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INTRODUCTION 

The day when i n d u s t r y  s e r i o u s l y  t u r n s  t o  c o a l  i s  f a s t  approaching,  

and when i t  comes, i n d u s t r y  w i l l  be concerned wi th  c o n t r o l l i n g  SO2 and 

NO wi th  t h e  l e a s t  expense and d i f f i c u l t y .  The most d i r e c t  way from 
X 

i n d u s t r y ' s  p o i n t  of view would be t o  a c c o m p l i s h t h i s  dua l  c o n t r o l  i n - s i t u .  

It i s  widely recognized t h a t  a l k a l i n e  ox ides ,  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  cap tu r ing  s u l f u r  i n - s i t u .  It i s  equa l ly  w e l l  

recognized t h a t  NOx emissions 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 taged  combustion. Both t h e s e  a s p e c t s  have 

been demonstrated 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  op t imiz ing  

s u l f u r  c a p t u r e  by CaO under s taged  combustion. Our approach t o  accomplishing 

t h i s  goa l  i s  v i a  an  experimental  and i n t e r p r e t a t i v e  s tudy  of t h e  chemistry 

and i n t e r a c t i o n s  of CaO under s imulated and a c t u a l  s taged  combustion con- 

d i t  ions .  



I n  s taged  combustion one f i r e s  f i r s t  under reducing ( f u e l  r i c h )  

cond i t i ons  p r i o r  t o  ox ida t ion  i n  t h e  second s t age .  Our s t u d i e s  wherein 

c o a l s  were t r e a t e d  w i th  CaO, i e ,  impregnated wi th  CaO f o r  pu lver ized  

c o a l  f i r i n g ,  o r  mixed and p e l l e t i z e d  wi th  CaO f o r  s t o k e r  f i r i n g ,  sugges t  

t h a t  cond i t i ons  p r e v a i l  under which CaO i s  f i r s t  converted t o  CaS p r i o r  

t o  being oxid ized  t o  CaSO Since  CaS has  a g r e a t e r  thermal  s t a b i l i t y  4' 
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 empera tures  above 900 C 

(1650 F) and r e t a i n  s u l f u r  under proper  s t o i c h i o m e t r i c  cond i t i ons .  

OBJECTIVES 

Th i s  program i s  aimed a t  d e f i n i n g  t h e  chemis t ry  and combustion 

k i n e t i c s  necessary  t o  op t imize  t h e  s u l f u r  . c ap tu re  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 reducing SO2 and NOx i n  t h e  f i r i n g  of pu lver ized  coa l .  

The program i s  separa ted  i n t o  t h r e e  t a sks :  

Task 1. A f i x e d  bed s tudy  of CaS product ion  

Task 2. A f i x e d  bed s tudy  of CaS o x i d a t i o n  

Task 3 .  A s taged  combustion s tudy  of c o a l  and 
CaO t r e a t e d  coa l s .  

A more d e t a i l e d  s ta tement  of t h e  i n d i v i d u a l  t a s k  o b j e c t i v e s  fo l lows .  

Task 1. CaS Formation 

The o b j e c t i v e  of Task 1 i s  t o  develop k i n e t i c  d a t a  on t h e  r a t e  

. of  CaS formation f o r  t h e  express  purpose of  modeling t h e  t ype  of reac t ions .  

t ak ing  p l a c e  between calcium and s u l f u r  compounds dur ing  t h e  combustion 

of c o a l ,  p a r t i c u l a r l y  as they  might occur  i n  oxygen-deficient environments.  

These s t u d i e s  focus  p r i m a r i l y  .on r e a c t i o n s  t a k i n g  p l a c e  i n  f i x e d  beds 

i n .wh ich  d i f f e r e n t  bed mix tures  a r e  exposed t o  v a r i o u s  tempera tures  and 

gas-phase compositions.  



Task 2. CaS Oxidat ion 

The o b j e c t i v e  of Task 2 i s  t o  determine some of t he  boundary 

cond i t i ons  f o r  ox id i z ing  CaS. Although not  a  l a r g e  e f f o r t  i n  t h e  over- 

a l l  program i t  i s  a n'ecessary one t o  a s s u r e  t h a t  t h e  high CO cond i t i ons  

of Stage 1 r e a c t i o n s  do not  i n t e r f e r e  o r  a l t e r  t h e  Stage 2 ox ida t ion  

process  i n  conver t ing  CaS t o  CaS04. 

Task 3. Staged Combustion 

 ask 3 i s  t h e  major a c t i v i t y  i n  t h i s  program. I n  t h i s  phase, 

c o a l  p a r t i c l e s  a r e  burned under c o n t r o l l e d  cond i t i ons  of s t ag ing .  Task 

3 i s , a  paramet r ic  s tudy  of t h e  p r i n c i p a l  dependent and independent 

v a r i a b l e s ,  i n  p a r t  developed from Tasks 1 and 2 r e s u l t s .  The o b j e c t i v e  

of Task 3 r e i t e r a t e 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  opt imizing t h e  S-capture chemistry of CaO under s taged 

combustion condi t ions .  

Task 3 i s  c a r r i e d  out  i n  two p a r t s :  P a r t  A aims t o  develop 

t h e  b a s i c  parameters  from r e a c t i o n s  of c o a l  i n  r i c h  and l e a n  methane f lames,  

and P a r t  B f u r t h e r  c a r r i e d  ou t  t h e  op t imiza t ion  i n  a  l abo ra to ry  c o a l  fur -  

nace. 

Task 3A - Coal Combustion i n  Gas Flames. The o b j e c t i v e  of Task 

3A i s  t o  develop t h e  b a s i c  k i n e t i c  and chemical parameters  which govern 

CaS and CaS04 formation i n  s taged combustion. 

Task 3B - Staged Combustion Coal F i r i n g s .  The o b j e c t i v e  of Task 

3B i s  t o  apply t h e  Task 3A r e s u l t s  to' opt imize NOx-SOx c o n t r o l  i n  a 

s taged  coa l - f i r ed  system. 



I n  t h e  f i r s t  q u a r t e r l y  r e p o r t  per iod  l i t e r a t u r e  from 1967 t o  
- 

t h e  p re sen t  was reviewed, a  thermodynamic assessment of t h e  CaO-FeS-FeS2 

system was made, and Task 1 experiments were i n i t i a t e d  on t h e  formation 

of calcium s u l f i d e  from calcium oxide  - p y r i t e  mixtures .  

PROGRES S 

L i t e r a t u r e  Survey 

A manual and computerized scan of Chemical Abs t r ac t s  covering 

t h e  y e a r s  1967 t o  t h e  p re sen t  was made. A number of a r t i c l e s  p e r t i n e n t  

t o  t h i s  program were uncovered. The a r t i c l e s  a r e  re ferenced  below, and 

a b r i e f  comment on t h e i r  o v e r a l l  conten t  i s  presented f o r  t hose  papers  

deemed most p e r t i n e n t  t o  t h e  p re sen t  Task 1 e f f o r t s .  (Numerous a r t i c l e s  

a r e  a v a i l a b l e  on t h e  CaO-SO? system. These a r e  not  l i s t e d  here . )  
u 

(1) Skopov, G. V . ,  e t  a l .  " Inves t iga t ing  t h e  Chemical 
Act 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  wi th  Calcium Oxide and Calcium Carbonate", 
Izv.  Vyssh. Uchebn. Zaved. Tsvetn. Me ta l l . ,  1977 
(4) ,  pp 69-73 (Russian).  

This  Russian a r t i c l e  appears  most p e r t i n e n t  t o  t h e  
p re sen t  Task 1 s tudy  and was t h e r e f o r e  t r a n s l a t e d  
i n t o  English.  The a r t i c l e  provides  u s e f u l  i n fo r -  
mation on t h e  composition of t h e  s o l i d  phases 
formed i n  t h e  r e a c t i o n  of FeS2 ( p y r i t e )  wi th  CaO 
i n  t h e  temperature range 650 t o  1100 C. Temperature 
appears  t o  be a n  important  v a r i a b l e  i n  determining 
t h e  e x t e n t  of CaS formation and SO2 evo lu t ion  i n  a  
FeS2-CaO mixture;  SO2 predominates below 700 C ,  and 
CaS predominates above 700 C t o  about 1000 C. 

(2) Toguzov, et a l .  "Study of t h e  F e a s i b i l i t y  of t h e  
I r o n  (11) Sul f ide- I ron  (11) Oxide-Calcium Oxide 
System", Kompleken. Ispol 'Z.  Mineo Sys 'ya,  1980 
(4 ) ,  pp 51-55 (Russian).  

T h i s  i s  another  Russion a r t i c l e  i n  which so l id -  
s o l i d  r e a c t i o n s  were s tudied .  The au tho r s  looked, 
a t  t h e  systems FeS-FeO-CaO and FeS-CaO. The a r t i c l e  
has  not  y e t  been t r a n s l a t e d  i n t o  English. 



(3) Sohn, H. Y. and Rajamoni, K. "Successive Gas-Solid 
Reac t ions  i n  A Porous P e l l e t :  Appl ica t ion  t o  t h e  
React ion of Metal S u l f i d e  i n  t h e  Presence of Lime", 
Chem. Eng. Sc i . ,  1977, 32 (9) ,  pp 1093-1101. 

This  i s  a modeling s tudy  t o  d e s c r i b e  t h e  succes s ive  
gas-sol id  r e a c t i o n s  occurr ing  i n  a porous p e l l e t .  
Severa l  r e f e rences  a r e  included which may be of 
i n t e r e s t  t o  t h e  p re sen t  study. 

(4)  Fahim, M. A. "Absorption K i n e t i c s  of Calcium Oxide 
wi th  Gaseous Steam Containing Hydrogen Sulf ide",  
J. Environ. Sc i .  Heal th,  A14(3), pp 211-220 (1979). 

This  i s  a s tudy  of t h e  r e a c t i o n  of H2S wi th  C a O  i n  
t h e  temperature range 600 t o  750 C. This  paper w i l l  
be of i n t e r e s t  i n  t h e  p re sen t  Task 1 s t u d i e s  involv ing  
H2S-CaO i n t e r a c t i o n .  

( 5 )  Westmoreland, P. R. ,  Gibson, J. B. ,  and Harr ison,  D.  P. 
"Comparative K i n e t i c s  of High Temperature React ion 
Between H2S and Se lec ted  Metal Oxides", Environ. S c i .  
and Technology, 1 1 . ( 5 ) ,  - p 488 (1977). 

See comments o f  Reference 4. 

(6) Freund, H. "The K i n e t i c s  of Limestone/Dolomite wi th  
H2S under Rich Combustion Conditions". To be publ ished.  

Th i s  i s  a s tudy  of t h e  r e a c t i o n  of H2S wi th  l imes tone l  
dolomite  mixtures  i n  t h e  temperature range 1065 t o  1310 C.  
Under f u e l  r i c h  combustion cond i t i ons  t h e  au thor  r e p o r t s  
a  s i g n i f i c a n t  l o s s  i n  r e a c t i v i t y  a t  h igh  temperatures  
r e s u l t i n g  i n  a  low e f f i c i e n c y .  s u l f u r  c a p t u r e  process .  
The s tudy  concludes t h a t  t h e  H2S abso rp t ion  r e a c t i o n  i s  
too  slow t o  be a  p o s s i b l e  means of s u l f u r  cap tu re  du r ing  
en t r a ined  s o l i d s  combustion. 

(7) Vejvoda, e t  a l .  Sb. Prednasek-Vedeckotech Kong. Ustava. 
Vyzk. Vyvz i t i  Po l iv . ,  1977, pp 107-134 (Czech). 

Th i s  i s  another  s tudy  of t h e  CaO-H2S r e a c t i o n  k i n e t i c s  
i n  t h e  700-900 C range. The a b s t r a c t  i n d i c a t e s  t h a t  t h e  
e f f e c t  of CaO p a r t i c l e  s i z e  on t h e  r e a c t i o n  r a t e  was 
examined. The paper i s  not  p r e s e n t l y  a v a i l a b l e  t o  u s ,  
but  an  at tempt  w i l l  be made t o  o b t a i n  an Engl i sh  t r a n s - ,  
l a t i o n  of t h e  work. 

(8)  Yang, R. T., e t  a l .  "Direct  Evidence f o r  t h e  Exis tence  
of Gaseous In t e rmed ia t e s  i n  t h e  Calcium Sulfide-Calcium 
S u l f a t e  Reaction:,  J of AIChE, 1979, 25 (3) pp 547-548 
(English)  . 



Thi s  i s  a  s tudy  of t h e  CaS-CaS04 system and may be  
of i n t e r e s t  l a t e r  i n  t h e  program. 

Thermodynamics 

Table  1 c o n t a i n s  a  l i s t i n g  of some of t h e  r e a c t i o n s  p e r t i n e n t  

t o  t h e  Task 1 experimental  program. F ree  ene rg i e s  a r e  l i s t e d  f o r  800 K 

(980 F) and 1400 K (2060 F) .  

Reac t ions  l ead ing  t o  t h e  formation of CaS a r e  shown i n  t h e  

f i r s t  20 equa t ions  i n  t h e  t a b l e .  The thermodynamics i n d i c a t e  t h a t  a t  

1400 K a l l  of t h e  r e a c t i o n s ,  except  Reac t ions  1 and 19 ,  f avo r  CaS forma- 

t i o n  w i th  React ion 7 appearing most f avo rab l e  thermodynamically. . 

Calcium s u l f i d e  formation i s  less f avo rab l e  a t  lower temperatures .  

A t  800 K f o u r  a d d i t i o n a l  r e a c t i o n s  (2, 4 ,  6, and 14) appear  unfavorable .  
I=. 

I n  most 'of t h e s e  i n s t a n c e s  where t h e  f r e e  energy goes ~ o s i t i v e ,  oxygen 

i s  a  product ,  obvious ly  t hen  f avo r ing  t h e  o x i d a t i o n  of CaS. 

Genera l ly ,  t h e  r e a c t i o n s  l ead ing  t o  t h e  formation of gaseous 

S2, SO2, C O Y  C02, o r  H 0  show favo rab l e  thermodynamics f o r  CaS formation.  
2  

Reac t ions  2 and 14 a t  800 K a r e  t h e  on ly  except ions  and it i s  apparen t  

t h a t  a t  h ighe r  tempera tures  t h e s e  r e a c t i o n s  a l s o  become f avo rab l e .  Thus, 

i t  appears  t h a t  18  of t h e  20 equa t ions  l i s t e d  i n  Table  1 could be thermo- 

dynamically f avo rab l e  f o r  CaS formation a t  combustion temperatures .  

T h i r t e e n  of  t h e  remaining 1 4  equa t ions  do n o t  involve  CaS produc- 

t i o n .  However, some a r e  l i k e l y  t o  be important  'in t h e  CaO-FeS2 system. 

Of p a r t i c u l a r  i n t e r e s t  i s  React ion 23 which shows t h a t  FeS2 can decompose 

s i g n i f i c a n t l y  above about  1000 K. An e q u i l i b r a t e d  system a t  800 K, however, 

shows l i t t l e  FeS2 decomposition. However, i n  t h e  presence  of CaO s ign i -  

f i c a n t  s u l f u r  can  be  r e l e a s e d  a s  shown i n  Equat ions 3 and 5. 

F igu re  1, from t h e  r e p o r t  of Hsieh, e t  al") p r e s e n t s  a  u s e f u l  

d i s p l a y  of approximate r e a c t i o n  tempera tures  f o r  t h e  C ~ O  - CaC03- CaS- 

CaSO system. Th i s  r e a c t i o n  scheme i n  con junc t ion  w i t h  t h e  f r e e  energy 4 
t a b u l a t i o n  of Table  1 may prove u s e f u l  i n  l a t e r  ana lyses  of t h e  CaO- 

p y r i t e  r e a c t i o n  systems. 

(1) Hsieh, B. C . ,  Ashworth, R. A. ,  and Swi tzer ,  G. W . ,  Jr. "An Analys i s  
'of t h e  Chemistry and Mechanisms f o r  t h e  High Temperature D e s u l f u r i z a t i o n  
of Low Btu Gas When Using Lime o r  Limestone", O f f i c e  of  Coal Research 
Report ,  Cont rac t  No. 14-32-001-1236. 



TABLE 1. POSSIBLE REACTIONS I N  THE C~OISULFUR SYSTEM 

A F Kca l /mole  
No. R e a c t  i o n  800  K 1400  'K 

FeS + CaO + FeS + CaS + 1 1 2  O2 
2 

FeS2 + CaO + FeO + CaS + 1 1 2  S2 

3FeS2 + 4Ca0 + Fe304 + 4CaS + S2 

3FeS2 + 6Ca0 + Fe304 + 6CaS + O2 

2FeS2 + 3Ca0 -t Fe203 + 3CaS + 1 1 2  S2 

2FeS2 + 4Ca0 + Fe203 + 4CaS + 1 1 2  O2 

2 ~ e 3 ~  + 3Ca0 + O2 + Fe203 + 3CaS + SO2 

FeS2 + CaO + C + FeS + CaS + CO 

FeS2 + 2Ca0 + C -t 2CaS + FeO + CO 

11. 2FeS2 + 4Ca0 + C + Fe203 + 3CaS + CO - 49.447 - 74.209 

12 .  FeS + CaO + FeO + CaS - 4.820 - 5.234 

14 .  FeS + CaO + C -t CaS + CO + F e  

15 .  2FeS + 3Ca0 + 1 1 2  S2 + F e  0 + 3CaS 
2 3 

- 29.489 - 13.764 

16 .  2FeS + 2Ca0 + S i +  2CaS + S i 0 2  + 2 F e  - 87.628 - 81.696 

1 7 .  CaO + H2S + CaS + H 0 
2 

- 14 .980  - 15.008 

1 8 .  CaO + COS + CaS + C02 - 22.684 - 22.365 

19 .  CaO + 1 1 2  S2 + CaS + 1 1 2  O2 21.504 20.526 



TABLE 1. (Continued) 

A P Kcal/mole 
No. React  i o n  800 K 1400 K 

C a O  + SO2 + 112  O2 -+ CaS04 

CaS04 + 4C0 + CaS + 4C02 

FeS2 -A+ FeS + 112 S2 

A 
FeS Fe + 112 S2 

FeS + 0 -+ FeS + SO2 
2 2 

FeS2 + 512 O2 + FeO + 2 SO2 

FeS + 312 O2 -+ FeO + SO2 

FeS + ' 1 / 2  0 ?  + FeO + 112 S, 

FeS + O2 -+ FeO + SO 

2Ca0 + S i 0 2  -+ Ca2Si04 

CaS + 2 O2 -+ CaS04 

CaS + 312 O2 -+ C a O  + SO2 



----- --- 
CaS + 3 CaS04 4Ca0 + 4S02 

I I I 
CaC03 

-- c C---- 

CaS + 312 0 2  -CaO + SO2 ---- --- 
CaS + 202  -CaSO4 

e----e-------------- - - 
CaO + SO2 + 112 0 2  - CaS04 CaS04 --r CaO + SO2 + 112 O2 

I I 1 
CaS04 

CaS 

---------------- --- 
CaO + H2S-CaS + H20 

I 1 I I 
CaO 

------C 

CaS + H20-CaO + H2S 

----- - -- --)4C---- c. - -----* 
CaO + C02-CaC03 CaC03-CaO + C02 

Temperature, C 

FIGURE 1. THE TEMPERATURE RANGES OF THE REACTIONS - 



The equa t ions  i n  Table  1 w i l l  be used where a p p r o p r i a t e  a s  

a i d s  i n  i n t e r p r e t i n g  d a t a  from t h e  Task 1 s t u d i e s  involv ing  r e a c t i o n s  of 

CaO wi th  s u l f u r  bear ing  compounds. Other equa t ions  no t  l i s t e d  i n  Table  

1 w i l l  l i k e l y  a r i s e  a s  t h e  s tudy  con t inues  and t h e s e  w i l l  have t o  be  

cons idered  (and p o s s i b l y  der ived)  a s  t h e  t a s k  progresses .  

Experimental Study of CaO-FeS2 System 

Three exp lo ra to ry  experiments  were c a r r i e d  ou t  r e a c t i n g  f i n e  

powders of calcium oxide wi th  p y r i t e .  The purpose of t h e s e  experiments  

was mainly t o  observe t h e  behavior  of t h e  mixed powders a t  e l eva t ed  

tempera tures  wi th  regard  t o  s u l f u r  emissions,  weight l o s s  and speed of 

r e a c t i o n .  The r e a c t i o n s  were c a r r i e d  ou t  a t  575 and 950 C f o r  p e r i o d s  

up t o  40 minutes.  The experimental  procedure and r e s u l t s  a r e  descr ibed  

below. 

Experimental . . . . .. Procedure.  ~ . A pa ren t  mixture  of CaO and FeS was 2 
made up f o r  t h e s e  experiments.  The mix ture  was made up a t  a CaOIFeS 2 
mole r a t i o  of 1 .32 g iv ing  a Ca/S mole r a t i o  of 0.66. The CaO was reagent  

grade m a t e r i a l  (Baker) wi th  a r epo r t ed  p u r i t y  of 98.8 percent .  The p y r i t e  

used i n  t h e  c u r r e n t  experiments  was a c rude  m a t e r i a l  con ta in ing  about  

76.2 pe rcen t  p y r i t e .  The i m p u r i t i e s  were analyzed a s  fo l lows:  

S u l f u r  
C H 0 N Ash P y r i t e  S u l f a t e  Organic Fe 

40.72 0.65 1.33 39.89 5.10 0.69 3.40 0.08 7.24 

(A b e t t e r  g rade  p y r i t e  ha s  j u s t  been obta ined  from C. E. Minerals ,  King of. 

P r u s s i a ,  Pennsylvania .  This  m a t e r i a l  i s  being analyzed and w i l l  be used i n  

f u t u r e  experiments.  

The mix ture  was blended and s t i r r e d  i n  a g l a s s  con ta ine r  u n t i l  

a uniform c o l o r  r e s u l t e d .  Samples weighing from 1-112 t o  2-112 grams were 

removed from t h e  pa ren t  mixture  and placed i n  a smal l  qua r t z  boat .  The boat  

and sample were a c c u r a t e l y  weighed t o  w i t h i n  1 0  mi l l ig rams;  t hen  placed 

i n  a qua r t z  tube  r e a c t i o n  chamber which was preheated t o  t h e  r e a c t i o n  

temperature ,  



The qua r t z  r e a c t o r  was 1-1/4 inch  OD and 24 inches  long 

tapered  a t  t h e  e x i t  end of t h e  r e a c t o r  t o  a  114 inch  OD tube.  Samples 

were p laced  i n  t h e  en t r ance  t o  t h e  r e a c t o r  v i a  a  tapered  ground g l a s s  

j o i n t .  The sample and r e a c t o r  were thoroughly f l u shed  wi th  n i t r o g e n  p r i o r  

t o  i n s e r t i n g  t h e  sample i n t o  t h e  ho t  r e a c t i o n  zone. Nitrogen cont inued 

to .  p a s s  over  t h e  sample a t  about  5  c c / s e c  du r ing  t h e  e n t i r e  run.  The 

e x i t  ga se s  passed through one o r  two co ld  t r a p s  depending on t h e  SO2 

a n a l y t i c a l  procedure.  The f i r s t  t r a p  was used t o  c o l l e c t  t h e  condens ib le  

vapors ,  mainly s u l f u r .  The second t r a p ,  when used,  was connected i n  

s e r i e s  wi th  t h e  f i r s t  t r a p  and contained hydrogen peroxide  (H 0 ) t o  t r a p  
2 2 

t h e  SO2 i n  t h e  e x i t  gases .  When t h e  second t r a p  was no t  used, t h e  e x i t  

gases ,  w i t h  condens ib les  removed, were d i r e c t e d  t o  a  mass spec t rometer  f o r  

SO2 a n a l y s i s .  Oxygen was a l s o  analyzed on t h e  mass spectrometer .  

A t  t h e  comp.letion of t h e  run,  t h e  sample was removed from t h e  

r e a c t o r  and cooled t o  room temperature  and weighed. The peroxide  samples 

were t i t r a t e d  w i th  barium p e r c h l o r a t e  u s ing  a  Thorin i n d i c a t o r  t o  g ive  

t h e  s u l f a t e  con ten t  of t h e  s o l u t i o n .  The s u l f a t e  was then  converted t o  

a n  equ iva l en t  mole of SO2 c o l l e c t e d .  

R e s u l t s  and Discuss ion  

Two of t h e  t h r e e  runs  t h i s  q u a r t e r  were c a r r i e d  ou t  a t  575 C ,  

t h e  o t h e r  a t  950 C. A t  each temperature ,  s u l f u r  d e p o s i t s  were ev iden t  

a t  t h e  e x i t  of t h e  r e a c t o r  tube  w i t h i n  seconds a f t e r  i n s e r t i n g  t h e  sample 

i n t o  t h e  h o t  r e a c t i o n  zone. A major p o r t i o n  of t h e  s u l f u r  was found t o  

d e p o s i t  on t h e  w a l l s  of t h e  114 inch  OD tube  j u s t  p r i o r  t o  t h e  f i r s t  co ld  

t r a p ;  t h i s  obs t ruc t ed  t h e  view through t h e  tube  and made i t  d i f f i c u l t  t o  

e s t i m a t e  t h e  d u r a t i o n  of s u l f u r  d e p o s i t i o n  i n  t h e  experiments.  It was 

apparen t  however, t h a t  cons iderab ly  more s u l f u r  depos i ted  a t  950 C.  

Reac t ion  a t  950 C.  The experiment a t  950 C showed t h e  e v o l u t i o n  

of  bo th  SO2 and s u l f u r  from t h e  sample. The SO2 which evolved from t h e  

heated mix ture  was c o l l e c t e d  i n  a  co ld  t r a p  con ta in ing  H202 (downstream 

of  t h e  s u l f u r  t r a p s ) .  The amount of SO2 c o l l e c t e d  i n  t h e  peroxide  s o l u t i o n  
-3  

was about 4 .9  x  1 0  moles, i n d i c a t i n g  t h a t  about 23 pe rcen t  of t h e  t o t a l  

s u l f u r  i n  t h e  p y r i t e  was converted t o  SO2. 



I n  a d d i t i o n  t o  t h e  SO2 evolved,  an  a t tempt  was made t o  determine 

t h e  amount of s u l f u r  depos i ted  on t h e  w a l l s  o u t s i d e  t h e  r e a c t o r  by 

ox id i z ing  t h e  s u l f u r  t o  SO2 i n  a  ho t  pure oxygen gas  s t ream and c o l l e c t i n g  

t h e  SO2 i n  H202. However, t h e  peroxide s o l u t i o n  appeared t o  t r a p  v e r y  

l i t t l e  of t h e  ox id ized  s u l f u r .  A weight l o s s  of 0.33 grams (0.48 grams/gram 

o f  s u l f u r  i n  o r i g i n a l  sample) was observed f o r  t h e  sample a t  950 C over  a  

pe r iod  of 30 minutes.  I f  one assumes t h i s  l o s s  is  due s o l e y  t o  t h e  

r e l e a s e  of s u l f u r ,  then  from t h e  measured amount of SO. evolved, the.amount 
2  

of  s u l f u r  depos i ted  on t h e  w a l l s  would be about  0.173 grams o r  about  25.4 

pe rcen 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. It i s  apparen t ,  however, 

t h a t  t h i s  procedure f o r  determining t h e  weight of s u l f u r  depos i ted  i s  

ques t i onab le  s i n c e  some of t h e  s u l f u r  was ox id ized  t o  SO sHowing t h a t  2 ' 
oxygen was p re sen t  a s  an  impuri ty  i n  t h e  system (adsorbed i n  t h e  sample and 

tube  w a l l s ,  p r e sen t  i n  t h e  N2 gas ,  e t c . )  
*_ 

React ion a t  575 C. The formation o f  SO, and s u l f u r  was a l s o  
L - 3 

ev iden t  a t  575 C. Approximately 1.82 x 10  moles of SO2 were evolved 

over a  40 mfnute r e a c t i o n  per iod .  Th i s  amounts t o  about 12.6 pe rcen 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  sample, cons iderab ly  less than  a t  

950 C. The sample weight l o s s  a t  575 C was 0.095 grams o r  about  0 .21 grams/ 

gram of s u l f u r  i n  o r i g i n a l  sample. Sub t r ac t i ng  t h e  weight of s u l f u r  i n  t h e  

SO2 c o l l e c t e d  (0.058 grams) from t h e  t o t a l  sample weight l o s s  l e a v e s  a  

maximum of 0.037 grams f o r  t h e  weight of s u l f u r  depos i t ed  on t h e  w a l l s  out- 

s i d e  t h e  r e a c t o r  o r  about  8 .0  pe rcen t  of t h e  t o t a l  o r i g i n a l  s u l f u r  (aga in  

assuming t h e  O2 i n  t h e  SO comes from oxygen i m p u r i t i e s  i n  t h e  system). 2  
It would appear  t h a t  oxygen is  p re sen t  i n  t h e  system o t h e r  t han  

i n  t h e  o r i g i n a l  sample ( a s  CaO), s i n c e  t h e  t o t a l  observed weight l o s s  of 

t h e  sample cannot account f o r  t h e  weight l o s s  of s u l f u r  a s  SO2 and e lementa l  

s u l f u r .  The same i s  t r u e  f o r  t h e  run  a t  950 C. Th i s  i s  d i scus sed  i n  more 

d e t a i l  l a t e r .  



The sample weight l o s s  i n  t h e  second experiment was 0.22 grams/ 

gram s u l f u r  which compares favorably  wi th  t h e  f i r s t  run  a t  0.21 grams/ 

I gram s u l f u r .  It is  apparent ,  however, t h a t  more a t t e n t i o n  w i l l  have t o  

be g iven  i n  f u t u r e  experiments t o  t h e  p o s s i b l e  oxygen impur i ty  problem 

i n  o r d e r  t o  o b t a i n  a r e l i a b l e  s u l f u r  balance i n  t h e  system. 

From t h e  experiments t o  d a t e ,  it i s  evident  t h a t  SO2 and s u l f u r  

a r e  evolved i n  t h e  r e a c t i o n  of CaO wi th  FeS2 a t  temperatures  a t  l e a s t  a s  

low a s  575 C. The mixtures  remain much ' the same c o l o r  a t  575 C (medium 

gray)  and t h e  p a r t i c l e s  do not  adhere a t  this ' : temperature.  A t  950 C ,  

however, t h e  mixture t u r n s  a charcoa l  t o  black co lo r  and t h e  powdered 

m a t e r i a l s  tend t o  fuse .  The composition of t h e s e  s o l i d  m a t e r i a l s  have 

I not  y e t  been determined but  some a t t e n t i o n  w i l l  be  g iven  t o  them dur ing  

t h e  next  q u a r t e r  work per iod .  

The mixtures  used i n  t h e  experiments t h i s  q u a r t e r  contained 

an  excess  of s u l f u r ,  and from t h e  products  evolved, suggest  a r e a c t i o n  of  

t h e  type:  

1.32 CaO + FeS2 + 1.32 CaS + FeO + XS2 + Y SO2 

I f  t h e  only  oxygen a v a i l a b l e  i n  t h e  system were from t h e  CaO, then  Y = 0.16 

moles and X = 0.26 moles. However, from t h e  i m p u r i t i e s  i n  t h e  p y r i t e ,  i t  

i s  apparent  t h a t  t h e r e  a r e  o t h e r  sources  of 02. Assuming t h e r e  i s  t h e  

r epo r t ed  4 . 3  percent  oxygen i n  t h e  p y r i t e  sample, t h e  va lue  of Y would 

inc rease  t o  0.37 moles and t h e  va lue  of X would be reduced t o  0.155 moles. 

The Y va lue  c a l c u l a t e d  i n  t h i s  way i s  compared wi th  t h e  measured moles 

of SO2 produced i n  t h e  experiments based on one mole of FeS2 p re sen t .  

Moles of SO7 
Run - Temperature, C Measured Calcula ted  

The measured SO2 va lue  exceeds t h e  c a l c u l a t e d  va lue  a t  950 C but  i s  l e s s  

than  t h e  c a l c u l a t e d  v a l u e  a t  575 C.  Nevertheless ,  t h e  d a t a  a t  both 

temperatures  confirm t h a t  oxygen sourc6s o t h e r  than  CaO a r e  p re sen t  i n  



t h e  system. The low measured SO2 va lue  a t  575 C sugges ts  t h a t  a  l a r g e r  

f r a c t i o n  of t h e  evolved s u l f u r  compounds may have escaped a s  elemental  

s u l f u r  r a t h e r  than  SO Addi t iona l  experiments a r e  needed t o  confirm t h i s .  
2' 

One f i n a l  comment, t h e  measured weight l o s s  of t h e  samples a t  

950 and 575 C was 0.33 grams and 0.095 grams r e s p e c t i v e l y .  Assuming 

t h e  evolved SO2 measured by t h e  peroxide method came s o l e l y  from t h e  

s o l i d s ,  t h e  c a l c u l a t e d  weight l o s s  would have been 0.31 and 0.11 grams 

r e s p e c t i v e l y .  However, s i n c e  a  s i g n i f i c a n t  amount of e lementa l  s u l f u r  

was a l s o  observed t o  form i n  t h e  system, i t  i s  apparent  t h a t  no t  a l l  of 

t h e  SO2 came from t h e  s o l i d s .  The r e s u l t s  suggest  t h e  presence of a d d i t i o n a l  

oxygen i n  t h e  gas s t ream r a t h e r  than  t h e  s o l i d .  

WORK PLANNED NEXT QUARTER 

-_ 
Experiments w i l l  cont inue  next  q u a r t e r  s tudying t h e  r e a c t i o n s  

CaO and FeS2 i n  t h e  temperature range 575 t o  1000 C. Gaseous environment 

conta in ing  N and small q u a n t i t i e s  of 02,  CO,  C02 o r  H20 w i l l  be used t o  2 
,determine t h e i r  e f f e c t  on t h e  o v e r a l l  r e a c t i o n s .  Carefu l  cons ide ra t ions  

w i l l  be g iven  t o  oxygen i m p u r i t i e s  i n  t h e  gas stream. E f f e c t s  of FeS2 

p a r t i c l e  s i z e  and d i f f e r e n t  C ~ / S  r a t i o s  w i l l  be examined. The r e a c t i o n s  of 

H2S and COS with CaO w i l l  a l s o  be examined. A TGA u n i t  w i l l  be used dur ing  

t h e  next  q u a r t e r  t o  determine sample weight change a s  a func t ion  of time. 

Th i s  should provide a  more d e t a i l e d  a n a l y s i s  of t h e  da t a .  The v o l a t i l e  

s p e c i e s  r e l ea sed  i n  t h e  r e a c t i o n  w i l l  be  determined by mass spec t rometr ic  

o r  chromatographic techniques.  The remaining s o l i d s . w i l 1  be analyzed by 

X-ray and/or  wet chemical techniques.  




