
DESULFURIZATION OF COAL I N  A FLUIDIZED BED REACTOR 

G .  B .  Haldipur and T .  D .  Wheelock 

Department of Chemical Engineer ing and Nuclear Engineer ing 
Energy and Mineral  Resources Research I n s t i t u t e  

Iowa S t a t e  Univers i ty ,  Ames, Iowa 50011 

INTRODUCTION 

The p ioneer ing  i n v e s t i g a t i o n  of  Jacobs and Mirkus (5) showed t h a t  s u b s t a n t i a l  
amounts of s u l f u r  could be  removed from I l l i n o i s  No. 6 c o a l  by t rea tment  wi th  mix- 
t u r e s  o f  a i r ,  n i t r o g e n  and steam i n  a f l u i d i z e d  bed r e a c t o r  a t  moderately e leva ted  
temperatures .  Thus by t r e a t i n g  c o a l ,  which had been ground i n  a hammer m i l l  (100% 
through 8 mesh s c r e e n ) ,  wi th  a gas mixture c o n t a i n i n g  2 .7% oxygen, 35% steam, and 
62.3% n i t r o g e n  a t  510'C f o r  30 min., the  s u l f a t e  and p y r i t i c  s u l f u r  conten t  of t h e  
s o l i d s  was reduced about  80% and t h e  organic  s u l f u r  c o n t e n t  10%. However, a t  the  
same time t h e  conten t  of combust ible  v o l a t i l e  matter was reduced about  65%. De- 
s u l f u r i z a t i o n  improved w i t h  i n c r e a s i n g  res idence  time and decreas ing  p a r t i c l e  s i z e ,  
but  i t  was a f f e c t e d  only  s l i g h t l y  by oxygen concent ra t ions  i n  the  range of  2 t o  10% 
o r  steam c o n c e n t r a t i o n s  i n  t h e  range of 0 t o  85%. The s u l f u r  c o n t e n t  of t h e  char  
dec l ined  as t h e  t r e a t m e n t  temperature  was r a i s e d  up t o  430°C b u t  h i g h e r  temperatures  
were n o t  b e n e f i c i a l  because d e s u l f u r i z a t i o n  was accompanied by increased  g a s i f i c a t i o n  
and reduced y i e l d  of  c h a r .  

' 

Even more encouraging r e s u l t s  were repor ted  by Sinha and Walker (7)  who were 
a b l e  t o  remove a l a r g e  percentage  of  t h e  p y r i t i c  s u l f u r  from most of t h e  samples 
i n  a series of powdered bituminous c o a l s  by t r e a t i n g  them i n  a combustion boat  wi th  
a i r  a t  450'C f o r  10 min. Moreover, t h e  low and medium v o l a t i l e  bi tuminous coa ls  
i n  t h e  s e r i e s  on ly  exper ienced  about  a 5% weight  l o s s  and t h e  h igh  v o l a t i l e  bitumi- 
nous c o a l s  a 10 t o  17% weight  l o s s .  However, t h e  r e s u l t s  of  a s i m i l a r  series of 
experiments by Block et. ( 2 )  were l e s s  promising because l e s s  p y r i t i c  s u l f u r  w a s  
removed and a g r e a t e r  weight  l o s s  w a s  incur red .  

Although the  s e l e c t i v e  o x i d a t i o n  of p y r i t i c  s u l f u r  appeared t o  p lay  an important 
r o l e  i n  the  foregoing  demonst ra t ions  of d e s u l f u r i z a t i o n ,  i t  may n o t  have been an 
exc lus ive  r o l e  because s u l f u r  could a l s o  have been removed through p y r o l y s i s  and 
r e a c t i o n  w i t h  hydrogen which w a s  r e l e a s e d  by t h e  p y r o l y t i c  decomposition of coa l .  
Numerous s t u d i e s  have shown t h a t  p a r t  of t h e  s u l f u r  i n  c o a l  i s  removed dur ing  
carboniza t ion  and t h a t  t h e  a d d i t i o n  of hydrogen o r  carboniza t ion  in'a s t ream of 
hydrogen assists t h e  removal of s u l f u r ,  p a r t i c u l a r l y  a t  h igher  tempera tures  ( 2 , 3 , 6 ,  
8).  Under such c o n d i t i o n s  s u l f u r  i s  removed p r i n c i p a l l y  a s  hydrogen s u l f i d e .  An 
i n v e s t i g a t i o n  of c o a l  h y d r o d e s u l f u r i z a t i o n  by a nonisothermal  k i n e t i c  method reveal-  
ed s e v e r a l  peaks i n  the  r a t e  of e v o l u t i o n  of  hydrogen s u l f i d e .  Yergey et. (9) 
a t t r i b u t e d  t h e  f i r s t  peak which occurred i n  t h e  range of 390 t o  470'C f o r  d i f f e r e n t  
c o a l s  t o  be due t o  t h e  r e a c t i o n  of hydrogen with two forms of organic  s u l f u r ,  the  
second peak a t  52OoC t o  t h e  r e a c t i o n  of hydrogen wi th  p y r i t e ,  t h e  t h i r d  peak a t  
620°C t o  t h e  r e a c t i o n  of hydrogen wi th  f e r r o u s  s u l f i d e  (produced by t h e  hydrodesul- 
f u r i z a t i o n  of p y r i t e ) ,  and t h e  f o u r t h  peak t o  t h e  r e a c t i o n  of hydrogen wi th  a t h i r d  
form of  organic  s u l f u r .  
by t h e  presence of hydrogen s u l f i d e  i n  t h e  gas  phase which s e v e r e l y  l i m i t s  t h e  con- 
c e n t r a t i o n  b u i l d  up of hydrogen s u l f i d e  ( 1 , 4 , 6 ) .  

The work repor ted  h e r e  was undertaken t o  determine t h e  f e a s i b i l i t y  of desulfur-  

Unfor tuna te ly  t h e  hydrodesul fur iza t ion  of  c o a l  i s  i n h i b i t e d  

i z i n g  a high s u l f u r  bi tuminous c o a l  from a n  Iowa mine by t rea tment  a t  moderately 
e l e v a t e d  tempera tures  i n  a f l u i d i z e d  bed r e a c t o r  w i t h  e i t h e r  o x i d i z i n g ,  n e u t r a l ,  o r  
reducing gases .  Nearly i so thermal  experiments  were c a r r i e d  o u t  wi th  a small f l u i d -  
ized  bed r e a c t o r  t o  de te rmine  t h e  e x t e n t  of  d e s u l f u r i z a t i o n  and c o a l  weight l o s s  
for  d i f f e r e n t  c o n d i t i o n s  of temperature  and gas  composi t ion.  Also t h e  t rea tments  
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were appl ied  t o  both run  of mine c o a l  and b e n e f i c i a t e d  c o a l .  In  a d d i t i o n  the  o f f -  
gas composition was measured dur ing  some experiments  to determine the  d i s t r i b u t i o n  
of var ious  s u l f u r  and o t h e r  compounds and t o  estimate t h e  h e a t i n g  va lue  of t h e  gas  
F i n a l l y  c o n s i d e r a t i o n  was given to  the  p o s s i b i l i t y  of d e s u l f u r i z i n g  t h e  of f -gas  
and us ing  i t  a s  a c l e a n  f u e l  t o  burn a long  with p a r t i a l l y  d e s u l f u r i z e d  c o a l  char  
i n  the  same p l a n t  i n  o r d e r  t o  meet a i r  p o l l u t i o n  c o n t r o l  r e g u l a t i o n s .  

EXPERIMENTAL INVESTIGATION 

Apparatus 

F igure  1 is a schematic  flow diagram of the  appara tus  used f o r  t h i s  i n v e s t i g a -  
t i o n .  Feed gases  were conducted through ro tameters ,  combined, and heated t o  t h e  
r e a c t i o n  temperature  by an e l e c t r i c  prehea ter .  
f l u i d i z e d  bed r e a c t o r  c o n t a i n i n g  t h e  c o a l  being t r e a t e d .  Af te r  pass ing  through t h e  
r e a c t o r ,  t h e  gas  was conducted t o  a g l a s s  cyclone s e p a r a t o r  which removed any f i n e  
p a r t i c l e s  of c o a l  e l u t r i a t e d  from t h e  bed. The gas  w a s  cooled next  t o  condense tar 
and mois ture ,  f i l t e r e d  wi th  g l a s s  wool, and bubbled through an a l k a l i n e  s o l u t i o n  of 
hydrogen peroxide t o  remove s u l f u r o u s  gases .  Samples of gas were analyzed p e r i o d i c a l -  
l y  wi th  a magnetic type ,  mass spec t rometer  (Model MS10, Associated E l e c t r i c a l  
I n d u s t r i e s  L t d . ) .  

The h o t  gas  then passed i n t o  a 

The r e a c t o r  w a s  c o n s t r u c t e d  from 2 i n .  I . D .  s t a i n l e s s  s t e e l  p ipe  and had an 
o v e r a l l  l e n g t h  of 18 i n .  It w a s  f i t t e d  wi th  a porous s i n t e r e d  s t a i n l e s s  s t e e l  
gas  d i s t r i b u t o r  having an e f f e c t i v e  pore s i z e  of 2Ou. I t  w a s  a l s o  equipped wi th  a 
thermowell and a device  f o r  i n j e c t i n g  c o a l  a t  a p o i n t  j u s t  above t h e  gas d i s t r i b u t o r .  
The r e a c t o r  was placed i n  an e l e c t r i c a l l y - h e a t e d ,  f l u i d i z e d  sand b a t h  f o r  tempera- 
t u r e  c o n t r o l .  

Procedure 

The r e a c t o r  w a s  charged with a weighed amount of -40+50 mesh s i l i c a  sand. 
r e a c t o r  was then brought  up t o  o p e r a t i n g  temperature  whi le  a i r  was used as t h e  
f l u i d i z i n g  medium. A s  t h e  system approached t h e  d e s i r e d  temperature ,  a i r  was re- 
placed wi th  t h e  a p p r o p r i a t e  t rea tment  gas .  When t h e  temperature  of t h e  system 
appeared t o  have reached a s teady  s ta te ,  powdered c o a l  (-20+40 mesh) w a s  i n j e c t e d  
i n t o  t h e  f l u i d i z e d  bed of sand. T h i s  was done by f i r s t  f i l l i n g  t h e  i n j e c t o r  tube  
wi th  a weighed amount of  c o a l .  
and then  t h e  quick opening b a l l  v a l v e  between t h e  tube  and t h e  r e a c t o r  w a s  opened 
a l lowing  the  c o a l  t o  be discharged i n t o  the  r e a c t o r .  This  marked t h e  beginning of 
a run.  During a run,  the  gas flow through the  r e a c t o r  and t h e  temperature  of  t h e  
f l u i d i z e d  sand ba th  surrounding t h e  r e a c t o r  were k e p t  c o n s t a n t .  During some runs ,  
samples of  t h e  off-gas  were c o l l e c t e d  i n  g l a s s  bu lbs  a t  d i s c r e t e  time i n t e r v a l s  and 
la ter  analyzed with t h e  mass spec t rometer .  A f t e r  a run was completed, t h e  r e a c t o r  
w a s  uncoupled and doused wi th  water  t o  c o o l  i t  t o  room temperature .  The c o n t e n t s  
of t h e  r e a c t o r  were weighed and screened  t o  s e p a r a t e  t h e  sand and c o a l  c h a r .  The 
proximate a n a l y s i s ,  h e a t i n g  v a l u e ,  and s u l f u r  d i s t r i b u t i o n  of t h e  c h a r  were sub- 
sequent ly  determined by t h e  ASTM method. It should be noted t h a t  t h i s  method of  
a n a l y s i s  d id  not  d i s t i n g u i s h  between s u l f u r  p r e s e n t  as f e r r o u s  s u l f i d e  (FeS) and 
organic  s u l f u r .  

M a t e r i a l s  

Jude Coal Co. s t r i p  mine i n  Mahaska County, Iowa, were t r e a t e d .  The samples were 
crushed and screened t o  provide material in t h e  -20+40 mesh s i z e  range.  A f t e r  
s i e v i n g ,  each sample w a s  s p l i t  i n t o  two f r a c t i o n s .  One f r a c t i o n  was u t i l i z e d  as 
is while  the o t h e r  f r a c t i o n  w a s  b e n e f i c i a t e d  by a f l o a t / s i n k  technique us ing  a 
l i q u i d  medium (a  mixture  of hexane and t e t r a c h l o r o e t h y l e n e )  having a s p e c i f i c  g r a v i t y  
of  1 .30.  Since t h i s  method o f  b e n e f i c i a t i o n  g r e a t l y  reduced t h e  a s h  c o n t e n t  a s  w e l l  

The 

The tube  was subsequent ly  p r e s s u r i z e d  wi th  n i t r o g e n  

Two run of mine (R.O.M.) samples of  high v o l a t i l e  C bituminous c o a l  from t h e  
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a s  the  p y r i t i c  s u l f u r  c o n t e n t  of  the  c o a l ,  t h e  b e n e f i c i a t e d  f r a c t i o n  is r e f e r r e d  t o  
a s  deashed c o a l .  The composi t ion and h e a t i n g  va lue  of the  two run of mine samples 
and corresponding deashed f r a c t i o n s  are shown i n  Table  1. 

Table 1. Composition o f  Jude mine c o a l  on a n  as rece ived  b a s i s .  

Sample I Sample I1 

Type of Analys is  R.O.M. Deashed R.O.M. Deashed 

Proximate, w t . %  

Moisture 
V o l a t i l e  mat te r  
Fixed carbon 
Ash 

S u l f u r ,  w t . %  

S u l f a t e  
P y r i t i c  
Organic 
Tota l  

Heat ing v a l u e ,  
Btu / lb .  

S p e c i f i c  s u l f u r  
conten t ,  l b .  S /106  Btu 

6.35 
41 .14  
38.68 
13 .83  

0.49 
2.40 
3.54 
6 ; 4 3  

10 ,980  

5.86 

2.24 
46 .03  
40 .84  

2.90 

0 .39  
0.60 
3.97 
4.96 

13 ,430  

3.69 

5.37 
40.61 
39.41 
14.61 

0.76 
2.87 
4 .43  
8.06 
- 

10 ,860  

7.42 

4.04 
45.60 
47.50 

2.86 

0.38 
0 .60  
5.37 
6 .35  
- 

12,990 

4 .89  

RESULTS AND DISCUSSION 

F i r s t  S e r i e s  of  Runs 

The f i r s t  series of runs  was c a r r i e d  o u t  t o  determine t h e  e f f e c t s  of f o u r  
d i f f e r e n t  t rea tment  gas  composi t ions and t h r e e  d i f f e r e n t  temperature l e v e l s  
( 2 4 0 ° ,  325",  and 40OOC) on t h e  d e s u l f u r i z a t i o n  of bo th  run of mine c o a l  and deashed 
c o a l .  The t rea tment  g a s e s  inc luded  (1) 100% N 2 ,  (2)  85% H2, 15% N 2 ,  ( 3 )  4% 02', 
96% N 2 .  and ( 4 )  10% 02, 90% N 2 .  Coal i d e n t i f i e d  as Sample I i n  Table 1 was used 
f o r  t h i s  series. For each  run ,  50 g. of c o a l  was i n j e c t e d  i n t o  400 g. of s i l i c a  
sand f l u i d i z e d  with t h e  a p p r o p r i a t e  t r e a t m e n t g a s a t  a s u p e r f i c i a l  v e l o c i t y  of 30 t o  
40 cm./sec. A s  soon a s  t h e  c o a l  was added,  t h e  temperature  of the  f l u i d i z e d  bed 
i n  the  r e a c t o r  dropped 15-5OoC. However, t h e  temperature  of t h e  bed recovered t o  
i t s  i n i t i a l  temperature  i n  5 t o  10 min. and then  remained cons tan t  f o r  t h e  remainder 
of a r u n  except  f o r  runs  made a t  t h e  h i g h e s t  temperature  and oxygen l e v e l s .  For 
t h e s e  runs ,  t h e  temperature  of  t h e  bed cont inued t o  rise throughout a run s o  t h e  
f i n a l  temperature  w a s  60-70°C higher  than  the i n i t i a l  temperature .  This i n c r e a s e  
i n  temperature  seemed due to  p a r t i a l  combustion of  t h e  c o a l  o r  i t s  decomposition 
products .  Each run l a s t e d  30 min. f o r  t h i s  series of runs  only  t h e  char  product  
w a s  recovered and ana lyzed;  t h e  of f -gas  w a s  n o t  sampled. 

The r e s u l t s  of runs  made wi th  Sample I ,  r u n  of mine c o a l  a r e  presented  i n  
Table  2 .  Since d u p l i c a t e  runs  were made a t  t h e  lowest  and h i g h e s t  temperature  
l e v e l s ,  each l i s t e d  v a l u e  r e p r e s e n t s  a n  average  f o r  two runs  a t  these temperature  
l e v e l s .  On t h e  o t h e r  hand,  each l i s t e d  v a l u e  f o r  t h e  in te rmedia te  temperature  
l e v e l  r e p r e s e n t s  t h e  r e s u l t  o f  a s i n g l e  run .  During each run  t h e  c o a l  experienced 
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some l o s s  i n  weight due t o  t h e  escape of  v o l a t i l e  m a t t e r .  
d i r e c t l y  wi th  temperature  but  w a s  no t  much d i f f e r e n t  f o r  d i f f e r e n t  t rea tment  gases  
except  f o r  the  c a s e  when a gas  conta in ing  10% oxygen was employed a t  t h e  h i g h e s t  
temperature  l e v e l  and over  60% of the  c o a l  w a s  consumed. With t h i s  one except ion  
t h e  weight l o s s  seemed due p r i m a r i l y  t o  p y r o l y s i s  r a t h e r  than t o  r e a c t i o n s  i n v o l v i n g  
any of t h e  t rea tment  gases ,  a l though t h e  v o l a t i l e  decomposition products  were 
obvious ly  n o t  t h e  same f o r  d i f f e r e n t  t rea tment  gases .  Thus some b l a c k  t a r  was con- 
densed from the  off-gas  when e i t h e r  n i t r o g e n  o r  hydrogen were employed, and only  a 
small amount of l i g h t  o i l  and water were condensed when e i t h e r  of t h e  oxygen b e a r i n g  
gases  were used. 

This  l o s s  increased  

The percentage of e i t h e r  p y r i t i c , o r g a n i c o r t o t a l  s u l f u r  removed from t h e  c o a l  
was determined a s  fol lows:  

x 100 Desulfurization (%) = S w t .  i n  feed  - S w t .  i n  product  
S w t .  i n  feed  

Only a smal l  percentage of t h e  p y r i t i c  s u l f u r  w a s  removed a t  any of t h e  tempera ture  
l e v e l s  when pure n i t r o g e n  was used as t h e  t rea tment  gas  (Table 2 ) .  However, when 
e i t h e r  hydrogen o r  oxygen b e a r i n g  gases  were used, a s i g n i f i c a n t  percentage  of  t h e  
p y r i t i c  s u l f u r  was removed a t  t h e  h i g h e s t  temperature  l e v e l  wi th  more s u l f u r  b e i n g  
e x t r a c t e d  by oxygen than  by hydrogen. 
s t r o n g l y  a f f e c t e d  by temperature  b u t  it w a s  a f f e c t e d  very  l i t t l e  by t h e  t rea tment  
gas  composition even though i t  may have appeared t h a t  more organic  s u l f u r  was re- 
moved a t  40OoC by e i t h e r  n i t r o g e n  a l o n e  o r  oxygen-nitrogen mixtures  than  by hydrogen. 
A q u a l i t a t i v e  chemical a n a l y s i s  showed t h a t  some of t h e  "organic"su1fur p r e s e n t  i n  
c h a r  produced dur ing  t h e  runs  wi th  hydrogen w a s  a c t u a l l y  a n  inorganic  s u l f i d e .  A 
s i m i l a r  a n a l y s i s  of t h e  char  produced d u r i n g  t h e  runs  wi th  oxygen i n  t h e  feed  gas  
d i d  n o t  r e v e a l  any s u l f i d e .  Furthermore so l i t t l e  p y r i t i c  s u l f u r  w a s  removed dur- 
i n g  t h e  runs  wi th  pure n i t r o g e n  t h a t  n o t  much s u l f i d e  could have been produced. 
Therefore  only  t h e  r e s u l t s  from t h e  hydrogen runs  a r e  suspec t  and t h e  organic  s u l f u r  
removed a t  400 'C  was probably g r e a t e r  than  i n d i c a t e d  because of  t h i s  problem wi th  
t h e  chemical a n a l y s i s .  
s t r o n g l y  on temperature  and very  l i t t l e  on t rea tment  gas  composi t ion,  i t  appears  
t h a t  such removal is due mainly t o  p y r o l y s i s  and r e l e a s e  of  v o l a t i l e  m a t t e r .  

The percentage of  organic  s u l f u r  removed w a s  

Consider ing t h a t  t h e  removal of organic  s u l f u r  depends 

The cumulat ive d i s t r i b u t i o n  of v a r i o u s  forms of  s u l f u r  remaining i n  e i t h e r  run 
of  mine o r  deashed c o a l  a f t e r  t rea tment  wi th  oxygen b e a r i n g  gases  i s  shown i n  F igure  
2 .  The v e r t i c a l  d i s t a n c e  s e p a r a t i n g  any g iven  p a i r  of curves  r e p r e s e n t s  t h e  per- 
cen tage  of the i n d i c a t e d  s p e c i e s  of s u l f u r  found i n  t h e  product  based on t h e  t o t a l  
s u l f u r  i n  the feed and i t  was determined by employing t h e  r e l a t i o n  

species (%) = w t .  of s p e c i e s  i n  product  
t o t a l  w t .  of S i n  feed  

The d i s t r i b u t i o n  a t  t h e  le f t -hand  s i d e  of each diagram corresponds t o  t h e  s u l f u r  
d i s t r i b u t i o n  of  t h e  feed m a t e r i a l .  A comparison of t h e  s u l f u r  d i s t r i b u t i o n  a t  
d i f f e r e n t  temperatures  wi th  t h e  i n i t i a l  d i s t r i b u t i o n  shows t h a t  f o r  every  t r e a t -  
ment gas  the  t o t a l  amount of s u l f u r  remaining i n  t h e  s o l i d s  decreased a s  t h e  
temperature  w a s  r a i s e d  wi th  t h e  g r e a t e s t  change g e n e r a l l y  tak ing  p l a c e  above 325 'C .  
In t h e  case  of e i t h e r  run of mine o r  deashed c o a l  t r e a t e d  wi th  oxygen, bo th  organic  
and inorganic  s u l f u r  were removed but  a t  h igher  temperatures  more inorganic  s u l f u r  
appeared t o  be removed than organic  r e l a t i v e  t o  t h e  amount of each s p e c i e s  p r e s e n t  
i n i t i a l l y .  

The s u l f u r  d i s t r i b u t i o n  diagrams a l s o  i n d i c a t e  t h e  i n t e r c o n v e r s i o n  of one form 
of  s u l f u r  i n t o  another .  Thus i t  appears  t h a t  t h e  s u l f a t e  form of s u l f u r  gained 
s l i g h t l y  a t  t h e  expense of o t h e r  forms of s u l f u r  when run of mine c o a l  was t r e a t e d  
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Table 2. R e s u l t s  of t h e  f i r s t  series of runs  wi th  run of  mine c o a l .  

S u l f u r  Removed, % 
T r t ,  Temp., W t .  LOSS, lb. Sa 
Gas O C  % P y r i t i c  Organic T o t a l  106 Btu 

100% N 2  235 11.6 
320 14.0 
400 31.6 

85% H2 235 11.8 
325 15.0 
4 00 33.6 

4% o2 235 11.7 
320 16.0 
410 30.7 

10% O 2  240 10.0 
330 18.5 
440 63.0 

9.2 10.7 7.4 6.3 
7.8 3.2 2.5 6.6 
7.4 49.1 29.1 6.4 

7.1 7.0 6.6 6.1 
7.7 12.3 10.1 6.0 

29.2 35.4 39.7 5.5 

'a. 2 12.2 6.7 6.4 
12.9 25.3 19.1 5.8 
41.2 46.4 45.7 4.9 

7.9 18.4 11.3 6.2 
8.6 22.7 11.3 7.3 

73.3 79.8 77.9 5.6 

aSpeci f ic  s u l f u r  c o n t e n t  of c h a r  product .  

wi th  a n  oxygen b e a r i n g  gas  a t  235'C. However, i t  d o e s n ' t  appear  t h a t  any of t h e  
t rea tments  produced a wholesa le  t ransformat ion  of one form of s u l f u r  i n t o  another .  
There c e r t a i n l y  was l i t t l e  i f  any evidence such as Cernic-Simic ( 3 )  had found 
i n d i c a t i n g  t h e  t ransformat ion  of  organic  s u l f u r  i n t o  inorganic  s u l f u r .  

As a r e s u l t  of v o l a t i l e  matter l o s s  andlor  c o a l  o x i d a t i o n  which accompanied 
d e s u l f u r i z a t i o n ,  t h e  s p e c i f i c  s u l f u r  c o n t e n t  (pounds of  s u l f u r  per  m i l l i o n  Btu) of 
t h e  coa l  w a s  n o t  reduced m a t e r i a l l y  by any of t h e  t rea tments .  In f a c t  for a major i ty  
of t h e  t r e a t m e n t s ,  t h e  s p e c i f i c  s u l f u r  c o n t e n t  of  t h e  t r e a t e d  run of  mine coa l  
(Table 2) was a c t u a l l y  s l i g h t l y  l a r g e r  than t h a t  of t h e  feed (5.86 l b .  S/106 Btu) .  
For run of mine c o a l  t h e  lowes t  s p e c i f i c  s u l f u r  c o n t e n t  (4.9 l b .  S/106 Btu) was 
obtained when i t  w a s  t r e a t e d  a t  410°C with  gas  c o n t a i n i n g  4% oxygen. 
c o a l  t h e  s p e c i f i c  s u l f u r  c o n t e n t  of t h e  product  w a s  s l i g h t l y  less than  t h a t  of the  
feed  (3.69 l b .  S/lO6 Btu) fo l lowing  a m a j o r i t y  of  t h e  t rea tments ,  and a t  t h e  h ighes t  
temperature  l e v e l  t h e  s p e c i f i c  s u l f u r  c o n t e n t  of  t h e  product  was almost  t h e  same 
r e g a r d l e s s  of t rea tment  gas .  

Second Series of Runs 

For deashed 

The second s e r i e s  of  runs  w a s  conducted t o  measure the  y i e l d  and composition 
of t h e  gaseous r e a c t i o n  product  as w e l l  as t h e  e x t e n t  of s u l f u r  removal from both 
run  of mine c o a l  and deashed c o a l .  The t rea tment  g a s e s  included pure n i t r o g e n  and 
two component mixtures  of  n i t r o g e n  and e i t h e r  hydrogen or oxygen. Coal i d e n t i f i e d  
as Sample I1 i n  T a b l e . 1  w a s  used f o r  t h i s  series. For each run  200 g. of coa l  was 
i n j e c t e d  i n t o  250 g .  of s i l i c a  sand f l u i d i z e d  wi th  t h e  a p p r o p r i a t e  t rea tment  gas  
a t  a s u p e r f i c i a l  v e l o c i t y  of  25 t o  50 cm./sec. As soon a s  t h e  c o a l  was added, the 
temperature  of t h e  f l u i d i z e d  bed i n  t h e  r e a c t o r  dropped 115-170°C. The temperature  
Of t h e  bed u s u a l l y  recovered  i n  10 t o  15 min. t o  somewhere near  i ts i n i t i a l  va lue  
and then remained c o n s t a n t  f o r  t h e  d u r a t i o n  of a run  except  f o r  t h e  runs  made with 
a n  oxygen b e a r i n g  gas  where t h e  temperature  cont inued t o  rise s lowly .  The runs  
l a s t e d  e i t h e r  60 o r  90 min. 
condensate  was determined,  and samples of  r e a c t o r  of f -gas  were drawn p e r i o d i c a l l y  
and analyzed w i t h  t h e  mass spec t rometer .  

For t h i s  series of runs  t h e  o v e r a l l  y i e l d  of l i q u i d  

The h e a t i n g  v a l u e  of t h e  f u e l  gas  por t ion  
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of t h e  off-gas  was es t imated  by summing t h e  heats o f  .combustion o f  t h e  i n d i v i d u a l  
components. However, f o r  runs employing hydrogen a s  t h e  t rea tment  gas ,  t h e  con- 
t r i b u t i o n  of  hydrogen t o  t h e  h e a t i n g  va lue  was excluded.  

The resul ts  o f  s e l e c t e d  runs  i n  t h i s  series of experiments  a r e  presented  i n  
Since t h e s e  runs were made a t  r e l a t i v e l y  h igh  temperatures  (370-4OO0C) Table 3 .  

and were of long d u r a t i o n ,  apprec iab le  amounts of v o l a t i l e  matter and s u l f u r  were 
removed from t h e  c o a l .  
t rea tment  gas ,  t h e  off-gas  contained small  b u t  s i g n i f i c a n t  amounts of  carbon mon- 
oxide  and methane, l e s s e r  amounts of hydrogen s u l f i d e ,  and t r a c e  amounts of e thane 
and propane. A s i g n i f i c a n t  amount of hydrogen was a l s o  found i n  t h e  off-gas  when 
pure  n i t rogen  w a s  fed t o  t h e  r e a c t o r .  For t h e  runs made with a n  oxygen bear ing  
t rea tment  gas ,  t h e  off-gas  contained s e v e r a l  percent  each of  oxygen, carbon d ioxide ,  
and carbon monoxide; s l i g h t l y  less hydrogen; a small  amount of methane; and t r a c e  
amounts of e thane and propane. I n  a d d i t i o n  t h e  off-gas  contained s m a l l  amounts of 
s u l f u r  d ioxide  and hydrogen s u l f i d e  wi th  t h e  former u s u a l l y  exceeding t h e  l a t te r .  
Traces  of carbonyl  s u l f i d e  were a l s o  observed i n  o x i d i z i n g  runs .  An o v e r a l l  material 
ba lance  made f o r  each of t h e  s e l e c t e d  runs accounted f o r  97.5-99.9% of a l l  t h e  
material e n t e r i n g  and l e a v i n g  t h e  system. 

When e i t h e r  n i t r o g e n  o r  hydrogen were employed as t h e  

Table  3 .  Resul t s  of s e l e c t e d  runs  i n  second s e r i e s .  

aTota l  S 
removed, 

% 

Run Coal T r t .  Temp., Gas v e l .  Time, W t .  l o s s ,  
No. type gas  "C cm./sec. min . % 

MSN-1 R.O.M. 100% N2 375 44 60 32.8 39 .1  
MSN-4 Deashed 100% N2 395 26 60 23.5 41.8 
MSH-1 R.O.M. 87% H2 395 48  60 29.8 44 .1  
MSH-3 Deashed 84% H 2  400  32 90 22.4 32.3 

MSO-8 Deashed 10% 02 370 26 90 30 .1  41.7 
MSO-7 R.O.M. 10% 02 375 34 90 37.4 48.7 

S p e c i f i c  s u l f u r  
c o n t e n t ,  l b .  S / 1 D 6  Btu ' N e t  f u e l  gas 

Run bLiq. y i e l d ,  Y i e l d ,  Heat. va lue ,  
No. l b . / l b .  c o a l  SCF/lb. c o a l  Btu/SCF Feed Char Char h Gas 

MSN-1 0 .14  2.04 522  7 .4  6.8 6 . 1  
MSN-4 0 .14  1 .49  524 4 . 9  3.5 3 . 3  
MSH-1  0.17 0.97 7 8 0  7 . 4  5.9 5 .5  
MSH-3 0.15 0 .96  912 4.9 4 . 1  3 .8  
MSO-7 0.10 13 .03  432  7.4 6.9 4 . 5  
MSO-8 0.12 7 . 2 9  379 4 .9  4.2 3.6 

aDetermined by Equation 1 

bCondensed t a r  and water  

CVolume of H p ,  C O ,  CH4, C2H6 and C3Hg i n  off-gas  a t  s tandard  c o n d i t i o n s  (OOC and 
1 atm.)  except  Runs M S H - 1  and MSH-3 where H2 is excluded.  

During each run,  t h e  t o t a l  q u a n t i t y  of s u l f u r  i n  t h e  of f -gas  w a s  also d e t e r -  
mined by absorp t ion  and o x i d a t i o n  of t h e  var ious  s u l f u r o u s  gases  i n  an a l k a l i n e  
s o l u t i o n  oE hydrogen peroxide,  and t h i s  q u a n t i t y  agreed reasonably w e l l  wi th  the  
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gas a n a l y s i s  made wi th  t h e  mass spec t rometer .  However, t h e  q u a n t i t y  of s u l f u r  
appearing a s  noncondensible  gaseous s p e c i e s  was only  40-80% of t h e  s u l f u r  l o s t  b y  
the c o a l .  
p a r t  of  t h e  s u l f u r  e x t r a c t e d  from t h e  c o a l .  

Hence, t h e  condensed c a r  and water  must have contained a n  a p p r e c i a b l e  

For t h e  runs  made wi th  hydrogen o r  n i t r o g e n ,  t h e  h e a t i n g  v a l u e  of t h e  coal- 
der ived  combust iable  components in t h e  of f -gas  was e q u i v a l e n t  t o  6-11% of the  h e a t -  
ing value of t h e  char ,  and f o r  t h e  runs  made wi th  a n  oxygen bear ing  gas ,  the  h e a t i n g  
va lue  of t h e s e  components w a s  equiva len t  t o  14-36% of  t h e  h e a t i n g  va lue  of the  
corresponding char .  
der ived  gas  w a s  s i g n i f i c a n t l y  l a r g e r  than  t h a t  of t h e  char  a lone .  c 

Consequently the  combined h e a t i n g  va lue  of t h e  char  and c o a l -  

The s p e c i f i c  s u l f u r  conten t  of bo th  t h e  product  c h a r  and t h e  char  and f u e l  gas  
combined w a s  es t imated  (Table 3 ) .  For t h i s  purpose i t  was assumed t h a t  t h e  off-gas  
could be completely d e s u l f u r i z e d .  The s p e c i f i c  s u l f u r  conten t  of t h e  c h a r  produced 
dur ing  each of t h e  s e l e c t e d  runs  w a s  s i g n i f i c a t l y  less than  t h a t  of  t h e  feed .  
Furthermore by lumping t h e  c h a r  and d e s u l f u r i z e d  off-gas  t o g e t h e r ,  the s p e c i f i c  
s u l f u r  conten t  of  t h e  combined products  would be even lower.  Thus f o r  t h e  condi t ions  
of Run MSO-7 the  s p e c i f i c  s u l f u r  conten t  of t h e  char  w a s  7% less than t h a t  of the 
run of mine coa l  and t h e  s p e c i f i c  s u l f u r  conten t  of t h e  c h a r  and d e s u l f u r i z e d  g a s  
toge ther  would be 39% less.  The r e s u l t s  of Run MSN-4 i n d i c a t e  t h e  p o s s i b i l i t y  f o r  
a 56% o v e r a l l  r e d u c t i o n  i n  t h e  s p e c i f i c  s u l f u r  conten t  of t h e  f u e l  by f i r s t  benef i -  
c i a t i n g  it and then apply ing  a mild p y r o l y s i s  t rea tment  a s  i n  t h i s  run.  

Rates  of Formation of  H7S and SO2 

s e r i e s  of runs  were es t imated  by ana lyz ing  t h e  time-varying composition of the  
r e a c t o r  off-gas  as determined by the  mass spec t rometer .  The r a t e  of formation o f  
hydrogen s u l f i d e  a s  a f u n c t i o n  of  t h e  conversion of c o a l  s u l f u r  i n t o  hydrogen 
s u l f i d e  and s u l f u r  d i o x i d e  is shown f o r  s e v e r a l  runs  made wi th  n i t r o g e n  in Figure  3 
and f o r  s e v e r a l  r u n s  made w i t h  hydrogen i n  F igure  4. Hydrogen s u l f i d e  w a s  the  
p r i n c i p a l  noncondensible  s u l f u r  compound i n  t h e  off-gas  dur ing  t h e s e  runs .  
both t rea tment  gases ,  t h e  rate of formation of  hydrogen s u l f i d e  increased  f i r s t ,  
subsequent ly  peaked, and then  decreased monotonical ly  wi th  i n c r e a s i n g  convers ion .  
The i n i t i a l  i n c r e a s e  i n  t h e  r a t e  w a s  probably due t o  t h e  rise i n  temperature  of 
t h e  c o a l  a f t e r  i t  w a s  f i r s t  placed i n  t h e  r e a c t o r ,  and t h e  l a t e r  decrease  i n  t h e  
r a t e  t o  t h e  d iminish ing  c o n c e n t r a t i o n  of s u l f u r  i n  t h e  c o a l .  A f t e r  i t  peaked, t h e  
r a t e  f o r  deashed c o a l  appeared t o  be  e s s e n t i a l l y  a l i n e a r  f u n c t i o n  of t h e  conversion 
which corresponds t o  a f i r s t  o r d e r  process .  Since t h e  s u l f u r  i n  deashed c o a l  w a s  
p r e s e n t  mainly as o r g a n i c  s u l f u r ,  t h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  convers ion  of 
organic  s u l f u r  t o  hydrogen s u l f i d e  i s  an apparent  f i r s t  o r d e r  r e a c t i o n  wi th  r e s p e c t  
t o  t h e  s u l f u r  s p e c i e s  i n  c o a l  which is i n  agreement wi th  Yergey et. ( 9 ) .  On the  
o t h e r  hand, the  convers ion  of s u l f u r  i n  run of  mine c o a l  t o  hydrogen s u l f i d e  does 
not  appear t o  be a f i r s t  o r d e r  process  s i n c e  t h e  curves  f o r  t h i s  m a t e r i a l  i n  
F igures  3 and 4 a r e  n o n l i n e a r .  
of bo th  p y r i t i c  and organic  s u l f u r ,  the  nonl inear  behavior  could have been due t o  
t h e  s u p e r p o s i t i o n  of  r e a c t i o n s  involv ing  t h e  two s u l f u r  s p e c i e s .  
curves  represent ing  t h e  r a t e  of  format ion  of hydrogen s u l f i d e  were similar f o r  bo th  
hydrogen and n i t r o g e n , i t  i s  apparent  t h a t  f o r  t h e  same temperature  and type  of  coa l ,  
the  r a t e  was l a r g e r  when hydrogen w a s  used.  This  is only  n a t u r a l  s i n c e  t h e  r a t e  
should depend on t h e  hydrogen c o n c e n t r a t i o n ,  and when pure  n i t r o g e n  was f e d ,  any 
hydrogen had t o  come from t h e  decomposition of  t h e  c o a l  i t s e l f .  

The rates of  format ion  of hydrogen s u l f i d e  and s u l f u r  d ioxide  dur ing  t h e  second 

For 

because t h e  r u n  of mine c o a l  contained l a r g e  amounts 

Although t h e  

When a n  oxygen b e a r i n g  gas  was used f o r  t r e a t i n g  c o a l ,  s u l f u r  d ioxide  w a s  
u s u a l l y  the  major noncondensible  s u l f u r  compound i n  t h e  off-gas  b u t  s i g n i f i c a n t  
amounts of hydrogen s u l f i d e  were a l s o  p r e s e n t .  The r a t e  of  formation of  s u l f u r  
d ioxide  dur ing  s e v e r a l  runs  made wi th  an o x i d i z i n g  gas  i s  shown i n  F igure  5. 
each run two d i s t i n c t  peaks i n  t h e  s u l f u r  d ioxide  format ion  rate were observed.  
The f i r s t  peak might have been due t o  d e v o l a t i l i z a t i o n  and o x i d a t i o n  of v o l a t i l e  
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s u l f u r  compounds inc luding  hydrogen s u l f i d e .  Af te r  t h e  i n i t i a l  degass ing  
of c o a l  had subs ided ,  oxygen could p e n e t r a t e  the  c o a l  more r e a d i l y  and react wi th  
embedded p y r i t e s  l e a d i n g  to  t h e  second peak. Then as t h e  oxida t ion  r a t e  of  
p y r i t e s  became l i m i t e d  by t h e  d i f f u s i o n  of oxygen through an i n c r e a s i n g  l a y e r  .of 
r e a c t i o n  products  such a s  i r o n  oxide,  t h e  r a t e  subs ided .  The d i f f e r e n c e  i n  t h e  
behavior  of t h e  two types  of  c o a l  f u r t h e r  suppor ts  t h i s  theory .  Thus f o r  deashed 
c o a l  wi th  a r e l a t i v e l y  small  p y r i t e  c o n t e n t ,  the  second peak was much s m a l l e r  than 
f o r  r u n  of  mine c o a l .  

ANALYSIS AND CONCLUSIONS 

The r e s u l t s  of t h i s  s tudy  confirmed t h a t  i t  i s  p o s s i b l e  t o  remove s u b s t a n t i a l  
amounts of s u l f u r  from pulver ized  bi tuminous c o a l  i n  a f l u i d i z e d  bed r e a c t o r  
opera ted  a t  e leva ted  temperatures .  However, f o r  t h e  type of c o a l  used i n  t h i s  s tudy  
t h e  removal of s u l f u r  is  accompanied by a s u b s t a n d t i a l  l o s s  of v o l a t i l e  matter. 
Both t h e  degree of d e s u l f u r i z a t i o n  and e x t e n t  of d e v o l a t i l i z a t i o n  are s t r o n g l y  
inf luenced  by temperature .  The composi t ion of t h e  f l u i d i z i n g  gas  appears  t o  have 
more e f f e c t  on t h e  removal of  p y r i t i c  s u l f u r  than on t h e  removal of organic  s u l f u r  
and v o l a t i l e  mat te r  i n  t h e  240-4OO0C range of temperature .  Thus a n  oxygen bear ing  
gas  appears  more e f f e c t i v e  f o r  removing p y r i t i c  s u l f u r  than a hydrogen bear ing  
gas  and n i t r o g e n  i s  completely i n e f f e c t i v e .  On t h e  o t h e r  hand, the  removal of 
organic  s u l f u r  appears  due mainly t o  p y r o l y s i s  and d e v o l a t i l i z a t i o n  and i s  not  a 
s t r o n g  func t ion  of t h e  t rea tment  gas  composi t ion.  Since a s i g n i f i c a n t  p a r t  of  the  
c o a l  i s  v o l a t i l i z e d ,  the  recovery and u t i l i z a t i o n  of  t h e  v o l a t i l e  products  i s  
important .  

Although a number of i n d u s t r i a l  p rocess  a l t e r n a t i v e s  based on t h e  f l u i d i z e d  
bed method of  d e s u l f u r i z a t i o n  a r e  conce ivable ,  only two w i l l  be cons idered  h e r e .  
One a l t e r n a t i v e  involves  t r e a t i n g  pulver ized  c o a l  i n  a cont inuous f low system wi th  
a i r  o r  a i r  d i l u t e d  w i t h  recyc led  off-gas  t o  remove p y r i t i c  s u l f u r  and o r g a n i c  
s u l f u r .  This  approach is i n d i c a t e d  f o r  c o a l s  conta in ing  f i n e l y  disseminated 
p y r i t e s  which can n o t  be removed by p h y s i c a l  s e p a r a t i o n .  I t  is conceivable  t h a t  
s u f f i c i e n t  h e a t  would be generated through o x i d a t i o n  t o  s u s t a i n  t h e  process .  How- 
e v e r ,  t h e  off-gas  would be d i l u t e d  wi th  n i t r o g e n  and have a low h e a t i n g  v a l u e .  
Also t h e  s u l f u r  d ioxide  p r e s e n t  i n  low c o n c e n t r a t i o n  would be  d i f f i c u l t  t o  e x t r a c t .  
On t h e  o t h e r  hand, t h e  l i g h t  o i l  i n  t h e  off-gas  would be r e l a t i v e l y  easy t o  remove 
and t h e r e  would be no tar t o  contend wi th .  A second a l t e r n a t i v e  inv~olves  t r e a t i n g  
c o a l  i n  a flow system wi th  recyc led  off-gas  which has  been d e s u l f u r i z e d  and heated.  
This  approach is i n d i c a t e d  f o r  c o a l s  wi th  important  amounts of organic  s u l f u r  b u t  
l i t t l e  p y r i t i c  s u l f u r .  The of f -gas  would be r i c h  i n  hydrogen and methane and have 
a r e l a t i v e l y  high h e a t i n g  v a l u e .  Hydrogen s u l f i d e  p r e s e n t  i n  t h e  gas  would be 
r e l a t i v e l y  easy t o  remove, b u t  t h e  tar a l s o  p r e s e n t  would c r e a t e  more of a problem 
than t h e  l i g h t  o i l  produced under oxid iz ing  c o n d i t i o n s .  In t h e  c a s e  of e i t h e r  
a l f t e r n a t i v e ,  t h e  c l e a n  f u e l  gas would be u t i l i z e d  toge ther  wi th  t h e  char  product .  

While t h e  methods a p p l i e d  i n  t h i s  s tudy  d i d  n o t  reduce t h e  s u l f u r  c o n t e n t  of  
t h e  s e l e c t e d  coa l  t o  t h e  p o i n t  where t h e  product  would meet p r e s e n t  a i r  p o l l u t i o n  
c o n t r o l  s tandards ,  f u r t h e r  improvement i n  methodology is poss ib le .  From t h e  
publ ished r e s u l t s  of t h e r  workers ( 5 , 7 ) ,  i t  is l i k e l y  t h a t  e i t h e r  reducing  the  
p a r t i c l e  s i ze  o r  i n c r e a s i n g  t h e  temperature  would be b e n e f i c i a l ,  a l though increas-  
i n g  t h e  temperature  would remove more v o l a t i l e  matter a s  w e l l  as more s u l f u r .  
c o a l s  which i n i t i a l l y  c o n t a i n  l e s s  s u l f u r  o r  a r e  of  a h igher  rank than t h e  one 
s e l e c t e d  could p o s s i b l y  b e n e f i t  more from t h i s  type of  t rea tment .  

Also 
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Figure  2. S u l f u r  d i s t r i b u t i o n  diagrams f o r  c o a l  char  a f t e r  oxygen treatments .  
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