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INTRODUCTION 

The t echno log ica l  u t i l i z a t i o n  of coal  is dependent upon its physical  charac- 
t e r i s t i c s  a s  well  as i t s  chemistry.  The size and s p a t i a l  d i s t r i b u t i o n  of pores;  
and the  s i z e ,  d i s t r i b u t i o n ,  and i d e n t i t y  of  t h e  submicron s i z e  minerals  a r e  physical  
a t t r i b u t e s  of p a r t i c u l a r  i n t e r e s t  because of t h e i r  inf luence i n  coal  conversion 
processes such a s  l i q u e f a c t i o n  and g a s i f i c a t i o n .  

The p r e s e n t  pape r  is one of a s e r i e s  i n  which e l ec t ron  microscope analyses  in -  
including t r ansmiss ion ,  scanning t ransmission,  and scanning r e f l e c t i o n  methods have 
been employed i n  examining bituminous coa l s  (1,  2 ) .  These techniques have t h e  ad- 
vantage of r e v e a l i n g  t h e  mic ros t ruc tu res  of coal  a t  magnif icat ions s u b s t a n t i a l l y  
g rea t e r  than t h a t  a v a i l a b l e  with l i g h t  microscopy. 
d i r e c t  observat ion o f  t h e  po res  and submicron mine ra l s  w i th in  t h e  coa l  may be 
obtained. 

Consequently, a more d e t a i l e d  

EXPERIMENTAL 

Sample S e l e c t i o n  and Preparat ion 

Samples were s e l e c t e d  from two high v o l a t i l e  bituminous c o a l s ,  namely, I l l i n o i s  
No. 6 and Eas t e rn  Kentucky s p l i n t  coal  from Perry County. The s e l e c t i o n  of t h e  
above coals  w a s  based on t h e  f a c t  t h a t  both a r e  o f  equal rank b u t  of d i f f e r e n t  
l i t ho types  ( i . e .  maceral  con ten t s ) ,  mic ros t rucu tu res ,  and geographical ly  separated.  
Consequently some eva lua t ion  could be made of  t h e  v a r i a t i o n  i n  microscale  f ea tu res  
which could be s i g n i f i c a n t  i n  coa l  u t i l i z a t i o n  o r  d i agenes i s ,  

Specimens were prepared from the  above samples by s l i c i n g  s e c t i o n s  normal t o  
t h e  bedding and subsequent ly  gr inding them i n t o  o p t i c a l  t h i n  s e c t i o n s  approximately 
10-15 vm t h i c k .  The o p t i c a l  s ec t ions  were removed from t h e  g l a s s  s l i d e  by acetone 
and thinned t o  e l e c t r o n  t ransparency by i o n  bombardment ( ion  mi l l ed ) .  
mi l l i ng  process  was performed on fragments approximately 3 mm on edge using argon 
gas and a l i q u i d  n i t rogen  cold s t age  i n  o rde r  t o  ensure a sample f r e e  from thermal 
damage. 
conductive p a i n t .  

The ion 

The i o n  mi l l ed  samples were f ixed  t o  e l e c t r o n  microscope g r i d s  using s i l v e r  

Analyt ical  Methods 

Both a high v o l t a g e  t ransmission e l e c t r o n  microscope (TEM) (1 Mv) and a scanning 
t ransmission e l e c t r o n  microscope (STEM) (120 Kv) were used i n  t h i s  study. The STEM 
was f i t t e d  wi th  an energy d i spe r s ion  system u t i l i z i n g  a S i ( L i )  d e t e c t o r .  
chemical ana lyses  of p a r t i c l e s  a s  small a s  20 nm f o r  elements of  atomic number 11 or  
g r e a t e r  could be a t t a i n e d  by use of  t h e  STEM and EDX. 

Micro- 
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RESULTS AND DISCUSSION 

Figures  1 and 2 a r e  TEM photomicrographs of specimens from t h e  s p l i n t  coa l  
and t h e  I l l i n o i s  No. 6, r e s p e c t i v e l y .  The photomicrographs serve t o  i l l u s t r a t e  
t h e  d i f f e r e n c e s  i n  micros t ruc tures  between c o a l s  of  t h e  same rank. I n  genera l ,  
t h e  s p l i n t  coa l  contains  fragments of e x i n i t e ,  i n e r t i n i t e ,  and v i t r i n i t e  c l o s e l y  
compacted toge ther ,  with t h e  former two macerals making up over 70 volume percent  
of  t h e  t o t a l  mater ia l .  On t h e  o t h e r  hand, t h e  I l l i n o i s  No. 6 coal  conta ins  l a r g e  
bands of  v i t r n i t e  interbedded with i n e r t i n i t e  and e x i n i t e ,  where t h e  l a t te r  two 
macerals combined comprise between 10 and 20 volume percent  of t h e  t o t a l  macerals .  

EASTERN KENTUCKY SPLINT COAL 

Examination of t h e  micros t ruc ture  i n  Figure 1 r e v e a l s  t h a t  t h e  e x i n i t i c  
m a t e r i a l  (E) is e s s e n t i a l l y  f e a t u r e l e s s  i n  e l e c t r o n  t ransmiss ion .  This  mater ia l  
however, f requent ly  conta ins  r e l a t i v e l y  l a r g e  and i r r e g u l a r l y  shaped pores  (P) .  
Immediately adjacent  t o  t h e  e x i n i t e  i s  a region of  v i t r i n i t e  ( V ) ,  conta in ing  
a n e a r l y  uniform d i s t r i b u t i o n  of f i n e  p o r o s i t y .  The boundary between t h e  e x i n i t e  
and t h e  v i t r i n i t e  conta ins  opaque fragments of mineral  bear ing i n e r t i n i t e  a s  well 
a s  more f i n e l y  divided i n e r t i n i t i c  m a t t e r ,  
t h e  granular  i n e r t i n i t e  at t h e  boundary i s  seen by d e t a i l e d  study t o  be cont inuous 
with t h e  f i n e r  poros i ty  t h a t  i s  observed i n  t h e  v i t r i n i t e .  
p o r o s i t y  from t h e  i n e r t i n i t e  t o  t h e  v i t r i n i t e  may be i n d i c a t i v e  of a t r a n s i t i o n a l  
zone between t h e  two macerals .  The v i t r i n i t e  bands observed i n  t h i s  f i e l d  a r e  
r e l a t i v e l y  porous and as would be expected i n  a low d e n s i t y  body, t h e  p o r o s i t y  i s  
h ighly  interconnected.  

The coarse  p o r o s i t y  assoc ia ted  with 

This  grada t ion  of 

The poros i ty  assoc ia ted  with t h e  e x i n i t i c  maceral of t h e  s p l i n t  coal  can be 
seen more c l e a r l y  i n  Figure 3. 
d i s t i n c t  tubular  channels which extend from t h e  apparent  c e n t e r  of  t h e  spore ex ine  
t o  t h e  boundary between t h e  spore  and t h e  surrounding i n e r t i n i t e .  Commonly, t h e  
channels conta in  spher ica l  mineral  p a r t i c l e s ,  which appear t o  be a s s o c i a t e d  with 
t h e  formation of t h e  channels .  Other s t u d i e s  ( 3 )  on t h e  i n t e r a c t i o n  of f i n e  
metal p a r t i c l e s  on g r a p h i t e  sur faces  have demonstrated t h a t  p a r t i c u l a t e s  can c a t a l y z e  
s u r f a c e  r e a c t i o n  and lead t o  genera t ion  of e longated pores  of t h e  type  shown here .  
The p a r t i c l e s  i n  t h e  e x i n i t e  were i d e n t i f i e d  by means of  EDX ana lyses  and s e l e c t e d  
a r e a  d i f f r a c t i o n  (see i n s e r t s  i n  Figure 3) a s  the  mineral  a ragoni te  (calcium c a r -  
bonate) which presumably e n t e r s  t h e  e x i n i t e  from t h e  granular  i n e r t i n i t e  t h a t  
t y p i c a l l y  surrounds t h e  spore ex ines .  Usual ly ,  t h e  granular  i n e r t i n i t e  conta ins  an 
apprec iab le  amount of mineral  m a t t e r ,  p r i m a r i l y  a s  c l a y s .  

The l a r g e ,  i r r e g u l a r l y  shaped pores  o f t e n  form 

Previous p o r o s i t y  s t u d i e s  of coa l  by gas  absorp t ion  methods (4) revea l  a 
d i r e c t  r e l a t i o n s h i p  between t h e  f i n e  p o r o s i t y  and t h e  v i t r i n i t e  conten t  of a coa l .  
These observat ions a r e  confirmed by t h i s  s tudy f o r  both t h e  s p l i n t  and I l l i n o i s  No. 6 
c o a l s  i n  as  much a s  a l l  t h e  v i t r i n i t e  observed by TEM was found t o  conta in  l a r g e  
reg ions  of f i n e  poros i ty .  In  Figure 4 ,  a TEM photomicrograph of a v i t r i n i t e  
fragment i n  t h e  s p l i n t  c o a l ,  t h e  pore  sizes range from approximately 2 nm, t o  g r e a t e r  
than 20 nm. 
be r e l a t e d  t o  connecting channels o r  i r r e g u l a r l y  shaped pores  t h a t  cannot be descr ibed 
a s  s p h e r i c a l .  S te reo  p a i r s  of t h e s e  v i t r i n i t e  fragments i n d i c a t e  a connect ing network 
of pores  suggest ing high permeabi l i ty .  

The smal les t  pores ,  some of  which may even be l e s s  than 2 nm, appear t o  

ILLINOIS NO. 6 COAL 

The granular  c o n s t i t u t e n t  shown i n  t h e  I l l i n o i s  No. 6 micros t ruc ture  (Fig.  2)  
conta ins  a broad range Of in te rconnec t ing  pores  (%4C-S0 nm i n  d i a . )  which may be 
c l a s s i f i e d  as predominantly macropores (<50 vm). 
c o n s t i t u e n t  i s  not c l e a r ,  however, it i s  thought t o  be a mixture  of  i n e r t i n i t e  and 
e x i n i t e .  

The exac t  i d e n t i t y  of t h i s  

The micros t ruc ture  of  t h i s  coal  i s  dominated by l a r g e  v i t r i n i t e  bands 
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(V)  which are separa ted  by t h e  h ighly  porous reg ions ,  
interconnected f i n e  p o r o s i t y  can be observed i n  both  v i t r i n i t e  bands ( see  arrows) ,  
Also noteworthy i n  t h i s  micros t ruc ture  a r e  t h e  opaque (OP) fragments t h a t  have 
been found t o  conta in  minera ls .  The opac i ty  of t h e  mineral  regions may be due t o  
a grea te r  th ickness  of t h e  face caused by t h e  g r e a t e r  r e s i s t a n c e  minerals  have t o  
ion  mi l l ing .  

Areas of apparent ly  

Figure 5 i s  a TEN photomicrograph o f  a region o f  v i t r i n i t e  i n  t h e  I l l i n o i s  
No. 6 coa l  obtained a t  h igher  magni f ica t ion  (50K) i n  order  t o  perform a more 
d e t a i l e d  a n a l y s i s  of t h e  p o r o s i t y  assoc ia ted  with t h i s  maceral. Pore dimensions 
range from approximately 1 t o  10 nm which c l a s s i f i e s  them as a mixture  of  micro- 
pores  ( < 2  urn) and mesopores (2-50 u m ) .  The d e t e c t i o n  of p o r o s i t y  i n  the  2 
dimensional image becomes more d i f f i c u l t  as t h e  specimen th ickens .  
when viewed i n  3 dimensions v i a  a s t e r e o  p a i r ,  t h e  p o r o s i t y  i n  t h e  t h i c k e r  regions 
remains c l e a r .  Three dimensional viewing a l s o  r e v e a l s  t h a t  t h e  p o r o s i t y  i s  ir- 
regular ly  shaped, and i s  o f t e n  p r e s e n t  as volumes of h ighly  in te rconnec t ing  pores .  
I n  regions of l o c a l l y  high p o r o s i t y  as i s  observed i n  t h e  c e n t e r  of  Fig.  5, t h e  
degree of i n t e r c o n n e c t i v i t y  i s  r e l a t i v e l y  g r e a t  whereas i n  t h e  surrounding region 
t h e  pore volumes are l a r g e l y  i s o l a t e d .  

However, 

Several  v i t r i n i t e  f ragments  were found t o  conta in  bands of minera ls ,  a l igned 
p a r a l l e l  t o  t h e  bedding p lane  of the  coa l  (Fig.  6 ) .  Many of t h e  minerals  e x h i b i t  
well developed growth h a b i t s .  
ment from the  TEM photomicrographs r e v e a l s  t h a t  t h e  major i ty  of minerals  were 
under 30 nm i n  diameter  with t h e  average diameter  being approximately 10 nm. Larger 
mineral fragments up t o  300 nm on an edge were recorded but  comprised only a 
small f r a c t i o n  of t h e  t o t a l  observable  mineral  matter. Subsequent analyses  of  small 
angle  x-ray s c a t t e r i n g  (6) (SAXS) from a s i m i l a r  sample of I l l i n o i s  No. 6 c o a l  
showed a multimodal s i z e  d i s t r i b u t i o n  (F ig .  7 )  which e s s e n t i a l l y  confirms t h e  TEM 
observat ions.  For example, the  peak a t  3 nm r e l a t e s  t o  t h e  f i n e  pores  observed 
i n  the v i t r i n i t e  component 
diameter ,  and f i n a l l y  t h e  peak a t  25 nm accounts  f o r  t h e  l a r g e r  mineral fragment 
p l u s  t h e  l a r g e r  p o r e s  observed i n  t h e  granular  c o n s t i t u e n t .  

A s i z e  a n a l y s i s  of t h e  minerals  (5) by d i r e c t  measure- 

whereas t h e  peak a t  1 0  nm f i t s  t h e  average mineral 

In  addi t ion  t o  t h e  micros t ruc tura l  s t u d i e s  of these  two bituminous coa ls  an  
e f f o r t  was a l s o  made t o  do EDX analyses  v i a  STEM on microareas  of t h e  macerals 
i n  order  t o  o b t a i n  d a t a  r e l a t e d  t o  t h e  composition of t h e  coal  macromolecule. 
However, t y p i c a l l y ,  t h e  observa t ion  of d e t e c t a b l e  elements ( i . e . ,  of atomic number 
1 1 ,  Na or g r e a t e r )  always c o r r e l a t e d  with t h e  presence of minerals .  except f o r  
s u l f u r .  These observa t ions ,  though l i m i t e d ,  do suggest  t h a t  chemical analyses  
of coal which r e p o r t  t h e  e x i s t e n c e  o f  heavy meta ls  (>Na) i n  coa l  macerals a s  p a r t  
of the organic  c o n s t i t u e n t  may be suspec t .  As witnessed i n  Fig.  6 ,  t h e  size 
range f o r  minerals  can be exceedingly smal1,e.g. l e s s  than 2 nm i n  diameter  
thus  t h e i r  d e t e c t i o n  by s tandard  techniques very  improbable. 

CONCLUSIONS 

The shape and s i z e  of  pores  i n  two high v o l a t i l e  bituminous coals  of d i f f e r i n g  
l i tho types  have been d i r e c t l y  observed by means o f  t ransmission e l e c t r o n  microscope 
(TEM). The d i s t r i b u t i o n  of t h e  p o r o s i t y  wi th  r e s p e c t  t o  t h e i r  maceral assoc ia t ions  
were ascer ta ined as were t h e  sizes and d i s t r i b u t i o n s  of the  micro minerals .  
u s e  of S te reo  p a i r s  r e v e a l s  t h e  i n t e r c o n n e c t i v i t y  of t h e  pores i n  micro volumes 
of t h e  macerals i 6 d i c a t i n g  a high degree of permeabi l i ty  within those  reg ions .  

The f i n e s t  p o r o s i t y  was observed i n  v i t r i n i t e  fragments of both c o a l s  and 
ranged i n  s i z e  from under  2 nm t o  20 nm i n  diameter ,  with t h e  major i ty  i n  t h e  smal le r  
end of t h e  s i z e  range .  
maceral and t y p i c a l l y  conta ins  a broad range of pores  from 5 through 50 nm. 

The 

On t h e  o t h e r  hand, i n e r t i n l t e  appears t o  be the  most porous 
h c h  
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of t h e  i n e r t i n i t e  i s  granular  ma te r i a l  varying from f i n e  t o  coarse  grained p a r t i c l e s  
with t h e  former corresponding t o  mic r in i t e .  

F ina l ly ,  t he  l e a s t  porous maceral i s  e x i n i t e  which gene ra l ly  appears as a 
f e a t u r e l e s s  ma te r i a l  except f o r  t h e  presence of i r r e g u l a r  and tubu la r  pores thought 
t o  be i n i t i a t e d  by t h e  c a t a l y t i c  ac t ion  of minera ls .  
between e x i n i t e  and i n e r t i n i t e  such a s  e x i s t s  i n  du ra ins ,  where t h e  i n e r t i n i t e  
conta ins  l a rge  amounts of  f i n e  mineral  ma t t e r ,  may t h e r f o r e  promote t h e  genera t ion  
of po ros i ty  i n  e x i n i t e s .  

The in t ima te  r e l a t i o n s h i p  
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Fig. 3 .  TEM o f  Tubular and I r regular  Pores in Exinite Showing the Location 
(See Arrows) and Ident i ty  (See Inse ts )  o f  Spherical Par t ic les .  

Fig. 4. Fine Porosity Observed in Vi t r in i t e  Fragment i n  S p l i n t  Coal by TEM. 
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Fig.  5. F ine P o r o s i t y  Observed i n  V i t r i n i t e  Fragment o f  I l l i n o i s  No. 6 Coal by TEM. 

F ig .  6 .  TEM o f  V i t r i n i t e  o f  I l l i n o i s  No. 6 Showing Bands o f  M i n e r i a l s .  
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