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Ar thur  Levy and E a r l  L.  Merryman 

It is  wide ly  recognized  t h a t  a l k a l i n e  o x i d e s ,  e s p e c i a l l y  CaO, 

can be  most e f f e c t i v e  i n  c a p t u r i n g  s u l f u r  i n - s i t u .  It i s  e q u a l l y  w e l l  

r ecognized  t h a t  NOx emiss ions  due t o  fuel-bound n i t r o g e n  i n  c o a l  can be  

e f f e c t i v e l y  minimized w i t h  s t a g e d  combustion.  Both t h e s e  a s p e c t s  have 

been demonstra ted s e p a r a t e l y  a t  B a t t e l l e  and o t h e r  l a b o r a t o r i e s .  It i s  

t h e  o v e r a l l  o b j e c t i v e  of t h i s  program t o  develop t h e  b a s i s  f o r  o p t i m i z i n g  

s u l f u r  c a p t u r e  by CaO under  s t a g e d  combustion.  Our approach t o  accomplish- 

i n g  t h i s  g o a l  is v i a  an  e x p e r i m e n t a l  and i n t e r p r e t a t i v e  s t u d y  of t h e  

chemis t ry  and i n t e r a c t i o n s  of CaO under s i m u l a t e d  and a c t u a l  s t a g e d  com- 

b u s t i o n  c o n d i t i o n s .  

I n  s t a g e d  combustion,  one f i r e s  f i r s t  under  r e d u c i n g  ( f u e l  r i c h )  

c o n d i t i o n s  p r i o r  t o  o x i d a t i o n  i n  t h e  second s t a g e .  Our s t u d i e s  wherein  

c o a l s  were t r e a t e d  w i t h  CaO, i e ,  impregnated w i t h  CaO f o r  p u l v e r i z e d  c o a l  

f i r i n g ,  o r  mixed and p e l l e t i z e d  w i t h  CaO f o r  s t o k e r  f i r i n g ,  s u g g e s t  t h a t  

c o n d i t i o n s  p r e v a i l  under  which CaO i s  f i r s t  conver ted  t o  CaS p r i o r  t o  be ing  

o x i d i z e d  t o  CaS04. S i n c e  CaS h a s  a  g r e a t e r  t h e r m a l  s t a b i l i t y  t h a n  CaS04, 



i t  i s  t h e r e f o r e  p o s s i b l e  t o  f i r e  a t  t e m p e r a t u r e s  above 900 C (1650 F) and 

r e t a i n  s u l f u r  under  p r o p e r  s t o i c h i o m e t r i c  c o n d i t i o n s .  

I n  t h i s  second q u a r t e r l y  r e p o r t  p e r i o d  e f f o r t s  were d i r e c t e d  t o  

Task 1. The CaO-FeS2 r e a c t i o n  was s t u d i e d  a s  a f u n c t i o n  o f  t e m p e r a t u r e ,  
ii 

r e a c t i o n  t ime ,  Ca/S mole r a t i o  and p a r t i c l e  s i z e .  A l l  r e a c t i o n s  were 

c a r r i e d  o u t  under a  n i t r o g e n  environment.  The r e a c t i o n s  were fo l lowed  

p r i n c i p a l l y  i n  terms o f  weight  l o s s  and SO2 emiss ions .  The decomposi t ion 

o f  t h e  p y r i t e  produces  S  which r e a c t s  w i t h  CaO t o  produce SO2 and CaS. 
2  

The e x t e n t  of t h e  r e a c t i o n  a p p e a r s  t o  i n c r e a s e  monoton ica l ly  between 555 

and 970 C .  

OBJECTIVES 

T h i s  program i s  aimed a t  d e f i n i n g  t h a  ahcmic t ry  and combuotion 

k i n e t i c s  n e c e s s a r y  t o  o p t i m i z e  t h e  s u l f u r  c a p t u r e  w i t h  t h e  u l t i m a t e  a p p l i -  

c a t i o n  of reduc ing  t h e  SO2 and NOx i n  t h e  f i r i n g  o f  p u l v e r i z e d  c o a l .  

The program i s  s e p a r a t e d  i n t o  t h r e e  t a s k s :  

(1)  A s t u d y  o f  CaS p r o d u c t i o n  

( 2 )  A s t u d y  o f  CaS o x i d a t i o n  

( 3 )  A s t a g e d  combustion s t u d y  o f  
c o a l  and CaO t r e a t e d  c o a l s .  

T h i s  q u a r t e r ' s  a c t i v i t i e s  were conf ined  t o  Task 1. The o b j e c t i v e  o f  Task 1 

i s  t o  develop chemical  and k i n e t i c  d a t a  on t h e  r a t e  o f  CaS fo rmat ion  f o r  

t h e  e x p r e s s  purpose  o f  modeling t h e  t y p e  o f  r e a c t i o n s  t a k i n g  p l a c e  between 

c a l c i u m  and s u l f u r  compounds d u r i n g  t h e  combustion of c o a l ,  p a r t i c u l a r l y  

a s  t h e y  might occur  i n  oxygen-def ic ien t  environments .  



PROGRESS 

The e f f o r t s  of t h i s  q u a r t e r  were d i r e c t e d  t o  a  c o n t i n u i n g  s t u d y  

of t h e  i n t e r a c t i o n  of C a O  and FeS2 (Task 1 )  t o  de te rmine  t h e  s u l f u r  

I r e t e n t i o n  c a p a b i l i t i e s  o f  t h e  ca lc ium i n  a n  oxygen-free environment.  A l l  

I of  t h e  exper iments  were c a r r i e d  .out i n  a n  a tmosphere  of n i t r o g e n .  

The r e a c t i o n s  were s t u d i e d  a s  a f u n c t i o n  o f  t empera tu re ,  r e a c t i o n  

t ime ,  Ca/S r a t i o  and p a r t i c l e  s i z e .  Var ious  a n a l y t i c a l  t e c h n i q u e s  i n v o l v i n g  

mass spec tomet ry ,  wet chemis t ry  and X-ray d i f f r a c t i o n  were used t o  i d e n t i f y  

t h e  p r o d u c t s  formed i n  t h e  s o l i d - s o l i d  r e a c t i o n .  Exper imental  p rocedures  

l and r e s u l t s  a r e  d i s c u s s e d  below. 

Exper imental  P rocedures  

E s s e n t i a l l y  t h e  same e x p e r i m e n t a l  p rocedures  d e s c r i b e d  i n . l a s t  

1 .- q u a r t e r ' s  r e p o r t  were used i n  t h e  exper iments  t h i s  q u a r t e r .  A ' q u a r t z  ~ t u b e  r e a c t i o n  (QTR) enc losed  i n  a  r e s i s t a n c e  f u r n a c e  provided a  c o n t r o l l e d  

t empera tu re  chamber f o r  s t u d y i n g  t h e  CaO-FeS . r e a c t i o n .  A s k e t c h  of t h e  2  
e x p e r i m e n t a l  a p p a r a t u s  i s  shown i n  F i g u r e  1. P a r e n t  m i x t u r e s  o f  f i n e  

I 

powders of CaO and FeS2 were used i n  t h e  exper iments .  The m i x t u r e s  c o n t a i n e d  

Ca/S mole r a t i o s  of 0.5,  0 .65 and 1 .0 .  The p a r e n t  m i x t u r e s  were thoroughly  

,- mixed by hand and t h e n  r o t a t e d  f o r  s e v e r a l  h o u r s  u n t i l  t h e  samples  were 

uniform i n  c o l o r .  

FIGURE 1. EXPERIMENTAL APPARATUS 



Weighed samples were p l a c e d  in a q u a r t z  boa t  o r  a  s t a i n l e s s -  

s t e e l  c o n t a i n e r  and i n s e r t e d  i n  t h e  r e a c t o r  a t  a predetermined t empera tu re  

a f t e r  thoroughly  f l u s h i n g  t h e  sys tem w i t h  n i t r o g e n .  Ni t rogen  con t inued  

t o  p a s s  over  t h e  sample d u r i n g  t h e  e n t i r e  run.  Samples were exposed f o r  

5  t o  40 minu tes  a t  t h e  s e t  t empera tu re .  Gases e v o l v i n g  from t h e  r e a c t i o n  

were ana lyzed  by mass s p e c t r o m e t r y ,  wet chemical  o r  e l e c t r o c h e m i c a l  t ech-  

n iques .  The s o l i d s  from s e l e c t e d  exposed samples  were ana lyzed  by X-ray 

d i f f r a c t i o n .  . 

P u r i t y  and P a r t i c l e  
S i z e  o f  R e a c t a n t s  

The C a O  used i n  t h i s  s t u d y  was a  Baker Reagent Grade m a t e r i a l  

hav ing  a p u r i t y  of 98.8 p e r c e n t .  A s i e v e  a n a l y s i s  showed t h e  CaO t o  be 

100 p e r c e n t  l e s s  t h a n  -325 mesh (44 'mic rons ) .  

Three  d i f f e r e n t  p u r i t i e s  of p y r i t e s  were used i n  t h e  exper iments  

a s  i n d i c a t e d  below. 

P e r c e n t  

Sample F e  S  C H N 0  - - - - - -  H 0  -2- 
A .  P y r i t e  " A " ( ~ )  39.9 40.7 5 .10 0.69 0 .8  3.4' -- 
B. P y r i t e  (-325 mesh) (b)  43.9 51.6 0  0  0  -- 0.14 

C .  P y r i t e  (-200 mesh) (b) 42.6 50.2  0  0  0  - - 0.19 

( a )  Crude sample o b t a i n e d  from Rico Colo. Sample 
con ta ined  1 . 3  p e r c e n t  o r g a n i c  s u l f u r .  

(b)  Samples from C .  E.  M i n e r a l s  of King of P r u s s i a ,  Pennsy lvan ia .  

Most o f  t h e  exper iments  t h i s  q u a r t e r  were w i t h  Samples B and C ,  

t h e  p u r e r  g rade  p y r i t e  m a t e r i a l .  

The p r i n c i p a l  p r o d u c t s  o f  t h e  CaO-FeS2 r e a c t i o n  a s  examined t o  

d a t e  appear  t o  be  S2,  SO2, CaS, and p y r r h o t i t e .  S  r e s u l t s  from t h e  
2  

decomposi t ion of p y r i t e  t o  p y r r h o t i t e s ,  and SO and CaS r e s u l t  from t h e  2  



r e a c t i o n  o f  S2 vapor  w i t h  CaO. As a consequence,  t h e  exper iments  r u n  

t h i s  q u a r t e r  were  sc reened  mainly  f o r  weight  l o s s  and SO2 e v o l u t i o n .  

F i v e  s e r i e s  o f  exper iments ,  compr i s ing  2 1  r e a c t i o n s ,  have been 

r u n  t o  d a t e .  The d i s t i n g u i s h i n g  f e a t u r e s  of t h e  f i v e  s e r i e s  a r e  a s  fo l lows :  

Sample 
S e r i e s  P y r i t e *  s i z e ,  grams - C a /  S  Reac t ion  V e s s e l  

I A 1 . 6 0 t 0 2 . 5 0  0.65 q u a r t z  ( a )  

I I C 1 .00 0 .5  S t a i n l e s s  s t e e l  (b  

I11 C 1 . 0 0  0 .5  q u a r t z  

I V  C 1 . 0 0  1 . 0  q u a r t z  

V B ,  C. 1 .00 0.5, 1 . 0  q u a r t z  

* See t a b u l a t i o n  i n  sample p u r i t y  s e c t i o n ,  p  4 .  

( a )  A l l  q u a r t z  r e a c t i o n  v e s s e l s  were q u a r t z  b o a t s  Q, 2-112 i n c h e s  l o n g  
by 112 i n c h  wide. 

(b)  c y l i n d e r  318 i n c h  O.D. x  2-112 i n c h e s  long.  

The r e s u l t s  o f  t h e s e  exper iments  a r e  p r e s e n t e d  i n  Tab le  1. F i g u r e s  

2,  3 ,  and 4 show r e s p e c t i v e l y  

F i g u r e  2  - Weight l o s s  r e l a t i v e  t o  s u l f u r  i n  sample 

F i g u r e  3 - F r a c t i o n  of s u l f u r  i n  sample conver ted  t o  SO2 

F i g u r e  4 - P e r c e n t  s u l f u r  remaining i n  s o l i d  p r o d u c t s ,  

a s  a  f u n c t i o n  o f  t h e  t empera tu re  o f  t h e  r e a c t i o n .  

S e r i e s  I. Sample weight  l o s s  d a t a  ( s o l i d  c i r c l e s )  o b t a i n e d  from 

t h e  r e a c t i o n  of CaO w i t h  t h e  p y r i t e  a r e  p l o t t e d  i n  F i g u r e  2  a s  a  f u n c t i o n  

of t h e  r e a c t i o n  t empera tu re .  A s  s e e n  i n  t h e  f i g u r e ,  t h e  sample weight  

l o s s  i n c r e a s e d  l i n e a r l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  o v e r  t h e  555 t o  1080 C 

r a n g e  covered.  

The weight  l o s s  i n  each c a s e  invo lved  p r i m a r i l y  t h e  r e l e a s e ' o f  

e l e m e n t a l  s u l f u r  and t h e  g e n e r a t i o n  o f  s u l f u r  o x i d e ( s ) .  (The p y r i t e  used 

i n  Ser . i e s  I c o n t a i n e d  some carbon and hydrogen b u t  t h i s  was assumed t o  s t a y  

w i t h  t h e  s o l i d s  i n  t h e  absence o f  oxygen.) The e l e m e n t a l  s u l f u r  was i d e n t i -  

f i e d  i n  p a r t  from t h e  c o l o r  of t h e  d e p o s i t  (ye l low t o  o f f - w h i t e )  and from 

t h e  o x i d a t i o n  o f  t h e  d e p o s i t  i n  a i r  over  t o  produce s u l f a t e  i n  

hydrogen p e r o x i d e  s o l u t i o n .  The s u l f u r  o x i d e ( s )  was i d e n t i f i e d  on t h e  



TABLE 1. SULFUR RETENTION DATA 

Run S a m p l e w t ,  mg 932 
Time, I n i t i a l  Weight Evolved, S-Converted, 

Run Temp, C min. S u l f u r  Loss g / g  S i n  Sample p e r c e n t  

S e r i e s  I 
1 9 70 30 7 30 3 30 0.1560 10.7  
2 555 40 499 9 5 0.0583 5 .8  

S e r i e s  I1 

S e r i e s  I11 

S e r i e s  I V  

S e r i e s  V 

( a )  Sample f u s e d  t o  q u a r t z  b o a t .  
(b)  Sample n o t  out-gassed,  Ca/S = 1 . 0 ,  -325'mesh. 
(c) Sample out-gassed,  Ca/S = 0 . 5 ,  -200 mesh Run 1 8 ,  -325 mesh Run 21. 
(d)  Sample out-gassed,  Ca/S = 1.0 ,  -200 mesh Run 1 9 ,  -325 mesh Run 20. 
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FIGURE 2. SAMPLE WEIGHT LOSS PER GRAM SULFUR 
IN CaO-FeS2 MIXTURES 
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mass spec t romete r  a s  p r i m a r i l y  SO2. Other  o x i d e s  such a s  S20 o r  SO may 

a l s o  have been p r e s e n t ,  b u t  t h e s e  s p e c i e s  a r e  r e l a t i v e l y  u n s t a b l e  and 

l i k e l y  conver ted  t o  S2 a n d / o r  SO2. (1 )  

Data  f o r  Run 1 a t  970 C ,  show about  1 0 . 7  p e r c e n t  of t h e  t o t a l  

s u l f u r  i n  t h e  o r i g i n a l  sample was conver ted  t o  SO2 and t h a t  abou t  47 p e r c e n t  

of t h e  t o t a l  weight  l o s s  was due t o  t h e  fo rmat ion  of S02. T h i s  l e a v e s  

some 53 p e r c e n t  of t h e  weight  l o s s  due t o  t h e  r e l e a s e  of e l e m e n t a l  s u l f u r ,  

o r  24 p e r c e n t  of t h e  t o t a l  o r i g i n a l  s u l f u r  i n  t h e  m i x t u r e  r e l e a s e d  a s  

e l e m e n t a l  s u l f u r .  The combined l o s s  of o r i g i n a l  s u l f u r  i n  t h e  m i x t u r e  t o t a l s  

35 p e r c e n t  i n d i c a t i n g  abou t  65 p e r c e n t  of t h e  s u l f u r  s t a y e d  w i t h  t h e  s o l i d  

phase  a t  970 C u s i n g  t h e  impure p y r i t e  a t  Ca/S = 0.65. Also ,  abou t  64 

p e r c e n t  of t h e  oxygen remained w i t h  t h e  s o l i d  phase  based on t h e  amount 

of SO2 evolved.  Of c o u r s e ,  oxygen a v a i l a b l e  from i m p u r i t i e s  i n  t h e  sample 

would a l t e r  t h i s  v a l u e .  

A t  555 C ,  Run 2 ,  t h e  t o t a l  sample weight  l o s s  was much l e s s  

t o t a l i n g  0.095 grams compared t o  0.33 grams a t  970.C. Accordingly ,  on ly  

6 p e r c e n t  of t h c  t o t a l  s u l f u r  i l l  the o r i g i n a l  sample was conver ted  t o  SO2. 

However, a t  555 C ,  t h e  f r a c t i o n  o f  t h e  sample weight  l o s s  due t o  SOx forma- 

t i o n  was h i g h e r  t h a n  a t  970 C ,  t o t a l i n g  62 p e r c e n t ,  l e a v i n g  38 p e r c e n t  of 

t h e  weight  l o s s  due t o  e l e m e n t a l  s u l f u r .  Thus, a  l a r g e r  f r a c t i o n  o f  t h e  

v o l a t i l e s  wasS02 a t  t h e  lower t empera tu re .  I n  a l l ,  abou t  1 3  p e r c e n t .  of  

t h e  o r i g i n a l  s u l f u r  i n  t h e  sample was l o s t  a s  SO2 and e l e m e n t a l  s u l f u r  

a t  555 C .  T h i s  l e a v e s  87 p e r c e n t  of t h e  s u l f u r  s t a y i n g  w i t h  t h e  s o l i d s  

a t  555 C .  Also,  about  8 1  p e r c e n t  of t h e  oxygen remained w i t h  t h e  s o l i d s .  

The f r a c t i o n  o f  s u l f u r  o x i d i z e d  t o  SO2 and t h e  p e r c e n t  s u l f u r  

remain ing  w i t h  t h e  s o l i d s  a r e  shown a s  a f u n c t i o n  of t empera tu re  i n  

F i g u r e s  3  and 4 ,  r e s p e c t i v e l y .  The s o l i d  c i r c l e s  r e p r e s e n t  t h e  S e r i e s  I 

d a t a .  

Run 3  w a s  a  d u p l i c a t e  of Run 2  a l t h o u g h  t h e  t empera tu re  was 

s l i g h t l y  h i g h e r  i n  Run 3. The weight  l o s s  f o r  t h i s  r u n  was s l i g h t l y  h i g h e r  

a s  wood be expec ted  from t h e  i n c r e a s e  i n  t empera tu re .  The SO2 evolved from 

Run 3  was fo1;owed mass s p e c t r o m e t r i c a l l y  t o  de te rmine  a n  approximate  time- 

(1) Merryman, E. L.  and Levy, A. " D i s u l f u r  and t h e  Lower Oxides of S u l f u r  
i n  H2S Flames", J. Phys.  Chem., 76, ( 1 4 ) ,  1925 (1972).  - 



c o n c e n t r a t i o n  r e l a t i o n s h i p  f o r  t h e  SO2 emiss ion  p r o c e s s .  The m a s s  

s p e c t r o m e t e r  d a t a  i n d i c a t e d  a  r a t h e r  s low SO f o r m a t i o n  p r o c e s s  a t  t h i s  2  
low t e m p e r a t u r e ,  t a k i n g  s e v e r a l  minu tes  f o r  most of t h e  SO2 t o  be  produced. 

The amount of SO2 evolved a t  750 and 1080 C ,  Runs 4 and 5  was 

n o t  de te rmined ,  b u t  i n t e r p o l a t i n g  t h e  d a t a  i n  F i g u r e  4 a t  555 and 970 C 

t o  i n c l u d e  t h e  750 and 1080 C v a l u e s  s u g g e s t s  abou t  77 p e r c e n t  of t h e  

s u l f u r  s t a y s  w i t h  t h e  s o l i d s  a t  750 C and 60 p e r c e n t  a t  1080 C.  

S e r i e s  11. The low tempera tu re  r u n s  a t  575 C i n  t h i s  s e r j . e s  

s u g g e s t  v e r y  l i t t l e  r e a c t i o n .  Weight l o s s  was n o t  measureable  and SO2 

was minimal a s  s e e n  i n  F i g u r e  3 .  These r e s u l t s  (Runs 6 and 7) a r e  n o t  

c o r r o b o r a t e d  by Runs 2 and 3 i n  S e r i e s  I (Table  1 ) ;  t h i s  may be  due i n '  

p a r t  t o  t h e  f a c t  t h a t  c r u d e  p y r i t e  was used i n  S e r i e s  I ,  and i n  p a r t  t o  

t h e  u s e  o f  a  m e t a l  c o n t a i n e r  w i t h  d i f f e r e n t  geometry i n  S e r i e s  11. 

A t  750 C ,  v o l a t i l e s  were e m i t t e d  a t  l e v e l s  more i n  l i n e  w i t h  

t h o s e  observed u s i n g  a  q u a r t z  c o n t a i n e r ,  a l t h o u g h  s t i l l  s l i g h t l y  on t h e  

low s i d e .  I n c r e a s i n g  t h e  t empera tu re  a p p e a r s  t o  have rcducod t h c  c o n t a i l ~ t l r  

geometry e f f e c t .  The d a t a  a t  750 C u s i n g  t h e  s t a i n l e s s  s t e e l  c o n t a i n e r  

a r e  p l o t t e d  a s  open s q u a r e s  i n  F i g u r e s  2  and 3 and a r e  d i s c u s s e d  below w i t h  

d a t a  from t h e  q u a r t z  boat  exper iments  s i n c e  o n l y  t h e  sample c o n t a i n e r s  

were d i f f e r e n t  i n  t h e  S e r i e s  I1 and I11 r u n s .  

S e r i e s  111. The weight  l o s s  d a t a  f o r  t h i s  s e r i e s  a r e  p l o t t e d  

as open c i r c l e s  i n  F i g u r e  2. The sample weight  l o s s  a t  970 C f o r  Run 1 2  

(Table  1) cou ld  n o t  be used s i n c e  t h e  sample : fused t o  t h e  q u a r t z  c o n t a i n e r  

making t h e  sample weight  i n a c c u r a t e .  However, a  r e c e n t l y  completed r e p e a t  

r u n  a t  970 C ,  Run 12a ,  produced a  more v a l i d  weighing and h a s  been i n c l u d e d  

w i t h  t h i s  q u a r t e r ' s  S e r i e s  I11 d a t a  ( v a l u e s  i n  p a r e n t h e s i s ) .  

The weight  l o s s  a t  575 C ,  Run 9  i n  S e r i e s  111, was s m a l l  and 

somewhat l e s s  t h a n  t h a t  observed i n  t h e  f i r s t  s e r i e s ,  Run 3 .  A t  750 C 

t h e  weight  l o s s  was about  6  p e r c e n t a g e  p o i n t s  h i g h e r  i n  t h e  S e r i e s  I11 

d a t a ,  .Run 1 0 ,  t h a n  t h a t  observed i n  t h e  f i r s t '  s e r i e s ,  Run 4 .  A r e p e a t  

r u n  i n  S e r i e s  I11 a t  750 C ,  Run 11, was i n  v e r y  good agreement wi th  t h e  



Run 1 0  d a t a  and t e n d s  t o  s u b s t a n t i a t e  t h e  h i g h e r  weight  l o s s  i n  t h i s  

s e r i e s  a t  750 C .  Weight l o s s  from t h e  s t a i n l e s s  s t e e l  c o n t a i n e r  a t  750 C 

was s l i g h t l y  lower  and more i n  l i n e  w i t h  t h e  Run 4  d a t a .  The more r e c e n t  

run a t  970 C,  Run 12a ,  showed h i g h e r  weight  l o s s  p e r  gram s u l f u r  i n  t h e  

sample t h a n  observed i n  t h e  S e r i e s  I d a t a ,  as d i d  Runs 1 0  and 11 a t  750 C .  

The p l o t  i n  F i g u r e  3 (open c i r c l e s )  shows t h a t  t h e  amount of 

SO2 evolved from t h e  sample i n c r e a s e d  a lmos t  l i n e a r l y  w i t h  i n c r e a s i n g  

t e m p e r a t u r e . i n  t h e  575 t o  970 C range .  It i s  a l s o  s e e n  i n  t h e  F i g u r e  3 

d a t a  t h a t  much less SO2 was evolved from t h e  S e r i e s  I11 m i x t u r e s  c o n t a i n i n g  

t h e  b e t t e r  g r a d e  p y r i t e  compared t o  t h e  S e r i e s  I m i x t u r e  w i t h  t h e  low 

g r a d e  p y r i t e .  The s u l f u r  convers ion  t o  SO2 dropped by 3 t o  4  p e r c e n t a g e  

p o i n t s  i n  going from t h e  S e r i e s  I t o  t h e  S e r i e s  I11 mix ture .  Undoubtedly,  

t h e  s u l f u r  i m p u r i t i e s  i n  t h e  c r u d e  p y r i t e  o f  S e r i e s  I i s  a f f e c t i n g  t h e  

amount of SO formed. 2  
C a l c u l a t i o n s  s i m i l a r  t o  t h o s e  used i n  t h e  S e r i e s  I d a t a  showed 

t h a t  t h e  amount of s u l f u r  remaining i n  t h e  s o l i d  phase  a f t e r  each  r u n  of 

S e r i e s  111 was h i g h e r  a t  575 C a n d  lnwer a t  750 and 970 C t h a n  observed 

i n  t h e  S e r i e s  I d a t a .  The s u l f u r  r e t e n t i o n  d a t a  of S e r i e s  I11 a r e  p l o t t e d  

a s  open c i r c l e s  i n  F i g u r e  4. More oxygen remained w i t h  t h e  s o l i d s  

c o n t a i n i n g  t h e  b e t t e r  g rade  p y r i t e .  T h i s  i s  a l s o  r e f l e c t e d  i n  t h e  s m a l l e r  

q u a n t i t i e s  of SO2 produced w i t h  t h e  b e t t e r  g rade  p y r i t e  ( F i g u r e  3 ) .  

S e r i e s  I V .  The sample weight  l o s s  d a t a  a s  a  f u n c t i o n  of tempera- 

t u r e  are  shown a s  open t r i a n g l e s  i n  F i g u r e  2. The t h r e e  d a t a  p o i n t s  a t  750 C 

show a n  u n u s u a l l y  wide s c a t t e r  i n  comparison w i t h  t h e  S e r i e s  I11 d a t a  

v a r y i n g  from 0.26 t o  0.44 gram weight  l o s s  p e r  gram s u l f u r  i n  t h e  o r i g i n a l  

sample. The average  weight  l o s s ,  however, i s  v e r y  c l o s e  t o  t h a t  observed 

f o r  t h e  low grade  (Rico)  p y r i t e  a s  s e e n  i n  t h e  f i g u r e .  A t  970 C t h e  sample 

weight  l o s s  f o r  t h e  S e r i e s  I V  m i x t u r e  was lower t h a n  f o r  t h e  o t h e r  s e r i e s  

m i x t u r e s .  

The SO2 d a t a  a t  750 C i n  F i g u r e  3 show t h a t  t h e  f r a c t i o n  o f  s u l f u r  

i n  t h e  o r i g i n a l  sample conver ted  t o  SO2 i n  t h e , S e r i e s  I V  r u n s  u s i n g  a Ca/S r a t i o  

o f  1 . 0  was n e a r l y  t h e  same a s  t h a t  observed i n  t h e  S e r i e s  I11 d a t a  a t  a  

Ca/S r a t i o  of 0.5. The SO emiss ion  l e v e l s  remained much lower t h a n  t h a t  2  



observed w i t h  t h e  lower grade (Rico)  p y r i t e  f o r  r e a s o n s  e x p l a i n e d  e a r l i e r .  

I n c r e a s i n g  t h e  t empera tu re  of t h e  S e r i e s  I V  m i x t u r e s  from 750 t o  970 C 

i n c r e a s e d  t h e  convers ion  o f  s u l f u r  t o  SO2. However, by comparison,  t h e r e  

was n o t i c e a b l y  less SO2 produced a t  970 C f o r  t h e  S e r i e s  I V  m i x t u r e  t h a n  

f o r  t h e  o t h e r  s e r i e s  m i x t u r e s  r e a c t e d  a t  t h i s  t e m p e r a t u r e  u s i n g  lower  

Ca/S r a t i o s .  The s u l f u r  r e t e n t i o n  was h i g h e r  a t  970 C f o r  t h e  S e r i e s  I V  

t h a n  t h e  S e r i e s  I11 mix ture  but  comparable t o  t h e  S e r i e s  I m i x t u r e  ( F i g u r e  4 . )  

O v e r a l l ,  t h e  s t u d i e s  w i t h  t h e  -200 mesh b e t t e r  grade p y r i t e , S e r i e s  

11, I11 and I V  i n d i c a t e  t h a t ,  w i t h i n  t h e  d a t a  v a r i a t i o n ,  t h e  Ca/S r a t i o  

i n  t h e  range 0 .5  t o  1 . 0  had marg ina l  e f f e c t  on s u l f u r  r e t e n t i o n  a t  750 C 

(and l i k e l y  a t  lower  t e m p e r a t u r e s ) ,  bu t  i s  more e f f e c t i v e  a t  h i g h e r  tempera- 

t u r e .  At 970 C ,  f n r , e x a m p l e ,  t h e  SO2 d a t a  i n d i c a t e d  t h a t  less SO2 was 

formed from t h e  Ca/S = 1 . 0  m i x t u r e  t h a n  from t h e  CaS = 0.5 mix ture .  T h i s  

t r e n d  i s  r e f l e c t e d  i n  t h e  c a l c u l a t e d  s u l f u r  r e t e n t i o n  v a l u e s  from t h e  

S e r i e s  I11 and I V  m i x t u r e s  which show i n c r e a s e d  s u l f u r  r e t e n t i o n  a t  

t h e  h i g h e r  Ca/S r a t i o ,  F i g u r e  4. 

S e r i e s  V. A l l  o f  t h e  r u n s  i n  t h i s  s e r i e s  were c a r r i e d  o u t  a t  

750 C ' u s i n g  the . -200 and -325 mesh p y r i t e  t o  examine p a r t i c l e  s i z e  e f f e c t .  

The samples i n  Runs 1 8  through 21 were t r e a t e d  i n  a s l i g h t l y  d i f f e r e n t  manner 

t h a n  t h e  samples i n  a l l  o f  t h e  o t h e r  r u n s ,  i n  t h a t  each sample from Run 1 8  

on was out-gassed under vacuum f o r  1 5  minu tes  b e f o r e  r e a c t i n g .  T h i s  was 

done t o  p r o v i d e  q u i c k e r  and b e t t e r  f l u s h i n g  of t h e  sys tem w i t h  n i t r o g e n .  

Weight l o s s e s  were g e n e r a l l y  h i g h e r  f o r  out-gassed samples compared 

t o  samples t h a t  were n o t  out-gassed a s  s e e n  i n  comparing Run 1 8  w i t h  Runs 

1 0  and 11, and Run 20 w i t h  Run 17  i n  Tab le  1. Also,  t h e  weight  l o s s  f o r  

Run 1 9  was h i g h e r  t h a n  t h e  a v e r a g e  weight  l o s s  f o r  Runs 1 3 ,  1 4  and 1 6  o f  

S e r i e s  I V .  It i s  a l s o  a p p a r e n t  i n  comparing t h e  SO2 d a t a  of t h e s e  same 

r u n s ,  t h a t  p r i o r  ou t -gass ing  of t h e  samples produced a  n o t i c e a b l e  i n c r e a s e  i n  

SO2 fo rmat ion  r e s u l t i n g  i n  a  cor responding  d e c r e a s e  i n  s u l f u r  r e t e n t i o n  i n  

t h e  s o l i d s .  Except f o r  Runs 1 7  and 20 u s i n g  t h e  -325 mesh m a t e r i a l ,  t h e  

f r a c t i o n  of t h e  t o t a l  we igh t  l o s s  due t o  SO2 remained about  t h e  same whether  

o r  n o t  t h e  sample was out-gassed.  It a p p e a r s  o v e r a l l  t h a t  ou t -gass ing  may n o t  he  

d e s i r a b l e  i n  o p t i m i z i n g  s u l f u r  r e t e n t i o n .  



comparing SO2 d a t a  from Runs 1 8  and 21 a t  Ca/S = 0.5 ,  it a p p e a r s  

t h a t  t h e  p a r t i c l e  s i z e  o f  t h e  p y r i t e  had a  s i g n i f i c a n t  e f f e c t  on t h e  

c o n v e r s i o n  o f  s u l f u r  t o  SO2 i n  t h e s e  mix tures .  L e s s  SO2 was formed i n  

t h e  mix ture  c o n t a i n i n g  t h e  s m a l l e r  -325 mesh p a r t i c l e  s i z e  p y r i t e .  

S i m i l a r l y  f o r  Runs 1 9  and 20 a t  Ca/S = 1 . 0 ,  less SO2 formed i n  t h e  m i x t u r e  

c o n t a i n i n g  t h e  -325 mesh p y r i t e .  The d i f f e r e n c e  i n  t h e  amount o f  SO2 

formed was less however between t h e  two Ca/S = 1 . 0  m i x t u r e s  w i t h  d i f f e r e n t  

p a r t i c l e  s i z e  p y r i t e  t h a n  i n  t h e  two Ca/S = 0.5 m i x t u r e s .  

Although t h e  s u l f u r  r e t e n t i o n  v a l u e s  a r e  l e s s  a c c u r a t e  t h a n  t h e  

SO2 d a t a ,  t h e  r e t e n t i o n  v a l u e s  a r e  c o n s i s t e n t  w i t h  t h e  SO2 d a t a  i n  t h a t  

t h e  m i x t u r e s  w i t h  -325 mesh p y r i t e  which produced l e s s  SO2 a l s o  r e t a i n e d  

more s u l f u r  i n  t h e  s o l i d s  t h a n  d i d  t h e  cor responding  -200 mesh p y r i t e  samples .  

F u r t h e r  comparison of t h e  Run 17  d a t a  w i t h  comparable r u n s  u s i n g  

-200 mesh p y r i t e  (Ca/S = 1 . 0 ) ,  i . e . ,  Runs 13,  1 4 ,  and 1 6 ,  showed t h a t  t h e  

Run 17  m i x t u r e  produced l e s s  SO2 and r e t a i n e d  c o n s i d e r a b l y  more s u l f u r  

i n  t h e  s o l i d s  t h a n  d i d  t h e  -200 mesh samples ( s e e  F i g u r e s  2,  3,  and 4 ) .  

H o w e v ~ r ,  more d a t a  a r e  nccdcd on the -325 utrsl~ ~ulxrures to e s t a b l i s h  t h e  

optimum m i x t u r e  composi t ion f o r  r e t a i n i n g  s u l f u r .  

SO R a t e  of Formation -2 

The r a t e  of SO2 fo rmat ion  from t h e  s o l i d s  was e s t i m a t e d  from t h e  

SO c o n c e n t r a t i o n  v e r s u s  t ime c u r v e s  o b t a i n e d  from t h e  con t inuous  moni to r ing  2  
SO2 d e t e c t o r .  T y p i c a l  c o n c e n t r a t i o n  v e r s u s  t ime  c u r v e s  f o r  SO2 fo rmat ion  

a t  750 and 970 C a r e  shown i n  F i g u r e  5 .  Most of t h e  SO2 was formed from t h e  s o l i d s  

w i t h i n  t h e  f i r s t  minute  o f  r e a c t i o n .  Peak c o n c e n t r a t i o n  of w e l l  over  

30,000 ppm were f r e q u e n t l y  observed.  T h i s  h i g h  c o n c e n t r a t i o n  caused s a t u r a -  

t i o n  o f  t h e  d e t e c t o r  r e s u l t i n g  i n  t h e  f l a t  r e g i o n  shown i n  t h e  f i g u r e .  

Although h i g h  ppm SO2 v a l u e s  were observed from t h e  s o l i d s ,  t h i s  r e p r e s e n t s  

o n l y  a  s m a l l  f r a c t i o n  o f  t h e  t o t a l  s u l f u r  i n  t h e  sample as s e e n  i n  t h e  

d a t a  i n  T a b l e  1. 

The maximim r a t e  of SO2 fo rmat ion  was t aken  from t h e  

s l o p e  of c o n c e n t r a t i o n  v e r s u s  t ime  c u r v e s  and a r e  r e p o r t e d  below a s  moles/  

s e c  per  gram s u l f u r  i n  sample a t  r e a c t i o n  t empera tu re .  



Time , seconds 

FIGURE 5. RATE OF SO2 FORMATION FROM CaO-FeS2 MIXTURES 



P y r i t e  S02, ~ 0 1 e s l S e d ~ r a m  
Run ( s )  Ca/S Mesh Temperature S u l f u r  i n  Sample 

1 5  1 . 0  -200 970 2.9 x 1.0-~ 

The r a t e  of SO2 e v o l u t i o n  i n c r e a s e d  by a  f a c t o r  o f  5  i n  i n c r e a s i n g  t h e  

t e m p e r a t u r e  from 750 t o  970. Decreas ing  t h e  p y r i t e  p a r t i c l e  s i z e  from 

-200 mesh t o  -325 mesh appeared t o  more t h a n  double  t h e  r a t e  o f  SO2 

fo rmat ion .  O v e r a l l ,  t h e  r a t e s  a r e  v e r y  low and conf i rm t h e  r e l a t i v e l y  

s m a l l  amount of SO2 be ing  formed i n  t h e  system. 

X-Rav Analvses  

Two o f  t h e  exposed s o l i d  samples  were examined by X-ray a n a l y s e s  
.I t o  de te rmine  t h e  t y p e  o f  compounds p r e s e n t .  The samples ana lyzed  were 

t a k e n  from Run 11 a t  750 C and Run 1 2  a t  970 C. The  compolinds p r e s e n t  

and t h e  e s t i m a t e d  r e l a t i v e  p a t t e r n  s t r e n g t h  a r e  t a b u l a t e d  below. 

P a t t e r n  
Sample Temperature ,  O C  Compound S t r e n g t h  

Run 1 750 CaO 100 

Ca/S = 0 .5  CaS 7 0  

Run 1 2  970 CaS 100 

Unknown 8 8 
(FeS-CaO) ? 

The sample exposed a t  750 C c o n t a i n e d  u n r e a c t e d  CaO and a  t r a c e  

o f  unreac ted  p y r i t e .  The major p r o d u c t s  of r e a c t i o n  a t  750 C were CaS 

and  a  p y r r h o t i t e  Fe  S A smal l  amount of i r o n  o x i d e  was a l s o  observed 
7  8' 

a t  750 C .  A t  970 C ,  t h e  exposed sample showed no CaO o r  p y r i t e  remaining.  



The major  p r o d u c t s  formed a t  t h e  h i g h e r  t empera tu re  were CaS, a n  unknown 

compound, and a  p y r r h o t i t e  Fe9S10. The unknown compound produced a v e r y  

s t r o n g  peak b u t  c o u l d  n o t  be  i d e n t i f i e d  i n  t h e  X-ray Powder D i f f r a c t i o n  

F i l e .  

Although t h e  X-ray d a t a  above a r e  q u a l i t a t i v e ,  i t  a p p e a r s  t h a t  

t h e  r e a c t i o n  a t  970 C produced p r i m a r i l y  CaS and a fewer  number of compounds 

o v e r a l l  t h a n  d i d  t h e  r e a c t i o n  a t  750 C.  

DISCUSSION 

This  q u a r t e r ' s  exper iments  a r e  showing t h a t  t h e  CaO-FeS2 system 

i s  a  complex r e a c t i o n  system l e a d i n g  t o  a v a r i e t y  nf  s u l f u r  and s u l f u r -  

ox ide  p r o d u c t s .  The v e r y  low r e a c t i v i t y  a t  575 C and t h e  i n c r e a s i n g  

r e a c t i v i t y  a t  750 and 970 C s u g g e s t  a number of s t e p w i s e  r e a c t i o n s  t a k i n g  

p l a c e .  

For t h e  moment we s u g g e s t  one c o n s i d e r  t h e  f o l l o w i n g  r e a c t i o n  

s t e p s  i n  t h i s  CaO-FeS2 system:  

1. Decomposition of FeS 
2 

2-x 
FeS + FeS + - 

2  x 2  2  

2. S  (vapor) + CaO ( s o l i d )  r e a c t i o n s  
2  

S2 + CaO + CaS + SO 

I f  we a c c e p t  t h i s  sequence f o r  t h e  moment we n o t e  then  t h a t  a t  most 50 p e r c e n t  

of t h e  S  i n  t h e  p y r i t e  can r e a c t  w i t h  C a O  a t  T  < 1000 C (x = 1 ) .  I f  we 

f o l l o w  t h i s  sequence through t o  t h e  p r o d u c t i o n  o f  SO we t h e n  n o t e  o n l y  50 
2  

p e r c e n t  of t h e  S  vapor  can b e  conver ted  t o  a  s u l f u r  o x i d e ,  and on ly  one- th i rd  
2  I 

of t h i s  50 p e r c e n t  can y i e l d  SO T h i s  would s a y  t h e n , t h a t  a t  most on ly  
2  ' 

some 8 p e r c e n t  of t h e  s u l f u r  i n  p y r i t e  would y i e l d  SO i n  our  c u r r e n t  e x p e r i - .  
2  

ments.  The o n l y  exper iment  which y i e l d e d  more SO t h a n  t h i s  was i n  Run 1 
2  

w i t h  t h e  c rude  p y r i t e  which y i e l d e d  10.7 p e r c e n t  and ,  as mentioned e a r l i e r ,  

con ta ined  o r g a n i c  s u l f u r  i n  a d d i t i o n  t o  t h e  p y r i t e .  



T h i s  s o r t  of a n a l y s i s  i s  r a t h e r  c i r c u m s t a n t i a l  a t  t h i s  p o i n t  b u t  i s  

c o r r o b o r a t e d  by t h e  d a t a  t o  d a t e ,  and s u g g e s t s  t h a t  a more d i r e c t ,  more s imple  

exper iment  is  i n  o r d e r .  Namely, r a t h e r  t h a n  r e a c t  t h e  FeS2 d i r e c t l y  w i t h  C a O ,  

why n o t  s e p a r a t e  t h e  two r e a c t a n t s ,  and a l l o w  t h e  S  vapor  t o  s e q u e n t i a l l y  
2  

a t t a c k  t h e  CaO? T h i s  sequence w i l l  b e  e x p l o r e d  i n  t h e  coming q u a r t e r .  

P y r r h o t i t e  Formation.  The X-ray d a t a ,  a l t h o u g h  l i m i t e d  t o  d a t e ,  

s u g g e s t  t h a t  s u l f i d e  fo rmat ion  a t  T  < 1000 C i s  mainly  t h e  r e s u l t  of a 

gas  ( S 2 ) - s o l i d  (CaO) r e a c t i o n .  Apparent ly  as S  l e a v e s  t h e  t h e r e  
2 

i s  an  approach t o  FeS a t  t h e  t empera tu res  and t imes  r e a c t e d  t o  d a t e ,  and 

p y r r h o t i t e s  FexSy a r e  produced where y / x  > 1. 

The unknown produc t  may b e  FeS.Ca0 a s  i d e n t i f i e d  by Skopov, 

e t  n l s ? )  i n  t h e i r  TGA exper iments .  S o l i d - s o l i d  r e a & i o n s  do n o t  appear  

t o  have o c c u r r e d  a t  t h e  t empera tu res  of o u r  c u r r e n t ' e x p e r i m e n t s  (based on 

t h e  l a c k  o r  v e r y  s m a l l  amount of i r o n  o x i d e  p r o d u c t s  i n  t h e  X-ray a n a l y s e s ) .  

WORK PLANNED NEXT QUARTER 

Task 1 exper iments  w i l l  con t inue  n e x t  q u a r t e r .  As n o t e d  i n  t h e  

d i s c u s s i o n  s e c t i o n  b e s i d e s  r e a c t i n g  m i x t u r e s  of FeS and CaO, t h e  two com- 
2  

pounds may be  r e a c t e d  i n  a  s e q u e n t i a l  r e a c t i o n ,  u s i n g  t h e  p y r i t e  a s  a S  - 
2  

g e n e r a t o r ,  t h e n  c o n t a c t i n g  t h e  S  w i t h  CaO. I f  t h i s  p roves  s u c c e s s f u l  t o  
2  

our  g o a l s  we w i l l  t h e n  i n t r o d u c e  o t h e r  g a s e s  w i t h  t h e  S  vapor .  
2 

( 2 )  Skopov, G. V . ,  e t - a l . ,  " I n v e s t i g a t i n g  t h e  Chemical Ac t ion  and t h e  
Sequence of I n t e r a c t i o n s  of I r o n  S u l f i d e  With Calcium Oxide and 
Calcium Carbonate",  I z v e s t i y a  Vysshikh Uchebnjkh Zavedeniy,  No. 4 ,  
Tsvetnaya M e t a l l u r g i y a ,  1977,  pp 69-73. 




