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INTRODUCTION 

Our r e c e n t  development o f  a new procedure f o r  t h e  d e n s i t y  s e p a r a t i o n  o f  macerals 
o f fe rs  a method f o r  o b t a i n i n g  h i g h  r e s o l u t i o n  separa t i on  of t h e  maceral groups: 
e x i n i t e ,  v i t r i n i t e ,  and i n e r t i n i t e ,  and can f u r t h e r  r e s o l v e  i n d i v i d u a l  maceral 
types, e.~., s p o r i n i t e  (1,Z). The procedure u t i l i z e s  wel l -known techniques o f  
d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  (DGC) t o  separa te  t h e  coa l  i n t o  i t s  components i n  a 
cont inuous aqueous CsCl d e n s i t y  g rad ien t .  T h i s  r e s u l t s  i n  a s e r i e s  o f  bands 
r e p r e s e n t i n g  t h e  d e n s i t y  v a r i a t i o n s  i n  maceral groups and maceral types. The 
g r a d i e n t  i s  then d i v i d e d  i n t o  convenient  s i z e  f r a c t i o n s ,  t h e  coa l  i n  each f r a c t i o n  
i s  i s o l a t e d  and m ic rope t rog raph ic  analyses a r e  per formed on s e l e c t e d  f r a c t i o n s .  I n  
a d d i t i o n  t o  p r o v i d i n g  pure m a t e r i a l s  f o r  f u r t h e r  work, a d e n s i t y  f i n g e r p r i n t  o f  a 
coa l  i s  produced. The observed changes i n  d e n s i t y  a re  r e l a t e d  i n  a complex way t o  
the  chemical s t r u c t u r e  o f  t he  coa l  o r  maceral ( 3 ) .  I n  o r d e r  t o  b e t t e r  understand 
t h e  chemical v a r i a t i o n s  o c c u r r i n g  i n  coa l  macerals we have examined t h e  u l t i m a t e  
a n a l y s i s  o f  se lec ted  d e n s i t y  f r a c t i o n s  separated f rom t h e  same c o a l .  

EXPERIMENTAL 

Separat ion 

The bas i c  procedures f o r  DGC s e p a r a t i o n  o f  maceral s w i t h  advantages and 
disadvantages has been d iscussed p r e v i o u s l y  (1,2). To summarize, t h e  coa l  i s  ground 
t o  -3 m ic ron  average p a r t i c l e  s i ze ,  c h e m i c a l l y  demine ra l i zed  and separated on a 
d e n s i t y  g rad ien t .  The g r a d i e n t  i s  then d i v i d e d  i n t o  f r a c t i o n s  o f  -0.01 g/cc range 
and each f r a c t i o n  i s  then f i l t e r e d ,  washed, and d r i e d .  

A n a l y s i s  

Because o f  t h e  small  samples o f t e n  generated, u l t i m a t e  a n a l y s i s  o f  s e l e c t e d  d e n s i t y  
f r a c t i o n s  was performed w i t h  a Perk in-Elmer 240 C, H, N Ana lyze r  u s i n g  a mod i f i ed  
bu rn  procedure which i n c l u d e s  i n c r e a s i n g  t h e  t ime  o f  b u r n  and t h e  amount o f  02 used 
i n  t h e  burn. Good c o r r e l a t i o n  ( r 2  = .98) w i t h  ASTM methods was found f o r  a range of 
c o a l s  from sub-bituminous t o  a n t h r a c i t e s .  

RESULTS AND DISCUSSION 

A l l  t h e  c o a l s  used here were ob ta ined  f rom t h e  Pennsylvania S t a t e  U n i v e r s i t y  Coal 
Data Base. The da ta  f o r  t h e  c o a l s  a r e  g i ven  i n  Table I .  The separa t i on  o f  a l l  
t hese  c o a l s  was performed i n  t h e  same way and a l l  t h e  c o a l s  were r e s o l v e d  t o  the  
same degree. We have p r e v i o u s l y  p u b l i s h e d  d e t a i l e d  s e p a r a t i o n  da ta  on t h e  h igh  
v o l a t i l e  B b i tuminous coa l ,  PSOC-106, which gave good y i e l d s  o f  a l l  t h r e e  maceral 
groups (1,3). The e x i n i t e  i n  t h i s  coal  i s  ma in l y  s p o r i n i t e ,  w h i l e  t h e  i n e r t i n i t e  i s  
m a i n l y  s e m i - f u s i n i t e .  F i g u r e  l a  shows t h e  d i s t r i b u t i o n  o f  t h e  pure maceral 
p a r t i c l e s  as a f u n c t i o n  of d e n s i t y  f o r  PSOC-106. Pure maceral p a r t i c l e s  r e f e r  t o  
those  p a r t i c l e s  which by o p t i c a l  microscopy a r e  composed o f  o n l y  one maceral 
species. 

*Work performed under t h e  auspices o f  t h e  O f f i c e  o f  Bas ic  Energy Sciences, D i v i s i o n  
of Chemical Sciences, U. S .  Department o f  Energy, under C o n t r a c t  W-31-109-Eng-38. 

F i g u r e  l b  shows t h e  co r respond ing  atomic r a t i o s  H/C, S/C, N/C,and O/C.  

9 3  



The s e l e c t e d  f r a c t i o n s  ana lyzed  r e p r e s e n t  d e n s i t y  f r a c t i o n s  c o n s i s t i n g  o f  a t  l e a s t  
88% ( v o l . )  o f  a s i n g l e  maceral spec ies.  The l i n e s  connec t ing  s e t s  o f  p o i n t s  between 
maceral groups must n o t  be taken  l i t e r a l l y .  These i n t e r m e d i a t e  reg ions  c o n s i s t  of 
p a r t i c l e s  w i t h  two o r  more macera ls  composing a s i n g l e  p a r t i c l e  o r  two d i s t i n c t  
p o p u l a t i o n s  o f  pu re  maceral p a r t i c l e s .  Thus, whether o r  n o t  t h e  connect ing l i n e s  
between maceral groups r e p r e s e n t  t h e  atomic va lue  i n  t h a t  reg ion,  t h e i r  on l y  purpose 
f o r  t h i s  d i s c u s s i o n  i s  t o  a i d  t h e  eye i n  f o l l o w i n g  t rends  between maceral groups. 

The H/C r a t i o  e x h i b i t s  a v e r y  l a r g e  range o f  va lues over  t h e  e n t i r e  c o a l :  from 1.13 
a t  the l o w e s t  d e n s i t y  m o n i t o r e d  t o  0.48 a t  t h e  h i g h e s t  d e n s i t y .  The S/C r a t i o s  
f o l l o w  a s i m i l a r  t rend :  w i t h  t h e  h i g h e s t  s u l f u r  va lues i n  e x i n i t e s  and the lowest  
i n  i n e r t i n i t e s .  These s u l f u r  va lues  r e p r e s e n t  a lmost  a l l  o rgan ic  s u l f u r  s ince 
p y r i t i c  s u l f u r  has been e l im ina te !  by the, separa t i on  procedure. The S / C  data i s  
c o n s i s t e n t  w i t h  da ta  found  by an i n  s i t u  method o f  s u l f u r  a n a l y s i s  i n  coal ( 4 ) .  
Because of t h e  n a t u r e  o f  t h e  s e p a r a t i o n  method we can a l s o  see s i g n i f i c a n t  
v a r i a t i o n s  n o t  o n l y  between macera l  groups, b u t  w i t h i n  each maceral group. F igu re  2 
i s  an a t tempt  t o  p r o v i d e  some i d e a  o f  t h e  magnitude o f  v a r i a t i o n  t h a t  e x i s t s  i n  the 
H/C r a t i o  i n  t h e  t h r e e  maceral groups. The d i s t r i b u t i o n s  a r e  incomplete because o f  
o v e r l a p p i n g  o f  maceral bands o r  composi te  maceral p a r t i c l e s  which g i v e  u n r e l i a b l e  
data.  Tab le  I 1  r e p r e s e n t s  t h e  range o f  H/C va lues f o r  each band and combined w i t h  
p rev ious  1% w i t h  s o l i d  p robe  nmr data f o r  f , shows t h e  r i n g  i ndex  o r  number o f  
r i n g s  p e r  100 carbon atoms. The da ta  f o r  30% o f  t h e  coa l  r e f e r s  t o  the  coal 
cen te red  around t h e  peak va lue .  The r i n g  index i n c l u d e s  a l l  aromat ic ,  a l i p h a t i c ,  
and h e t e r o c y c l i c  r i n g s .  The number o f  r i n g s  per  100 carbons i s  rough ly  t h e  same f o r  
a l l  t he  maceral groups and i n d i c a t e s ,  as expected, t h a t  t hey  a r e  a l l  h i g h l y  
condensed species. However, t h e  r a t i o  o f  a romat i c  t o  a l i p h a t i c  r i n g s  increases 
d r a m a t i c a l l l y  f rom e x i n i t e s  t o  i n e r t i n i t e s .  E x i n i t e  tends t o  e x h i b i t  wide 
v a r i a t i o n s  i n  i t s  compos i t i on ,  w h i l e  v i t r i n i t e  and i n e r t i n i t e  a r e  somwhat l e s s  
v a r i a b l e .  I n  a l l  cases, though,  t h e  i n d i c a t i o n s  a r e  t h a t  s u b s t a n t i a l  v a r i a t i o n s  i n  
each maceral group a r e  b e i n g  observed by t h e  d e n s i t y  separa t i on  method. The oxygen 
and n i t r o g e n  da ta  a l s o  show s t r o n g  v a r i a t i o n s  w i t h i n  t h e  e x i n i t e s  and v i t r i n i t e s ,  
w h i l e  i n e r t i n i t e s  do no t .  

I n  F i g u r e  3 we have used t h e  g r a p h i c a l  dens ime t r i c  method t o  show how t h e  r i n g  index 
v a r i e s  w i t h  t h e  d e n s i t y  o f  t h e  macera ls  ( 5 ) .  As can be seen t h e  da ta  p a r a l l e l s  the  
i nc rease  i n  a r o m a t i c i t y .  

The change i n  atomic r a t i o s  a r e  n o t  un ique t o  t h e  p a r t i c u l a r  coa l  PSOC-106. F igures 
4a and 4b show da ta  on t h r e e  more b i tum inous  c o a l s  which c o n t a i n  s u b s t a n t i a l  amounts 
o f  a l l  t h r e e  maceral groups. (The ve ry  h i g h  H/C va lue  o f  1.4 f o r  PSOC-297 i s  due t o  
a l g i n i t e  i n  t h i s  coal . )  A l though  a l l  t h e  c o a l s  e x h i b i t  t h e i r  own c h a r a c t e r  i n  t h e  
magnitude and range of t h e  H/C va lues ,  t hey  a l l  show s i g n i f i c a n t  chemical changes 
across each maceral band i n  a s i m i l a r  manner t o  PSOC-106. S i m i l a r  data a l s o  holds 
f o r  c o a l s  t h a t  c o n t a i n  *95% v i t r i n i t e .  

What do these  v a r i a t i o n s  r e p r e s e n t ?  There a r e  a number o f  f a c t o r s  which can be 
i nvoked  t o  e x p l a i n  t h e  changes observed. Each o f  t h e  t h r e e  ma jo r  maceral groups i s  
composed of sub-macerals (maceral t y p e s ) .  E x i n i t e  i s  composed o f  t h e  maceral types: 
s p o r i n i t e ,  r e s i n i t e ,  a l g i n i t e ,  c u t i n i t e .  S ince t h e  source m a t e r i a l s  f o r  each 
maceral t y p e  had d i f f e r e n t  chemical  s t r u c t u r e s  some a r t i f a c t  o f  these d i f f e r e n c e s  
would be expected t o  remain. T h i s  i s  one source o f  v a r i a t i o n .  Moreover, w i t h i n  a 
s i n g l e  maceral t ype  i t s e l f  s i g n i f i c a n t  p e t r o g r a p h i c  changes can be observed. Fo r  
example, d i f f e r e n t  spore spec ies  show d i f f e r e n t  f l uo rescence  c o l o r ,  and c o l l i n i t e  
and s e m i - f u s i n i t e  can have b road  r e f l e c t a n c e  ranges w i t h i n  a coa l .  A l l  these 
m i c r o s c o P i c a l l Y  observable changes suggest d i f f e r e n c e s  i n  chemical s t r u c t u r e .  
Q u a l i t a t i v e l y ,  we do see r e g u l a r  v a r i a t i o n s  i n  f l uo rescence  and r e f l e c t a n c e  across 
t h e  maceral bands. It i s  apparen t  t h a t  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  can, t o  some 
e x t e n t ,  i s o l a t e  these p h y s i c a l  and chemical  v a r i a t i o n s  and, i n  a sense, p r o v i d e  more 
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homogeneous materials.  However, the chemical var ia t ions  we see by DGC have t o  be 
\ considered as lower limits of the chemical heterogeneity expected fo r  coa l .  Since 

we are  s t i l l  dealing w i t h  d i sc re t e  p a r t i c l e s ,  i t s  dens i ty  may s t i l l  be a weighted 
average of the maceral var ian ts  comprising the p a r t i c l e ,  even though these var ian ts  
a r e  below optical  reso lu t ion .  Further grinding may separa te  these var ian ts ,  but 
problems of mechanochemistry and surface problems may then become s ign i f i can t .  

CONCLUSIONS 

Substantial  var ia t ion  i n  the chemical behavior of macerals has been shown f o r  a 
number of coals.  Density gradient techniques can provide b e t t e r  defined, more 
homogeneous materials as  well as  provide a lower limit on the  heterogeneity.  
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Figure la.  Pure maceral distribution cf PSOC-106. 
lb. Variations of atomic parameters. 
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