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INTRODUCTION 

The n a t i o n a l  concern o v e r  a tmospher ic  p o l l u t i o n  h a s  l e d  t o  e x t e n s i v e  r e s e a r c h  and 
development on removal of s u l f u r  ox ide  p o l l u t a n t s  from f l u e  g a s e s .  There h a s  been 
c o n s i d e r a b l e  e f f o r t  i n  t h i s  regard  u s i n g  l imes tone  o r  dolomi te  t o  react w i t h  t h e  
s u l f u r  ox ides  i n  d r y ,  h igh- tempera ture  p r o c e s s e s .  I n  t h e s e  p r o c e s s e s ,  SO2 i n  t h e  
g a s e s  produced d u r i n g  combustion i s  f i x e d  as Cas04 by r e a c t i o n  wi th  CaO: 

CaO +  SO^ + 302 = Cas04 (1) 

Usual ly  t h e  raw s t o n e  (dolomite  or l imes tone)  i s  f e d  t o  t h e  p r o c e s s  and c a l c i n a t i o n  
immediately t a k e s  p l a c e  by t h e  f o l l o w i n g  r e a c t i o n :  

CaC03 = CaO + CO2 (2) 

One method.of o p e r a t i o n  h a s  involved  removal of s u l f u r  o x i d e s  by d i r e c t  i n j e c t i o n  
of l imes tone  d u s t  above t h e  b u r n e r s  of power p l a n t  b o i l e r s .  A sys tem such as t h i s  
r e q u i r e s  a minimum of new f a c i l i t i e s  and is  r e a d i l y  a d a p t a b l e  t o  e x i s t i n g  p l a n t s .  
However, t h e  removal of s u l f u r  i n  t h i s  case is c a r r i e d  o u t  i n  a r e l a t i v e l y  i n e f f i c i e n t  
and u n c o n t r o l l e d  manner. Hence, u t i l i z a t i o n  of l imes tone  i s  poor  and s u l f u r  removal 
does  n o t  exceed 50 t o  60%. An e x c e l l e n t  a r t i c l e  by t h e  Tennessee Val ley  Author i ty  
reviews work done a long  t h i s  l i n e . ( l )  

More e f f i c i e n t  c o n t a c t  between g a s e s  and s o l i d ,  a s  w e l l  as excellent tempera ture  
c o n t r o l ,  can be o b t a i n e d  by p a s s i n g  t h e  combust ion g a s e s  through a f l u i d i z e d  bed of 
lime or dolomi te .  The r e s e a r c h  r e p o r t e d  h e r e  was aimed a t  t h e  u l t i m a t e  combinat ion 
along t h i s  l i n e :  combustion of t h e  f u e l  w i t h i n  a f l u i d i z e d  bed of l i m e  or d o l o m i t e ,  
which, i n  a d d i t i o n  t o  p o l l u t i o n  c o n t r o l ,  has  g r e a t  p o t e n t i a l  f o r  reducing  b o i l e r  s i z e  
and cost by l o c a t i n g  b o i l e r  t u b e s  w i t h i n  t h e  f l u i d i z e d  bed.  ( 2 *  3 * 4 9  ') 

EXPERIMENTAL 

The e x p e r i m e n t a l  u n i t  c o n s i s t s  of a cont inuous  f l u i d i z e d  combustor, f o u r  i n c h e s  
i n  d i a m e t e r ,  w i t h  a f l u i d i z e d  bed d e p t h  of 36 i n c h e s .  The bed i s  suppor ted  on a 
p e r f o r a t e d  p l a t e  above a plenum chamber through which f l u i d i z i n g  g a s  is f e d .  F i g u r e  1 
shows t h e  arrangement of equipment f o r  f e e d i n g  and recover ing  p r o d u c t s .  The combustor 
f i t s  w i t h i n  an e lec t r ic  f u r n a c c  f o r  s t a r t u p ,  and t h e r e a f t e r ,  c o o l i n g  is provided by 
an a i r  f l o w  between r e a c t o r  and f u r n a c e .  The c y c l o n e  t o  r e c o v e r  c o a l  ash and 
dolomi te  f i n e s  is o p e r a t e d  a t  350°F, and t h e  f i l t e r  a t  150 t o  200'F. The dolomi te  
over f lowing  t h e  bed v i a  t h e  w e i r  i s  s u b s t a n t i a l l y  f r e e  of a s h .  Argon is used f o r  
purges to  f a c i l i t a t e  a c c u r a t e  a n a l y s i s  of o f f - g a s e s .  O p e r a t i n g  p r e s s u r e  w a s  8 p s i g ,  
t h e  p r e s s u r e  r e q u i r e d  t o  f o r c e  t h e  g a s e s  through t h e  recovery t r a i n  and g i v e  adequate  
c o n t r o l .  A l l  runs  w e r e  preceded by a l i n e - o u t  p e r i o d  a t  c o n d i t i o n s  i n v o l v i n g  a t  
least  3 changes of bed i n v e n t o r y .  

I n  a d d i t i o n  t o  combustion s t u d i e s  under v a r i o u s  c o n d i t i o n s  w i t h  once-through use  
of do lomi te ,  t h e  re-use of do lomi te  w a s  explored  u s i n g  $ cycles of a l t e r n a t e  
r e g e n e r a t i o n  and S02-absorp t ion .  
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The so2 a b s o r p t i o n  r u n s  wrc coiiductcd i n  a manner s i m i l a r  t o  t h c  normal combus- 
t i o n  r u n s  c x c c p t  t h a t  SO2 gas was added wi th  t h c  f l u i d i z i n g  a i r  as a major s o u r c c  of  
sulfur; coal w a s  burned to  s u p p l y  h e a t  and s u p p l y  a minor amount of s u l f u r .  The 
purpose of  adding  SO2 was to produce l a r g c  amounts of h i g h l y  s u l f a t e d  dolomi tc  i n  a 
r e l a t i v e l y  s h o r t  t i m e .  The a c t i v i t y  of  t h e  r e g e n e r a t e d  product  was measured i n  these 
r u n s  by de termining  t h e  CaO-to-S m o l  f e e d  r a t i o  r e q u i r e d  t o  produce a 20% s u l f u r  
breakthrough i n  t h e  e x i t  g a s .  The r e q u i r e d  r a t i o  was reached  by a d j u s t i n g  t h e  amount 
of  f e e d  S02; t h e  dolomi tc  r e s i d e n c e  t i m e  was h e l d  e s s e n t i a l l y  c o n s t a n t  i n  a l l  c y c l e s .  
When t h e  d e s i r e d  Ca-to-S r a t i o  w a s  r e a c h e d ,  c o n d i t i o n s  were main ta ined  c o n s t a n t  and 
t h e  u s u a l  l i n e - o u t  and b a l a n c e  were made. 

4 The r e g e n e r a t i o n  p o r t i o n  of e a c h  c y c l e  w a s  conducted  a t  1950OF wi th  CO as t h e  
r e d u c i n g  g a s  accord ing  t o  the o v e r a l l  r e a c t i o n  

/ 

CO + Cas04 = CaO + SO2 + CO2 (3) 

No s o l i d  f u e l  w a s  used i n  t h e  r e g e n e r a t i o n  r u n s .  However, e x c e s s  CO, o v e r  t h a t  r e q u i r e d  
t o  c a r r y  o u t  the r e d u c t i o n  r e a c t i o n ,  was burned w i t h  a i r  t o  supply t h e  h e a t .  The 
gas f l o w s  were f i r s t  e s t a b l i s h e d  w i t h  n i t r o g e n  b e i n g  s u b s t i t u t e d  f o r  t h e  CO c a r r i e r  
g a s .  A bed of do lomi te  was e s t a b l i s h e d  wi th  t h e  bed h e l d  a t  about  1400OF. S u f f i c i e n t  
CO w a s  t h e n  s u b s t i t u t e d  i n  p l a c e  of  an e q u a l  amount of  N2 such t h a t  t h e  bed was 
h e a t e d  t o  192S°F under a s l i g h t l y  o x i d i z i n g  atmosphere.  The remaining CO was then 
i n t r o d u c e d ,  t h e  used d o l o m i t e  f e e d  r e s t a r t e d  and t h e  u n i t  l i n e d  out a t  1950OF. 
Frequent  a n a l y s e s  o f  t h e  o f f - g a s  were made by g a s  chromatography t o  de termine  t h e  
CO/C02 ra t io .  
t h e  s u l f a t e  o b t a i n e d  i n  hydrogen peroxide  s c r u b b e r s .  

Frequent  a n a l y s e s  of t h e  SO2 c o n t e n t  of  t h e  g a s  w e r e  made by de termining  

Feeds t o c k  s 

The s o l i d  f u e l s  t e s t e d  i n  t h e  combustor  w e r e  I r e l a n d  Mine C o a l ,  Disco Char ,  and 
C r e s a p  Char .  Analyses  o f  these f e e d s  are g i v e n  i n  T a b l e  I .  I r e l a n d  mine coal i s  a 
h i g h l y  c a k i n g ,  h igh  v o l a t i l e ,  b i tuminous  coal from t h e  P i t t s b u r g h  seam. I t  i s  t y p i c a l  
of  t h e  p r o d u c t  s o l d  t o  power stations.  Both c h a r s  are from low tempera ture  carboniza-  
t i o n  p r o c e s s e s .  The Disco c h a r  was produced i n  a r o t a r y  k i l n  from a P i t t s b u r g h  seam 
coal. The Cresap  c h a r  w a s  d e r i v e d  from I r e l a n d  mine coal.  I t  w a s  produced by 
f l u i d i z e d  l o w  tempera ture  c a r b o n i z a t i o n  o f  t h e  r e s i d u e  remaining af ter  s o l v e n t  extrac- 
t i o n  of t h e  coal i n  t h e  "Project Gasol ine"  p i l o t  p l a n t  o p e r a t e d  by Consol f o r  t h e  
U. S. O f f i c e  of Coal R e s e a r c h  a t  Cresap ,  West V i r g i n i a .  

The d o l o m i t e  used is from the Tymochtee f o r m a t i o n  i n  western Ohio. T h i s  s t o n e  
w a s  chosen  because  i t  had  shown good p h y s i c a l  s t r e n g t h  and good resistance to  chemical  
d e a c t i v a t i o n  i n  COz a c c e p t o r  g a s i f i c a t i o n  s t u d i e s .  ( 6 )  
T a b l e  11. The dolomi te  t y p i c a l l y  c o n t a i n e d  0.05 t o  0.10 weight p e r c e n t  mois ture  a s  i t  
was f e d  to  t h e  u n i t .  

I t s  a n a l y s e s  are g iven  i n  

RESULTS AND DISCUSSION 

A. Runs Using Dolomite On a Once-Through B a s i s  

T a b l c  111 g i v e s  r c s u l t s  u s i n g  Disco c h a r  and Cresap  c h a r .  Disco c h a r  was used i n  
t h e  i n i t i a l  r u n s  because  i t  i s  non-caking,  thus  p r e c l u d i n g  t h e  p o s s i b i l i t y  of 
o p e r a b i l i t y  problems due  t o  coking .  Cresap  c h a r  w a s  of  i n t e r e s t  because of i t s  un- 
u s u a l l y  h igh  s u l f u r  and a s h  c o n t e n t .  T a b l e  I V  g i v e s  r e s u l t s  w i t h  I r e l a n d  coal. 
S u p e r f i c i a l  v e l o c i t y  i s  d e f i n e d  as t h e  v e l o c i t y  of t h e  a i r  feed  a t  process  c o n d i t i o n s  

velocity and f l u i d i z e d  bed d e p t h .  S t o i c h i o m c t r i c  a i r  is d e f i n e d  as t h a t  r c q u i r c d  t o  
c o m p l e t e l y  burn  carbon t o  C 0 2 ,  hydrogen to  water, and s u l f u r  to SOP. 

hr.-r\r( a.. *I.- n ..--- c a - : - 7  ---<.a --- 
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Runs 1 through 4 of T a b l e  I11 u s i n g  Disco  c h a r  exp lo red  t h c  c f f c c t  of tempera- 
t u r e  i n  t h c  rangc of 1700-1900°F and t h e  e f f e c t  o f  r e s i d e n c e  t i m e s  of one and t w o  

5 seconds.  A l a r g e  excess  of a c c e p t o r  w a s  used  in t h c s e  runs  (Ca/S mol f eed  r a t i o  , of 7 .3  t o  8.3) wh i l c  ho ld ing  t h e  a i r  i n p u t  s u b s t a n t i a l l y  c o n s t a n t  at  120+5% Of 

I on s u l f u r  a b s o r p t i o n  which w a s  n e a r l y  complete i n  a l l  runs. 

[ wi th  I r e l a n d  c o a l  explored  t h e  e f f e c t  of Ca/S mol f e e d  r a t i o  a t  a c o n s t a n t  tempera ture  
Of 1800°F, one second g a s  r e s idence  t i m e ,  and about 120% of s t o i c h i o m e t r i c  a i r .  

’ Figure  2 shows t h e  s u l f u r  removal d a t a  f o r  t h e s e  runs p l o t t e d  as a f u n c t i o n  of Ca/S mol 
! f e e d  r a t i o .  

c e n t r a t i o n  which i n d i c a t e s  t h e  abso rp t ion  r e a c t i o n  is f i r s t  o r d e r  w i t h  r e s p e c t  t o  SO2 ’ a t  a g iven  Ca/S r a t i o .  There  is f u r t h e r  ev idence  of t h i s  in t h e  l i f e  s tudy  d a t a  which 
w i l l  be  d i scussed  l a t e r .  The re fo re ,  t h e  d a t a  wi th  Disco  c h a r  were a l s o  p l o t t e d  on 
Figure  2 ,  a l though  its s u l f u r  c o n t e n t  was lower than  e i t h e 7  t h e  Cresap c h a r  or I r e l a n d  
Coal.  I t  is apparent  from F igure  2 t h a t  a d e s u l f u r i z a t i o n  e f f i c i e n c y  exceeding  90% 
can  be  achieved  a t  Ca-to-S r a t i o s  of 2 or h i g h e r ;  a t  a Ca-to-S r a t i o  of 1 .0 ,  s u l f u r  
removal e f f i c i e n c y  was about 78%. 

s t o i c h i o m e t r i c .  Ne i the r  t h e  tempera ture  n o r  t i m e  v a r i a t i o n  had a s i g n i f i c a n t  e f f e c t  

Runs 5 and 6 of Tab le  I11 wi th  Cresap  c h a r  and Runs 7 through 10 of Tab le  I V  

S u l f u r  removal e f f i c i e n c y  appea r s  to be  independent of t h e  f e e d  s u l f u r  con- 

I I n  g e n e r a l ,  t h e s e  r e s u l t s  w i th  low Ca-to-S r a t i o s  (1.0 t o  1 .5 )  a r e  s u p e r i o r  t o  
t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e  by o t h e r s  f o r  such  a c o a r s e  do lomi te  (16 x 28 mesh). 
I n  scrubbing  SO2 from f l u e  gases in a f l u i d i z e d  bed of do lomi te  a t  1600°F, Skopp(l) 
found t h a t  a h igh  CaO u t i l i z a t i o n  of 75% or more r e q u i r e d  t h a t  t h e  dolomi te  s i z e  b e  

1 6  x 28 mesh m a t e r i a l .  W i l l i a m s ,  of t h e  N a t i o n a l  Coal Board o f  England, ground h i s  
l imes tone  t o  -120 mesh b e f o r e  he g o t  c l o s e  t o  100% s u l f u r  removal at  1.5 Ca-to-S mol 
ratio. These r e s u l t s  are some of t h e  b e s t  r epor t ed .  

l f i n e r  t han  100 mesh; h i s  r e s u l t s  i n d i c a t e  CaO u t i l i z a t i o n  of on ly  50% or less with 

P o s s i b l e  r easons  f o r  t h e  s u p e r i o r  r e s u l t s  of t h i s  work would be t h e  type  of s t o n e ,  
t h e  r a p i d ,  b u t  c o n t r o l l e d  h igh  t empera tu re  c a l c i n a t i o n ,  s u f f i c i e n t  r e s i d e n c e  t ime ,  and 

d i s p e r s i o n  c a n  be seen  by comparing Run 7 of Tab le  I V  w i th  Run 11. The b a f f l e  mounted 
above t h e  f e e d  p o r t ,  shown in F i g u r e  1, w a s  employed i n  Run 11 bu t  n o t  in Run 7.  
With t h e  b a f f l e  i n  place, 93.6% s u l f u r  removal w a s  ach ieved ,  b u t  w i thou t  i t ,  on ly  
66.5% s u l f u r  removal w a s  ach ieved .  

’ good c o n t a c t i n g  of gas  wi th  t h e  abso rben t .  The importance of good contact and good 

Most workers blame t h e  poor  CaO u t i l i z a t i o n  us ing  c o a r s e  accep to r  on an impervi-  
ous s h e l l  of CaS04 which a c t s  as a d i f f u s i o n  b a r r i e r  p reven t ing  u t i l i z a t i o n  of most of 
t h e  CaO. Our r e s u l t s  i n d i c a t e  t h a t ,  under  some c o n d i t i o n s ,  t h e  s h e l l  can  be  permeated 
r easonab ly  w e l l .  
of t h e  r a d i u s  assuming s p h e r i c a l  p a r t i c l e s .  

For example, w i th  77% CaO u t i l i z a t i o n ,  p e n e t r a t i o n  i s  a t  l e a s t  39% 

I n  a l l  of t h i s  work ,  on ly  t h e  CaO f r a c t i o n  of t h e  dolomi te  h a s  been assumed to  
be  a c t i v e  as a s u l f u r  a c c e p t o r ;  t h e  MgO h a s  been assumed t o  have no a b i l i t y  f o r  SO2 
removal because  of e q u i l i b r i u m  l i m i t a t i o n s .  

2 .  Carbon Burnout 

Carbon burnout  e f f i c i e n c y  a t  1800OF wi th  one second r e s i d e n c e  t i m e  u s ing  c o a l  
f eed  was 97%. a s  t h e  d a t a , o f  Tab le  I V  show. The c h a r s  were somewhat less r e a c t i v e ,  as 
would b e  expec ted .  A t  c o n d i t i o n s  similar t o  t h e  coal r u n s ,  C r e s a p  c h a r  burnout  was 
93-94% (Runs 5 and 6 of T a b l e  111) and  Disco  c h a r  burnout  was 94% (Run 3 of Tablc  111) 
I n c r e a s i n g  t h e  tempera ture  from 1800 to  1900°F, or i n c r e a s i n g  t h e  r e s i d e n c e  t i m e  from 
one  to  two seconds  a t  1800°F, r a i s e d  t h e  burnout  of Disco c h a r  from 94 to  98 o r  97%, 
r e s p c c  t i v e l y  . 
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3. Doloml tc F i n e s  Formation 

A s u b s t a n t i a l  amount o f  t h e  f e e d  dolomi te  is degraded t o  f i n e s  undcr some 
c o n d i t i o n s .  These f i n e s  a r e  e l u t r i a t e d  from t h e  bed a long  with t h c  l a r g e  ma jo r i ty  of 
t h e  a sh  and unburned ca rbon .  F igu re  3 shows t h e  r a t e  of f i n e s  format ion  a s  a f u n c t i o n  
of t h e  Ca-to-S r a t i o  i n  t h e  bed. The o r d i n a t e  of F igu re  3 is d e f i n e d  as fo l lows:  

l b s (Ca  + h Q )  i n  Overhead F i n e s  from Dolomite x 100 
l b s ( C a  + Mg) i n  Dolomite Feed x Dolomite R e s .  Time i n  h r s .  

A t t r i t i o n  Rate %/hr  = 

I t  is apparent  t h a t  the h i g h l y  s u l f a t e d  dolomi te  is much more r e s i s t a n t  t o  s i z e  
deg rada t ion  than  t h e  l i g h t l y  s u l f a t e d  dolomi te .  A t  low Ca-to-S r a t i o s ,  t h e  r a t e  of 
deg rada t ion  i s  very l o w ,  t h a t  i s ,  about  0.5% p e r  hour.  The r a t e  of f i n e s  format ion  is 
a l s o  much h i g h e r  us ing  c o a l  f e e d  than  wi th  c h a r  f eed  f o r  some unknown reason .  Perhaps 
t h e  h i g h e r  r e a c t i v i t y  of t h e  c o a l  c a u s e s  g r e a t e r  thermal  stresses i n  t h e  p a r t i c l e s .  

4. N i t rogen  Oxides i n  t h e  Gases 

The n i t r o g e n  o x i d e s  c o n t e n t  o f  t h e  gases va ry  cons ide rah ly  from run t o  r u n ,  
i . e . ,  60 t o  340 ppm. The re  is no appa ren t  p a t t e r n  to t h e  v a r i a t i o n .  Perhaps  t h i s  is 
due t o  v a r i a t i o n  i n  t h e  rate o f  quenching  of t h e  o f f - g a s e s  which w a s  no t  c a r e f u l l y  
c o n t r o l l e d .  

B .  Dolomite L i f e  S tudy  

P o t e n t i a l l y ,  t h e  amount of new accep to r  r e q u i r e d  pe r  ton  of c o a l  can  b e  reduced 
s u b s t a n t i a l l y  by r e g e n e r a t i n g  t h e  a c c e p t o r  and r e c y c l i n g  t h e  used accep to r  back t o  t h e  
combustion process .  
t h e  a s h  and f i n e s  are s e p a r a t e d  n a t u r a l l y  by e l u t r i a t i o n  du r ing  combustion l e a v i n g  

One advantage  o f  combustion i n  a bed of c o a r s e  accep to r  is t h a t  

s u b s t a n t i a l l y  pure a c c e p t o r  f o r  r e g e n e r a t i o n  t r e a t m e n t .  To h e l p  assess t h e  p o s s i b i l i t i e s  i 
of r e g e n e r a t i o n ,  a series of c y c l i c a l  combust ion- regenera t ion  runs  was made. 
of t h e  combustion r u n s  w i t h  s u l f u r  a b s o r p t i o n  are g iven  in Tab le  V; r e s u l t s  of t h e  
r e g e n e r a t i o n  runs  are g i v e n  in T a b l e  V I .  

R e s u l t s  

1. Regenera t ion  

Regenera t ion  compr i se s  c o n v e r t i n g  the CaSO4 i n  the accep to r  t o  CaO. In t h e  
p r e s e n t  w o r k ,  t h i s  w a s  done u s i n g  CO as t h e  reducing  gas  a t  1950OF. I t  is f i r s t  of 
a l l  necessa ry  to  reduce  a p o r t i o n  of t h e  CaSO4 to  Cas by t h e  r e a c t i o n  

1/4 CaSO4 + CO = 1/4 CaS + C02 (4) 

The ra t io  of CO2 to CO in t h e  e x i t  g a s  needs  to  b e  n e a r  t h a t  which cor responds  t o  
e q u i l i b r i u m  f o r  t h e  above r e a c t i o n  so as t o  p rov ide  f o r  t h e  co -ex i s t ence  of Cas04 and 
Cas. 
23 times g r e a t e r  than  t h a t  in a f l u e  g a s  from burn ing  a 4% s u l f u r  f u e l ,  making i t s  
recove ry  much easier. S u l f u r  r e j e c t i o n  then  o c c u r s  by t h e  r e a c t i o n  

The c o n c e n t r a t i o n  o f  SO2 i n  t h e  o f f -gas  from r e g e n e r a t i o n  i n  c y c l e  1 was about 

114 CaS + 3/4 Cas04 = CaO + SO2 (5) 

The o v e r a l l  reaction c a n  b e  r e p r e s e n t e d  by t h e  equa t ion  

CaSOq + CO = CaO + C% + SO2 

AH = +59.2 Kcal/mol 

(6) 

S i n c e  t h e  o v e r a l l  r e a c t i o n  is endothermic ,  excess  CO o v e r  t h a t  r equ i r cd  t o  c a r r y  o u t  
t h e  r e d u c t i o n  o f  CaSOq w a s  burned t o  p rov ide  t h e  h e a t  to  conduct t h e  r e g e n e r a t i o n  a t  
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1950’F. A t  1950°F and 1.5 a tmosphcr ic  p r c s s u r e .  t h c  e q u i l i b r i u m  cont icn t ra t ion  o f  
So2 i n  thc gas is  1 2  m o l  X .  T h i s  providcd adcquate  d r i v i n g  f o r c c  s i n c c  t h e  maximum 
c o n c c n t r a t i o n  of SO2 i n  t h e  gases produccd w a s  7.10’5. 

I t  w a s  found t h a t  b e s t  r e s u l t s  were o b t a i n e d  wi th  t h e  e f f l u e n t  gas s l i g h t l y  
r i c h e r  i n  CO than t h e  e q u i l i b r i u m  C02-to-CO rat io  o f  46 ,  i .e . ,  2 3  t o  30. Higher  or 
lower r a t i o s  gave lower s u l f u r  r e j e c t i o n .  
l i s h e d ,  r e j e c t i o n  of 93% or more of t h e  s u l f u r  w a s  ach ieved .  I n  Runs 3 and 4 ,  an  
e r r o n e o u s l y  l o w  CO c o n c e n t r a t i o n  w a s  used and s u l f u r  r e j e c t i o n  w a s  poorer .  

When t h e  a p p r o p r i a t e  COz/CO ra t io  was estab- 

A small  amount of COS i s  produced as shown i n  t h e  gas ana lyses .  The con- 
c e n t r a t i o n . c o r r e s p o n d s  roughly t o  t h a t  a t  e q u i l i b r i u m  f o r  t h e  r e a c t i o n  

Cas + C02 = CaO + COS (7) 

Kp = 0 = ,00037 a t  1950QF(6) 
( C W  

I n  p r i n c i p l e ,  t h e  r e g e n e r a t i o n  c o u l d  be  c a r r i e d  o u t  i n  a similar f a s h i o n  i n  a 
s i n g l e  stage by burn ing  c o a l  or c h a r  w i t h  a d e f i c i e n c y  of  a i r  accord ing  to  t h e  o v e r a l l  
e q u a t i o n  

cas04 i c + 302 = CaO +  SO^ + C O ~  

Fusion o f  a s h ,  of c o u r s e ,  may b e  a problem i f  t h e  r e a c t i o n  is to  b e  c a r r i e d  o u t  a t  
190O0F or more .s ince  the a s h  f u s i o n  tempera ture  is lowered under  the r e d u c i n g  c o n d i t i o n s  
n e c e s s a r y  to  c a r r y  o u t  t h e  s u l f u r  r e j e c t i o n .  

( 8 )  

2. S u l f a t i o n  

The r e s u l t s  of  t h e  s u l f a t i o n  (SO2 a b s o r p t i o n )  r u n s  are g i v e n  i n  T a b l e  V. 
These  r u n s  were conducted i n  much t h e  same way as t h e  once-through combust ion runs  
except t h a t  SO2 gas was added in order to r a p i d l y  produce l a r g e  amounts of  t r e a t e d  
d o l o m i t e  f o r  t h e  c y c l i c a l  l i f e  s t u d y .  
20% breakthrough of  s u l f u r  i n  the gas, i . e . ,  80% a b s o r p t i o n .  The Ca/S ra t io  o b t a i n e d  
t h e n  was t h e  measure of d o l o m i t e  a c t i v i t y .  I t  i s  a p p a r e n t  from t h e  r e s u l t s  that&SO% 
a b s o r p t i o n  w a s  o b t a i n e d  i n  a l l  c y c l e s .  I n  c y c l e  1, w i t h  f r e s h  d o l o m i t e ,  a 0.95 Ca/S 
mol f e e d  ra t io  gave 79% s u l f u r  a b s o r p t i o n .  T h i s  p o i n t  f a l l s  approximate ly  on t h e  
c u r v e  of F i g u r e  2 ,  again showing t h a t  t h e  a b s o r p t i o n  r e a c t i o n  is f i r s t  o r d e r .  

The SO2 c o n t e n t  o f  t h e  g a s  was a d j u s t e d  t o  $:>e 

The a c c e p t o r  a c t i v i t y  as l i s t e d  is based  o n l y  on t h e  CaO i n  t h e  f e e d  and n o t  
t h e  CaSOq s i n c e ,  i n  c y c l e s  3 and 4 ,  r e g e n e r a t i o n  wasn’ t  as complete  as d e s i r e d .  

3. Dolomite L i f e  

The a c t i v i t y ,  a ,  o f  t h e  d o l o m i t e  s u l f u r - a c c e p t o r  f rom c y c l e  to  c y c l e  was 
measured as t h e  f r a c t i o n  of  a v a i l a b l e  ca lc ium which would absorb  s u l f u r  w h i l e  maintain-  
i n g  20% breakthrough of S02. T h i s  i s  c a l c u l a t e d  from the spent  a c c e p t o r  a n a l y s i s  on 
a mol b a s i s :  CaSOq/(CaO + CaS04). F i g u r e  4 shows how t h e  c a p a c i t y  ( a c t i v i t y )  of t h e  
d o l o m i t e  decreased  wi th  t h e  number of  c y c l e s ,  n ,  o f  a b s o r p t i o n  and r e g e n e r a t i o n .  

Curran,(gS t h e  e f f e c t  of r e c y c l i n g  dolomi te  h a s  bcen c a l c u l a t e d  as a f u n c t i o n  of t h e  
ra te  of r c c i r c u l a t i o n .  F i g u r e  5 shows t h i s  r e l a t i o n s h i p .  The o r d i n a t e  of  F igure  5 is  
t h e  ra t io  of t h e  pounds of  f r e s h  dolomitc f c e d  i n  t h e  once-through p r o c e s s  t o  t h a t  i n  
t h e  r e g e n e r a t i v e  p r o c e s s ,  w i t h  t h e  amount and c f f i c i c n c y  of s u l f u r  d i o x i d e  pick-up 
h e l d  c o n s t a n t .  By going  to  h igh  r e c i r c u l a t i o n  rates o f  r e g c n c r a t c d  a c c c p t o r ,  t h e  
makeup ra te  of f r c s h  a c c c p t o r  can  b c  k e p t  q u i t c  l o w .  

i n g  t h e  composite a c t i v i t y  f o r  a per fec t ly-mixed  bed as d e s c r i b e d  by 
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Frcsh  d o l o m i t c  makcup ratc i s  u s u a l l y  c o n t r o l l c d  by a c t i v i t y  l o s s ' s i n c c  
d c c r c p i t a t i o o  loss is g e n e r a l l y  s m a l l .  
w a s  9.43% or about  1 .54 p e r  c y c l c .  The avcrage  ra te  o f  d e c r e p i t a t i o n  w a s  O.39%/hr 
d u r i n g  r c g c n c r a t i o n  and O.G7E/hr d u r i n g  combustion. D i s c a r d i n g  t h c  a t t r i t i o n  r e s u l t s  
from c y c l c s  3 and 4 ,  which look  c r r o n c o u s l y  h i g h ,  t h e  ra te  d u r i n g  combustion was 
0.42E/hr. Thus,  it is a p p a r c n t  t h a t  makeup requi rements  due t o  a t t r i t i o n  are probably 
not  more than  lZ/cyc le .  

T o t a l  loss as f i n e s  ovcrhcad  i n  6; c y c l c s  

COKMERCI AL IMPLICATIONS 

The r e s u l t s  of t h i s  w o r k  s u g g e s t  two b a s i c  p r o c e s s e s :  1) a p r o c e s s  where dolo-  
m i t e  is used on a once- through b a s i s  and d i s c a r d e d ,  or 2) a p r o c e s s  i n  which t h e  
d o l o m i t e  is r e g e n e r a t e d  and r e u s e d .  The f i r s t  p r o c e s s  would r e q u i r e  at least 0.25 t o n  
of do lomi te / ton  of coal f e e d  o f  4% S. The second p r o c e s s  c o u l d  r e q u i r e  0.05 ton o r  
less of d o l o m i t e  p c r  t o n  o f  coal f e e d .  The cost  of  r e g e n e r a t i o n  could  be p a r t i a l l y  
o f f s e t  by r e c o v e r i n g  e l e m e n t a r y  s u l f u r  from t h e  s u l f u r - r i c h  r e g e n e r a t i o n  of f -gas .  I f  
a r e l a t i v e l y  p u r e  l i m e s t o n e  c o u l d  be  found t h a t  h a s  t h e  same a c t i v i t y  as t h e  dolomi te ,  
t h e  s t o n e  requi rements  c o u l d  be c u t  s u b s t a n t i a l l y  because  of t h e  g r e a t e r  CaO c o n t e n t  
i n  a l i m e s t o n e  as compared w i t h  a dolomi te .  
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TABLE I 

i 

ANALYSES OF CHAR AND COAL FEEDS 

Disco Cresap I r e l a n d  
Char C h a r  Coal 

Mois tu re ,  \Vt.g', 

Proximate A n a l y s i s ,  Dry B a s i s ,  \'It.% 

V o l a t i l e  Ma t t e r  
Fixed Carbon 
Ash (Ex. mine ra l  s u l f u r )  

I 

-1 
Elemental  A n a l y s i s ,  Dry Basis, W t . %  

H 
C 

0 ( D i f f . )  
S 

rj 
! N 

T 

.I Btu / lb  MF F u e l ,  Net 
J 

Ash Fusion Temp., OF (Oxid. A t m . )  

I n i t i a l  Deformation 
S o f t e n i n g  
Hemispheric 
F l u i d  

Screen S i z e ,  T y l e r  Mesh 

3.65 1 . 1 5  1 . 3 0  

20.77 14 .34  39.84 
66.24 60.99 52.60 
12.99 24.67 12.67 

3.28 1 .65  4 .81  
70 .81  63.08 69.25 

1 .42  1 . 5 5  1.37 
10 .53  4.60 8 . 9 4  

1 .72  6.20 4.15 

11845 10350 12840 

2040 1920 1950 
2120 2020 2020 
2270 2200 2140 
2360 2360 2320 

28 x 150 28 x 200 28 x 150 
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TABLE. I1 

ANALPSIS OF TYMOCHTEE FEED DOLOhlITE 

Weight, % 

Unaccounted for 

27.93 

18.56 

.41 

1.40 

1.64 

44.87 

5.19 

SCREEN ANALYSIS, TYLER MESH 

On 14 

16 

20 

24 

28 

35 

-35 

Raw d r y  stone/fully calcined stone, w t .  rat io  = 1.814 

Ca/hlg, mol r a t i o  - 1 .08  

0 

1 .0  

39.1 

33.9 

24.7 

1 .2  

0 . 1  
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TADLE I11 

Acccp t or :  

.Inlet Gas: 

P r e s s u r e  

Run S o .  

RESULTS C'ITII C1IA.R lTEI)STOCliS 
A N 3  OSCE -TI IROlIGl I DOLOYITE 

, Fuel  
: Bed Tcmpcraturc ,  O F  

Ca/S mol f e e d  r a t i o  
S u p e r f i c i a l  v e l o c i t y ,  f p s  !. 

S t o i c h i o m e t r i c  a i r ,  % 
I: Fuel f e e d  r a t e ,  l b / h r  

Ratv do lomi te  f e e d  r a t e ,  l b / h r  
1 Run l e n g t h ,  h r .  
1 G a s  r e s i d e n c e  t ime,  s c c .  

? 

1 

16 x 28 incsh raw Tymochtec 

100% a i r  

8 p s i g .  

do lomi te  

1 2 3 4 5 6 ------ 
-Disco Char - 
1700 1800 1800 1900 
7.3 7.9 8.3 8.0 
1.5 1.5 - 
llG 118 120 121 
1.27 1.19 2.34 2.23 
1.00 1.01 2.09 1.90 
30 28 32 29 
2.0 2.0 4 

t C r e s a p  Char+ 
1800 1800 
4.2 2.0 

3.0 - 
125 118 
2.46 2.62 
4.05 1.99 
38 33 

1.0 .- 

I 

R e s u l t s  i -  

Fe,ed sulfur removcd, % 100.0 97.9 98.2 99.0 94.5 90.7 

Carbon b u r n o u t ,  % 95.8 98.3 94.4 97.1 93.8 93.2 
Lb. d u s t  overhead/ lb .  f u e l  f c d  0.165 0.159 0.284 0.267 0.304 0.278 

1 S u l f u r  i n  e f f l u e n t  a c c e p t o r ,  \\'t.g 3.12 2.70 2.51 3.39 5.27 9.40 

Dolomite overhead as d u s t ,  :C 7.3 9.4 23.6 24.5 3.8 1.8 

D r y  E x i t  Gas, h l o l  5 

Q32 

02 

so2 
so, 

co 

N? + A 

16.3 16.8 . 1 9 . 2  20.6 16.5 16.1 

4.1 3.7 5 .o 4.1 5.2 4.7 
79.G 79.5 75.8 75.3 78.3 79.1 

0.00 0.00 0.00 0.00 0.01 0.01 

o.oooo n.oo:<i n . o w t i  0.0015 o.o.no 0.0936 
0.024 0.027 0.013 0.027 o.oocio 0.0103 
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TABLE I V  

RESULTS \VITIf COAL FEEDSTOCKS 
AND ONCE-THROUGII DOLOMITE 

Acceptor :  16 x 28 m e s h  r a w  Tymochtee 

I n l e t  Gas 100% air  
P r e s s u r e ,  psig 8.0 
S u p e r f i c i a l  v e l o c i t y ,  f p s  3.0 
Tempera tu re ,  .a F 1800 
S u p e r f i c i a l  g a s  

r e s i d e n c e  t i m e ,  sec. 1.0 

do lomi te  

Run No.  

Ca/S, mol f e e d  ratio. 
S t o i c h i o m e t r i c  a i r ,  % 
C o a l  f e e d  rate,  l b / h r  
R a w  do lomi te  f e e d  rate, l b / h r  
Run l e n g t h ,  h r  

R e s u l t s  

Feed s u l f u r  removed, % 
S u l f u r  i n  e f f l u e n t  a c c e p t o r ,  w t . %  
Carbon burnout ,  % 
Lb t o t a l  d u s t  overhead/ lb  f e e d  c o a l  
Dolomite overhead as d u s t ,  

Dry E x i t  Gas,  Mol % 

co2 

02 

so2 . 
NO, 

co 

N2 + A 

4.03 1 .89  1 .45  .95 3.68 
122 115 119 120 120 

2.15 2.27 2.20 2.18 2.19 
2.25 .94 .70 .46 2.09 

36 5 3  85 113 38 

93 .6  88.5 87.0 74 .1  66.5 
5.00 8.62 10.93 12.59 2.99 
97.5 96.7 96.9 91.1 97.5 
.254 .162 .157 .136 .258 
20.9 21.6 14.7 11.4 17.6 

15.5 14.8 13.9 14.2 14.8 
.02 .01 0 00 * 00 .08 
4 . 3  4.0 4.7 4.6 4 .3  

80.2 81.2 81.4 81.1 80.7 
.0205 .0334 ,0370 .0726 .110 
.0116 .0044 ,0152 .0090 .034 
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TABLE V 

CONDITIONS AND RESULTS 

I N  DOLOMITE LIFE STUDY 
OF COAU3USTION RUNS WITH SO2 ABSORPTION 

Bed tempera ture ,  OF 
P r e s s u r e ,  ps ig  
Fue 1 
Fue l  f e e d  r a t e ,  l b / h r  
Dolomite f e e d  

S u p e r f i c i a l  i n l e t  gas v e l o c i t y ,  f p s  
S u p e r f i c i a l  g a s  r e s i d e n c e  time, s e c .  
Nominal pe rcen t  of s t o i c h i o m e t r i c  a i r  

C y c l e  Number 

Dolomite f e e d  r a t e ,  l b / h r  , 
Dolomite r e s idence  t i m e ,  h r  
I n l e t  gas  composi t ion 

A i r ,  SCFH 
SO2, l b / h r  

CaO/S mol f e e d  r a t i o  

R e s u l t s  

Feed S absorbed,  % 
S i n  e f f l u e n t  a c c e p t o r ,  Wt.% 
Carbon burnout ,  % 
Acceptor  a c t i v i t y ,  

Feed do lomi te  overhead as d u s t ,  % 
~asOq/(CaO+ cas041 

Dry E x i t  Gas, Mol% 

Balance C losu rcs  ' 

hlass 
S 
CaO 

1800 
8 

1.79  
To f i r s t  c y c l e :  raw, 16 x 28 mesh 
To succeeding c y c l e s :  r egene ra t ed  

m a t e r i a l  from p rev ious  c y c l e  

-28 mesh I r e l a n d  c o a l  

3 .O 
1.0  
120 

10.2 5 .8  5 . 7  6 . 0  6.0 5 .7  5 . 6  
1 .09  1.15 1.14 1.11 1 . 2 5  1 . 2 1  1.11 

3.34 
3 .29  2 .19  1.56 1 .56  1.24 1.26 1.08 
.953 1.38 1.86 1.86 2 .25  2.27 2.62 

79.3 80.4 80.2 78.7 77.6 79.3 80.6 
14.27 11.41 9.02 9.70 8 .43  7.64 7.13 

97 .1  97.5 9 6 . 4  97.1 96.4 96 .4  97.0 

.770 .540 .382 .400 .SO6 .313 .284 
1.02 .71 1 . 5 0  1.42 .25  .25 .21 

18.4 12.6 12.7 12.5 12.2 12 .3  13.1 
0.40 .16 .29  .35 , 10 . 1 4  .18 

4.4 5.0 5 . 6  5 .7  5 .9  5 . 8  5.2 
75.7 81.2 81.1 80 .9  81.2 81.2 81.1 
1 . 2 1  .89 .66 .70 .61 .57 .44  

9G.7 97.2 97 .2  96 .6  97.2 96.G 98.4 

109.0 100.0 102.5 103.2 116.6 .101.7 109.5 
95.5 94.3 92.0 91 .1  93.3 95.G 96.2 



TABLE V I  

COSDITIOSS AVD RESULTS 
OF REGESERATIOX RUNS 

I N  DOLOUITE LIFE STUDY 

Bed t e m p e r a t u r e ,  OF 1950 
P r e s s u r e ,  p s i g  8 
S u p e r f i c i a l  i n l e t  gas  v e l o c i t y ,  f p s  2 
S u p e r f i c i a l  g a s  r e s idence  t ime,  sec. 1.5 

Cycle  Number 

Spent  do lomi te  f e e d  r a t e ,  l b / h r  
Dolomite bed r e s idence  t i m e ,  h r  

I n l e t  g a s  composi t ion,  mol % 
A i r  
Added N2 
co 

Feed S 
Excess  CO a f t e r  combust ion,  mol r a t i o  

R e s u l t s  

F r a c t i o n  of Cas04 c o n v e r t e d  t o  CaO 
S u l f a t e  S i n  e f f l u e n t  a c c e p t o r ,  Wt.% 
S u l f i d e  S i n  e f f l u e n t  a c c e p t o r ,  Wt.S 
Feed do lomi te  overhead a s  d u s t ,  Wt.5 

Dry  Exi t  Gas, 1101 7‘0 

co2 

02 

so2 

co 

h’2 + A 

cos 

Balance Closures ,  (Out) ( 1 0 0 ) / I n  

Mass 
S 
CaO 

1 2 3 4 5 6 

8.82 8 .20  7.23 6.83 6.98 7.12 
1 .62  1.70 1 .78  1.79 1.83 1 .78  

44.6 44.6 44.2 44.2 44.2 44.2 
30.3 31 .6  3 4 . 3  35.2 , 34.0 33.9 
25 .1  23.8 21 .5  20.6 21.8 21.9 

.98 .94 .75 .58 .97 1.08 

------ 

.966 .932 .E16 .695 .932 .940 
‘ .95 .68 2.28 3.53 .56 .51 

.03 .40 .OO .OO .20 .07 , 

1 .86  .75 .33 .25  .3a .so 

23.4 22.2 20.5 19.9 20.9 21.0 
.78 .78 .56 .50 .91  .90 
.09 .13 .15 .42 .27 .33 

68.6 71.6 75 .0  76.4 74.3 7 4 . i  

.02 .03 .01  .01  - 0 3  .03 
7.10 5.12 3.78 2 . 8 4  3 .53  3.03 

98.1 98.8 99.9 100 .1  96.3 101.2 
104.4 97 .5  108.9 105.3 102.2 98 .5  

97.6 91.6 100.2 95.0 95.3 99.0 
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