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INTRODUCTION 

Coals  a r e  known t o  be  l a r g e l y  i n s o l u b l e  i n  most common s o l v e n t s  a t  t h e i r  
boi l ing points .  A good solvent  such as pyridine diEEOlVe8 a t  bes t  only 10-30 weight 
percent of the so l id .  Bowever. the  insoluble  port ion of coals  i s  known t o  swell up 
t o  two t o  three times i t s  own volume i n  good solvents .  and t h i s  lends support t o  the  
idea t h a t  the insoluble  port ion i s  bes t  viewed a s  a three-dimensionally crossl inked 
macromolecular s o l i d  ( 1 ) .  A minor amount of smaller  molecules a r e  thought t o  be 
trapped within t h i s  three-dimensional network and can be r e l e a s e d  by good s w e l l i n g  
s o l v e n t s  such a s  p y r i d i n e .  T h i s  paper  i s  concerned with the  r e l a t i o n s h i p  of the  
three-dimensionally crossl inked macromolecules t h a t  c o n s t i t u t e  t h e  insoluble  port ion 
of coals  and the  smaller. po ten t ia l ly-ex t rac tab le  molecules. 

The re la t ionship  between the  macromolecular p o r t i o n  of c o a l  and t h e  s m a l l e r  
molecules  has  been of c o n s i d e r a b l e  i n t e r e s t  t o  c o a l  chemis ts  f o r  some t i m e .  A 
fundamental question concerning t h i s  re la t ionship  i s  whether t h e  s m a l l e r  molecules  
represent much the  same s t u f f  a8 the  crossl inked macromolecules. This quest ion has 
been addressed by Given i n  a recent  review (2) .  Van Krevelen. i n  h i s  proposed model 
of the  c o a l i f i c a t i o n  p r o c e s s .  regarded  t h e  s m a l l e r  molecules  a8 t h e  u n r e a c t e d  
f r a g m e n t s  o f  a c o n d e n s a t i o n  p o l y m e r i z a t i o n  r e a c t i o n  ( 3 ) .  The i n s o l u b l e  
macromolecular  n e t w o r k  was r e g a r d e d  a s  t h e  p r o d u c t  o f  t h i s  c o n d e n s a t i o n  
p o l y m e r i z a t i o n .  Thus t h e  s o l u b l e .  s m a l l e r  m o l e c u l e s  a n d  t h e  i n s o l u b l e  
macromolecules were regarded by van Krevelen  a s  much t h e  same s t u f f .  Given has  
r e j e c t e d  t h i s  v i e w  as n o t  i n  a c c o r d  w i t h  t h e  f a c t s  ( 2 ) .  The d e t a i l s  o f  h i s  
arguments a r e  n o t  p r e s e n t e d  h e r e .  Larsen and co-workers. i n  a s t u d y  o f  t h e  
molecular  weight  d i s t r i b u t i o n s  of pyridine e x t r a c t s ,  have shown t h a t  c o a l i f i c a t i o n  
is not a simple condensation polymerization a8 proposed e a r l i e r  by van Krevelen (4) .  

I n  s p i t e  of t h e  e v i d e n c e  a r g u i n g  a g a i n s t  v a n  K r e v e l e n ' s  v i e w  o f  t h e  
c o a l i f i c a t i o n  p r o c e s s .  we were i n t r i g u e d  by t h e  p o s s i b i l i t y  of model ing t h e  
insoluble  macromolecules i n  c o a l  by somehow "polymerizing" o r  c r o s s l i n k i n g  t h e  
s o l u b l e .  s m a l l e r  m o l e c u l e s  i n t o  an i n s o l u b l e  n e t w o r k .  I f  t h i s  could be 
accomplished. the  various proper t ies  of t h e  two mater ia l s  (e .g .  s w e l l i n g  b e h a v i o r )  
could be d i r e c t l y  compared. A s t u d y  of  t h i s  n a t u r e  might lend ins ight  i n t o  the  
re la t ionship  between the  macromolecular network and t h e  smaller molecules i n  coals .  

APPROACH 

Winans and co-workers have shown t h a t  l i g n i n  can be t ransformed i n t o  an 
insoluble  mater ia l  resembling low rank coa ls  i n  t h e  presence of montmori l l ini te  a t  
15OoC (5) .  In addi t ion.  aluminum bromide (A1Br3) was shown t o  transform l ign in  to  a 
coa l - l ike  mater ia l  i n  a very shor t  time (24 h r  a t  12OOC). This  f a s c i n a t i n g  r e s u l t  
sugges ted  t o  us t h a t  Lewis a c i d s  might  promote c r o s s l i n k i n g  r e a c t i o n s  between 
soluble  coal  molecules. l ead ing  t o  a n  i n s o l u b l e  t h r e e - d i m e n s i o n a l l y  c r o s s l i n k e d  
m a t e r i a l  capable  of s w e l l i n g  i n  organic solvents .  Thus we chose t o  t r e a t  soluble  
coal  molecules with A l C l  t o  see i f  an insoluble  mater ia l  might be produced. 

The choice of  A 1 C 1 3  a s  a r e a c t a n t  imposed a s i g n i f i c a n t  c o n s t r a i n t  on  our  
exper imenta l  approach.  Most coals  a r e  la rge ly  insoluble  i n  solvents  t h a t  would be 
compatible with Lewis acids .  For example. hydrocarbon solvents  such as toluene w i l l  
not  s t rongly coordinate with Lewis ac ids  i n  Fr iedel-Craf ts  a lkyla t ion  reac t ions  ( 6 ) ,  
but these solvents  d i sso lve  only a small f r a c t i o n  of most coals .  On t h e  other  hand, 
pyridine and o ther  donor so lvents  a r e  e f f e c t i v e  ex t rac t ion  s o l v e n t s  f o r  c o a l s .  b u t  
s t rongly coordinate t o  Lewis acids. rendering them inef fec t ive  as a l k y l a t i o n  
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c a t a l y s t s  ( 6 ) .  Thus pyridine would be a poor choice a8 a r e a c t i o n  s o l v e n t  i n  t h e  
presence of A1C13. 

An a l t e r n a t i v e  approach i s  t o  make t h e  coa l  more soluble  in  solvents  compatible 
with Lewis acids .  One way of doing t h i s  i s  by 0-methylation of t h e  hydroxyl groups 
i n  coal. L io t ta  has shown t h a t  t h e  e x t r a c t a b i l i t y  of a n  I l l i n o i s  No. 6 c o a l  i n  
ch loroform (CHC13) i s  i n c r e a s e d  from 3.2% t o  21.7% upon 0-methylation (7) .  The 
reac t ion  i s  thought t o  render  the  coa l  f r e e  of i ts  secondary s t r u c t u r e  by disrupt ing 
coal-coal  hydrogen bonds .  The pr imary  c o v a l e n t  framework of t h e  c o a l  i s  l e f t  
i n t a c t .  The C H C l  - s o l u b l e  f r a c t i o n  of  t h e  0-methylated I l l i n o i s  No. 6 coal  was 
found by us t o  be completely soluble  i n  a -d ich lorobenzene .  a n o n r e a c t i v e  s o l v e n t  
compat ib le  w i t h  Lewis a c i d s .  Thus a -d ich lorobenzene  was chosen as  the react ion 
solvent f o r  the  t reatment  of t h e  coa l  ex t rac t  with A1C13. 
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EXPERIMENTAL 

0-methylation of t h e  I l l i n o i s  No. 6 coal  was car r ied  out according t o  Lio t ta ' s  
Elemental analyses  of both t h e  na t ive  and 0-methylated coals  a r e  given method (7) .  

i n  Table 1. 

Table 1 

Elemental Analyses of I l l i n o i s  No. 6 Coala 

C H N S Ob mc 

I l l i n o i s  No. 6 78.3 5.4 1.3 4.5 10.5 13.3 

0-methylated 76.5 6.0 1.7 2.9 12.8 9.6 

a d m f  baa ia  
:by d i f fe rence  
mineral  mat ter .  ca lcu la ted  according t o  MM=1.08 Ash +.55S 

The Soxhlet e x t r a c t a b i l i t y  of the  O-methylated I l l i n o i s  No. 6 coa l  i n  chloroform was 
found to  be 19.3%. (dmmf). i n  good agreement with L i o t t a ' s  f indings (7) .  

:E f3o-h a 100 mL round bottom f lask .  Approximately 
2 g o f  a n h y d r o u s  A l C l  was d i s s o l v e d  i n  t h e  n i t r o m e t h a n e .  3 0  mL o f  Q- 
dichlorobenzene and 1.75 ?of  coal  e x t r a c t  were then added. The f l a s k  was f l u s h e d  
with N2. stoppered and allowed t o  s t i r  a t  room temperature f o r  th ree  days. 

A separate  r e a c t i o n  i d e n t i c a l  t o  t h e  above reac t ion  was conducted. except t h a t  
no nitromethane was added to  the  f l a s k .  

After three days. t h e  contents  of t h e  f l a s k  was suct ion f i l t e r e d .  The residue 
was washed w i t h  Q-dichlorobenzene.  acetone. and then water. The residue was then 
placed in  a thimble and Soxhlet extracted overnight with water. which was s u f f i c i e n t  
t o  give a negative s i l v e r  n i t r a t e  t e s t  f o r  ch lor ide  ion. The residue was then dr ied 
under vacuum a t  105OC overnight .  

The r e s i d u e  from t h e  A l C l  - t r e a t e d  c o a l  e x t r a c t  was swol len  i n  s e r i e s  of 3 solvents  using an es tab l i shed  procedure ( 8 ) .  

572 



RESULTS 

The yield of a-dichlorobenzene insoluble material was 30% (based on the 
starting weight o f  extract) when nitromethane was used as a co-solvent. In 
contrast. the yield of insoluble material was only 5% when nitromethane was omitted 
from the reaction. 

The insoluble material obtained from the A1C13-treatment was swollen in series 
of solvents according to an established technique (8). The volumetric swelling 
ratio. Q. is a measure of the volume of solvent absorbed by a unit volume of coal. 
and is defined as 

Q=- 1) 

When Q is 1.0. the coal has absorbed no solvent. The results of these measurements 
are presented in Table 2 .  The Q values for the native. 0-methylated. and CHCl - 
extracted 0-methylated Illinois No. 6 coals are also presented. 

The hydrogen to carbon ratios of the coals and the insoluble material from the 
A1Cl3 treatment are also shown in Table 2. 
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Table 2 

Solvent Swelling Ratios (Q) and H/C ratios for  Illinois No. 6 Coals 
and A1C13-treated Coal Extracta 

Q 

Coal H/C Cyclohexane Ether Benzene THFb Pyridine 

Illinois No. 6 0.83 1 .o 1.2 1.1 1.9 2.6 

0-methylated 0.94 1.1 1.4 1.7 1.9 2.2 

0-methylated. 0.89 1.1 1.5 1.8 1.9 2.5 
CHCl -insoluble 

0-methylated. 1.1 N/A N/A N/A N/A N/A 
CHC13-soluble 

CHCl -ex&actc 

3 

A1C13.N0 Me-treated. 0.90 1.1 1.4 1.8 1.9 2.3 

AlCl -treated8 -- -- -- 
3 

-- 1.5 1.7 
CHCl;-extract 

3xtract was obtained from CHC13-extraction of 0-methylated coal. 

CInsoluble fraction only. 
Tetrahydrofuran. 

DISCUSSION 

The yield of  insoluble material from the AlCl -treatment of the CHC13-extract 
was found to increase from 5 to 30% when nitrometaane was added as co-solvent. 
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Nitromethane i s  known t o  be a n  e f f e c t i v e  s o l v e n t  f o r  A l C l  ( 9 ) .  and t h e  A l C l  - 
ni t romethane  complex t h a t  forms i s  known t o  be ca ta ly t ica l?y  a c t i v e  in  a lkyla t ion  
react ions (IO). In cont ras t .  A1C13 is only s l i g h t l y  soluble  i n  n-dichlorobenzene a t  
room temperature. We can speculate  t h a t  t h e  r o l e  of nitromethane as a co-solvent i s  
t o  provide a homogeneous so lu t ion  of A1C13. which somehow promotes condensa t ion  of 
t h e  s o l u b l e  c o a l  molecules .  P o l i s h  workers  have found n i t romethane  t o  be an 
e f fec t ive  solvent f o r  a l k y l a t i o n  of coals  with a l k y l  c h l o r i d e s  i n  t h e  presence  of 
A1C13 (11). 

The s w e l l i n g  r a t i o s  of the coa ls  and the  insoluble  mater ia l  produced from the 
e x t r a c t  a r e  p r e s e n t e d  i n  Table  2 .  The 0-methyla ted  c o a l  i s  observed t o  s w e l l  
subs tan t ia l ly  more in benzene than the  na t ive  I l l i n o i s  No. 6 coal .  This e f f e c t  has 
been previously descr ibed (12). and is a t t r i b u t e d  t o  the  d is rupt ion  of  t h e  hydrogen 
bond cross l inks  i n  t h e  na t ive  coal  upon 0-methylation. The 0-methylated coal  has a 
lower e f fec t ive  c r o s s l i n k  d e n s i t y  t h a n  t h e  n a t i v e  c o a l  and s w e l l s  more i n  good 
nonpolar  s o l v e n t s  such  a s  benzene.  P y r i d i n e .  a good hydrogen bond a c c e p t o r .  
d i s rupts  most of the hydrogen bond c r o s s l i n k s  and t h e r e f o r e  s w e l l s  b o t h  c o a l s  t o  
near ly  t h e  same exten t .  The chloroform ext rac t ion  i s  observed to  have l i t t l e  e f f e c t  
on the  swelling behavior of  t h e  0-methylated coals .  

Remarkably. t h e  s w e l l i n g  b e h a v i o r  of t h e  i n s o l u b l e  m a t e r i a l  produced from 
A l C l  -treatment of t h e  e x t r a c t  i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  of t h e  0-methylated 
I l l ? n o i s  No. 6 c o a l s .  The R/C r a t i o  of t h i s  mater ia l  a l s o  c lose ly  matches t h a t  of 
t h e  CHCl  -insoluble. 0-methylated coal .  It i s  s u b s t a n t i a l l y  lower t h a n  t h a t  found 
f o r  t h e  HC1 ex t rac t  from which it was produced. This l a t t e r  resu l t  i s  expected i f  
a more highly-crosslinked mater ia l  i s  being produced from the CHC13-extract. 

It i s  c l e a r  from t h e s e  r e s u l t s  t h a t  the  insoluble  mater ia l  produced from the 
A l C l  -treatment of the  coa l  e x t r a c t  has  a s  apparent c ross l ink  d e n s i t y  i d e n t i c a l  t o  
t h a t  of  t h e  CHC13-insoluble. 0-methylated I l l i n o i s  No. 6 c o a l .  The underlying 
r e a s o n ( s )  f o r  t h i s  r e s u l t  i s  n o t  known. b u t  we do n o t  b e l i e v e  t h e  r e s u l t  i s  
f o r t u i t o u s .  I t  c l e a r l y  s u g g e s t s  a c l o s e  s t r u c t u r a l  r e l a t i o n s h i p  between t h e  
insoluble  macromolecules and t h e  CHCl  -ex t rac tab le  molecules of  t h e  I l l i n o i s  No. 6 
coal. It a l s o  suggests  t h e  p o s s i b i l i ? y  t h a t  the  macromolecules a r e  derived from the 
smaller  molecules i n  coa l .  although we  have no independent evidence t o  support t h i s  
claim. Final ly .  the inso luble  mater ia l  produced from the  coal ex t rac t  i s  presumably 
insoluble  because covalent  bonds hold the molecules together .  If SO. a knowledge of 
t h e  react ions leading t o  the f o r m a t i o n  of  t h i s  m a t e r i a l  should provide  a b e t t e r  
understandinp o f  the na ture  n f  the covalent c ross l inks  i n  coals .  
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