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Project COED (Char-Oil-Energy-Development) sponsored by the 
Office of Coal ResearcE, Department of-the Interior, seeks to upgrade 
the value of coal by conversion to synthetic crude oil, gas, and fuel 
char. The original scope of Project COED was enlarged to include the 
production of low-sulfur fuel char to reduce air pollution. Preliminary 
experimental work (1) showed that the sulfur in COED char can be removed 
by treatment with hydrogen at 1600O and 1 atmosphere pressure. The rate 
Of desulfurization was severely inhibited by low concentrations of 
hydrogen sulfide in the reactant gas. It was concluded that a hydrogen 
sulfide absorbent or acceptor, admixed with char, would be required to 
make a commercial process viable. 

A block diagram of the proposed COED char desulfurization process 
is shown in Figure 1. Hydrogen and char from the COED pyrolysis plant 
plus acceptor would be fed to a desulfurization reactor. Here Sulfur 
would be transferred from the char to the acceptor via a hydrogen sulfide 
intermediate. Desulfurized char and spent or sulfided acceptor would 
then be separated. Spent acceptor would be regenerated to yield active 
acceptor for recycle and by-product sulfur. This paper will summarize 
the results of the experimental program to specify the chemistry and 
mechanics of each of these steps. A preliminary process flowsheet, 
and the economics of the process derived from it, will also be presented. 

Desulfurization 

Desulfurization of COED char in the presence of hydrogen and 
A sketch an acceptor was investigated in a bench-scale rotary kiln. 

of this apparatus is shown in Figure 2 .  The 2-inch diameter kiln was 
mounted inside a resistance furnace and driven at 6 rpm by an electric 
motor, speed reducer, and pulley system. 

USP calcium oxide and four different calcined dolomites were 
evaluated as hydrogen sulfide acceptors. Best results were obtained 
with a calcined dolomite. In 10 minutes, 85 percent sulfur removals 
were achieved with a hydrogen partial pressure of 15 psi. The sulfur 
content char from Illinois No. 6-seam coal was reduced from 3 to less 
than 0.6 weight percent, Only stoichiometric amounts of hydrogen and 
acceptor were required for the desulfurization reactions: 

+ H2 * H2S 'char (i) 

CaO-MgO + H2S * Cas-MgO + HzO ( 2 )  

The rate of desulfurization was found to be independent of acceptor 
particle size in the range of sizes from minus 325-mesh to 6-mesh. 

I 
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S e p a r a t i o n  

A f t e r  d e s u l f u r i z a t i o n ,  s p e n t  a c c e p t o r  must be s e p a r a t e d  from 
d e s u l f u r i z e d  cha r .  The d i f f e r e n c e  i n  s i z e  c o n s i s t  and d e n s i t y  between 
t h e  a c c e p t o r  and t h e  c h a r  sugges t ed  t h a t  a f l u i d i z e d  bed could  be used 
t o  s e p a r a t e  them. The s p e c i f i c  g r a v i t y  o f  t h e  accep to r  i s  about  2,  
compared t o  about  1 f o r  c h a r .  The proposed s i z e  c o n s i s t  f o r  t h e  a c c e p t o r  
is  6 -  x 10-mesh  ( T y l e r )  w h i l e  COED c h a r  is a l l  minus 16-mesh. 1 

A 3-inch d i a m e t e r  g l a s s  column, equipped w i t h  a p e r f o r a t e d  g r i d  I 

p l a t e  and d r a i n  l e g s  1 / 2  i n c h  and 6 inches  above t h e  g r i d  p l a t e ,  was 
used t o  de te rmine  t h e  f e a s i b i l i t y  o f  s e p a r a t i n g  c h a r  and a c c e p t o r  i n  a 
f l u i d i z e d  bed.  A s k e t c h  of  t h i s  a p p a r a t u s  i s  shown i n  F igu re  3 .  R e s u l t s  
o f  t h e s e  s t u d i e s  are shown i n  F i g u r e  4 .  A t  a f l u i d i z i n g  v e l o c i t y  of  
about  2 . 5  f t . / s e c . ,  a c c e p t o r  sank to  t h e  bottom of t h e  bed and c h a r  w a s  
f l u i d i z e d  above it. The a c c e p t o r  stream, drawn o f f  through t h e  d r a i n  

a c c e p t o r  was found i n  t h e  c h a r  p roduc t  d r a i n e d  from t h e  d r a i n  l e g  6 
i nches  above t h e  g r i d  p l a t e .  Thus,  it a p p e a r s  f e a s i b l e  t o  s e p a r a t e  
d e s u l f u r i z e d  char  and s p e n t  a c c e p t o r  i n  a f l u i d i z e d  bed. 

I 

I 

l e g  1 / 2  i n c h  above t h e  g r i d  p l a t e ,  c o n t a i n e d  about  2 pe rcen t  cha r .  NO / 

4 

Regenera t ion  

S e v e r a l  r o u t e s  f o r  t h e  r e g e n e r a t i o n  of  s p e n t  d o l o m i t i c  a c c e p t o r  
I w e r e  i n v e s t i g a t e d  i n c l u d i n g  c a r b o n a t i o n  w i t h  steam and carbon d i o x i d e  ( 2 )  

and r o a s t i n g  i n  a i r  o r  oxygen. The p r e f e r r e d  r e g e n e r a t i o n  scheme, however, 
was found t o  be t h e  p a r t i a l  o x i d a t i o n  o f  s p e n t  accep to r  w i th  CO2. 1 

Cas-MgO + 3COz -P CaO-MgO + 3CO + SO2 ( 3 )  

A s k e t c h  o f  t h e  a p p a r a t u s  used t o  e x p l o r e  accep to r  r e g e n e r a t i o n  I 
is shown i n  F igu re  5.  A Globar-heated f u r n a c e  was used t o  o b t a i n  tempera- 
t u r e s  above 2000'F. The r e a c t o r  c o n s i s t e d  o f  a s e a l e d  3/4-inch I . D .  
a lumina t u b e .  A f i x e d  bed o f  s p e n t  a c c e p t o r  was formed between t w o  
ce ramic  wool p lugs  i n  t h e  c e n t e r  o f  t h e  bed. 
th rough a ro t ame te r .  Of f -gases  w e r e  sampled and vented .  

I n l e t  gases  w e r e  metered 

1 
The r e g e n e r a t i o n  o f  s p e n t  a c c e p t o r  w i t h  carbon d i o x i d e  i s  

c a t a l y z e d  by i r o n  ( 3 ) .  Acceptor  p a r t i c l e s  were impregnated from s o l u t i o n s  
of fe r r ic  n i t r a t e  i n  methanol  r e s u l t i n g  i n  a seven-fold i n c r e a s e  i n  
r e g e n e r a t i o n  r a t e  a s  shown i n  F i g u r e  6 .  T h i s  rate a c c e l e r a t i o n  was 
accomplished by i n c r e a s i n g  t h e  i r o n  c o n t e n t  o f  t h e  d o l o m i t i c  accep to r  
from 0 . 2 5  weight  p e r c e n t ,  t h e  n a t u r a l l y  o c c u r r i n g  i r o n  c o n t e n t ,  to 0 . 5  
weight  p e r c e n t .  F u r t h e r  i n c r e a s e s  i n  i r o n  c o n c e n t r a t i o n  d i d  n o t  i n c r e a s e  
r a t e s .  A microscopic  examina t ion  o f  t h e  impregnated accep to r  p a r t i c l e s  
showed t h a t  i r o n  was c o n c e n t r a t e d  i n  s p o t s  on t h e  s u r f a c e .  

The e f f e c t  of t e m p e r a t u r e  on t h e  r a t e  of  r e g e n e r a t i o n  of  i ron -  
impregnated accep to r  i s  shown i n  F i g u r e  7. Below 2000°F., t h e  r a t e  is 
h i g h l y  dependent  o n  t e m p e r a t u r e  w i t h  an a p p a r e n t  a c t i v a t i o n  energy Of 
abou t  103 k c a l .  Above 2000°F.,  t h e  appa ren t  a c t i v a t i o n  energy i s  ap- 

o f  t h e  s p a c e  v e l o c i t y .  The behav io r  is i n d i c a t i v e  of a change i n  r e a c t i o n  
mechanism a t  a t e m p e r a t u r e  around 2000OF. 

p rox ima te ly  an  o r d e r  o f  magni tude lower and a p p e a r s  t o  be a f u n c t i o n  I 
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The rate of regeneration is zero order with respect to the 
CaS-MgO concentration of the acceptor. This is shown in Figure 9. 
Therefore, the rate-controlling step is not the rate of the reaction 
between solid CaS.MgO and gaseous carbon dioxide. 

gas velocity and acceptor particle size. Therefore, diffusion of carbon 
dioxide from the gas to the surface of the acceptor particle is not the 
rate-controlling step. 

The rate of regeneration was also found to be independent of 

The addition of carbon monoxide and inerts (nitrogen) to the 
carbon dioxide feed severely inhibited the regeneration rate. Runs 
were made at two conditions: 2200'F. and a space velocity Of about 12, 
and 2000'F. and a space velocity of about 2. Results are summarized in 
Table I. At 2200°F., 10 percent carbon monoxide in the feed gas decreased 
the rate about 5 times, while 7 7 . 4  percent nitrogen decreased the rate 
about 3 times. At 2000°F., both 10 percent carbop dioxide and 7 7 . 4  ' 

percent nitrogen decreased the rate about 3 . 5  times. Thus, a regeneration 
process must be designed to keep both CO and inert concentrations in the 
carbon-dioxide reactant gas low. 

The effect of space velocity on regeneration rate is shown in 
Figure 9. At space velocities below 3 ,  the observed relationship between 
the space velocity and rate appears to be non-linear; at space velocities 
above 3 ,  a 1.inear relationship appears to hold. The fixed-bed reactor 
used in these experimental studies can be approximated by a plug-flow 
reactor at low space velocities and the differential reactor at high 
space velocities. This probably accounts for the change in shape of 
the curve ( 4 ) .  On the basis of these results it was concluded that the 
rate-controlling mechanism is either equilibrium or some surface phenomenon. 
The kinetic data were too scattered to distinguish between these types 
of mechanisms. 

At a space velocity of 2, about 2 hours are required to achieve 

The deactivation of dolomitic acceptor after repeated cycles of 

60 percent regeneration. 

sulfurization and regeneration was studied by exposing the acceptor to 
alternate atmospheres of hydrogen sulfide and carbon dioxide. The de- 
activation was studied under two conditions: l) sulfurization at 1600'F.-- 
regeneration at 2100'F. and 2) sulfurization at 16OO0F.--regeneration 
at 2200'F. The results are displayed as graphs of activity versus cycle 
number in Figure 10. Activity is defined as the moles of hydrogen sulfide 
absorbed per 100 atoms of calcium in the acceptor. 

At a regeneration temperature of 2200°F., the dolomite was rapidly 
deactivated. After five cycles the activity was reduced to about 10. 
At a regeneration temperature of 2100°F., however, the dolomite maintained 
an average activity of 59 through 10 cycles. There was no clear trend 
toward loss of activity with increased cycling. It was concluded that 
dolomitic acceptor would remain about 60 percent active through at least 
10 cycles if regeneration temperatures below 2100'F. were employed. 
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I C o k e r c i a l  P rocess  

Based on t h e s e  bench-sca le  r e s u l t s ,  a p r e l i m i n a r y .  f l owshee t  for  
a commercial p l a n t  was made. The f l o w s h e e t  i s  shown i n  F i g u r e  11, and . , 
c o n s i s t s  of  fou r  major s e c t i o n s :  d e s u l f u r i z a t i o n  i n  t h e  p re sence  of 
a c c e p t o r ,  s e p a r a t i o n  o f  t h e  d e s u l f u r i z e d  c h a r  from t h e  s p e n t  a c c e p t o r ,  
r e g e n e r a t i o n  o f  t h e  s p e n t  a c c e p t o r ,  and s u l f u r  r ecove ry .  

I 

I n  t h e  d e s u l f u r i z a t i o n  s t e p ,  h o t  c h a r  a t  '1600°F., and hydrogen 
I 

. I  
a b i l i t y  t o  mix t w o  d i s s i m i l a r  s o l i d s ,  c h a r  and d o l o m i t i c  a c c e p t o r ,  and l 

from t h e  p y r o l y s i s  s e c t i o n  of  t h e  COED p l a n t ,  react with- r e g e n e r a t e d  
a c c e p t o r  i n  a r o t a r y  k i l n .  The r o t a r y  k i l n  w a s  chosen because  of its . 

t o  o p e r a t e  w i t h  a r e l a t i v e l y  l o w  g a s  f low and l o w  p r e s s u r e  drop .  Off -gases  , 
from t h e  d e s u l f u r i z a t i o n  reactor are r e t u r n e d  to  t h e  g a s  p u r i f i c a t i o n  
s e c t i o n  o f  t h e  COED p l a n t .  The s o l i d  m i x t u r e  of d e s u l f u r i z e d  c h a r  and 
s p e n t  a c c e p t o r . i s  t r a n s p o r t e d  by g r a v i t y  to  t h e  s e p a r a t o r .  / 

I A f l u i d i z e d  bed was s e l e c t e d  as t h e  s e p a r a t i o n  v e s s e l .  A t  a 
f l u i d i z i n g  v e l o c i t y  of a b o u t  2.5 f t . / sec . ,  t h e  6- x 10-mesh s u l f i d e d  
a c c e p t o r  
t h e  minus 1 6 - m e s h . d e s u l f u r i z e d  c h a r  ( s p e c i f i c  g r a v i t y  about  1) is f l u i d i z e d  
above i t .  E s s e n t i a l l y  a c c e p t o r - f r e e  c h a r  is  withdrawn from a n , o v e r f l o w  
l i n e  a t  t h e  t o p . o f  t h e  bed, cooled and sold as  a low-sul fur  b o i l e r  f u e l .  
S u l f i d e d  a c c e p t o r ,  c o n t a i n i n g  abou t  1 p e r c e n t  c h a r ,  i s  withdrawn from. I 

t h e  bottom of the bed and t r a n s p o r t e d  by a bucke t  e l e v a t o r  to t h e  re- 
g e n e r a t i o n  r e a c t o r .  The s e p a r a t i o n  v e s s e l  i s  f l u i d i z e d  by a r e c y c l e  Con 
s t r eam.  Off-gas from t h e  s e p a r a t o r ,  c o n t a i n i n g  e n t r a i n e d  c h a r ,  is hea ted  
t o  2600OF. i n  a w e t  w a l l  f u r n a c e  and serves as  t h e  f l u i d i z i n g  stream t o  
t h e  r e g e n e r a t i o n  r e a c t o r .  

( s p e c i f i c  g r a v i t y  abou t  2 )  s i n k s  t o  t h e  bottom of the '  bed w h i l e  

1 The r e g e n e r a t i o n  of s p e n t  a c c e p t o r  i s  accomplished i n  a f l u i d i z e d -  
bed r e a c t o r  a t  2000OF. Make-up do lomi te  is also added to  t h e  r e g e n e r a t o r .  
Both r e g e n e r a t i o n  and c a l c i n a t i o n  o c c u r  in' t h i s  r e a c t o r .  Regenerated 
d o l o m i t e  i s  r ecyc led  t o  t h e  d e s u l f u r i z e r .  Of f -gas  from t h e  r e g e n e r a t o r ,  ' ' 

I c o n t a i n i n g  COz, CO and S O z ,  goes  t o  t h e  s u l f u r  r ecove ry  s e c t i o n .  

I n  t h e  s u l f u r  r e c o v e r y  s e c t i o n ,  SOz-conta in ing  o f f - g a s e s  from 
t h e  r e g e n e r a t o r  a r e  c o n t a c t e d  w i t h  hydrogen- su l f ide  c o n t a i n i n g  g a s e s  
from t h e  g a s  p u r i f i c a t i o n  s e c t i o n  of t h e  COED p l a n t .  E lementa l  S u l f u r  
i s  r e c o v e r e d  by t h e  s t a n d a r d  C l a u s  p rocess :  

Bauxite, 1 S, + 2 H 2 0  
X 

SO2 + 2HzS ( 4 )  

Economics 

Both c a p i t a l  and a n n u a l  o p e r a t i n g  cost  e s t i m a t e s  f o r  t h e  COED 
c h a r  d e s u l f u r i z a t i o n  p r o c e s s  have been p repa red .  The estimates a r e  based  ' 
on add ing  a d e s u l f u r i z a t i o n  s e c t i o n  t o  a commercial COED p l a n t  p rocess ing  
3 . 5  MM t o n s  p e r  yea r  of I l l i n o i s  N o .  6-seam c o a l  (1). 1.82 MM t o n s  p e r  
y e a r  of  3 -pe rcen t - su l fu r  c h a r  are p rocessed  y i e l d i n g  1.75 MM t o n s  of 0.6-  ! 
p e r c e n t - s u l f u r  c h a r  and 91,300 l o n g  t o n s  of s u l f u r .  

I 
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Capital and annual operating costs are shown in Table 11. 
Capital costs, including indirects, were estimated ( 5 )  at $7.17 MM. 
Annual operating costs, including-13.percent capital charges, were 
estimated at $2.6 MM. The annual return on investment, plant-level 
and before taxes, is highly dependent on the price of by-product Sulfur. 
Assuming desulfurized char can be marketed at 100 percent of the value 
of coal'on a Btu basis, the effect of sulfur price on return is shown 
in Figure 12. At the present price of sulfur (61, $40 per long ton, 
the annual return on investment, plant-level and before taxes, is 23 
percent. At a sulfur price of $30 per long ton, however, the return 
is only about 10 percent. These estimates compare very favorably with 
both residual oil desulfurization (7) and stack gas clean-up schemes ( 8 ) .  
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TABLE I 

E f f e c t  o f  Ca rbon  Monoxide and.  I n e r t 6  on  R e g e n e r a t i o n  Fate 

S p a c e  V e l o c i t y ,  Average  Rate, 
Run Feed G a s  T e m p e r a t u r e ,  l b .  C 0 2 / h r . / l b .  lb .  S /h r . / l b .  1 - NO. C o m p o s i t i o n ,  % O F .  acceptor a c c e p t o r  

R-161 1 0 0  co2 2200 1 1 . 8  0.19 

R-162 90 co2 
1 0  co 

R-166 22.6 CO2 
7 7 . 4  N2 

2200 

2200 

1 2 . 3  

8.8 

0.036 

0.062 

R-182 100  co2 2000 1 . 8 0  0.090 
/ 

R-199 22.6 COP 2000 2.0 0.026 
77.4 N2 

I 
R-197 9 0  co2 2000 2.9 0.024 

10 co 

TABLE I I A  . 

C o s t  Summary - 
COED C h a r ’ D e s u l f u r i z a t i o n  P r o c e s s  

F i x e d  Capi ta l  Costs ( $ 1 , 0 0 0 )  

D e s u l f u r i z e r  
S e p a r a t o r  a n d  C y c l o n e s  
Bucke t  E l e v a t o r  
S p e n t  A c c e p t o r  Disposal 
Acceptor Make-up S y s t e m  
R e c y c l e  Gas Heaters 6 Blower 
R e g e n e r a t o r  a n d  C y c l o n e s  
S u l f u r  R e c o v e r y  S y s t e m  
S u l f u r  Storage 
Acceptor S u r g e  Tank 

TOTALC 

$ 1 , 8 2 0  
604 

2 6  
103 
1 6  3 

1 , 2 2 1  
49 8 

2 , 6 6 5  
’ 27 

4 3  
$7 ,170  
- 

* I n c l u d e s  a l l  i n d i r e c t s  a n d  f e e .  
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TABLE IIB 

Operating Costs, $/yr. 
Capital Related, % 

Taxes c Insurance 2 
Maintenance . 6  
Depreciation (20-yr.) l3 $932,000 

Labor-Fmlated 
3 men per shift @ $6OM/man-yr. $180,000 

Utilities 
Electricity @ 6 aill/kwh $ 25,000 
Cooling Water @ 2.5t/U gal. 
Boiler Peed water @ 4oc/n gal. ,,Si; 

Raw Materials 
Hydrogen @ 25C/M sct $409,000 
Oxygen @ $6.00/ton 503,000 
Dolomite @ $10.00/ton 400,000 , 
Char @ $)/ton 23,000 

53 000 Iron @ $500/ton 
3 T m a - h J  

Total Plant-Level Cost. Exclusive 
of Byiproduct Credit. $2,600,000 

FIGURE I 

COED CHAR DESULFURIZATION PROCESS 

1 

L O W -  ' 
SULFUR 

--CHAR 

1 

COED " Y m o G E C  

PYROLYSIS q DESULFURIZER 



294 

FIGURE 2 - 
TWO-INCH ROTARY KILN FOR CHAR DESULFURIZATION 
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FIGURE 3 
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FIGURE 4 - 
' SEPARATION OF CHAR AND ACCEPTOR 
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FIGURE 7 

TEMPERATURE ON THE RATE OF REGENERATION 
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FIGURE e 

MOLE F R A C T I O N  C o o  MgO MRSUS TIME 
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FIGURE 10 

OEACTIVATION OF ACCEPTOR UPON CYCLING 
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FIGURE 12 

EFFECT OF SULFUR CREDIT ON PROCESS ECONOMICS 
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