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! INTRODUCTION 

Fluidized-Bed Combustion (FBC) is a r e l a t i v e l y  new technique f o r  burning high 
s u l f u r  coa ls  c leanly ,  a t  a projected cos t  comparable to  conventional combustion 
systems. In  a t y p i c a l  fluidized-bed design, s ized  and dr ied sorbent is blended 
with the feed coa l  and fed t o  the fluidized-bed combustor. F lu id iza t ion  of the  
bed is ef fec ted  by passing a i r  up through the bed material, i . e . ,  mixture of coal 
and sorbent .  Sulfur  dioxide formed by the oxidat ion of the s u l f u r  contained in 
the  feed coa l  r e a c t s  with and remains an i n t e g r a l  p a r t  of the  sorbent ,  thus reduc- 
ing the  quant i ty  of s u l f u r  emitted t o  the  atmosphere by the  combustor f l u e  gases .  

i 

Limestone is known a s  a sorbent f o r  desu l fur iz ing  combustion gases i n  
fluidized-bed combustors. It has a moderate s u l f u r  capture  capaci ty  of 30 t o  40X 
(based on CaO) a t  temperatures of 8000 t o  85OOC a t  a reasonable reac t ion  r a t e .  
Also i t  is cheap and n a t u r a l l y  abundant. However, limestone has severa l  se r ious  
drawbacks. The sorp t ion  capaci ty  decreases  markedly above 850%. It cannot be 
e a s i l y  regenerated economically even a t  a temperature of 1000°C. It has ser ious  
a t t r i t i o n  l o s s  problems i n  fluidized-bed reac tors .  The r e a c t i v i t y  i s  highly 
var iab le  depending on the  type of na tura l  limestone. Because of these unfavorable 
proper t ies ,  limestone is curren t ly  used only on a once-through b a s i s .  A p o t e n t i a l  
problem i n  commercialization of fluidized-bed combustion with a once-through 
sorbent is tha t  vas t  amounts of spent sorbent w i l l  be generated by t h i s  system, 
e s p e c i a l l y  i f  high s u l f u r  coa ls  a re  burned and i f  air pol lu t ion  emission l i m i t s  
continue t o  become increas ingly  s t r i n g e n t .  Thus it may become necessary, par t icu-  
l a r l y  I f  a l a r g e  number of FBC plan ts  a r e  b u i l t ,  t o  regenerate  and recycle  the  
sorbent. I n  t h i s  respect, f o r  the l a s t  severa l  years  t h e  Process Sciences Divi- 
sion of the  Department of Energy and Environment a t  Brookhaven National Laboratory 
has been searching f o r  a b e t t e r  sorbent and has i d e n t i f i e d  calcium s i l i c a t e  bear- 
ing Port land Cement as  a regenerat ive sorbent f o r  FBC appl ica t ion  (1-2). 

The objec t ive  of t h i s  work is to  develop an SO2 sorbent ,  using commercial 
calcium s i l i c a t e  bearing Port land Cement, f o r  desu l fur iz ing  fluidized-bed combus- 
t i o n  gases. For t h i s  we have concentrated our development e f f o r t s  on preparing 
and evaluat ing Port land Cement Type 111 (PC 111) p e l l e t s  f o r  fluidized-bed combus- 
t i o n  serv ice ,  s i n c e  e a r l i e r  s tud ies  (3) showed t h a t  PC 111 was i n t r i n s i c a l l y  the 
most reac t ive  towards S02. 

1. SORBENT PREPARATION 

The PC I11 p e l l e t s  used i n  t h i s  experiment were prepared at  Brookhaven 
Nat ional  Laboratory using a drum p e l l e t i z e r  18 inches in diameter. 
t i n g  procedure is not energy in tens ive  and is used i n  the metal ore preparat ion 
indus t ry  and thus equipment f o r  preparing production q u a n t i t i e s  of PC I11 p e l l e t s  
is commercially ava i lab le .  

The agglomera- 

The cement powder (Port land Cement Type 111) is loaded i n t o  the  screw feeder  
v i a  hopper and fed i n t o  the  drum of the  drum p e l l e t i z e r  r o t a t i n g  a t  a predeter- 
mined speed. A t  the  same t i m e  the  water spray nozzle i n  the drum p e l l e t i z e r  is 
opened t o  moisten the powder in the  p e l l e t i z i n g  drum with a f i n e  spray of water. 
The r a t e  of water spray is predetermined t o  br ing the moisture content of t h e  
product ( i . e . ,  cement p e l l e t s )  t o  a desired value.  The continuous r o l l i n g  and 
tumbling of moistened powder i n  the  inc l ined  drum r e s u l t s  i n  seed p e l l e t s ,  which 
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then continue t o  grow as they r o l l  on t h e  bed of moistened cement powder. Note 
t h a t  i t  is a continuous opera t ion  and thus the  p e l l e t s  growing in t he  r o t a t i n g  
drum have a wide range of s i z e  d i s t r i b u t i o n ,  with t h e i r  s i z e s  depending on the 
residence t i m e  of t he  ind iv idua l  p e l l e t .  However, t he  inc l ined  r o t a t i n g  drum 
inherent ly  c l a s s i f i e s  t he  p e l l e t s  in t he  drum in such a way t h a t  t he  l a r g e r  ones 
manage t o  move to  t h e  sur face  and then  t o  t h e  edge of t he  drum, where they f a l l  
i n t o  the p e l l e t  receiving drum v i a  t h e  guiding chute .  The s i z e  of the p e l l e t  is 
mainly cont ro l led  by the  inc l ined  angle  of t he  drum p e l l e t i z e r ,  which in f a c t  
determines t h e  residence t i m e  of t h e  p e l l e t  in t h e  drum. Other process va r i ab le s  
a f f e c t i n g  t h e  p e l l e t  s i z e  and i t s  q u a l i t y  a r e  t h e  r o t a t i n g  speed of t he  drum 
p e l l e t i z e r ,  cement feed  ra te  and l o c a t i o n ,  and water spray rate and loca t ion .  

The PC I11 p e l l e t s  f r e s h l y  prepared in t h e  drum p e l l e t i z e r  are extremely 
f r a g i l e .  They cannot be picked up o r  touched but  must be l e f t  in t he  p e l l e t  
receiving drum f o r  16-18 h r s  at room temperature a t  which point  they have become 
s u f f i c i e n t l y  s t rong  so t h a t  water  can be flowed i n t o  the  drum t o  soak the  p e l l e t s  
f o r  hydration. This i n i t i a l  cu re  cont inues f o r  about 20 h r s  a t  room temperature. 
A t  t he  end of  t h i s  per iod,  when t h e  p e l l e t s  are s t rong  enough t o  handle, they are 
removed from t h e  drum in order  t o  s e p a r a t e  them i n t o  ind iv idua l  p e l l e t s .  The 
p e l l e t s  a r e  then  w e t  s ieved and s tored  in a conta iner  under 100% humidity f o r  
f i n a l  cure. The PC I11 p e l l e t  prepared and cured f o r  28 days under 100% humidity 
is r i g i d  and s p h e r i c a l  in shape. It conta ins  25-35% by weight of water, depending 
on the  i n i t i a l  water content  used which ranges from 7 t o  12% by weight, and has a 
dens i ty  of about  2 gm/cc. 
t h e  average s i z e  of about 800-1000 microns. 

The p e l l e t  s i z e  ranges from 100 t o  4000 microns with 

The PC I11 p e l l e t s  prepared by low energy agglomeration techniques have a 
number of advantages in physical  p roper t ies  over na tu ra l  limestone o r  dolomite as 
a n  SO2 sorbent  f o r  desu l fur iz ing  fluidized-bed combustion gases .  F i r s t  of a l l ,  
s i n c e  the  p e l l e t s  (agglomerates) a r e  formed from very f i n e  cement powders, they 
are of uniform q u a l i t y ,  which is not  t he  case with n a t u r a l  limestone or dolomite. 
Furthermore, t h e  agglomeration process is an es tab l i shed  technology which o f f e r s  
good con t ro l  of e x t e r n a l  p a r t i c l e  s i z e  as w e l l  as i n t e r n a l  s t r u c t u r e .  The 
p e l l e t i z i n g  condi t ions ,  namely powder feed r a t e ,  water spray r a t e ,  and the  speed 
and angle  of t h e  p e l l e t i z i n g  drum, can  be e a s i l y  cont ro l led  t o  give an optimal 
i n t e r n a l  pore s t r u c t u r e ,  a s  w e l l  as p e l l e t  s i z e ,  fo r  use in fluidized-bed combus- 
t o r s  of d i f f e r e n t  designs.  For example, an increase  in water content  during 
agglomeration g ives  rise t o  a p e l l e t  of  high s t r e n g t h  and thus high r e s i s t a n c e  t o  
a t t r i t i o n .  On t h e  o t h e r  hand, as t h e  water content  is decreased, t h e  p e l l e t  
becomes more porous and has a higher  s u l f u r  capture  capaci ty .  

2. SORBENT CHARACTERIZATION 

Chemical/physical p r o p e r t i e s  of PC 111 sorbent  p e l l e t s  were determined in 
o r d e r  t o  have a b e t t e r  understanding of the c h a r a c t e r i s t i c s  of sorbent p e l l e t s  
prepared by t h e  agglomeration technique descr ibed previously. 
su l fa t ion / regenera t ion  c a p a c i t i e s ,  water content ,  su r f ace  area, and pore s i z e  and 
i t s  d i s t r i b u t i o n .  These proper t ies  are bel ieved t o  vary with sorbent  preparat ion 
condi t ions  and a f f e c t  sorbent  performance in f lu id ized  bed combustors. For t h i s  
w e  used thermogravimetric a n a l y s i s  (TGA), sur face  area a n a l y s i s ,  mercury porosi- 
metry and scanning e l e c t r o n  microscopy (SEM). 

These include 

Sulfat ion/Regenerat ion Capac i t ies  

Sul fa t ion / regenera t ion  c a p a c i t i e s  of PC I11 sorbent  p e l l e t s  (20/200 US mesh) 
were determined f o r  f i v e  cyc le s  v i a  TGA (DuPont 951). 
a t  958OC using a simulated combustion gas ( i . e . ,  0.25% S02, 5% 02, 15% C02, and 
balance N2) a t  a t o t a l  pressure of 1 atmosphere. The s u l f a t i o n  temperature of 
958OC was chosen because prel iminary tests showed t h a t  PC 111 sorbent  was most 
r e a c t i v e  at  t h i s  temperature. 

Sul fa t ion  was c a r r i e d  ou t  

The s u l f a t i o n  per iod u t i l i z e d  w a s  2 hours. 
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Regeneration of the s u l f a t e d  sample was accomplished at  958OC by flowing a reduc- 
ing gas  ( i . e . ,  5% co, 20% cog, and balance N2) over the  sample u n t i l  no weight 
loss is observed. The gas containing 15% C02 and 85% N2 was then passed through 
the  sample. This was done t o  convert a l l  the  s u l f i d e  remaining a f t e r  the CO 
treatment t o  the oxide form by the following reac t ion  mechanism: 

Cas + 3C02 = CaO + SO2 + 3CO 

The r e s u l t s  of TGA measurements f o r  c y c l i c  su l fa t ion / regenera t ion  capac i t ies  
a r e  presented i n  Table 1. It can be seen i n  Table 1 t h a t  the PC I11 sorbent has a 
two-hour s u l f a t i o n  capaci ty  of 45% or b e t t e r  and tha t  i t  does not d e t e r i o r a t e  with 
cycling. The small v a r i a t i o n  i n  s u l f a t i o n  c a p a c i t i e s  with d i f f e r e n t  batches is 
not c l e a r l y  understood a t  the present  t i m e .  Note tha t  Batches 9-12 were prepared 
under more or l e s s  same condi t ions.  It is, however, speculated t h a t  the v a r i a t i o n  
may be due e i t h e r  to  unknown var iab les  i n  preparat ion condi t ions or  to non- 
uniformity of the  PC 111 p e l l e t s .  Table 1 a l s o  shows t h a t  the regenerat ion o f  PC 
111 p e l l e t s  is almost complete (above 95%) during c y c l i c  use. The da ta  i n d i c a t e s  
t h a t  PC 111 p e l l e t s  can be successfu l ly  used as  a regenerat ive sorbent without any 
loss of reac t ive  s i t e s  caused by poor regenerat ion.  No change i n  s u l f a t i o n  capa- 
c i t i e s  and complete regenerat ion a f t e r  repeated cycl ing of the same mater ia l  show 
t h a t  the PC 111 sorbent  p e l l e t s  a r e  not subjec t  t o  s i n t e r i n g  and pore des t ruc t ion  
during cyc l ic  s u l f a t i o n  and regenerat ion,  which is the  case with limestone. 

Figure 1 shows the  e f f e c t  of temperature on the two-hour s u l f a t i o n  capac i ty  
of PC I11 p e l l e t s .  As one can see ,  the  s u l f a t i o n  r a t e  is very much dependent upon 
the reac t ion  temperature. For example, below 8OO0C the reac t ion  r a t e  is q u i t e  
slow. As the temperature is increased,  the  reac t ion  r a t e  increases  sharply,  
reaches i t s  maximum around 950-10OO0C, and then s t a r t  t o  decrease with f u r t h e r  
increase i n  temperature. The higher optimum temperature, 950-10OO0C, for  su l fa -  
t i o n  of PC 111 sorbent  than t h a t  of limestone, which is around 815-8750C, is an 
advantage i n  t h a t  combustion and power cycle  e f f i c i e n c i e s  tend to  increase a s  bed 
temperature increases .  

Ef fec t  of P e l l e t  S ize  on S u l f a t i o n  Rate 

Figure 2 shows TGA s u l f a t i o n  experiments on var ious s i z e s  of  PC 111 p e l l e t s .  
One can see  from Figure 2 t h a t  the  r a t e  of s u l f a t i o n  reac t ion  a s  well as  the 
s u l f u r  capture  capaci ty  increases  as  the p e l l e t  s i z e  becomes smaller .  For 
example, f o r  the  p e l l e t  of 200/230 mesh s i z e  the two-hour s u l f a t i o n  capaci ty  is 
66% whereas i t  is 44% f o r  the p e l l e t  of 6/10 mesh s i z e .  
t h i s  po in t ,  t h a t  the cement powder i t s e l f  has a two-hour s u l f a t i o n  capaci ty  of 
53%, which is much lower than t h a t  of 200/230 mesh s i z e  PC I11 p e l l e t .  
c a t e s  t h a t  the enhanced sorbent capac i ty  with smaller  p e l l e t s  is not due to  the 
increase  i n  surface a r e a  assoc ia ted  with the  p e l l e t  s i z e .  It may be a t t r i b u t e d  t o  
the  i n t e r n a l  s t r u c t u r a l  change accompanied by hydration during curing. I n  t h i s  
respec t ,  measurements were car r ied  out on the  i n t e r n a l  pore s t r u c t u r e  of PC 111 
p e l l e t s  using a mercury porosimeter. Figure 3 shows the r e s u l t  of pore measure- 
ments on PC 111 p e l l e t s  of var ious s i z e s ,  where the t o t a l  pore volume is plo t ted  
aga ins t  the pore diameter. It is seen i n  Fig. 3 t h a t  the  t o t a l  pore volume 
increases  with a decrease i n  p e l l e t  s i z e .  For example, the t o t a l  pore volume of 
200/230 mesh s i z e  PC I11 p e l l e t  is 1.46 cc/gm compared to  0.32 cc/gm f o r  6/10 mesh 
s i z e .  It has been known t h a t  s u l f a t i o n  reac t ions  between SO2 gas and the 
sorbents ,  which a r e  cur ren t ly  under i n v e s t i g a t i o n  by many researchers ,  a r e  diffu-  
sion control led and t h a t  the  i n t e r n a l  pores of the sorbent  provide most of the 
reac t ive  s i t e s  f o r  the  gas-solid reac t ion .  I n  other  words, an increase  i n  the 
pore volume of the  sorbent w i l l  g ive r i s e  t o  an increase  i n  i t s  s u l f u r  capture  
capaci ty .  Therefore, i t  can be sa id  t h a t  the increase  i n  the  s u l f a t i o n  capaci ty  
of PC 111 p e l l e t s  with smaller p e l l e t  s i z e ,  a s  shown i n  Figure 2,  is due t o  an 
increase  i n  the t o t a l  pore volume assoc ia ted  with the  p e l l e t  s i z e .  It is a l s o  
seen i n  Fig. 3 t h a t  the  pore s i z e  d i s t r i b u t i o n  s h i f t s  t o  l a r g e r  s i z e  as  the p e l l e t  

It is worth mentioning a t  

It indi -  
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becomes smaller .  For example, f o r  the 200/230 mesh s i z e ,  the pores in the  s ize  
range of 10 t o  60 microns account f o r  about 75% of the t o t a l  pore volume whereas 
in the case of 6/10 mesh s i z e  t h e  same pore volume is due to  the pores in the s ize  
range of 0.1 t o  1.0 micron. It is noted t h a t  the r a t e  of d i f f u s i o n  of SO2 gas 
i n t o  the p e l l e t  depends very much on the s i z e  of the  pores. In other  words, as 
the  pore s i z e  is decreased, the d i f f u s i o n  r a t e  of SO2 gas i n t o  the pore becomes 
lower and thus the  r a t e  of s u l f a t i o n  reac t ion  is decreased. This is what one can 
see in Fig. 2 ,  where t h e  s u l f a t i o n  r a t e  of the  l a r g e r  p e l l e t s  is much smaller than 
t h a t  of smaller  p e l l e t s .  Therefore ,  i t  can be concluded t h a t  the pore s i z e  and 
i t s  d i s t r i b u t i o n  of PC I11 p e l l e t s  have a profound inf luence on i t s  s u l f a t i o n  ra te  
and su l fur  capture  capaci ty .  

Sulfation/Regeneration C h a r a c t e r i s t i c s  by SEM 

A scanning e l e c t r o n  microscope (SEM) was used t o  study the su l fa t iodregene-  
r a t i o n  c h a r a c t e r i s t i c s  of t h e  PC I11 sorbent p e l l e t .  Figure 4(a)  shows a su l fur  
scan across  t h e  cross-sect ion of t h e  f u l l y  s u l f a t e d  PC I11 p e l l e t .  A s  one can see 
from Figure 4 ( a ) ,  t h e  s u l f u r  (white  dots  in the  p ic ture)  is d i s t r i b u t e d  f a i r l y  
uniformly throughout the s u l f a t e d  p e l l e t .  This can be more c l e a r l y  seen from 
Figure 4(b) ,  which shows the l i n e  scan of s u l f u r  along the a x i s  of the  same p e l l e t  
a s  in Figure 4 ( a ) .  I n  Figure 4/b)  t h e  height  of the  scan is proport ional  to 
s u l f u r  concentrat ion a t  t h a t  p a r t i c u l a r  loca t ion  along the  a x i s .  
c l e a r l y  shows uniform s u l f u r  concentrat ion from the outer  sur face  to  the center .  
This ind ica tes  t h a t  SO2 gas a c t u a l l y  penetrates  a l l  the way i n t o  the center  of the 
p e l l e t ,  probably due t o  i t s  favorable  pore s i z e  d i s t r i b u t i o n  for  gas-solid 
reac t ion .  This is a q u i t e  s t r i k i n g  r e s u l t  s i n c e  f o r  limestone the s u l f a t i o n  
reac t ion  has been known t o  take place only near the  outer  sur face ,  leaving the 
sorbent  unut i l ized  around the  c e n t e r .  

This scan 

3. BENCH SCALE FLUIDIZED-BED EXPERIMENT 

A 4Omm I.D. small f luidized-bed reac tor  w a s  constructed of quartz  and used 
f o r  both s u l f a t i o n  and regenerat ion tests of PC I11 sorbent .  The purposes of t h i s  
experiment a r e  t o  obta in  d a t a  f o r  PC I11 sorbent  p e l l e t s  on: 1) s u l f u r  removal 
e f f i c i e n c y ,  2 )  a t t r i t i o n  r e s i s t a n c e ,  and 3) SO2 content  in the  off gas stream 
during regenerat ion.  

Experimental Apparatus and I t s  Procedure 

The apparatus  used in t h i s  t e s t  c o n s i s t s  of a 40mm I . D .  fluidized-bed 
r e a c t o r ,  an a i r  preheater ,  flow meters ,  temperature i n d i c a t o r s ,  and SO2 I R  analy- 
z e r  (Beckman) and recorder .  
q u a r t z ,  which is capable of withstanding temperatures up t o  l l O O ° C ,  and equipped 
with ex terna l  e l e c t r i c  hea te rs .  Note tha t  the  fluidized-bed reac tor  is not a type 
of coal-model but  f o r  batchwise operat ions with simulated combustion gases. 
schematic diagram of the layout  of t h e  apparatus is shown in Figure 5 .  

The reac tor  and a i r  preheater  were constructed of 

A 

About 150 gm of 20/200 US mesh PC 111 sorbent  p e l l e t s  was placed in the bed 
and f lu id ized  with a i r .  This smaller  s i z e  p e l l e t  was chosen because i t  could be 
f l u i d i z e d  reasonably wel l  in t h e  40mm I . D .  small fluidized-bed reac tor  used in the  
present  study. The bed and the  a i r  preheater  were heated with e l e c t r i c  hea te rs  a t  
a r a t e  of 20°C/min u n t i l  the  bed temperature reached about 80OoC. Propane a s  fue l  
gas  w a s  then introduced to  the bed through a d i s t r i b u t o r  p l a t e  for  the  purpose of 
s imulat ing the coal-f i red f l u i d  bed combustor and served a s  a main source of main- 
t a i n i n g  t h e  des i red  bed temperature (950-10OO0C). when the bed temperature 
reached a des i red  value, SO2 gas  was introduced t o  the bed to  car ry  out  the  sulfa-  
t i o n  t e s t ,  and a t  the  same time the  SO2 analyzer  was ac t iva ted  to  monitor the SO2 
concentrat ion i n  the  off  gases  from t h e  bed. The s u l f a t i o n  cycle  continued u n t i l  
t h e  SO2 concentrat ion in t h e  f l u e  gases  reached t h e  steady value of SO2 feed con- 
cent ra t ion .  A t  the  completion of t h e  s u l f a t i o n  cycle  t h e  SO2 feed gas was shut 
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Off,  and the  propane feed r a t e  was increased to  produce a propane r i c h  mixture. 
Note tha t  the p a r t i a l  combustion of propane produces CO and H2,  which a c t  as 
reducing agents. The regenerat ion cycle continued u n t i l  no SO2 was detected in 
the  of f  gas stream. 

Result and Discussion 
i 

Figure 6 shows the  s u l f u r  removal e f f i c i e n c y  of PC I11 sorbent ,  where t h e  SO2 
Content i n  the off  gas stream i s  p lo t ted  aga ins t  t i m e .  As one can see f rom Figure 
6 ,  most of the s u l f a t i o n  (more than 90%) is completed wi th in  t h e  f i r s t  70 minutes 
and no SO2 is detected in the  f l u e  gas f o r  the  f i r s t  50 minutes at  which point  
about 45% of s u l f a t i o n  is achieved. 
sorbent  90% o r  more of s u l f u r  removal is obtained u n t i l  45% of the sorbent is 
u t i l i z e d ,  a t  l e a s t  under the  process condi t ions used i n  t h i s  test. 
input  SO2 content used i n  the t e s t ,  i .e.,  2.7%. is much higher than the  one 
usua l ly  encountered i n  the  coal-f i red f l u i d  bed combustor, i . e . ,  l e s s  than 0.5%. 
Therefore i t  can be expected t h a t  the s u l f u r  removal e f f i c i e n c y  of PC 111 sorbent  
w i l l  be even b e t t e r  i n  the  f l u i d  bed combustors of p r a c t i c a l  i n t e r e s t .  

This r e s u l t  c l e a r l y  shows t h a t  with PC I11 
1 

Note t h a t  the  

Figure 7 shows the  SO2 concentrat ion i n  the of f  gas  stream during the regene- 
r a t i o n  of f u l l y  su l fa ted  ( s u l f a t i o n  capaci ty  of 60%) PC I11 sorbent .  It is seen 
i n  Figure 7 t h a t  the  SO2 concentrat ion during the regenerat ion cycle  s t rongly  
depends on the regenerat ion temperature. For example a t  a temperature of 850OC 
the  SO2 concentrat ion is 0.15% whereas a t  1000°C i t  i s  5.0%. This i n d i c a t e s  t h a t  
the  r a t e  of regenerat ion of su l fa ted  PC I11 sorbent  increases  d r a s t i c a l l y  as the  
regenerat ion temperature is increased. It is noted t h a t  the  t h e o r e t i c a l  SO2 con- 
cent ra t ion  equivalent  t o  complete u t i l i z a t i o n  of t e s t  propane ( i . e . ,  25% excess)  
is 8.0%, which i n d i c a t e s  tha t  only p a r t  of feed propane is u t i l i z e d  during t h e  
regenerat ion cycle .  This may be a t t r i b u t e d  e i t h e r  t o  t h e  s h o r t  gas res idence time 
( i . e . .  about 0.5 sec)  employed i n  the present  study or  t o  the incomplete u t i l i z a -  
t i o n  of CO, produced by p a r t i a l  combustion of propane, due t o  i t s  slow reac t ion  
with the  su l fa ted  sorbent .  

Figure 8 shows the  e f f e c t  of the reducing gas  ( i . e . ,  propane) flow r a t e  on 
t h e  SO2 concentrat ion during the  regenerat ion s t e p  a t  1000°C. 
Figure 8 t h a t  the concentrat ion of regenerated SO2 is increased from 5% to as much 
as 24% a s  the propane flow r a t e  is increased from 25% excess  to  160% excess. This 
is a s i g n i f i c a n t  r e s u l t  confirming the e a r l i e r  thermodynamic c a l c u l a t i o n s  on 
calcium s i l i c a t e s  (3) and ind ica tes  t h a t  the regenerat ion process is not equi l i -  
brium l imi ted ,  which is the  case with limestone. Note t h a t  the concentrat ion of 
SO2 i n  t h e  product gases from the regenerator  is a c r i t i c a l  f a c t o r  f o r  economic 
operat ion of the  downstream s u l f u r  p lan t .  Thus the  regenerat ion gases  from the  
su l fa ted  PC 111 sorbent  can reach concentrat ion l e v e l s  which adequately exceed the 
economical minimum concentrat ion of an SO2 feed gas  (-8%) needed t o  design an 
economically v i a b l e  process f o r  the production of e i t h e r  s u l f u r i c  ac id ,  i f  
des i red ,  o r  s u l f u r  which is a more s u i t a b l e  product f o r  market or  d i sposa l .  

It is seen i n  

Table 2 shows the  a t t r i t i o n  l o s s  of PC 111 sorbent  p e l l e t s  during s u l f a t i o n /  
regenerat ion cycles .  It is seen i n  Table 2 t h a t  the a t t r i t i o n  l o s s  of PC I11 
sorbent  is about 3 4 %  p e r  cycle  ( i . e . ,  6 h r s )  except f o r  the  f i r s t  cycle .  The 
high sorbent l o s s  during the  f i r s t  cycle is probably due to  the  e l l u t r i a t i o n  of 
f i n e  cement powders o r i g i n a l l y  present i n  the v i r g i n  sorbent .  This i n i t i a l  loss 
may be recovered and recycled i n  an i n d u s t r i a l  operat ion f o r  preparat ion of 
p e l l e t s .  This r e s u l t  c l e a r l y  i n d i c a t e s  t h a t  the  PC I11 p e l l e t  is highly superior  
i n  i t s  res i s tance  to  a t t r i t i o n  than e i t h e r  n a t u r a l  limestone o r  dolomite which 
have ser ious  loss problems i n  f l u i d i z e d  bed reac tors .  Table 3 shows the r e s u l t  of 
another  set of a t t r i t i o n  t e s t s  performed under the  same condi t ions a s  the one i n  
Table 2 ,  except t h a t  i n  t h i s  case 15 gm ( o r  10% of the i n i t i a l  weight of t h e  
sorbent)  of new undried sorbent  was added to  the bed a t  the beginning of the 
second and the following cyc les ,  f o r  the purpose of s imulat ing the  f l u i d  bed of 
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continuous operat ion.  It should be noted t h a t  the a d d i t i o n a l  sorbent  was poured 
i n t o  the hot (i.e., a t  950-10OO0C) bed. I t  is seen in Table 3 t h a t  the a t t r i t i o n  
loss is almost t h e  same as t h e  one in Table 2. This 1s s i g n i f i c a n t  i n  t h a t  rapid 
hea t ing  of t h e  v i r g i n  undried p e l l e t s  does not  lead t o  the  d e s t r u c t i o n  of the  
sorbent  p e l l e t s  so t h a t  t h e  v i r g i n  sorbent  may be d i r e c t l y  added t o  t h e ' h o t  f l u i d  
bed without predrying i t  under cont ro l led  condi t ions.  
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SI R2 

1 56.5 100.0 
2 56.5 95.9 
3 54.2 100.0 
4 54.2 98.2 
5 53.2 100.0 

Table 1. Cycl ic  Sulfation/Regeneration Capacities" of PC I11 Sorbent P e l l e t s  

10 11 12 

S R S R s 

49.3 100.0 63.9 100.0 54.5 
48.3 94.9 63.9 100.0 54.5 
46.8 100.0 63.5 100.0 54.5 
46.8 100.0 63.4 100.0 54.0 
46.8 100.0 63.2 100.0 54.0 

Cycle No. 

I I I 1 

1 )  Sul fa t ion  capac i ty  (%) at 958OC 
2) Regeneration capac i ty  ( X )  a t  958OC 
* Sulfa t ion  c a p a c i t i e s  are based on a v a i l a b l e  CaO in PC I11 sorbent .  

A t t r i t i o n  Loss (wt%) 

Table 2. A t t r i t i o n  Loss of  PC I11 
Sorbent P e l l e t s  

1st 

2nd 

3rd  

4 t h  

5 t h  

ICycle No. I A t t r i t i o n  Loss ( u t % ) (  

21 .o 

3.3 

3.6 

2.1 

3.7 

1st 

2nd 

3rd 

100.0 51 100.0 
100.0 

~~~~~ ~~ ~ 

17.6 

2.8 

4 .O 

I I I 
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(A) SULFUR SCAN ACROSS THE CROSS-SECTION, 

(B) SULFUR L I N E  SCAN ALONG THE A X I S ,  

FIG, 4 SEM PHOTOGRAPHS OF SULFATED PC I 1 1  PELLETS, 
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