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ABSTRACT 

A s  p a r t  of a N a t i o n a l  Coal Board programme aimed a t  d e r i v i n g  t r a n s p o r t  
f u e l s  and chemical  f e e d s t o c k s ,  t h e  chemica l  s t r u c t u r e  o f  e x t r a c t s  from c o a l s  o f  
v a r y i n g  r a n k  a r e  b e i n g  s t u d i e d .  T h i s  i n f o r m a t i o n  h e l p s  t o  g i v e  an  i n s i g h t  i n t o  
t h e  s t r u c t u r e s  of t h e  o r i g i n a l  c o a l s .  S u p e r c r i t i c a l  gas e x t r a c t i o n  y i e l d s ,  
w i t h  l i t t l e  d e g r a d a t i o n ,  l a r g e  q u a n t i t i e s  o f  m a t e r i a l  (20-50% d . a . f .  c o a l ) ,  
which may be compared w i t h  p r o d u c t s  ob ta ined  by: 
employing hydrogen-donor s o l v e n t s  such as hydrogenated a n t h r a c e n e  o i l ,  and 
( b )  s imple  s o l v e n t  e x t r a c t i o n .  The molecu la r  we igh t  r a n g e  o f  t h e  e x t r a c t s  
( 300-2000) makes s e p a r a t i o n  by s o l v e n t  f r a c t i o n a t i o n  and a d s o r p t i o n  chromato- 
graphy,  fol lowed by examinat ion by NMR s p e c t r o s c o p y ,  t h e  most a p p r o p r i a t e  
a n a l y t i c a l  methods f o r  t h e i r  s t r u c t u r a l  c h a r a c t e r i s a t i o n .  The SCG and s o l v e n t  
e x t r a c t s  c o n s i s t  of small a romat i c  c l u s t e r s  j o i n e d  by methylene and he te roa tom 
b r i d g e s .  The a l i p h a t i c  c o n s t i t u e n t s  a r e  p r i n c i p a l l y  a l k y l  g roups  f o r  which 
c h a i n  l e n g t h  d e c r e a s e s  wi th  i n c r e a s i n g  r a n k ,  so t h a t  a r o m a t i c i t y  co r re spond ing ly  
i n c r e a s e s  from 40-80%. The main chemical  s t r u c t u r e s  p r e s e n t  i n  t h e  v a r i o u s  
e x t r a c t s  are independent  o f  e x t r a c t i o n  c o n d i t i o n s .  T h i s ,  t aken  w i t h  t h e  
s i g n i f i c a n t l y  d i f f e r e n t  MW d i s t r i b u t i o n s ,  a l l o w s  i m p o r t a n t  c o n c l u s i o n s  t o  b e  
drawn as t o  t h e  n a t u r e  of t h e  f r agmen t s  p r e s e n t  i n  t h e  o r i g i n a l  c o a l s .  

1. INTRODUCTION 

( a )  a l e s s  mild p r o c e s s  

I n v e s t i g a t i o n s  i n t o  t h e  o r g a n i c  chemical  s t r u c t u r e  o f  c o a l s  can b r o a d l y  be 
d i v i d e d  i n t o  t h r e e  g roups :  

p h y s i c a l  methods,  f o r  example i n f r a - r e d  s p e c t r o s c o p y  (1) and 
s o l i d  s t a t e  1 3 C  NMR ( Z ) ,  which can b e  used  t o  o b t a i n  i n f o r m a t i o n  
abou t  t h e  chemical  g r o u p i n g s ;  

chemica l  methods,  f o r  example o x i d a t i o n  ( 3 )  and d e p o l y m e r i s a t i o n  
u s i n g  boron t r i f l u o r i d e  and pheno l  ( 4 ) ,  which g i v e  i n f o r m a t i o n  
about  t h e  s i z e  o f  a romat i c  c l u s t e r s  and abou t  s u b s t i t u e n t s  and 
l i n k i n g  g roups  i n  t h e  c o a l  mo lecu le ;  

c h a r a c t e r i s a t i o n  of e x t r a c t s ,  f o r  example t h e  s t r u c t u r a l  a n a l y s i s  
of e x t r a c t s  ob ta ined  i n  h igh  y i e l d s  can b e  used  to deduce 
in fo rma t ion  abou t  t h e  p a r e n t  c o a l s .  

The Coal Research Es tab l i shmen t  of t h e  N a t i o n a l  Coal  Board i s  c u r r e n t l y  
deve lop ing  two c o a l  l i que t ' ac t ion  p r o c e s s e s .  These i n v o l v e  t h e  e x t r a c t i o n  o f  
c o a l  w i th  ( a )  s u p e r c r i t i c a l  gas  (SCG) a t  t e m p e r a t u r e s  up t o  720 K and p r e s s u r e s  
o f  about  200 b a r  (5-7) and ( b )  coa l -de r ived  hydrogen-donor s o l v e n t s  (HDS) a t  
t empera tu res  around 670 K ,  b u t  a t  p r e s s u r e s  c l o s e  t o  ambien t  (7). The e x t r a c t s  
ob ta ined  from b o t h  p r o c e s s e s  a r e  t h e n  hydrocracked and f u r t h e r  reformed t o  t h e  



d e s i r e d  l i q u i d  p r o d u c t s .  SCG e x t r a c t i o n  w i t h  a r o m a t i c  s o l v e n t  y i e l d s  up t o  50% 
d . a . f .  c o a l  as t r a c t a b l e  homogeneous e x t r a c t  t o g e t h e r  w i t h  r e a c t i v e  c h a r .  The 
e x t r a c t  is produced by mild t h e r m o l y s i s  of t h e  c o a l  and is v o l a t i l i s e d  by t h e  
p r e s e n c e  o f  an  SCG (8) .  
t h e  c o a l  by a mechanism though t  t o  i n v o l v e  s t a b i l i s a t i o n  of t h e  f r e e  r a d i c a l s  
formed by hydrogen d o n a t i o n  f r o m  t h e  s o l v e n t  ( 9 ) .  

HDS e x t r a c t i o n  removes up t o  90% of t h e  o r g a n i c  p a r t  o f  

Moderate c o n d i t i o n s  a r e  e x p e r i e n c e d  by c o a l s  i n  bo th  p r o c e s s e s  s o  
t h a t  e x t e n s i v e  breakdown and r e f o r m a t i o n  of c o a l  mo lecu la r  s t r u c t u r e s  d u r i n g  
e x t r a c t i o n  is u n l i k e l y  t o  o c c u r ,  a l t h o u g h  l i m i t e d  t h e r m o l y s i s  and chemica l  bond 
c l e a v a g e  must be t a k i n g  p l a c e  for  t h e  bu lk  o f  t h e  c o a l  t o  become s o l u b l e  i n  t h e  
s o l v e n t  media. However, r a p i d  removal  o f  molecu la r  f ragments  from t h e  e x t r a c t i o n  
zone i n  t h e  g a s  e x t r a c t i o n  p r o c e s s  and s t a b i l i s a t i o n  of r a d i c a l  s p e c i e s  by 
hydrogen d o n a t i o n  i n  t h e  HDS p r o c e s s  ( 9 )  p robab ly  p r e v e n t  t h e  occur rence  o f  
r e f o r m a t i o n ,  r ecombina t ion  and f u r t h e r  d e g r a d a t i o n  r e a c t i o n s .  T h e r e f o r e ,  t h e  
s t r u c t u r e s  of molecu le s  r e l e a s e d  and r ecove red  as e x t r a c t  may w e l l  be 
r e p r e s e n t a t i v e  o f  t h e  molecu la r  b u i l d i n g  b l o c k s  of t h e  o r i g i n a l  c o a l s .  

Conversion of e x t r a c t s  t o  more v a l u a b l e  low b o i l i n g  o i l s  h a s  n e c e s s i t a t e d  
a s t u d y  of t h e i r  mo lecu la r  s t r u c t u r e s  and advan tage  has  been t a k e n  of t h e s e  
i n v e s t i g a t i o n s  t o g e t h e r  w i t h  some s t r u c t u r a l  s t u d i e s  conducted on c o a l  e x t r a c t s  
p r e p a r e d  by s imple  s o l v e n t  e x t r a c t i o n  t o  make some p r e d i c t i o n s  abou t  t h e  
molecu la r  s t r u c t u r e s  o f  p a r e n t  c o a l s .  

2 .  EXPERIMENTAL AND RESULTS 

2 . 1  Coals and T h e i r  E x t r a c t i o n  

I n  t h i s  i n v e s t i g a t i o n  seven c o a l s  were used ( t h r e e  b i tuminous ,  one perhydrous 
a n d  t h r e e  l i g n i t i c )  and t h e  y i e l d s  of t h e  e x t r a c t s  p r e p a r e d  from t h e s e  a r e  shown 
i n  F i g u r e  1. For  conven ience  o f  p r e s e n t a t i o n ,  t h e  bi tuminous c o a l s  and l i g n i t e s  
have been l a b e l l e d  1, 2 and 3 .  S o x h l e t  e x t r a c t i o n s  were performed w i t h  t o l u e n e  
and p y r i d i n e  f o r  p e r i o d s  between 25 and 250 hour s .  SCG e x t r a c t i o n s  were c a r r i e d  
o u t  semi-cont inuously w i t h  t o l u e n e  and o t h e r  a r o m a t i c  s o l v e n t s  a t  t e m p e r a t u r e s  
between 620 and 690 K (10) .  
g e n a t e d  an th racene  o i l  ( f 3 D S )  a t  670 K .  

Bi tuminous c o a l  1 w a s  a l s o  e x t r a c t e d  w i t h  hydro- 

2 .2  F r a c t i o n a t i o n  o f  E x t r a c t s  and Analyses  

The e x t r a c t s  were s e p a r a t e d  i n t o  benzene i n s o l u b l e s  ( B I ) ,  a s p h a l t e n e s  and 
n-pentane s o l u b l e s  (n-PS) f r a c t i o n s  (10). I n  some c a s e s  t h e  n-PS f r a c t i o n  w a s  
f u r t h e r  f r a c t i o n a t e d  by s i l i c a - g e l  a d s o r p t i o n  chromatography i n t o  p a r a f f i n s ,  
a r o m a t i c s  ( l o w  p h e n o l i c  -OH c o n t e n t )  and p o l a r s  ( h i g h  p h e n o l i c  -OH c o n t e n t ) .  
Some B I  f r a c t i o n s  were s i l y l a t e d  (11) t o  r e n d e r  them s o l u b l e  i n  t e t r a h y d r o f u r a n  
and ch lo ro fo rm for molecu la r  we igh t  d e t e r m i n a t i o n s  and NMR spec t roscopy  
r e s p e c t i v e l y .  
f r a c t i o n s  i n  many of t h e  e x t r a c t s  ( s e e  F i g u r e  1). 

S i l y l a t i o n  w a s  e s p e c i a l l y  v a l u a b l e  i n  view o f  t h e  l a r g e  B I  

Most f r a c t i o n s  were s u b j e c t e d  t o  u l t i m a t e ,  MW and p h e n o l i c  -OH a n a l y s e s .  
Number ave rage  M W s  were de t e rmined  i s o p i e s t i c a l l y  u s i n g  an Hitachi-Perkin-Elmer 
1 1 5  in s t rumen t .  
Some t y p i c a l  r e s u l t s  f o r  t h e s e  a n a l y s e s  a r e  g iven  i n  Table  1. 

Pheno l i c  -OH c o n t e n t s  were measured by e n t h a l p i m e t r i c  t i t r a t i o n .  

2 . 3  Spec t roscopy  

'H NMR s p e c t r a  were o b t a i n e d  a t  60 MHz u s i n g  an Hitachi-Perkin-Elmer R24B 
i n s t r u m e n t  w i t h  chloroform-d and py r id ine -dg  as s o l v e n t s .  
'H NMR s p e c t r a  of t h e  a s p h a l t e n e s  from t h e  HDS e x t r a c t  of bi tuminous c o a l  1 
and of t h e  SCG e x t r a c t s  o f  b i tuminous  c o a l  3 ,  perhydrous  c o a l  and l i g n i t e  1. 

F igure  2 shows t h e  
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F o u r i e r  t r a n s f o r m  1% NMR s p e c t r a  were ob ta ined  a t  4 5  MHz u s i n g  a Bruker  
WH 180WB i n s t r u m e n t  wi th  chloroform-d as s o l v e n t .  Chromium a c e t y l a c e t o n a t e  was 
added t o  t h e  samples  and g a t e d  decoup l ing  w a s  employed t o  o b t a i n  r e l i a b l e  
q u a n t i t a t i v e  d a t a  ( 1 2 ) .  
from t h e  HDS e x t r a c t  o f  bi tuminous c o a l  1 and of t h e  SCG e x t r a c t s  of b i tuminous  
c o a l  3, t h e  p o l a r s  from SCG e x t r a c t  of perhydrous c o a l  and t h e  a r o m a t i c s  from 
SCG e x t r a c t  o f  l i g n i t e  3. 

F i g u r e  3 shows t h e  1% NMR s p e c t r a  of t h e  a s p h a l t e n e s  

2 .4  S t r u c t u r a l  Ana lys i s  Scheme 

The d i s t r i b u t i o n  o f  hydrogen t y p e s  determined by 'H NMR, as shown i n  
F igu re  2 ,  h a s  been combined w i t h  e l e m e n t a l  and p h e n o l i c  -OH a n a l y s e s  and MW t o  
g i v e  t h e  numbers of t h e  v a r i o u s  atoms o r  g roups  i n  t h e  a v e r a g e  molecu le ;  t h e s e  
have then  been used t o  d e r i v e d  t h e  s t r u c t u r a l  pa rame te r s  d e f i n e d  i n  Tab le  2 .  

The number ot' a l i p h a t i c  carbon atoms ( C a l )  was o b t a i n e d  u s i n g  t h e  assumed 
atomic H/C r a t i o s  ( a , b , c  and d )  f o r  t h e  d i f f e r e n t  a l i p h a t i c  environments  measured 
by 'H NMR.  These were chosen by c o n s i d e r a t i o n  of t h e  g roups  c o n t r i b u t i n g  t o  t h e  
bands i n  t h e  'H NMR s p e c t r a .  
t o  t h e  H band,  d = 3 and s i m i l a r l y ,  s i n c e  mainly methylene g roups  c o n t r i b u t e  t o  
t h e  H ,2 band,  a = 2. The c h o i c e  o f  v a l u e s  o f  b and c w a s  more d i f f i c u l t  s i n c e  
they  were found t o  be dependent  on c o a l  r a n k ,  bo th  methylene and methyl  g roups  
be ing  major c o n t r i b u t o r s  t o  t h e  H and H bands.  T h e r e f o r e ,  b and c were chosen 
t o  g i v e  C a l  and f a  ( a r o m a t i c i t y )  v a l u e s  c o n s i s t e n t  w i t h  t h e  d i r e c t  measurement 
of t h e s e  pa rame te r s  by I 3 C  NMR. 

For example,  s i n c e  on ly  methyl  groups c o n t r i b u t e  

Values of t h e  s t r u c t u r a l  pa rame te r s  f o r  a s e l e c t i o n  of t h e  a s p h a l t e n e s ,  B I  
and a romat i c  f r a c t i o n s  oi t y p i c a l  e x t r a c t s  a r e  g iven  i n  T a b l e  3. The s t r u c t u r a l  
pa rame te r s  have been used t o  c o n s t r u c t  r e p r e s e n t a t i v e  s t r u c t u r e s  f o r  some of 
t h e  a s p h a l t e n e s  and t h e s e  a r e  g i v e n  i n  F i g u r e  4.  Where n e c e s s a r y ,  more t h a n  one 
s t r u c t u r e  h a s  been g iven  so t h a t  a b e t t e r  f i t  i s  ach ieved  wi th  t h e  c a l c u l a t e d  
s t r u c t u r a l  pa rame te r s .  The s t r u c t u r e s  i l l u s t r a t e d  must ,  of c o u r s e ,  be c o n s i d e r e d  
a s  ave rages  o f  t h e  many s p e c i e s  p r e s e n t  i n  each f r a c t i o n .  

3. DISCUSSION ON COAL EXTRACTS 

3.1 Y i e l d s  and Molecular  Weights 

The r e s u l t s  o f  e x t r a c t i o n  and f r a c t i o n a t i o n  g iven  i n  F igu re  1 a r e  n o t  
comprehensive,  b u t  p r e s e n t  a r ange  o f  v a l u e s  f o r  t h e  p r o c e s s e s  unde r  
i n v e s t i g a t i o n .  Comparison o f  t h e  compos i t ions  o f  t h e  v a r i o u s  e x t r a c t s  i s  o f  
c o n s i d e r a b l e  i n t e r e s t  s i n c e  t h e y  a r e  d e r i v e d  by u s i n g  wide ly  v a r y i n g  degrees  o f  
e x t r a c t i o n  s e v e r i t y  from c o a l s  w i th  markedly d i f f e r e n t  c h a r a c t e r i s t i c s .  

E x t r a c t i o n  of c o a l s  w i th  t o l u e n e  gave ve ry  small y i e l d s  of s o l u b l e  m a t e r i a l s  
( 5% d . a . f .  c o a l s )  wh i l e  p y r i d i n e  gave much l a r g e r  y i e l d s  (up  t o  20% d . a . f .  c o a l ) ,  
which i n c r e a s e d  w i t h  i n c r e a s i n g  c o a l  r a n k .  These f i n d i n g s  a r e  i n  agreement  wi th  
t h o s e  o f  p r e v i o u s  i n v e s t i g a t o r s  (13 ,141 .  

E x t r a c t i o n  wi th  t o l u e n e  and wi th  p y r i d i n e  is l i k e l y  t o  i n v o l v e  on ly  
s o l v a t i o n  of low MW molecules  t r apped  i n  t h e  c o a l  m a t r i x  and some d i s r u p t i o n  
( p a r t i c u l a r l y  wi th  p y r i d i n e )  o f  hydrogen bonds w i t h  consequen t  r e l e a s e  o f  
m a t e r i a l s  o f  h i g h e r  MW and p o l a r i t y .  Thus t h e  p y r i d i n e  e x t r a c t  o f  bi tuminous 
c o a l  3 c o n t a i n s  a l a r g e  p r o p o r t i o n  of B I  o f  MW abou t  1500. 

A t  t empera tu res  between 620 and 690 K ,  SCG e x t r a c t i o n  of b i tuminous  c o a l s  
y i e l d e d  q u a n t i t i e s  of B I  comparable  t o  t h o s e  o b t a i n e d  by p y r i d i n e  e x t r a c t i o n .  
The q u a n t i t i e s  of t h e s e  B I s  i n c r e a s e d  w i t h  i n c r e a s i n g  e x t r a c t i o n  t empera tu re .  
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The l a r g e  p r o p o r t i o n s  o f  benzene s o l u b l e  f r a c t i o n s  always p r e s e n t  i n  SCG 
e x t r a c t s  i n d i c a t e  t h a t ,  a p a r t  from s imple  s o l v a t i o n  and hydrogen bond b r e a k i n g ,  
some t h e r m o l y s i s  o f  chemica l  bonds may have o c c u r r e d ,  a l though  l i t t l e  gas was 
gene ra t ed  d u r i n g  e x t r a c t i o n .  

In HDS e x t r a c t i o n  t h e  material o b t a i n e d  i n  e x c e s s  of t h a t  r e l e a s e d  by  SCG 
e x t r a c t i o n  is l a r g e l y  benzene i n s o l u b l e  wi th  a MW 2000. Such h i g h  MW m a t e r i a l  
is t o o  i n v o l a t i l e  t o  be d i s s o l v e d  i n  s u p e r c r i t i c a l  s o l v e n t s .  

For t h e  l i g n i t e s ,  t h e  o v e r a l l  p i c t u r e  is somewhat similar t o  t h a t  o f  t h e  
bi tuminous c o a l s  e x c e p t  t h a t  bo th  p y r i d i n e  and SCG e x t r a c t i o n  gave much smaller 
q u a n t i t i e s  o f  BI material ( M W  1 0 0 0 ) .  No BIs were o b t a i n e d  by SCG e x t r a c t i o n  of 
l i g n i t e  3 a t  610 K ,  b u t  a t  690 K a small amount ( 5% d . a . f .  c o a l )  was produced.  
These f i n d i n g s  imply t h a t  MW d i s t r i b u t i o n s  a r e  a f u n c t i o n  o f  c o a l  r ank .  

T h e  pe rhydrous  c o a l  y i e l d e d  f o u r  t imes  more B I s  by SCG e x t r a c t i o n  t h a n  by 
p y r i d i n e  e x t r a c t i o n ,  b u t  t h e  M W s  of  b o t h  f r a c t i o n s  are c l o s e  t o  2000. T h i s  
s u g g e s t s  t h a t  t h e  l a r g e  q u a n t i t i e s  o f  b o t h  benzene s o l u b l e  (30% d . a . f .  c o a l )  
and BI ( 20%) material c o u l d  be produced from t h e  perhydrous c o a l  by mild 
t h e r m o l y s i s  o f ,  f o r  example,  l ong  a l k y l  b r i d g i n g  g roups  between a r o m a t i c  n u c l e i  
and t h a t  t h e  h igh  MW benzene i n s o l u b l e  m a t e r i a l  is more s t r u c t u r a l l y  amenable 
t o  d i s s o l u t i o n  i n  t h e  SCG than  are t h e  BIs from bi tuminous c o a l .  

3 .2  E lemen ta l  and F u n c t i o n a l  Group Analyses  

Table 1 shows t h a t  for a l l  t h e  e x t r a c t s ,  t h e  s o l v e n t  s e p a r a t i o n  p rocedure  
has  g iven  f r a c t i o n s  wi th  d e c r e a s i n g  H/C r a t i o  and i n c r e a s i n g  he te roa tom c o n t e n t  
g o i n g  from n-PS t o  BI m a t e r i a l .  
y i e l d e d  a romat i c  f r a c t i o n s  which c o n t a i n  l i t t l e  p h e n o l i c  -OH. 

S i l i c a  g e l  a d s o r p t i o n  chromatography of PS 

The o v e r a l l  H/C r a t i o s  o f  t h e  e x t r a c t s  from t h e  l i g n i t e s  and perhydrous 
c o a l  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  of t h e  bi tuminous c o a l s .  The e x t r a c t s  
from l i g n i t e s  g e n e r a l l y  have much l a r g e r  he t e roa tom c o n t e n t s  t h a n  t h o s e  from 
t h e  bi tuminous and pe rhydrous  c o a l s .  The he te roa tom c o n t e n t s  of a l l  t h c  p y r i d i n e  
and SCG e x t r a c t s  of b i tuminous  and pe rhydrous  c o a l s  a r e  similar t o  t h o s e  of t h e  
p a r e n t  c o a l s .  For t h c  SCG e x t r a c t s  o f  bi tuminous c o a l s  H/C v a r i e s  l i t t l e  as t h e  
t empera tu re  is i n c r e a s e d  from 620 t o  690 K .  However, t h e  SCG e x t r a c t  o f  
l i g n i t e  3 shows a s i g n i f i c a n t  d e c r e a s e  i n  he t e roa tom c o n t e n t  a t  690  K which 
s u g g e s t s  t h a t  a number of t h e  he t e roa toms  are i n  s t r u c t u r e s ,  such  as ca rbony l  and 
a l i p h a t i c  e t h e r s ,  which a r e  e a s i l y  c racked .  The he te roa tom c o n t e n t s  o f  t h e  HDS 
e x t r a c t s  of t h e  b i tuminous  c o a l s  are  s l i g h t l y  l e s s  t han  t h o s e  of t h e  p a r e n t  
coals and also of t h e  c o r r e s p o n d i n g  SCG e x t r a c t s ;  t h i s  i m p l i e s  t h a t  t h e  d i g e s t i o n  
c o n d i t i o n s  have r e s u l t e d  i n  some chemica l  c l eavage  of bonds c o n t a i n i n g  
he te roa toms .  

Table  1 i n d i c a t e s  t h a t  a c i d i c  hydroxy l  g roups  g e n e r a l l y  accoun t  f o r  
approx ima te ly  65% of t h e  oxygen i n  t h e  bi tuminous and pe rhydrous  c o a l  e x t r a c t s ,  
w h i l e  a c i d i c  hydroxy l  ( i . e .  p h e n o l i c  and c a r b o x y l )  groups accoun t  f o r  w e l l  under  
h a l f  the t o t a l  oxygen i n  most of t h e  p y r i d i n e  and 610 K SCG e x t r a c t  f r a c t i o n s  of 
1 i g n i t e  . 

3 .3  NMR S p e c t r a  

The NMR s p e c t r a  show t h a t  t h e  e x t r a c t s  of b i tuminous  c o a l s  ( F i g u r e s  2 a  and 
b ,  3a and b )  c o n t a i n  fewer  a l i p h a t i c  g roups  t h a n  t h e  e x t r a c t s  o f  l i g n i t e  
( F i g u r e s  2c and 3 c ) .  t h e  1 H  s p e c t r a  of t h e  former c o n t a i n i n g  much more prominent  
H bands.  The s h a r p  bands a t  1.3 ppm i n  t h e  1 H  s p e c t r a  and a t  29.7 ppm i n  t h e  
1% s p e c t r a  of t h e  l i g n i t e  and pe rhydrous  c o a l  e x t r a c t s  are a t t r i b u t e d  t o  
methylene g roups  i n  a l k y l  s i d e  c h a i n s  c o n t a i n i n g  a t  l e a s t  8 carbon atoms ( 1 5 ) .  
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The bands between 1.5 and 2 .0  ppm i n  t h e  'H s p e c t r a  o f  t h e  HDS bi tuminous  c o a l  
and l i g n i t e  e x t r a c t s  i n d i c a t e  t h e  p r e s e n c e  of hydroaromat ic  groups .  These groups  
probably  r e s u l t  from hydrogen t r a n s f e r  r e a c t i o n s  o c c u r r i n g  i n  t h e  former c a s e ,  
b u t  i n  t h e  l a t t e r  they  p o s s i b l y  o r i g i n a t e  from t h e  p a r e n t  c o a l .  A comparison 
of t h e  1% s p e c t r a  shows t h a t  t he  SCG e x t r a c t  o f  b i tuminous  c o a l  c o n t a i n s  a 
g r e a t e r  p r o p o r t i o n  o f  bands  between 18 and 22 .5  ppm; t h e s e  a r e  l a r g e l y  
a t t r i b u t e d  t o  methyl groups  (15). 

I n  t h e  13C s p e c t r a  of t h e  HDS and SCG e x t r a c t s  of b i tuminous  Coal ( F i g u r e s  
3.3 and b ) ,  t h e  i n t e n s i t y  of t h e  CAR-0 band between 148 and 168 ppm, t o g e t h e r  
wi th  t h e  absence o f  c a r b o n y l  resonances  between 170 and 210 ppm, i n d i c a t e  t h a t  
v i r t u a l l y  a l l  t h e  non-phenolic oxygen is p r e s e n t  i n  a r o m a t i c  e t h e r  groups .  

3.4 E x t r a c t  S t r u c t u r e s  

The s t r u c t u r a l  p a r a m e t e r s  (Tab le  3 )  and t h e  a v e r a g e  s t r u c t u r e s  (F igu re  4 )  
h i g h l i g h t  t h e  d i f f e r e n c e s  i n  t h e  chemica l  n a t u r e  of t h e  v a r i o u s  e x t r a c t s .  The 
a l i p h a t i c  carbon c o n t e n t s  of t h e  l i g n i t e  and perhydrous  c o a l  e x t r a c t s  are 
s i g n i f i c a n t l y  l a r g e r  t han  t h o s e  o f  t h e  b i tuminous  c o a l  e x t r a c t s ,  b u t  methyl is 
t h e  main c o n s t i t u e n t  i n  a l l  t h e  e x t r a c t s .  A s  p r e v i o u s l y  d e s c r i b e d ,  long  a l k y l  
s i d e  c h a i n s  a r e  prominent i n  t h e  e x t r a c t s  o f  t h e  l i g n i t e s  and perhydrous  c o a l ,  
o c c u r r i n g  mainly i n  t h e  low MW f r a c t i o n s .  The a v e r a g e  a l k y l  cha in  l e n g t h  ( C L )  
f o r  e x t r a c t s  of t h e  l i g n i t e s  and t h e  perhydrous  c o a l  is between 2.5-4 and 
dec reases  t o  2 f o r  t hose  from t h e  b i tuminous  c o a l s .  The o v e r a l l  a l i p h a t i c  H/C  
r a t i o  is approximate ly  2 f o r  a l l  t h e  e x t r a c t s ,  e x c e p t  t h o s e  o b t a i n e d  w i t h  
p y r i d i n e  and by SCG e x t r a c t i o n  o f  t h e  b i tuminous  c o a l s  where t h e  r a t i o  is 2 . 5  
because  o f  a g r e a t e r  p r o p o r t i o n  of methyl .  For a l l  e x t r a c t s  d e c r e a s e s  wi th  
i n c r e a s i n g  MW. 

The degree  of  c o n d e n s a t i o n  f o r  t h e  l i g n i t e  SCG e x t r a c t s  (dC = 0.73-0.82) 
i n d i c a t e s  t h a t  t h e  a r o m a t i c  n u c l e i  c o n s i s t  mainly of s i n g l e  r i n g s .  The dCs 
f o r  t h e  SCG e x t r a c t s  of t h e  perhydrous  and b i tuminous  c o a l s  (0.6-0.7) are 
c h a r a c t e r i s t i c  of 1-3 r i n g  a romat i c  n u c l e i  i n  t h e  molecules .  For  t h e  b i tuminous  
c o a l s ,  l i t t l e  v a r i a t i o n  o c c u r s ,  e i t h e r  i n  t h e  n a t u r e  and c o n t e n t  of  a l k y l  g roups ,  
o r  i n  t h e  degree  of c o n d e n s a t i o n  of a romat i c  n u c l e i  between s imple  s o l v e n t  
and SCG e x t r a c t s .  The a r o m a t i c  s t r u c t u r e  of t h e  HDS e x t r a c t  is s l i g h t l y  more 
condensed than  t h o s e  of t h e  s o l v e n t  and SCG e x t r a c t s .  

4 .  CONCLUSIONS ON ORGANIC COAL STRUCTURES 

The d e t e r m i n a t i o n s  o f  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  e x t r a c t s  
r e p r e s e n t i n g  l a r g e  p r o p o r t i o n s  of t h e  o r g a n i c  m a t t e r  i n  t h e  c o a l s  from which 
they  were d e r i v e d  make i t  r e a s o n a b l e  t o  draw c o n c l u s i o n s  a b o u t  t h e  molecular  
c o n s t i t u t i o n  of t h e  c o a l s  themselves .  Arguably t h e  the rma l  t r e a t m e n t s  used  i n  
t h e  two NCB e x t r a c t i o n  p r o c e s s e s  w i l l  c a u s e  some c l e a v a g e  of  l e s s  s t a b l e  
molecular  bonds.  However, t h e  e x t r a c t i o n  t e m p e r a t u r e s  used  a r e  on ly  around 670 K 
and t h e  molecular  f ragments  once formed a r e  e i t h e r  v o l a t i l i s e d  by t h e  SCG and 
removed o r  s t a b i l i s e d  by t h e  p r e s e n c e  o f  hydrogen-donor s p e c i e s .  Fur thermore ,  
it has  been shown t h a t  t h e  s t r u c t u r e s  o f  SCG e x t r a c t s  o f  b i tuminous  c o a l  a r e  
similar t o  those  of t h e  c o r r e s p o n d i n g  s o l v e n t  e x t r a c t s .  

R e s u l t s  of t h i s  s t r u c t u r a l  s tudy  i n d i c a t e  an i n c r e a s e  i n  a r o m a t i c i t y  o f  t h e  
e x t r a c t s  (0.4-0.8) w i t h  i n c r e a s e  of c o a l  rank  which is c o n s i s t e n t  w i t h  e x t e n s i v e  
d a t a  f o r  c o a l s  ( 1 6 ) .  F u r t h e r ,  t h e  a v e r a g e  s i z e s  of a r o m a t i c  c l u s t e r s  i n  t h e  
e x t r a c t s  a r e  i n  g e n e r a l  agreement w i t h  p u b l i s h e d  work on t h e s e  t y p e s  of c o a l .  
For  example, Hayatsu e t  a1 (17) found t h a t  a l k a l i n e  c u p r i c  o x i d e  o x i d a t i o n  of 
l i g n i t e s  produced main ly  s i n g l e  r i n g  a r o m a t i c  c a r b o x y l i c  a c i d s ,  whi le  b i tuminous  
c o a l s  gave s u b s t a n t i a l l y  2 and 3 r i n g  d e r i v a t i v e s .  
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The i n d i c a t i o n s  from o u r  work a r e  t h a t  c o a l s  c o n s i s t  of a r o m a t i c  r i n g  
c l u s t e r s  o f  v a r y i n g  s i z e s  and d e g r e e s  o f  c o n d e n s a t i o n ,  depending on c o a l  r a n k ,  
i n t e r l i n k e d  by s imple  m o l e c u l a r  b r i d g e  systems and by hydrogen bonding.  Th i s  
ev idence  c o n t r a s t s  w i t h  some o f  t h e  e a r l i e r  d a t a  which sugges t ed  t h a t  hydro- 
a romat i c s  and ,  i n  p a r t i c u l a r ,  adamantyl  g roups  ( 1 8 , 1 9 )  a r e  major  c o n t r i b u t o r s  t o  
c o a l  s t r u c t u r e .  There i s  c e r t a i n l y  no ev idence  of adamantyl g roups  b e i n g  
p r e s e n t  i n  o u r  c o a l  e x t r a c t s .  Such s t r u c t u r e s  would g i v e  r i s e  t o  broad bands 
i n  t h e  IH NMR s p e c t r a  between 1 . 0  and 2.0 ppm, p robab ly  c e n t r e d  a t  1 .5-1.7 ppm 
( 2 0 ) .  and n o t  t h e  s h a r p  bands c e n t r e d  a t  1.3 ppm as observed i n  F i g u r e  2 .  Apart  
from simple b r i d g e  s y s t e m s ,  a l k y l  g roups  must accoun t  f o r  t h e  m a j o r i t y  of 
a l i p h a t i c  carbon p r e s e n t  i n  t h e  c o a l s  used.  Simple b r i d g e  s y s t e m s ,  such as 
methylene,  were deduced by Heredy e t  a1 ( 4 )  from t h e  p r o d u c t s  o b t a i n e d  by 
depo lymer i sa t ion  of c o a l  w i t h  pheno l  and boron t r i f l u o r i d e .  

Information on t h e  s t r u c t u r e  o f  t h e  p a r e n t  c o a l s  may be o b t a i n e d  from t h e  
molecu la r  we igh t  d a t a  f o r  v a r i o u s  e x t r a c t  f r a c t i o n s .  E x t r a c t s  from a l l  of t h e  
c o a l s  c o n t a i n  l a r g e  q u a n t i t i e s  o f  benzene s o l u b l e  material  r e l e a s e d  by mild 
the rmolys i s  a t  t empera tu res  between 620 and 690 K .  The q u a n t i t i e s  y i e l d e d  
r e p r e s e n t  a far g r e a t e r  p r o p o r t i o n  o f  low ( 600)  MW m a t e r i a l  t h a n  w a s  p r e v i o u s l y  
thought  t o  be p r e s e n t  i n  t h e  c o a l s  on t h e  b a s i s  of r e s u l t s  from s imple  s o l v e n t  
e x t r a c t i o n  and low t empera tu re  c a r b o n i s a t i o n .  If  e x t e n s i v e  t h e r m o l y t i c  
deg rada t ion  of t h e  b a s i c  c o a l  s t r u c t u r e  h a s  n o t  o c c u r r e d  d u r i n g  e x t r a c t i o n ,  t hen  
t h i s  benzene s o l u b l e  m a t e r i a l  must be r e p r e s e n t a t i v e  of lower MW s t r u c t u r a l  
\ u n i t s  i n  t h e  c o a l s .  

T h e  B I s  from t h e  SCG e x t r a c t s  of t h e  l i g n i t e s  and perhydrous c o a l s  a r e  
predominant ly  of h igh  MW ( 2 0 0 0 ) .  Those from p y r i d i n e  and HDS e x t r a c t s  o f  t h e  
bi tuminous c o a l s  a r e  s i m i l a r ,  b e i n g  1500 and 2000 r e s p e c t i v e l y .  However, t h e  
f a c t  t h a t  no B I  m a t e r i a l  was o b t a i n e d  by low t empera tu re  (610  K )  SCG e x t r a c t i o n  
of l i g n i t e  s u p p o r t s  t h e  view t h a t  c o a l i f i c a t i o n  p r o c e s s e s  i n v o l v e  r e d u c t i o n  i n  
molecular  s i z e  o f  u n i t  s t r u c t u r e s  b r o u g h t  abou t  mainly by l o s s  of l a r g e  a l k y l  
s i d e  cha ins  w i t h  a r o m a t i s a t i o n  p rocedures  a c c o u n t i n g  for i n c r e a s i n g  s i z e  o f  
r i n g  c l u s t e r s  ( 2 1 ) .  
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TABLE 2 - Definitions of Structural Parameters 

Structural Parameter 

'a1 No. of aliphatic carbon atoms, 

fa Aromaticity , 

Degree of alkyl substitution, 

Average alkyl chain length, CL 

Degree of condensation, dC 

H 
C Aliphatic - ratio 

Definition 

k+"x+3+"v  
a b c d  

a1 c - c  
C 

- 
b 

H ~ ~ , ~ ~  +". 

n HAR,OH + 3 + 2(& + non-phenolic O+N+S 

(C - Gal) + (k + non-phenolic O+N+S) 
b a 

a 

C 
* aliphatic carbon 

H aliphatic hydrogen 
C H - x  

(from 1~ NMR) (from 1 3 ~  NMR) 
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Py pyf ld ine  
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Figure 1 Some Yields or Ext rac ts  and thei r  So lvent  Fractions 
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