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INTRODUCTION 

A s  c o a l  s c i e n c e  p r o g r e s s e s  t h e  need f o r  pure  c o a l  macerals be- 
comes i n c r e a s i n g l y  obvious .  The chemical  and p h y s i c a l  p r o p e r t i e s  Of 
t h e  v a r i o u s  macera ls  a r e  known t o  d i f f e r  s u b s t a n t i a l l y ( l ) ,  b u t  a 
l a r g e  p o r t i o n  o f  t h e  work i s  based on European c o a l s .  
s e p a r a t e d  macerals used f o r  p r e v i o u s  s t u d i e s  were n o t  a lways o f  h igh  
p u r i t y .  
s e p a r a t i n g  t h e  m a c e r a l s .  W e  a r e  c u r r e n t l y  involved  i n  a program t o  
d e f i n e  t h e  p a r a m e t e r s  n e c e s s a r y  f o r  e f f i c i e n t  s e p a r a t i o n  o f  macerals 
u s i n g  d i f f e r e n c e s  i n  d e n s i t y  and t o  b u i l d  up s t o c k s  o f  macerals f o r  
a d d i t i o n a l  a n a l y s e s .  Our t e c h n i q u e  i s  based on 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) r a t h e r  t h a n  t h e  o f t e n  used s i n k - f l o a t  procedures .  
A s  w e  w i l l  show, DGC h a s  much more l a t i t u d e  f o r  s e p a r a t i o n  c o n t r o l  
and has  t h e  advantage  o f  s u p e r i o r  r e s o l u t i o n  i n  less t i m e  t h a n  pre- 
v i o u s  methods, e . g . ,  s i n k - f l o a t .  

Furthermore,  

L i t t l e  a t t e n t i o n  h a s  been g i v e n  t o  t h e  a c t u a l  procedures  f o r  

EXPERIMENTAL 

C o a l  Samples 

All coal samples  used  i n  t h i s  s t u d y  w e r e  o b t a i n e d  from t h e  
Pennsylvania  S t a t e  U n i v e r s i t y  d a t a  bank. 

Microscopic  A n a l y s i s  

P e t r o g r a p h i c  a n a l y s i s  of  t h e  f i n e  ground c o a l  w a s  performed i n  
b o t h  i n c i d e n t  b l u e  l i g h t  and w h i t e  l i g h t  a t  1200x. The e x i n i t e s  
a u t o f l u o r e s c e  i n  b l u e  l i g h t  making them more v i s i b l e .  S tandard  pro- 
c e d u r e s  w e r e  used f o r  mounting, p o l i s h i n g ,  and a n a l y z i n g  t h e  c o a l  
materials.  

Grinding 

The g r i n d i n g  o f  t h e  c o a l  w a s  performed i n  t w o  s t e p s .  I n i t i a l  
g r i n d i n g  of  t h e  c o a l  t o  below 200 Um p a r t i c l e  s i z e  w a s  performed 
u s i n g  a p l a n e t a r y  b a l l  m i l l .  T h e  r e s u l t a n t  ground coal from t h e  b a l l  
m i l l  was t h e n  used a s  a f e e d  f o r  f i n e  g r i n d i n g  i n  a S t u r t e v a n t  Micro- 
n i Z e r  f l u i d  energy  m i l l .  T h i s  t y p e  of  j e t  m i l l  h a s  no moving p a r t s ;  
t h e  c o a l  i s  f e d  i n t o  a h igh  v e l o c i t y  g a s  stream of  n i t r o g e n  moving i n  
a c i r c u l a r  p a t t e r n  where it s e l f - g r i n d s .  I n  a d d i t i o n ,  t h e  m i l l  i s  t o  
Some degree  s e l f - c l a s s i f y i n g ;  t h e r e f o r e ,  a narrow p a r t i c l e  s i z e  d i s -  
t r i b u t i o n  i s  produced.  

*This  work was performed under t h e  a u s p i c e s  o f  t h e  O f f i c e  of  Basic 
Energy S c i e n c e s ,  D i v i s i o n  o f  C h e m i c a l  S c i e n c e s ,  U.  S. Department of 
Energy. 

216 



In the case of PSOC-297 coal, one pass through the fluid energy 
mill produced particles which were <6 um in size. This size range 
gave particles which were largely homogeneous with respect to a given 
maceral. In the case of PSOC-124 coal, two passes through the mill, 
followed by demineralization, six freeze-thaw cycles between liquid 
nitrogen and 80°C, and then a final pass through the mill was required 
to reduce the particle size to <6 um. 

I Demineralization 

After fine grinding, the coal was demineralized chemically using 
L standard procedures(2). Both coals still had ~2.6% mineral matter 

present after chemical treatment. 

Density Gradient Centrifugation (DGC) 

DGC techniques were used for all separations. Linear density 
gradients were used throughout this work, and were pre-formed using a 
commercial density gradient former (ISCO, Model 380 or 382). Aqueous 
CsCl was used to form all gradients. The coal was dispersed with 
either Bri j@ 35 (polyoxyethylene-23-lauryl ether) or dodecyltrimethyl- 
ammonium salt (8 g/L) added to all solutions. Two separation systems 
were used: analytical DGC and preparative DGC. In the analytical 
mode, 5-50 mg of coal was dispersed into a low density solution by 
mild ultrasonic treatment, layered on a 40-45 ml gradient (~1.0 to 
1.5 g/cc), and then centrifuged at 12,000 rpm (%16,000 x 9) in a 
Beckman J-21C centrifuge for 30 minutes. After this period the cen- 
trifuge was stopped and the contents of each of the tubes were forced 
out with a dense chase solution of fluorinert@ FC-43. The contents 
leaving the centrifuge were then passed through an absorbance monitor 
and into a fraction collector. The density of each fraction was found 
by measuring its refractive index. 

Large scale amounts of coal (2-3 g )  were separated using a com- 
mercial zonal centrifuge rotor (Beckman, model JCF-2) which holds a 
1.6 L density gradient. After loading and centrifuging, the contents 
were again pumped out with the high density chase solution and col- 
lected in 30 ml fractions. Each fraction was filtered through a 1 um 
pore diameter nuclepore@ membrane filter. 
washed with both room temperature and hot water to remove CsCl and 
surfactant, dried in a vacuum at 8OoC and stored under nitrogen. 
Selected fractions were then microscopically analysed. 

plasma detector (Applied Chromatography Systems, model MPD850) 
equipped with a solid probe. 

The resultant residue was 

Atomic ratios for some fractions were measured using a microwave 

RESULTS AND DISCUSSION 

Two bituminous coals were used in this study, PSOC-297 and -124. 
PsOc-297 is a cannel-like coal, and PSOC-124 is a true cannel coal. 
The composition of these two coals is shown in Table I. These coals 
were chosen for their large inertinite and exinite concentrations; 
Psoc-297 was also interesting because of its high mineral matter con- 
tent. We expect that any separation difficulties with mineral matter 
would be most evident in this coal. 
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Scheme I shows the sequence of procedures used to obtain sepa- 
rated macerals. The first and one of the most important aspects in 
maceral separation is the grinding stage. The initial grinding step 
(using a planetary ball mill) 
size below 200 um, which is required for the feed to the fluid energy 
mill. The average particle size after grinding in the fluid energy 
mill is 2.6 urn, with 95% of the material below 6 pm. After grinding, 
the coal is demineralized. We have found that demineralization is a 
necessary step for the two coals investigated in order to achieve a 
good maceral separation. 

is necessary to reduce the particle 

The density gradient separations were carried out using a maxi- 
mum and minimum density of 1.5 and 1.0 g/cc, which encompasses the 
range of maceral densities. A l l  gradients were linear (by volume). 
CsCl was used to form the gradients because of its relative inertness 
to coal, convenience in handling, and maximum density of 1.9 g/cc. 
However, the hydrophobic nature of coal presented a problem in dis- 
persing the fine particles in a hydrophilic medium. In fact, very 
little maceral separation can be achieved without the use of surfac- 
tants to improve the dispersibility of the coal in CsCl solution. We 
tested three classes of surfactants: anionic, cationic, and nonionic, 
for their ability to disperse the two coals in aqueous density gradi- 
ents. Quaternary ammonium salts, particularly dodecyltrimethyl- 
ammonium bromide, and the nonionic Brij@ 35 (polyoxyethylene-23- 
lauryl ether) were found to im rove the wetting properties of the 
aqueous medium. 
has good solubility in aqueous CsC1, is readily available, and was 
found to be better than the quaternary ammonium salt in regard to the 
stability of the dispersion of PSOC-124. 

for the two coals. All densities are solution densities corrected to 
25OC. The absorbance scale can be taken as a measure of the relative 
amount of coal at a particular density, but the curves have not been 
normalized; thus direct comparison of yields per fraction between the 
two coals is not possible. As would be expected for such dissimilar 
coals, the curves are quite distinct and reflect at least crudely the 
proportion of the various maceral groups, with the exception of in- 
ertinite. From Dormans e t  a l .  ( 3 ) ,  we expect the densities for the 
various macerals to be: exinities %1.2, vitrinites %1.3, and inertin- 
ites %1.4 g/cc. It is interesting to note that the fractograms do 
not show peaks where inertinite is expected to appear. 

PSOC-297 and PSOC-124. The top curves in each set compare very well 
with the analytical runs. The lower graphs show the corresponding 
volume percent of the three maceral groups for selected fractions. 
It can be seen that for both coals many fractions are better than 90% 
Pure with respect to a maceral constituent. In the case of alginite 
many particles apparently split out of the coal as single entities 
during grinding and could be identified from other exinites by their 
morphology. The actual yield of alginite is probably higher but 
smaller particles were counted as alginite only if they exhibited the 
morphological characteristics of alginite. 

ingly exhibit high concentrations in more than one density region. 

However, Brijg 35 was used for all runs because it 

Figure 1 presents the combined results of analytical DGC runs 

Figures 2 and 3 show the results of preparative DGC runs on 

The inertinites present an interesting case because they seem- 
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T h i s  can  be seen  more c l e a r l y  i n  F i g u r e s  4 and 5 ,  where w e  have p l o t -  
t e d  t h e  d a t a  i n  a d i f f e r e n t  manner. The o r d i n a t e  i s  t h e  weight  o f  
c o a l  i n  each e q u a l  volume f r a c t i o n  c o l l e c t e d .  The p e r c e n t a g e  of each  
maceral i n  a d e n s i t y  f r a c t i o n  was m u l t i p l i e d  by t h e  weight  o f  t h a t  
f r a c t i o n .  The weight  of v i t r i n i t e  w a s  d i v i d e d  by 1 0  i n  F i g u r e  4 f o r  
convenience of p l o t t i n g .  W e  have n e g l e c t e d  t h e  d i f f e r e n c e  between 
v o l .  % and w t .  % because of  t h e  d i f f i c u l t y  o f  a c c u r a t e l y  c a l c u l a t i n g  
w t .  % from a volume d i s t r i b u t i o n .  Neglec t ing  t h e  d i f f e r e n c e  i n  v o l .  
and w t .  % only  a f f e c t s  t h e  r e s u l t s  where t h e r e  i s  a n  o v e r l a p  of t w o  
o r  more macera ls ,  b u t  n o t  s i g n i f i c a n t l y  enough t o  change t h e  o v e r a l l  
r e s u l t s .  Note t h a t  t h e r e  seems t o  be  m u l t i p l e  i n e r t i n i t e  peaks w i t h  
b o t h  coals. The r e a s o n  f o r  t h i s  b e h a v i o r  w a s  r e v e a l e d  by microscopic  
examinat ions,  which showed t h a t  t h e  l o w  d e n s i t y  i n e r t i n i t e  c o n s i s t e d  
of  m i c r i n i t e  p a r t i c l e s  bound t o  o t h e r  macerals. 

v i t r i n i t e s ,  whereas w i t h  PSOC-124 t h e  m i c r i n i t e  i s  bound o n l y  t o  
e x i n i t e .  I n  both  unground c o a l s  t h e  m i c r i n i t e  i s  h i g h l y  d i s p e r s e d  
throughout  t h e  c o a l  r a t h e r  t h a n  l o c a l i z e d  i n  d e f i n i t e  r e g i o n s ,  and 
t h u s  does n o t  s e e m  t o  s e l e c t i v e l y  s p l i t  o u t  o f  t h e  c o a l  on g r i n d i n g .  
For  PSOC-297 t h i s  d o e s  n o t  c o n s t i t u t e  a major  problem, b u t  fo r  PSOC- 
124 a l a r g e  f r a c t i o n  o f  t h e  i n e r t i n i t e  is  o b t a i n e d  as composi te  par -  
t i c les .  However, t h e s e  composi te  mater ia ls  p r e v e n t  us from s e e i n g  
t h e  t r u e  d i s t r i b u t i o n  of a p a r t i c u l a r  maceral, and t h e r e f o r e  w e  
modif ied our  count ing  procedure.  I f  t h e  c r o s s l i n e s  (of t h e  micro- 
scope)  f e l l  on a p a r t i c l e  which c o n t a i n e d  more t h a n  1 0 %  o f  a second 
maceral ,  then  w e  d e s c r i b e d  t h a t  maceral under  t h e  c r o s s l i n e s  a s  be ing  
bound. The error i n  such a count ing  procedure  i s  h i g h  ( % l o % ) ,  
e s p e c i a l l y  where t h e  m a c e r a l s  a r e  g e n e r a l l y  o f  a f i n e  n a t u r e ,  b u t  
f o r  o u r  purposes  t h e  error was n o t  a s e v e r e  problem. T h i s  procedure  
a l lows  u s  t o  e f f e c t i v e l y  e l i m i n a t e ,  a l b e i t  i n  a n  a r t i f i c i a l  manner, 
mixed maceral  p a r t i c l e s  and o n l y  o b s e r v e  t h e  d i s t r i b u t i o n s  o f  p u r e  
c o n s t i t u e n t s .  F i g u r e s  6 and 7 show t h i s  d a t a .  It is  an e a s y  t a s k  t o  
read  o f f  from F i g u r e s  6 and 7 t h e  macera l  d i s t r i b u t i o n  and d e n s i t y  
peaks. For PSOC-297 c o a l :  a l g i n i t e ,  1 . 0 6  g/cc; s p o r i n i t e ,  1 . 1 9  g/cc;  
v i t r i n i t e ,  1 .29 g/cc: and i n e r t i n i t e ,  1 .35 g /cc .  A l g i n i t e  c o n s t i t u t e s  
o n l y  2% o f  PSOC-297 and y e t  w e  ach ieved  a n  e x c e l l e n t  s e p a r a t i o n ,  which 
shows t h e  e f f e c t i v e n e s s  o f  t h e  d e n s i t y  g r a d i e n t  method. For  t h e  PSOC- 
124 s e p a r a t i o n ,  t h e  a l g i n i t e  w a s  p r e s e n t  as a s h o u l d e r  ( 1 . 0  t o  1.1 g /  
cc) on t h e  c o n c e n t r a t i o n  p r o f i l e  o f  t h e  e x i n i t e s  (see F i g u r e  3 1 ,  b u t  
w a s  n o t  counted because t h e  f l u o r e s c e n c e  was n o t  as  d i s t i n c t i v e  as i n  
t h e  case of PSOC-297. The e x i n i t e  d i s t r i b u t i o n  i n  F i g u r e  7 shows a 
r a t h e r  asymmetric shape.  W e  b e l i e v e  t h i s  asymmetry r e p r e s e n t s  t w o  
d i f f e r e n t  t y p e s  of e x i n i t e  m a t e r i a l ,  p o s s i b l y  d i f f e r e n t  s p o r e  t y p e s :  
one  showing h igher  f l u o r e s c e n c e  t h a n  t h e  o t h e r .  
d e n s i t y  o f  1 .25 g /cc  and i n e r t i n i t e ,  1 . 3 0  g /cc .  

t i o n s .  An almost l i n e a r  dependence o f  H/C on d e n s i t y  i s  e x h i b i t e d  i n  
t h e  e a r l y  f r a c t i o n s  (<1.35 g / c c ) ;  however, t h e  i n e r t i n i t e  f r a c t i o n s  
show l i t t l e  change. The H/C behavior  i n  t h e  e x i n i t e - v i t r i n i t e  r e g i o n  
may be  e x p l a i n e d  a c c o r d i n g  t o  Van K r e v e l e n ' s  c o r r e l a t i o n  between den- 
s i t y  and atomic r a t i o s  (1). However, w e  cannot  e x p l a i n  t h e  H/C inde-  
pendent  r e g i o n  (>1.35 g/cc)  a t  t h i s  t i m e .  

I n  t h e  c a s e  o f  PSOC-297 t h e  m i c r i n i t e  is  bound to e x i n i t e s  and 

V i t r i n i t e  has a peak 

F i g u r e  8 i s  a p l o t  o f  t h e  H/C and S/C f o r  s e l e c t e d  PSOC-297 f r a c -  
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CONCLUSIONS 

We f e e l  t h e  d e n s i t y  g r a d i e n t  technique  o f f e r s  s i g n i f i c a n t  advan- 
t a g e s  o v e r  p r e v i o u s  methods of  macera l  s e p a r a t i o n .  
r a p i d  method of  measur ing  t h e  o v e r a l l  d e n s i t y  r a n g e s  of t h e  v a r i o u s  
macera ls  and o f  s e p a r a t i n g  macera ls  having  any d e n s i t y  r a n g e  d e s i r e d .  
Of course, t h e  smaller t h e  f r a c t i o n  c u t s ,  t h e  l ess  c o a l  p e r  f r a c t i o n .  
Our c u r r e n t  f r a c t i o n s  range  between 0.007-0.010 g/cc. To o b t a i n  t h e  
same range u s i n g  s i n k - f l o a t  t e c h n i q u e s  would r e q u i r e  o v e r  40 s e p a r a t e  
s t a g e s .  A s  t h e  r e s u l t s  show, w e  have had good s u c c e s s  w i t h  PSOC-297 
and -124 coal samples  u s i n g  t h e  DGC t e c h n i q u e ,  a l though m i c r i n i t e  
p r e s e n t s  some problems.  I n  t h e  c a s e  of  PSOC-297, t h e  m i c r i n i t e  con- 
t r i b u t i o n  does  n o t  d r a s t i c a l l y  a f f e c t  t h e  m a t e r i a l  i n  which it i s  
mixed, e . g . ,  v i t r i n i t e  i s  s t i l l  over  90% pure .  I n  t h e  case of PSOC- 
1 2 4  much more e x i n i t e  m a t e r i a l  i s  contaminated by m i c r i n i t e  i n c l u s i o n ,  
undoubtedly because  o f  t h e  very  h i g h  m i c r i n i t e  c o n c e n t r a t i o n  i n i t i a l l y  
p r e s e n t .  

I t  p r o v i d e s  a 

Two i m p o r t a n t  p o i n t s  c a n  be  made from t h i s  s t u d y .  F i r s t ,  t h e  
broad d i s t r i b u t i o n  o f  d e n s i t i e s  for e x i n i t e  and i n e r t i n i t e  and t h e  
cor responding  large d r o p  i n  H/C ra t io  f o r  t h e  e x i n i t e s  s u g g e s t s  l a r g e  
changes i n  chemica l  s t r u c t u r e  mus t  be  o c c u r r i n g .  Thus, c a u t i o n  must 
be  used i n  s t u d y i n g  t h e  p r o p e r t i e s  of  e x i n i t e s  and i n e r t i n i t e s  t o  in- 
s u r e  t h a t  s t r u c t u r a l  i n f o r m a t i o n  i s  based  on narrow r a n g e  d e n s i t y  
f r a c t i o n s .  I n  f a c t ,  t h i s  i s  probably  why i n  t h e  p a s t  t h e  p r o p e r t i e s ,  
bo th  chemical  and p h y s i c a l ,  have much broader  l i m i t s  f o r  e x i n i t e s  and 
i n e r t i n i t e s ( 1 ) .  Second, t h e  d e n s i t y  r a n g e  f o r  v i t r i n i t e s  i s  r e l a -  
t i v e l y  narrow i n  b o t h  coals,  s u g g e s t i n g  t h a t  t h e  p r o p e r t i e s  of  v i t -  
r i n i t e  should  b e  g e n e r a l l y  less e r r a t i c  and t h e r e f o r e  c o n s i d e r a b l y  
more p r e d i c t a b l e .  
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TABLE I. C o m p o s i t i o n  D a t a  f o r  C o a l s  

PSOC-297 PSOC-124 

S p o r i n i t e  

Re  s i n  i t e  
C u t i n i t e  

A1 g i n i  te 
V i t r i n i t e  

M i m i n i t e a  

S e m i - f u s i n i t e  

F u s i n i t e  

1 6 . 4  

0 . 4  

0 . 4  

2 . 0  

6 3 . 0  

1 7 . 0  

0 . 8  

0 . 4  

5 1 . 7  

1 . 5  
1 . 7  

1 . 6  

1 4 . 6  

2 7 . 4  

1 .0  
0 . 4  

M.M ( w t .  %) 

% C  (dmmf) 

% H (dmmf) 

2 2 . 8  
8 2 . 1 7  

5 . 6 2  

1 0 . 7  

8 4 . 9 9  

7 . 2 0  

a I n c l u d e s :  m i c r i n i t e ,  i n e r t o d e t e r i n i t e ,  a n d  m a c r i n i t e .  

SCHEME I 

FIRST GRIND t FINE GRIND * DEMINERALIZE 
t o  < 2 0 0  urn t o  %3 urn HC1, HF 

DENSITY GRADIENT 
CENTRIFUGATION <---- 

1 . 0 - 1 . 5  g /cc  

ANALYTICAL DGC 
O p t i m i z e  conds. 

PREPARATIVE DGC 
Microscopic p u r i t y ,  
e tc .  
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Figure 2. Preparative Density Gradient Separation and Maceral 
Analysis of PSOC-297. 
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F i g u r e  3 .  P r e p a r a t i v e  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 Macera l  
A n a l y s i s  of PSOC-124. 
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F i g u r e  4 .  Amount of Each Macera l  Type i n  S e l e c t e d  D e n s i t y  F r a c t i o n s  
of PSOC-297. 

1.0 1.1 1.2 1.3 1.4 1.5 
DENS I TY(g/cc) 

F i g u r e  5.  Amount of Each Macera l  Type i n  S e l e c t e d  D e n s i t y  F r a c t i o n s  
of PSOC-124. 
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