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Abs t r ac t  

A h igh ly  r e a c t i v e  f3-dicalcium s i l i c a t e  powder sample has  been 

acqui red  from Pro fes so r  D .  Roy of Pennsylvania S t a t e  Univers i ty .  The ' . .  

sample .was prepared by t h e  Roy.Evaporative Decomposition o f -So lu t ion  

(EDS) process .  We w i l l  use  i t  i n  conjunct ion  w i t h  our  ash-binder 
: . _  . . . . . .. :, i ,. . {  

p e l l e t i z i n g  technique t o  form a h igh ly  regenerable  and r e a c t i v e  so rben t  
. : .  . . .' . , , . 8 ..: 

f o r  f l u i d i z e d  bed combustion. Other techniques of forming r e a c t i v e  
. .  . . . . . .  . . . .  . . . .  . . - .  

. . i.. ? . .  . , 
s i l i c a t e s  a r e  a l s o  be ing  s tud ied .  ... . . . .  . . . . . :: . . .  , . . . .  

' . . %  
. . 

La-.'.' , . 
Simpl i f ied  mathematical models have been developed f o r  k i l n  regenera- 

. . . . .  
_ * . I  . . . . 

t i o n  based on t h e  d a t a  w i th  a  smal l  q u a r t z  r o t a r y  k i l n  r e a c t o r .  The 
. . . ;.:. . . . . ' . ' .  . . .  ., , . . :  . . . . . . 

model provides  b e t t e r  understanding f o r  scale-up of t he  promising Brookhaven 
. . .  . . . . .  . .  . . . . .  . . . : .  . . . . 

Ki ln  Regeneration Process .  

The Fe 0 ca t a lyzed  s u l f a t i o n  and regenera t ion  process  has  been 
2 3 

f u r t h e r  s tud ied  wi th  a sma l l  q u a r t z  f lu id ized-bed  s u l f a t o r  and a  smal l  

r o t a r y  k i l n  r egene ra to r .  Ten su l f a t ion - regene ra t ion  cycles '  w i l l  be  

completed w i t h i n  t h e  next  r e p o r t i n g  q u a r t e r .  Af te r  completion of t h e  

c y c l i c  experiments ,  we w i l l  make recommendations f o r  f i e l d  t e s t i n g ,  

i . e . ,  t e s t i n g  i n  one of t he  DOE p i l o t  f l u i d i z e d  bed combustors and 

r egene ra to r s .  

The r e a c t i v i t y  of a  r econs t ruc t ed  CaSO is indeed h ighe r  than t h e  
4 

o r i g i n a l  sample. The r econs t ruc t ed  sample was maed v i a  t he  procedure:  

r$d . CaS oxi+d. 
CaS04 CaS04. We p lan  t o  f u r t h e r  understand t h e  morphological 

and s t r u c t u r a l  changes t ak ing  p l ace  i n  t h e  p roces s .  

A d e t a i l e d  a n a l y s i s  and a  review of t he  h igh  temperature CaSO 
4 

r egene ra t ion  mechanism were made. A l l  p o s s i b l e  r e a c t i o n s  i n  t h e  system 



were taken into account. Rates of the more important (rapid) ones 

were measured. Existence of a gaseous intermediate indeed was acertained 

and some mechanisms were proposed. Understanding of the mechanism 

will be useful'iri-improving all the regeneration processes being 

developed. 

Kinetics of the rapid reaction between CaO and SO are being 3 

studied and the work will be completed shortly. This is part of our 

effort to understand the mechanism both insulfation and regeneration. 

A good attempt has been made to use ZnO as a regenerable sorbent 

for hot fuel gas desulfurization. The evaporation rate of the sorbent 

in a reducing atmosphere is too high for this sorbent to be of 

practical use. 



Regenerat ive Process  f o r  Desu l fu r i za t ion  of High 
Temperature Combustion and Fuel  Gases 

Q u a r t e r l y  Progress  Report No. 8 
. . January; 1-March 31, 1978 

A .  Calcium S i l i c a t e s  and Silica-Based Mate r i a l s  as Regenerable 
Sorbents  (Yang, Shen, S te inberg)  

A s  r epo r t ed  i n  t h e  previous r e p o r t s  of t h i s  program, we have 

found t h a t  s u l f a t e d  calcium s i l i c a t e s  are more regenerable  than  

s u l f a t e d  l imestone.  For example, t h e  s u l f a t i o n  rate under FBC cond i t i ons  

of a commercial s i l i c a t e  i n s u l a t i o n  m a t e r i a l  suppl ied  by Fibreboard 
. . . . 

Corporation was about t h e  same a s  Greer l imestone.  The m a t e r i a l  

contained p r imar i ly  CaSiO More impor tan t ,  t he  r egene ra t ion  r a t e  was 
3 ' 

about seven times h igher .  We have been searching  f o r  methods of 

prepar ing  r e a c t i v e  calcium s i l i c a t e s .  

During t h e  l a s t  q u a r t e r ,  P ro fe s so r  De l l a  Roy from Pennsylvania 

S t a t e  Univers i ty  consul ted  wi th  us  on t h i s  s u b j e c t .  She has  developed 

a process  f o r  prepar ing  a h ighly  r e a c t i v e  B-calcium s i l i c a t e .  The 

method i s  descr ibed  i n  a paper which w i l l  be  publ ished soon i n  

I1 Cemento. It involved spraying  a s o l u t i o n  of calcium n i t r a t e  and 

Ludox (duPont t r a d e  name f o r  a C o l l o i d a l  Si02)  i n  a ho t  zone about  1 0 0 0 ~ ~ .  

A h igh ly  r e a c t i v e  B-Ca SiO i s  formed r a p i d l y .  Unfor tuna te ly ,  t h e  s i z e  2 4 

of t h e  s i l i c a t e  is  very  f i n e  (% lpm). We p l an  t o  u se  i t ,  combined w i t h  

our  c o a l  a sh  b inding  technique we a r e  developing f o r  FBC. The powder 

w i l l  b e  p e l l e t i z e d  wi th  f i n e  coa l  ash .  S u l f a t i o n  and r egene ra t ion  rates 

w i l l  b e  measured. I f  s u c c e s s f u l ,  t h i s  process  should b e  t h e  b e s t  

regenerable  so rben t  y e t  developed. 



We a l s o  p lan  t o  s t r eng then  our  s i l i c a t e  program i n  t h e  coming 

q u a r t e r s .  p ro fe s so r  R O ~ ,  a s  we l l  a s  our own s t a f f  members, w i l l  be  
- -  ' 

v .  

devoting more time and e f f o r t s  i n . s e a r c h i n g  f o r  techniques t o  form t h e  

r e a c t i v e  , s i l i c a t e s .  I n  t h i s  r e p o r t ,  bo th  dry  and .wet .p rocesses  a r e  . . . . .. . 
. . . .  . . .  

being  s tud ied .  The wet processes  w i l l  be  s i m i l a r  t o  t h e  Roy o r  t h e  .. . . 
_' : . . 

EDS ( ~ v a ~ o r a t i v e  Decomposition of So lu t ions )  process .  
. I 

* .  
. . , .. . .. 

A s  proposed i n  t h e  last  q u a r t e r l y  r e p o r t ,  we are i n v e s t i g a t i n g  
.. . "'. ,. , . 

a new c l a s s  of s y n t h e t i c  regenerable  sorbent  which involves  calcium 
. . . . , . '. . ;~ * 

oxide  supported on s i l i c a .  I n  a t y p i c a l  experiment,  h igh  s u r f a c e  a r e a  
. . . .. . - *  : 

" . .  
. 3 '  

_ ..- 
";2 porous s i l i c a  gels ( s u r f a c e  a r e a  720-760 rn /gram, pore volume 0.43 

- . .  . . . 

ccygram) with 16/20 Tyler  mesh s i z e  were immersed i n  a concent ra ted  
. , . . . .  . . . . . . .  .. 

... , 

aqueous s o l u t i o n  of calcium a c e t a t e  and subsequent ly h e a t  t r e a t e d  a t  
, . - . .  . .  . . >  . ' . * 

0 
1000 C (chosen ad t h e  r egene ra t ion  temperature)  f o r  fou r  hours .  The 

. ' %  . .. 
calcium loading  w a s  then  analyzed.  X-ray d i f f r a c t i o n  a n a l y s i s  showed 

. i 
.: i . . .. . : 

t h a t  C ~ O  w'as ' the  predominant product .  Trace amount of B-dicalcium 
, , ,- .. . , , .. 

s i l i c a t e  was de t ec t ed .  However, a t  t h e  s teady  s t a t e  i n  a continuous, 
. . . . . . 

. . .  . . .  I . . " . 

c y c l i c  prdcess ' ,  t he  con ten t s  of t he  s i l i c a t e s  would i n c r e a s e  wi th  t h e  . . . . 
. . . . .  ' I '  ' . . 

number of cyc l e s .  
. . 

. .. - . r  , 

O ~ r  p re l iminary  r e s u l t s  showed t h a t  t h e  s u l f a t i o n  r a t e  was h ighe r  
. . . . .  .. - 

than  the  n a t u r a l  l ime and t h a t  t he  s u l f a t e d  sample i s  more regenerable  
. . 

than  t h e  k l £ a t & d  l i m e .  Experiments i n  p rog res s  a r e  designed t o  s tudy  
, .. . . 

t h e  e f f e = t  of calcium load ing  on t h e ' s u l f a t i o n  r a t e  and the r e l a t e d  
.. . . . 

p o r o s i t y ,  c y c l i c  so rben t  l i f e  s tudy  and a t t r i t i o n  r e s i s t a n c e .  
. . , . .  

. . .  



B. Development of Brookhaven Kiln ' .Regenerat ion Process  (J'. M .  Chen, 
G. Farber ,  and R. T. Yarig) 

. . 

Previous i n v e s t i g a t i o n  (BNL r e p o r t  7) showed t h a t  t h e  proce,ss of 

u s ing  a  r o t a r y  k i l n  t o  r egene ra t e  s u l f a t e d  l ime wi th  f l y  ash  a s  t he  

reductan t  could genera te  a n  SO - r i c h  gas a t  1 0 0 0 ~ ~  and a l s o  r e t a i n  
2 . . 

high  r e a c t i v i t i e s  of t he  regenerated m a t e r i a l s .  I n  t h i s  r e p o r t ,  . . 

mathematical express ions  f o r  t h e  unsteady s t a t e ,  semibatch r e a c t o r  
: . 

used f o r  such process  have been der ived .  This a n a l y s i s  was performed t o  

ga in  more understanding wh i l e  we a r e  designing and cons t ruc t ing  a  l a r g e r  

s c a l e  k i l n  regenera tor .  

0 
Regeneration experiments a t  1000 C f o r  va r ious  flow r a t e s  have 

been cons t ruc ted .  Resu l t s  of t hese  experiments have been c o r r e l a t e d  

wi th  the  der ived  express ions .  A t  low flow r a t e s , .  when mass t r a n s f e r  
. . 

r e s i s t a n c e s  were predominant, t he  SO2 concen t r a t ion  p r o f i l e  d e v i a t e s  

from the  a n a l y t i c a l  express ions .  However, a t  h igh  enough flow r a t e s ,  

t he  SO concent ra t ion  p r o f i l e s  could be w e l l  c o r r e l a t e d  by t h e  mathematical 2 

d e s c r i p t i o n s .  Using t h e  mathematical express ion  r a t e  cbhs t an t s  can be 

e x t r a c t e d  from the  e x i t  SO concen t r a t ion  p r o f i l e s .  2 

A l a r g e r  s c a l e  r o t a r y  k i l n  r egene ra to r  i s  cur ren t19  under construc- 

t i o n .  The r e a c t o r  w i l l  be  made of qua r t z  and w i l l  be  completed i n  t h e  

next  q u a r t e r .  Experiments w i l l  be  conducted t o  ' i n v e s t i g a t e  t h e  e f f e c t s  

of p a r t i c l e  s i z e ,  va r ious  k inds  of r educ tan t s ,  e x t e n t  of s u l f a t e d  

m a t e r i a l  on r e a c t i o n  k i n e t i c s -  and t o  o b t a i n ' t h e  necessary d a t a  f o r  des ign  

of r o t a r y  k i l n  r egene ra t ion  process .  A min ik i ln  r egene ra to r  i s  be ing  

designed and procurement f o r  t he  necessary p a r t s  a r e  being assembled. 

Our goa l  is  t o  o b t a i n  r e a l i s t i c  process  informat ion  necessary  f o r  



scale-up of t h e  promising Brookhaven k i l n  regenerat ion '  proce,ss.  . The 
. . ,  

. . .  . 
min ik i ln  w i l l  b e  about 3-in. iil diameter ,  3-f t long, and wi th  r e f r a c t o r y  

. - 

l i n i n g .  Heat f o r  the  process  w i l l  be  i n t e r n a l l y  suppl ied  by combustion 
, . 

of carbon. Because of i n h e r e n t  d i f f i c u l t i e s ,  we t r y  t o  avoid s e a l i n g  
. . 

of t h e  r o t a r y  p a r t s  by des igning  a  magnet ical ly  d r iven  k i l n  which is  
. . . . 

housed i n  a  s t a t i o n a r y  "ki ln"  t o  accomplish t h i s .  

(2) Model S tudies :  Rotary Ki ln  Regeneration Process  
. . 

(a) System Descr ip t ion  and Assumptions 
.. . . .  . . q . . .  

The r e a c t i o n  scheme considered i n  our  l abo ra to ry  t o  
. . . . I .:. . . . :  

r egene ra t e  s u l f a t e d  l ime from FBC i s  

2  
3CaS04 + CaS + 4Ca0 + 4S02 ,. . . . .  . . . . .  

us ing  a r o t a r y  k i l n  a s  t h e  regenera tor .  Here, t h e  mathematical 

d e s c r i p t i o n  f o r  a  h o r i z o n t a l  k i l n  under unsteady s t a t e , ' i s o t h e r m a l  and 

semibatch ope ra t iona l  cond i t i ons  i s  der ived .  F igure  1 i l l u s t r a t e s  a 

t h e  system. . , .  . . ,  

The m a t e r i a l  b a l a n c e . f o r  a  d i f f e r e n t i a l  increament of r e a c t o r  i s  

Gas Phase: . . 

. . . .. . . . . . , aucl a cl 
I n e r t  gas + - =  a z  a t  

0 (1) 



Solid Phase: 

where 

i = gas concentration in bulk phase,, (mole/c.c.) 

z = distance of the reactor (cm) 

E = void fraction 

k = mass transfer coefficient for i compound 1 
im (sec cm 2 ) 

a = surface area of the solid related to i compbund i 
. cm2' 

reaction per unit volume of reactor , 
J 

cm reactor 

mole 
'is = gas concentration of i compound on the solid surface - 

C.C. 

u = superficial velocity (cmlsec) . 

i = solid molar concentration related to i compound'reaction 

mole per unit volume of reactor - 
3 

cm 

i 
= stoichiometric coefficient for i compound reaction 

t = time (sec) 

i = gas compound, i=l inert gas; i=2, C02; i=3, S02 
0 T = temperature ( k) 

The solution of the above five equations with the following 

initial and boundary conditions 



t = 0 S =S (initial solid concentration) 
i io 

and with rate expressions for reactions 1, 2 will be able to describe 

the reactor performance. 

It has been known that reaction 2 is the rate controlling step 

for the above two step regeneration process. Theref ore,' oniy reac'tiou 

2 will be considered in this derivation. Since the rate expression . . 

for this reaction was found to be in the first order with respect to solid 

(CaS04) concentration (Chapter E), to account also for SO partjal pressure 
2 

effect on reactiori rate. r2 is written in the following'form - 

P and Pe are SO partial pressure and equilibrium pressure respectively, 
2 

and I-I is the effectiveness factor, which.,accounts for pore diffusion 

resistance. 

The assurnptions'iti this,derivation are summarized in the following: 
. , 

(1) No axial solid mixing but only radial mixing in the reactor. . . 
% .  

. . 

(2) Gas velocity remains constant. 

(3) Mass transfer resistance is negligible. 

(4) Reaction rate r is instantaneous with respect to r 
1 2' 

(5) Ideal gas behavior. 

(6) Plug flow. . . 

(b) Derivation 

The differential equations required for consideration ' 

. . 
. . will then be 



a c -- a' (l-'.) k.R.T.q(C-C)S u - + E  - -  a~ v a t  b e .  . . :  

Before proceeding further, these questions will be put into 

dimensionless form by introducing the following reduced variables: 

Equations (7) and (8) become 

with 

These equations can then be solved by method of characteristics. The 

solution is 



. . 
, . . . . . . . .  . . . . . . . , 

( c )  A n a l y s i s  

Equa t ions  (12) and (13) shnw t h a t  t h e  r e a c t o r  p e r f o r ~ n a n c e  

depends on two groups  of v a r i a b l e s  . . . . 

. . . . . .  . . .  . . .. r: . , .  . . . :  . . .  - 

and 
. . .  . . . .  . . . . . . .  . . , .  . . . . . . . . . . .  . , I  :̂  

. i.. 
. . . . 

z . . . .  
T = ~ ~ c R T c ~ ( ~  - - E) . :. . 

u  
(15) 

F i g u r e s  2 and 3 i l l u s t r a t e  t h e  e f f e c t s  of t h e s e  v a r i a b l e s  on SO2 

and s o l i d  c o n c e n t r a t i o n s  r e s p e c t i v e l y .  increasing T w h i l e  f i x i n g  BS 

r e d u c e s  SO c o n c e n t r a t i o n  b u t  i n c r e a s e s  t h e  e x t e n t  o f  r e g e n e r a t i o n ,  and 
2 

i n c r e a s i n g  BE, w h i l e  f i x i n g  T c a n   increase.^^ . - c o n c e n t r a t i o n  up t o  i t s  2 

e q u i l i b r i u m  v a l u e  f o r  r e a c t i o n  2 .  The magni tude of 65 can  b e  e n l a r g e d  

by i n c r e a s i n g  s o l i d  l o a d i n g ,  r e a c t o r  l e n g t h - a n d  react ibi ty 'and. . , reducir ig 

s u p e r f i c i a l  v e l o c i t y ,  and t h e  magnitude of -r depends p r i m a r i l y  . . on 

r e a c t i o n  t i m e .  
r ... . :  . . .  

The average  s o l i d  c n n c e n t r a t i o n  . a f t e r  a g i v e n  t i m e  t is-. 

e BE, 
S S  1' d  z 

a v  o  85 T- O e + e l  

z 
It t > >  - E, T c o n s t a n t ,  and e q u a t i o n  (16) beco&es 

U 
. .' . . I , , :  . . . . .  , , , : :  ..* . . . . . . . . .-.: .: , 

and, . . i 



. . 
The extent of regeneration is 

. , 

Since all the variables except n and k in equations (12)-(15) can 

be determined from experimental data, the product qk can be calculated 

from measurements of the exit SO concentration proflle using the 2 . . 

generalized curves in Figure 2b. However, an alternative approach for 

~k determination can be obtained by rearranging equation (12) into: 

and 

C 
e Therefore, the plot of In(- - 1) versus time produces a straight line 

C 

from whose slope qk can be determined. These slopes for varlous flow 

rates will be the same provided that mass transfer effect is negligible. 
9 

The intercepts, I s of the above plot, however,,fs effected by the 

flow rates; if B E < <  1 

. , 

and if eB5 > >  1 



1 
Hence, p l o t s  of i n t e r c e p t  va lues  ve r sus  - i n  gene ra l ,  g ive  l i n e a r  

I . . ,.. u' , . . . .  ... .. .  . . .  . . . . . . . . .  . . 
r e l a t i o n s h i p .  . . . , . . :  

. -. 

(d) Cor re l a t i on  With Experimental Resu l t s  ,, . . . . . . .  . . . .  . .  : > . >  . . 

To test  t h e  above mathematical  a n a l y s i s  f o r  r e a c t o r  performance, 

experiments  of us ing  f l y  a s h  f rom FBCas  t h e  - reduc tan t  t o  r .egenerate  

s u l f a t e d  l ime a t  1 0 0 0 ~ ~  w i t h  v a r i o u s  flow r a t e s  have been conducted. 
. . . . .  

The exper imenta l  cond i t i ons  were: 
* .  . . , . .  . .  . . .  . . .  . . . , .  

I' . I . . . .  . . . - 

Reactor : 
. . '  - . . . . , , . . . .  .,. . . . I . ,  

diameter :  25mm 
. . .  . . . . .  . . . . .  . . . . . * 2 .  . - .. ,. . . . . . . .  . . . % . > .  . _ , .  

. . l ength :  76 mm (which was t h e  maximum l e n g t h  t h a t  
. : : r .  ' - . . 

8 .  :' % :, .., : , ' . . . .  - .  . . . .  . . , ,  . . . . . .  
. . 

..* 
could r e t a i n  uniform temperature  f o r  t h e  

appa ra tu s  - appara tus  w a s  descr&&d i n  . . . .  .', 8 , .  

. . 
Report No. 6) . 

. . . . .  S u l f a t e d  Grrer Lime: 

ii-t composition: 32% Ca*, 15% SO;, 1.28% F e  , 24% CO;, 
.. . . . . . .  . . . . . .  I. _ *.. '. . - -  . .  , . . . . , . . 

11.9% Si02  ' . 

. . . . . , . ,  . . . . .  . . .  .. - , .: -. .' . a "  ' . .' . ' . ig,'26 . . .  . . "  . . .  .. : . . .  . . ,  ,..' 
s i z e :  

. :, - . . . . , -  * . . . . .  . . . .  . . - "  . . .  8 .._ weight:  2  grams 
.. - , . . . .  . . .  - . . . .  .- . . . .  .:. 2 . I - .  , ' . . . .  . . . . .  . ' *  . ' :  Fly  ~ s h :  
. . . . .  compds i t ' ion :  "12.5%. C ,  5.24% s ,  14.6% SO; and 7:2& co' 

3 
. , . - 

s i z e :  -200 

C 1 weight :  ..202 grams (-=-) . . S 2 . .! 

c a r r i e r  gas :  A r  
. ' , 

temperature:  1 0 0 0 ~ ~  

running .. f i m e  : ,., 1 .hour  . , . . . . .  . . . . .  , .. * ,  

i n i t i a l  t i m e :  Defined a s  t h e  t ime when t h e  temperature  

r eads  9 5 0 ' ~  



Typical exit CO and SO compositions with respect to time are 
. . .. 2 2 

.given in Figure 4. At low gas velocities, the history of C02- 
. . 

interfarredwith SO2 history for most of the reaction.times, while 

at high velocities, very little interaction of CO concentration 
2 

profile with SO concentration profile was observed. This indicates 
2 

that assumption (4), r > >  r is only valid at high gas velocities. 
1 2 ' 

The measured SO2 concentrations in the exit for the various 

flow rates were plotted in Figure 5. These profiles first increased 

with time, due to temperature rising and time lag in sampling, 

followed by decay in concentration. Except for,, those results, .. 

obtained at low flow rates (< - 10 sccm), the shapes of.decaying SO2 

concentration profiles were similar to the curves in Figure. 2b. This 

is because at low gas flow rates mass transfer resistance became 

predominant. Also, because reaction (1) became .competitive:with 

reaction (2) at low flow rates, the unreacted carbon in the reactor 

could react with SO . . . ,  . .  . . .2 ' 
3C + 2so2 -+ co2 + S2 + 2CO 

to reduce SO concentration. Therefore, equilibrium SO concentration 2 2 

could not, be obtained merely by lowering the flow rates. 

Using the decaying portion of the SO concentration profiles, 
2 C 

e 
plots of log (- - 1) versus time (Ce=lO% at 1 0 0 0 ~ ~ .  1 atm) were then C 

made as shown in Figure 6. ' Straight lines could generally be obtained 
. . 

for SO concentration larger than 0.1%. Except for low carrier gas 2 

flow rates (2 10 sccm) about the same values of the slopes of these 

lines were found. Plotting the intercepts from Figure 6 against 



r e c i p r o c a l  flow r a t e s ,  a s  shown in .  F igure  7 ,  a l s o  gave a  l i n e a r  

r e l a t i o n s h i p .  'F rom' these  r e s u l t s ,  it i s  a p p a r e n t . t h a t  . the  above 

niathemati'cal expressions (eqdat ions  (12) .and (13.) ). .can be. used t o  

desc r ibe  t h e  r e a c t o r  performance. . . 

The 'above experimental  r e s u l t s  i n d i c a t e .  t ha t . . va lues  of BE ( c . f .  

.F igure  2b) were too smal l  t o  have equ i l i b r ium SO concent ra t ion .  To 
2 

e n l a r g e  i t s  magnitude.without  changing gas ve loc i ty . , and  r e a c t i , o n  

temperatures ,  one can only i n c r e a s e  t h e  s o l i d  loading  pe r  u n i t  volume 

and/or  the l eng th  of t he  r e a c t o r .  Since too much loading.  reduces 

so l id-so lzd  mixing, a  l a r g e r  s i z e  r e a c t o r  is, r equ i r ed  . to ob . ta in .h igher  

e x i t  SO concentration:- Curren t ly  a  r o t a r y  q u a r t z  r e a c t o r  w i t h  a  3  f t  2  

r e a c t i o n  zon'e,.is under.. cons t ruc t ion  and w i l l  be  completed i n  , t h e  nex t  

q u a r t e r .  With t h e  new appa ra tus ,  a  s e r i e s  of experimen.ts w i l l  be  

conducted t o  i n v e s t i g a t e .  t h e  r e a c t i o n  k i n e t i c s  under t h e . : e f f e c t s  of 

r e a c t a n t  s i z e s , :  sources  o r  reac tan ts . ,  e x t e n t  of. s .u l fa t ion , -  .etc..: and t o  

o b t a i n  the  necessary  d a t a  f o r  f u t u r e  des ign  of t he  r o t a r y  k i l n .  

r egene ra t ion  process .  . ., - 

.C. I r o n  Oxide Catalyzed . S u l f a t i c n  and Regenera.tion (R. T. Yang, 
M-S. Shen, and J .  Pruzansky 

' ,  - A .  . . . . . .  . . .  ... 

(1) In t roduc t ion  
. . . . 

For f luidized-bed combustion of c o a l ,  l imes tones  a r e  t h e  
, . .  . - 

. , ,  
. . 

p r i n c i p a l  bed m a t e r i a l s  being considered f o r  t h e  s o r p t i o n  of SO 
. . . .. . ,  ' I  

2 ' 
' . .. . 

However, t he  r a t e  of SO cap tu re  by t h e  so rben t  i s  r a t h e r  low. The 
. . . . 

- 2  . ,  
* .  . . . . 

use  of a d d i t i v e s  i n  a  f luidized-bed c o a l  combustion system t o  i n c r e a s e  

t h e  SO - so rp t ion  c a p a b i l i t i e s  of l imes tone  has rece ived  cons ide rab le  
2 .  . ' . . _ . I  



a t t e n t i o n .  One of t h e  processes  being developed i n  t h i s .p rog ram i s  t o  

u t i l i z e  i r o n  compounds f o r  t h e  enhancement of t h e  SO . s o r p t i o n  of 
2 

l imestones.  It has  been shown t h a t  t he  i r o n  oxide n o t  on ly  c a t a l y z e s  

t h e  s u l f a t i o n  r a t e  b u t  a l s o  i n c r e a s e s  t h e  capac i ty  f o r  SO absorp t ion .  
1 

2 .  

It is t h e r e f o r e . a n  o b j e c t i v e  of t h i s  s tudy  t o  provide  a method f o r  

prepar ing  l imestone s o  as t o  improve i ts  SO removal p r 0 p e r t i . e ~  i n  
2 

f luidized-bed combustion and i n c r e a s e  t h e  calcium u t i l i z a t i o n .  

I r o n  oxides a r e  a l s o  shown t o  a c c e l e r a t e  t h e  r egene ra t ion  of t h e  

l ime from t h e  s u l f a t e .  Therefore,  t h e  l imestones w i t h  impregnated 

i r o n  oxide and c a r r i e d  over  from t h e  combustor i n c r e a s e  t h e  regenera- 

t i o n  r a t e .  On t h e  o t h e r  hand, i f  t h e  r egene ra t ion  of s u l f a t e d  

so rben t s  i s  n o t  economical, t h i s  process  a l s o  provides  a method f o r  

once-through systems t o  reduce t h e  1ime.requirement due t o  t h e  improved 

SO s o r p t i o n  by t h e  l ime.  2 

(2) Experimental 

( a )  S u l f a t i o n  System 

Mate r i a l s  

The uncalcined Greer l imes tone  (16/20 Tyler  mesh) were dipped 

o r  soaked i n  Fe (SO ) aqueous s o l u t i o n  of ab.out 2 t o  3 molar concentra- 
2 4 3  

t i o n  a t  room temperature f o r  30 minutes.  The t r e a t e d  samples were 

a i r -d r i ed . .  The unused f e r r i c  s u l f a t e  powder was s i eved  ou t  and d isso lved  

i n  water  t o  be reused f o r  f r e s h - l i m e s t o n e .  The t r e a t e d  sample contained 

about 0.5 t o .  1.5- weight percent  Fe 0 (based on CaO) depos i ted  on t h e  
2 3 

uncalcined l imestone.  The i r o n  con ten t s  were determined by atomic 

absorp t ion  techniques.  . . 



. . Apparatus  and ~ r o c . e d u r e .  . , ' : . . 

1 ) 

For,TGA s t u d i e s ,  t h e  a p p a r a t u s  u s e & . f o r  t h e  s u l f a t i o n  rat.e- . 

measurements was t h e  duPont, thenno-analyzer  .Model 9.51::.:A s m a l l  q u a r t z  : : 

2  
b o a t  w i t h  a n  area of abou t  0..6 cm was used as t h e  s a m p l e . h o l d e r ' . '  A' 

q u a r t z  tube;  packed w i t h  a lumina c h i p s  and housed i n  a' t u b u l a r :  ': '1 

f u r n a c e  s e r v e d  a s  t h e  p r e h e a t e r  f o r  t h e  r e a c t a n t  gases, .  ~ b o d t  40: hg 

of  u n c a l c i n e d  Greer Limestone s a ~ ~ l p l e  (16120 Tyler .mesl i )  was ' s p r e a d  i n  

a t h i n  l a y e r  on t h e  h o l d e r .  a s  t h e  - s o l i d  r e a c t a n t .  .The samples.weir&.. 

0 c a l c i n e d ,  and s u l f a t e d  . s i m u l t a n e o u s l y  .at 900 C w i t h  a s i m u l a t e d  combus-. . 

t i o n  g a s  (0.25% SO 1 7 %  C02, 5% 02 ,  5% H 0 and b a l a n c e  N 2 )  f lowing  2 ' 2  

o v e r  t h e  sample s .urface  a t  a  v e l o c i t y  o f ' a b o u t . l 0 c m / s e c .  Th is  . . 

v e l . o ~ i t j r  was p rede te rmined  t o  .be  h i g h  enough t o  minimize . g a s .  f i l m : -  ' ' - 1  

d i f f u s i o n  r a t e .  . . The. steam i n  ... t h e  r . e a c t a n t  g a s  was g e n e r a t e d  by ~ . b u b b l i n g ' '  

t h e  i n e r t  c a r r i e r  g a s  (N ) through a w a t e r  b a t h  b e f o r e  en.te.ring. '  t h e  . ' * ' ! , '  

2 

p r e h e a t e r .  The b u b b l e r  was j a c k e t e d  and w a t e r  was c i r c u l a t e d .  i'n t h e  

j a c k e t  from a c o n s t a n t  t e m p e r a t u r e  w a t e r  b a t h .  

A q u a r t z  f l u i d i z e d - b e d  s u l f a t o r  was used f o r  s t u d i e s  under  more I . ' . :  

r e a l i s t i c  cond i t ions :  The f l u i d i z e d - b e d  was 4.0-mm I d ,  11-cm.ldng w i t h  

a 56-mm I D ,  12-cm. l o n g  f r e e  board and a q u a r t z  f i t t e d  p l a t e  as ' t h e .  g a s  

d i s t r i b u t o r .  S o l i d  samples  were  loaded  * i n t o  t h e  bed"and were  'f.luid'i-zed 

w i t h  a s i m u l a t e d  combustion gas.. .The gas' was f i r s t  p r e h e a t e d  t o  8 0 . 0 ~ ~  

by p a s s i n g  th rough  a q u a r t z . t u b e  packed w i t h  a lumina c h i p s  and , , 

h o u s e d . i n  a  t u b u l a r  f u r n a c e .  The s team w a s  c a r r i e d  by n i t r o g e n '  g a s  . . 

p r i o r  t o  e n t e r i n g  t h e . p r e h e a t e r .  The p r e h e a t e d  g a s  w a s  h e a t e d  t o  . . ' 

t h e  o p e r a t i n g  t empera tue  ( 9 0 0 ~ ~ )  i n  t h e  f l u i d i z e d  bed by. t h e  s u l f a t o r  - :,. 



furnace .  The p r e t r e a t e d  samples were dropped i n t o  t h e  prehea ted  

r e a c t o r i w i t h  prehea ted  s u l f a t i n g  gas  mix ture  f lowing through it .  

A f t e r  each .run, t h e  CaSO' c o n t e n t s  i n ' t h e  s o l i d  samples were determined 4 

by t h e  thermal  decomposition of about 100  mg s u l f a t e d  s t o n e  (16120 

. . mesh) i n  N2 f low a t  1 3 0 0 ~ ~ .  
. .  , 

(b) Regeneration System 

Mate r i a l s  

The s u l f a t e d  Greer . l i m e s  tone was from our  f  lfiidized-bed s u l f a t o r  

and t h e  s i z e  used i n  t h e  r egene ra t i on  was 16/20 Tyler  mesh. The 

f l y  a sh  from Sewickley c o a l  was k ind ly  supp l i ed  by Argonne Nat ional  

Laboratory from t h e  secondary cyclone of t h e i r  6-in. combustor. The 

f l y  a s h  conta ined  8.55% carbon, 8.91% ~a", 2 . 8 9 % ~ ,  8.49% SO;, 3.76% 

M ~ *  and 1.09% CO;. 

Apparatus and Procedure 

I n  TGA s t u d i e s ,  t h e  ~ e t t l e r  TA-1 was used f o r  t h e  r egene ra t i on  

r a t e  measurements a t  1 0 0 0 ~ ~ .  A shal low q u a r t z  sample ho lde r  w i t h  an 

2 
a r e a  of about 1 . 5  c m  was used i n  t h e  experiments .  The m a t e r i a l s  were 

regenera ted  i n  a f low of dry  and p u r i f i e d  N a t  a v e l o c i t y  of about  
2 

8 cmlsec; a v e l o c i t y  h igh  enough t o  ensu re  t h a t  t h e  p a r t i a l  p r e s s u r e  
. . 

of SO was zero and t h e r e  were no '.mass t r a r i s f e r  e f f e c t s  on t h e  r a t e .  
2 

Nitrogen gas  was passed through a tube packed w i t h  copper t u r n i n g s  

0 
he ld  a t  600 C f o r  r e s i d u a l  oxygen removal b e f o r e  f lowing o v e i  t h e  

sample. 

The .appara tus  and experzmental procedures  of t h e  r o t a r y  k i l n  

. . 
were descr ibed  i n  our  q u a r t e r l y  p rog re s s  r e p o r t  No. 6 .  



- , 
Resu l t s  and Discussion ,,.- ,, , . .~ . . . . . .  .. . -. 

, . .  

The s u l f  a t i o n  r a t e s  .. of t h e  Greer.  . l imestone .were compared- w i t h  

, , 
those  coated .. . o r  impregnated,,with f e r r i c ~ u l f a t e  in. TGA.' .:Each ekpkri-  

* .' 

ment l a s t e d  f o r  f i v e . h o u r s .  Blank t e s t  was run  under c a l c i n a t i o n  

cond i t i on  (17% C02, 5% 02,  5% H 0 and balance N a t  900'~)- w i thou t  ' 
2 2 

SO t o  provide t h e  b a s e l i n e  f o r  s u l f a t i o n  i n  t h i s  simultaneous 2 

c a l c i n a t i o n  and s u l f a t i o n  experiment.  I r o n  s u l f a t e  was also..: . ' .  

decomposed t o  i r o n  oxide a t  t h e  j .n , i t ia l  s t a g e  of t h e  experiment.  A s  

shown i n  F igure  8,, t he  s u l f  a t i o n  r a t e  of t he  Greer l iaies tune ' impregnated 

. . 
wi.th f e r r i c  s u l f a t e  i s  h igher  than t h a t , o f  t h e  uncoated Greer . '  

. * 

l imestone.  , . .  
. . < .  k '  

. . W i t h . t h e  f luidized-bed s u l f a t o r ,  l ime utilization~was'measured 
. . . . 

by the  uptake of SO a £  ter f i v e  hours  of simultaneous c i i d i n a t i b n  and 
3 

s u l f a t i o n .  Twenty grams of t h e  p r e t r e a t e d  Greer 1-imestone' (1'612'0- 

mesh) were s u l f a t e d  a t  9 0 0 ~ ~  w i t h  0.25% ,SO2, 5% 02 ,  5% steain and ba lance  

N a t  3 f t l s e c  s y p e r f i . c i a 1  ve loc i fy .  The SO cont'ents: i n  the. , r&&ted 2 .  3 
> .  . 

samples determined by- thermal  decomposition a r e  a s  fol lows:  . . -  

. . 
Untreated Greer l imestone:  14.9% 

Greer l imes tone  w i t h  0.5%. Fe (SO ) impregnated: . 18.;7% : 
2 4 3  

. . 

Greer l imes  tone wi th  1.0% Fe (SO ) impregnated: . 20.7%"'.". : : 
2 4 3  

The r e s u l t s  show t h a t  l ime u t i l i z a t i o n  is  .enhanced by about .-20%'with . . 

0.5% Fe2(S04),3 impregnated . .  Greer . . l imestone and about 30% w i t h ' . l ; O %  ' . -  

. . , 
Fe (SO ) impregnated. . . 

2 4 3  

Other i r o n  s a l t s  which can be r e a d i l y  d isso lved  i n  wa,ter and 

decomposed t o  i r o n .  oxide .below c0mbu.s t i o n  temperature a r e  s u l - f i t & ,  .: 



. . 
oxalate., acetate, f ormate, and nitrate .' ' Nitrates are in theory useful 
but in practice provide noxious nitrous gases upon decomposition, and, 

therefore, its use .is questionable. Work is in arogress on the effects 

of using different ' kinds df salts. 

Iron is employed in view of its'relatively low cost and its 

existence in significant amounts in coal ash. Salts of other transition 

metals, preferrably Co and Ni, have also been examined. Six samples 

o1 Greer limestone to which salts were added were heat treated in N2 

at 9 0 0 ~ ~  for. two hours. The treated samples were tested for their 

sulfation capabilities in TGA (duPont 951) under identical conditions. 

The results are as follows: 

Sample No. Coating Additions percent Sulf ation 

1 Uncoated 24.1% 

3 2% FeSO .7H20 
4 26.3% 

4 '  2% Co SO4 7H2'0 25.6% 

5 2% NiS04 -7H20 25.6% 

6 1% Fe2(S0 ) + 1% CoSO4..7H20 
4 3 27.0% 

7 1% FeSO -7H20 + 1% CoS04.7H20 4 26.1% 

The sulfates/sulfites were pre-decomposed before TGA experiments. The 

results of SO absorption indicate that sample No. 2 showed a higher 2 

level of absorption compared to sample No. 1, while sample Nos. 3, 4, 

and 5 showed measurable improvement over the uncoated sample No. 1. 

Iron oxide also catalyzes regeneration.' Figure 9 shows that in 

TGA, with 2% Fe 0 physically added, the rate of reaction 
2 3 

3CaS04 + CaS + 4S02 + 4Ca0 



( t h e  c o n t r o l l i n g  s t e p  of r egene ra t i on  o f .Ca0)  i s  inc reased  g r e a t l y , . i n  
, . . .  . . 

t h e  f i r s t  f i v e  minutes .  . . . .. . . . . . . .  . 
, . 

The r egene ra t i on  r a t e s  f o r  t h e  s u l f a t e d  Greer 1imesCones . . and t h e ,  

s u l f a t e d  Greer l imes tone  impregnated w i t h  i r o n  oxide a r e  compared i n .  ., 

F i g u r e l o .  A l l  t h e  r egene ra t i on  experiments were done . .  wi th  . high  flow 

n i t rogen .  The samples from our  f lu id ized-bed  s u l f a t o r  a r e . r e g e n e r a t e d -  .. 

w i t h  f l y  ash  con ta in ing  unburnt carbon . . .  The r a t e  . . of r egene ra t i on  . , - . f o r  .. 

t h e  su l fa t . ed  Greer  l imes tone  w i t h  1.1% Fe 0 coated was highe.r . i  
. . 2 3  , . . 

Work on k i l n  r egene ra t i on  o f . t h e  s u l f a t e d  ,Greer . l imes tone  imp.regnated 

wi th  i r o n  oxide i s  in . l? rogress .  F i g u r e 1 1  shows p a r t i c l e  s i z e  d i s t , r i bu -  . ,  

t i o n s  of t h e  s u l f a t e d  Greer l imes tones  w i t h  and witho.ut i r o n  oxide  . .. coate? 

a f t e r  f i v e ,  hours of s u l f a t i o n  i n  t h e  f lu id ized-bed  s u l f a t o r .  I? appears  
. . , .., . . ,  . 

t h a t  i r o n  oxide impregnat ion d i d  no t  weaken t h e  s u l f a t e d  . . .  p a r t i c l e .  

I n  ~ ~ r d e r  . t o  r e l a t e  t h e  p o r o s i t y  measurements to . - . su l fa t ion  r e a c t i v i t y ,  

samples of t he  Greer l imes tone  w i t h  and wi thout  i r o n  oxide c o a t i n g ;  

were ca l c ined  under  i d e n t i c a l  cond i t i ons  ( I  hour a t .  9 0 0 ~ ~  i n  N ) .  .The 2 

p o r o s i t y  curves  of accumulated pore volume ve r sus ,po r . e  diameter  f o r  

t h e  two samples a r e  presen ted  i n  F i g u r e l 2 .  Unlike t h e  a d d i t i n n  o f , ,  
. . 

NaCl t o  l imes tone  i n  which t h e  average pore .diameter,  s h i f t s  t o  a  l a r g e  
. . 

2 
s i z e  upon c a l c i n a t i o n  ,,: impregnating t h e  . l imestone wi th  i r o n  oxide. :  ., .,, . 

I .  
.. . 

d i d  no!: change . ,  t h e  - , .  , s , ize  of the. .average, pore d i~me te : r , . . by t . . c aused  a  . .  . , . 

dec rease  i n  t o t a l . p o r o s i t y .  It is  be l i eved  t h a t  most s u l f q t i o n  . .. . t a k e s  : . . 

p l a c e  i n ,  l a r g e r  p o r e s  ( 2 . 0 . 3  pm) and t h a t  pores  sma l l e r .  than.  0.3, . ,pm. . . , !  

a r e  r e l a t i v e l y  ea sy  t o  be  c lo sed  upon ~ u l f a t i o n . ~  The e n h a n c e p n t  of 

s u l f a t i o n  by impregnat ing w i t h  i r o n  oxide  may.be due t o  a  chemical .  
. .  . . . 



e f f e c t  r a t h e r  than a pore-enlargement e f f e c t .  The o t h e r  evidence i s  
, I  

t h a t  t h e  s u l f a t i o n  r a t e s  at a higher  p re s su re  (10 atm) f o r  Greer l ime 
. . . . .  . . . . 

. - 
were no t  increased  s i g n i f i c a n t l y  by ' impregnating i t  wi th  i r o n  oxide. 

Resu l t s  and d i scuss ion  of t he  h igh  p re s su re  measurementswere given 

. i n  t h e  previous  q u a r t e r l y  r e p o r t >  (No. 7) . 
D. Reac t iv i ty  of t h e  Reconstructed CaSO (M-S. Shen, R.. T. Yang) 

4 

It has  been suggested by D r .  W. E; Winsche 0-f t h i s  Laboratory 

t h a t  t h e  morphological and. s t ructura1 ' ;changes undergo.ne ' in t h e  follow- 

i n g  scheme may.- e f f e c t  a  higher . .  o r  d i f f e r en t .  r e a c e i v i t y  ' of t h e  sul.5ate 

f o r  regenera t ion :  .- . .  . - . . , . . . 

Experiments . . 'are. being,. conducted: , t o  : &amin;, , t h i ~  p o s s i b i l i t y  and t h e  
. .. . . . , .  . , . . . .  . ., . . 

informati0.n. may be  u s e f u l  f o r  advanc.ed a p p l i c a t i o n s .  CaSO was f i r s t  
. . .. . . , . .  . 4 

converted t o  CaS by ca rbon  a t  9 0 0 . ~ ~  i n  n i t rogen  flow and subsequent ly - .  , , .. , 

t h e  CaS w a s ,  r eac t ed  wi th  oxygen., (20% 0 2 ,  8 0 %  N2) t o  form CaS04. The 
- , .  

sample m a t e r i a l  s tud ied  . . .  he re  was,.Baker AR gradg, ?70/4.00 mesh s i z e .  
. . ,  . , < '  . -. . .:. . . .  

The r e a c t i v i t y  o f  t h e  o r i g i n a l  CaSO and the  r econs t ruc t ed  CaS04 !: 
. . - . .  . . .  . 4 .  .. . 

were compared, v i a  t he  fol lowing re ,act ion:  . , . , . 
: . . . .  .. . . . .. . . . 

CaS04 + CO CaO .+ CO + SO . 
2. . 2 . . .  . : .  . . . .  

The r e s u l t  shows t h a t .  the. s t a r . t i n g  temperature of t h e  above, 

r e a c t i o n  f b r  t h e  rec,onstructed, C ~ S O .  i s  about 5 0 ' ~  lpwer than t h a t  of . , 
. . .  . , .. - . .  4 - .  

t h e  o r i g i n a l  CaSO 4 '  ..: This i n d i c a t e s . t h a t  t h e  r e a c t i v i t . ~  of t h e  . .  . , 



. ..- . , 
, . 7; ;. reconstruct 'ed CaSOL i s  indeed h igher .  ' ' 

. . .  .: . . 

E. High Temperature ~ e ~ e n e r a t i ' o n  ' ~ h e m i s f k ~  (J: M. Chen, . F. B. Kainz, 
G. Farber ,  and R. T. Yang) . 

(1) In t roduc t ion  . . . .  

The r e a c t i o n  schemes c u r r e n t l y  being considered f o r  regenera- 

t i o n  of t h e . s u l f a t e d  1ime;from f l u i d i z e d  bed combustor can be w r i t t e n  
. . 

i n  t h e  genera l  form: 

Where R i s  t h e  r educ tan t .  The r educ tan t s  be ing  considered are COY 

C,  H2,  and CH4. The success  of us ing  t h e  above process  f o r  l ime 

regenera t ion  on a  l abo ra to ry  s c a l e  has  been r epor t ed  i n  a  number of 
. . 

r e f e rences .  2 y  5'6 " I n  a l l  t h e s e  processes ,  t h e  r e a c t i o n  temperatures  were 

i n  t h e  range of 9 5 0 ' ~  t o  1 2 0 0 ~ ~ .  

The main o b j e c t i v e s  of a  regenera t ion  process  a r e  a s  fol lows:  

(1) t o  ob ta in  high r e g e n e r a b i l i t y  with. a  s h o r t  s o l i d  r e s idence  t i ~ e ,  

(2) t o  ob ta in  a  h i g h  SO . p a r t i c l e  p re s su re  (high concent ra t ion)  f o r  
2  . . . . 

purposes .o'f conversion t o  H:SO o.r e lemental  s u l f u r ,  . ( 3 )  t o  r e t a i n  
2 4 , 

l ime r e a c t i v i t y  f o r s u l f a t i o n .  Rates  of r egene ra t ion  and SO2 

concent ra t ions  inc rease  w i t h  inc reas ing  temperature,  b u t  t h e  r e a c t i v i t y  

of t h e  regenerated l ime decreases  wi th  increasing,temperature.., The 

latter e f f e c t  becomes more pronounced w i t h  temperatures  h igher  than  

1 0 0 0 ~ ~  due t o  s i n t e r i n g .  Because .of t h i s  e f f e c t  s e l e c t i o n  of t h e  

opt imal  regenera t ion  tempera ture .  is  -an important  t a sk .  

Using r educ tan t s  t o  r egene ra t e  t h e . s u l f a t e d  l ime,  r e a c t i o n  (22) 

11 
has  been found t o  proceed i n  two consecut ive s t e p s  



CaS04 + ?R +- CaS + 2R02 (23) '  

CaS + 3CaS04 +- 4Ca0 + 4S02 (24) 

I n  t h i s  two-step r e a c t i o n  mechanism, t h e  second common s t e p ,  

r e a c t i o n  (24) i s  t h e  r a t e  c o n t r o l l i n g  s t e p ,  e s p e c i a l l y  a t  low tempera- 

t u r e s .  That is, t h r e e  moles of CaSO r e a c t  w i t h  one mole of CaS, 
4  . . 

formed from t h e  r educ t ion  r e a c t i o n  (23) ,  t o  produce CaO and.S02. Thus, 

thermodynamics of r e a c t i o n  (24) d i c t a t e s  maximum a t t a i n a b l e  SO concentra- 2  

t i o n  i n  t h e  gas phase; i t s  va lue  i n c r e a s e s  from 0.05 atm a L  9 5 0 ' ~  t o  0 .1  

atm a t  1 0 0 0 ~ ~  and t o  0.5 atm a t  1 1 0 0 ~ ~ .  Our experimental  results1' showed t h a t  

0 more than 7% SO2 c n m ~ o s i t i o n  a t  1 atm (0.07 atm) could be obta ined  a t  1000 C 

r egene ra t ion  temperature (22) which i s  only 30% below equi l ibr ium.  

I n  t h e  SO - r i c h  r e a c t i n g  systems, r e a c t i o n  (24) may no t  b e  t h e  2  

s o l e  r e a c t i o n  occurr ing .  Both CaS and CaO may a l s o  i n t e r a c t  w i th  

SO2 gas.  Thermodynamics i n d i c a t e  t h a t  t h e  fo l lowing  r e a c t i o n s  a r e  

f e a s i b l e  a t  h igh  temperatures  : 

114 C ~ S  + 314 CaS04 * CaO + SO2 (25) 

+- 
213 CaO + SO2 + 213 CaS04 + 116 S2 (26) 

-+ 
CaS + 2S02 * '  CaS04 + S 

2  

+- 
312 CaS + 112 CaS04 -+ 2Ca0 + S2 (2% 

+- 
CaSo4 -+ CaO + S O ~  (30) 

The equ i l i b r ium cons t an t s ,  K ' S  f o r  t h e  above r e a c t i o n s  a r e  

p l o t t e d  a g a i n s t  1 /T  i n  F i g u r e l 3 .  Because of t h e  p o s s i b l e  occurrence 



of the above reactions, it is important to understand the chemistry 

of high temperature lime regeneration process. 

It is worth mentioning here that the calcium sulfide and sulfate 

reaction has been used earlier for sulfuric acid manufacturing 8,9 

. . .  

in which producing an SO -rich off gas was the main objective, and 2 

the temperature effect on lime reactivity was not of importance. 

However, to employ the same reaction for the purpose of recycling lime 

sorbents, lowering regeneration temperature is most desirable. Since 

the available information about the chemistry and rates Lp to now are 
very scarce, it is the objective of this work to investigate this 

high temperature chemistry. The reactions considered are CaS with 

CaS04, CaO with so2, and CaS with SO2. 

(2) Results 

(a) CaS With C ~ S O ~  

Previous experiments done by Shen, presented in BNL 

quarterly report No. 7, in which a CaS pellet and a CaSO pellet, 4 

separated by a quartz ring, were heated to 9 0 0 ~ ~  and 1 1 0 0 ~ ~  for two 

hours. The product samples were found to remain in their o r i g i n a l  

shapes but both CaS and CaS04 had been converted to CaO. This result 

indicated the existence of gas intermediates to carry out the apparent 

solid-solid CaS and CaSO reaction. 4 

Based on the above finding, the reaction mechanism for the 

reaction is postulated as: 



3-x 
CaS + 350 + 3(7j-) O2 + CaO + 4S02 

x 
(32) 

That is, the gas intermediate is produced from CaSO decomposition and 4 

then the gas cracks CaS to form CaO and SO The possible chemical 2 

compounds considered as gas intermediates are 0 , SO2, and SO3. To 

determine which gas is the controlling intermediate, the reaction 

product of CaS with each of the gases was measured. The results are 

listed in the following: 

2.a.l. CaS with SO2 

A Cahn thermobalanee was used for measurements. Results of the 

0 
weight changes of CaS with 8% SO in N2 at 1000 C are given in Figure 2 

14. The samples gained weight rather than lost weight. This weight 

apparently indicated that SO was not the gas intermediate. X-ray 2 

diffraction analysis showed formation of CaSO 
. : 4' . 

2.a.2. CaS with 

The reaction products between calcium sulfide and oxygen have 
. . . .  . 

been known to be calcium sulfate at low temperatures; but to be 

calcium oxide and sulfur dioxide at high temperatures. Since CaS 

with CaSO reaction starts from 900°c, if oxygen is the intermediate, 
4 

the reaction between CaS and 0 should form CaO and SO at these 
2 2 

temperatures. Experimental results of CaS with 0 (20% in N ~ )  at 2 
0 

1000 C are shown in Figure 14. Again, the CaS sample gained weight 

from oxygen gas-.?. X-ray diffraction also indicated the formation of 



2.a.3. CaS wi th  SO 
3 

Before experimenting SO w i t h  ' CaS r e a c t i o n ,  t h e  thermodynamics of 
3  

t h e  ,f 01-lowiilg. r e a c  t i o h  was examined : 

. . CaS + 3S03 CaO + 4S02 
(33) 

P l o t s  of equ i l i b r ium cons tan t  ve r sus  r e c i p r o c a l  temperature a r e  

g iven  i n  ? igu re  1 5  ; the  high equi l ibr ium cons t an t  va lues  s t r o n g l y  

sugges t  t he  f e a s i b i l i t y  of t h i s  r e a c t i o n .  For i n s t a n c e ,  a t  1 0 0 0 ° ~ ,  t h e  

- 7 equi l ibr ium SO p a r t i a l  p re s su re  f o r  CaSO decomposition i s  0.8 x 10  
3 4 

atm. With t h i s  va lue ,  t h e  equ i l i b r ium p a r t i a l  p re s su re  of SO i s  
2 

0.093 atm. 

  he' r e a c t i o n  of CaS wi th  SO was measured i n  a  t ubu la r  r e a c t o r .  
3  

Argon was used a s  t h e  c a r r i e r  gas which bubbled through an  SO l i q u i d  
3 

con ta ine r  ( s e e  ~ i g u r e  25) t o  t h e  CaS samp1.e ( p e l l e t i z e d )  conta in ing  

r e a c t o r .  To s tudy  t h i s  r e a c t i o n ,  c a r e  was taken t o  avoid t h e  p o s s i b l e  

r e a c t i o n  between CaS and CaSO t o  produce CaO ( i f  CaSO could be 4 4 

formed from CaS + 'SO' ), which may c r e a t e  mis leading  information.  S ince  
2 

p r a c t i c a l l y  no ' r e a c t i o n  between CaS and CaSO could occur a t  temperatures  
4 

0 
below 9CO C ,  t h e  r e a c t i o n  temperature fox CaS + SO was con t ro l l ed  3 

a t  800°c.' 'Also becaus i  SO can r e a c t  r a p i d l y  wi th  CaO t o  form 
3 

4 3 
"rium CaSO ' (unless  thk 50 p a r t i a l  p re s su re  i s  l e s s  than equi l i '  

deco~np'osition va lue ,  'So3 < atm a t  ~ J o O C ) ,  t o  ~ G e v e n t  C ~ O  

formed through r e a c t i o n  (33) from be ing  converted t o  CaSO SO w a s  
4 '  3  

puksed i n t o  t h e  r e a c t o r .  

Two experiments were niade w i t h  pu l s ing  t ime i n t e r v a l s  of 1 s e c  

and 15 s e c  and wi th  about  0.5% SO i n  t h e  gas s t ream (determined from 3 



the partial pressure of SO ). The product pellets were then analyzed 3 

by thymolphthalein indicator solution (pH 9 i3-10.5). When a few 

drops of thymolphthalein solution were,applied to the surface of 

these pellets, the color of product pellets immediately turned blue. 

However, the samples of pure CaS and pure CaSO remained their own 
4 

colors. This indicated that CaO was contained in the solid sample. 

X-ray diffraction also showed that both CaS and CaS04 also existed in 

the sample. The CaSO content is believed to be due to the CaO and 
4 

SO reaction. 
3 

From the above investigation, it is clear that SO can react with 
3 

CaS to form CaO. In the sulfide-sulfate reaction, SO is produced 
3 

. . 

through the sulfate decomposition, its partial pressure is less than .. 

the equilibrium value at any given temperature. Because of this, the 

product CaO formed from the CaS SO reaction will not be converted 
3 

. . 
back to CaS04. Hence, it can be concluded that SO is the gas inter- 

3 

mediate for calcium sulfate-sulf ide reaction; T"l?us, 'the rate 
. .  . 

mechanism is: 

3CaS04 -t 3Ca0 + 3S03 
. , 

CaS + 3S03 + CaO + 4S02 

2.a.b. Reaction Kinetics 

After establishing the reaction mechanism, work was conducted to 

determine the rate controlling.step for the sulfide-sulfate reaction. 

To do this, one can see that if the sulfate decomposition, reaction (30), 
. . 

is rate controlling, by keeping a constant amount-of CaSO the weight. .. 4 ' 
change with respect to time will not be effected by the CaS amount, 



provided enough CaS i s  p re sen t  i n  t h e  mixture f o r  t o t a l  conversion. 

However, i f  t he  CaS r eac t ion  with.  t h e  gas i n t e rmed ia t e  i s  r a t e  cont ro l -  

l i n g , . t h i s r a t e  w i l l  be  a f f e c t e d  by t h e  CaS content .  With the  above 

th ink ing  i n  mind, experiments were conducted i n  a  Cahn TGA appara tus .  

Salnples of CaS and CaS04:were mixed i n  a  sample pan, and t h e  weight 

changes of t h e  sample were followed. The experimental  condi t ions  

were as fol lows:  

Temperature: 1 0 0 0 ~ ~  

Sample : 

270 reagent  CaSO .2H20 (- mesh) 
4 400 

reagent  CaS (s mesh) 

Gas composition: pure,N 2 

Gas flow r a t e s :  1000 sccm 

Figure  1 6  gives  t he  experimental  r e s u l t s .  With a  f i x e d  amount of 

Ca?& (27 mg) , t h e  weight loss: r a t e s  f o r  t h e  samples w i t h  4.5 mg CaS, 

and 9.6 mg CaS a r e  e s s e n t i a l l y  t h e  same (4.8.mg CaS i s . t h e  s t o i c h i o m e t r i c  

amount f o r  27 mg CaS04). Reducing t h e  CaS04 content  w i th  t h e  same 

smount of CaS g ives  slower r a t e s .  From these  d a t a ,  i t  i s  c l e a r  t h a t  

calcium s u l f a t e  decomposition i s  the  r a t e  c o n t r o l l i n g  s t e p .  

One comment must be mentioned he re  about t h e  thermal decomposition 

of CaSOL. Numerous i n v e s t i g a t i o n s  of t h i s  r e a c t i o n  have been made 

and h a v e r e c e n t l y  been reviewed by Co luss i  and Longo. 
10  The r e a c t i o n  

r a t e s  of CaSO without  CaS presence were found t o  be much lower than  
4 

wi th  CaS p re sen t  under t h e  same r e a c t i o n  condi t ions .  The reason f o r  

t h i s  i s  t h a t  t h e  equi l i f i r ium decomposition p a r t i a l  p re s su re  of SO i s  3 



. : - 7 
very  ' lob,  e .g. 0 .8  x 10  atm a t  1 0 0 0 ~ ~ .  The gases  evdived from t h e  

CaSO dec6mpdkition tend t o  h inder  the' proceks,  i n  accordance w i t h  t h e  4 
" ,  

laws of chemical equi l ibr ium.  wi th  t h e  presence of CaS, t h e  evolved 

gases  a r e  cont inuously removed, t h e  e q u i l i b r i a  of reac t ion '  (30) a r e  
. . . . 

quickly  d i sp l aced  t o  t h e  r i g h t .  This  causes a  change i n  t h e  tempera- 
. . 

t u r e  a t  which t h e  beginning of decomposition can be  experimental ly  

determined. Therefore,  t he  measureable r e a c t i o n  temperature f o r  CaS 

and CaSO i s  about 900°c, while t h a t  f o r  CaSO decornpositidn i s  4 4 

above 1 1 0 0 ~ ~ .  ~ h i i  may a l s o  be t h e  reason  why t h e  decomposition 

r a t e s  of CaSO were enhan'ced under vacuum o r  w i th  steam.' 
4  

E.  React ion Kine t i c s  

F igure  17 d e p i c t s  t h e  r e s u l t s  of conversion,  X ,  ve r sus  t ime f o r  
, . ,  

270 mesh) r e a c t i o n s  a t  t empera tures  of 900°c, s u l f i d e - s u l f a t e  ( s i z e s  : - 
400 

. . 
9 5 0 ' ~  and 1 0 0 0 ~ ~ .  The flow rates f o r  t h e s e  r e s u l t s  w&d c o n t r o l l e d  

. . 

a t  1000 sccm. P l o t s  of l o g  (1-x) v e r s u s  time is  shown i n  F igu re  1 8 ,  
.. .. 

a r e  s u b s t a n t i a l l y  l i n e a r  (because t h i s  apparent  s o l i d - s o l i d  r e a c t i o n  

.' . 
begins  t o  l o s e  weight be fo re  reaching  i so the rma l  measured temperatures ,  

t h e s e  s t r a i g h t  l i n e s  would ndt  necessar i ' ly  c r o s s  t h e  v e r t i c a l '  axis '  a t  
. 

va lue  1 a t  time zero). ~ h k s e  l i n e a r  r e s u l t s  i n d i c a t e  t h a t  t h e  r e a c t i o n  
. . 

orde r  w i t h  r e spec t  t o  s o l i d  concen t r a t ion  i s  f i r s t  'order .  

By express ing  t h e  r e a c t i o n  r a t e s  a s  

where S i s  t h e  s o l i d  concen t r a t ion  and i; i s  t h e  r a t e  cons t an t ,  i nc lud ing  

e f f e c t s  of gas  concen t r a t ion  on r a t e s .  The va lues  of i; can  b e  obta ined  

from t h e  s l o p e s  of l o g  (1-x) v e r s u s  t ime c h a r t  (Figure 18 ) .  Using an  



Arrhenius express ion ,  t h e  temperature dependence of was determined 

from t h e  s l o p e  of l o g  ve r sus  r e c i p r o c a l  temperature p l o t ,  shown i n  

F igure  19. The va lue  w a s  82 kcal/mole. . . 

I n  most of decomposition r e a c t i o n s  i n  which gas products  a r e  formed, 

r e a c t i o n  r a t e s  have been found t o  be p ropor t iona l  t o  t h e  d i f f e r e n c e  

between the  equi l ibr ium p a r t i a l  p re s su re ,  
'e' 

and t h e  bulk  gas p a r t i a l  

p re s su re ,  P, i . e . ,  
- 
k a k(Pe-P) 

I n  t h e s e  experiments pure N gas  was flowing through t h e  r e a c t o r .  
2 

Thus, P i s  zero .  Since P i s  dependent upon temperature,  t h e  measured 
e 

temperature dependent va lue  f o r  is  t h e  summation of those  f o r  bo th  

- 
k and Pe. The temperature dependence of Pe f o r  t h e  s u l f a t e - s u l f i d e  

r e a c t i o n  i s  58 kcal lmole (determined from thermodynamics). Therefore,  

t he  a c t i v a t i o n  energy f o r  k i s  24 kcal lmole.  This  magnitude of 

a c t i v a t i o n  energy a s s u r e s  t h a t  t h e  measured rates were f r e e  from 

mass t r a n s f e r  e f f e c t s .  

Although t h e  s u l f i d e - s u l f a t e  r e a c t i o n  is  a two-step process ,  

s i n c e  t h e  r e a c t i o n  between s u l f i d e  w i t h  gas in te rmedia te  

i s  very  much f a s t e r  than t h e  s u l f a t e  decomposition i t  i s  very  

l i k e l y  t h a t  t h e  gas i n t e rmed ia t e  formed through decomposition 

r e a c t i o n  can t o t a l l y  r e a c t  w i t h  s u l f i d e  t o  produce SO2 (which was 

found t r u e  a s  t h e  maximum measured weight l o s s  corresponded to  t h e  

t h e o r e t i c a l  va lue  f o r  100% s u l f a t e - s u l f i d e  r e a c t i o n ) .  Under t h i s  

ca se ,  t h e  d i f f e r e n c e  .between SO equ i l i b r ium p a r t i a l  p re s su re  
2 

f o r  s u l f a t e - s u l f i d e  r e a c t i o n  and SO gas p a r t i a l  p re s su re  can 2 



be used as the driving force for the reaction. Therefore, the kinetics 

can be written in the following form: 

k was calculated to be 

2 -12,078 
k = 3.3 x 10 exp ( 

1 
T(K) ) * atm-sec 

It should be mentioned here that attempts were also made to 

determine the relationship between reaction rates and SO2 concentra- 

tion. To do this, SO2 gas was mixed with N2 before flowing into reactor. 

Results are shown in Figure 20; initially the sample lost weight, 

followed by gaining weight as time progressed. This indicates that 

not only sulfide-sulfate reaction occurred, but also other reactions, 

such as CaS + SO2 and CaO + SO2, were competing. Therefore, the rate 

dependence on SO concentration could not be extracted from the above 2 

experimental results. 

(b) CaO With SO2 

Reaction between CaO and SO2 was measured in the Cahn 

TGA apparatus, in which about 20 mg of cab powder samples were exposed 

to constant gas composition (SO in N2) with a fixed total flow rate 
2 

of 1000 sccm. In all these measurements, SO partial pressures were 2 

kept below the equilibrium values of sulfide-sulfate reaction 

(reaction 25) to prevent formation of CaS whose reaction with SO2 

might compete with the CaO reaction. The product samples were analyzed 

by x-ray diffraction, indicating the formation of CaS04. These results 

confirmed the occurrence of reaction (26). That is, calcium oxide 



reacts with SO to form CaSO and elemental sulfur. After determining 
. . .. . 2 4 

the reaction product, the measured weight gain with respect to time could 

then be used to determine the extent of conversion versus time and then 

plot in Figure 21. 

Figure 21 shows that at constant SO concentration the measured . 
2 

reaction rates decrease with increasing temperature. To explain this, 

one should examine the thermodynamics of this reaction. Reaction (26) is 

an endothermic reaction. Increasing temperatures reduces the equilibrium 

constants. With 0.04 atm SO partial pressure, the equilibrium partial 
2 

-4 pressures for eleme*tal sulfur (S varies from 0.6 x 10 atm at 950°c, 2 

to 0.3 x atm at 1 0 0 0 ~ ~  and to 0.1 x atm at 1100'~. It is 

apparent that under the operating conditions the evolved gas (S ) from the 
2 

reaction hindeied the progress of the'reaction resulting in slower rates 

at higher temperatures. Therefore, the measured data were.not in the 

chemical reaction control region. 

(c) CaS with SO2 

Reaction between CaS and SO was measured under the same 
2 

operating conditions as for CaO with's0 measurements. However, in most 2 

of these ~easurements, the SO ' partial pressures were kept above the 
2 

equilibrium SO partial pressure for sulfate-sulfide reaction. The reason 
2 

for this was to pr&vent*'the inteifeiknce of the reaction between CaS and 

CaS04, formed through CaS andso.* reaction. The product samples were 

analyzed by x-ray diffraction, indicating that the samples contained CaS and 

CaS04 but no CaO. Hence; it can be concluded that reaction (27) rather than 

(28) occurring. That is, CaS reacts with SO2 to form CaSO instead of 4 



CaO. Results of the measured weight changes with respect to time 

were then converted to degree of conversion versus time. Figures 

22 and 23 show the effects of temperature and SO concentrations on 2 

reaction rates respectively. By plotting initial rates versus SO 
2 

concentration on a log-log scale in Figure 24 the reaction was found 

to be 1.5 order with respect to SO2 concentration. 

The effects of temperature and pressure on the amount of sulfur 

vapor in the gaseous atmosphere in equilihrilim with a system of 

solid phases; CaSO -CaS-CaS and coexisting with SO and S were given 
4 2 2 

by Fleck.' Because both CaS and SOZ, and Ca0 and SO are exothermic 
2 

reactions, for a given SO partial pressure, the proportion of sulfur 
2 

vapor decreases with increasing temperatures. Both CaO with SO2 and 

CaS with SO reactions are undesirable in the regeneration process 2 

due to CaSO formation through these reactions. However, because of the 4 

low values of thermodynamic limits that CaS + SO2 and CaO + SO reactions can 2 

proceed, these reactions do not alter the feasibility of the above regeneration 

processes. Nevertheless, consideration of the above reactions may 

become important in design or optimization of regeneration reactors. 

F. Kinetics of the CaO-SO, Reaction (J. Chen, G. Farber, F. Kainz, 
and R. T. Yang) 

J 

Work is being conducted to measure the reaction kinetics of 

CaO with SO in comparison with CaO with SO2 and 02. The objective 
3 

of this study is to eludcidate the reaction mechanism of CaO 

sulfation. Understanding the mechanism will be useful in developing 

new processes for improving the reactivity and utilization of lime for 



s u l f  a t i o n  i n  f l u i d i z e d  bed combustion technology. 

During t h i s  quar te r .  t h e  appara tus  f o r  t h e  r e a c t i o n  r a t e  measure- 

ments has  been s e t  'up  and some pre l iminary  . ,  experiments have been made. 

The appara tus  i s  shown i n  F igure  25. 

Liquid SO (mixture of B and r form) was contained i n  a  bubbler .  
3  

The bubbler  was submerged i n  a  water  b a t h  whose temperature was 

con t ro l l ed  t o  be w i t h i n  0.05'0 by a  temperature c o n t r o l l e r  (Lauda k-2/R). 

The SO p a r t i a l  p re s su re  w i t h  r e s p e c t  t o  temperature12 i s  given i n  
3 . . 

Figure  26. By c o n t r o l l i n g  SO l i q u i d  temperature,  t he  SO concent ra t ion  3 3 

i n  t h e  i n l e t  gas s t ream could be  r egu la t ed .  An i n f r a r e d  lamp was used 

t o  h e a t  t h e  tub ing  connected t o  t h e  bubbler  t o  prevent  SO vapor s o l i d i -  
3  

f i c a t i o n  and flow pluggage. The SO vapor was c a r r i e d  by an i n e r t  3 

gas s t ream (Argon) which was merged wi th  a  pure i n e r t  gas ,  s t ream t o  

d i l u t e  SO concent ra t ion  be fo re  e n t e r i n g  a  t ubu la r  q u a r t s  r e a c t o r .  Flow 
3 

r a t e s  of t h e  gas s t reams were regula ted  by ro tameters .  The r e a c t o r  

cons is ted  of a  gas  prehea t ing  zone, which contained packed alumina 

beads, and a  r e a c t i o n  zone i n  which s o l i d  r e a c t a n t  samples were p laced .  

The h e a t  f o r  the  r e a c t o r  was suppl ied  by a  furnace .  The temperature was 

c o n t r o l l e d  w i t h i n  - + 5 ' ~  by a t ransformer.  

The o u t l e t  gas stream flows through a  gas sampling bulb and t o  

water  conta in ing  bubblers  f o r  S O  scrubbing.  The composition of t h e  3 

gas sample w a s  then analyzed by mass spectrometry.  

The flow connect ions f o r  t h i s  system were made of s t a i n l e s s  

s t e e l  tubing ( type 316) ,  and Pyrex g l a s s .  ~ e f l o n ' t u b i n g  was used 

only  f o r  t h e  connection t o  t h e  r e a c t o r .  However, t h e  connect ions t o  



the SO container were all stainless steel tubing. For the glass 
3 

joints KEL-F grease was used. No attack of SO on the connections 
3 

in the system was observed. 

The sulfate content in the product samples were analyzed by a 

Barium sulsate precipitation method. 

(a) Preliminary Results 

To test the performance of the apparatus, four runs of 

SO with CaO reaction for different reaction periods were made. The 3 

operating conditions were as follows: 

Temperatures 

reactor: 850 + 5'~ - 

SO3 bubbler: 28 - + 0.05'~ 

Flows 

F1 (through bubbler) : 100 cc 

F2 (dilute stream): 1000 cc 

Solid Samples 

Calcined Greer lime (16120 mesh): 100 mg 

Results of sulfate content in the solid samples were 

Time (min) : 2 5 10 20 

SO= wt%: 23% 26% 4 33% 33% 

CaO utilization: 23% 27% 36% 36% 



The SO concent ra t ion ,  however, could no t  be  de t ec t ed  by mass 
3 

spec t rometr ic  a n a l y s i s .  This  was because SO could r e a c t  w i t h . t r a c e  
3 . . . .. . . 

H 0 and s tayed  on t h e  wa l l s  of t h e  sampling bulb.  Consequently, i t  
2 

was decided t h a t  conver t ing  SO t o  H SO and us ing  t i t r a t i o n  method 3 2 4 

f o r  SO a n a l y s i s  was necessary.  'The abso rp t ion  device  f o r  t i ' t a t i o n  3 

measurements, however, must be  capable of s epa rab le  absorp t ion  of 

SO and SOZ, from SO decomposition, i n  o r d e r  t o  o b t a i n  accu ra t e  
3 3 

a n a l y s i s .  To d o . t h i s ,  two absorbers  conta in ing  about 80% isopropanol  

i n  d i s t i l l e d  water  w i l l  be  connected i n  s e r i e s  t o  absorb SO Between 
3 ' 

t h e s e  two absorbers  a g l a s s  impinger i s  fused  t o  s t o p  H SO a e r o s o l s .  
2 4 

The isopropanol  s o l u t i o n  i s  used t o  r e t a r d  SO abso rp t ion  i n  water .  
2 

Following these  two SO abso rbe r s ,  two a d d i t i o n a l  absorbers  conta in ing  
3 

hydrogen peroxide i n  water  s o l u t i o n  w i l l  be  used t o  absorb SO .L3 
2 ' 

This abso rp t ion  set-up i s  c u r r e n t l y  under cons t ruc t ion  and w i l l  be  

t e s t e d  i n  the  next  q u a r t e r  and the  r e a c t i o n  r a t e s  between CaO w i t h  SO 2 

and O2 w i l l  then  be measured f o r  comparison. 

(b)  Acknowledgements 

Supply of SO3 obta ined  from D r .  R.  Die tz  and M s .  M. 

Greene was deeply apprec i a t ed .  The advice  from them i n  handl ing t h i s  

n a s t y  m a t e r i a l  is  most h e l p f u l .  

G .  Cycl ic  Use of Zinc Oxide a s  a  Sorbent f o r  Hot Fuel  Gas 
Desu l fu r i za t ion  (C. L. 'Steen and R.  T. Yang) 

(1) In t roduc t ion  

The c y c l i c  use  of s o l i d  so rben t s  such a s  l imestone,  dolomite ,  

and meta l  ox ides  f o r  t h e  c o n t r o l  of s u l f u r  emissions has  become an  

a r e a  of i n t e n s i v e  research .  The primary problem as soc ia t ed  wi th  t h e  



use of such compounds is an incomplete or' energy intensive regenera- 

tion reaction. 

Thermodynamic studies indicate that zinc oxide is an especially 

effective sorbent for H s!~ Studies also indicate that the regenera- 2 

tion of zinc oxide from zinc sulfide is feasible at the temperatures 

15 
of interest in coal gasification processes. 

The objective of this study is to determine the feasibility of the 

use 01 zinc oxidc as a regenerable snrbent for H S and COS under 2 

conditions of i*terest i-n coal gasification processes. 

( 2 )  Thermodynamic Considerations 

Thermodynamics of the following reactions were considered: 

ZnO + H ~ S  -+ ZnS + H ~ O  ( 3 4 )  

ZnO + COS + ZnS + C02 

3  ZnS + - 0 -t ZnO + SO2 
2 2 ( 3 6 )  

1 
Data are given in Table 1, and a'plot of In Kp versus - is shown in. 

T 

Figure 2 7 .  All reactions are exothermic, and have high equilibrium 

constants . 
The regeneration reaction ( 3 6 )  was compared with the reaction: 

3  FeS + - 0 + FeO + SO2 
2 2 ( 3 7 )  

which is part of a cyciic process used by ~atte1le.l' The AHrxn values 

shown in Figure 28 do not show any clear advantage of the ZnO system 

over the FeO system. However, the FeO regeneration reaction ( 3 7 )  

has a.high activation energy, and must be careied out at high tempera- 

tures. If the ZnO regeneration reaction (36) has a lower activation 



energy, t h i s  system would be  favored.  

A review of t h e  l i t e r a t u r e  i nd ica t ed  s e v e r a l  p o t e n t i a l  problems i n  

t h e  use  of z inc  oxide.  These a r e  ou t l i ned  below. 

(1) The presence of water  vapor i n  t h e  gas may a f f e c t  t he  

r a t e  s u l f a t i o n .  
17 

(2) A smal l  amount of ZnSO may be formed i n  t h e  r egene ra t ion  4 
18,19 

process  a s  a  r e s u l t  of r e a c t i o n  w i t h  SO 
2  ' 

20 
(3) Zinc vapor may be  formed i n  a  reducing atmosphere.. 

A s  t h e  formation of z inc  vapns would make a  hot  gas  scrubbing process  

u s ing  z inc  oxide unworkable, t h e  thermodynamics of t h e  fol lowing 

r e a c t i o n s  were considered:  

ZnO + H~ -t Zn + H ~ O  ( 38) 

The r e s u l t s ,  given i n  Table 2 ,  i n d i c a t e  t h a t  z i n c  vapor may form i n  

s i g n i f i c a n t  q u a n t i t i e s .  

(3) Resul t s  and Discussion 

A l l  experiments were performed on a modified S a r t o r i u s  

TGA appara tus  under cond i t i ons  of i n t e r e s t  i n  coa l  g a s i f i c a t i o n  

processes .  ~ x ~ e r i r n e n t a l  cond i t i ons  a r e  l i s t e d  i n  Table 3 .  

Resu l t s  shown i n  F igures  29 and 30, i n d i c a t e  t h a t  both t h e  

r e a c t i o n  wi th  H S  (34) and t h e  regenera t ion  r e a c t i o n  (36) a r e  q u i t e  
2  

0 r ap id  a t  atmospheric p re s su re  and temperatures  g r e a t e r  than 800 C. 

X-ray e ~ a m i n a t i o n  of t he  regenera ted  z inc  oxide showed no l a t t i c e  

d i s t o r t i o n s  i n d i c a t i n g  t h a t  t h e  product  i s  100% ZnO. 



Unfortunately, the formation of zinc vapor in a hydrogen atmosphere 

is an .extremely rap.bd .process at high temperatures as shown in Figure 31. 

Since the concentrations of H and CO overwhelm the concentrations of 2 

H S and COS in a- gasifier exit stream, the use of zinc oxide as a 
2 

sorbent is unworkable. . 

(4) Conclusions 

On the basis of rates of sulfidation and regeneration, 

zinc oxide is a good candidate for lise'in fuel gas scrubbing process 

at moderate temperature. The rate of formation of zinc vapor in a 

0 reducing,.atmosphere temperatures higher than c. a. ,700 C, such as exits 

in a gasifier exit stream, is sufficiently rapid to make this process 

. unworkable. . . .  

We thank Dr. W. E. Winsche for bringing the subject matter to 
. .. 

out attention. 

H. Process Desien and  valuation (A. S. Albanese and M. Steinbere) 

An economic comparison between an AFBC once through limestone 
. . 

sorbent system and BNL's regenerative sorbent system (kiln) with 

production of 1) sulfuric acid, and 2) sulfur from the SO rich 
24 

regenerator off-gas has been initiated. The comparisons will be made 

for a 600 MWe plant assuming a limestone cost of $10 per ton and a 

solids disposal cost of $3 per ton. Parametric studies will be, 

developed to indicate the sensitivity of the comparisons to limestone, 

disposal and capital costs, and to byproduct value. 
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. .. . .. - . . C .  - Table 1 
. . ; . .  I . . . : ' . . . .  

, . . . 3 . .  ' . < . .  . . .  , .. 
THERMODYNAMIC .DATA . . . . 

ZnO + COS + ZnS + C02 
. . - (2) 

, . . . . . . . 
ZnS + 3/202 7 ZnO + SO2 

. . . . 
! ' .  

(3 )  
.. . 

Reaction Temperature A Grxn 
Number (OK) (kcal/mole) ..- In Kp 

React ion 
Number 

(5) 

Table 2 

THERMODYNAMIC DATA 

ZnO + H2 -+ Zn + H20 

ZnO + CO -+ Zn + C02 

Temperature 
(OK) 

A Grxn 
(kcallmole) 



. . . . 

. . Table 3 

Type of Reaction Temperature Ranpe GasIMole % (in N?) 

~ u l f  idat ion 

Regeneration , 

.Reducing Atmosphere 800'~ H2/45% 

Figure 1. Schematic of rotary kiln,regenerator. 

- 

PARAMETER: r - 

- 
- 
- 

Figure 2. Variations in sulfur dioxide concentration 
with respect' to bed length (2a), and reaction time 
(2b), respectively (Equation (12)). 



Figure 3. Variation in solid concentration down 
, the bed (Equation (13)). 

TIME L rnin I 

Figure 4. Exit SO2 and C 0 2  compositions versus time 
at 1 0 0 0 ~ ~ ;  flow rates, 10 sccm ( , ) ,  50 sccm (0,0), 
150 sccm (A, A) . . . 



TlME (rnin) 

~ i ~ u r e '  5. Ex i t  SO2 composition ve r sus  time f o r  va r ious  
flow r a t e s  a t  1000oC; 5 sccm (Q),  10 sccm (O), 50 sccm 
( A ) ,  75 sccm ( IZ) , 100 sccm ( V ) , 150 sccm (x) . 

TlME L rnin 1 

Figure  6. P l o t s  of log (Ce/C - 1 )  v e r s u s . t i m e ;  
150 sccm ( V ),  100 sccm (V ) ,  75 sccm ( c ) ,  
50 sccm (O),. 10 sccm (8). . , 



Figure 7.. Pl.ot of log (Ce/C - 1) versus reciprocal t=O 
flow rates. 

o GREER LIMESTONE SIMULTANEOUS * I CALCINATION /SULFATION 
0- 

GREER LIMESTONE WITH I% Fe2(S04)3 
IMPREGNATED, SIMULTANEOUS 
CALCINATION / SULFATION 

g 4 0  

TIME, rnin 

Figure 8. ~nchancement of Greer limestone sulfation 
with 1% F e ~ ( s 0 ~ ) ~  impregnated, simultaneous calcination/ 
sulfation at YOOOC in 0.252 S02, 5% 02, 17% C02, 5% H20 
and a balance of N2. 



TIME, m i n  

Figure 9. Rate of reaction 3CaS04 + CaS -c 4Ca0 + 
4S02 at 1000°C in N2 with powdered reagent grade 
samples. 

I 0 0  mg SULFATED GREER LIMESTONE WITH I. I % 
3 0 1  F e P 3  IMPREGNATED -I 

lOOmg SULFATED GREER LIMESTONE 

E k 1000  O C  

T IME,  min 

Figure 10. Rate of regeneration CaS04 + 1/2C -+ 
CaO + 1/2C02 + SO2 at 1000°C, with 100 mg 20.7% 
sulfated Greer limestone (16120 mesh) and fly ash 
(ANL LST-7B) containing 8.55% carbon. , 



&---ORIGINAL SULFATED GREER 
LIMESTONE 

x-SULFATED GREER LIMESTONE WITH 
0.5% Fe203 IMPREGNATED .-.- SULFATED GREER LIMESTONE WITH 
1.1 % Fe203  IMPREGNATED 

v, 9 0  
W 

PARTICLE DIAMETER, g m  

Figure 11. Particle size distributions of the 
sulfated Greer limestone. with and without iron 
oxide coated after 5 hours of sulfation at 9 0 0 0 ~ ~  
in a fluidized-bed sulfator. 

PORE DIAMETER ( p m )  

, 1 1 1 1 1 1 ,  I ~ 1 1 1 1 1 1 I  I ~ 1 1 1 1 1 1 I  I ~ 1 1 1 1 1 1 ,  I 1 1 1 1 1 1  
lo2  10 I lo-' I o - ~  

CALCINED GREER LIMESTONE 

PRESSURE (psio) 

Figure 12. Porosimetry curves for the Greer lime- 
stone with and without iron oxide coated, calcined 
1 hour at 9000C in N2. 



Figure 13. 1) 1/4CaS + 3/4caSo4 -t CaO + SO2 
2) 2/3Ca0 + SO2 + 2/3CaS04 + 1/6S2 
,3) 3/2CaS + 1/2CaS04 ,+ 2Ca0 + S2 
4) CaS04 -+ 2Ca0 + SO3 
5) CaS + 2S02 + CaS04 + S2 
6) 2CaS + SO2 -t 2Ca0 + 3/2S2 

Figure 14. Reactions of CaS (21 mg), with SO2 
(8%) and CaS (2.1 mg) with O2 (10%) at 1000°C; 
with 02 ( B ) ,  with SO2 (0). 



Figure 15. Equilibrium constants versus reciprocol 
temperature for CaS with SO 3'  

TIME (min )  

Figure 16. [Jt changes versus time for. CaS with 
CaS04 reaction at 1 0 0 0 ~ ~ ;  CaS (9.6 mg) + CaS04 
(27 mg) (A), CaS (4.3 mg) + CaS04 (27 mg) (0) , 
CaS (10 mg) + CaS04 (14 mg) (I:'? ) .  
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Figure 17. Reaction rates of 3CaS04 +' CaS + 

4Ca0 + 4S02; T = 1000°C (0), 950°c (A), 9 0 0 ~ ~  
( 1. 
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Figure'l8.' First order rat'e correlation for CaS 
with CaS04 reaction; T = 1000°C (01, 950°C ( ) ,  
YOO°C (A). 



Figure 19. -Temperature dependence of rate constant, 
k, for CaS with CaS04 reaction. 

Figure 20. Wt changes of CaS04 (27 mg) with CaS 
(9 mg) versus time under SO (4%) at 1000°C. 2 
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Figure 21. Reaction rates of CaO with SO2 (4%); 
T = 9500C (O), lOOOoC ( ) ,  llOOoC (A). 
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Figure 22. CaS with SO2 reaction rates; T = 1000°C 
(01, 9 5 0 0 ~  (01, 9o0°c ( A ) .  

TlME (rnin) 

0 
Figure 23. CaS with SO2 reaction rates at 900 C; 
SO composition = 16% (g), 11% ( m  ) ,  8% (A), 6% 
(of, 4% (0). 
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Figure 24. Rate dependence of CaS with SO2 reaction 
, on. SO2 concentration at 900°c. 



Figure 25. Apparatus for  CaO with SO3 react ion 
measurements. (1) dr ier ,  (2) rotameters, (3) 
SOg scrubber, (4) reactor,  (5) sampling bulb, 
and (6 )  scrubber. 
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Figure 26. Vapor pressure relations for modifications 
of sulfur oxide. 

Figure 27. Equilibrium constants. 



Figure 28. Heats of reaction. 
,. . 

Figure 29. Rate of sulfidation. 
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Figure 30. Rate of oxidation. 

ZnO+ H2S+ ZnS+.H20 
ZnO+COS+ ZnS+C02 
ZnS + 3/2 02-ZnO+S02 
FeS + 312 02- FeO + SO2 

-140 

Figure 31. Rate. of 'evaporation of Z ~ O  ' i n  reducing 
atmosphere. 
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