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That coa l  is a very p h y s i c a l l y  and chemical ly  heterogeneous substance is 
one of t h e  few f a c t s  about c o a l  t h a t  has  not  been contes ted  i n  t h e  long 
h i s t o r y  of coa l  research .  However, t h e  e x t e n t  and na ture  of t h a t  he te ro-  
gene i ty  is not  a t  a l l  c lear .  Coal he te rogenei ty  is due t o  s e v e r a l  elements: 
The var ied  d iagenes is  and ca tagenes is  o f  t h e  o r i g i n a l  organic  p l a n t  c o n s t i t u -  
e n t s ,  spec iEic  a s s o c i a t i o n s  and i n t e r a c t i o n s  of macerals from d i f f e r e n t  paleo- 
environments, and t h e  d i f f e r e n t  mineral c o n s t i t u e n t s  of coal .  Even though the  
he te rogenei ty  is p r a c t i c a l l y  se l f -ev ident  and i s  a major o b s t a c l e  t o  d e f i n i n g  
the s t r u c t u r a l  e lements  of c o a l ,  remarkably l i t t l e  work is d i r e c t e d  toward 
explor ing  methods t o  reduce t h e  h e t e r o g e n e i t y  p r i o r  t o  s t r u c t u r e  e luc ida-  
t ion.  Densi ty  g r a d i e n t  c e n t r i f u g a t i o n  (DGC) appears  t o  be one of t h e  most 
e f f e c t i v e  s e p a r a t i o n  methods f o r  reducing t h e  he te rogenei ty  of c o a l  by 
separa t ing  the  t h r e e  maceral groups, and concomitant ly  provides  some i d e a  of 
t h e  r a  g of p h y s i c a l  and chemical v a r i a t i o n  t h a t  e x i s t  w i t h i n  a coa l  

However, t h i s  s t i l l  r e p r e s e n t s  only a f i r s t  o r d e r  separa t ion .  We 
r a r e l y  can reso lve  t h e  i n d i v i d u a l  macerals  t h a t  make up t h e  maceral groups 
because t h e i r  d e n s i t y  d i s t r i b u t i o n s  overlap.  The maceral d e n s i t y  ranges may 
over lap  so c l o s e l y ,  t h a t  no matter  how f i n e l y  w e  f r a c t t o n a t e  a d e n s i t y  
grad ien t ,  we w i l l  no t  reso lve  the  var ious spec ies .  Thus, some a d d i t i o n a l  
t reatment  or s e p a r a t i o n  method is necessary t o  r e s o l v e  i n d i v i d u a l  macerals o r  
sub-maceral spec ies .  

Chemical modi f ica t ion  of t h e  coal  maceral p a r t i c l e s  coupled with d e n s i t y  
grad ien t  c e n t r i f u g a t i o n  is one approach t o  h i g h e r  maceral reso lu t ion .  For 
t h i s  two dimensional  type  of t reatment  t o  be u s e f u l ,  we must use  a r e a c t i o n  
which e x h i b i t s  s e l e c t i v i t y  towards the  macerals ,  and can cause an observable  
change i n  t h e  d e n s i t y  of t h e  product .  For our  i n i t i a l  e f f o r t s .  we f e l t  t h a t  
t h e  reac t ion  should be mild and not  e x t e n s i v e l y  al ter t h e  maceral p a r t i c l e s ,  
s i n c e  pe t rographic  a n a l y s i s  was needed t o  understand any changes in t h e  sep- 
a r a t i o n s .  0 -a lkyla t ion  of t h e  coal  appeared t o  meet our  requirements .  The 
a l k y l a t i o n  r e a c t i o n  u t i l i z  tetrabutylammonium hydroxide and an a l k y l  iod ide  
t o  a l k y l a t e  hydroxyl groups Y. . 

RI ( B d 4 N O H  + Coal-OH - Coal-OR + (Bd4NI 

This r e a c t i o n  is c a r r i e d  out  under mild c o n d i t i o n s  and is r e l a t i v e l y  non- 
d e s t r u c t i v e  towards t h e  coal .  S ince  we  know t h a t  a t  l e a s t  t h e  maceral groups 
haue d i f f e r e n t  oxygen c o n t e n t s  and probably hydroxyl c o n t e n t s ,  t h i s  r e a c t i o n  
system seemed most a p p r o p r i a t e  t o  our needs. 3 
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RESULTS AND DISCUSSION 

EXPERIMENTAL 

Alkylation 

Th alkylation conditions were slightly modified from that indicated by 
Liotta.' Under nitrogen, the sample (-20 mg) was stirred in 5 ml of THF for 
10 minutes and then 50 ul of 40% aqueous tetrabutylammonium hydroxide was 
added. After an hour, the alkyl iodide was added, and the solution stirred 
for seven days. The solution was neutralized with HCl and the volatile 
organics removed on a rotary evaporator at 60°C. Water was added and the 
mixture dispersed in a sonication bath. The solid was collected on 0.8 micron 
polycarbonate filter and washed with 50% aqueous methanol. The alkylated coal 
was dried under vacuum at 64'C. 

Density Gradient Centrifugation 

The density gradient centrifugation procedures in aqueous CsC / rij-35 
solutions devised by Dyrkacz and co-workers were used as described. '-' Each 
coal was ground to less than 10 microns. and chemically demineralized before 
any further separation or chemical modification. The preparative level 
separations were done either on two gram levels (Preparattve I) or on maceral 
sink-€loat concentrates (Preparative 11). Analytical density gradient runs of 
the alkylated coal maceral fractions (1-25 mg) were done in 50 ml centrifuge 
tubes. The amount of coal at various densities in the analytical runs was 
inferred from the absorbance response at 660 nm in a flow through cell when 
the gradient was being fractionated. 

Each density distribution has been normalized to the highest peak. 

Two high volatile A bituminous coals, PSOC-732 and 726, obtained from 
Pennsylvania State University were used in this study. The elemental and 
maceral analyses are shown in Table 1. All the data that will be presented is 
based on the chemically demineralized coals. This is necessary to maximize 
the resolution of the macerals. 

Figures 1 and 2 present the DGC separations for the untreated, methylated 
and n-butylated coals. In the unalkylated coals, the lowest density band is 
the exinites and the mid-density band is the vitrinite. The highest density 
inertinite band is obvious in PSOC-732, but not i n  the PSOC-726 coal. For 
both inertinites the density af which there is 50% vitrinite and 50% iner- 
tinite is close to 1.31 g cm- . Relative to the untreated coals, all the 
alkylated coals exhibit a shift in their density istributions to lower 
densities, which is in accord with previous findings.' We also see that the 
butylated coal density patterns are shifted more than ,fy methylated coal; 
this is expected from molecular volume considerations. Looking at the 
density distributions in more detail, we see rather complex changes are 
occurring with alkylation. If each of the maceral groups were responding in 
the same way to alkylation, we would expect that the overall density pattern 
would not change. Maceral analyses of the density fractions confirmed the 
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n o t i o n  t h a t  t h e  macerals  are changing d e n s i t y  in a manner t o o  complicated t o  
fo l low e a s i l y  by j u s t  p e t r o g r a p h i c  a n a l y s i s .  

I n  o r d e r  t o  understand t h e  behavior  of the  macerals  in t h e  alkylation/DGC 
s e p a r a t i o n ,  we approached t h e  s e p a r a t i o n  from t h e  oppos i te  sense.  W e  f i r s t  
d e n s i t y  s e p a r a t e d  t h e  una lkyla ted  coa l  by DGC, a l k y l a t e d  t h e  i n d i v i d u a l  
macerals and then DGC s e p a r a t e d  t h i s  new m a t e r i a l .  The r e s u l t s  a r e  shown in 
Figures  3-5. I n  each case  a si g l e  d e n s i t y  g r a d i e n t  der ived  f r a c t i o n ,  cover- 
i n g  approximately a 0.01 g range, was methylated o r  bu ty la ted  and then 
separa ted  on an a n a l y t i c a l  d e n s i t y  grad ien t .  The maceral d e n s i t y  f r a c t i o n s  
t h a t  were used in these  s t u d i e s  a r e  at l e a s t  95% pure i n  a s i n g l e  maceral 
group by pe t rographic  a n a l y s i s .  From a n a l y t i c a l  d a t a  t h e  amount of a l k y l a t i o n  
per  LOO carbons i n c r e a s e s  i n  the order:  i n e r t i n i t e  < e x i n i t e  < v i t r i n i t e .  

1 
i 

I n  t h e  case  of t h e  a l k y l a t e d  e x i n i t e s ,  f o r  PSOC-732 t h e  expected s h i f t  t o  1 
lower d e n s i t y  occurs  a s  t h e  s i z e  of t h e  a l k y l  group i n c r e a s e s  (Figure 3). 
However, t h e  methylated PSOC-726 e x i n i t e s  material shows a higher  d e n s i t y  
d i s t r i b u t i o n .  whi le  t h e  b u t y l a t e d  m a t e r i a l  shows a lower d e n s i t y  r e l a t i v e  t o  
t h e  unt rea ted  c o a l  f r a c t i o n .  The reason f o r  t h i s  behavior  is not  c l e a r .  It 
could be due t o  e x t r a c t i o n  of a h ighly  a l i p h a t i c  material from t h e  e x i n t t e .  
which is more than  compensated f o r  by t h e  molecular  volume added by buty l  
groups,  but  cannot be compensated by t h e  smal le r  molecular  volume of t h e  
methyl groups. A l t e r n a t i v e l y ,  t h e  a l k y l a t i o n  r e a c t i o n  may be opening up pores  
which were c losed  t o  t h e  d e n s i t y  g r a d i e n t  s o l u t i o n  in t h e  o r i g i n a l  coal. 
Another p o s s i b i l i t y  is t h a t  t h e  a l k y l a t i o n  a l t e r s  t h e  s u r f a c e  of t h e  t h e  
e x i n i t e s  and changes the  behavior  of t h e  p a r t i c l e s  in t h e  complex d e n s i t y  
s o l u t i o n .  

The a l k y l a t e d  v i t r i n i t e  macerals from both c o a l s  show t h e  expected 
behavior  of s h i f t i n g  t o  lower d e n s i t y  upon a l k y l a t i o n .  However, a l l  f o u r  
a l k y l a t e d  v i t r i n i t e s  show broadening of t h e  band. In t h e  case  of t h e  
buty la ted  PSOC-726 t h e r e  is even a d i s t i n c t  shoulder  present .  The e x i n i t e s  
a l s o  show t h i s  behavior  which impl ies  t h a t  t h e r e  may be subspec ies  of maceral 
p a r t i c l e s  which have d i f f e r e n t  r e a c t i v i t i e s  towards a l k y l a t i o n .  

The a l k y l a t e d  t n e r t i n i t e s  show some remarkable changes i n  d e n s i t y  
d i s t r i b u t i o n  r e l a t i v e  t o  t h e  o r i g i n a l  maceral d e n s i t y  d i s t r i b u t i o n .  A l l  t h e  
a l k y l a t e d  i n e r t i n i t e s  show l a r g e  band broadening and, i n  t h e  case  of t h e  
buty la ted  m a t e r i a l s ,  show t h e  presence of mul t ip le  bands. It should be he ld  
in mind t h a t  p a r t i c u l a r l y  i n  t h e  case  of t h e  a l k y l a t e d  i n e r t i n i t e s ,  we  have 
found t h a t  the r e l a t i v e  absorbance t h a t  is p l o t t e d  versus  d e n s i t y  does not  
n e c e s s a r i l y  r e f l e c t  t h e  t r u e  weight  d i s t r i b u t i o n  of m a t e r i a l ;  t h i s  is because 
of a complex re1 t i o n s h i p  between absorbance and p a r t i c l e  s i z e  f o r  these  
a l t e r e d  m a t e r i a l s ?  Never the less ,  t h e  o v e r a l l  c h a r a c t e r  of t h e  p a t t e r n s  is 
sti l l  c o r r e c t -  Not only do t h e  a l k l y a t e d  i n e r t i n i t e s  show a band broadening 
compared t o  t h e  o r i g i n a l  m a t e r i a l ,  but p a r t i c u l a r l y  in t h e  b u t y l a t e d  iner -  
t i n i t e s  we see  t h e  development of new bands. The f a c t  t h a t  s p e c i f i c  bands 
emerge upon a l k y l a t i o n  can be explained i f  t h e r e  a r e  c l a s s e s  of i n e r t i n i t e  
p a r t i c l e s  in t h e  u n t r e a t e d  maceral f r a c t i o n  with q u i t e  s p e c i f i c  r e a c t i v i t y  
towards a l k y l a t i o n .  The p r e c i s e  i d e n t i t y  of t h e s e  p a r t i c l e s  is not  c lear .  
They may represent  monomaceral i n e r t i n i t e  p a r t i c l e s  such a s  semi-fusini te .  
f u s i n f t e  o r  m i c r i n i t e  w i t h i n  t h e  i n e r t i n i t e  group. On t h e  o t h e r  hand, they 
may represent  a chemical ly  d i f f e r e n t  sub-species of an i n d i v i d u a l  maceral. 
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To t r y  and understand t h e  n a t u r e  of these  new bands, s e v e r a l  f u r t h e r  
experiments  were done. I n  t h e  case of t h e  PSOC-732 i n e r t i n i t e  f r a c t i o n ,  t h e  
t h r e e  bands were s e p a r a t e d  from s e v e r a l  small s c a l e  a n a l y t i c a l  s e p a r a t i o n s .  
The C ,  H, N a n a l y s i s  were done on t h e  o r i g i n a l  f r a c t i o n  and t h e  t h r e e  new 
bands. Using t h e  o r i g i n a l  d a t a  as a base, t h e  bands contain:  3.0, 1.7 and 0.3 
buty l  groups per  100 carbon atoms, a s  a f u n c t i o n  of i n c r e a s i n g  dens i ty .  I n  
a d d i t i o n ,  FT-IR s p e c t r a  of t h e  t h r e e  i n e r t i n i t e  d e n s i t y  bands show l a r g e  
i n c r e a s e s  i n  t h e  a l i p h a t i c  C-H s t r e t c h i n g  band i n  accordance wi th  t h e  i n c r e a s e  
in buty l  groups. These resul ts  suggest  t h a t  t h e  d i f f e r e n c e s  in t h e  d e n s i t y  
p a t t e r n  a r e  d e f i n i t e l y  r e l a t e d  t o  s e l e c t i v e  chemical modi f ica t ion  of d i f f e r e n t  
spec ies .  

CONCLUSIONS 

Although we do not  y e t  understand t h e  na ture  of the  s p e c i e s  t h a t  have 
been separa ted ,  t h e r e  is l i t t l e  doubt t h a t  we  have achieved a h i g h e r  l e v e l  of 
s e p a r a t i o n  than p o s s i b l e  wi th  d e n s i t y  g r a d i e n t  techniques alone.  The presence 
of  new bands can only i n d i c a t e  t h a t  t h e r e  a r e  a t  l e a s t  s e v e r a l  s p e c i f i c  
c l a s s e s  of p a r t i c l e s  t h a t  have q u i t e  s p e c i f i c  behavior towards a l k y l a t i o n .  

The two dimensional  s e p a r a t i o n  of c o a l ,  c o n s i s t i n g  of d e n s i t y  g r a d i e n t  
s e p a r a t i o n  and chemical modiEicat ion,  r e p r e s e n t s  a new approach t o  r e s o l v i n g  
t h e  he te rogenei ty  of c o a l  and poss ib ly  o t h e r  maceral sub-species  t h a t  may not  
be p e t r o g r a p h i c a l l y  i d e n t i f i a b l e .  I t  should be obvious t h a t  t h i s  approach can 
be used with any mild chemical t rea tment ,  0 -a lkyla t ion  being only one 
example. Even f u r t h e r  maceral r e s o l u t i o n  might be achieved by cha in ing  
var ious  func t fona l  group s e l e c t i v e  r e a c t i o n s  with d e n s i t y  g r a d i e n t  s e p a r a t i o n  
to  do a multi-dimensional separa t ion .  
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Coal C H N S 0 Ash 

(dry) 
4, wt (daf) 

PSOC-732 84.5 4.72 1.65 0.82 8.2 18.7 

PSOC-726 87.5 5.20 1.30 0.65 5.3 4.8 
Pet. Anal. 

TABLE 1. Analytical Data for Coals. 

Coal SP Re Cu Bi Vit S-fus Mi Fus Id 

X volumea 

PSOC- 732 10.2 0.4 0.0 1.5 63.0 27.9 3.1 2.8 3.7 
PSOC- 726 10.6 1.4 0.5 0.0 50.4 10.9 3.8 2.6 7.2 

a. Sp = sporinite; Re = resinite; Cu = cutinite; Bi = bituminite; 

Vit = vitrinite S-fus = semi-fusinite; Mi = micrinite; Pus = fusinite; 
Id = inertodetrinite. 
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