
0.095 to 0.009 pct S by blowing 112 lbs.  of 200 mesh  
l ime through the i ron for 3 min.  Nitrogen was the c a r -  
r i e r  gas.  The calcula ted amount  of sul fur  ex t rac ted  
f rom the i ron was 4.7 Ibs. ,  which is equivalent  in su l -  
fur  content  to 10 lbs.  of ca lc ium sulfide.  Thus, T r e n -  
t in i  achieved 9 pct conver s ion  of l ime to ca lc ium su l -  
fide. 

The ag reemen t  between T r e n t i n i ' s  pct convers ion  to 
ca lc ium sulfide and the 8 pct convers ion  ca lcula ted  

o rde r  to achieve the degree  of desu l fu r iza t ion  that 
T ren t in i  achieved, nea r ly  the en t i r e  sur face  of the 200 
mesh l ime had to have been  coated with ca lc ium su l -  
fide by the end of the p rocess .  However,  the en t i re  
sur face  a r e a  of T r e n t i n i ' s  l ime  was probably  not in 
in t imate  contact  with the l iquid i ron  for the full three  
minutes ,  e spec ia l ly  s ince the l ime  was c a r r i e d  into file 
i ron in a s t r e a m  of n i t rogen and probably  floated to the 
top with the help of gas bubbles .  Hence,  a subs tant ia l  
amount  of the sulfur  mus t  have been t r a n s f e r r e d  f rom 
the l iquid i ron  to the solid l ime  v ia  a gas i n t e rmed ia ry .  

CONCLUSIONS 

I) The m e c h a n i s m s  which incorpora te  a gas phase 
i n t e r m e d i a r y  between liquid i ron  and sol id l ime  a re  at 
l eas t  as impor tan t  in the desu l fu r iza t ion  p rocess  as the 
mechan i sm by which sulfur  is t r a n s f e r r e d  d i rec t ly  to 
the l ime  f rom the l iquid with subsequent  carbon deoxi-  
darien. 

2) The p roces s  of desu l fur iza t ion  with solid l ime is 
poss ib ly  cont ro l led  by the so l id - s t a t e  counter  diffusion 
of oxygen and sulfur  through the CaS which bui lds  up 
and su r rounds  the l ime .  The bulk diffusion may be 
augmented by surface  diffusion along gra in  boundar ies  
and f i s s u r e s  which develop in the CaS. 

3) In a c o m m e r c i a l  sys t em in which a continuous 
high vacuum might not be a t ta inable  the ro le  of the 
l ime  would be to act  as a get ter  for the sulfur  in the 
desulfurizing" gases  in o rder  to keep the i r  pa r t i a l  
p r e s s u r e  below sa tura t ion  level ,  thus allowing cont in-  
uous sulfur  evolut ion f rom the l iquid i ron.  

4) Blowing powdered l ime through s u l f u r - b e a r i n g  
l iquid i ron  is ex t r eme ly  effective s ince  it incorpora tes  
the double advantage of having a la rge  i r on -gas  i n t e r -  
facia l  a r ea  and a la rge  l ime  sur face  a r e a  nea r  the 
l iquid-gas  in te r face .  
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what coincidental .  T ren t i n i  c a r r i e d  out his work at 
1300~ However, the e r r o r  int roduced by the t e m p e r -  
a ture  di f ference is apparen t ly  counterac ted  by the a s -  
sumpt ion of m i n i m u m  sur face  a r ea  ( spher ica l  geom-  
etry)  for the l ime  pa r t i c l e s .  For  example,  in T r e n t i n i ' s  
work the depth of pene t ra t ion  of the sulfur  into the l ime 
may have been  only half that  which the equation p r e -  
dicted due to the t e m p e r a t u r e  dif ference.  On the other  
hand, the specific sur face  (square  c en t ime t e r s  per  cubic 
cen t imete r )  of the l ime  may have been twice that which 
was calculated above owing to i r r e g u l a r i t i e s  in the s u r -  
faces of the l ime  pa r t i c l e s .  

In spite of the unce r t a in t i e s  inheren t  in the above 
compar i son ,  T r e n t i n i ' s  r e s u l t s  can s t i l l  be in t e rp re t ed  
in l ight of the r e su l t s  of the p re sen t  work. The p r e se n t  
expe r imen t s  have shown that the max imum pene t ra t ion  
of sul fur  into the l ime  dur ing  T r e n t i n i ' s  expe r imen t s  
could only have been 1 or  2 mic rons .  Therefore ,  in 

st i tute in G e r ma ny  for the fused l ime .  
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