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ABSTRACT 

Many new f l u e  gas d e s u l f u r i z a t i o n  processes a r e  be ing  developed where an a c i d  gas 
and a l k a l i  a r e  reac ted  c o c u r r e n t l y  i n  a duc t .  So lu t i ons  t o  the  m a t e r i a l  ba lance 
equat ions f o r  cocu r ren t  f l o w  processes have been so lved f o r  t h e  cases when t h e  
convers ion  i s  l i m i t e d  by gas phase d i f f u s i o n ,  r e a c t i o n  k i n e t i c s ,  o r  d i f f u s i o n  t h r u  
the  product l a y e r .  The s o l u t i o n s  a re  presented i n  a g raph ica l  form and can be 
used t o  de termine t h e  res idence t ime  requ i red  t o  ach ieve  a s p e c i f i e d  convers ion  o f  
t h e  gaseous component p r o v i d i n g  the  approp r ia te  r a t e  cons tan t  i s  known. The 
curves can a l s o  be used t o  determine a r a t e  c o n t r o l l i n g  s tep  from convers ion  
versus t ime  da ta  taken i n  an iso thermal  f l o w  reac to r .  Th i s  method i s  a p p l i e d  t o  
t h e  a p p l i c a t i o n  o f  t he  h i g h  temperature r e a c t i o n  o f  l i m e  w i t h  SO2 f o r  c o n d i t i o n s  
t h a t  would occur  i n  the  duc t  downstream o f  a d i r e c t  coa l  f i r e d  heat eng ine  
combustor. 

INTRODUCTION 

Low c a p i t a l  c o s t  f l u e  gas d e s u l f u r i z a t i o n  processes a r e  be ing  developed t o  address 
t h e  p o t e n t i a l  market f o r  r e t r o f i t  systems on e x i s t i n g  b o i l e r s  bu rn ing  medium t o  
h igh  s u l f u r  coa l .  Many o f  these new systems i n v o l v e  t h e  i n j e c t i o n  o f  a d r y  s o l i d  
o f  ca lc ium o r  sodium a l k a l i  i n  t he  duc t  t o  r e a c t  w i t h  t h e  SO2 i n  t he  f l u e  gas. 
Calcium a l k a l i  tend t o  be the  p re fe r red  reagents compared t o  those o f  sodium 
because o f  t h e  a v a i l a b i l i t y  and lower  cos t .  

The s to i ch iomet ry  r a t i o  o f  moles o f  ca l c ium fed  t o  t h e  moles o f  SO2 i s  o f t e n  i n  
the  range o f  2 t o  3 f o r  t h e  i n - d u c t  processes. Attempts t o  improve the  u t i l i z a -  
t i o n  o f  reagen t  have s t ressed  the  need f o r  smal l  p a r t i c l e s  o f  h i g h  BET s u r f a c e  
area and p o r o s i t y .  Calcium hydroxide, commerc ia l l y  produced, w i t h  those prop-  
e r t i e s  has achieved the  h i g h e s t  u t i l i z a t i o n s  compared t o  o t h e r  ca l c ium a l k a l i .  

I n j e c t i o n  processes may a l s o  be f e a s i b l e  f o r  removing SO2 f rom f l u e  gas produced 
b y  a d i r e c t  coal  f i r e d  h e a t  eng ine  combustor. I n  t h i s  a p p l i c a t i o n  the  gas i s  
expected t o  be a t  a h igh  temperature and pressure.  Th is  paper p resents  es t ima tes  
o f  the  r e a c t i o n  t ime  r e q u i r e d  f o r  a v a r i e t y  o f  o p e r a t i n g  cond i t i ons  where t h e  
reagent i s  ca l c ium hydrox ide .  

PREVIOUS WORK 

Borgwardt, e t  a1.(2) have shown I h a t  t he  u t i l i z a t i o n  o f  ca l c ium ox ide  p a r t i c l e s  
w i t h  a BET su r face  area o f  32 m /g  r e a c t i n g  w i t h  COS a t  5000 ppm a t  7OO0C i s  
independent over  a p a r t i c l e  s i z e  range o f  1 t o  9.4 microns. They concluded t h a t  
t h e  r e a c t i o n  occurs e q u a l l y  th roughout  the  p a r t i c l e  and t h a t  pore d i f f u s i o n  
res i s tance  must be i n s i g n i f i c a n t .  

I n  a l a t e r  s tudy  Borgwardt and Bruce ( 1 )  measured the  convers ion  o f  1 m i c r o n  
ca lc ium o x i d e  p a r t i c l e s  b y  r e a c t i o n  w i t h  SO2 a t  a concen t ra t i on  o f  3000 ppm i n  a 
d i f f e r e n t i a l  r e a c t o r  over  a temperature range o f  760 t o  1125OC. The p r i m a r y  
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r e s i s t a n c e  t o  SO2 abso rp t i on  was i o n i c  d i f f u s i o n  t h r u  the  produc t  l a y e r .  A 
convent iona l  g r a i n  model a c c u r a t e l y  c o r r e l a t e d  the  data when t h e  concen t ra t i on  o f  
t h e  d i f f u s i n g  i o n  was computed t o  be p r o p o r t i o n a l  t o  the  gas concen t ra t i on  t o  t h e  
0.62 power. 

Bortz;  e t  a1.(3) h a s  s t u d i e d  the  r e a c t i o n  o f  smal l  p a r t i c l e s  o f  ca l c ium hyd rox ide  
a t  temperatures o f  450 t o  6OO0C which a re  t y p i c a l  o f  economizers on u t i l i t y  
b o i l e r s .  These t e s t s  were done i n  an iso thermal  f l o w  reac to r .  Wi th  par i c l e s  i n  
the  range o f  1 t o  5 microns  w i t h  BET su r face  areas g rea te r  t h a t  20 m /gm, t h e  
abso rp t i on  o f  SO2 was dependent on the  gas phase mass t r a n s f e r  ra tes  o f  SO2 
r e l a t i v e  t o  the  k i n e t i c  r a t e  o f  COz w i t h  the  hydroxide. Pore d i f f u s i o n  
r e s i s t a n c e  was n e g l i g i b l e .  

5 '  

THEORY 

A genera l i zed  r e a c t i o n  o f  a s i n g l e  gas A r e a c t i n g  i r r e v e r s i b l e  w i t h  s o l i d  B i s  
g i ven  by  Equat ion  1 where a and b a r e  the  s t o i c h i o m e t r i c  c o e f f i c i e n t s .  

a A (gas) t b B ( s o l i d )  -$ Products 1) 

When the  r e a c t i o n  r a t e  i s  c o n t r o l l e d  by  d i f f u s i o n  o f  t he  gaseous r e a c t a n t  t h r u  t h e  
i n e r t  l a y e r  o f  p roduc t  formed ove r  t h e  unreac ted  c o r e  o f  s o l i d  reagent,  t h e  r a d i u s  
o f  the  unreac ted  co re ,  r, a t  any t ime  i s  g i ven  by  ( 4 ) :  

Fo l l ow ing  t h e  approach used by Borgwardt and Bruce (1) the  i n i t i a l  g r a i n  r a d i u s  o f  
t h e  s o l i d ,  R, i s  r e l a t e d  t o  the  BET area by: 

R = 3/(SaP) = 3/(lO4Sgp) 3 )  

By express ing  the  moles o f  s o l i d  r e a c t a n t  reamaining a t  any t ime  pe r  mole o f  gas 
r e a c t a n t  a t  t h e  i n l e t  t o  t h e  f r a c t i o n  of reac tan t  A remaining the  p a r t i a l  p ressure  
o f  r e a c t a n t  A can be expressed as:  

PA = PAin [p ( is " - %] = PAinE(;s t 1-s3 4)  

where F i s  t h e  moles o f  s o l i d  r e a c t a n t  B fed/moles o f  gas reac tan t  A. 

The f r a c t i o n  removal e f f i c i e n c y  i s  r e l a t e d  t o  the  p a r t i a l  p ressure  o f  r e a c t a n t  A 
by: 

1-E = P A / P A ~ ~  5) 

Combining Equat ions  4 and 5 g ives  the  g r a i n  r a d i u s  a t  any t ime i n  terms o f  t h e  
f r a c  ti ona l  removal e f f i c i ency : 

( r /R )  = [ J  l - (E /SJ  'I3 6) 

The concen t ra t i on  term C i n  Equat ion  2 i s  t h a t  o f  t h e  spec ie  t h a t  d i f f u s e s  
t h r u  t h e  produc t  l aye r .  i o r g w a r d t  and Bruce ( 1 )  expressed t h e  concen t ra t i on  i n  
terms o f  t h e  p a r t i a l  p ressure  o f  t he  gas a s :  

C A  = koPAm 7)  
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S u b s t i t u t i o n  o f  Equat ion  4 i n t o  Equat ion 7, and then s u b s t i u t i o n  o f  t h e  r e s u l t  
i n t o  Equat ion 1 and i n t e g r a t i n g  f rom the  i n i t i a l  c o n d i t i o n  r / R  equal  1.0 a t  t ime 
zero g ives :  

where x i s  se t  equal t o  r / R  and kd i s  t he  lumped cons tan t :  

Assuming m i s  f i x e d  the  va lue  o f  t he  i n t e g r a l  i s  determined f o r  any s p e c i f i e d  feed 
r a t i o  and f i n a l  f r a c t i o n a l  convers ion  e f f i c i e n c y .  The upper  l i m i t  on the  i n t e g r a l  
i s  found from Equat ion  6 .  A n a l y t i c a l  s o l u t i o n s  f o r  t he  i n t e g r a l  f o r  a l l  r e a l  value 
o f  m when S equals 1.0 and f o r  a l l  values o f  S when m equa ls  1.0 a re  l i s t e d  i n  
Table 1. 

When t h e  convers ion  o f  r e a c t a n t  A i s  c o n t r o l l e d  by a f i r s t  o rde r  r e a c t i o n  
w i t h  respec t  t o  A a t  t he  su r face  o f  t he  unreacted core ,  t he  rad ius  o f  t he  
unreacted co re  i s  g iven  by  ( 4 ) :  

By u t i l i z i n g  Equat ions 3 t o  7 i n  an analagous manner, w i t h  m s e t  equal t o  1.0 t h e  
Equat ion 10 can be expressed as:  

IC = -/ x f  dx  = k rd t  
sx3 + 1-s 

111 

where kc i s :  

kc = l o 4  krkoMSg(b/a)pAin/3 12) 

The a n a l y t i c a l  s o l u t i o n  o f  t h e  i n t e g r a l  i n  Equat ion 11 i s  g i ven  i n  Tab le  1. 

I f  t he  convers ion  o f  r e a c t a n t  A i s  c o n t r o l l e d  by  d i f f u s i o n  from t h e  bu lk  gas t o  
the  ou te r  su r face  o f  t h e  g ra in ,  t he  r a d i u s  o f  t he  unreacted core  i s  g i ven  by  ( 4 ) :  

Wi th  m equal t o  1.0, Equat ion 13 can be expressed as: 

where kg i s :  
kg = l o 4  kGkop~ inM(b/a)Sg/3  

The a n a l y t i c a l  s o l u t i o n  o f  t he  i n t e g r a l  i s  g i ven  i n  Table 1 

The values o f  t he  i n t e g r a l s  g i ven  by  Equat ions 8 f o r  m=l and Equat ions 11 and 14  
a re  p l o t t e d  on F igures  1, 2, and 3, r e s p e c t i v e l y .  These r e l a t i o n s h i p s  do n o t  
account f o r  expansion o r  c o n t r a c t i o n  o f  t he  o u t e r  r a d i u s  o f  t he  g r a i n  f rom t h e  
d i f f e r e n c e s  i n  the  molar volumes o f  t h e  r e a c t a n t  and produc t .  
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APPLICATION OF THE GRAPHICAL SOLUTIONS 

Wi th  convers ion  versus t i m e  da ta  t a k e n  i n  a f l o w  r e a c t o r  t h e  g raph ica l  s o l u t i o n s  
prov ide  a r a p i d  method o f  de te rm in ing  i f  the  convers ion  i s  c o n t r o l l e d  b y  one o f  
t he  t h r e e  assumed mechanisms. For t h e  known va lue  o f  S and measured va lue  o f  E, a 
va lue  o f  I i s  read from each cu rve  and d i v i d e d  b y  t h e  res idence t ime  t o  g e t  
va lues  f o r  t he  cons tan ts  k and k . Th is  process i s  repeated  f o r  each 
s e t  o f  da ta  taken. I f  the  q i m p k '  paramet%r f o r  any  one o f  t he  mechanisms i s  
cons tan t  t hen  t h a t  mechanism i s  a p p l i c a b l e  t o  the  process. I f  some t e s t  runs  used 
d i f f e r e n t  i n i t i a l  gas concen t ra t i ons  t h a t  e f f e c t  can be i s o l a t e d  from the  computed 
cons tan ts .  

For a known r e a c t i o n  system where one o f  t he  t h r e e  assumed mechanisms i s  
a p p l i c a b l e  and i f  t h e  r a t e  cons tan t  i s  a l s o  known then  t h e  g raph ica l  s o l u t i o n  can 
be used t o  compute the  res idence t i m e  i n  a f l o w  r e a c t o r .  For  example, assume a 
r e a c t i o n  i s  c o n t r o l l e d  b y  d i f f u s i o n  o f  t h e  gas t h r u  the  produc t  l a y e r ,  so t h a t  m 
i s  1.0, t h e  BET area  i s  known, and the  d i f f u s i o n  c o e f f i c i e n t  had been de termined 
from a da ta  on a d i f f e r e n t i a l  r e a c t o r .  The lumped parameter k can be computed 
from Equat ion  9. F igu re  1 would then  be used t o  read  a va lue  o #  the  i n t e g r a l  f o r  
any values o f  S and E se lec ted .  The requ i red  res idence t ime  can be e a s i l y  computed 
f o r  each case by  d i v i d i n g  the  value o f  t he  i n t e g r a l  by  the  lumped cons tan t .  

SO2 REACTION WITH LIME AT HIGH TEMPERATURE 

I f  ca lc ium hydrox ide  i s  i n j e c t e d  i n t o  a h o t  f l u e  gas where t h e  tempera ture  exceeds 
7OO0C dehydra t i on  o f  t h e  p a r t i c l e  occurs ve ry  r a p i d l y .  The ca l c ium o x i d e  
t h a t  forms i s  a smal l  p a r t i c l e  wi th about 50 % p o r o s i t y  and a h i g h  s u r f a c e  area. 
For t h i s  a p p l i c a t i o n  the  g r a i n  model shou ld  be app l i cab le .  The r e a c t i o n  o f  t he  
SO2 w i t h  t h e  l i m e  a t  these c o n d i t i o n s  produces ca l c ium s u l f a t e ,  and can be 
expressed as: 

SO2 (gas)  + CaO ( s o l i d )  -> Products 16 1 
For t h i s  r e a c t i o n  a and b a re  bo th  1.0. 

One such commercial a p p l i c a t i o n  may be i n  t h e  removal o f  SO2 ,from t h e  combust ion 
gas from a d i r e c t  coa l  f i r e d  t u r b i n e  o p e r a t i n g  a t  temperatures i n  t h e  range o f  950 
t o  12OO0C a t  pressures o f  1013 t o  1520 kPa (IO t o  15 atm).  By removing the  
S02, a t  t h e  h i g h  pressure  t h e  volume of t he  gas be ing  t r e a t e d  i s  much l e s s  than 
downstream o f  t h e  t u r b i n e .  The f e a s i b i l  t y  o f  u s i n g  ca l c ium hydrox ide  i n j e c t i o n  
upstream o f  t h e  t u r b i n e  t o  remove the  SO2 depends on the  r e a c t i o n  t ime  
requ i red .  

The data o f  Borgwardt and Bruce (1) can be used i n  con junc t i on  w i t h  Equat ion 8 t o  
es t imate  the  res idence t ime. They concluded the  convers ion  o f  l i m e  a t  these 
temperatures i s  c o n t r o l l e d  b y  i o n i c  d i f f u s i o n  t h r u  t h e  produc t  l a y e r ,  where m i s  
0.62 and the  d i f f u s i o n  c o e f f i c i e n t  i n  Equat ion  9 i s  expressed as: 

Od = Do * exp(-E'/RT) 17 1 
where E' i n  Equat ion  17 i s  t h e  a c t i v a t i o n  energy o f  36,600 kcal /mol and T i s  t he  
temperature i n  OK. S u b s t i t u t i o n  o f  Equat ion 17 i n t o  Equat ion  9 y i e l d s :  

kd = (10BMkoDoP/9)(Sg2p~02in.62 exp(-E' /RT)) 18 1 
Borgwardt and Bruce c o r r e l a t e d  kd by: 

kd'(108MkoDop/9)(6SgZ~~02in.62)*exp(-E'/RT)=2.65Sg2p~02in.62 exp (-E' /RT) 19) 
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x 

Equat ing the  second and t h i r d  terms i n  Equat ion  1 9  g ives :  

lo8 *M*ko*DO* / 9  = 2.65/6 = 0.4417 

Equat ion 18 can now be w r i t t e n  as: 

k d  = 0.442 * Sg2p~02in.62*eXp(-36,600/RT) 

Since m equals 0.62, Equat ion  8 must be so lved numer i ca l l y  except  when S equals 
1.0. The va lues  f o r  t he  i n t e g r a l  a re  g i ven  i n  F igure  4. To compute t h e  convers ion  
t ime,  t h e  temperature,  feed r a t i o ,  i n l e t  SO2 concen t ra t i on  and o p e r a t i n g  
pressure must be spec i f i ed .  The i n l e t  p a r t i a l  p ressure  o f  SO i s  t hen  computed 
and Equat ion 19 i s  used t o  compute kd. For the  s p e c i f i e d  $ r a c t i o n a l  removal 
e f f i c i e n c y  a va lue  o f  I d  i s  read fom F igu re  4 and d i v i d e d  by  kd T.0 o b t a i n  t h e  
r e a c t i o n  t ime. Tab le  2 summarizes c a l c u l a t i o n s  f o r  t he  r e a c t i o n  t ime  when the  
opera t i ng  pressure  i s  s e t  a t  1520 kPa (15 atm). A t  t h e  h i g h e r  temperature a lower  
BET area was assumed t o  account f o r  s i n t e r i n g .  

CONCLUSIONS 

For d r y  i n j e c t i o n  FGD processes u t i l i z i n g  smal l  p a r t i c l e s  o f  ca l c ium hyd rox ide  o r  
ca lc ium o x i d e  a g r a i n  model can be used t o  rep resen t  the  reagent  u t i l i z a t i o n .  

The r e a c t i o n  t ime  requ i red  f o r  t he  h igh  temperature,  h i g h  pressure  convers ion  o f  
SO2 w i t h  smal l  l i m e  p a r t i c l e s  can be p r e d i c t e d  w i t h  a m o d i f i e d  g r a i n  model t h a t  
accounts f o r  t h e  changing SO2 p a r t i a l  p ressure  when the  r a t e  c o n t r o l l i n g  s t e p  i s  
d i f f u s i o n  t h r u  the  produc t  l a y e r .  
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NOMENCLATURE 

A - gaseous r e a c t a n t  
a - s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  gas A 
B - s o l i d  r e a c t a n t  
b - s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  s o l i d  r e a c t a n t  B 
C - c o n c e n t r a t i o n  o f  d i f f u s i n g  specie,  gmol/cm 

- d i f f u s i o n  c o e f f i c i e n t  i n  p roduc t  l a y e r ,  cm /sec - Ar rhen ius  pre-exponent ia l  f a c t o r  
- f r a c t i o n  convers ion  e f f i c i e n c y  o f  gaseous r e a c t a n t  
- apparent  a c t i v a t i o n  energy taken as 36,600 cal /gmol 
- moles o f  r e a c t a n t  s o l i d  fed/mole o f  gas r e a c t a n t  f ed  
- i n t e g r a l  de f i ned  by  Equat ion 11 
- i n t e g r a l  de f i ned  by  Equat ion 8 - i n t e g r a l  i ned  by  Equat ion 14  

- c o n s t a n t  de f i ned  b y  Equat ion 12 
- c o n s t a n t  de f i ned  b y  Equat ion 9 
- c o n s t a n t  de f i ned  b y  Equat ion 15 
- gas phase c o e f f i c i e n t  i n  Equat ion  13, cm/sec 
- c o n s t a n t  de f i ned  by  Equat ion 7 - r e a c t i o n  r a t e  cons tan t  i n  Equat ion 10, cm/sec 
- m o l e c u l a r  we igh t  o f  reac tan t  s o l i d  
- cons tan t  de f i ned  b y  Equat ion 7 

- p a r t i a l  p ressure  o f  gas A a t  i n l e t  cond i t i ons ,  Pa 
- p a r t i a l  p ressure  o f  SO2, Pa 
- p a r t i a l  p ressure  o f  SO2 a t  i n l e t  c o n d i t i o n s ,  Pa 

# 
EO 
E '  
F 

- ( ( l - S ) / S )  175 

m 
PA - p a r t i a l  p ressure  o f  gas A, Pa 
p~i,, 

;;::in 
R - i n i t i a l  g r a i n  r a d i u s  de f i ned  b y  Equat ion 3, cm; t h e  gas 

c o n s t a n t  i n  Equat ions 17, 18, 19 and 20, 1.987 ca l /gmol -  K 
S - Fa/b 
S - BET a rea  o f  s o l i d ,  c$/g 
Sa - BET a rea  o f  s o l i d ,  m /g 
Tg - tempera ture ,  O K  
t - t ime ,  sec  
X - r / R  where R i s  t he  i n i t i a l  g r a i n  r a d i u s  

- r / R  a t  t h e  end o f  t he  r e a c t i o n  t ime  
- mass p e r  u n i t  volume o f  g ra in ,  g/cm3 
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I TABLE 1: ANALYTICAL SOLUTIONS TO THE INTEGRALS I N  EQUATIONS 8. 11 AND 14 

I n l e t  Tmmp. BET Fmed x x 
SO2 deg C Arma R a t i o  Gas U t i l i -  
ppm r q  m / p  S &sorbed z a t i o n  

S = 1, m = 1: Id = ln(x,) + (I/Xf) -1 

React ion 
Time 
..E 

2000 
1000 
500 

2000 
1000 
500 

1149 8 2.5 90 36 1.904 
1149 8 2.5 00 32 1. 880 
1149 8 2.5 70 28 1.908 

1149 15 2.5 90 36 0.541 
1149 15 2.5 80 32 0.535 
1149 15 2.5 70 28 0.543 

2000 . 927 20 2.5 90 36 3.352 
1000 927 20 2.5 BO 32 3.310 
500 927 20 2.5 70 20 3.360 

2000 927 30 2.5 90 36 1.490 
1000 927 30 2.5 80 32 1.471 
500 927 30 2.5 70 28 1. 493 

2000 927 30 1.0 90 90 17.478 
2000 927 30 1.5 90 60 5.033 
2000 927 30 2.0 90 45 2.486 
2000 927 30 3.0 90 50 0.994 
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