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ABSTRACT 

One gram samples o f  13 h i  g h - v o l a t i  l e  b i t u m i n o u s  c o a l s  f rom I1 1 i n o i  s, 
s p i k e d  w i t h  a  sma l l  amount o f  r a d i o a c t i v e  s y n t h e t i c  p y r i t e ,  F ~ ~ ~ s ~ ,  o r  
w i t h  a  s q a l l  amount o f  i r r a d i a t e d  1.6 s p e c i f i c - g r a v i t y  s i n k  f r a c t i o n  
p repared  f r o m  f i v e  o f  t h e  c o a l s ,  were c h a r r e d  a t  650°C i n  a  n i t r o g e n  
atmosphere f o r  30 m inu tes .  The v o l a t i l e  m a t t e r  evo lved  was cornbusted i n  
an oxygen stream; and t h e  s u l f u r  o x i d e s  formed were t rapped ,  t h e n  
q u a n t i t a t i v e l y  separa ted as ba r ium s u l f a t e ,  which was weighed t o  g i v e  
t h e  amount o f  s u l f u r  evo lved  on c h a r r i n g ,  I n  a d d i t i o n ,  t h e  b e t a -  
r a d i a t i o n  f rom 3 5 ~  was counted t o  de te rm ine  t h e  f r a c t i o n  of p y r i t i c  
s u l f u r  e v o l v e d  upon c h a r r i n g .  The cha r  was a l s o  ana lyzed f o r  s u l f u r  
c o n t e n t  and 3 5 ~  a c t i v i t y .  I n  27 c h a r r i n g  exper iments ,  an average and 
range ( a s  d e f i n e d  by  one s tandard  d e v i a t i o n  about  the mean) o f  43% f 5% 
o f  t h e  p y r i t i c  s u l f u r  i n  t h e  s p i k e d  coa l  was evo lved,  c o n s i s t e n t  w i t h  
t h e  w e l l  -known decompos i t i on  of p y r i t e  to p y r r h o t i t e  w i t h  e v o l u t i o n  o f  
t h e  s u l f u r .  The v o l a t i l i z e d  m a t e r i a l  c o n t a i n e d  an average o f  572 + 5% 
o f  t h e  o r g a n i c  s u l f u r  i n  t h e  s p i k e d  c o a l .  Thus, t h e  l a r g e r  t h e  o r g a n i c -  
t o - p y r i t i c  s u l f u r  r a t i o  i n  a  coa l  sample, t h e  g r e a t e r  t h e  f r a c t i o n  o f  
t o t a l  s u l f u r  evo lved  upon c h a r r i n g ;  an average o f  474 + 5% o f  t h e  t o t a l  
s u l f u r  was evo lved  upon c h a r r i n g  t h e  23 d i f f e r e n t  s p i k e d  coa l  samples 
i n v e s t i  ga ted.  



The o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  de te rm ine  t h e  f a t e  o f  t h e  forms of 
s u l f u r  i n  I l l i n o i s  c o a l s  d u r i n g  c h a r r i n g .  Kruse and Shimp (1981)  
deve loped a  conveyor - feed,  l ow- tempera tu re  c h a r r i  ng t e c h n i q u e  i n  which 
t h e  t e m p e r a t u r e  o f  a  t h i n  (-5 mm) bed o f  c o a l  i n c r e a s e d  t o  650°C as i t  
moved t h r o u g h  t h e  oven. The v o l a t i l e  m a t t e r  was wi thdrawn c o u n t e r  
c u r r e n t  t o  t h e  d i r e c t i o n  o f  t h e  coa l  t o  p r e v e n t  t a r  formed a t  one 
t e m p e r a t u r e  f rom r e a c t i n g  w i t h  cha r  formed a t  a h i g h e r  tempera tu re .  
When t h e  r e s u l t i n g  c h a r  was a c i d - 1  eached and hydrogenated,  t h e  y i e l d  o f  
t h e  p r o d u c t  f rom coa l  was 50% t o  6r3"/, and 7 5 W o  9 0 h f  t h e  s u l f u r  i n  
t h e  o r i g i n a l  coa l  had been removed, From ana lyses o f  t h e  cha rs  produced 
f r o m  c o a l s  f o r  wh ich  t h e  r a t i o  o f  p y r i t i c  s u l f u r  t o  o r g a n i c  s u l f u r  
v a r i e d  w i t h i n  a  nar row range, Kruse and Shimp (1981) conc luded t h a t  an 
amount o f  s u l f u r  e q u i v a l e n t  t o  t h e  amount o f  o r g a n i c  s u l f u r  i n  t h e  feed 
c o a l  c o u l d  he removed d u r i n g  t h e  c h a r r i n g  process.  

T h i s  was s u r p r i s i n g  because a  r e v i e w  o f  t h e  l i t e r a t u r e  shows t h a t  a1 1  
forms o f  s u l f u r  i n  c o a l  c o n t r i b u t e  t o  t h e  s u l f u r  e v o l v e d  d u r i n g  c h a r r i n g  
o r  cok ing .  

Powel 1 (1920, 1921) r e p o r t e d  t h a t  i n  t h e  c h a r r i n g ,  o f  coa l  , p y r i t e  
decomposed t o  p y r r h o t i t e ,  s u l f a t e  decomposed t o  s u l f i d e ,  and o r g a n i c  
s u l f u r  formed v o l a t i l e  o r g a n i c  c o ~ p o u n d s  and hydrogen s u l f i d e .  These 
r e a c t i  ons were e s s e n t i  a1 1  y compl e t e  b y  600°C. Wool house ( l 9 3 5 ) ,  who 
c h a r r e d  c o a l s  w i t h  d i f f e r e n t  s u l f u r  c o n t e n t s ,  a l s o  found t h a t  p y r i t e  
decomposed t o  f e r r o u s  s u l f i d e  and hydrogen s u l f i d e  a t  600°C. Armst rong 
and Himus (1939) r e p o r t e d  t h a t  t h e  r a t e  o f  o r g a n i c  s u l f u r  removal 
g e n e r a l l y  c o r r e l a t e d  w i t h  t h e  r a t e  o f  removal o f  t o t a l  s u l f u r .  Th iessen 
(1935),  f rom ana lyses o f  some 82 c o a l s  and cokes, found t h a t  t h e  
r e l a t i o n s h i p  between t h e  s u l f u r  i n  t h e  coke and t h e  p y r i t i c  and o r g a n i c  
s u l f u r  i n  t h e  o r i g i n a l  c o a l s  was 

Eaton e t  a l e  (1948, 1949), u s i n g  a  r a d i o a c t i v e  s u l f u r  t r a c e r  techn ique ,  
showed t h a t  n e i t h e r  o r g a n i c  no r  p y r i t i c  s u l f u r  was p r e f e r e n t i a l l y  
evo l  ved d u r i n g  a commercial c o k i n g  r u n  o f  a coa l  c o n t a i n i n g  
approx imate1 y t h e  same amounts o f  o r g a n i c  and p y r i t i c  s u l f u r .  z e r n i  ?-  

(19621, a1 so u s i n g  a  r a d i o a c t i v e  t r a c e r  method, determined t h a t  i n  
a d d i t i o n  t o  t h e  m i n e r a l  m a t t e r  c o n t e n t  and t o t a l  q u a n t i t y  o f  s u l f u r  i n  
t h e  c o a l ,  t h e  rank had a  s i g n i f i c a n t  e f f e c t  upon s u l f u r  r e t e n t i o n  i n  t h e  
c h a r .  

It i s  i m p o r t a n t  t o  unders tand  t h e  forms o f  s u l f u r  r e t a i n e d  i n  c h a r r i n g  
processes such as t h e  conveyor - feed,  l ow- tempera tu re  t e c h n i q u e  deve loped 
a t  t h e  I 1  l i n o i s  S t a t e  Geo log ica l  Survey f o r  c o a l s  w i t h  a  l a r g e  range o f  
p y r i t i c -  and o r g a n i c - s u l f u r  c o n t e n t s ;  f u r t h e r  t r e a t m e n t  o f  t h e  c h a r  can 
be d i  r e c t e d  toward  t h e  e f f i c i e n t  removal o f  t h e  rema in ing  forms. T h i s  
s t u d y  was s p e c i f i c a l l y  des igned t o  i n v e s t i g a t e  t h e  f a t e  of p y r i t i c  



s u l f u r  i n  t h e  c h a r r i n g  o f  a  s e r i e s  o f  I l l i n o i s  c o a l s  w i t h  a  wide range 
o f  p y r i t i c  t o  o r g a n i c  s u l f u r  r a t i o s ,  t o t a l  s u l f u r  c o n t e n t s ,  and ash 
c o n t e n t s .  

A r a d i o a c t i v e  t r a c e r  method t h a t  i n v o l v e d  t h e  c h a r r i n g  o f  c o a l s  s p i k e d  
w i t h  tagged  p y r i t e ,  F ~ ~ ~ s ~ ,  and t h e  ineasurernent o f  t h e  r a d i o a c t i v e  
s u l  f u r - 3 5  i n  t h e  evo l  ved gases and r e s u l t i n g  cha r ,  was developed.  Two 
k i n d s  o f  r a d i o a c t i v e  p y r i t e  were used: ( 1 )  a  r a d i o a c t i v e  p y r i t e  was 
s y n t h e s i z e d  f rom i r o n  and f rom s u l f u r  t h a t  had been i r r a d i a t e d  w i t h  
the rma l  neu t rons  t o  produce 3 5 ~  ( t l / *  = 87 days)  ; and ( 2 )  t h e  1.6 
spec i  f i c - g r a v i t y  (S.G.) s i n k  f r a c t i o n ,  i n  which p y r i t e  i s  c o n c e n t r a t e d ,  
was p repared  f rom each o f  f i v e  c o a l s ,  t h e n  i r r a d i a t e d  w i t h  t h e r m a l  
neu t rons .  

It i s  presumed t h a t  p y r i t e  separa ted f rom t h e  coa l  , i r r a d i a t e d ,  and 
mixed w i t h  c o a l  a y a i  n, w i l l  undergo t h e  same r e a c t i o n s  i t  would have 
undergone had i t  n o t  been separa ted and i r r a d i a t e d ,  a l t h o u g h  i t s  reac -  
t i v i t y  may he g r e a t e r  because i t s  s u r f a c e  was c h e m i c a l l y  c leaned .  The 
use o f  t h e  s i n k  f r a c t i o n s  s u f f e r s  f rom t h e  d i sadvan tage  t h a t  t h e  r a d i o -  
a c t i v e  s u l f u r  i s  n o t  a l l  p y r i t i c ;  t h e  s i n k  a lways c o n t a i n s  sma l l  amounts 
o f  o r g a n i c  s u l f u r  and s u l f a t e ,  which i n t r o d u c e s  smal l  e r r o r s  i n t o  t h e  
c a l  c u l  a t i  on o f  t h e  percentage o f  p y r i t i c  s u l  f u r  e v o l  ved upon c h a r r i  ng . 
The s y n t h e t i c  r a d i o a c t i v e  p y r i t e ,  F ~ ~ ~ s ~ ,  has t h e  advantage o f  s u l f u r  
p u r i t y  h u t  t h e  d i  sadvantage t h a t  p y r i t e  s y n t h e s i z e d  f r o m  1  a b o r a t o r y -  
grade chemica ls  may have s i g n i  f i c a n t l y  d i f f e r e n t  p r o p e r t i e s  f rom p y r i t e  
formed a u t h i g e n i c a l l  y i n  coa l  . The s y n t h e t i c  p y r i t e  and t h e  i r r a d i a t e d  
s i n k s  can be expected t o  undergo r e a c t i o n  o r  r e a c t i o n s  l i k e  t h o s e  
undergone m a i n l y  b y  coa rse -g ra ined  p y r i t e .  Not much, i f  any, d i r e c t  
i n f o r m a t i o n  w i l l  be p r o v i d e d  on t h e  r e a c t i o n s  i n v o l v i n g  t h e  f i n e l y  
disseminated t y p e  o f  p y r i t e ,  a l t h o u g h  a  sma l l  f r a c t i o n  o f  t h e  p y r i t e  i n  
t h e  1.6 S.G. s i n k  o f  a  coa l  i s  o f  t h e  f i n e l y  d i s s e m i n a t e d  t y p e .  

The s p i k e d  c o a l  samples were c h a r r e d  a t  '650°C i n  a  t u b e  f u r n a c e  
c h a r r i  ng-and-oxi  d a t i  on appara tus  (Ruch, Chaven, and Kruse,  1984) ; gases 
e v o l v e d  i n  t h e  c h a r r i n g  were o x i d i z e d  and t h e  s u l f u r  o x i d e s  c o l l e c t e d .  
The s u l  f u r  p r o d u c t s  were rad iochen i i  c a l l  y  p u r i  f i  ed, measured, and b e t a -  
counted f o r  3 5 ~  a c t i v i t y ,  t o  de te rm ine  t h e  amount o f  s u l f u r  e v o l v e d  and 
t h e  f r a c t i o n  o f  p y r i t i c  s u l f u r  evo lved  upon c h a r r i n g  o f  c o a l .  The 
amount o f  s u l f u r  and t h e  f r a c t i o n  o f  r a d i o a c t i v e  s u l f u r  r e m a i n i n g  i n  t h e  
c h a r  were a l s o  d e t e r q i n e d .  

The r a d i  ochemical  p u r i  f i c a t  i o n  done on t h e  s u l  f u r  p r o d u c t s  c o l  l e c t e d  was 
m a i n l y  t o  s e p a r a t e  smal l  amounts o f  i s o t o p e s  o f  i n o r g a n i c  e lements ,  such 
as se len ium and mercury,  t h a t  a r e  c o n c e n t r a t e d  i n  t h e  1.6 S.G. s i n k  o f  
c o a l  and v o l a t i l i z e d  upon c h a r r i n g .  The prob lem o f  t h e  known i n t e r f e r -  
ence of 3 2 ~  (tl/2 = 14.3 days)  formed b y  t h e  r e a c t i o n  3 2 ~ ( n , p ) ~ 3 2  was 
e l i m i n a t e d  b y  a  minimum ?-month decay p e r i o d  between i r r a d i a t i o n  and use 
o f  t h e  r a d i o a c t i v e  p y r i t e s .  As c h l o r i n e  i s  n o t  c o n c e n t r a t e d  i n  t h e  1.6 
S.G .  s i n k  f r a c t i o n  o f  c o a l ,  i n t e r f e r e n c e  f rom t h e  r e a c t i o n  3 5 ~ 1  (n ,p)  3 5 ~  
would be i n s i  g n i  f i c a n t  . 



C a r r i e r - f  r e e  s u l f u r i c  a c i d  c o n t a i n i n g  2.0 mi 11 i c u r i e s / m L  o f  3 5 ~  ( f rom 
New England N u c l e a r )  was d i l u t e d  1 : l O , O O O  w i t h  wa te r  t o  p r o v i d e  a s u i t -  
a b l y  a c t i v e  t r a c e r  f o r  use i n  d e v e l o p i n g  t h e  rad iochemica l  p rocedures .  

Equal w e i g h t s  ( 3  g  each)  o f  i r o n  f i l i n g s  and f l o w e r s  o f  s u l f u r  were 
mi xed we1 1  and sea led  i n  an evacuated Pyrex t u b e  (1.2 cm i .dm x  15 cm 
l e n g t h ) .  The t u b e  was heated i n  a  sma l l  t u b e  f u r n a c e  a t  480°C f o r  48 
hours .  The p r o d u c t  was ground t o  a  powder and b o i l e d  i n  4 M H C I  (10  
mL/g o f  p y r i t e )  f o r  2  hours .  The i n s o l u b l e  m a t e r i a l  was f i l t e r e d  and 
washed w i t h  4 M HC1, water ,  and e t h a n o l ,  and d r i e d  a t  l l O ° C  f o r  1 
hour .  The p r o d u c t  was t h e n  r e f l u x e d  w i t h  200 mL o f  methy lene c h l o r i d e  
i n  a  Soxhl e t  e x t r a c t o r  f o r  12 hours,  washed w i t h  e thano l  , and d r i e d  f o r  
3 hours  a t  l l O ° C e  X-ray d i f f r a c t i o n  a n a l y s i s  o f  t h e  p u r i f i e d  p r o d u c t  
showed o n l y  peaks f o r  p y r i t e ,  i n d i c a t i n g  a  p u r i t y  o f  a t  l e a s t  98%. 

P y r i t e  c o n t a i n i n g  3 5 ~  was p repared  b y  t h i s  p rocedure  u s i  ng 99.999% p u r e  
s u l f u r  t h a t  had been i r r a d i a t e d  i n  a  thermal  n e u t r o n  f l u x  o f  2.8 x  1012n 
cmm2 s e c - l  f o r  4 hou rs .  T h i s  p y r i t e  was ground t o  -60 mesh. 

F i v e  c o a l s  were d r i e d ,  p u t  t h r o u g h  a  r o l l  m i l l ,  and s i z e d  t h r o u g h  l o - ,  
20-, and 30-mesh screens.  About 1000 g  o f  t h e  -20 + 30 mesh f r a c t i o n  
was g r a v i t y  separa ted  w i t h  a  1.6 s p e c i f i c  g r a v i t y  m i x t u r e  of e t h y l e n e  
d i  b romide  i n  pe t ro leum e t h e r .  The s i n k  f r a c t i o n  was c o l l  ec ted ,  d r i e d ,  
washed f i r s t  w i t h  water ,  t h e n  w i t h  acetone,  and ground t o  -60 mesh. The 
s i n k s  were i r r a d i a t e d  f o r  t h e  e  u i v a l e n t  o f  4 hours i n  a  f l u x  o f  2.8 x 4 1012 t he rma l  neu t rons  sec-  . 

A p p r o x i m a t e l y  1 g  o f  a i r - d r i e d  coa l  ( -60  mesh) sp i ked  w i t h  0.01 t o  0.03 
g o f  r a d i o a c t i v e  p y r i t e  ( F e 3 5 ~ 2 )  o r  i r r a d i a t e d  s i n k  f r a c t i o n  was c h a r r e d  
under  a  n i t r o g e n  atmosphere (-150 cc N2/min) i n  t h e  appara tus  il l u s -  
t r a t e d  i n  f i g u r e  1. D u r i n g  t h e  c h a r r i n g  run,  s u c t i o n  was a p p l i e d  beyond 
t h e  second a b s o r p t i o n  s o l u t i o n  b o t t l e  t o  ensure q u a n t i t a t i v e  t r a n s f e r  o f  
v o l a t i l e  m a t e r i a l  and t o  p r e v e n t  p r e s s u r e  b u i l d u p .  The vacuum drawn was 
a d j u s t e d  t o  a  c o n s t a n t  v a l u e  b e f o r e  h e a t i n g  o f  t h e  c o a l  began; t h e  f l o w  
mete r  on t h e  a i r  i n l e t  t o  t h e  gas-mix ing b o t t l e  was a d j u s t e d  t o  p e r m i t  
100 mL o f  a i r  p e r  m i n u t e  t o  f l o w  t h r o u g h  t h e  system t o g e t h e r  w i t h  t h e  
n i t r o g e n  and oxygen. The a i r  f l o w  was t h e n  s h u t  o f f  and 5 m i n u t e s  
a l l o w e d  f o r  p u r g i n g  a1 1  a i r  from t h e  c h a r r i n g  oven. 



I 
Oxidation compartment I Charring compartment 

Figure 1 
Apparatus for charring coal at 6 5 0 ' ~  and oxidizing and trapping volatile products. 



The coa l  sample, a c c u r a t e l y  weighed i n t o  a  ceramic boat ,  was heated f rom 
100' t o  650°C i n  about 30 minutes .  C h a r r i n g  a t  650°C was a1 lowed t o  
c o n t i n u e  f o r  30 m inu tes ,  t h e n  t h e  char  was coo led  t o  room tempera tu re  i n  
t h e  n i t r o g e n  stream. Developmental work i n  t h e  c h a r r i n g  o f  coa l  by 
Ruch, Chaven, and Kruse (1984) showed t h a t  t h i s  procedure gave f a i r l y  
r e p r o d u c i b l e  r e s u l t s  f o r  s u l f u r  l o s s .  The v o l a t i  l e  p roduc ts  e x i t i n g  
f rom t h e  c h a r r i n g  chamber were o x i d i z e d  i n  a  s t ream o f  oxygen (-260 
c c / m i n )  i n  t h e  q u a r t z  chamber i n  t h e  second tube  fu rnace  s e t  a t  960°C. 
The o x i d i z e d  gases were t rapped  i n  two s e q u e n t i a l  bubb le rs ,  each 
c o n t a i n i n g  125 mL of 3% H2O2 s o l u t i o n .  The s u l f u r  ox ides  c o l l e c t e d  as 
s u l  f a t e  were p r e c i p i t a t e d  as bar ium s u l f a t e  ( d e s c r i b e d  i n  a f o l l o w i n g  
s e c t i  on) f o r  wei gh t  de te rm i  n a t i o n  o f  s u l  f u r  and f o r  b e t a  c o u n t i n g  . 
Also,  t h e  r e s u l t i n g  char  was t a r e d ,  t h e n  combusted a t  1350°C t o  measure 
t h e  t o t a l  amount o f  s u l f u r  and t h e  f r a c t i o n  o f  r a d i o a c t i v e  s u l f u r  i n  t h e  
char .  

Combustion sf Coa l f u r  and 3 5 ~  

Samples o f  coa l  ( 1  g )  o r  char  (0.5 t o  0.7 g )  were combusted a t  1350°C 
a c c o r d i n g  t o  t h e  h igh - tempera tu re  combust ion method i n  ASTM s tandard  
D3177-82 f o r  t o t a l  s u l f u r  i n  coa l  and coke. The exper imen ta l  se tup  i s  
diagrammed i n  f i g u r e  2. The combust ion boat  con ta ined  a  weighed amount 
(0.5 t o  1.0 g )  o f  c o a l  o r  char  covered w i t h  -0.5 g  a c t i v a t e d  a lumina.  
The boat  was pushed i n t o  t h e  combust ion zone a t  a  r a t e  s low enough t o  
a v o i d  thermal  shock; i t  was h e l d  i n  t h e  1350°C zone f o r  4 minutes .  The 
s u l f u r  ox ides  formed were c o l l  e c t e d  i n  two sequent i  a1 hydrogen p e r o x i d e  
s o l u t i o n  scrubbers  (125 mL o f  3% H o 2  i n  each) .  The scrubber  s o l u t i o n s  
were t r a n s f e r r e d  t o  an Erlenmeyer F lask ,  t h e  c o l l e c t i n g  b o t t l e  and t h e  
f l a r e  t u b e  were washed w i t h  water,  and t h e  washings were added t o  t h e  
Er lenmeyer f l a s k .  

P r e l  i r n i n a r y  exper iments  were conducted w i t h  coa l  samples sp iked  w i t h  
H ~ ~ ~ s O ~  t r a c e r  t o  c o n f i r m  t h e  complete r e c o v e r y  o f  r a d i o a c t i v i t y  and o f  
s u l  f u r  f rom t h e  combust ion procedure a t  1350°C. 

The hydrogen p e r o x i d e  s c r u b b i  ng s o l  u t i  ons o b t a i  ned f rom t h e  h i g h -  
tempera tu re  combust ion o r  f rom a  c h a r r i n g  exper iment  were a c i d i f i e d  t o  
pH 1 w i t h  h y d r o c h l o r i c  a c i d ,  t h e n  b o i l e d  t o  remove a l l  carbon d i o x i d e  
and hydrogen p e r o x i d e  and t o  reduce t h e  volume t o  about 150 mL. The 
c o o l e d  s o l u t i o n  was passed th rough  a cat ion-exchange column (15 cm o f  
Dowex 50W-X8 i n  a  1 cm d iamete r  x  30 cm l e n g t h  t u b e ) ,  and t h e  column was 
r i n s e d  w i t h  100 mL o f  0.1 N HC1. The s o l u t i o n  p l u s  r i n s e  f rom t h e  
column was heated t o  b o i l i n g ,  t h e n  coo led,  and 0.1 M BaC1 s o l u t i o n  i n  
excess, u s u a l l y  about 25 rnL, was added. Fo r  those  samples where a  l o w  
weight  of BaS04 (<0.08 g )  was expected, a  known amount o f  0.1 N H2S04 
was added t o  t h e  s o l u t i o n  be fo re  t h e  ba r ium c h l o r i d e  a d d i t i o n  t o  b r i n g  
t h e  expected we igh t  o f  bar ium s u l f a t e  t o  about 0.15 g. The ba r ium 
s u l f a t e  p r e c i p i t a t e d  was d i g e s t e d  f o r  6 hours .  The p r e c i p i t a t e  was 
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Figure 2 
1 3 5 0 ' ~  combustion apparatus for determination of total sulfur in coal and char. 



separated b y  f i l t r a t i o n  w i t h  a  M i l l i p o r e  f i l t r a t i o n  apparatus, us ing  
t a r e d  p o l y v i n y l  c h l o r i d e  M i l l i p o r e  f i l t e r s  (BDWP, 0.6 un pore s i z e ) .  
The p r e c i p i t a t e  was washed w i t h  d i s t i l l e d  water and ethanol .  The 
M i l l i p o r e  f i l t e r  was placed on a t a r e d  s t a i n l e s s  s t e e l  p lanchet ,  h e l d  
f l a t  w i t h  a  s t a i n l e s s  s tee l  r e t a i n e r  r i n g ,  and d r i e d  i n  a  l l O ° C  oven f o r  
1 hour.  The p lanche t  was cooled and weighed. The p r e c i p i t a t e  was 
covered w i t h  a  l i g h t ,  even coat o f  Kry lon  p r i o r  t o  beta coun t ing  f o r  3 5 ~  

content .  

P re l  i m i  n a r y  experiments were done w i t h  chars f rom coal  samples sp iked 
w i t h  t h e  H ~ ~ ~ s O ,  t r a c e r  ( 1 )  t o  t e s t  complete recovery o f  r a d i o a c t i v i t y  
i n  t h e  process o f  p u r i f i c a t i o n  o f  t he  v o l a t i l e  products  and i n  t h e  
p r e c i p i t a t i o n  o f  bar ium s u l f a t e ,  and ( 2 )  t o  develop t h e  procedure f o r  
p r e c i p i t a t i o n  o f  bar ium s u l f a t e  on t h e  M i l l i p o r e  f i l t e r  such as would 
g i v e  a  rep roduc ib l e  so l  i d  sample f o r  be ta  coun t ing .  

The recovery  o f  s u l f u r  from a  sp iked coal  sample, as c a l c u l a t e d  from t h e  
determined weight o f  BaSO,, agreed w i t h  t h e  va lue c a l c u l a t e d  from t h e  
analyzed s u l f u r  contents  o f  t h e  coal  and t h e  sp ike.  Y ie lds  were, t he re -  
f o re ,  e s s e n t i a l  l y  q u a n t i t a t i v e ,  g e n e r a l l y  between 97% and 101%. 

A mass balance f o r  s u l f u r  from a  c h a r r i n g  run was c a l c u l a t e d  from t h e  
determi ned weights  o f  t h e  Bas0 p r e c i p i t a t e s  from t h e  vo l  a t i  l e  p roduc ts  
c o l l e c t e d  d u r i n g  c h a r r i n g  and from t h e  1350°C combustion of t h e  char, 
compared t o  t h e  analyzed s u l f u r  con ten t  o f  t h e  sp iked coal  , Yie lds  were 
t hus  deterrni ned t o  be q u a n t i t a t i v e .  

Beta coun t i ng  was done on a  gas-p ropor t iona l  a lpha be ta  counter  (Gamma 
Products,  Inc  .) . A 14c ( f3 = 0.156 MeV) d i  sc- re ference source was used 
t o  e s t a b l i s h  t h e  optimum ope ra t i ng  vo l t age  (1870 v o l t s )  f o r  coun t i ng  3 5 ~  
w i t h  f3 = 0.167 MeV. The carbon-14 source was a l so  counted w i t h  each 
s e r i e s  o f  samples t o  measure e f f i c i e n c y  (ab0u.t l o%) ,  which i s  v e r y  
dependent on gas f l o w  r a t e  and gas composi t ion.  A1 1  sample counts were 
co r rec ted  t o  t h e  same e f f i c i e n c y .  Samples were t y p i c a l  l y  be ta  counted 
f o r  40 minutes, f o r  a  t o t a l  count o f  60,000 t o  150,000. Background was 
moni tored b u t  was l e s s  than  1 count per  minute and was no t  sub t rac ted .  

To o b t a i n  r ep roduc ib l e  r e s u l t s  from be ta  count ing,  i t  was necessary t o  
prepare bar ium s u l f a t e  p r e c i p i t a t e s  i n  t h e  same manner each t ime.  
F i l t r a t i o n  w i t h  depos i t i on  o f  bar ium s u l f a t e  onto t h e  M i l l i p o r e  f i l t e r  
was always c a r r i e d  ou t  i n  t h e  same manner t o  o b t a i n  an even l a y e r  o f  
p r e c i  p i  t a t e .  S ta i  n l ess  s t e e l  p l  anchets and r e t a i  ner  r i  ngs were o f  
un i f o rm  s i z e .  Spraying t h e  d r i e d  p r e c i p i t a t e  w i t h  Kry lon  helped t o  
prevent  f l a k i n g  and t o  l i m i t  mo is tu re  absorp t ion .  

Several samples were be ta  counted a t  i n t e r v a l s  o f  one month o r  more and 
gave tIl2 = 87 days, t h e  repor ted  h a l f - l i f e  . o f  3 5 ~ ,  i n d i c a t i n g  t h a t  t h e  
r a d i  ochemi c a l  p u r i f i c a t i o n  was s u f f i c i e n t .  



Figure 3 
Self-absorption effect for the beta radiation of 3 5  S in barium sulfate. 

To compare b e t a  counts  f rom one sample t o  ano the r ,  i t  was necessary  t o  
c o r r e c t  f o r  s e l f - a b s o r p t i o n  o f  t h e  3 5 ~  b e t a  b y  t h e  bar ium s u l f a t e .  An 
empi r i c a l  c o r r e c t i o n  cu rve  ( f i g .  3 )  o f  f r a c t i o n  o f  s e l  f - a b s o r p t i o n  
r e l a t i v e  t o  t h e  weight  o f  bar ium s u l f a t e  p r e c i p i t a t e  was made. The 
exper imen ta l  d a t a  were counts  on b a r i  um s u l f a t e ,  p r e c i p i t a t e s  p repared  
f r o m  t h e  r a d i o a c t i v e  H,SO, t r a c e r ,  t h e  r a d i o a c t i v e  s y n t h e t i c  p y r i t e ,  and 
c o a l s  s p i k e d  w i t h  t h e s 6  o r  w i t h  t h e  r a d i o a c t i v e  1.6 SoGo s i n k s .  

. Be ta  counts  on sarnpl es were compared a f t e r  s t a n d a r d i  z i  ny f o r  c o u n t i  ny 
e f f i c i e n c y ,  c o u n t i n g  t i m e ,  d a t e  o f  coun t  ( i  .e., decay f rom a  r e f e r e n c e  
To), we igh t  o f  BaSO, p r e c i p i t a t e ,  and chemical  y i e l d .  T o t a l  r a d i o -  
chemical  y i e l d  o f  t h e  two f r a c t i o n s  f rom a  c h a r r i n g  r u n  was c a l c u l a t e d  
as  a percentage o f  t h e  B ~ ~ ~ S O ,  r a d i o a c t i v i t y  o b t a i n e d  f rom t h e  h i g h -  
tempera tu re  combust i  on o f  c o a l  s s p i k e d  w i t h  t h e  same r a d i  o a c t i  ve p y r i t e  
sample ( e i t h e r  t h e  s y n t h e t i c  p y r i t e  o r  one o f  t h e  f i v e  1.6 S.G. s i n k s ) .  



The amount o f  a c t i v i t y  i n  a  s p i k e  f o r  a  g i v e n  weight  o f  BaSO, was read 
from a c u r v e  of b e t a  coun t ,  which was s t a n d a r d i z e d  t o  t h e  same we igh t  of 
r a d i  o a c t  i ve s p i  ke  and c o r r e c t e d  t o  100%chemi c a l  y i  e l  d o f  s u l  f u r ,  
r e l a t i v e  t o  t h e  we igh t  o f  ba r ium s u l f a t e  p r e c i p i t a t e  made f o r  each of 
t h e  s i n k s  and f o r  t h e  s y n t h e t i c  r a d i o a c t i v e  p y r i t e .  

The c o a l  samples t e s t e d  were p repared  f rom one o f  13 c o a l s ;  11 were f rom 
t h e  H e r r i n  (No. 6 )  Coal ,  one was f rom t h e  S p r i n g f i e l d  (No. 5 )  Coal ,  and 
one was f r o m  t h e  C o l c h e s t e r  (No. 2)  Coal . The r e s u l t s  o f  p rox ima te ,  
u l t i m a t e ,  and s u l f u r  ana lyses o f  t h e s e  c o a l s  a r e  l i s t e d  i n  t a b l e  1. A l l  
t h e  c o a l s  a r e  h i  g h - v o l a t i l e  b i  tuminnus i n  rank.  The s u l f u r ,  m o i s t u r e ,  
and ash c o n t e n t s  o f  t h e  f i v e  i r r a d i a t e d  1.6 S . G ,  s i n k s  a r e  l i s t e d  i n  
t a b 1  e  2. Th i  r t y - o n e  c h a r r i  ng exper iments  were rim; t h e  cornpos i t ions  o f  
t h e  s p i k e d  c o a l s  and t h e i r  c a l c u l a t e d  t o t a l  s u l f u r  and forms o f  s u l f u r  
c o n t e n t s  a r e  l i s t e d  i n  t a b l e  3. 

The r e s u l t s  o f  t h e  c h a r r i n g  exper iments  a r e  l i s t e d  i n  t a b l e s  4  and 5. 
The f r a c t i o n  o f  p y r i t i c  s u l f u r  evo lved  i n  c h a r r i n g  was equated t o  t h e  
f r a c t i o n  o f  t h e  3 5 ~  a c t i v i t y  measured i n  t h e  v o l a t i l e  p r o d u c t s .  The 3 5 ~  
a c t i v i t y  i n  t h e  v o l a t i l e  p r o d u c t s  and i n  t h e  cha r  accounted s a t i s f a c t o r -  
i l y  f o r  t h e  t o t a l  3 5 ~  a c t i v i t y  i n  t h e  sp i ked  coa l  sample. The f r a c t i o n  
o f  t h e  t o t a l  s u l f u r  e v o l v e d  i n  c h a r r i n g  was c a l c u l a t e d  f rom t h e  weighed 
amounts o f  ba r ium s u l f a t e  c o l l e c t e d  f rom a n a l y s i s  o f  t h e  v o l a t i l e  
p r o d u c t s  and o f  t h e  cha r .  Knowing t h e  t o t a l ,  p y r i t i c ,  o r g a n i c ,  and 
s u l f a t e  s u l f u r  i n  t h e  s p i k e d  c o a l ,  as we1 1  as t h e  percentages o f  t o t a l  
and p y r i t i c  s u l f u r  e v o l v e d  upon c h a r r i n g ,  we t h e n  c a l c u l a t e d  t h e  amount 
and f r a c t i o n  o f  o r g a o i c  s u l f u r  evo lved ,  w i t h  t h e  assumpt ion t h a t  t h e  
s u l f a t e  s u l f u r  remained i n  t h e  c h a r  ( a l t h o u g h  p r o b a b l y  as s u l f i d e ,  
[Powel I , 19211). The s u l f a t e  s u l f u r  ranged f rom 0.3% t o  8.3% and 
averaged 3.5% o f  t h e  t o t a l  s u l f u r  i n  t h e  s p i k e d  coa l  samples, so t h i s  
was n o t  an i m p o r t a n t  source o f  e r r o r ,  

I n  19 c h a r r i n g  exper iments  o f  c o a l s  s p i k e d  w i t h  s y n t h e t i c  r a d i o a c t i v e  
p y r i t e ,  an average and range as d e f i n e d  b y  one s tandard  d e v i a t i o n  about  
t h e  mean o f  42.5% f 5.0% o f  t h e  p y r i t i c  s u l f u r ,  47.4% f 5.7% o f  t h e  
t o t a l  s u l f u r  and 57-82, + 7.0% o f  t h e  o r g a n i c  s u l f u r  was evo lved.  I n  9 
c h a r r i n g  exper imen ts  o f  c o a l s  s p i k e d  w i t h  an amount o f  i r r a d i  a t e d  1.6 
S.G.  s i n k  f r a c t i o n ,  an average ( f s )  of 44.0% + 3.8% o f  t h e  p y r i t i c  
s u l f u r ,  45.6% + 4.2% o f  t h e  t o t a l  s u l f u r ,  and 51.5% + 6.9% o f  t h e  
o r g a n i c  s u l f u r  was evo lved .  ( R e s u l t s  f o r  r u n  158, shown i n  t a b l e  5, a r e  
anomalous and w i l l  be d i scusssed  s e p a r a t e l y . )  The e f f e c t  o f  a  s m a l l  
amount (1% t o  1 0 0 f  t h e  p y r i t i c  s u l f u r )  o f  o r g a n i c  s u l f u r  i n  t h e  
i r r a d i  a t e d  s i  nk s p i  kes, when a1 1 t h e  r a d i  o a c t i  v i  t y  was c a l  c u l  a t e d  as 
a r i s i n g  f rom p y r i t i c  s u l f u r ,  i s  t o  o v e r e s t i m a t e  t h e  f r a c t i o n  o f  p y r i t i c  
s u l  f u r  e v o l  ved, and consequen t l y  underes t ima te  t h e  f r a c t i o n  o f  o r g a n i c  
s u l f u r  evo lved .  The e f f e c t  o f  a smal l  amount (0.5% t o  2% o f  t h e  p y r i t i c  
s u l f u r )  o f  s u l f a t e  s u l f u r  i n  t h e  s p i k e  i s ,  s i m i l a r l y ,  t o  u n d e r e s t i m a t e  
t h e  f r a c t i o n  o f  p y r i t i c  s u l f u r  evo l  ved. 



Table 1. Chemical composition of coals (as rece ived  basis) 

S p r i n g -  
f i e l d  Col c h e s t e r  

H e r r i n  (No. 6 )  (No. 5 )  (No. 2 )  

C o n s t i t u e n t  
( w t  %) C22167 C22169 C22170 C22171 C22172 C22174 C22175 C22176 C22267 C22444 C22447 C22173 C22396 

S u l f u r  

P y r i t i c  
s u l f u r  

Organ ic  
s u l f u r  

S u l f a t i c  
s u l f u r  

M o i s t u r e  

V o l a t i l e  
m a t t e r  

F i  xed 
ca rbon  

Ash 

Carbon 

Hydrogen 

Ni t rogen 

Oxygen 

CaO 

Mg 0 

Organic  S/ 
P y r i t i c  S 

I 
I-' 
I-' 
I 



Table 2. S u l f u r ,  mois ture ,  and ash con t en t  of  1 .6  S.G. s i nk  f r a c t i o n s  from f l o a t - s i n k  
s epa ra t i ons  o f  coa l s  ( a s  received b a s i s )  

Original  coal o f  1 .6  S.G. s i nk  
Cons t i tuen t 

(wt %) C22169 C22171 C22173 C22175 C22267 

S u l f u r  8.77 10.20 14.24 2.66 13.71 

P y r i t i c  s u l f u r  8.21 9.89 13.78 2.50 12.38.  ' 

Organic su l  f u r  0.41 0.13 0.24 0.15 1.22 

Sul f a t i c  s u l f u r  0.15 0.18 0.22 0.01 0.11 

Moi s t u r e  0 .3  1 .0  0.2 1 .5  1 .5  

Ash 68.1 73.3 49.7 76.6 49.8 

Also  i n c l u d e d  a t  t h e  end o f  t a b l e  5  a r e  t h e  r e s u l t s  o f  a  c h a r r i n g  
exper iment  ( s t a r r e d )  run  on a  sample o f  coa l  C22447 a t  650' under 
n i t r o g e n  i n  an exper imenta l  system v e r y  s i m i l a r  t o  t h e  one used i n  t h i s  
p r o j e c t  (D. D. Coleman, 1983, personal  communication). I n  t h i s  
e x p e r i  ment , Col eman and coworkers used d e t e c t a b l  e  d i  f fe rences  i n  t h e  
n a t u r a l  3 4 ~ / 3 2 ~  r a t i o  o f  t h e  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  f r a c t i o n s  
o f  t h i s  coa l  t o  measure t h e  percentages o f  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  evo lved upon c h a r r i n g .  They found t h a t  o f  t h e  s u l f u r  evo lved 
(58X), 28% was p y r i t i c  and 66% was o r g a n i c  s u l f u r .  

Exper imenta l  e r r o r  accounts f o r  some o f  t h e  range i n  t h e  va lues f o r  t h e  
f r a c t i o n  o f  s u l f u r  o r  t y p e  o f  s u l f u r  evo lved  i n  coa l  c h a r r i n g .  The 
r e p r o d u c i  b i  l i t y  o f  t h e  techn ique  f o r  c h a r r i n g  a  coal  under n i t r o g e n  a t  
650°C u s i n g  t h i s  exper imenta l  system i s  i n d i c a t e d  by t h e  r e s u l t s  o f  
Ruch, Chaven, and Kruse (1984);  t h e y  r e p o r t e d  t h e  y i e l d  o f  char  f rom 
coa l  was 73,4%, 70.8% and 7 3 3 ,  and t h e  f r a c t i o n  o f  s u l f u r  l o s t  was 
50.9%, 550.3% and 42.6% i n  t h r e e  d i f f e r e n t  runs.  Tab le  4  i n c l u d e s  t h e  
r e s u l t s  o f  f o u r  s e t s  o f  r e p l i c a t e s :  ( 1 )  runs 149 and 163, ( 2 )  runs 138 
and 160, ( 3 )  runs 151 and 164, and ( 4 )  runs 144, 150, and 159. Runs 152 
and 153 were done w i t h  samples prepared f rom t h e  same coa l  (C22170) b u t  
w i t h  d i  f f e r e n t  amounts o f  t h e  r a d i o a c t i v e  s y n t h e t i c  p y r i t e  as sp ike :  
1.66% and 0.92%, r e s p e c t i v e l y .  I n  t a b l e  5, runs 154 and 167 a r e  
rep1 i cates  . R e s u l t s  from runs 150 and 159 agree we1 1, as do r e s u l t s  
f rom runs 151 and 164; however, r e s u l t s  on t h e  o t h e r  s e t s  of r e p l i c a t e s  
show t h a t  t h e  exper imenta l  d i f f e r e n c e  i n  f r a c t i o n  o f  t o t a l  s u f u r  evo lved 
may be 2% t o  5% a b s o l u t e .  S i m i l a r l y ,  t h e  e r r o r  i n  f r a c t i o n  o f  p y r i t i c  
s u l f u r  evo lved v i a  r a d i o a c t i v i t y  measurement may be 2% t o  5% abso lu te .  
Some inhomogenei ty  i n  t h e  c o a l s  may account f o r  some d i f f e r e n c e s .  



Table  3 .  Composition o f  s p i k e d  c o a l s  c h a r r e d  ( a s  r e c e i v e d  b a s i s )  

C h a r r i  ny S P y r i t i c  S  Organic S S u l f a t i c  S  Ash 
Run Coa l  (wt % )  Spike (wt  %) (wt %) ( a  %) (wt % )  ( a % )  ( w t % )  

C22173 (98.97) P y r i t e  ( 1  .O3) 
C22267 (98.79) P y r i t e  (1 .21)  
C22267 (97.75) 1.6 s i n k  (2 .25)  

o f  C22267 
C22396 (98.96) P y r i t e  ( 1  .04) 
C22173 (98.00 1.6 s i n k  (2 .00)  

o f  C22173 
C22171 (97.29) 1.6 s i n k  (3.71) 

o f  C22171 
C22169 (96.70) 1.6 s i n k  (3 .30)  

o f  C22169 
C22171 (98.95) P y r i t e  ( 1  .O5) 
C22169 (98.45) P y r i t e  (1 .55)  
C22447 (99.19) P y r i t e  (0 .81)  
C22167 (98.98)  P y r i t e  (1 .02)  
C22167 (96.94) 1.6 s i n k  (3.06) 

o f  C22169 
C22172 (98.98) P y r i t e  (1 .02)  
C22172 (97.10) 1.6 s i n k  (2 .90)  

o f  C22173 
C22176 (99.03)  P y r i t e  (0.97) 
C22447 (99.19) P y r i t e  (0.81) 
C22444 (98.88) P y r i t e  (1 .12)  
C22170 (98.34)  P y r i t e  (1 .66)  
C22170 (99 .08) P y r i t e  (0 .92)  
C22170 (97.41) 1.6 s i n k  (2 .59)  

o f  C22171 
C22176 (97.48) 1.6 s i n k  (2 .52)  

o f  C22171 
C22174 (98.87) P y r i t e  (1.13) 
C22175 (99.04) P y r i t e  (0 .96)  
C22175 (90.22) 1.6 s i n k  (9 .78)  

o f  C22175 
C22447 (99 . l 9 )  P y r i t e  (0.81) 
C22396 (98.96) P y r i t e  ( 1  .O4) 
C22176 (99 .03) P y r i t e  (0.97) 
C22444 (98.88) P y r i t e  (1 .12)  
-- - - P y r i t e  (100)  - - - - 1.6 s i n k  (100)  

o f  C22173 
C22170 (97.41) 1.6 s i n k  (2 .59)  

o f  C22171 

Beyond e x p e r i m e n t a l  e r r o r ,  reasons f o r  t h e  range o f  r e s u l t s  r e l a t e  t o  
t h e  r e a c t i o n s  o f  s u l f u r  i n  coa l  upon c h a r r i n g .  When a h i g h - v o l a t i l e  
b i t u m i n o u s  c o a l  i s  hea ted  i n  an i n e r t  atmosphere such as n i t r o g e n ,  l o s s  
o f  v o l a t i l e  m a t e r i a l  becomes r a p i d  above about  350°C, peaks between 
400°C and 500°C, and s lows a p p r e c i a b l y  a f t e r  about  550°C (Rostam-Abadi 
and Kruse,  1983). Organ ic  s u l f u r  i s  evo lved  w i t h  t h e  o r g a n i c  c o ~ ~ p o u n d s ,  
some as hydrogen s u l f i d e  and some as v o l a t i l e  compounds o f  carbon and 
s u l f u r .  P y r i t e  beg ins  t o  break down a t  about  500°C (Given and Jones, 



Tab le  4. F r a c t i o n  o f  s u l f u r ,  p y r i t i c  s u l f u r  and o rgan ic  s u l f u r  evolved,' and y i e l d  of char  i n  t h e  c h a r r i n g  of coa l  p l u s  
r a d i  o a c t i  ve. s y n t h e t i c  p y r i t e  a t  650°C. Rep1 i c a t e  runs of t h e  same sp iked  ' coa l  sample a r e  b racke ted .  R e s u l t s  
a r e  on t h e  b a s i s  o f  weight  o f  t h e  sp iked  c o a l .  

Run 
no. Coal 

F r a c t i o n  o f  F r a c t i o n  of F r a c t i o n  o f  
Char r a d i  o a c t i  v i  t y  Radi o a c t i  v i  t y  Amount ( w t % )  o f  S Grav. S t o t a l  S o r g a n i c  S 

y i e l d  (%)  evo l  v e d / i  n  char  y i e l d ( % )  evo l  v e d l i n  char  y i e l d ( % )  evo l  ved(%) evo lved  ( X )  

65.4 45.3154.7 99 .4 1.3211.36 94.4 49.3 56.8 

t SUMMARY 

Avg -L s  (19)42.5 (19)47.4 (19)57 -8  
25 .O 25.7 k7.0 

(18)42.7 (18148.1 (18)59.1 
k 5  .O -15.1 t4.0 

t The summary g i v e s  t h e  mean and range (one s )  o f  r e s u l t s  f o r  t h e  number o f  runs i n  p a r e n t h e s i s .  Summary o f  18 runs 
omi ts  run  157. 



Table 5. F r a c t i o n  o f  s u l f u r ,  p y r i t i c  s u l f u r  and o rgan ic  s u l f u r  evolved,  and y i e l d  o f  char  i n  t h e  c h a r r i n g  o f  coal  p l u s  
i r r a d i a t e d  1.6 S.G. s i n k  a t  650°C. R e p l i c a t e  runs o f  t h e  same sp iked  coa l  sample a r e  bracketed.  Resu l t s  a r e  
on t h e  b a s i s  o f  weight  o f  t h e  sp iked  coal  . 

Run 
no. Coal 

F r a c t i o n  o f  F r a c t i o n  o f  F r a c t i o n  of 
Char r a d i  oac t  i v i  t y  Radi oac t  i v i  t y  Amount (w t%)  o f  S Grav . S t o t a l  S . o rgan ic  S  

y i  e l  d  (%) evo l  v e d l i  n  char  y i  e l  d  (%)  evol  v e d l i  n  char  y i e l d ( % )  evo l  ved (%)  evol  ved(%) 

66.1 37.6162 - 4  74.7 1 . I511 .19 106. 49.1 63.1 

166 -- 78 -7 42.5157.5 70.4 5  -4519.44 105. 36.6 - - 
* C22447 59 28 p y r i t i c  S 58 6  6  

t SUMMARY 

Avg t s  

* Run by  Col ema'n (personal  comrnuni c a t i  on), desc r ibed  i n  t e x t .  

t The summary g ives  t h e  mean and range (one s )  o f  r e s u l t s  f o r  t h e  number o f  runs i n  paren thes is .  Run 158 i s  omi t ted .  
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Figure 4 
Relationship between fractions of sulfur and pyritic sulfur evolved upon charring of coals at 650'~. 

1966) t o  form p y r r h o t i t e  and s u l f u r ,  which i s  evo lved m a i n l y  as hydrogen 
s u l f i d e ,  a1 though r e a c t i o n  w i t h  v o l a t i l e  o rgan ic  m a t e r i a l  t o  form 
v o l a t i l e  compounds o f  carbon and s u l f u r  i s  s u r e l y  poss ib l e .  A number o f  
i n v e s t i  ga to r s  , i n c l  ud i  ng Cerni  ? - ~ i m i  t ( l 962 ) ,  have shown t h a t  not  a1 1  o f  
t h e  s u l f u r  re leased  d u r i n g  t h e  decomposi t ion o f  coa l  m a t e r i a l  o r  o f  
p y r i t e  escapes: some reac t s  w i t h  o the r  coal  m a t e r i a l  t o  form new carbon- 
s u l f u r  compounds, s t a b l e  and s o l i d  t o  650°C; and some reac t s  w i t h  o t h e r  
i ron compounds and ca l  c i  urn compounds t o  form i ron  and ca l  c i  um su l  f i des . 
X-ray d i f f r a c t i o n  a n a l y s i s  o f  coa l  chars  ( R o  E o  Hughes and H. D. Glass, 
1983, personal  communication) shows t h a t  t he  p y r r h o t i t e  formed d u r i n g  
t h e  c h a r r i n g  a t  650°C has a  composi t ion approx imate ly  Fe 16S 17. I f  a l l  
t h e  p y r i t e  i n  t h e  coa l  decomposed thus and a l l  t h e  re leased s u l f u r  was 
evo l  ved, accord ing  t o  t h e  equa t i  on 

46.92 o f  t h e  p y r i t i c  s u l f u r  would be evo lved and 53.1% would be l e f t  i n  
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Relationship between fractions of sulfur and organic sulfur evolved upon charring of coals at 6 5 0 " ~ .  

t h e  c h a r .  I n  t h e  p r e s e n t  s t u d y ,  an average v a l u e  o f  42,83 f 4.8% 
p y r i t i c  s u l f u r  evo lved  i n  29 c h a r r i n g  runs may be ev idence  t h a t  1% t o  5% 
o f  t h e  s u l f u r  d i s s o c i a t e d  f rom t h e  p y r i t e  i s  r e t a i n e d  i n  t h e  c h a r .  
However, i t  a1 so may be t h a t  Fe 16S does no t  we1 1  r e p r e s e n t  t h e  
p y r r h o t i  t e  formed i n  e v e r y  e x p e r ~ m e n t ;  a  more s u l  f u r - r i  ch p y r r h o t i  t e  
such as Fellsl2 may b e t t e r  a p p l y  t o  t h e  f o r m u l a t i o n .  It i s  a l s o  
p o s s i b l e  t h a t  n o t  a11 t h e  p y r i t e  i n  a  sample decomposes i n  each c h a r r i n g  
exper imen t  , 

Evidence f o r  i n c o m p l e t e  decompos i t i on  o f  p y r i t e  i s  as f o l  lows.  F i g u r e s  
4  and 5 show t h e  r e l a t i o n s h i p  between t h e  f r a c t i o n s  o f  p y r i t i c  s u l f u r  
and o f  o r g a n i c  s u l f u r  evo lved  upon c h a r r i n g  o f  t h e  s p i k e d  c o a l  samples 
and t h e  t o t a l  amount o f  s u l f u r  evo lved ,  F i g u r e  4 shows t h a t  t h e  more 
t o t a l  s u l f u r  evo lved,  t h e  g r e a t e r  i s  t h e  f r a c t i o n  o f  p y r i t i c  s u l f u r  
evo lved .  Ru t  as shown i n  f i g u r e  5, i n  most o f  t h e  samples 50% t o  6 5 m f  
t h e  o r g a n i c  s u l f u r  i s  evo lved  w i t h o u t  rega rd  t o  t h e  percentage (between 
40% and 55%) o f  t o t a l  s u l f u r  evo lved .  These f a c t s  a r e  c o n s i s t e n t  w i t h  
t h e  o b s e r v a t i o n  t h a t  o r g a n i c  s u l f u r  comes o f f  e a s i l y  w i t h  t h e  v o l a t i l e  
o r g a n i c  m a t t e r  be low 500°C, o r  r a p i d l y  a t  650° ,  and t h e  s u l f u r  r e l e a s e d  
l a t e r  i n  t h e  c h a r r i n g  process i s  f rom t h e  decompos i t i on  o f  p y r i t e  
b e g i n n i n g  about  500°C; t h i s  h i g h e r  tempera tu re  r e a c t i o n  may n o t  be  
coirlpl e t e  i n  e v e r y  exper iment .  
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Figure 6 
Relationship between ash content of spiked coal samples and fraction of sulfur evolved upon charring of coals 
a t  650" C. 

The decompos i t i on  o f  p y r i t e  i n  c o a l ,  when coa l  i s  c h a r r e d  a t  650°C, can 
occu r  b o t h  b y  hydrogen r e d u c t i o n ,  wh ich  i s  f a v o r e d  a t  l o w e r  tempera tu re ,  
and b y  the rma l  decornposi t i  on. B u t  when p y r i t e  a l o n e  i s  heated i n 
n i t r o g e n  t o  650°C it must decompose b y  the rma l  decompos i t i on  a l o n e  
(Lambert ,  1982). The a u t o - r e d u c t i o n  i s  n o t  so e f f e c t i v e  and a  more 
s u l  f u r - r i c h  p y r r h o t i  t e ,  about  Fe9Sl i n  c o m p o s i t i o n  as shown b y  X-ray 
d i f f r a c t i o n  a n a l y s i s  ( R e  E. Hughes and H e  D. Glass, 1983, pe rsona l  
c o m w n i  c a t i  on) ,  r e s u l t s ,  a c c o r d i n g  t o  t h e  f o l l  owing e q u a t i o n :  

I n  t h e  one exper imen t  i n  t h e  p r e s e n t  s t u d y  i n  wh ich  r a d i o a c t i v e  
s y n t h e t i c  p y r i t e  a l o n e  was heated a t  650°C under n i t r o g e n ,  r u n  165, t h e  
f r a c t i o n  o f  s u l f u r  evo lved  was 46.4% as measured b y  3 5 ~  a c t i v i t y  and 
48.0% as measured by we igh t  o f  s u l f u r .  The d i f f e r e n c e  f rom expected 
r e s u l t s  p r o b a b l y  r e p r e s e n t s  e x p e r i m e n t a l  e r r o r .  

L e t  us c o n s i d e r  t h e  e f f e c t  o f  coa l  c o m p o s i t i o n  i n  t h e  d i  scuss ion  o f  t h e  
reasons f o r  t h e  range i n  t h e  percentages o f  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  e v o l v e d  i n  t h e  29 c o a l  c h a r r i n g  exper iments  of t h i s  p r o j e c t .  
Tab les  4 and 5 show t h a t  t h e  percentages o f  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  e v o l v e d  a r e  f a i r l y  c o n s i s t e n t  among a l l  r uns  on samples c o n t a i n -  
i n g  t h e  same c o a l ,  such as C22170 ( r u n s  152, 153, 154, and 167).  
S i m i l a r l y  r e s u l t s  from runs 147 and 148, u s i n g  coa l  C22172, a r e  c o n s i s -  
t e n t ,  as a r e  r e s u l t s  f r o m  runs  135 and 139 u s i n g  c o a l  C22173. B u t  
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Relationship between ash content and proportion of pyritic sulfur in spiked coal samples. 

d i f f e r e n c e s  a r e  sometimes l a r g e  between t h e  r e s u l  t s  f rom c h a r r i n g  runs  
on s p i  ked coa l  samples ( i  . e m  f eed  coa l  s )  p repared  w i t h  d i  f f e r e n t  
c o a l s .  I n  p a r t i c u l a r ,  t h e  r e s u l t s  f rom runs on samples c o n t a i n i n g  c o a l  
C27175 ( r u n s  157 and 158) showed r e l a t i v e l y  l o w  (37% and 38%) e v o l u t i o n  
o f  p y r i t i c  s u l f u r  and s i g n i f i c a n t l y  l o w e r  (34% and 13%) e v o l u t i o n  o f  
o r g a n i c  s u l f u r  t h a n  d i d  r e s u l t s  f rom runs on o t h e r  c o a l s .  C22175 i s  a  
v e r y  unusual  coa l  : i t  i s  h i g h  i n  ash h u t  1 ow i n  s u l f u r .  Recent r e s u l t s  
o f  a n a l y s i s  o f  t h e  v o l a t i l e  f r a c t i o n  f rom coa l  p y r o l y s i s  v i a  gas chroma- 
t o g r a p h y ,  (Mei - I n  M e  Chou, 1984, pe rsona l  communi c a t i  on 1, i n d i  c a t e  t h a t  
t h e  o r g a n i c  s u l f u r  i n  C22175 i s  i n  a  more condensed phase ( r e l a t i v e l y  
more a romat i  c--and t h e r e f o r e  1  ess e a s i  l y  degraded) t h a n  t h e  o r g a n i  c  
s u l f u r  i n  t h e  t y p i c a l  I l l i n o i s  h i g h - v o l a t i  l e  b i  t um i  nous coa l  . 
To de te rm i  ne whether t h e  percentages o f  p y r i t i c  s u l  f u r ,  o r g a n i c  s u l f u r ,  
and t o t a l  s u l f u r  evo lved  i n  c h a r r i n g  c o a l s  were r e l a t e d  t o  t h e  chemical  
p r o p e r t i e s  o f  t h e  f e e d  c o a l s ,  t h e s e  t h r e e  s e t s  o f  s u l f u r  d a t a  were 
p l o t t e d  w i t h  d a t a  on carbon,  hydrogen, hydrogen/carbon,  v o l a t i  l e  m a t t e r ,  
ash, c a l c i u m  (as  o x i d e ) ,  magnesium (as o x i d e ) ,  s u l f u r ,  and v o l a t i l e  
m a t t e r  on a  m i n e r a l  - m a t t e r - f r e e  b a s i s  (wh ich  i s  t h e  b e s t  i n d i c a t o r  o f  
c o a l  rank a v a i l a b l e  h e r e )  i n  t h e  f e e d  c o a l s .  None o f  t h e  graphs showed 
s i  g n i  f i c a n t  c o r r e l  a t i  on between t h e  v a r i  a b l  es . 
F i g u r e  6 i s  t h e  p l o t  o f  ash c o n t e n t  o f  t h e  f e e d  c o a l  sample r e l a t i v e  t o  
t h e  f r a c t i o n  o f  t o t a l  s u l f u r  evol.ved upon c h a r r i n g .  It shows t h a t  a  
g r e a t e r  pe rcen tage  o f  t h e  s u l f u r  i s  evo lved  when a  c o a l  w i t h  a l o w e r  
m i n e r a l  c o n t e n t  i s  char-red. However, f i g u r e  7 shows t h a t  f eed  c o a l s  
w i t h  h i g h e r  ash c o n t e n t  a r e  t h e  ones w i t h  a  h i g h e r  p r o p o r t i o n  o f  p y r i t i c  
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Relationship between organic Slpyritic S in spiked coals and fraction of sulfur evolved upon 
charring a t  650'~. 

s u l f u r  c o n t e n t .  Because more o r g a n i c  t h a n  p y r i t i c  s u l f u r  i s  e v o l v e d  
upon c h a r r i n g  a c o a l ,  c o a l s  w i t h  a  l o w  f r a c t i o n  o f  p y r i t i c  s u l f u r  ( L e . ,  
l o w  ash c o n t e n t )  shou ld  show t h e  h i g h e s t  pe rcen tages  o f  t o t a l  s u l f u r  
l o s t .  T h i s  e x p e c t a t i o n  e x p l a i n s  f i g u r e  6. 

S i m i l a r l y ,  f i g u r e  8 i n d i c a t e s  t h a t  t h e  g r e a t e r  t h e  v o l a t i l e  m a t t e r  
c o n t e n t  o f  t h e  sp i ked  c o a l ,  t h e  g r e a t e r  i s  t h e  f r a c t i o n  o f  t o t a l  s u l f u r  
e v o l v e d  upon c h a r r i n g .  Bu t ,  as f i g u r e  9 shows, t h e  g r e a t e r  t h e  v o l a t i l e  
m a t t e r  c o n t e n t  o f  t h e  sp i ked  c o a l s ,  t h e  l ower  i s  t h e  ash c o n t e n t  and t h e  
r a t i  o  o f  p y r i  t i  c - s u l  f u r  t o  t o t a l  -su l  f u r  c o n t e n t .  Consequent1 y, t h e y  
have a  h i g h e r  r a t i o  o f  o r g a n i c - s u l f u r  t o  t o t a l  - s u l f u r  c o n t e n t ,  and as a  
g r e a t e r  f r a c t i o n  o f  o r g a n i c  t h a n  p y r i t i c  s u l f u r  i s  e v o l v e d  upon 
c h a r r i n g ,  t h e s e  c o a l s  a r e  expected t o  show t h e  l a r g e s t  pe rcen tage  
e v o l u t i o n  o f  t o t a l  s u l f u r .  

The d a t a  i n  f i g u r e  10 i l l u s t r a t e  t h e  consequence t h a t  t h e  l a r g e r  t h e  
o r g a n i c - s u l f u r  t o  p y r i t i c - s u l f u r  r a t i o  o f  t h e  c o a l ,  t h e  l a r g e r  i s  t h e  
f r a c t i o n  o f  t o t a l  s u l f u r  expected t o  be removed upon c h a r r i n g  a  coa l  a t  
650°C. Not o n l y  a r e  t h e  r e s u l t s  f rom t h e  c h a r r i n g  exper imen ts  i n  t h i s  



s t u d y  presented,  b u t  a l s o  t h e  r e s u l t  f rom t h e  c h a r r i n g  o f  C22447 a t  650' 
under  n i t r o g e n  b y  Coleman ( D o  D. Coleman, 1983, pe rsona l  
communicat ion) .  I n  a d d i t i o n ,  f i g u r e  10 shows da ta  f rom Kruse and Shimp 
(1981)  on cha rs  produced a t  650°C. Kruse and Shimp (1981)  c h a r r e d  
I 1  1  i n o i s  c o a l s  f rom S a l i n e  County ( r u n s  CF-134 and CF-135) and Gal l a t i n  
County (CF-136, -137, -138, and -140) a t  650°C i n  a l a r g e  c h a r r i n g  oven; 
as a  t h i n  bed o f  coa l  moved on a  conveyor b e l t  t h r o u g h  t h e  oven, t h e  
v o l a t i l  i z e d  m a t e r i a l  was b l e d  o f f  i n  t h e  o p p o s i t e  d i  r e c t i o n .  As t h e i r  
exper imen ta l  system s i g n i f i c a n t l y  d i f f e r e d  f rom t h e  l a b o r a t o r y  s c a l e  
system o f  Ruch, Chaven, and Kruse (1984)  t h a t  was used b o t h  i n  t h i  s 
p r o j e c t  and, w i t h  some a d a p t a t i o n ,  h y  Coleman (1983 pe rsona l  
communicat ion) ,  d a t a  f r o m  Kruse and Shimp (1981) need n o t  f i t  w e l l  w i t h  
t h e  t r e n d  o f  t h e  r e s t  o f  t h e  da ta  i n  f i g u r e  10. D i f f e r e n c e s  i n  e f f i -  
c i e n c y  o f  s u l f u r  removal f rom one p r o j e c t  t o  ano the r  w i l l  occu r  because 
o f  d i f f e r e n t  exper imen ta l  parameters such as f l o w  r a t e s ,  p a r t i c l e  s i  ze, 
and r a t e  o f  t e m p e r a t u r e  i ncrease t o  c h a r r i  ng tempera tu re .  

C h a r r i n g  exper imen ts  c a r r i e d  o u t  w i t h  c o a l s  sp i ked  w i t h  3 5 ~  t r a c e r  i n  
t h i s  p r o j e c t  p r o v i d e d  d i  r e c t  ev idence  c o n c e r n i n g  t h e  f a t e  o f  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  when coa l  i s  py ro l yzed ,  Summarized a r e  t h e  
r e s u l t s  o f  c h a r r i n g ,  a t  650' f o r  30 m inu tes  i n  a  n i t r o g e n  atmosphere, 18 
samples o f  I 1  li n o i  s  c o a l s  s p i k e d  w i t h  r a d i o a c t i v e  s y n t h e t i c  p y r i t e  and 9  
samples o f  I l l i n o i s  c o a l s  s p i k e d  w i t h  an amount o f  an i r r a d i a t e d  1.6 
S.G. s i n k  f r a c t i o n .  ( R e s u l t s  f rom two runs w i t h  one l o w - s u l f u r  coa l  
[C22175] a r e  n o t  i n c l u d e d  because t h e  coa l  and t h e  d a t a  on i t s  c h a r  were 
c o n s i d e r e d  a t y p i c a l  .) 

e An average 43% o f  t h e  p y r i t i c  s u l f u r  i n  t h e  feed  c o a l s  was l o s t  on 
c h a r r i n g .  Values ranged f rom 33% t o  52% b u t  most were f rom 38% t o  
48%. The r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  decompos i t i on  o f  p y r i t e  t o  
p y r r h o t i t e  and s u l f u r ,  wh ich  f u r t h e r  r e a c t s  and i s  evo lved  w i t h  t h e  
v o l a t i l e  m a t t e r ,  

@ An average 57% o f  t h e  o r g a n i c  s u l f u r  i n  t h e  feed  c o a l s  was l o s t  on 
c h a r r i n g .  R e s u l t s  ranged f rom 43% t o  66%, b u t  most ranged f rom 51% 
t o  63%. 

S ince  more o r g a n i c  t h a n  p y r i t i c  s u l f u r  i s  evo lved  and l o s t  w i t h  t h e  
v o l a t i l e  m a t t e r  on c h a r r i n g  an I l l i n o i s  coa l  a t  650°, i t  f o l l o w s  t h a t  
t h e  g r e a t e r  t h e  r a t i o  o f  o r g a n i c  t o  p y r i t i c  s u l f u r  i n  t h e  feed  c o a l ,  t h e  
g r e a t e r  w i l l  be t h e  f r a c t i o n  o f  t o t a l  s u l f u r  evo lved  on c h a r r i n g  t h e  
c o a l  . I n  t h e  23 d i f f e r e n t  sp i ked  coa l  samples c h a r r e d  i n  t h i s  p r o j e c t ,  
o r g a n i c  t o  p y r i t i c  s u l f u r  r a t i o  ranged f r o m  0.37 t o  1.93, and an average 
o f  47% o f  t h e  t o t a l  s u l f u r  was evo lved.  R e s u l t s  ranged f rom 39% t o  57% 
b u t  most were between 42% and 52%. 
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