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INTRODUCTION 
Shortage of  c rude  o i l  p l u s  t h e  lack  o f  p r o g r e s s  i n  t h e  deve lop-  

ment of s t a c k  gas c l e a n  up systems have sparked  i n t e r e s t  i n  p r o c e s s e s  
t h a t  g e n e r a t e  e l e c t r i c  power by t h e  f l u i d i z e d  bed combustion of  
r e s i d u a l  o i l  and c o a l  w i t h  h igh  s u l f u r  and n i t r o g e n  c o n t e n t .  Many 
development works on t h e  f l u i d i z e d  bed combustion o f  f o s s i l  f u e l s  
have been c a r r i e d  out  by v a r i o u s  o r g a n i z a t i o n s  i n  U.S.A. and o t h e r  
c o u n t r i e s .  In a l l  of  t h e s e  works, dolomite  o r  l imes tone  has  been 
used a s  a bed m a t e r i a l  because t h e s e  s u b s t a n c e s  have a b i l i t y  t o  
absorb H z S  o r  SOP r e l e a s e d  dur ing  combustion. Furthermore,  reduced 
NOx emiss ion  can be achieved  by t h e  lower o p e r a t i n g  tempera ture  i n  
f l u i d i z e d  bed combustion t h a n  c o n v e n t i o n a l  combustors(1,Z) .  

The a u t h o r s  have i n v e s t i g a t e d  t h e  combustion o f  v a r i o u s  r e s i d u a l  
o i l s  i n  t h e  f l u i d i z e d  bed of  a do lomi te  a t  7 0 0 ~ l 0 O O 0 C  and atmospher-  
i c  p r e s s u r e .  By use of  t h e  dolomi te ,  heavy r e s i d u a l  o i l s  of  low 
r e a c t i v i t y  such as an Arabian Light  vacuum r e s i d u e  could  be b u r n t  
wi th  combustion e f f i c i e n c y  h i g h e r  than  98% above 850'C. I t  was a l s o  
shown t h a t  t h e  dolomite  was e f f e c t i v e  t o  reduce t h e  c o n c e n t r a t i o n  of  
SOX and HzS i n  f l u e  gases  t o  very low l e v e l s  a t  tempera tures  below 
900°C. The purpose of  t h e  p r e s e n t  work was t o  i n v e s t i g a t e  c a t a l y t i c  
r e d u c t i o n  o f  NOx (most ly  f u e l  NOx) by ammonia u s i n g  a f l u i d i z e d  bed 
o f  t h e  dolomite  l o a d i n g  v a r i o u s  k inds  o f  metal  o x i d e .  

EXPERIMENTAL 
Figure 1 shows a schemat ic  diagram o f  t h e  f l u i d i z e d  bed combus- 

t i o n  system. The combustor was made o f  50 mm Oi .d .  SUS 2 7  s t a i n l e s s  
s t e e l  tube and i t s  bed depth  was 400 mm. S t a i n l e s s  s t e e l  beads ( 3  mm 
0)  were packed a t  t h e  conica l -bot tom o f  t h e  combustor a s  bed suppor t  
and gas  d i s t r i b u t o r .  Feed o i l  (Arabian Light  vacuum r e s i d u e )  was 
in t roduced  a t  t h e  bottom o f  t h e  f l u i d i z e d  bed through an a tomizer  
from a microfeeder .  To p r e v e n t  coke p lugging  i n  t h e  f e e d  p i p e ,  t h e  
a tomizer  was cooled by c i r c u l a t i n g  a c o o l a n t .  The bed m a t e r i a l  was 
f i r s t  h e a t e d  e x t e r n a l l y ' t o  a d e s i r e d  tempera ture  i n  a s t r e a m  o f  a i r  
and then  t h e  r e s i d u a l  o i l  was f e d .  A f t e r  combustion s t a r t e d ,  e x t e r -  
n a l  h e a t i n g  was c u t  o f f .  To remove t h e  h e a t  evolved ,  water  was c i r -  
c u l a t e d  i n  a c o i l  of  6 mm0o.d. SUS 2 7  s t a i n l e s s  s t e e l  t u b e  which was 
immersed i n  t h e  f l u i d i z e d  bed.  A f t e r  a c e r t a i n  p e r i o d  o f  combustion, 
ammonia was admi t ted  t o  t h e  combustion system a t  t h e  upper  l e v e l  o f  
f l u i d i z e d  bed from a c y l i n d e r  which c o n t a i n e d  5% ammonia i n  n i t r o g e n .  

A f t e r  t h e  condensa t ion  of  steam i n  an i c e - t r a p ,  t h e  f l u e  gas  
passed through a s o l u t i o n  o f  3% hydrogen peroxide  t o  absorb  SOX and 
through a s o l u t i o n  o f  ammine complex o f  z i n c  t o  absorb  H z S .  The SOX 
i n  t h e  s o l u t i o n  was t i t r a t e d  by barium a c e t a t e  u s i n g  Arsenazo IU as 
an i n d i c a t o r .  The H z S  c o n c e n t r a t i o n  i n  t h e  s o l u t i o n  was determined 
by I2 t i t r a t i o n  u s i n g  sodium t h i o s u l f a t e .  The f l u e  gases  were p e r i -  
o d i c a l l y  sampled t o  de te rmine  t h e i r  composi t ions .  The NOx c o n c e n t r a -  
t i o n s  were measured a s  n i t r o u s  i o n s  by means o f  photometr ic  a n a l y z e r  
us ing  naphthyl  e t h y l e n e  diamine.  Compositions of  gaseous p r o d u c t s ,  
methane, carbon monoxide and d i o x i d e  were determined by means of gas  
chromatography. 
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Dolomite f rom Kuzuo (Tochig i  P r e f e c t u r e )  was used  a f t e r  c a l c i n e d  
a t  700°C (CaCOs'MgO). I t s  composi t ion (wt%)  was as f o l l o w s :  CaO 
65.4,  MgO 33.4, Si02 0 . 8 ,  A1203 0 .3 ,  and FeZO, 0 . 1 .  The dolomite  was 
impregnated w i t h  a n  aqueous s o l u t i o n  of Fe, Co, Cu, o r  C r  n i t r a t e .  
These were f i n a l l y  c a l c i n e d  a t  900°C p r i o r  t o  r e a c t i o n .  

RESULTS AND DISCUSSION 
Table I shows t h e  c a t a l y t i c  a c t i v i t y  o f  some t y p i c a l  bed m a t e r i -  

a l s  f o r  t h e  r e d u c t i o n  of NOx e m i t t e d  d u r i n g  combustion o f  t h e  r e s i d u -  
a l  o i l .  The c o n c e n t r a t i o n  o f  added NH, (1050 ppm) was c a l c u l a t e d  
from t h e  volume o f  f l u e  g a s e s  (wet b a s i s )  and f e e d  i a t e s  of  ammonia. 
Combustion was c a r r i e d  out  a t  t h e  optimum o p e r a t i n g  c o n d i t i o n s  f o r  
t h e  dolomite:  bed tempera ture ,  850'C; e x c e s s  a i r ,  2 0 % ;  r e s i d e n c e  
t ime,  0.57 s e c .  The c o n c e n t r a t i o n s  o f  NOx i n  t h e  absence o f  ammonia 
were almost independent  o f  t h e  k ind  of  bed m a t e r i a l s  ( n e a r  320 ppm). 
The NOx c o n c e n t r a t i o n s  decreased  on a d d i t i o n  of  NH, t o  t h e  combustion 
system. A s  shown i n  Table  I ,  Fep03-dolomi te  was t h e  most a c t i v e  
among t h e  bed m a t e r i a l s  t e s t e d .  

Table I .  C a t a l y t i c  A c t i v i t y  o f  Some Bed M a t e r i a l s  f o r  
t h e  Reduction o f  NOx by NH, 

FenO, - CUO - 
Dolomite Dolomite 

C r Z O ? -  coo- 
Dolomite Dolomite 

c ( a )  328 30 5 313 
246 149 184 

25.0 51 .1  4 1 . 2  
C(b) 
x ( % I  

34 8 30 3 
246 192 
29.3 36.6 

C(a) and C(b) a r e  t h e  c o n c e n t r a t i o n s  o f  NOx i n  f l u e  gases  i n  t h e  
absence and p r e s e n c e  (1050 ppm) o f  ammonia, r e s p e c t i v e l y .  And X is  
% r e d u c t i o n  o f  NOx d e f i n e d  by [C(a)-C(b)]xlOO/C(a) .  The c o n t e n t  o f  
metal ox ides  was 1 0  w t % .  

Figure 2 shows t h e  e f f e c t  o f  bed tempera ture  on t h e  r e d u c t i o n  of 
NOx by ammonia i n  t h e  f l u i d i z e d  bed combustion us ing  Fe;! 03-dolomi te  
c o n t a i n i n g  7.5 w t %  o f  Fe203. When N H 3  was a b s e n t ,  t h e  NOx emission 
i n c r e a s e d  wi th  i n c r e a s i n g  bed tempera ture .  The NOx emiss ion ,  how- 
e v e r ,  decreased  i n  t h e  tempera ture  range o f  70O%95O0C i n  t h e  combus- 
t i o n  wi th  N H 3  added.  The c a t a l y t i c  r e d u c t i o n  o f  NOx by N H 3  was e n -  
hazce: remarkably as t h c  kv~d t e ~ p : , - , - , r n t u r e  ixcre-sed. A t  95O0C, t he  
NOx c o n c e n t r a t i o n  was reduced from 337 t o  116 ppm by t h e  c a t a l y t i c  
r e d u c t i o n  w i t h  N H 3 .  

Excess a i r  was found to be a c r i t i c a l  f a c t o r  f o r  t h e  c a t a l y t i c  
r e d u c t i o n  of NOx on t h e  Fe203-dolomi te .  With s t o i c h i o m e t r i c  amount 
o f  a i r ,  t h e  NOx c o n c e n t r a t i o n  was n o t  reduced by t h e  a d d i t i o n  of  N H 3 .  
However, t h e  NOx c o n c e n t r a t i o n  decreased  w i t h  i n c r e a s i n g  amount o f  
excess  a i r  and it was l e v e l e d  o f f  a t  about  10% e x c e s s  a i r .  

Figure 3 shows t h e  e f f e c t  o f  NH3 c o n c e n t r a t i o n  on t h e  NOx emis- 
s i o n .  The NOx c o n c e n t r a t i o n  decreased  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  
of added N H 3 .  The lowes t  NOx emiss ion  o f  5 7  ppm was a t t a i n e d  when 
2000  ppm N H 3  was added a t  85OoC, 1 0 %  excess  a i r  and 0 . 6 1  s e c  r e s i -  
dence t ime.  

loading  Fen03 on t h e  dolomite  i n  t h e  range o f  combustion temperature  
from 700 t o  950'C. Here combustion e f f i c i e n c y  was d e f i n e d  a s  p e r -  
c e n t  carbon i n  t h e  o i l  conver ted  t o  carbon d i o x i d e .  Combustion e f f i -  
c iency i n c r e a s e d  w i t h  i n c r e a s i n g  bed tempera ture  and reached 100% a t  
950°C on both  bed m a t e r i a l s .  The Fez03-dolomite  was more e f f e c t i v e  

Figure 4 shows t h a t  combustion e f f i c i e n c y  was a l s o  improved by 
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for combustion at lower temperatures than the dolomite. Combustion 
efficiency also increased with increasing excess air and it exceeded 
99% at 10% excess air without formation of carbon monoxide and meth- 
ane. 

Figure 5 shows the effect of  bed temperature on the emission of 
SOX and HzS during combustion in the fluidized bed of the FezOa- 
dolomite. The results on the dolomite fluidizing were also shown in 
Figure 5. Concentrations of (SOX + H z S )  in flue gases were as low as 
10 ppm in the temperature range of 700 %9OO"C but they increased 
abruptly as the bed temperature further increased as described by 
Moss (3) and Roberts ( 4 ) .  The mode in variation of (SOX + HIS)  emis- 
sion with bed temperature in the FezO3-dolomite and the dolomite bed 
were similar. This suggests that the sulfur removing efficacy of the 
Fe~O3-dolomite is completely due to the dolomite. 

CONCLUSION 
The concentration o f  NOx emitted during the combustion of the 

vacuum residual oil was reduced when NH3 was added to the fluidized 
bed of Fez03-dolomite. Furthermore, combustion efficiency higher 
than 99% was attained above 800°C. Simultaneously concentrations of 
(SOX + HzS) in the flue gases were kept at very low level by the 
action of dolomite which might absorb SOX and H z S .  The optimum oper- 
ating conditions for the FezO3-dolomite fluidized bed were deter- 
mined as follows: bed temperature, 850°C;  excess air, 10%; residence 
time, 0.61 sec. Under these conditions, the concentrations o f  (SOX + 
HzS) and NOx were as low as 10 ppm and 57 ppm, respectively. 
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Figure  1. Diagram o f  Combustor Assembly 
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Figure  5 .  S u l f u r  Removing E f f i c a c y  o f  Fe203-Dolomite  and 
Dolomite a s  a Funct ion o f  Red Temperature. 
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