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FLUIDIZED-BED REGENERATION OF SULFATED DOLOMITE FROM A 
COAL-FIRED FBC PROCESS BY REDUCTIVE DECOMPOSITION 

John C .  Montagna, Gerhard J .  Vogel,  
Gregory W.  Smith ,  and A l b e r t  A .  Jonke 

ABSTRACT 

A f l u i d i z e d - b e d ,  r e d u c t i v e  decomposi t ion p r o c e s s  h a s  been 
developed f o r  r e g e n e r a t i n g  CaS04, a  p roduc t  o f  f l u i d i z e d - b e d  
combustion.  The e f f e c t  of p r o c e s s  o p e r a t i n g  v a r i a b l e s  on t h e  
e x t e n t  of r e g e n e r a t i o n  and on SO2 l e v e l s  i n  t h e  o f f -gas  has  been 
de te rmined ,  and a  p r o c e s s  model h a s  been proposed.  

SUMMARY 

A p r o c e s s  f o r  r e g e n e r a t i n g  s p e n t  SO2 s o r b e n t s  h a s  been developed on a 
PDU s c a l e .  Tymochtee do lomi te  t h a t  had been s u l f a t e d  d u r i n g  f l u i d i z e d - b e d  
combustion of c o a l  i s  r e g e n e r a t e d  ( r e d u c t i v e  decomposi t ion of CaS04 t o  C a O  
and SO2) by t h e  incomple te  combustion of e i t h e r  methane o r  c o a l  i n  a  
f  lu id ized-bed  r e a c t o r .  

I n  t h e  f i r s t  i n v e s t i g a t i o n  (methane was t h e  f u e l  u s e d ) ,  t h e  e f f e c t s  of 
t h e  o p e r a t i n g  v a r i a b l e s  ( t e m p e r a t u r e ,  f l u i d i z i n g  g a s  v e l o c i t y ,  f l u i d i z e d - b e d  
h e i g h t ,  s o l i d s  r e s i d e n c e  t i m e ,  and t o t a l  r educ ing  gas  c o n c e n t r a t i o n  i n  t h e  
e f f l u e n t )  on t h e  r e g e n e r a t i o n  of C a O  and on t h e  b u i l d u p  o f  CaS were  examined. 
I r  was found t h a t :  

1. Deeper beds  r e s u l t e d  i n  p o o r e r  r e g e n e r a t i o n  because  of u n f a v o r a b l e  
bed geometry.  

2. I n c r e a s i n g  t h e  f l u i d i z i n g - g a s  v e l o c i t y  a d v e r s e l y  a f f e c t e d  regen- 
e r a t  i o n .  

3.  Higher  r e g e n e r a t i o n  t e m p e r a t u r e s  i n c r e a s e d  t h e  e x t e n t  a n d : t h e  
r a t e  of r e g e n e r a t i o n .  However, d o l o m i t e  t h a t  had been r e g e n e r a t e d '  
a t  a lower t e m p e r a t u r e  w a s  more r e a c t i v e  d u r i n g  subsequent  s u l f a t i o n .  

11. I n  p r e l i m i n a r y  r e g e n e r a t i . o n  exper iments ,  5  t o  15% of t h e  s u l f a t e d  
do lomi te  (ca lc ium b a s i s )  was l o s t ,  ma in ly  by a t t r i t i o n .  S o l i d s  
r e s i d e n c e  t i m e  ranged from 1 8  t o  30 min. 

5. E1,ectron microprobe a n a l y s i s  of t h e  r e g e n e r a t e d  p a r t i c l e s  sugges ted  
a two-stage p a r t i c l e  d e s u l f u r i z a t i o n  mechanism. I n  t h e  f i r s t  s t a g e ,  
t h e  s u l f a t e d  c o r e  s h r i n k s  r e l a t i v e l y  r a p i d l y  ( r e a c t i o n  l i m i t e d ) ;  i n  
t h e  second s t a g e ,  t h e  r e s i d u a l  s u l f u r  i s  removed more s lowly  
( d i f f u s i o n  l i m i t e d ) .  

6 .  C o n c e n t r a t i o n s  of SO2 i n  t h e  d r y  off -gas  ranged from 0 . 8  t o  7.3%. 
7. The e x t e n t  of r e g e n e r a t i o n  ranged from 21% t o  89%. 
8.  I n  exper iments  performed w i t h  %3% t o t a l  r educ ing  g a s  i n  t h e  e f f l u e n t ,  

<0.1% s u l f i d e  was found i n  s t e a d y  s ta te  r e g e n e r a t e d  do lomi te  samples ;  
w i t h  ~ 1 5 %  r e d u c i n g  g a s  i n  t h e  e f f l u e n t ,  s u l f i d e  c o n c e n t r a t i o n s  
i n  t h e  p r o d u c t s  were of t h e  o r d e r  of 0.3-0.7%. 



I n  t h e  second i n v e s t i g a t i o n  ( coa l  was t h e  f u e l  used) ,  t h e  e f f e c t s  of I 

s o l i d s  r e s idence  t ime (7-35 min) ,  r egene ra t ion  temperature (1000-1100°~),  'and 
system pressure . (115-153 kPa) on (1) t h e  ex t en t  of regenera t ion  t o  CaO and 
(2) t h e  SO2 concen t r a t ion  i n  t h e  off-gas were inves t iga t ed .  The e x t e n t  of ? - 

r egene ra t ion  improved a t  h ighe r  tempera tures  and longer  s o l i d s  r e s idence  t imes.  
A r egene ra t ion  of %70% was accomplished a t  llOO°C wi th  a  s o l i d s  res idence  
t ime of %7 min. The SO2 concen t r a t ion  i n  t h e  dry  off-gas increased  a t  h igher  
temperature ( t o  > l o %  i n  t h e  dry off-gas a t  llOO°C), a t  s h o r t e r  s o l i d s  r e s idence  
t ime (bed weightlmass feed  r a t e )  ,. and a t  lower pressure .  

The r e s u l t s  from t h e s e  experiments were analyzed s t a t i s t i c a l l y ,  and an  
equat ion  f o r  t h e  e x t e n t  of CaO regene ra t ion  a s  a  func t ion  o f  (1) sorbent  
r e s idence  t ime i n  t h e  r e a c t o r  and (2) r egene ra t ion  temperature was obta ined .  . 
This  equat ion  was used i n  t h e  t h i r d  s e c t i n n  Q £  this rapore  i n  a  mass and 
energy cons t r a ined  model f o r  t he  r egene ra t ion  p roces s ,  and a p r e l b i n a r y  
process  s e n s i t i v i t y  anal .ysis  h a s  heen p ~ s f o r m e d .  The f u e l  burdcn of s ~ r b t n t  . 
r egene ra t ion  when a 3 w t  % S c o a l  is  burned i n  a  power genera t ion  system has  
been es t imated  a t  2-3%. 



INTRODUCTION 

6 The c u r r e n t  n a t i o n a l  goa l ,  t o  become l e s s  dependent on f o r e i g n  energy 
r e sou rces ,  i s  heavi1.y dependent on increased  u t i l i z a t i o n  of domestic high- 
s u l f u r  c o a l .  To t h i s  end, f lu id ized-bed  combustion of c o a l  i s  c u r r e n t l y  be ing  
developed f o r  e l e c t r i c  power and/or  steam genera t ion .  I n  t h e  f lu id ized-bed  
c o a l  combustion p roces s ,  h igh-su l fur  c o a l  is  combusted i n  a  f l u i d i z e d  bed 
(%900°C) of a  su l fu r - accep t ing  so rben t .  Natura l  calcium-based s t o n e s  such a s  
l imes tones  and dolomites  a r e  r e c e i v i n g  primary cons ide ra t i on  a s  s u l f u r -  
accep t ing  s o r b e n t s  ( s u l f u r  r e a c t s  w i t h  calcium t o  form CaS04). The primary 
reasons  a r e  t h e i r  a ccep tab l e  r e a c t i v i t y ,  t h e i r  low c o s t s ,  and t h e i r  b o u n t i f u l  
supply throughout  t h e  United S t a t e s .  

Approximately one tonne of n a t u r a l  s t one  w i l l  be s u l f a t e d  f o r  every f o u r  
tonnes of c o a l  (%3 w t  % S) combusted. I n  a  1000-MW e l e c t r i c  power p l a n t  
(70% c a p a c i t y  f a c t o r ) ,  %2000 tonnes of s t o n e  per  day w i l l  b e  s u l f a t e d .  I f  
t h e  s t o n e  is  used only once, t h i s  w i l l  gene ra t e  l a r g e  amounts of s u l f a t e d  
s t o n e  f o r  d i s p o s a l .  Mul t i cyc l i c  u t i l i z a t i o n  of t h e  s t o n e s  b,y r egene ra t i ng  
t h e  CaO i s  a  p o t e n t i a l l y  a t t r a c t i v e  a l t e r n a t i v e  which would g r e a t l y  reduce 
t h e  q u a n t i t y  of s o l i d  waste  t h a t  must be  disposed o f .  Based on p re sen t  
dolomite  o r  l imes tone  c o s t ,  t h e  f e a s i b i l i t y  of u s ing  a  so rben t  r egene ra t i on  
p roces s  i n  FBC power gene ra t i on  w i l l  depend on the c o s t  of r egene ra t i on  and 
on t h e  environmental  impact of t h e  s o l i d  waste .  

A conceptua l  power-generating f a c i l i t y  u t i l i z i n g  f luidized-bed c o a l  com- 
bus t ion  and sorbent  r egene ra t i on  systems is  schema t i ca l l y  represen ted  i n  Fig.  
1. Steam i s  removed from t h e  b o i l e r  and is  expanded i n  t u r b i n e s  t o  gene ra t e  
power. The f l u e  gas  (off-gas)  from t h e  b o i l e r  meets EPA chemical emission 
requirements .  Af t e r  t h e  s u l f a t e d  sorbent  is  t r a n s f e r r e d  t o  t h e  r egene ra to r  
and r egene ra t ed ,  t h i s  sorbent  is  combined wi th  f r e s h  sorbent  ( t o  compensate 
f o r  l o s s e s  due t o  a t t r i t i o n  and changes i n  r e a c t i v i t y )  and is  recyc led  t o  t h e  
b o i l e r .  The SO2-rich off-gas  from t h e  r egene ra to r  is  t r e a t e d  i n  a  s u l f u r  
recovery p l a n t .  

For s u l f u r  recovery,  a  p rocess  t h a t  uses  c o a l  a s  a  r educ t an t  i s  recom- 
mended, such a s  t h e  Foster-Wheeler RESOX process .1  It is  recommended t h a t  t h e  
off-gas  1rou1 t h e  s u l f u r  recovery s t e p  be recyc led  t o  t h e  b o i l e r  and thus  
e l i m i n a t e  t a i l  gas  process ing  from t h e  s u l f u r  recovery s t e p .  (The gas  volume 
throughput i n  t h e  r egene ra to r  is  much sma l l e r  than  t h a t  i n  t h e  b o i l e r . )  An 
added advantage of t h i s  gas  r e c y c l e  i s  t h a t  any t r a c e  elements  d e v o l a t i l i z e d  
dur ing  r egene ra t i on  of t h e  sorbent  would no t  be  emi t ted  t o  t h e  atmosphere 
s i n c e  t r a c e  elements would l eave  t h e  r egene ra t i on  sys.tem only  i n  s o l i d  s t reams.  

A so rben t  r egene ra t i on  process  is  being i n v e s t i g a t e d  i n  which CaS04 i s  
r e d u c t i v e l y  decomposed i n  a  f l u i d i z e d  bed a t  temperatures  of %llOO°C. The 
hea t  and t h e  r educ t an t s  r equ i r ed  a r e  produced by incomplete  combustion of c o a l  
i n  t h e  f l u i d i z e d  bed of s u l f a t e d  s tone .  Two so l id-gas  r e a c t i o n s  by which 
r egene ra t i on  occurs  a r e :  

CaS04 + H2 -+ CaO + H20 + SO2 (2 
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Fig .  1. Concep tua l  f l u i d i z e d - b e d  c o a l  combustion power- 
g e n e r a t i n g  f a c i l i t y  h a v i h g  s o r b e n t - r e g e n e r a t i o n  
and s b l £ u r - r e c o v e r y  capa.hi.1.i t i e s .  
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The f e a s i b i l i t y  of a  sorbent  r egene ra t i on  process  w i l l  depend on (1)  t h e  
a b i l i t y  t o  r egene ra t e  t h e  s t o n e s  and t o  gene ra t e  an S02-rich off-gas  which 

can be t r e a t e d  i n  a  s u l f u r  recovery process ,  (2) t he  r e a c t i v i t y  o f  t h e  regen- 
e r a t e d  so rben t  du r ing  subsequent s u l f a t i o n  ( coa l  combustion) c y c l e s ,  and (3) 
d e c r e p i t a t i o n  of t h e  so rben t  a t  a ccep tab l e  l e v e l s .  A f r e s h  sorbent  makeup 
r a t e  of 10-20% and an SO2 concen t r a t i on  i n  t h e  off-gas  of 8-10% appear  t o  be  
t e c h n i c a l l y  f e a s i b l e  and economically accep tab l e .  The requirements  f o r  a  
p rocess  have no t  y e t  been opt imized;  they w i l l  become b e t t e r  e s t a b l i s h e d  a s  
development work p rog re s se s .  

The e f f e c t s  of key v a r i a b l e s  on t h e  r egene ra t i on  of CaO i n  Tymochtee 
dolomite  have been eva lua ted  i n  two s e p a r a t e  i n v e s t i g a t i o n s .  Th i s  r e p o r t  is  
arranged i n  fou r  s e c t i o n s .  The f i r s t  s e c t i o n  con ta in s  t h e  r e s u l t s  ob ta ined  
i n  an e a r l y  i n v e s t i g a t i o n  i n  which methane was used a s  t h e  f u e l .  The second , 

s e c t i o n  c o n t a i n s  t h e  r e s u l t s  ob ta ined  i n  an i n v e s t i g a t i o n  i n  which c o a l  was 
used a s  t h e  f u e l .  I n  t h e  t h i r d  s e c t i o n ,  a  mass and energy cons t r a ined  model 
f o r  t h e  r egene ra t i on  process  is g iven;  i t  has  been used t o  make a  pre l iminary  
process  s e n s i t i v i t y  a n a l y s i s .  The f o u r t h  s e c t i o n  con ta in s  t h e  conc lus ions .  

I. REGENERATION.OF TYMOCHTEE DOLOMITE USING METHANE AS THE XUEL 

I n  t h e  f i r s t  i n v e s t i g a t i o n ,  ' bo th  t h e  h e a t  and t h e  r equ i r ed  reducing gases  
f o r  t h e  r egene ra t i on  r e a c t i o n s  were genera ted  by incomplete combustion of 
methane i n  a f l u i d i z e d  bed of p a r t i a l l y  s u l f a t e d  dolomite .  The e f f e c t s  of 
o p e r a t i n g  v a r i a b l e s  ( temperature ,  f l u id i z ing -gas  v e l o c i t y ,  f luidized-bed 
h e i g h t ,  s o l i d s  r e s idence  t i m e ,  and t o t a l  reducing gas  concen t r a t i on  i n  t h e  
e f f l u e n t  ga s )  on t h e  r egene ra t i on  of CaS04 t o  CaO and on t h e  bu i ldup  of CaS 
were examined. 

Experimental 

The r egene ra t i on  system (Fig. 2) c o n s i s t e d  of a  7.62-cm-ID (3-in.-dia) 
f lu id ized-bed  r e a c t o r  ( r e g e n e r a t o r ) ,  a  p e r i p h e r a l l y  s e a l e d  r o t a r y  f eede r  f o r  
meter ing  s o l i d s  t r a n s p o r t e d  i n t o  t h e  r egene ra to r ,  and t h e  off-gas  s o l i d s -  
c leanup system. Another component was an  e l e c t r i c a l l y  hea ted  p ipe  h e a t  
exchanger used t o  prehea t  some o f  t h e  f l u i d i z i n g  gas  and f o r  p r ehea t ing  a i r  
'(used i n  s t a r t u p  only)  t o  -500°C. The p r e s s u r i z e d ,  f lu id ized-bed  r e a c t o r  was 
l i n e d  wi th  a 6.35-cm-thick c a s t a b l e  r e f r a c t o r y  and encased i n  a 20.3-cm 
(nominal 8-in.-dia) Schedule 40 p i p e  (Type 316 s t a i n l e s s  s t e e l ) ,  approximately 
2.29 m (7 112 f t )  long ,  w i t h  i t s  e n t i r e  l e n g t h  contained w i t h i n  a  30.5 cm-dia 
(nominal 12-in.-dia) Schedule 20 carbon s t e e l  p ipe .  D i f f e r e n t i a l  thermal  
expansion of t h e  i nne r  and o u t e r  p i p e s  was accommodated by t h e  use  of packing 
g lands  on l i n e s  e n t e r i n g  t h e  bottom f l a n g e  of t h e  u n i t .  

The exper imenta l  procedure c o n s i s t e d  of  f i r s t  p r ehea t ing  t h e  r e a c t o r  
and i t s  bed of s u l f a t e d  dolomite  t o  -430°C (800°F) wi th  e x t e r n a l  w a l l  h e a t e r s  
and prehea ted  a i r .  Kerosene was then combusted i n  t h e  f l u i d i z e d  bed under 
oxidizing c o n d i t i o n s  t o  i n c r e a s e  t h e  temperature  of t h e  bed t o  -870°C (1600°F), 
which i s  w e l l  above t h e  au to - ign i t i on  temperature  of methane. Methane was 
t hen  fed  i n  t h e  p l a c e  of kerosene and t h e  f l u i d i z e d  bed was hea ted  t o  -982OC 
(1800°F), a t  which temperature  reducing c o n d i t i o n s  were e s t a b l i s h e d .  The 
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Pig .  2 .  schematic diagram of the fluidized-bed regeneration system. 



f l u i d i z i n g  gas was a  mixture of n i t rogen ,  oxygen, and methane. A mul t ipo in t  
i n j e c t i o n  system was used r a t h e r  than a  s i n g l e  i n j e c t i o n  p o i n t ,  t o  o b t a i n  
lower l o c a l  temperatures  a t  t h e  i n j e c t i o n  p o i n t s .  Oxygen and n i t rogen  were 
metered s e p a r a t e l y  t o  produce t h e  proper  oxygen requirement i n  t h e  r e a c t o r  
without  changing t h e  f lu id i z ing -gas  v e l o c i t y .  The f i n a l  reducing cond i t i ons  
and ope ra t ing  temperature were approached slowly. 

I n  t h i s  i n v e s t i g a t i o n ,  methane was combusted t o  gene ra t e  both t h e  h e a t  
and t h e  reducing gases  r equ i r ed  f o r  t h e  r educ t ive  decomposition of CaS04 i n  
s u l f a t e d  Tymochtee dolomite a t  %1010-llOO°C. The combustion r e a c t i o n s  t h a t  
dominate i n  t h e  two zones of t h e  f l u i d i z e d  bed a r e :  

Oxidizing Zone: CH4 + 2  02 + C02 + 2 H20 (5 ) 

Reducing Zone: CH4 + 0 2 . +  CO + H2 + H20 ( 6  1' 

Excess methane served  as a  r educ tan t  as d i d  CO and H2.  Methane was i n j e c t e d  
i n t o  the  f l u i d i z e d  bed of t h e  r e a c t o r  through m u l t i p l e  i n j e c t i o n  p o i n t s  a t  
l o c a t i o n s  b e g i n n i n g ' a t  15  cm and ending a t  25 cm above t h e  gas  d i s t r i b u t o r  
p l a t e  (Fig. 3 ) .  The l o c a t i o n  of methane i n j e c t i o n  was not  va r i ed  throughout 
t h i s  i n v e s t i g a t i o n .  

Fig.  3 .  Schematic diagram of t h e  r egene ra t ion  r e a c t o r  
used $or the experiments with CHs .and t h e  
expected a x i a l  oxygen concen t r a t  ion p r o f i l e .  



Sul fa t ed  dolomite  w a s  t r anspor t ed  pneumatical ly  from the  s t o r a g e  hopper 
. 

t o  t h e  reacto ' r  and c o n t i n u a l l y  dropped .onto t h e  f l u i d i z e d  bed. Regenerated 
dolomi te  was c o n t i n u a l l y  removed from t h e  bed through an overflow p ipe .  The 
f lu id ized-bed  h e i g h t  was c o n t r o l l e d  by t h e  l o c a t i o n  of t h e  overflow p ipe  
opening (see  dolomite  removal, F ig .  3) which was e i t h e r  0.46 m o r  0.76 m above 
t h e  gas  d i s t r i b u t o r .  S o l i d  samples taken over  a 30-min s teady  s t a t e  per iod 
were analyzed by techniques  having a n  accuracy of +5%. Steady s t a t e  was 
assumed t o  e x i s t  when (1) a l l  off-gas measurements were cons tan t  and (2) over  
90% of t h e  i n i t i a l  bed m a t e r i a l  had been rep laced  (assuming backmixed s o l i d s  
f l ow) .  

I n  each experiment ,  a po r t ion  of t h e  off-gas s t ream was con t inua l ly  
removed, dewatered, and analyzed f o r  SOi, NO, CH4, C O Y  and 02: t h e  gas  was 
i n t e r m i t t e n t l y  analyzed f o r  C02. I n  a d d i t i o n ,  s t eady  s t a t e  off-gas samples 
were analyzed f o r  H2S, H z ;  and t r a c e  gases  COS and CS2, using a mass spec t ro-  
graph. 

The Tymochtee dolomite  t h a t  w a s  regenera ted  contai'ned 10.2 w t  % S a s  
(=as04 (none a s  MgS04), '22.2 w t  % C a ,  and a  nominal s i z e  d i s t r i b u t i o n  of -14 
+45 mesh. I n  i t s  v i r g i n  s t a t e ,  i t  contained 50 w t  %'CaC03 and 39 w t  % 
MgC03. It was s u l f a t e d  dur ing  ' t h e  combustion of Arkwright (bituminous) c o a l  
which contained 2.82 w t  % S. The methane f u e l  used dur ing  r e g e n e r a t i ~ n  was 
tank  p re s su r i zed  %99% CH4. 

R e s u l t s  and Discuss ion  

The percent  r egene ra t ion  of CaO w a s  c a l c u l a t e d  from chemical ana lyses  
of t h e  s t eady  s t a t e  products .  It was based on t h e  s u l f u r  t o  calcium r a t i o s  

, i n  (1) t h e  s u l f a t e d  dolomite  feed  and ( 2 )  t h e  s t eady  s t a t e  product a f t e r  
r egene ra t ion .  These c a l c u l a t e d  r egene ra t ion  percentages  a r e  compared i n  
Table 1 wi th  t h e  percentages  based on off-gas ana lyses .  The latter va lues  
a r e  c a l c u l a t e d  from t h e  r a t i o s  of t h e  t o t a l  s u l f u r  r e l e a s e d  i n t o  the  off-gas 
s t ream.  t o  t h e  t o t a l ' s u l f u y  contained i n  t he  s u l f a t e d  dolomite  feed .  The gas 
yolumetr ic  changes i n  t h e  f l u i d i z i n g  gas caused by t h e  combustion and regen- 
e r a t i o n  r e a c t i o n s  were es t imated .  These e s t ima te s  and t h e  gas feed r a t e  were 
used t o  c a l c u l a t e  t h e  off-gas flow r a t e  ( s ee  Table 2 ) .  The s u l f u r  r egene ra t ion  
va lues  obtained by chemical a n a l y s i s  of t h e  regenera ted  products  gene ra l ly  
agreed ,  w i th in  a n a l y t i c a l  accu racy , .w i th  t h e  va lues  c a l c u l a t e d  from off-gas 
ana lyses .  The s o l i d s  r e s idence  time was c a l c u l a t e d  a s  t h e  r a t i o  of t h e  mass 
of t h e  sorbent  i n  t h e  f l u i d  bed t o  t h e  feed r a t e  of t h e  s u l f a t e d  so rben t .  

The concen t r a t ions  and rates of t h e  feed and eff1uen.L gases are glven 
i n  Table 2. T o t a l  reducing  gas concen t r a t ion  is  t h e  sum of t h e  concent ra t ions  
of C O Y  H 2 ,  and excess  CH4 i n  t h e  wet off-gas.  The concen t r a t ions  of minor 
gas c o n s t i t u e n t s ,  CS2 and COSY i n  t h e  off-gas ranged from 100 t o  500 ppm. 
The water  concen t r a t ion  i n  t h e  off-gas f o r  t hese  experiments,  i n  which 
methane was combusted, was h igh .  When o t h e r  f u e l s  (such as '  coa l )  having a  
lower hydrogen con ten t  a r e  used f o r  r egene ra t ion ,  t h e  water  conten t  of rhe 
e f f l u e n t  gas is lower. 



Table  1. Ees ign  and e x p e r i m e n t a l  c o n d i t i o n s ,  chemical  a n a l y s e s  
. ,c f  r e g e n e r a t e d  p r o d u c t s ,  and r e g e n e r a t i o n  r e s u l t s  

Reac to r  I D ,  7.62 cm P r e s s u r e ,  184 kPa 
A d d i t i v e ,  S u l f a t e d  Tymochtee do lomi te  (10.2 wt % S) 

Design Condi t ions  

T o t a l  calciuma S u l f i d e  
Sorben t  Reducing x 100 (S2-) i n  Measured 

Feed Residence Bed Gas i n  F l u i d i z i n g  Feed Regenerated i n  SO2 C a O  
Temp., R a t e ,  Time, H e i g h t ,  E f f l u e n t ,  V e l o c i t y ,  Calcium, P r o d u c t s ,  E f f l u e n t ,  R e g e n e r a t i o n ,  

Exp . "C kg /h r  min m v o l  % mlsec % X % d r y  (%)b/  (%) 

a  Only e l u t r i a t e d  p a r t i c l e s  l a r g e r  t h a n  1 5  pm were monitored'.  
b ~ a s e d  on  f l u e  gas  a n a l y s i s .  
C 

Based on chemical  a n a l y s i s  of reg2nerAted do lomi te  samples.  
d ~ h e  f e e d  was s u l f a t e d  do lomi te  t h s t  had p r e v i o u s l y  been p a r t i a l l y  r e g e n e r a t e d  

(%5.8 wt % S) i n  FAIZ-1 and .FAC-1R1. 



Table 2. Rates  and c c ~ n c e n t r ~ t i o n s  of t h e  feed and e f f l u e n t  gases .  

Feed Gas Ef f luen t  Gas (wet) 
Rste ,  N7 07 :SH4 02/C:H4 Rate,  C H ~  CO H7 0 2 -  SOj H7S CO7 H70 

Exp . ' ~ / rn ina  2 ~ / r n i n ~  % 

a  
A t  101.3 kPa and 22.8"C. . . 



E f f e c t  of Fluidized-Bed Height.  The bed h e i g h t  was v a r i e d  by changing 
t h e  h e i g h t  of t h e  s o l i d s  removal s t andp ipe  ( see  Fig.  3 ) .  Th i s  d i d  n o t  a f f e c t  
t h e  h e i g h t  of t h e  o x i d i z i n g  zo.ne; on ly  th.? reducing zone h e i g h t  i n  t h e  f l u i d  
bed changed. The r e s u l t s  of Exp-3 and Exp-5 (performed a t  t h e  same s u l f a t e d  
dolomite  feed  r a t e ,  Table  1 )  w e r e  compared. It was found t h a t  i n c r e a s i n g  t h e  
nominal f lu id ized-bed  hei:ght from 0.46 m t o  0.76 m (which increased  t h e  s o l i d s  
r e s idence  t ime from 18 min t o  30 min) d i d  n o t  improve t h e  e x t e n t  of CaO regen- 
e r a t i o n .  

A t  a  cons t an t  s o l i d s  r e s idence  t i m e  (%30 min),  i n c r e a s i n g  t h e  f l u i d i z e d  
bed h e i g h t  from 0.46 m (Exp-1R2) t o  0.76 m (Exp-7) had a  more pronounced 
e f f e c t  on t h e  e x t e n t  of regenerat ion--decreasing i t  %20%. 

The absence of a  b e n e f i c i a l  e f f e c t  of i nc reased  f lu id ized-bed  h e i g h t  
may have been 'due  t o  t h e  formation of l a r g e r  gas  bubbles  i n  deeper  beds 
caus ing  more s eg rega t ion  of t h e  gas phase from the we l l - f l u id i zed  phase,  
e s p e c i a l l y  nea r  t h e  top  of t h e  bed. Transpor t  of t h e  reduc ing  gases  from 
t h e  gas  phase t o  t h e  we l l - f l u id i zed  phase would become i n c r e a s i n g l y  d i f f i c u l t ;  
and t h i s  could reduce t h e  e x t e n t  of conversion ( t h e  r e a c t i o n s  a r e  r e l a t i v e l y  
f a s t ) .  Also, poorer  mixing i n  a  deeper  bed could prevent  t h e  s u l f a t e d  dolo- 
m i t e  from c i r c u l a t i n g  throughout t h e  e n t i r e  bed,  s o  t h a t  r e a c t i o n  would 
occur  on ly  i n  t h e  upper ,  more segrega ted  p o r t i o n  of t h e  f l u i d i z e d  bed ( t h e  
feed  s o l i d s  were dropped on t h e  t op  of t h e  f l u i d i z e d  bed) .  This  would r e s u l t  
i n  t he  a c t u a l  s o l i d s  r e s idence  t imes i n  a  deeper bed be ing  s h o r t e r  than ca l -  
c u l a t e d .  

E f f e c t  of Fluidizing-Gas Veloc i ty .  The e f f e c t  of f l u id i z ing -gas  v e l o c i t y  
on r egene ra t i on  was eva lua t ed  by comparing t h e  r e s u l t s  of f o u r  experiments  - - 
i n  which t h e  s o l e  v a r i a b l e  was f l u id i z ing -gas  v e l o c i t y  (Fig.  4 ) .  A s  t h e  gas  
v e l o c i t y  was i nc reased  from 0.67 m/sec t o  0 .91 mlsec,  CaO regene ra t i on  
decreased from 76% t o  40%. . I n  a  s tudy  by Mar t in  e t  aZ. on t h e  r educ t ive  
decomposition of gypsum i n  a  25.4-cm-dia (10-in.-dia) f l u i d i z e d  bed,  t h e  
optimum f lu id i z ing -gas  v e l o c i t y  ( f o r  dccomposition) w a s  found t o  be  about  
0.6 m/sec. However, t h e  e f f e c t  of f l u id i z ing -gas  v e l o c i t y  was r epo r t ed  t o  
be  smal l .  

I n  t h i s  s t u d y ,  f l u i d i z i n g - g a s  v e l o c i t y  had a  meaningful e f f e c t  i n  t h e  
i n v e s t i g a t e d  v e l o c i t y  range .  The r e l a t i v e l y  smal l  i n t e r n a l  diameter  (7.62 cm) 
of t h e  f lu id ized-bed  r e a c t o r  probably enhanced t h e  d e t r i m e n t a l  e f f e c t  of gas  
v e l o c i t y ,  lowering t h e  f l u i d i z a t i o n  q u a l i t y .  

A t  h ighe r  f l u id i z ing -gas  v e l o c i t i e s ,  t h e  p ropor t i on  of t h e  gas i n  t h e  
bubbles  i n  t h e  f l u i d i z e d  bed increased  and t h e  t r a n s p o r t  of gases  from t h e  
bubble phase t o  t h e  we l l - f l u id i zed  phase was hampered. Also,  s o l i d s  mixing 
was l e s s  e f f e c t i v e  a t  h igh  f l u i d i z i n g  v e l o c i t i e s  because of t h e  unfavorab le  
bed geometry ( a  r a t i o  of bed he igh t  t o  bed diameter  of 6 o r  1 0 ) .  

E f f e c t  of Regenerat ion Temperature on Regenerat ion and Resu l f a t i on  of 
Tymochtee Dolomite. The e f f e c t  of r egene ra t i on  temperature  ( ranging  from 1010 
t o  1095OC) on t h e  r egene ra t i on  of dolomite  was eva lua t ed  i n  f i v e  experiments.  
The r e s u l t s  a r e  given i n  F ig .  5 .  I n  t h e s e  f i v e  experiments ,  r egene ra t i on  
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temperature was the  only v a r i a b l e  except  t h a t  t he  s o l i d s  res idence  time was 
18 min in s t ead  of 30 min i n  t h e  experiment a t  1095°C. A s  t h e  temperature 
was increased  from 1010°C t o  1095°C and t h e  s o l i d s  r e s idence  time remained 
cons t an t  o r  decreased ,  CaO regene ra t ion  (based on a n a l y s i s  of t he  regenera ted  
product)  increased  from 21% t o  83%, and t h e  SO2 conccn t r a t ion  i n  t h e  dry off- 
gas  increased  from 0.8% t o  7.3%. 

The temperature dependence of t h e  r egene ra t ion  of s u l f a t e d  Tymochtee 
dolomite  i n  t h e s e  experiments was compared ( see  F ig .  5 )  w i th  s i m i l a r  r e s u l t s  
ob ta ined  by Mart in  e t  aZ. I n  t h a t  i n v e s t i g a t i o n ,  t h e  r educ t ive  decomposition 
of gypsum was s t u d i e d ,  wi th  carbon t h e  reductan t  i n  a 25.4-cm-dia f l u i d i z e d  
bed ( s o l i d s  r e s idence  time of ' ~ 9 0  min). The r e s u l t s  agree  a t  t h e  h igher  tem- 
p e r a t u r e  where t h e  r a t e  of decomposition i s  f a s t  and most of t h e  conversion 
occurs  i n  t h e  f i r s t  few minutes of t h e  r e a c t i o n .  

Po ros i ty  measurements of samples (-25 +35 mesh p a r t i c l e s )  a t  s e v e r a l  
p rocess  s t e p s  have been made (Fig. 6 )  t o  eva lua t e  t h e  e f f e c t  of r egene ra t ion  
temperature on t h e  q u a l i t y  of t h e  regenera ted  dolomite as a SO2-acceptor. 
Po ros i ty  was measured a s  t h e  e x t e n t  of p e n e t r a t i o n  of mercury a s  a func t ion  
of p re s su re .  The cumulative pore volumes (mercury pene t r a t ion )  per  0 .5 g of 
sorbent  a s  a func t ion  of pore diameter  a r e  given (F ig .  6 ) .  

Curve A r e p r e s e n t s  t h e  pore s i z e  d i s t r i b u t i o n  of f u l l y  ca lc ined  v i r g i n  
dolomite t h a t  was ca l c ined  a t  900°C f o r  2 h r  i n  a furnace  (prea ted  t o  900°C) 
i n  a 20% C02-80% a i r  environment. The pore volume f o r  pores  0.4 u m  and l a r g e r  
was found t o  be  0 . 1  cm3/0.5 g. A s  r epo r t ed  by Hartman and ~ o u ~ h l i n , ~  most. 
s u l f a t i o n  t akes  p l ace  i n  t he  l a r g e r  pores  (10.4 urn). Pores  sma l l e r  than  
' ~ 0 . 4  u m  a r e  r e l a t i v e l y  easy  t o  p lug . and  t h e r e f o r e  c o n t r i b u t e  l i t t l e  t o  t h e  
e x t e n t  of s u l f a t i o n .  The pore d i s t r i b u t i o n  of f u l l y  ca l c ined  v i r g i n  dolomite  
w a s  compared w i t h  t h a t  of s u l f a t e d  and regenerated dolomite because dolomite 
i s  f u l l y  ca l c ined  dur ing  r egene ra t ion .  

Curve B r e p r e s e n t s  t h e  pore  volume d i s t r i b u t i o n  of dolomite t h a t  was 
s u l f a t e d  (10.2 w t  % S) i n  c o a l  combustion experiments a t  900°C; t h i s  s u l f a t e d  
dolomite  was used a s  t h e  feed  f o r  t h e  r egene ra t ion  experiments.  The pore 
volume f o r  pores  0.4 um and l a r g e r  was found t o  be  0.045 cm3/0.5 g. I n  
c o n t r a s t  t o  t he  pore volume d i s t r i b u t i o n  of t h e  ca l c ined  m a t e r i a l ,  t h e  pores  
of t h e  s u l f a t e d  m a t e r i a l  were seve re ly  plugged by s u l f a t i o n .  The pores  s h r i n k  
dur ing  s u l f a t i o n  of CaO a s  a r e s u l t  of changes i n  molecular  volume. 

Curves C and D i l l u s t r a t e  t h e  pore volume d i s t r i b u t i o n  of dolomite t h a t  
was regenera ted  a t  1040°C o r  1095°C. A t  t h e  h ighe r  r egene ra t ion  temperature,  
t h e  volume of t h e  l a r g e r  pores  (>0.4 urn) was g r e a t e r .  On t h e  b a s i s  of t h i s  
r e s u l t ,  t h e  s u l f a t i o n  react ivi ty-of  dolomite  regenera ted  a t  t h e  h ighe r  temper- 
a t u r e  w a s  expected t o  be  g r e a t e r .  

S u l f a t i o n  experiments w i t h  t h e  regenera ted  samples and t h e  ca lc fned  
dolomite  sample were performed i n  a thermogravimetr ic  ana lyzer .  The r e s u l t s  
a r e  g iven  i n  F ig .  7.  It w a s  found t h a t  t h e  h igher  r egene ra t ion  temperature 
d i d  n o t  improve the  r e a c t i v i t y  of t h e  dolomite  w i th  SO2. Rather ,  t h e  dolomite  
t h a t  was regenera ted  a t  1095°C was found t o  have a lower r e a c t i v i t y  than  t h e  
dolomite  regenera ted  a t  1040°C.and the  preca lc ined  dolomite.  
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Although h ighe r  r egene ra t i on  r e a c t i o n  r a t e s  w e r e  ob ta ined  a t  t h e  h ighe r  
r egene ra t i on  temperature ,  t h e  p o t e n t i a l  d e t r i m e n t a l  e f f e c t  of h igh  r egene ra t i on  
tempera tures  on t h e  r e a c t i v i t y  of t h e  dolomite  i n  subsequent s u l f a t i o n  c y c l e s  
r e q u i r e s  f u r t h e r  s tudy .  A dec rease  i n  t h e  r e a c t i v i t y  of regenera ted  so rben t  
du r ing  c y c l i c  exposures  t o  h igh  temperature  was r epo r t ed  by Skopp e t  aZ. " 
I n  t h a t  s tudy ,  t h e  r e a c t i v i t y  l o s s  was presumed t o  be  caused by l o s s  i n  
p o r o s i t y .  I n  t h i s  s tudy ,  t h e  s o r b e n t ' s  p o r o s i t y  i nc reased  a f t e r  one c y c l e  
i n  t h e  second s u l f a t i o n  s t e p .  

E l ec t ron  Microprobe Analys i s  of S u l f a t e d  and Regengrated P a r t i c l e s .  
Regenerated Tymochtee dolomite  p a r t i c l e s  from some of t h e s e  experiments  (Exp-- 
IR2 and 4 ) ,  a s  w e l l  a s  nonregenerated s u l f a t e d  Tymochtee dolomite  p a r t i c l e s ,  
were analyzed wi th  an e l e c t r o n  microprobe t o  determine t h e  e f f e c t  of regen- 
e r a t i o n  on t h e  s u l f u r  concen t r a t i on  p r o f i l e s  i n  i n d i v i d u a l  p a r t i c l e s .  The 
r a d i a l  d i s t r i b u t i o n s  of calcium, magnesium, and s u l f u r  w e r e  measured. A 
random sample of p a r t i c l e s  was sc reened;  then  approximately twenty nominal ly  
-20 +25 mesh p a r t i c l e s  were mounted i n  epoxy and machined t o  remove t h e  
equ iva l en t  of one-half of  t h e  nominal diameter  of a  t y p i c a l  mounted p a r t i c l e  
(%400 vm). A t h i n  gold l a y e r  (%50 angstroms) was s p u t t e r e d  on t h e  machined 
s u r f a c e  t o  enhance t h e  conduc t iv i t y  of t h e  mounts. A p a t i t e  (38.9 w t  % Ca),  
FeS2 (53.4 w t  % S ) ,  and MgO (60.3 wt % Mg) w e r e  used a s  s t anda rds  t o  c a l i -  
b r a t e  t h e  probe and t o  o b t a i n  a  rough q u a n t i t a t i v e  e s t i m a t e  of t h e  l o c a l  
colupollell t conceriLrations . 

The r a d i a l  concen t r a t i on  d i s t r i b u t i o n s  of calcium and s u l f u r  a s  ob ta ined  
by t h e  e l e c t r o n  probe f o r  t h r e e  t y p i c a l  s u l f a t e d  p a r t i c l e s  a r e  given i n  
F ig .  8 (magnesium concen t r a t i on  p r o f i l e s  a r e  n o t  given because they  a r e  
s i m i l a r  t o  t hose  f o r  calcium).  The e x t e n t  of s u l f a t i o n  i n  t h e s e  p a r t i c l e s  
v a r i e d  because t h e  p a r t i c l e s  had been s u l f a t e d  i n  t h e  cont inuous ly  f.&d, 
f lu id ized-bed  c o a l  combustor f o r  d i f f e r e n t  pe r iods  of t i m e  ( s o l i d s  a r e  back- 
mixed). The e x t e n t  of s u l f a t i o n  w a s  l e a s t  f o r  t h e  p a r t i c l e  r ep re sen t ed  a t  
t h e  t o p  of t h e  f i g u r e  and g r e a t e s t  f o r  t h e  bottom p a r t i c l e .  A s  s u l f a t i o n  
progressed ,  t h e  edge of t h e  s u l f a t e d  s h e l l  moved towards t h e  c e n t e r  of t h e  
p a r t i c l e .  The l o c a l  s u l f u r  and calciuin concen t r a t i ons  ob ta ined  were lower 
than  t h e  t r u e  l o c a l  concen t r a t i ons  because i r r e g u l a r i t i e s  on t h e  s u r f a c e s  
caused s c a t t e r i n g  of t h e  c h a r a c t e r i s t i c  emi t ted  X-rays ( t h e  sample s u r f a c e s  
could n o t ' b e  machined a s  smooth a s  t h e  c a l i b r a t i o n  sample s u r f a c e s ) .  The 
bulk  concen t r a t i ons  of s u l f u r  and calcium, ob ta ined  by wet chemical a n a l y s i s  
of t h e  sample from which t h e s e  p a r t i c l e s  were taken ,  were 10.2 wt % and 22.2 
wt %, r e s p e c t i v e l y .  

Regenerated p a r t i c l e s  from Exp-IR2 (performed a t  1040°C) were chemical ly  
analyzed and found t o  c o n t a i n  5 .1  wt % S and 26.2 wt % Ca. The e l e c t r o n  micro- 
probe ana lyses  of two sample p a r t i c l e s  from t h i s  experiment a r e  g iven  i n  F ig .  
9. I n  t h e  p a r t i c l e  whose a n a l y s i s  i s  given a t  t h e  t o p  of F ig .  9 ,  r egene ra t i on  
appa ren t ly  was i n  an e a r l y  s t a g e ,  w i t h  t h e  primary r egene ra t i on - r eac t ion  zone 
moving r a d i a l l y  i n t o  t h e  uniformly s u l f a t e d  p a r t i c l e .  Some r e s i d u a l  s u l f u r  
( s u l f u r  t h a t  is  less a c c e s s i b l e ,  probably due t o  d i f f u s i o n  l i m i t a t i o n )  i s  l e f t  
behind t h e  advancing primary r e a c t i o n  zone. The bu lk  of t h e  s u l f u r  i s  removed 
du r ing  t h e  f i r s t  r egene ra t i on  s t a g e .  The p a r t i c l e  r ep re sen t ed  by t h e  o t h e r  
e l e c t r o n  probe a n a l y s i s  is i n  a  l a t e r  (s lower)  s t a g e  of r egene ra t i on  and t h e  
r e s i d u a l  concen t r a t i on  of s u l f u r  i n  t h e  e n t i r e  p a r t i c l e  is r e l a t i v e l y  low. 



Fig .  8. E l ec t ron  microprobe a n a l y s e s  of t y p i c a l  
s u l f a t e d  Tymochree d010mi~e p a r t i c l e s .  

(Note t h e  d i f f e r e n c e  i n  s c a l e s  f o r  t h e  two diagrams.) I n  an i n d u s t r i a l  p rocess  " 

i n  which t h e  s o l i d s  r e s idence  t i m e  would be s h o r t  (high s o l i d s  through- 
p u t  r a t e ) ,  probably on ly  t h e  f i r s t  ( r ap id )  s t a g e  of r egene ra t i on  would occur .  
Hence, most b u t  n o t  a l l  of t h e  s u l f u r  would be  removed i n  a n  i n d u s t r i a l  
r e g e n e r a t i o n  process .  

E l ec t ron  microprobe ana lyses  were a l s o  performed on regenera ted  p a r t i c l e s  
from Exp-4, which was conducted a t  t h e  h igher  temperature  of 1095°C. The bulk  
calcium and s u l f u r  concen t r a t i ons  i n  regenera ted  Tymochtee dolomite  from 
t h i s  experiment were 30 w t  % and 1 . 5  w t  %, r e s p e c t i v e l y .  The e l e c t r o n  micro- 
probe ana lyses  f o r  calcium and s u l f u r  i n  t h r e e  p a r t i c l e s  from t h i s  experiment 
a r e  shown i n  F ig .  10 .  The p a r t i c l e  whose a n a l y s i s  i s  given a t  t h e  t op  of 
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Fig.  9 .  E l ec t ron  microprobe a n a l y s i s  of regenera ted  

Tymochtee dolomite p a r t i c l e s  from Exp-IR2. 

F ig .  10 appears  t o  be  near  t h e  end of t h e  f i r s t  r egene ra t ion  s t a g e ;  t h e  
primary d e s u l f u r i z a t i o n  r e a c t i o n  zone has almost reached t h e  cen te r  of t h e  
p a r t i c l e .  Regenerat ion i n  t h e  ofher  two p a r t i c l e s  is  more n e a r l y  complete. 
A g r e a t e r  e x t e n t  of r egene ra t ion  was observed i n  p a r t i c l e s  from Exp-4 than  
i n  p a r t i c l e s  from Exp-IK2 ( regenera ted  a t  a lower temperature) .  Genera l ly ,  
t h e  regenera ted  p a r t i c l e s  examined showed no s u l f u r  concen t r a t ion  i r r e g u l a r -  
i t i e s  t h a t  might l e a d  t o  poor u t i l i z a t i o n  i n  subsequent s u l f a t i o n  cyc le s .  

Formation of CaS. The bui ldup  of l a r g e  amounts of CaS would be  d e t r i -  
mental t o  t h e  r educ t ive  decomposition of CaSO9 t o  CaO. The s u l f i d e  ana lyses  
of t h e  regenera ted  products  a r e  given i n  Table 1. Of t h e  four  v a r i a b l e s  i n  
t h e s e  experiments ,  on ly  reducing gas concen t r a t ion  i n  t h e  e f f l u e a e  gas had 
an  e f f e c t  of s u l f i d e  bui ldup .  Very s m a l l  amounts of s u l f i d e ' ( < O . l % )  were 
found i n  t h e  s t eady  s t a t e  regenera ted  dolomite samples from a l i  experiments  
performed w i t h  low reducing gas c a n d i t i o n s  (i.e., wi th  %3% t o t a l  reducing gas  
i n  t he  e f f l u e n t ) .  With %IS% reducing gas i n  t h e  e f f l u e n t ,  t h e  b u i l d u p ' o f  
CaS w a s  enhanced--for example, i n  two'experiments ,  s u l f i d e  concen t r a t ions  
i n  the products  were 0 . 3  and 0.7%, r e s p e c t i v e l y .  



C PARTICLE , 900 11 m --I 
Fig .  10. E l ec t ron  microprobe a n a l y s i s  nf r egene ra t ed  

Tymoshtee dolomite  p a r t i c l e s  f r o m  Exp-4. 

The obta ined  exper imenta l  s u l f i d e  concen t r a t i ons  a r e  much lower than 
t h o s e  p r e d i c t e d  by t h e  e q u i l i b r i u m  equat ion  (below) a t  t h e  exper imenta l  
o f f -gas  cond i t i ons  of t h e s e  experiments .  

A t  1040°C, t h e  maximum p a r t i a l  p r e s s u r e  r a t i o  of CO t o  C02 (PCO/PCO2) f o r  which 
CaS and CaS04 c o e x i s t  is  0 , 0 1 7 .  A t  h ighe r  p a r t i a l  p r e s s u r e  r a t i o s ,  only CaS 
should  e x i s t  a t  equ i l i b r ium.6  S ince  t h e  exper imenta l  va lues  of p a r t i a l  pres-  
s u r e  r a t i o s  of CO' t o  C02 i n  t h e  e f f l u e n t  f o r  t h e s e  experiments  were a l l  above 
0.02,  h igher  s u l f i d e  concen t r a t i ons  might be  expected.  The exper imenta l  
r e s u l t s  may b e  expla ined  on t h e  b a s i s  t h a t  (1) t h e  so rben t  i n  t h e  f l u i d i z e d -  
bed r e a c t o r  i s  n o t  a t  equ i l i b r ium and (2) t h e  cond i t i ons  i n  t h e  f l u i d i z e d  bed 
a r e  n o t  reducing throughout  ( s e e  F ig .  3 ) .  The f l u i d i z i n g  g a s  (N2 and 02)  was 



, in t roduced  through t h e  gas  d i s t r i b u t o r ,  and a  h igh ly  o x i d i z i n g  zone was 
e s t a b l i s h e d  ( s ee  Table  2) between t h e  gas  d i s t r i b u t o r  and t h e  methane i n j e c t i o n  
p o r t s ,  a s  i l l u s t r a t e d  i n  Fig.  3. A m u l t i p o i n t  i n j e c t i o n  system was used, 
r a t h e r  t han  a  s i n g l e  i n j e c t i o n  p o i n t ,  t o  o b t a i n  lower l o c a l  t empera tures  a t  
t h e  i n j e c t i o n  p o i n t s .  I n  t h e  o x i d i z i n g  zone, CaS was, ox id ized :  

CaS + 2 O2 -+ CaSO4 (7) 

CaS + 312 02 -+ CaO + SO2 

A reducing zone was e s t a b l i s h e d  i n  t h e  t o p  p o r t i o n  of  t h e  f l u i d i z e d  bed. 
S o l i d  r e a c t a n t s  and products  a r e  c i r c u l a t e d  between t h e  reducing and ox id i z ing  
zones,  a l lowing  CaS t o  be  ox id ized  t o  CaS04 and t h i s  minimizes t h e  bu i ldup  
of CaS. 

I n  r e l a t e d  exper imenta l  i n v e s t i g a t i o n s  by o t h e r s ,  a n  o x i d i z i n g  zone t o  
ox idze  t h e  CaS was purposely c r e a t e d  above t h e  reduc ing  zone by adding 
secondary a i r  o r  oxygen n e a r  t h e  t op  of t h e  f l u i d i z e d  bed d u r i n  
p o s i t i o n  of gypsum7 and anhydrous CaS04 and s u l f a t e d  l imes tone .  the decom- 

A t t r i t i o n  and E l u t r i a t i o n  of Sorbent .  Knowledge of t h e  e x t e n t  of a t t r i t i o n  
of so rben t  i s  of major concern i n  t h e  development of a  so rben t  r egene ra t i on  
p roces s .  The p h y s i c a l  i n t e g r i t y  of so rben t  p a r t i c l e s  may b e  a f f e c t e d  by 
thermal  stresses a t  t h e  h igh  process  temperature  (%llOO°C) and by molecular  
rearrangements  w i t h i n  t h e  p a r t i c l e s  due t o  r egene ra t i on  r e a c t i o n s .  

Losses of regenera ted  do lomi te  due t o  a t t r i t i o n  and/or  e l u t r i a t i o n  
( i nc lud ing  a t t r i t i o n  du r ing  pneumatic t r a n s p o r t )  a t  t h e  v a r i o u s  c o n d i t i o n s  
used i n  t h e s e  experiments  were measured. S ince  t h e  s u l f a t e d  do lomi te  was 
nominally -14 +45 mesh and t h e  p a r t i c l e s  e l u t r i a t e d  from t h e  bed w e r e  a l l  
nominally -45 mesh (<350 um), i.t was assumed t h a t  t h e  e l u t r i a t e d  p a r t i c l e s  
w e r e  a t t r l t e d  fragments of t h e  f eed  Tymochtee dolomite .  Table  1 shows t h e  
f r a c t i o n  o f . d o l o m i t e  l o s t  du r ing  r e g e n e r a t i o n  because of a t t r i t i o n  and con- 
sequent  e l u t r i a t i o n  ( e l u t r i a t e d ' c a l c i u m  a s  a percentage  of  feed  ca lc ium) .  
The l o s s  ranged from 5-15%. 

Sorbent a t t r i t i o n  was a l s o  c h a r a c t e r i z e d  by a  more d i r e c t  approach; t h e  
f r a c t i o n a l  d i s t r i b u t i o n s  of t h e  s u l f a t e d  feed  and regenera ted  product  f o r  
Exp-1 were p l o t t e d  (Fig.  11, upper The f r a c t i o n a l  d i s t r i b u t i o n  curves  
sugges t  a  p a r t i c l e  popu la t i on  s h i f t  t o  sma l l  d iameters  i n  t h e  regenera ted  
dolomite .  This  was confirmed by p l o t t i n g  t h e  mass r a t i o s  from Exp-1 (i-e., 
t h e  calcium mass con ten t  of  t h e  product  t o  t h e  calcium m a s s  con ten t  of t h e  
feed  dolomi te )  a s  a  func t ion  of p a r t i c l e  d iameter  (Fig.  11, lower p l o t ) .  
Genera l ly ,  a l l  p l o t s  of f r a c t i o n a l  p r o d ~ c t ~ t o - f e e d  calcium r a t i o  a s  a  
f u n c t i o n  of p a r t i c l e  diameter  showed t h a t  du r ing  r e g e n e r a t i o n ,  t h e  number of 
l a r g e r  p a r t i c l e s  (>800 pm) decreased and t h e  number of medium-size p a r t i c l e s  
(>300 and <800 urn) i nc reased  because of  a t t r i t i o n  of t h e  l a r g e r  p a r t i c l e s .  

Agglomeration of S u l f a t e d  Dolomite. P a r t i a l  agglomerat ion of t h e  
s u l f a t e d  do lomi te  bed occurred when a  r egene ra t i on  experiment was a t tempted  
wi th  a  bed temperature  of 1095°C and a  15% reducing gas concen t r a t i on  i n  t h e  
e f f l u e n t  gas .  It i s  be l i eved  t h a t  i n s u f f i c i e n t  f l u i d i z a t i o n  v e l o c i t y  a t  
t h e s e  c o n d i t i o n s  caused some p a r t i c l e s  t o  adhere t o  each o t h e r .  This  was 
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Fig .  11. Exp-1, f r a c t i o n a l  feed  and producL p a r t i d l e  
~ i z e  distributions (upper g r a p h ) .  A L t r i t i o n ,  
cho rac t c r i ccd  by t h e  f r a c t l o r ~ a l  p~uclucL t o  
feed mass r a t i o s  at d i f f e r e n t  p a r t i c l e  d i a -  
meters (lower graph) .  

fol lowed by f u r t h e r  d e f l u i d i z a t i o n  and a temperature  excurs ion  i n  t h e  bed 
which caused t h e  do lomi te  p a r t i c l e s  t o  f u s e .  ( I t  was p rev ious ly  r epo r t ed  
by Wheelock and I3oylan3 t h a t  t h e  s u r f a c e  of gypsum becomes g l a s s y  du r ing  
r egene ra t i on  a t  1250°C.) Agglomerates from t h i s  a t tempted experiment have 
been analyzed by X-ray d i f f r a c t i o n .  I n  t h e  fused p o r t i o n ,  calcium-magnesium 
s i l i c a t e  compounds (which a r e  absen t  i n  v i r g i n  dolomite)  were found. When 
t h i s  c l a s s  of m a t e r i a l s  is pure ,  t h e  me l t i ng  p o i n t  i s  %1300°C. ~ h e ' a g g l o m -  
e r a t i o n  prob1,em i s  f u r t h e r  acc.entuated by t h e  presence  o f  c o a l  a s h  because 
a t  t h e  tempera ture  and . reducing . c o n d i t i o n s  of t h e  r egene ra t i on  r e a c t o r ,  most 
c o a l  a shes  s o f t e n .  



11. REGENERATION OF TYMOCHTEE DOLOMITE USING COAT, AS THE FUEL 

A t  t h e  .completion of t h e  above i n v e s t i g a t i o n ,  t h e  PDU regene ra t i on  
system ( inc lud ing  t h e  r e a c t o r )  was modified and f e a t u r e s . w e r e  added which 
permit  t h e  combust i on  of  coal.. I n  t h e  subsequent i n v e s t i g a t i o n s ,  incomplete  , 

combustion of c o a l  i n  a f l u i d i z e d  bed of p a r t i a l l y  s u l f a t e d  dolomite  genera ted  
bo th  t h e  h e a t  and t h e  r equ i r ed  reducing gases  f o r  t h e  r egene ra t i on  r e a c t i o n s .  

The e f f e c t s  of s o l i d s  r e s idence  t ime i n  t he  r e a c t o r ,  r egene ra t i on  
temperature ,  and p r e s s u r e  on t h e  e x t e n t  of CaO regene ra t i on  i n  t h e  s u l f a t e d  
Tymochtee do lomi te ,  t h e  SO2 concen t r a t i on  i n  t h e  d r y  of f -gas ,  and t h e  bu i ldup  
of CaS were eva lua t ed .  

Eirp c r  imcnt a 1  

The modified r egene ra t i on  system used i n  t h i s  i n v e s t i g a t i o n  is  shown 
schema t i ca l l y  i n  F ig .  12.  The r e a c t o r  I D  was expanded from 7.62 cm ( 3 . 0 : i n . )  
i n  t h e  prev ious  i n v e s t i g a t i o n  t o  10.8 cm (4.25 i n . ) ,  and t h e  h e i g h t . o f  t h e  
f l u i d i z e d  bed (%46 cm) was r egu la t ed  by an  overf low p ipe  t h a t  i s  e x t e r n a l  t o  
t h e  f l u i d i z e d  bed. The p r e s s u r i z e d ,  f luidized-bed r e a c t o r  was l i n e d  wi th  a  
4.8-cm-thick c a s t a b l e  r e f r a c t o r y .  The c o a l  and t h e  s u l f a t e d  so rben t  f lows 
were metered s e p a r a t e l y  ( f o r  independent c o n t r o l )  t o  a  common pneumatic 
t r a n s p o r t  l i n e  which d ischarged  i n t o  t h e  f l u i d i z e d  bed ~ 1 5  cm 'above t h e  gas  
d i s t r i b u t o r ,  a s  shown i n  Fig.  13. Thus, two zones were formed: a h ighly  
ox id i z ing  zone below t h e  s o l i d  i n j e c t i o n  p o i n t ,  and a  reducing zone above 
t h e  i n j e c t i o n  p o i n t .  
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Fig .  13. Schematic diagram of t h e  r e g e n e r a t i o w r e a c t o r  
used f o r  t h e  experiments  w i t h  c o a l  and t h e  
expected a x i a l  oxygen concen t r a t i on  p r o f i l e .  

Other components of t h e  expe r imen ta l . sy s t em were ~ i m i l a r  t o  those used 
i n  t h e  prev ious  r egene ra t i on  i n v e s t i g a t i o n  descr ibed  i n  Pa r t  I of t h e  r e p o r t .  
P e r t i n e n t  c o n s t i t u e n t s  (SO2, 0 2 ,  C O ,  H2, CH4,  and NO) of t h e  of f -gas  were 
cvnt inuous ly  analyzed.  So l id s  t r a n s p 0 r t . a i . r  c o n s t i t u t e d  %40% of t h e  t o t a l  
f l u i d i z i n g  gas  i n  t h e  r e a c t o r .  The remaining f l u i d i z i n g  gas  was a mixture  
of pu re  n i t r o g e n  and oxygen. 

Oxygen and n i t r o g e n  were metered s e p a r a t e l y  :and mixed t o  produce t h e  
r equ i r ed  oxygen environment i n  t h e  r e a c t o r .  Thl ls  th.e oxyg&h r iqu i r emen t s '  a t  
d i f f e r e n t  experimental  condi t , ions could be  s a t i s f i e d  without  changing t h e  
f l u i d i z i n g  gas  v e l o c i t y . '  Oxygen concentra ' t ions i n  excess  of t h a t  i n  a i r  ware 
used i n  t h e  f eed  gas i n  most of  t h e  r epo r t ed  r egene ra t i on  experiments.  Large 
amounts of hea t  (per  u n i t  c apac i ty )  were r equ i r ed  t o  compensate f o r  (1) t h e  
h e a t  l o s s e s  i n  t h e . r e l a t i v e l y  sma l l  experimental  system and (2)  t h e  hea t  load 
imposed by feed ing  co ld  s u l f a t e d  sorbent  t o  t h e  system. I n  a l a r g e - s c a l e  
i n d u s t r i a l  r egene ra t i on  system, such hea t  requirements  would no t  be  encountered 
and oxygen enrichment of t h e  f l u i d i z i n g  a i r  would no t  be  needed. 

The Tymochtee dolomite  t h a t  was regenera ted  conta ined  %9 w t  % S a s  CaS04 
(no MgS04 p r e s e n t ) ,  26 w t  % Ca, 9 .5  w t  % C02, and a nominal s i z e  d i s t r i b u t i o n  
of -14 +30 mesh be fo re  r egene ra t i on .  I n  i t s  v i r g i n  s t a t e ,  i t s  main cons t i -  
t u e n t s  were CaC03 (50 w t  %) and MgC03 (39 w t  %). 



During r egene ra t ion ,  T r i ang le  c o a l  was combusted,under reducing cond i t i ons .  
It is a Type B bituminous h igh -vo la t i l e  c o a l  (32.6% v o l a t i l e  m a t t e r ,  d ry)  and 
has a h igh  ash  fus ion  temperature (1390°C, i n i t i a l  deformation under reducing- 
c o n d i t i o n s ) .  A s  rece ived ,  i t  con ta ins  73.5 w t  % C ,  9.4 w t  % a s h ,  and 0;98 w t  
% s. 

Resu l t s  and Discussion 

The experimental  cond i t i ons  and r e s u l t s  f o r  t h i r t e e n  experiments a r e  
given i n  Table 3. The experiments were performed a t  t h r e e  t empera tu re , l eve l s :  
1000°C, 1050°C, and llOO°C. S o l i d s  r e s idence  t i m e s  ranging f r o m % 7  min t o  
Q35 min were used a t  each temperature l e v e l .  

Regeneration of CaO was c a l c u l a t e d  from chemical ana lyses  of t h e  s teady-  
s t a t e  products .  It was based on t h e  s u l f u r  t o  calcium r a t i o s  i n  (1) t he  
s u l f a t e d  dolomite feed  and (2)  t he  s t eady  s t a t e  product  a f t e r  r egene ra t ion .  
These c a l c u l a t e d  r egene ra t ion  va lues  a r e  compared i n  Table 3 w i th  t h e  va lues  
t h a t  a r e  based on off-gas ana lyses .  The l a t t e r  va lues  a r e  t h e  r a t i o s  of t h e  
t o t a l  s u l f u r  r e l ea sed  i n t o  t h e  off-gas s t ream t o  t h e  t o t a l  s u l f u r  contained 
i n  t h e  su l fa ted-dolomi te  feed .  The off-gas flow r a t e  w a s  c a l c u l a t e d  us ing  
t h e  feed  gas  r a t e  and t h e  model of t he  r egene ra t ion  process  (discussed i n  a 
l a t e r  s e c t i o n )  i n  which t h e  gas  volumetr ic  e x p a n s i o n - i n  . t h e  r e a c t o r  is pre- 
d i c t e d .  The concen t r a t ions  and r a t e s  of t h e  feed  and e f f l u e n t  gases  a r e  
given i n  Table 4.  The CaO regene ra t ion  va lues  obta ined  b,y chemical ana lyses  
of t h e  regenera ted  products  g e n e r a l l y  ag ree  w i t h i n  a n a l y t i c a l  accuLacy wi th  
t h e  v a l u , e s , ~ c a l c u l a t e d  from off-gas ana lyses .  

E f f e c t  of S o l i d s  Residence Time and Temperature on ~ e ~ e n e r a t i o n .  The 
e x t e n t s  of r egene ra t ion  (based on off-gas and regenera ted  s o l i d s  ana lyses )  
a r e  p l o t t e d  i n  F ig .  14  a s  a f u n c t i o n  of s o l i d s  res idence  time f o r  t h e  t h r e e  
temperature l e v e l s .  The s o l i d s  r e s idence  time was v a r i e d  by changing t h e  
s o l i d s  feed r a t e .  and no t  by changing t h e  r e a c t o r  volume. 

SOLIDS RESIDENCE TIME, min . 

Fig .  14. Regenerat ion of 'CaO i n  Tymochtee dolomite.  a s  a 
func t ion  of s o l i d s  r e s idence  time (p re s su re :  
153 kPa) . 



Table '3. Experimental cond i t i ons  and r e s u l t s  f o r  t h e  regen2ratic.n of s u l f a t e d  Tymochtee 
dclomite  by t h e  incomplete combustion of T r i ang le  c o a l  i n  a f l u i d i z e d  bed. 

Nominal f luidized-bed he ight  : 46 cm Pressure :  153 kPa 
Reactor I D :  10.8 .cm 
Coal: T r i ang le  c o a l  (0.98 w t  % S) ash  fus ion  tern?. under reducing 

con.ai t ions,  1 3 4 6 ' ~  ( i n i t i a l  deformation) 
Sorbent :  (1) -14 +50 mesh, 9.0 w t  % S (CS-6, -7, -8) 

(2) -14 +50 mesh, 9.4 w t  % S (CS-10, -11, -12) 
8.5  w t  % S (CS-13 t h r n  -18 and CCS-1) . 

Fluid iz ing-  Feed So l id s  Reducing Gas Y ~ a s u r e d  CaO 
Temperature, Gas Veloc i ty ,  Rate ,  b s i d e a c e .  Concentrat ion 3C2 i n  Dry Regenerat ion,  

"C Exp . m/ s e c  kg/hr  Time, min ' i n  E f f l u e n t ,  X 9f f-Gas, % %a/%b 

a Based on c f  f-gas ans ly  sis . 
b ~ a s e d  on chemical a 3 a l y s i s  of dolomite samples. 
C The S02 .concen t r a t ion  a d j u s t e s  f o r  a 1.08 m/sec f lu id iz ing-gas  v e l o c i t y  i s  8.7%. 



Table 4. Rates and .Concentrations of feed and e f f l u e n t  gases. 

Feed Gas 
Solids Efflue2t  Gas (wet) 

Rate, Transport Tank Tank Tota l  Rate, CO, CH4, H2, 02, SO2, H2S, C02, H20, 
Exp. l,/mina A i r ,  % N 2 ,  Z 02, % 02, % L/min % % % % % % % % 

a 
A t  101.3 kPa and :22.8OC. 



A t  1000°C, a s  t h e  s o l i d s  r e s idence  time was v a r i e d  from 37 min t o  11 min, : 
t h e  e x t e n t  of r egene ra t ion  decreased d r a s t i c a l l y  from 77% t o  11% (based on 
s o l i d s  a n a l y s e s ) .  The SO2 concen t r a t ions  i n  t h e  dry  off-gas decreased from 
2.5% t o  1 .4%.  A t  t h i s  r e l a t i v e l y  low temperature,  t h e  'rate of r egene ra t ion  
of C a O  ,is low, and t h e r e f o r e  long s o l i d s  res idence  t imes are requ i r ed  t o  
o b t a i n  accep tab le  (250%) r egene ra t ion  l e v e l s .  

A t  1050°C, dec reas ing  t h e  s o l i d s  r e s idence  time from 34 min t o  1 2  min 
decreased  t h e  e x t e n t  of C a O  r egene ra t ion  from 90% t o  56%. The SO2 concen- 
t r a t i o n  i n  t h e  d r y  off-gas increased  from 3.0% t o  4.8%. A t  1100°C;. t h e  
h i g h e s t  temperature l e v e l  i n v e s t i g a t e d ,  decreas ing  t h e  s o l i d s  residence time . 
from 37 min t o  7.0 min caused t h e  e x t e n t  of CaO regene ra t ion  t o  decrease  
from 95% t o  75% and t h e  SO2 concen t r a t ion  t o  i nc rease  from 2% t o  8.7%. (The 
SO2 concen t r a t ion  f o r  t h e  experiment wi th  a 7-min s o l i d s  r e s idence  t i m e  
[ ~ x p . .  (cS-I)] w a s  ad jus t ed  from 6.5% t o  8.7% t o  compensate f o r  t h e  d i l u t i o n  
due t o  t h e  h ighe r  f l u id i z ing -gas  v e l o c i t y . )  Because t h e  r a r e  of  r egene ra t ion  
of C a O  i s  h igh  a t  1 1 0 0 ' ~ ,  t h e  e x t e n t  of r egene ra t ion  remained r e l a t i v e l y  h igh  
when t h e  s o l i d s  r e s idence  t i m e  w a s  a s  low a s  7 min. 

An improved r a t e  of CaS04 decomposition a t  h i g h e r  temperatures  (~1100°C)  
f o r  t h e  r educ t ive  decomposition of gypsum h a s  a l s o  been r epor t ed  by numerous 
workers ,  inc luding  Mart in  e t  aZ. who used carbon a s  t h e  r educ tan t  and Wheelock 
e t  aZ. who Gsed CO as t h e  r educ tan t .  A s  expected,  t h e  oxygen requirement i n  
t h e  f eed  gas increased  wi th  (1) t h e  su l f a , t ed .  sorbent  feed ,  r a t e  and (2)  t h e  
t o t a l  .amount of rqduc t ive  ciecou~posi t ioi~,  which is  r ep resen ted  by t h e  SO2 
c o n c e n t r a t i o n ' i n  t h e  off-gas.  ' 

Regression Analysis  of Regeneration Data.  A b e s t  f i t  has  been obta ined  
by r e g r e s s i o n  a n a l y s i s . f o r  t he  experimental  e x t e n t  of C a O  r egene ra t ion  a s  a 
f u n c t i o n  of r egene ra t ion  temperature and s o l i d s  r e s idence  t ime.  The equarion 
i s  

where R = e x t e n t  of CaO regene ra t ion  ( i . e . ,  a t  complete r egene ra t ion ,  R = 1 )  
T = p a r t i c l e  r e s idence  t ime i n  t h e  r e a c t o r ,  min 

A,B = func t ions  of temperature.  

The temperature-dependent cons t an t s  A and B were eva lua ted  a t  t h e  t h r e e  
r egene ra t ion  temperature l e v e l s  i n v e s t i g a t e d  (1000, 1050, and 1100°C) by , 

l e a s t  squares  technique.  Prom t h e s e  va lues ,  a q u a d r a t i c  equat ion  was obcained 
t o  r e p r e s e n t  t h e  f u n c t i o n a l  dependence of A and B on r egene ra t ion  temperature 
as givexi below. 

where t = r egene ra t ion  temperature,  "C 

The v a l u e s  c a l c u l a t e d  w i t h  t h e  model equa t ion ,  Eq. 9 ,  compare w e l l  
w i t h  t h e  experimental  r e s u l t s .  A c o r r e l a t i o n  c o e f f i c i e n t  ranging from 0.96 



t o  0.99 w a s  ob ta ined  f o r  t h e  experimental  d a t a  and t h e  r e s u l t s  c a l c u l a t e d  
from t h e  model equat ion .  Equation 9 w i t h  t h e  c a l c u l a t e d  c o e f f i c i e n t s  was 
found t o  be  a  good mathematical model of t h e  dependence of t h e  e x t e n t  of C a O  
r egene ra t ion  on r egene ra t ion  temperature and s o l i d s  r e s idence  time i n  t h e  
r e a c t o r  f o r  t h e  i n v e s t i g a t e d  experimental  range. This  r e l a t i o n s h i p  f o r  t h e  
r a t e  of CaO regene ra t ion  has been used i n  a  mass and energy-constrained model 
f o r  t h e  r egene ra t ion  process  t o  p r e d i c t  so rben t  behavior  w i t h i n  and o u t s i d e  
t h e  i n v e s t i g a t e d  ope ra t ing  range. 

The e x t e n t  of CaO regene ra t ion  as a func t ion  of temperature and so rben t  
r e s idence  time a s  c a l c u l a t e d  by Eq. 9 , h a s  been p l o t t e d  i n  Fig. 15.  The 
p l o t  has  been e x t r a p o l a t e d  t o  1200°C, which is  beyond t h e  exper imenta l ly  
i n v e s t i g a t e d  temperature range of 1000-1100°C. On t h e  b a s i s  of t h e s e  pre- 
d i c t i o n s ,  i t  is expected t h a t  t h e  e x t e n t  of CaO regene ra t ion  would i n c r e a s e  
cons iderably  (by ~ ~ 1 1 3 )  i f  t h e  temperature were increased  from llOO°C t o  
1150°C a t  a s o l i d s  r e s idence  time of 5  t o  7.5 min. A t  h ighe r  tempera tures ,  
t h e  e x t e n t  of r egene ra t ion  does no t  s i g n i f i c a n t l y  i n c r e a s e  above t h a t  a t  1150°C. 

Fig. 15. The e x t e n t  of CaO regene ra t ion  f o r  Tymochtee 
dolomite as a func t ion  of temperature and 
r e s idence  time a s  represented  by t h e  model 
equat ion ,  Eq. 9. 



Analysis  of Variance of Regeneration Data. The s e r i e s  of r egene ra t ion  
experiments  p re sen ted  i n  Table 3 (excluding experiment CCS-l) ,  c o n s t i t u t e s  a  
32  f a c t o r i a l  exper imenta l  des ign  p l u s  t h r e e  r e p l i c a t e  experiments.  A s  . 

desc r ibed  i n  t h e  preceding  s e c t i o n ,  they  were designed t o  measure t h e  e f f e c t s  
of so rben t  r e s i d e n c e  time i n  t h e  r e a c t o r  and r e a c t o r  temperature on (1) t h e  
e x t e n t  of CaO r egene ra t ion  and (2) SO2 concen t r a t ion  i n  t h e  off-gas.  Table 5 
summarizes t h e  des ign  cond i t i ons  f o r  t he  experiments whereas t he  a c t u a l  expe r i - ,  
mental  cond i t i ons  are g iven  i n  Table 3.  

An a n a l y s i s  of v a r i a n c e  performed f o r  t h e  ex t en t  of r egene ra t ion  a s  
c a l c u l a t e d  from f l u e  gas and s o l i d s  ana lyses  is  summarized i n  Table 6.  
According t o  t h e  F - t e s t  f o r  s i g n i f i c a n c e  a t  t h e  a  = 0.1 l e v e l  (90% confidence 
l e v e l ) ,  both t h e  r e s idence  time and t h e  temperature have a  s i g n i f i c a n t  e f f e c t  
on t h e  e x t e n t  of r egene ra t ion .  However, no s i g n i f i c a n t  d i f f e r e n c e  w a s  i n d i -  
c a t e d  between e x t e n t s  of r egene ra t ion  based on t h e  two methods of c a l c u l a t i o n s :  
(1) by off-gas ana lyses  and (2) by s o l i d s  ana lyses .  (This  i n d i c a t e s  t h a t  t h e  
ana lyses  ag ree  w i t h i n  a n a l y t i c a l  accuracy and t h a t  no cons tan t  d i f f e r e n c e  
e x i s t s  between t h e  two a n a l y t i c a l  methods.) 

The v a l i d i t y  o f . t h i s  a n a l y s i s  depends on t h e  absence of i n t e r a c t i o n s  
between the  c o n t r o l l e d  v a r i a b l e s .  For a 32 f a c t o r i a l  experimental  des ign ,  
t h e  model equa t ion  is expressed by: 

where X i j  is t h e  observed response,,  p is t h e  .mean of ,.all p o s s i b l e  responses ,  
a i  and B j  a r e  t h e  t r ea tmen t  e f f e c t s ,  Iii i s  the  i n t e r a c t i o n  e f f e c t ,  and E i j  

is  t h e  e r r o r  between t h e  observed and t e expected response. 

Analysis  of t h e  va r i ance  f o r  a  f a c t o r i a l  experimental  des ign  w i t h  p a r t i a l  
r e p l i c a t i o n  cannot e s t i m a t e  t he  e f f e c t  of t h e  term Ii . The term I i j  is  
inc luded  i n  t h e  term ~ i j .  I n  a d d i t i o n  t o  i n f l a t i n g  t b e e r r o r  mean square ,  
t h e  presence of an i n t e r a c t i o n  can g ive  misleading r e s u l t s  i n  Y-tests f o r  
s i g n i f i c a n c e .  Comparing t h e  e r r o r  mean square  (192) w i th  t h e  va r i ance  ca l cu l -  
a t e d  from t h e  r e p l i c a t e  experiments  (46) g ives  a n  i n d i c a t i o n  of t h e  e x t e n t  
t h a t  i n t e r a c t i o n  h a s  i n f l a t e d  t h e  e r r o r  mean square .  S ince  both  of t h e s e  
v a l u e s  a r e  e s t i m a t e s  of a 2  ( the  t r u e  va r i ance  of t h e  response da t a ) ,  t h e  
d i f f e r e n c e  may i n d i c a t e  a n  i n t e r a c t i o n  between t h e  c o n t r o l l e d  v a r i a b l e s .  

Effect of So l id s  ~ e s i d e n c e  Time and Temperature on SO2 Concentrat ion 
i n  t h e  Off-Gas. The measured SO2 concent ra t ions  i n  t h e  d ry  off-gas f o r  t h e  
experiments (Table 3) a r e  p l o t t e d  i n  Fig.  16 .  The b e s t  f i t  r e l a t i o n s h i p  
(Eq. 9) f o r  t h e  f u n c t i o n a l  dependence of CaO regene ra t ion  on s o l i d s  res idence  
t i m e  t o r  t he  t h r e e  temperature l e v e l s  i n v e s t i g a t e d  was used i n  rhe model 
f o r  t h e  r egene ra t ion  process  (descr ibed i n  a  l a t e r  s e c t i o n  of t h i s  r e p o r t ) ,  
and t h e  SO2 concen t r a t ion  i n  t h e  d ry  off-gas was c a l c u l a t e 2  f o r  s o l i d s  
r e s idence  t imes ranging from 40 t o  %2.5 min. The c a l c u l a t i o n s  were made 
f o r  t h e  t h r e e  i n v e s t i g a t e d  temperature l e v e l s ,  a  p re s su re  of 153 kPa, and a  
f l u id i z ing -gas  v e l o c i t y  of 1.07 m/sec. A s u l f u r  conten t  of 9 .5 w t  % was 
assumed f o r  t h e  s u l f a t e d  dolomite.  The c a l c u l a t e d  (p red ic t ed )  SO2 concentra- 
t i o n  i n  t he  d r y  off-gas a r e  p l o t t e d  i n  Fig.  1 6 , - t o g e t h e r  w i th  the  exper imenta l ly  



Table 5. Design cond i t i ons  and ina t r ix  r e p r e s e n t a t i o n  f o r  t h e  32 - I 5.. 

f a c t o r i a l  exper imenta l  design.  

Equipment: 10.8-em-ID f luidized-bed r egene ra to r  
Fluidized-Bed Height:  46 cm 
Pressure :  153 kPa 
Fluidizing-Gas Veloc i ty :  1.07 m/sec 
Reducing Gas i n  Off-Gas: %2.3% 

Variable. 
Levels  of Independent Var i ab le s  
Level  1 Level  2 ' . - ' Level  '3 

t ,  Temperature,, O C  

R ,  Residence Time, min 

Matr ix Representa t ion  of Experimental Condit ions 

t 1 t 2 t 3  

a 
Three r e p l i c a t e  (CS-12, CS-13, and CS-18) were made of t h i s  
exper imenta l  condi t ion .  

I 

Table 6. Analysis  of va r i ance  of e x t e n t  of C a O  r egene ra t ion  
d a t a ,  CS s e r i e s  of experiments.  

Source of  degree^ of Eum s f  Meail CalculaLecl b. 

V a r i a t i o n  Freedom Squares Square Fea F1-a - 
Residence Time 2 4011 2006 10.5 2 .'el 
~ e m p e r a t u r e  2 5547 2774 14.5 2.81 
A n a l y t i c a l  Method 1 20 2 0 0 .1  3:18 
Er ro r  12 2 300 19 2 

Corrected T o t a l  17  11878 
. .. -- -. -- 

aFe = Rat io  of v a r i a b l e  mean square  t o  e r r o r  mean square .  

ba = 0 .1  (90% confidence l e v e l ) .  
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Fig.  16. P red ic t ed  and experimental  SO2 concent ra t ion  a s  
a ~:ULLCLLULL ul: s u l i d s  ~ t s i d e n c e  t imc a t  t h r c c  
regenerarion LeluprraLures ( l . ~ ~ e ~ s t ~ ~ : e  : 153 kPa) . 

obta ined  concen t r a t ions .  The experimental  and p red ic t ed  SO2 concen t r a t ions  
i n  t h e  dry  off-gas f o r .  a l l  three eeinperarure l e v e l s  were l u  guud agLtement. 

A t  1000°C,, t h e  SO2 concent ra t ion  in t h e  d ry  off-gas is  p red ic t ed  t o  con-. 
t i n u a l l y  dec rease  a s  t h e  s o l i d s  res idence  time decreases ,  i n .  agreement wi th  
t h e  experimental  d a t a .  A t  t h i s  temperature,  t h e  r egene ra t ion  r a t e  was low. 
A t  1050°C and llOO°C, t h e  SO2 concent ra t ion  i s  ' p r e d i c t e d . t o  be.maximum a t  t h e  
lowest  pe rmis s ib l e  s o l i d s  r e s idence  t ime of %2.5 min, a t  which p o i n t  t h e  
process  oxygen requirement is  g r e a t e r  than t h e  q u a n t i t y  of t o t a l  f l u i d i z i n g  
gas.  

A t  1 1 0 0 ° ~ ,  much h igher  SO2 concen t r a t ions  were exper imenta l ly  obta ined  
and p red ic t ed .  For a 5-min s o l i d s  r e s idence  t ime ( r e a l i s t i c ) ,  an  SO2 concen- 
t r a t i o n  i n  excess  of 10% i s  predic ted .  

A t  llOO°C, t h e  experimental  SO2 concen t r a t ions  increased  from 2% t o  8 . 7 %  
' 

as t h e  s o l i d s  res idence  time was decreased from 37 min t o  7 min. These 
exper imenta l  r e s u l t s  show t h a t  f o r  temperatures  >1050°C, a s  t h e  s o l i d s  r e s i -  
dence time i n  t h e  r e a c t o r  is  decreased (i.e., at-higher r a t e s  of  s u l f a t e d  
so rben t  throughput) ,  ex t en t  of r egene ra t ion  i s  s a c r i f i c e d  but  SO2 concentra- 
t i o n  i n  t h e  d r y  off-gas i s  increased .  The p o s s i b l e  k i n e t i c  e f f e c t  of i n t r o -  
ducing room-temperature sorbent  f o r  very  s h o r t  s o l i d s  r e s idence  t imes ,  <7 min, 
h a s  no t  y e t  been eva lua ted .  



With Eq. 9 used f o r  t h e  f u n c t i o n a l  dependence of e x t e n t  of CaO regener- 
a t i o n  on temperature and s o l i d s  res idence  time i n  t h e  above-mentioned model 
f o r  t h e  r egene ra t ion  process ,  t h e  SO2 concen t r a t ions  i n  t h e  d ry  off-gas were 
a l s o  p red ic t ed  a t  t h r e e  d i f f e r e n t  system p res su res  and a r e  given i n  Fig. 1 7 ,  
These p r e d i c t i o n s  were ex t r apo la t ed  beyond t h e  exper imenta l ly  i n v e s t i g a t e d  
temperature range of 1000-1100°C. The e f f e c t  of p re s su re  on SO2 concen t r a t ion  
i s  very l a r g e ,  a s  d i scussed  below. It i s  p red ic t ed  t h a t  wi th  a system p res su re  
of 1000 kPa (10 atm),  SO2 concen t r a t ions  no g r e a t e r  than 4% can be obta ined ,  
even w i t h  r egene ra t ion  tempera tures  a s  h igh  a s  1200°C and s o l i d s  r e s idence  
t imes a s  s h o r t  a s  5 min. A t  a p re s su re  of 100 kPa ( 1  atm),  SO2 concen t r a t ions  
a s  high as 20% a r e  p red ic t ed  a t  r egene ra t ion  temperatures  up t o  1200°C. 
However, based on t h e  exper ience  t o  d a t e  w i th  t h e  regenerat2on process  a t  ANL 
and by Skopp e t  a2.,5 i t . i s  expected t h a t  r egene ra t ion  temperatures  i n  excess  
of 1100°C w i l l  no t  be f e a s i b l e  because of an  increased  tendency of t h e  s u l -  
f a t e d  sorbent  ( a  mixture of sorbent  and r e s i d u a l  c o a l  ash)  t o  agglomerate.  
Also, h igh  temperatures  (>llOO°C) may have a de t r imen ta l  e f f e c t  on t h e  
r e a c t i v i t y  of t h e  so rben t s  i n  subsequent' s u l f a t i o n  cyc le s .  

Higher temperatures  were found t o  i n c r e a s e  both t h e  e x t e n t  of CaO regen- 
e r a t i o n  and t h e  SO2 concen t r a t ion  i n  t h e  off-gas.  This  e f f e c t  of temperature 
ag rees  w i th  previous r e s u l t s  presented  i n  Sec t ion  I ,  i n  which methane was 
used a s  t h e  f u e l  f o r  t h e  r egene ra t ion  of dolomite  by r educ t ive  decomposition. 
Increased  SO2 concen t r a t ions  i n  t h e  off-gas a t  h igher  r egene ra t ion  temperatures  
have a l s o  been repor ted  by Hoke e t  UZ.*  f o r  t h e  r educ t ive  decomposition of 
pure CaSOt, i n  a f luidized-bed ba tch  r egene ra t ion .  Based on t h e  above r e s u l t s  
w i th  Tymochtee dolomite ,  an i n d u s t r i a l  r egene ra t ion  process  should be opera ted  
a t  1100°C and a s o l i d s  r e s idence  t ime of Q5-8 min. The SO2-enriched off-gas 
from t h e  r egene ra t ion  process  opera ted  a t  a p re s su re  of 100 kPa ( 1  atm) can 
be expected t o  con ta in  ~ 1 0 - 1 3 %  SO2 a t  b e s t ,  without  off-gas r e c y c l e .  

E f f e c t  of system Pres su re  on Extent  of CaO Regenerat ion and Off-Gas SO? 
Concentrat ion.  Thermodynamically, from an  equylibr ium s t anhpo in t ,  when' t h e  
system p res su re  is  lowered, t h e  SO2 concen t r a t ion  i n  t h e  of f -gas  w i l i  i n c r e a s e .  
I n  t h e  f luidized-bed p roces s ,  t h e  SO2 concen t r a t ion  i n  t h e  off-gas i s  de t e r -  
mined by t h e  r a t e  of t o t a l  gas  flow through t h e  r e a c t o r  and t h e  r a t e  of CaO 
regenera t io i i  i n  t h e  r e a c t o r .  Because t h e  a i r  requirements  ( f l u i d i z i n g  gas  
and/or  combustion oxygen) and energy requirements  ( s e n s i b l e  h e a t s  of gas and 
s o l i d s ,  and t h e  h e a t s  f o r  t h e  decomposition r e a c t i o n s )  of t h e  process  a r e  
h igh ,  equ i l i b r ium SO2 concen t r a t ions  i n  t h e  off-gas cannot be  achieved 
p r a c t i c a l l y .  A t  low p res su res ,  l e s s  f l u i d i z i n g  gas  i s  requi red  and thus  
t h e  e x t e n t  of d i l u t i o n  is reduced. 

The e f f e c t  of system p r e s s u r e  on t h e  e x t e n t  of r egene ra t ion  of CaO and 
t h e  SO2 concen t r a t ion  i n  t h e  dry off-gas has  been eva lua ted  i n  s i x  experiments 
i n  which s u l f a t e d  Tymochtee dolomite  f r o m t h e  second and s i x t h  r egene ra t ion  
cyc le s  of a ten-cycle  experiment was regenera ted .  The exper imenta l  cond i t i ons  
and r e s u l t s  a r e  g iven  i n  Table 7.  I n  experiments CCS-2A, -2B, and -2C, t h e  
p r e s s u r e  w a s  ~ 1 1 5  kPa o r  ~ 7 5 %  of t h a t  i n  CCS-2. I n  t h e  experiments a t  t h e  
lower p r e s s u r e ,  decreas ing  s o l i d s  r e s idence  t ime from 8.8 min t o  5 .3  min caused 



Fig. 17 .  P red ic t ed  SO2 concen t r a t ion  i n  t h e  d ry  off-gas a s  
a func t ion  of s o l i d s  r e s idence  t i m e ,  r egene ra t ion  
temperature,  and system p res su re .  

Experimental C~nd_i~t.ionc 
So l id  Feed Temp, O C :  815 
Fluidizing-Gas Ve loc i ty ,  mlsec: 1.07 
Fluidizing-Gas Feed Temp, "C : 650 
Su l fu r  Concentrat ion i n  Sorbent ,  %: 9.5 

t h e  e x t e n t  of C a O  r egene ra t ion  t o  decrease  from 80% t o  60% (based on s o l i d s  
a n a l y s i s ) .  These r e s u l t s  on e x t e n t  of r egene ra t ion  are i n  agreement w i t h  
those  obta ined  a t  t h e  h ighe r  p r e s s u r e  of 153  kPa ( see  Fig.  14)  and equ iva l en t  
s o l i d s  r e s idence  t i m e s .  Spec i f i ca l ly , ,  r e s u l t s  f o r  CCS-2B and CCS-2 ag ree  
w e l l .  

A t  t he  lower p r e s s u r e ,  t h e  measured SO2 concen t r a t ion  i n  t h e  d ry  off-gas 
i nc reased  from 8.9% t o  9.6% a s  t h e  s o l i d s  . res idence  time w a s  decreased from 
8.8 min t o  5.3 min. These concen t r a t ions  are h ighe r  than  those  obta ined  i n  
t h e  h ighe r  p r e s s u r e  experiments (Table 3 and Exp. CCS-2). A l a r g e r  d i f f e r e n c e ,  
and a more a c c u r a t e  comparison between off-gas SO2 concen t r a t ions  .from t h e  low- 
e r  and higher  p re s su re  experiments,  would be obta ined  by a d j u s t i n g  t h e  concen- 
t r a t i o n s  f o r  a common f lu id i z ing -gas  v e l o c i t y  of 1.07 m/sec ( t h e  v e l o c i t y  used 
f o r  p r e d i c t i o n s  i n  F ig .  17 )  as' g iven  i n  Table 7..: The ad jus t ed  SO2 concen- 
t r a t d o n s , c o u l d  then  be  compared wi th  t h e  r e s u l t s  i n  Fig.  17.  



Table 7. E f fec t  of regenera t ion  p re s su re  on the  regenera t ion  of Tymochtee 
dolomite and t h e  SO2 c o n c e n t r a t i o n . i n  t h e  off-gas.  

Nominal f luidized-bed he igh t :  46 cm 
Reactor ID: 10.8 cm 
Temperature: llOO°C 
Reducing g a s  concent ra t ion  i n  df f-gas: 3 .O-3.2% 
Coal: . Triangle c o a l  (0.98 w t  % S) . 

Sorbent:  -14 +30 mesh, s u l f a t e d  dolomite i n  t h e  second 
(10.7 w t  % S )  and s i x t h  (9.3 w t  % S)  u t i l i z a t i o n  
cyc les .  

So l id s  
F lu id iz ing-  Residence CaO SO2 Concentrat ion Minor Su l fu r  compounds i n  

P re s su re ,  Gas Ve loc i ty ,  Time, Regenerat ion,  i n  Drx Of £-Gas, Off-Gas, %: w 
'kPa m/ s ec  2. % H2 S COS cS2 W 

Exp . min 

a 
Based on chemizal a n a l y s i s  of dolomite samples. 

b ~ e a s u r e d  SO2 concen t r a t ion .  
C Adjusted S02 .concen t r a t ion  based on a  cons tan t  f lu id iz ing-gas  v e l o c i t y  of 1.07 m1se.c. 



During t h e  r egene ra t ion  s t e p  of t h e  s i x t h  u t i l i z a t i o n  c y c l e  of t h e  
c y c l i c  experiments ,  an a d d i t i o n a l  experiment (CCS-6A) w a s  performed a t  a 

8 reduced p r e s s u r e ,  125 kPa i n s t e a d  of 153 kPa (CCS-6). The experimental  
c o n d i t i o n s  and r e s u l t s  f o r  bo th  of t h e s e  experiments a r e  a l s o  presented  i n  
Table 7 .  A s  a r e s u l t  of lowering the  system p r e s s u r e  by Q20% whi l e  t h e  
f l u i d i z i n g - g a s  v e l o c i t y  was maintained almost cons t an t  ( ~ 1 . 2  m/sec),  t h e  SO2 
c o n c e n t r a t i o n  i n  t h e  d r y  off-gas increased  by ~ 2 0 %  from 8.7% t o  10.4% ( t h e  
h i g h e s t  SO2 concen t r a t ion  obtained t o  d a t e ) .  The SO2 concen t r a t ion  i n  t h e  
off-gas increased  because of l e s s  d i l u t i o n  a t  t h e  reduced pressure .  

R e l a t i v e l y  h igh  SO2 concen t r a t ions  ( ~ 8 % )  have a l s o  been r epor t ed  by 
Gordon e t  a l .  f o r  t h e  r egene ra t ion  of  l imestone a t  atmospheric p re s su re  .' 
Although the  number of experiments  i n . t h i s ' e v a l u a t i o n  w a s  l i m i t e d  and t h e  
p r e s s u r e  v a r i a t i o n  was small, t h e  sys t em,p res su re  was found t o  have a 
n e g l i g i b l e  e f f e c t  on t h e  r a t e  of CaO regene ra t ion  because the  SO? concen t r a t ion  
in t h e  off-&as was not  nea r  equ i l i b r ium,  However, p re s su re  has heen fn i~nd 
t o  a f f e c t  t h e  SO2 concen t r a t ion  . in  t h e  off-gas v i a  t h e  e x t e n t  'of d i l u t i o n .  

Formation of CaS. 'the s u l f a t e d  dolomite  be fo re  r egene ra t ion  contained 
n e g l i g i b l e .  amounts of CaS. 'The bui ldup  of CaS dur ing  r egene ra t ion  of 
Tymochtee dolomite  f o r  a l l  experiments ,  inc luding  those  performed .at 1000°C, 
was £ound t o  be <0 .1  w t  % (s2-) .  The i n v e s t i g a t e d  ranges of temperature,  
s o l i d s  residenceT'-time, and system p res su re  had no s i g n i f i c a n t  e f f e c t  ori t h e  
bu i ldup  of CaS because of t he  e x i s t e n c e  of an  ox id i z ing  zone a t  the .bot tom 
of t h e  f l u i d i z e d  bed, a s  d i scussed  i n  Sec t ion  I of t h i s  r e p o r t .  

111. MASS AND ENERGY CONSTRAINED MODEL FOR THE REGENERATION PROCESS . 

A f i r s t - g e n e r a t i o n  mass and energy cons tza ined  model f o r  t h e  one-step 
r egene ra t ion  process  was developed and ,used '  t o  p r e d i c t  t h e  e f f e c t s  of exper i -  
mental  variables un:  

1. Off-gas composition (SO2, CU2, H20, e t c . )  
2. Volumetric gas  changes 
3. Fuel  and oxyge,n requirements  
4. Ind iv idua l  energy terms 
5 .  F i i e l  cost and consumption of r egene ra t ion  

The f i r s t  phase of t h i s  work w a s  concent ra ted  on  hat occurs  .in t h e  regener- 
a t i o n  r e a c t o r .  The o b j e c t i v e s  were t o  p r e d i c t . t h e  e f f e c t s  of experimental  
v a r i a t i o n s  and t o  use  t h e s e  r e s u l t s  t o  guide f u r t h e r  experimental  e f f o r t s .  

Model Descr ip t ion  

A flow c h a r t  f o r  t h e  r egene ra t ion  process  model i s  given i n  F ig .  18. The 
input  parameters c o n s i s t  of (1) r e a c t o r  cond i t i ons  and s i z e  ( temperature,  
p re s su re ,  f l u i d i z i n g  gas v e l o c i t y ,  f l u i d i z e d  bed depth ,  and r e a c t o r  d i ame te r ) ,  
( 2 )  feed  s t ream d e s c r i p t i o n  ( feed  f l u i d i z i n g  gas temperature, ,  s u l f a t e d  sorbent  
feed  r a t e ,  so rben t  composi t ion,  i . e . ,  s u l f u r  and ca rbona te ,  and feed sorbent  
tempera ture) ,  and (3) c o a l  p r o p e r t i e s  (composition, i . e . ,  carbon,  hydrogen, 
and s u l f u r  and h e a t i n g  va lue ) .  The c o n v e r ~ i o n s  i n  t h e  model ( ex t en t  of 
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regeneration) are predicted from the abave given (Section 11) least squares 
best fit equation, Eq. 9, which was obtained f r ~ m  the experimental data in 
Table 1. 

ln(1 - R) = A-T + B - T ~  (9) 

where R = fractional extent of CaO regeneration (i.e., at complete regener- 
ation, R = 1) 

T = particle residence time in the reactor, min 

where t = regeneration tempera.ture, OC 

Equation Y was found to be a good mathematical model of the.depeadence of the ' 

extent of Ca6 regeneration on regeneration temperature and solids residence 
time in the reactor for the investigated experimental range, 

The decomposition reactions that .the sorbent underg'oes are the calcination 
reaction: . . 

C ~ C O ~  (s) + CaO(s) + ~ 0 2  (14) 

and the reductive .decomposit.ion reactions .(Eq. 1 and 2). All .of these de- 
composition reactions'are endothermic .and their thermal requirements are 
provided by the coal. (CHm + nH20) combustion reactions which are represented 
as follows in the model. For oxidizing conditions: 

m (CHIm + nIIZO) (8) I -  (T * I  1 0  1. .C02  (-- 4 n)l120 
. : .  2 (15) 

. .  ' . . for reducing conditions: 

From the above decomposition and combust ion. react ions, %t, is apparent that 
the gas volume increases as a result of reactions in the reactor. 

In the model, the energy balance is performed by assuming that (1) the' 
feed streams are first cooled to 25OC, (2) the feed streams are then reacted, 
and (3) the product solid and gas streams are heated to the operating reactor 
temperature. The sensible heats of the streams are based on the rates and 
compositions of the streams. 

The total heat requirement (Q) in.the regenerator reactor is: 
. 3 

+ Q 
= ,Ql,ost + Qdes + 'cal + 'sorb + ec (17) 



where 

Qiost = h e a t  l o s s e s  from t h e  r e a c t o r  
Qdes = h e a t  of d e s u l f a t i o n  
Qcal = h e a t  of c a l c i n a t i o n  
Qsorb = s e n s i b l e  h e a t  d i f f e r e n c e  between regenera ted  and s u l f a t e d  

sorbent  

Qgas 
= s e n s i b l e  hea t  d i f f e r e n c e  between e f f l u e n t  and inpu t  gas 

Qec = s e n s i b l e  hea t  f o r  t h e  unburped e l u t r i a t e ' d  c o a l  

It is  .assumed t h a t  t h i s  i n t e r n a l  h e a t  requirement w i l l  be  s a t i s f i e d  by t h e  
combys t ion  o f ,  c o a l .  

where 

Qci = h e a t  l i b e r a t e d  dur ing  t h e  r equ i r ed  incomplete combustion of c o a l  
(Eq. 16) 

Qo = a d d i t i o n a l  h e a t  requirements  t o  be  suppl ied  by complete combustion 
of c o a l  (Eq. 15) 

Qcc 
= h e a t  which must be removed from t h e  process  

The major assumptions and p r o p e r t i e s  of t h e  model a r e  s y a r i z e d  below: 

1. . The s o l i d s  and t h e  off-gas e x i t  a t  t h e  r e a c t o r  temperatur,e: 
2. The sorbent  i s  f u l l y  ca l c ined  dur ing  r egene ra t ion .  
3 .  The e x t e n t  of r egene ra t ion '  is  a func t ion  of s o l i d s  

r e s idence  time and temperature (Eq. 9 ) .  
4. The h e a t  c a p a c i t i e s  of s o l i d  and gas  c o n s t i t u e n t s  a r e  

temperature-dependent. 
5 ,  Oxygcn c o n c e n t r a t i o n . i n  t h c  fccd gas can bc v a r i ~ d .  
6,. T o t a l  c o a l  u t i l i z a t i o n  is  80% (experimental  ave rage ) ,  

Using t h e  s t a t e d  assumptions, t h e  above mass and energy r e l a t i o n s  a r e  i n t e r -  
locked and so lved  f o r  d i f f e r e n t  c o n d i t i o n s ,  a s  shown i n  t h e  flow diagram f o r  
t h e  model (Fig.  18) . 

Examples of p l o t t e d  c a l c u l a t e d  output  and comparisons wi th  some exper i -  
mental r e s u l t s  a r e  g iven  i n  F igs .  19  through 23, t o  which t h e  fol lowing 
opc ra t ing  cond i t i ons  apply:  

Temperature: 1094OC (2000°F) 
Fluidizing-gas v e l o c i t y :  1.07 m/sec (3.5 f t / s e c )  
P re s su re :  153 kPa (22.5 p s i a )  
Reactor I D :  10.8 cm (4.25 i n . )  



Nominal f luidized-bed h e i g h t :  46 cm (19 in . )  
Feed gas  temp: 344OC (650°F) 
Feed s o l i d s  temp: 25OC (77OF) 
S o l i d s  r e s idence  time: 2-200 min (mass feed r a t e s :  

90-0.9 kg/hr)  
Su l f a t ed  Tymochtee dolomite  : 9.5% s u l f u r  and 9.5% ~ 0 ~ ~ -  

P red ic t ed  E f f e c t s  of So l id s  Residence Time on Volumetric Gas Change. The 
i n p u t  f u n c t i o n a l  dependence of e x t e n t  of CaO regene ra t ion  (Eq. 9) is  reg iven  
i n  Fig.  19,  a long  wi th  t h e  c a l c u l a t e d  inc rease  i n  gas  volume-during regener- 
a t i o n ,  a s  a f u n c t i o n  of s o l i d s  r e s idence  time (SRT);' A t  SRTs of l e s s  than  
10 min, l a r g e  gas volumetr ic  i n c r e a s e s  a r e  p red ic t ed ,  caused by n e c e s s a r i l y  
i nc reased  c o a l  combustion due t o  (1) increased  hea t  requirements  ( s e n s i b l e  
h e a t  d i f f e r e n c e s  of s o l i d s  and gases ,  and h e a t  of decomposition r e a c t i o n s )  
and (2)  increased  s o l i d s  decomposition f o r  t h e  process .  The i n c r e a s e s  i n  gas  
volume d i l u t e  t h e  SO2 i n  t h e  e f f l u e n t  gas.  

Coal Feed Rate and Oxygen Concentrat ion.  I n  Fig. 20, t h e  p red ic t ed  c o a l  
f eed  r a t e  and t h e  p red ic t ed  requi red  oxygen concen t r a t ion  a r e  given as 
f u n c t i o n s  of SRT: The experimental  cond i t i ons  and r e s u l t s  f o r  t h e  measured 
v a r i a b l e s  i n  experiments CS-11 and -12 a r e  a l s o  p l o t t e d  f o r  comparison wi th  
t h e  p r e d i c t i o n s .  Agreement of p red ic t ed  va lues  wi th  exper imenta l ly  obtained 
v a l u e s  was good. 

Off-Gas Composition. The p red ic t ed  off-gas c o n s t i t u e n t  concen t r a t ions  
a s  func t ions  of s o l i d s  r e s idence  time a r e  given i n ' F i g .  21. The concen t r a t ions  
of a l l  p e r t i n e n t  c o n s t i t u e n t s  i nc rease  wi th  decreas ing  SRT ( inc reas ing  s o l i d s  
f eed  r a t e ) .  A t  a SRT o f , 5  min, a SO2 concent ra t ion  of 9.4% i n  t h e  d ry  off-gas 
i s  p red ic t ed  f o r  t h e  experimental  cond i t i ons  descr ibed  above. 

Heat Requirements. The p red ic t ed  ind iv idua l  hea t  requirements f o r  t h e  
one-step r egene ra t ion  process  a r e  p l o t t e d  i n  Fig.  22 a s  func t ions  of s o l i d s  
r e s i d e n c e  time. A t  low SRT, t h e . s e n s i b l e  hea t  requirements of t h e  s o l i d s  and 
gas  c o n s t i t u t e  most of t h e  r equ i r ed  h e a t .  

Cost f o r  Regeneration Fuel.  The f u e l  c o s t  f o r  r egene ra t ion  per  e l e c t r i c  
power u n i t  produced when burning 3% s u l f u r  c o a l  has  been p red ic t ed  as a 
f u n c t i o n  of SRT and i s  shown i n  Fig. 23. The experimental  cond i t i ons  f o r  
r egene ra t ion  a r e  given above. The c o s t s  p l o t t e d  a r e  r e l a t i v e  c o s t s  obtained 
t o  e s t i m a t e  t h e  e f f e c t  of ope ra t ing  cond i t i ons  such as SRT and feed s o l i d  
and gas temperatures .  I n  an  i n d u s t r i a l  p rocess ,  t hese  c o s t s  would be lowered 
by recover ing  t h e  s e n s i b l e  h e a t  from t h e  e f f l u e n t  r egene ra to r  s t reams.  (A 
c o a l  c o s t  of $29/tonne w a s  used i n  p r e d i c t i n g  t h e  r egene ra t ion  f u e l  c o s t s . )  
It has  been found t h a t  f o r  t h e  experimental  cond i t i ons  o u t l i n e d  above, t h e  
energy c o s t  of r egene ra t ion  is  optimum a t  a SRT of %9 min. (For an  i n d u s t r i a l  
p roces s ,  it  i s  expected t h a t  t h e  optimimum,will occur a t  a lower s o l i d  
r e s i d e n c e  t ime.)  A t  lower s o l i d s  r e s idence  t imes ,  t h e  ex t en t  of regenera t ion  
dec reases ,  and t h e  s e n s i b l e  h e a t  requirements  f o r  t h e  s o l i d s  and gas  i nc rease  
r a p i d l y  f o r  t h e s e  cond i t i ons  (co ld  s o l i d s  and gas f eed ) .  

Pre l iminary  S e n s i t i v i t y  Analys is  on Se lec ted  Process  Design Condit ions 

Table 4 shows, f o r  a s o l i d s  r e s idence  time of 5 min, t h e  p red ic t ed  
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Fig .  19 .  Experimental s o l i d s  r egene ra t ion  and p red ic t ed  . 
, i n c r e a s e  , i n  gas  volume dur ing  r egene ra t ion  as 

func t ions  of s o l i d s  r e s idence  t ime 



Fig.  20. Predicted and experimental'required coal  feed 
rate  and oxygen concentration i n  the feed gas 
a s  fun'ctions of so l ids  residence time 
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Fig. 21. Predicted off-gas constituent concentrations 
as functions of solids residence time 



Fig. 22. Predicted individual heat requirements as a 
I 

function of solids residence time 
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Fig .  23.  Pred ic t ed  f u e l  c o s t  f o r  r egene ra t ion  pe r  e l e c t r i c  
power u n i t  produced when burning 3% s u l f u r  c o a l  
as a func t ion  of s o l i d s  r e s idence  time. (These 
c o s t s  a r e  no t  r e p r e s e n t a t i v e  of those  i n  a  commercial 
p l a n t  s i n c e  cond i t i ons  have no t  been optimized.) 



Table  8. Pred ic ted  e f f e c t s  o f  des ign  cond i t ions  on r e g e n e r a t i c . n - r e s u l t s .  

S u l f a t e d  Sorben t :  Tymxhtee  Dolomite ( 9 . 5  w t  Z S) 
Regeneration T2mperature: 1094OC 
S o l i d s  ResicBen2e T i m :  5  min 
F l u i d i z i n g  V e l a c i t y :  8.07 m/sec 

Design Condi t ions  P red ic ted  R e s u l t s  
S o l i d s  Gas Carbonate Req. Gzs Tonnes of Coal 

Feed Feed i n  S u l f a t e d  Reactor SO2 i n  Dry Feed Volume Prcecess Eeat Fuel  Cost f o r  f o r  Regenerat ion1 a  
P r e s s u r e ,  Temp, Temp, S o r b - n t  , D i a ,  Off-Gas, 02, I n c r e a s e ,  Requ i re ren t ,  Regenerat ion ,Tonne of Coal f o r  

. kPa O C  O C  A c m  % % E 3 tu /h r  m i l l s  /kwh combust ionb 

1 153 25 3L5 9.5 10.8 3.6 53.5 49.4 8 9  K 0.59 0.068 

a  These c o s t s  a r e  n o t  r e p r e s e n t a t i v e  of those  31 a commercial p l a n t  s i n c e  c c n d i t i a s  hve  no t  been optimized and 
brio c r e d i t  f o r  r ecovercb le  s e n s i b l e  h e a t  i s  given. Coal c o s t ,  $29/tonne.  

A 3 wt % S c o a l  was assumed t o  be  burned i n  t . ~ e  cc.mbustion s t e p .  



e f f e c t s  of s o l i d s  and gas feed temperatures ,  f l u i d  bed tempera ture ,  f l u i d i z i n g  
gas v e l o c i t y ,  experimental  p re s su re ,  carbonate  concen t r a t ion ,  and r e a c t o r  
diameter  on: SO2 concen t r a t ion  i n  t h e  of f -gas ,  oxygen requirement i n  t h e  
f eed ,  i n c r e a s e  i n  gas volume, process  hea t  requirement ,  f u e l  consumption, 
and f ~ e i .  cost  f o r  regenera t ion .  Case 1 r e p r e s e n t s  t h e  input  cond i t i ons  f o r  . 
t h e  experimental  c a p a b i l i t i e s  of t h e  e x i s t i n g  (process~development-scale) . 
experimental  r egene ra t ion  system:. The p red ic t ed  SO2 c o n c e n t r a t i o n s . a s  a  : ,  

func t ion  of s o l i d s  r e s idence  time and temperature a r e  given i n  Fig. 16  f o r  
t h e  experimental  cond i t i ons  of Case 1. 

I n  Cases 2,  3 ,  and 4,  t h e  e f f e c t s  of i nc reas ing  t h e  r e a c t o r  I D  from 
10.8 cm t o  43.2 cm were predic ted .  For t h e  two l a r g e r  r e a c t o r s ,  t h e  hea t  
l o s s e s  a r e  lower and thus  t h e  energy c o s t  o f . r e g e n e r a t i o n  i s  reduced. The 
SO2 concen t r a t ion  i n  t h e  dry  off-gas i s  p red ic t ed  t o  be unaf fec ted  by t h i s  
fou r fo ld  i n c r e a s e  i n  diameter .  

The e f f e c t  of carbonate  content  i n  t h e  s u l f a t e d  sorbent  was p red ic t ed  
by comparing Cases 2 and 5. Decreasing t h e  concen t r a t ion  of ~ 0 ~ ~ -  from 9.5% 
t o  0 would r e s u l t  i n  i nc reas ing  t h e  SO2 concen t r a t ion  i n  t h e  dry  off-gas from 
9.4% t o  10.3%. 

The most e f f e c t i v e  parameter f o r  i n f luenc ing  t h e  SO2 concen t r a t ion  i n  t h e  
d ry  off-gas was found t o  be experimental  p ressure .  Decreasing t h e  p re s su re  
from 153 kPa (22.5 p s i a )  i n  Case 2 t o  102 kPa (15 p s i a )  i n  Case 6 ,  t h e  SO2 
concen t r a t ion  i n  t h e  off-gas would inc rease  from 9.4% t o  12.7% because t h e  
t o t a l  gas  feed r a t e  would decrease  by ~ 5 0 % .  

I n  Cases 2 ,  7 ,  8 ,  9 ,  and 10 ,  t h e  e f f e c t s  of prehea t ing  t h e  feed  s o l i d s  
and gas t o  temperatures  a s  h igh  a s  1094OC (2000°F) a r e  p red ic t ed  f o r  a  s o l i d s  
res idence  time of 5  min. The SO2 concen t r a t ion  i n  t h e  wet e f f l u e n t  gas (not  
shown) is p red ic t ed  t o  i nc rease  from 8 . 1  i n  Case 1 (16% water)  t o  8.3% i n  
Case 10  (9.1% wa te r ) .  However, t h e  SO2 concen t r a t ion  i n  t h e  dry  off-gas i s  
p red ic t ed  no t  t o  i n c r e a s e  becaus,e t h e  amount of water  formed decreased.  The 
requi red  oxygen concen t r a t ion  i n  t h e  feed  gas  decreased from 53.5% i n  Case 1 
t o  31% i n  Case 9. The p o s s i b l e  e f f e c t  of prehea t ing  t h e  s u l f a t e d  sorbent  on 
t h e  r a t e  of r egene ra t ion  was not  considered.  These p r e d i c t i o n s  suggest  t h a t  
f o r  a  r e a l i s t i c  p l a n t  s i t u a t i o n  i n  which a i r  would b e . u t i l i z e d  r a t h e r  than  
oxygen-enriched gas ,  a  f l u i d i z i n g  gas v e l o c i t y  g r e a t e r  than  1.07 m / s  w i l l  be 
requi red  t o  s a t i s f y  t h e  oxygen requirements  of  t h e  system a t  t h e  same s o l i d s  
resi .dence t ime of 5  min. 

The energy c o s t  of r egene ra t ion  (pe r  u n i t  of e l e c t r i c  power generated 
wi th  t h e  combustion of 3% s u l f u r  c o a l )  decreased from 0.6 mill/kWh (Case 1 )  
t o  0.3 mill/kWh (Case 10)  . I n  terms of r e l a t i v e  amounts of c o a l  r equ i r ed  
f o r  r egene ra t ion  compared t o  t h a t  r equ i r ed  f o r  power genera t ion ,  r egene ra t ion  
c o a l  requirements  decreased from 7% (Case 1 )  t o  4% (Case 10 ) .  It w a s  assumed 
t h a t  no energy wao recovcrcd from t h c  ho t  (1095OC) ~ o l i d o  and g a a  e f f l u c n t  
s t reams.  It i s  expected t h a t  w i t h  proper  energy c r e d i t s ,  t h e  r egene ra t ion  
r e a c t o r  w i l l  impose an  energy. burden of 2-3% on t h e  power p l a n t .  



I V .  CONCLUSIONS 

From a t e c h n i c a l  s t andpo in t ,  t h e  f luidized-bed sorbent  r egene ra t ion  
p roces s  u s ing  c o a l  a s  t h e  f u e l  has  been found t o  be a promising process  f o r  
reducing  t h e  p o t e n t i a l l y  l a r g e  waste  d i s p o s a l  problem from,f luidized-bed 
c o a l  combustion processes .  Ongoing economic eva lua t ions  a t  ANL w i l l  de t e r -  
mine i t s  economic f e a s i b i l i t y  . 
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