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Summary . .  .. . . . .  . . . 
, . ?  ' ,  

I n . t h e  c o n t i n u i n g  s e a r c h .  f o r  m o r e . r e a c t i v e  c a l c i u m  s i l i c a t e s ,  , , 

P o r t l a n d  cemen.t , a s  a n  : i n g r e d i e n t  o.f c o n c r e t e ,  ha:s been  id,entj.fi .ed t o  

have f avo . r ab le  p r o p e r t i e s  f o r  s u l f u r :  a , h s o r p t i o n  and r cgene , r a t . i on .  

V a r i o u s  P o r t l a n d  c e m e n t s  have  been. s t u d i e d  f o r  t h e i r  r e a c t i v i t i e s  . . f o r  

s u l f a t i o n .  Most o f  P o r t l a n d  cements  showed e q u a l  ,.or h i g h e r  s o r p t i o n  .. 

r e a c t i v i t i e s  t h a n  l i m e .  Por t lanr !  Type 111 had.  u n u s u a l l y  h i g h  a c t i v i t y  

f o r  a ca lc ium-based  s o r h e n t .  F u r t h e r m o r e ,  p e l l e t s  c o u l d  be formed from 

P o r t l a n d  Type 111 .which .had h i g h  r e s i s t a n c e  t o  a t t r i t i o n .  . .  C y c l i c  

s u l f a t i o n  and r e g e n e r a t i o n  u s i n g  P o r t l a n d  Type IIT have been conduc ted  . 1 

i n '  a  ITG sys tem'  and t h e r e  was no s i g n  $ o f  weakening of :  t h e  SrJ2 s o r p t i o n  .... 

a c t i v i t y .  The inc rea . sed  r e a c t f v i t y  due  t~ . i n c r e a s e d  p o r o s i t y  o f .  , . 

P o r t l a n d  cement p e l l e t  was no ted  hy t h e  a d d i t i o n  o f  b u r n a b l e  c a r b o n .  

The e f f e c t s  of b o t h c a t a l y s i s  and p o r o s i t y  can  be seen  u s i n g  f l y  a s h  a s  

a n  a d d i t i v e .  

S u l f a t i o n  and a t t r i t i o n  t e s t s  For p e l l e t s  of l i m e s t o n e  f i .nes w i t h  

v a r i o u s  b i n d e r s  h a v e  been  t e s t e d .  The r e s u l t s  showed t h a t  h o t h  t h e  

s t r e n g t h  and t h e  s u l f a t i o n  r e a c t i v i t y  were hip!ler f o r  p e l l e t s  of t h e  

l i m e s t o n e  f i n e s  w i t h  c o l l o i d a l  s i l i c a  h i n d e r  t h a n  f o r  raw l i m e s t o n e .  

The e f f e c t s  of c a l c i n a t i o r l  t e m p e r a t u r e  on t h e  development of po re  

s i z e  and on t h e  SO2 s o r p t i o n  c a p a c i t y  have heen i n v e s t i g a t e d .  I t  h a s  

been  shown t h a t  t h e  t e m p e r a t u r e  maximum obse rved  i n  a  FBC can v e r y  

p o s s i b l y  be  due  t o  po re  s i z e  v a r - i a t i o ~ i s  b e c ~ u s e  o f  c a l c i . n a t i o n s  a t  

d i f f e r e n t  t e m p e r a t u r e s .  



A l ow- tempera tu re  s o l i d  s t a t e  p r o c e s s  o f  fo rming  f i n e  p a r t i c l e s  o f  

r e a c t i v e  B-dicalcium s i l i c a t e  by f i r i n g  a m i x t u r e  of c a l c i u m  s u l f a t e  

and  s i l i c a  t o g e t h e r  w i t h  c a l c i u m  s u l f i d e  a s  a r e d u c i n g  a d d i t i v e  i s  

b e i n g  s t u d i e d .  The t e m p e r a t u r e  o f ' t h e  p r o c e s s  can  he  a s  low as  850°C. 

T h i s  i s  e x p e c t e d  t o  r e s u l t  i n  s u b s t a n t i a l  e n e r g y  s a v i n g s  and t o  y i e l d  

more r e a c t i v e  p r o d u c t s .  

A r o t a r y  k i l n ,  3 i n c h  I D ,  i s  b e i n g  c o n s t r u c t e d  w i t h  t h e  f e a t u r e s  o f  

e x t e r n a l  . h e a t i n g  and c o n t i n u o u s  s o l i d  f e e d i n g .  F a b r i c a t i o n  of t h e  
. .  . 

r o t a r y  k i l n  w i l . 1  be comple t ed  d ~ ~ r i n g  t h e  n e x t  r e p o r t  p e r i o d ,  T t  w i l l  

be i n  o p e r a t i o n  f o r  g a t h e r i n g  l c i n e t i c  and p r o c e s s  development  d a t a .  

The r e g e n e r a t i o n  o f  l i m e s t o n e s ,  c a l c i u m  s i l i c a t e s  and P o r t l a n d  cements 

u s i n g  f l y  as11 from FRC w i l l  be t e s t e d  w i t h  t h i s  d e v i c e .  



A. P o r t l a n d  Cement and Calcium S i l i c a t e s  a s  Regenera t ive  S o r b e n t s  

(M. Shen, G. Farber  and J. Pruzansky) 

P o r t l a n d  cement,  a s  a n  i n g r e d i e n t  of c o n c r e t e ,  i s  a  c o n s t r u c t i o n  

m a t e r i a l .  It may be d e f i n e d  a s  a product  o b t a i n e d  by i n t i m a t e l y  mixing 
. .  

t o g e t h e r  c a l c a r e o u s  and a r g i l l a c e o u s ,  o r  o t h e r  s i l i c a ,  a lumina ,  and 

i r o n  oxide-bear ing m a t e r i a l s ,  burning them a t  a  c l i n k e r i n g  t empera tu re  

(approx imate ly  1400°C), and g r i n d i n g  t h e  r e s u l t i n g  c l i n k e r .  ' I n  t h e  

c o n t i n u i n g  s e a r c h  f o r  new and b e t t e r  r e g e n e r a t i v e  S O 2  s o r b e n t s  f o r  

f lu id ized-bed  combustion,  we have found t h a t  P o r t l a n d  cement h a s  good 

p o t e n t i a l .  It has  both  s u p e r i o r  so rb ing  and r e g e n e r a t i o n  a b i l i t y  and 

remains  s t r o n g  a t  h i g h  t empera tu res .  A g r e a t  v a r i e t y  o f  P o r t l a n d  

cements a r e  used throughout t h e  world. ~ n a l ~ s e s l  of some American 

P o r t l a n d  cements a r e  g iven  i n  Tab le  A-1. 

~ n i t i a l  s c r e e n i n g  and c y c l i n g  was performed on f i n e  powders. A s  

t h e  program progressed  and our e f f o r t s  c e n t e r e d  on t h e  most promising 

c a n d i d a t e s ,  experiment.at  ion s h i f t e d  t o  t h e  f a b r i c a t i o n  and e v a l u a t i o n  

of p e l l e t s .  The r a t e  o f  s u l f a t i o n  o f  f o u r  t y p e s  of P o r t l a n d  cement a r e  

compared wi th  t h a t  of aluminous cement i n  F igure  A-1. The r e a c t i o n  

c o n d i t i o n s  were s i m i l a r  t o  those  encountered i n  f lu id ized-bed  

combustion. The s u l f a t i o n  gas  c o n t a i n e d  U.25X SO2, 5X OZ, and 15X C02 

w i t h  t h e  b a l a n c e  being N2. Unlike  l i m e s t o n e ,  P o r t l a n d  cement d i d  no t  

c a r b o n a t e  i n  a  15% C02 atmosphere. P o r t l a n d  Type 111, which i s  i n t r i n -  

s i c a l l y  most r e a c t i v e  t o  SOa, i s  a  rapid-hardening cement,  s i m i l a r  t o  
. . .  

o r d i n a r y  Part.l.and cement t y p e  I ,  excep t  Type I11 i s  normal ly  ground 
. . 

f i n e r  w i t h  s l i g h t  v a r i a t i o n s  i n  composi t ion.  Type 11 i s  s l i g h t l y  

slower i n  r a t e  of s t r e n g t h  d e v e l o ~ m e n t  t h a n  Type I but  has  a d d i t i o n a l  



l i m i t a t i o n s  o n ' t h e  chemical composition. Type V, corresponding t o  

s u l p h a t e - r e s i s t i n g  Por t land  cement, is  a  m a t e r i a l  wi th  a  composition so 

a d j u s t e d  a s  t o  g i v e  it an increased  r e s i s t a n c e  t o  sulphate-bear ing 

waters .  l Aluminous cement has t he  lowest s u l f a t i o n  r e a c t i v i t y  due t o  

i t s  low con ten t  of calcium oxide (36-40%). 

Port land cement Type 111 powders were subjec ted  t o  s u l f a t i o n -  

r egene ra t i on  c y c l i n g  i n  a  TGA. Cycling s t u d i e s  on new m a t e r i a l s  were 

an e f f e c t i v e  way of weeding out imprac t i ca l  substances.  In  general ' ,  

s u l f a t i o n  was undertaken a t  900°C us ing  0.25% SO2, 5% 02, and 15% C02 

with t h e  balance b e i 1 1 ~  N2 a t  a total prcoourc of fine ata~cssl)lte~e. Ttie 

s u l f a t i o n  per iod u t i l i z e d  was 2 hours .  Regenerat ion was performed 

using a  simulated environment of 5% CO and 20% C02 i n  n i t rogen  a t  

10000C. When r egene ra t i on  was completed, before  s u l f a t i o n  began, about 

5% 02,  15% C02 and ba lance  N 2  was added u n t i l  no weight ga in  was 

observed ( t h e  reduced me ta l s  were ox id ized) .  

The cyc l ing  r e s u l t s  obtained a r e  presented i n  Figure A-2. This  

f i g u r e  shows t h e  s u l f a t i o n  l e v e l  remaining a f t e r  r egene ra t i on  f o r  each 

cyc le .  The e x t e n t  of s u l f a t i o n  of the second, t h i r d  and four th  cyc le  

decreased due t o  incomplete r egene ra t i on  of t he  previous cyc le .  Af t e r  

t he  f o u r t h  cyc l e  the subsequent t h r e e  cyc l e s  showed no f u r t h e r  l o s s .  

IC IS thought t h a t  SO2 h a s  t o  d i f f u s e  through the  unregenerated CaS04 

product l a y e r ,  thereby decreas ing  the  s u l f a t i o n  r a t e .  Por t land  Type 

I11 c o n t a i n s  about 2% f r e e  l i m e .  It forms CaSO/+ upon s u l f a t i o n ,  and i s  

t h e r e f o r e  more d i f f i c u l t  t o  regenera te  than s u l f a t e d  s i l i c a t e  o r  

a l w ~ i n a t e .  An a t r r a c t i v e  proper ty  of Por t land  cement i s  t h a t  t he  

thermodynamics f o r  r e g e n e r a t i %  these  so rben t s  i s  much more favorab le  

. . 



t h a n . ' f o t  l i i n e s t o n e ; . i . e . ,  h i g h e r  S02. . levels  could.. be produced a t  lower 

temperatures ' ; '  ":Indeed, SO2' p a r t i a 1 : i ~ p r e s s u r e s  a t  e q u i l i b r i u m .  when. . . 

.' rkgener 'at lr ig ' these '  s o r b e n t s  i s  SO: h i g h  ' t h a t ,  u n l i k e .  t h e  .'case w i t h  . 

l i m e s t o n e ;  thermodynamics w i l l  no t  be. t h e  l i m i t i n g  f a c t o r  i n  . - . . 
. . 

d e t e r m i n i n g  SO2 l e v e l .  

A f t e r  c y c l i n g '  s t u d i e s ,  we then.  focused our  e f f o r t s  .on . .prepar ing 

p e l l e t s  from o n l y  t h o s e  s o r b e n t s  wi th .  t h e  b e s t  s u l f a t i o n / r e g e n e r a t i o n  

c h a r a c t e r i s t i c s .  Because of i t s  wide commercial a v a i l a b i l i t y  .Po.rt land 

Type 111 cement p e l l e t s  of  a  . s i z e  which cou.ld be used i n  a f l u i d i z e d -  - 

bed combustor were prepared.  f o r  ' t e s t  purposes .  F u t u r e '  work w i l l  be- 

conducted i n  c y c l i n g  s t u d i e s  u s i n g  o t h e r  t y p e s  of P o r t l a n d  cemknt t o . .  

e x p e r i m e n t a l l y  d'etermine. which.. has  t h e  ' , bes t  o v e r a l l  s u l f a  t i o n / r e g e n e r a -  

t i o n ' c h a r a c t e r i s ' t i c s '  i n c l u d i n g  t h e  c o n s i d e r d t i o n  o f  t h e  e f f e c t .  of  f r e e  

. . . , 
. . . .. .' " '  . l ime.  .". 

We .found t h a t  hPgh1y a t t r i t i o n  r e s i s t a n t  'p 'el ' let 's ,  .wi-th good 
. 

r e i c t i i r i t y ;  could  'be made from' P o r t l a n d  cements.  Our g o a l  was : to  

Iiroduce p e l l e t . s ' . w i t h  ,h igh  r e s i s t a n c e '  t o  ' a t . t ' r i t ' ion  'and a c c e p t a b l e '  ' 

a c t i v i t y  f o r  . u s e  i n '  a  f l u i d i z e d  'bed. The f . i r s t  P o r t l a n a  6ement ' p e l l e t s  

were made from P o r t l a n d  Type 111 powder, mixed' w i t h  minimum amoun't o f  

w a t e r ,  c u r e d ,  and were s u b s e q u e n t l y  broken 'and s i eved  to.  16/20 mesh; 

P e l l e t s  e x t r u d e d  . through a  g l a s s  t u b e  were made- by' niixing t h e  cement 

powder ' w i t h  a  minlmum'amount of water  u n t i l  a  p a s t e  formed. The 

r e s u l t i n p :  pel l 'ets were' t h e n  h u m i d i f i e d '  f o r '  about 2 8  days,  t o  promote 

p roper  c.uring. P e l l e t s  a v e r a g i n g -  1'mm i n  l e n g t h  were c u t  from t h e  

e x t r u d e d  s t r i p ,  d r i e d ,  and hea ted  t 6 '  promote ha rden ing .  

. . .  . . . 



The extruded m a t e r f a l s  were subjec ted  t o  s u l f a  t i o n  and r egene ra t i on  

c y c l i n g  using t h e  TGA t o  t e s t  sorbent  r e a c t i v i t y  and maintenance of 

r e a c t i v i t y  w i th  cyc l ing .  The r e s u l t s  of t en  c y c l e s  a r e  shown i n  Figure 

A-3. After  t he  t h i r d  c y c l e ,  t he  r e a c t i v i t y  of t he  sorbent  d id  no t  

decay any f u r t h e r .  

Laboratory experiments confirmed t h a t  the  a c t i v i t y  of  B-dic,alcium 

s i l i c a t e  can be improved f u r t h e r  through the  use of a d d i t i v e s .  A s  

shown i n  Figure A-4, by mixing 10X I l l i n o i s  No. 6 coa l  a s h  (< 400 me,sh) 

w i t h  B-dicalcium s i l i c a t e ,  t h e  reac t i , ~ r i . t y  of an extruded p c l l c t  was 

increased  by about  50%. The mineral  i m p u r i t i c s  i n  coa l  ash  probably 

c a t a l y z e  t he  s o r p t i o n  of SO2 by 6-dicalcium s i l i c a t e .  A s i m i l a r  e f f e c t  

was observed i n  Por t land  cement. . - A s  show* i n  Figure. A-5,  t h e  i i t i l i z a -  

t i o n ,  o r  f r a c t i o n  converted t o  s u l f a t e ,  of  extruded p e l l e t s  prepared 

wi th  equa l  weights  of Por t land  Type I11 and coa l  ash  were about 30% 

over  t h e  u t i l i z a t i o n  of Por t land  Type 111 .prepared without coa l  ash. 

The increased  r e a c t i v i t y  due t o  increased po ros i t y  of  Port land cement . , 

p e l l e t s  were a l s o  nnted by the  use of ."burnables" ,  Addit in11  cjf sma l l  

amniintw of carbon t o  t11c. eemcnt wliricll Iti subsequenrly burned out  l e aves  

a  porous p e l l e t  s t r u c t u r e .  It has been repor ted  by Hartman and 

coughl in2  t h a t  mpst s u l f a t i o n  takes  place i n  l a r g e r  pores  (> - 0.4 urn) 

and t h a t  pores  sma l l e r  than 0.4 um.are  r e l a t i v e l y  ea sy  t o  plug. Thp 

i n f luence  of po ros i t y  on the  r e a c t i v i t y  o f  Por t land  cement i s  obvio~is .  

F igu rc  A-5 a l s o  shows I r l ~ d L  b y  adding one percent  cocoanut charcoa l  to  

t h e  Por t land  Type 111, the  u t i l i z a t i o n  of the extruded p e l l e t  increased  

s i g n i f i c a n t l y .  The e f f e c t s  of both c a t a l y s i s  and p o r o s i t y  can be seen 

using f l y  ash a s  an a d d i t i v e .  For example, ANL LST-7B 2nd cyclone f l y  



a s h  c o n t a i n e d  8.55% carbon.  We mixed P o r t l a n d  Type 111 w i t h  an e q u a l  

weight  of ANL LST-7B 2nd cyc lone  f l y  a s h ,  and o b t a i n e d  t h e  r e s u l t s  a s  

shown i n  F i g u r e  A-6. Because of  t h e  weight of  t h e  i n e r t  m a t e r i a l s ,  t h e  

s u l f a t i o n  r a t e  can a l s o  be compared t o  t h e  mass p ickup of SO3 per: u n i t  

mass o f  s o r b e n t .  F i g u r e  A-6 shows t h e  s u l f a t i o n  r e s u l t  based on per 

u n i t  mass. A comparison of s u l f a t i o n  r a c e s  show they  a r e  ahout t h e  

same, i .e . , .  t h e  i n e x p e n s i v e  i n e r t  f l y  a s h  may be c o n s i d e r e d  t o  be 

e q u i v a l e n t  t o  CaO. 

It '  was though t  f o r '  economic c o n s i d e r a t i o n s ,  and p o s s i b l e  s . t ructura1.  

v a l u e  cement c l i n k e r s  could  advan tageous ly  he used a s  s o r h e n t  ' p e l l e t s .  

However, t h e  cement c l i n k e r s ,  due t o  t h e i r  l a c k  of  p o r o s i t y ,  a r e  Eound . 

t o  be l e s s  r e a c t i v e ;  Work on e x p e r i m e n t a l .  t e c h n i q u e s  t o  c r e a t e  c l i n k e r  
. . 

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



. . 

TABLE A-1 
Composition of some American Portland cements 

Free 
ASTM type CaO Me0 P1203 P e S 3  SiO; ~ 1 0 ~  Na20 K20 ' So3 CaO C4AF C3A C3S C2S 

"Corrected for free CaO. 



o PORTLAND CEMENT TYPE I 
0 PORTLAND CEMENT TYPE 11 

o PORTLAND CEMENT TYPE m 
- A PORTLAND CEMENT TYPE P 

V ALUMINOUS CEMENT 

T I M E  , rnin 

Figure  A-1. S u l f a t i o n  r a t e s  of Po r t l and  cement and 
aluminous cement w i t h  gas  c o n t a i n i n g  0.252 S02, 52 
02, n n d , l 5 %  C o p  i n  N2 a t  900°C. 



C Y C L E  NUMBER 

Figure A-2. Cycling of Portland cement powder (type 
111) between sulfation (0.25% S02, 5% 02, 15% C02 and 
balance N2 at 900°C) and regeneration (5% CO, 20X C02 
and 75% ' N ~  'at 1000°C). 

CYCLE NUMBER 

0 + 
0 4 0  
W 

- 
I- 

Figure A-3. Cycling of Portland cemolzl: extrudates 
(type 1x1, 16/20 mesh) between sulfation (0.252 S02, 
5% 02, 15% C02 and balance N2 at 900°C) and regenera-. 
tion (5% CO, 20% C02 and 75% N2 at 1000°C). 
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0 EXTRUDED PELLET OF @-CatSi '04 

MIXED WITH 10% ILLINOIS NO. 6 COAL ASH A 

- 

' . '. . . .., 

10 2 0  3 0  4 0 5 0  6 0  

T I M E ,  min  
. . ' < 

' 4 , ,  ; - . .  
. . . . . . 

Flgnra A-4.  Sulfation: rates of B-Ca2SiOq extrudates.. 
(16120 mesh) with gas containing 0.25% S02, 5X 02 qnd 
15% C02 in N2 at 900°C. 



0 MIXED WlTH 1 %  COCOANUT CHARCOAL 
' 

" '..-* MIXED WlTH 5 0 %  ILLINOIS N0.6 COAL ASH ...:a 

TIME, min ' 

Figure A-5. Sulfation rates  of Portland cemene type 
I11 extrudates (16/20 mesh) with gas containing 0.25% 
S02. .  5% 0 2  and 15% C02 i n  N2 a t  90O0C. 



T I M E .  min . . . .. . 

Figure  A-6; S u l f a t i o n  r a t e s  of 16120-mesh e x t r u d a t e s  
pc r  u n i t  mass of Pnrtland type 111 and Por t l and  type  

.. I11 wi th  f l y  ash  ( 1  t o  1 )  a t  900°c w i t h  0'.25% SOZ, 5% 
02 and 15% C02 i n  M2. 



B. U t i l i z a t i o n  o f  P e l l e t s  of Limestone F i n e s  f o r  FBC 

(J.M. Chen, F.R. Kainz,  and G. F a r b e r )  

It h a s  been s h o w n - t h a t  p e l l e t s  o f  l i m e s t o n e  f i n e  powder a r e  more 

a c c e s s i b l e  and r e a c t i v e  t o  SO2 than  raw s t o n e  p a r t i c l e s ,  a s  shown i n  

Q u a r t e r l y  P r o g r e s s  Repor t  No. 10. However, because  the  p e l l e t s  showed 

l i t t l e .  s t r e n g t h  t o  r e s i s t  a t t r i t i o n  i n  a  f l u i d i z e d - b e d  , a d d i t i o n  of  

b i n d i n g  m a t e r i a l s  hecake n e c e s s a r y  i n  o r d e r  t o  enhance the  p e l l e t  

s t r e n g t h .  Th i s  r e p o r t  summarizes t h e  r e s u l t s  of s u l f a t i o n  and 

a t t r i t i o n  t e s t s  . f o r  p e l l e t s  of  l i m e s t o n e  f i n e s  w i t h  v a r i o u s  h i n d e r s .  

Table B-1 summarizes the  p r e p a r a t i o n  p r o c e d u r e s ,  compos i t ion ,  and 

t h e  q u a l i t a t i v e  s t r e n g t h  t e s t  of  t h e  p e l l e t s .  I n  a l l  t h e s e  prepara-  

t.i.ons, Greer l i m e s t o n e  f i n e s  w i t } ?  s i z e s  less t h a n  240 U..S. hesh were 

used.  The l i m e s t o n e  f i n e s  were mixed wi th  h i n d e r  s o l u t i o n s  t o  form 

p a s t e .  ; P e l l e t s  were formed by e x t r u d i n g  t h e  p a s t e  samples through a 
. . 

1/16'' I D  g l a s s  tuhe .  Among these p r e p a r a t i o n s ,  p e l l e ~ s  ~ U ~ I I I ~ C I  w i L 1 1  

sodium s i l i c a t e  and col . lo ida1 s i l i c a  showed hig .hes t  compress ion 

s t r e n g t h .  Flowever, because  t h e s e  h i n d e r s ,  con ta ined  sodium i o n s  which 

may causc  corrosion problems, a t t e m p t s  were made t o  Leach the sodii~m 

i o n s  by d e i o n i z e d  water .  It was found t h a t  a f t e r  l e a c h i n g ,  p e l l e t s  

formed wi th  sodium s i l i c a t e  l o s t  s t r e n g t h  c o m p l e t e l y ,  whi le  t h o s e  

formed w i t h  c o l l o i d a l  s i l i c a  r e t a i n e d  t h e  o r i g i n a l  hardness. T h u s .  

among t h e  p r e p a r a t i o n s  shown i n  Table R - 1 ,  c o l l o i d a l  s i l i c a  i s  t h e  most 

p r o r n f ~ i n g  m a t e r i a l  f o r  e f f e c t i v e  b i n d i n g  of t h e  l i m e s t o n e  f i n e s .  

The s u l f a t i o n  exper iments  were performed i n  a Cahn TGA system. The 

a p p a r a t u s  and c a l c l . l l a t i o n  procedures  have been d e s c r i b e d  e l sewhere .  3 ,'4 

Samples of p e l l e t s  were ca1,cined i n  t h e  system under N7 a t  900°C with  



250C/min h e a t i n g  r a t e .  Subseqqent s u l f a t i o n  took p l a c e  w i t h  g a s  
. . 

c o m p o s i t i o n . o f  0.25% SO2, 5% O2 and b a l a n c i n g  N2 a t  900°C and 1 atm 

p r e s s u r e .  F i g u r e  B-1 compares t h e  s u l f a t i o n  rates of t h e  leached 

l i m e s t o n e / c o l l o i d a l  s i l i c a  p e l l e t s  wi th  t h e  raw s t o n e  p a r t i c l e s .  With 

t h e  same 16/20 mesh p a r t i c l e  s i z e ,  t h e  SO2 u p t a k e  i n  2  hour  s u l f a t i o n  

time was 55% f o r  p e l l e t s  v e r s u s  35% f o r  l i m e s t o n e  p a r t i c l e s .  

The a t t r i t i o n  t e s t  was performed i n  9 30 nrn f lu id ized-bed .  ~ o t h  

c a l c i n e d  p e l l e t s  and l imes tone  p a r t i c l e s  weighing 1 0  grams w i t h  t h e  

s i z e  o f  10/12 mesh were f l u i d i z e d  by 5 f t / s e c  a i r  v e l o c i t y  a t  room 

temperature .  The sample weights  wi th  s i z e s  g r e a t e r  ,than 20' mesh were 

measured a s  a  f u n c t i o n  o f  t i m e .  F igure  B-2 shows t h e  .weight  l o s s  r a t e  

f o r  bo th  samples. The a t t r i t i o n  l o s s  f o r '  raw l imes tone  p a r , t i c l e s  was 

found about  t h r e e  times h i g h e r  t h a n  t h a t  pf p e l l e t i z e d  p a r : f i c l e s .  

Cyc l ic  s u l f a t i o n  and r e g e n e r a t i o n  e ~ p e r P m e n t s  were' a l s o  performed 
.. . 

on p e l l e t s  o f  l i m e s t o n e  f i n e s  w i t h  c o l l o i d a l  s i l i c a  binder .  i n  t h e  TGA 

a p p a r a t u s .  The r e g e n e r a t i o n  condj , t ion was 1000°C w i t h  15% CO. Time 

r e q u i r e d  f o r  r e g e n e r a t i o n  was g e n e r a l l y  l e s s  t h a n  15 minutes .  F i g u r e  

B-3 shows t h e  e x t e n t  of CaO convers ion '  t o  Cas04 i n  6 c y c l e s .  Mo decay 

i n  t h e  s u l f a t i o n  a c t i v i t y  was observed.  A f t e r  t h e  s i x t h  . c y c l e  of 
. . 

r e g e n e r a t i o n ,  p e l l e t s  seems t o  hold t h e  ha rdness  a l t h o u g h  no quant  i- 

t a t i v e  t e s t  were made. 

These r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  bo th  t h e  s t r e n g t h  and t h e  

s u l f a t i o n  r e a c t i v i t y  arc h i g h e r  f o r  pe1.let.s of t h e  l i m e s t o n e  f i n e s  w i t h  

c o l l o i d a l  s i l i c a  than f o r  raw partjcles. 



TABLE R-1 

No. Composi t ion Cure  Method Comments 
1 90% Greer  Limestone 1/2  H r  a t  3500 S t r o n g  A f t e r  Cure ,  But Weak 

350 Mesh Sodium S i l i c a t e  A£ t e r  Water Washing. 
~ a s e  Cement S a u e r e i s e n  ill 

2 50% Greer  350 Mesh 112. . Hr . a t  350° Same a s  No. 1. Water Was 
50% ~ o d i u i n  S i l i c a t e  Used t o  Make t h e  P a s t e .  

3 55.5% Greer  350 Mesh 112 H r  a t  300° Too .Weak To Use Crumbles 
16.6 Water 3 H r s .  a t  950° Re tween F i n g e r s .  
27.7 Phosphor ic  Acid 

4 66% Greer  . 112 H r  A i r  Dry Very Weak A f t e r  C a l c i n i n g .  
20% ~a t e r  3 Hrs 950° strong Before .  
13.3 Sodium M e t a s i l i c a t e  

6 Greer Mixed I n t o  P a s t e  112 H r .  A i r  Dry Not Very S t r o n g  A f t e r  
w i t h  L i q u i d  Binder  Used 9500 f o r  2 Hrs. C a l c i n i n g .  
i n  No. ' 31 S a u e r e i s e n  , 
Binder  i s  Sodium 
S i l i c a t e  and Water 

7 ' Calcium Aluminate Mix A i r  Cure and Too Weak t o  Use. 
. . .: 50% Water + Greer  . . . Heated t o  950" S a u e r e i s e n  /I75 . . 

25% Water + Greer  f o r  3 Hrs. 
202 Water + G r e c r  

8 75% Greer Limestone A i r  Dry & Heated S t r n n g  A f t e r  C a 1 c i n i . n ~  
25% C o l o i d a l  S i l i c a  t o  9500 3 H r s  ~ u d o x  C o n s i s t s  o f  40% S i 0 2  

. . 
L4U-4UU Mesh 43% Sodium Hydroxide 

17% Water.. 
9 Same . a s  No. 8 . . ' 2 H r s  a t  350° Washed wi th  Deionized Water 

Water f o r  17 Hrs. t o  Remove 
. . Sod jum Hydroxide Remains 

S t rong .  
1 0 .  Same AS NO.. 8 ., Same Same. as Above, and Anal yzed 

f o r  Sodium 0.189%. 
11 Same a s  No. 8 Same . Not washer--'  Analyzed f o r  - - 

Sodium '- 0.463%. 
12 Same Same Leached wi th  Deionized 

Water f o r  24 Hrs - Recycled 
6 Times (James Has Da ta )  -. .---. 

13 A Ludox + Gree t  3500 112 H r  Abras ion T e s t s  Are Being 
Limestone Repeated a s  16A, 16B t o  

13  R Greer  Limestone .Have .Sharp  Edges Removed 
Refore  T e s t .  

16 . 1.1~dor. + Greet- 350" 112 H r  , Flilcllir~ed t o  1 / 4 " ~ 1  / 2 "  Cy- 
I 

l i n d e r  f o r  Compression T e s t  
W i l l  Be Compared wi th  Same 
Dimensions Gree r  Cylinder. 

16 A Ludox + Greer  35Q0 112 Hr Rotated a t  72 RPH i n  4" 
240-400 Mesh Extruded Ca lc ined  a t  1000°. Dia. Drum Lined wit,h 180 
and Broken t o  P a s s  12 1 Hr i n  F lu id  Red G r i t  Abras ive  Paper t o  
Held on 20 Mesh Round Off Edges-Fluidized 

i n  30 mm Red, A i r  Flow 
20 Li  t e r s l m i n  
Timc Hrs - W t .  Cms. 

0 9.5356 
3 9.4760 

24 . 9.0277 
32 - 8.9217 
47 , 8.7665 



T I M E ,  min 

Figure B-1. Comparison of sulfation rates at 900°C 
in 0.25% S02,  5% 02 and balance N2. 
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Figure B-2. The a t t r i t i o n  weight l o s s  % of 10 gram 
samples (10112 mesh) versus time for  sample'weight 

- ' . 10,sses > 20 mesh. 
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Figure B-3.  Cycling ;of extruded p e l l e t s  of 1,imestone 
f i n e s  between s u l f a t i o n  (0.25% S02, 5% 02 and balance 
N2 a t  900°C) and iegeneratiun (15% CO and 852 N2 ar  
l0OO0C). 



C. The Temperature of Peaking of Su l fu r  Reten t ion  

(M. Shen, J. Pruzansky, and J.M.  Chen) 

I n  a  f luidized-bed combustor (FBC), an opt imal  temperature  f o r  

maximum s u l f u r  r e t e n t i o n  has been observed. Genera l ly ,  t h e s e  

temperatures  l i e  between 830°c and 900°C. Inc reas ing  o r  decreas ing  the  

combustion temperatures  r e s u l t e d  i n  lower s u l f u r  r e t e n t  ions.  Various 

exp lana t ions  f o r  such phenomenon have been proposed. Among these  a r e  

the  ex i s t ence  of t he  ox ida t ion  and reduc t ion  zones i n  t he  bed, d i s -  

p ropor t i ona t ion  r e a c t i o n  of CaS03, e t c .  

It has  been shown7 t h a t  t he  pore s t r u c t u r e  of ca l c ined  l imestone i s  

s t r o n g l y  a f f e c t e d  by the  c a l c i n a t i o n  cond i t i ons ,  i . e . ,  t h e  environment 

of C02 p a r t i a l  pressure.  The higher  t he  C02 p a r t i a l  p r e s su re ,  t h e  

l a r g e r  t he  pore s i z e  d i s t r i b u t i o n .  The reason f o r  t h i s  i s  t h e  C02 

p a r t i a l  p ressure  r e t a r d s  the  c a l c i n a t i o n  r a t e ,  allowing the  l a r g e r  

pores  t o  develop. I n  a  f luidized-bed combustor, t he  C02 p a r t i a l  

p ressure  generated a t  atmospheric pressllre i s  about 0.15 atm. This  

va lue  r e l a t i v e  t o  t h e  equi l ib r ium C02 p a r t i a l  p ressure  over CaC03/Ca0 

i s  higher  a t  lower temperature.  Hencc, the r e t a r d a t i o n  e f f e c t  on 

c a l c i n a t i o n  i s  h igher  a t  lower temperatures .  Thus when c a l c i n a t i o n  

o rcu r s  a t  higher  temperatures ,  t he  lime s o r h ~ n t  w i l l  have a lower 

c a p a c i t y  f o r  S02. Combining t h i s  e f f e c t  with t he  f a c t  t h a t  i nc reas ing  

temperature i nc reases  t he  r e a c t i o n  r a t e s ,  a temperature maximum could 

conceivably occur f o r  .a given s o l i d  r e s i sdence  time i n  the  bed. 

Two s e t s  of experiments were designed to  t e s t  t he  above theory.  I n  

t h e  f i r s t  se t ,  l imestone samples were ca lc ined  and s u l f a t e d  a t  the  same 

temperature i n  the simulated f luidized-bed condi t ion .  In the  second 



s e t  o f  e x p e r i m e n t s ,  l i m e s t o n e  samples  were a l T  c a l c i n e d  a t  i O O O ° C ,  

t h e r e b y  producing t h e  same pore s i z e .  d i s t r i b u t i o n .  S i l l f a t i o n ' t e m p e r a -  

t u r e s  were then  v a r i e d  from 750°C t o  10000C. 

A DuPont thermo-analyzer Model 951 was used f o r  t h e  s u l f a t i o n  r a t e  

measurements.  A s m a l l  q u a r t z  h o a t  w i t h  an a r e a  of abou t  0.6 cm2 was 

used a s  the  sample h o l d e r .  A q u a r t z  tube  packed wi th  alumina c h i p s  and 

housed i n  a  c l a m s h e l l  f u r n a c e  served a s  t h e  p r e h e n t e r  f o r  t h e  r e a c t a n t  

g a s e s .  About 60 mg of unca lc ined  Greer l i m e s t o n e  ( l h / 2 0  T y l e r  mesh) 

was s p r e a d  i n  a t h i n  1; iye~ i n  t h e  q u a r t z  h o a t .  'The l i m e s t o n e  was 

c a l c i n e d  i s o t h e r m a l l y  i n  15% CU2 and 85% N2. It was t l ler~ s u l f a t e d  

i s o t h e r m a l l y  w i t h  a s i m u l a t e d  combustion g a s  (0.25% SO2, 5X O 2  and 

b a l a n c e  N2) f lowing a t  a  v e l o c i t y  of a b o u t  10 cm/sec over t h e  sample 

s u r f a c e .  T h i s  v e l o c i t y  was predetermined s u f f . i c i e n t l y  h i ~ h  t o  minimize 

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

F i g u r e  C-1 Shows t h e  o v e r a l l  r a t e  of t h e  s u l f a t i o n  r e a c t i o n  f o r  

l i m e s t o n e  c a l c i n e d  a t  t h e  s u l f a t i o n  t empera tu res .  The pe rcen t  of  

s u l f a t i o n  a f t e r  2 I ~ O U ~ S  i n  F i g u r e  C-1, was p l n t t e d  i F Z a i n s t  t e m p e r i t u r e  

v e r y  c l o s e  t o  t h e  observed one o b t a i n e d  from FRC t e s t s .  

F i g u r e  C-3 g i v e s  t 4e  s111 f a t  i n n  r a t e s  f o r  Grecr limcotorlc c a l c i n c d  

a t  10000C. Note t h a t  a f t e r  about  20X s u l f a t i o n  the r a t r s  ~ I r ~ p l l e d  

s h a r p l y  r e g a r d l e s s  of the  s u l f a t i o n  t empera tu res .  P l o t t i n g  the  e x t e n t  

o f  s u l f a t i o n  a f t e r  two h o u r s  v e r s u s '  t e m p e r a t u r e  a s  shown i n  F i g u r e  C-4, 
.*.:7 

t h e  s u l f a t i o n  c a p a c i t y ~ l e v e l s  o f f  a t  above 850°C. Nb:;peaking ternpera- '. : 

Lure i.6 observed.  It i~ r c i l ~ o n e d  t h a t  i n  a i ~ u u ~  t w u  l luurs  he s u l f a c i o n  

was s u f f i c i e n t  to plug t h e  t r a n s p o r t  pores  due t o  t h e  l a r g e r  molar 



volume o f  CaS04 t o  CaO, t h e r e b y  showing no f u r t h e r  n o t i c e a b l e  i n c r e a s e  

i n  r e a c t i o n  r a t e s .  

By comparing F i g u r e  C-2 and C-4, i t  is  c l e a r  t h a t  t h e  t empera tu re  

maximum observed i n  a FBC can very  p o s s i b l y  be due to  pore s i z e  

v a r i a t i o n s  because  of c a l c i n a t i o n s  a t  d i f f e r e n t  t e m p e r a t u r e s .  To 

f u r t h e r  conf i rm t h e  p o s t u l a t e d  mechanism, t e s t s  of p r e c a l c i n e d  

l i m e s t o n e  samples i n  a f l u i d i z e d  bed a r e  n e c e s s a r y .  
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D. P r e p a r a t i o n  o f  R e a c t i v e  Calcium S i l i c a t e s  

(M. Shen, G. F a r b e r ,  and J .  Pruzansky)  

I n  t h e  p r e v i o u s l y  known technology f o r  t h e  p r e p a r a t i o n  of  

B-dicalcium s i l i c a t e ,  e  .g. ,' e v a p o r a t i v e  decompnsi t i o n  of s o l u t i o n s  06 
: . 

ca lc ium n i t r a t e  and c o l l o i d a l  s i l i c a  k t  1 0 5 0 0 ~ ,  o'r r e p e t i t i v e  f i r i n g  

of a  m i x t u r e  of f i n e  powders of ca lc ium carhona t e .  and s i l i c a  a t  

1 0 8 0 0 ~ ,  t h e  t e m p e r a t u r e  i s  h i g h  and t h e r e f o r e ,  th,e r e a c t i v i t y  i s  

r a t h e r  low; 

A low-temperature  s o l i d  s t a t e  p rocess  of forming f i n e  p a r t i c l e s  o f  

r e a c t i v e  B-dicalc ium s i l i c a t e  i s  being i n v e s t  igat ,ed by f i r i n g  a  mix tu re  
. . .  . 

o f  ca lc ium s u l f a t e  ( a n h y d r i t e  or  gypsurn) and s i l i c a  t o g e t h e r  wi th  

ca1cj .m s u l f i d e  (a  ' reducing a d d i t i v e ) .  The temperacure  of the  p rocess  

d e s c r i h e d  h e r e  can be a s  low a s  850°C. T h i s  i s  expec ted  t o  resp1.t  i n  

s u b s t a n t i a l  energy s a v i n g s  and to  yj.eld more r e a c t i v e  p roduc t s .  
.. . 

Calcium s u l f i d e  can be formed by t h e  r e d u c t i o n  o f  ca lc ium s u l . f a t e  w i t h  

C, C O ,  CH4, H2 e t c .  High c o n c e n t r a t i o n  of SO2 i s  t h e  by-product of t h e  



E. The Ki ln  Regeneration Process  

A r o t a r y  kiln,-.,3 : inch ,-ID,;. is being. ,construc,ted, . . . .._. with.  .. t he  f e a t u r e s  of 
. I . * .  : 

e x t e r n a l  hea t ing ,  and c o n t i n u o u s ~ , s o l i d  . .  I feeding. Fab r i ca t ion  of t he  , 

r o t a r y  . :k i ln ,  w i l l .  be completed during the  next  r e p o r t  , period,  It w i l l  . .. . . 

be i n  ope ra t ion  f o r  ga ther ing  k i n e t i c  and process  development .data .  

The regenera t ion  of l imes tones ,  calcium s i l i c a t e s  and Port land cements 

us ing  f l y  a sh  from FBC w i l l  he teste 'd with t h i s  device.  
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