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INTRODUCTION 

The composition of coal r e f l e c t s  i t s  complex physical and chemical h i s to ry .  
Throughout coal genes i s ,  from accumulation of p l a n t  deb r i s  and during subsequent 
c o a l i f i c a t i o n ,  s o l u t e  spec ies  i n  ground waters a r e  cons t an t ly  exchanged with the  
porous and reducing carbonaceous d e b r i s .  From e x i s t i n g  geochemical da ta  ( e . g . ,  
Wedepohl, 1969; Kronberg e t  a l . ,  1981) ,  i t  appears t h a t  coal and coa l - r e l a t ed  
ma te r i a l s  ( p e a t ,  l i g n i t e ,  e t c . )  may incorpora te  and accumulate a complex a r r ay  of 
elements. To some ex ten t  coal d e p o s i t s  a c t s  a s  g igan t i c  carbon f i l t e r s  through 
which ground waters wash the products of rock leaching .  
cerning t h e  exac t  s i t i n g  of t r a c e  elements i n  coal and these  elements a t  times 
a t t a i n  ore grade ( e . g . ,  U ,  Mo). 

The modern l a rge - sca l e  
only f o r  t h e  global carbon cyc le  bu t  cont ingent  on t h e i r  f a t e s  during combustion, 
a l s o  f o r  t h e  global cyc le  of o t h e r  elements concentrated i n  coa l .  
deposit ion over t h e  pas t  f i v e  decades of charcoal a s  well a s  severa l  meta ls  (Cr, 
Fe, Co, Ni, C u ,  Z n ,  Cd, Sn and Pb) i n  Lake Michigan sediments c o r r e l a t e s  with 
va r i a t ions  ( o i l ,  coa l ,  wood, i n s t a l l a t i o n  of cont ro l  devices)  i n  fue l  use (Goldberg 
e t  a l . ,  1981).  Associated with coal combustion i s  the accumulation of e a s i l y  leach- 
a b l e  a sh .  
Cd, Pb) sorbed onto su r faces  of Fe-A1-0 phases in ash a r e  e a s i l y  leached by perco- 
l a t i n g  waters .  

some of which a r e  known t o  play c a t a l y t i c  r o l e s  i n  coal combustion and t o  the  coal 
chemistry of the halogens. 
coa l s  i s  s i g n i f i c a n t  f o r  combustion technologies  (concerned with cor ros ion  problems, 
e t c . )  and f o r  problems r e l a t e d  t o  atmospheric emissions.  

EXPERIMENTAL 

Very l i t t l e  i s  known con- 

g a-’) burning of coal may have ramif ica t ions  not 

For example the  

Other r ecen t  work (Chapel le ,  1980) shows t h a t  some metals (Cr, Ni, Z n ,  

Here d iscuss ion  i s  confined t o  t h e  coal chemistry of the t r a n s i t i o n  meta ls ,  

The presence of F and C1 a t  t he  per cen t  l e v e l s  i n  some 

The ana ly t i ca l  da ta  repor ted  here pe r t a in  t o  samples of raw c o a l ,  ash from c o a l ,  
l i g n i t e  and t a r  sand, a s  well a s  NBS s tandard  re ference  coa l s  and coal ash .  The non- 
re ference  coa ls  a r e  bituminous coa l s  from Western Canadian mines, hosted in Creta- 
ceous formations.  The l i g n i t e s  a r e  from North Dakota and Ontar io ,  and the  t a r  sand 
from Fort  McMurray, Alber ta .  The B r i t i s h  Columbia coa l s  (samples 2-6, Table 1 )  a r e  
from d i f f e r e n t  seams i n  t h e  same mine, a s  a r e  t h e  Alberta coa l s  (samples 7-9) .  The 
sample numbers correspond t o  those  appearing in more d e t a i l e d  a n a l y t i c a l  r epor t s  
(Kronberg e t  a l . ,  1981; Brown e t  a l . ,  1981a, b ) .  The ana ly t i ca l  techniques employed 
i n  a l l  these s t u d i e s  a r e  spark source mass spectroscopy (SSMS) and e l ec t ron  spec t ro-  
scopy f o r  chemical a n a l y s i s  (ESCA) . 

ana lys i s .  
t a in ing  subs t an t i a l  mater ia l  of low mass number, which e a s i l y  forms polyatomic 
p o s i t i v e  ions .  Coal, due t o  i t s  h i g h  carbon content  exemplifies t h i s  d i f f i c u l t y ,  
and an unmanageable number of i n t e r f e r e n c e s  appear i n  the  mass spec t r a l  record of 
raw c o a l .  In t h i s  study the samples of c o a l s ,  l i g n i t e s  and t a r  sand were dry ashed 
f o r  4-6 hours a t  6OO0C in  a muffle furnace .  
t he  ash w i t h  pure g raph i t e  (Taylor ,  1965),  were sparked in  a JEOL mass spectrometer 

SSMS i s  useful f o r  surveying t h e  concen t r a t ions  of 60-70 elements i n  a s ing le  
However, i t  i s  necessary t o  pre-ash o r  otherwise p re - t r ea t  samples con- 

Sample e l ec t rodes ,  prepared by mixing 



(JMS-OlBM-2). 
q u a n t i t a t i v e l y  u s i n g  USGS s tandards  (F lanagan,  1973) .  W i t h  r e g a r d  t o  t h e  a n a l y s i s  
Of  c o a l s  and o t h e r  g e o l o g i c a l  m a t e r i a l s  ( s o i l s ,  Mn nodu les ,  r o c k s ,  v o l c a n i c  ash, 
deep-sea sediments, e t c . )  t h e  a n a l y t i c a l  u n c e r t a i n t y  i s  w i t h i n  t h e  v a r i a t i o n  encoun- 
t e r e d  u s i n g  normal samp l ing  techn iques .  

ESCA i s  a s p e c t r o s c o p i c  s u r f a c e  s e n s i t i v e  t e c h n i q u e  by wh ich  t h e  c o n c e n t r a t i o n s  
o f  a l l  eleinents ( e x c e p t  H)  can be surveyed s e m i - q u a n t i t a t i v e l y  t o  a s u r f a c e  d e p t h  of  
1-5 nm. D e t e c t i o n  l i m i t s  a r e  -10-9 g cm-2 o f  s u r f a c e  ( ~ 0 . 1  b u l k  w t .  %) .  Thus f o r  
g e o l o g i c a l  m a t e r i a l s ,  s e m i - q u a n t i t a t i v e  i n f o r m a t i o n  can be  o b t a i n e d  f o r  m a j o r  e l e -  
ments and f o r  s u r f a c e  c o n c e n t r a t e d  m i n o r  and t r a c e  e lements (Brown, 1978; B a n c r o f t  
e t  a l . ,  1979). There a r e  seve ra l  advantages o f  ESCA f o r  coa l  a n a l y s i s :  ( 1 )  ESCA 
i s  n o n - d e s t r u c t i v e .  It i s  o f t e n  p o s s i b l e  t o  g a t h e r  d e t a i l s  on  t h e  i n  s i t u  
c h e m i s t r y  o f  e lements ( o x i d a t i o n  s t a t e ,  c o o r d i n a t i o n  number, e t c . ) .  ( 3 )  B o t h  raw 
c o a l  and c o a l  ash may be ana lysed .  Ashing e f f e c t i v e l y  c o n c e n t r a t e s  t h e  m i n e r a l  
f r a c t i o n  i n  coa l  by an o r d e r  o f  magni tude,  p e r m i t t i n g  c o n c e n t r a t i o n  measurement o f  
a d d i t i o n a l  e lements.  
t i o n  by s u r f a c e  s o r p t i o n  r e a c t i o n s  may be  m o n i t o r e d .  
may be done q u i c k l y  (% 1 hou r )  and may be  u s e f u l  i n  f i n g e r p r i n t i n g  c o a l s .  

aluminum anode o p e r a t i n g  a t  200 w a t t s .  
t h i s  s t u d y  a r e  a v a i l a b l e  e lsewhere (Brown e t  a l . ,  1981a, b ) .  

RESULTS AND DISCUSSION 

The mass s p e c t r a  were r e c o r d e d  p h o t o g r a p h i c a l l y  and i n t e r p r e t e d  semi- 

( 2 )  

Sur face c o n c e n t r a t i o n  o f  e lements (e .g. ,  F, S )  d u r i n g  combus- 
( 4 )  ESCA m u l t i - e l e m e n t  scans 

ESCA s p e c t r a  were reco rded  u s i n g  a McPherson 26 spe t romete r  equipped w i t h  an 
D e t a i l s  o f  t h e  ESCA p rocedures  used f o r  

The c o n c e n t r a t i o n s ,  o b t a i n e d  b y  SSMS ( T a b l e  l), o f  t r a n s i t i o n  m e t a l s  and h a l o -  
gens f o r  some N o r t h  American c o a l s  and c o a l - r e l a t e d  m a t e r i a l s  a r e  compared ( T a b l e  2 )  
t o  da ta  a v a i l a b l e  f o r  c o a l  f r o m  v a r i o u s  sources and t o  c r u s t a l  abundances. The 
c h a o t i c  c o n c e n t r a t i o n  p a t t e r n s  f o r  many e lements a r e  a r e f l e c t i o n  o f  t h e  c o m p l e x i t y  
o f  chemical  and p h y s i c a l  processes a s s o c i a t e d  w i t h  c o a l  f o r m a t i o n .  The ext reme 
v a r i a t i o n  i s  p o s s i b l y  r e l a t e d  t o  l o c a l  ground w a t e r  c h e m i s t r y  and t o  t h e  l o c a l  
p e r m e a b i l i t y  o f  c o a l  and e n c l o s i n g  s t r a t a .  W i t h  r e s p e c t  t o  c r u s t a l  abundances (CA), 
b o t h  t h e  t r a n s i t i o n  me ta l  and ha logen  c o n c e n t r a t i o n s ,  range  f r o m  s t r o n g l y  d e p l e t e d  
( l e s s  than  1 0 - f o l d  CA) t o  s t r o n g l y  e n r i c h e d  ( g r e a t e r  t h a n  1 0 - f o l d  CA). The d a t a  
f rom o t h e r  sources i n c l u d e  t h o s e  f r o m  c o a l  d e p o s i t s  on o t h e r  c o n t i n e n t s ,  and t h e  
wide c o n c e n t r a t i o n  ranges may be an e x p r e s s i o n  of  t h e  t y p e  o f  E a r t h  processes 
l e a d i n g  t o  c o a l  d e p o s i t i o n  and f o r m a t i o n .  

O f  t h e  t r a n s i t i o n  m e t a l s  ( T a b l e  1 )  Sc, Y and Z r  appear  t h e  l e a s t  m o b i l e .  The 
v a r i a t i o n s  i n  Nb c o n c e n t r a t i o n s  a r e  i n t r i g u i n g  and Nb may be  more m o b i l e  o r  may be 
hos ted  i n  phases d i s t r i b u t e d  more uneven ly .  The v a r i a t i o n  i n  T i  c o n c e n t r a t i o n s  i s  
no tewor thy ,  and chemical  m i g r a t i o n  o f  T i  i n  a s s o c i a t i o n  w i t h  c o a l  d i a g e n e s i s  has 
been no ted  (Degens, 1958) .  
o f  T i  (and Z r )  compounds t o  enzymes and o t h e r  b i o l o g i c a l l y  a c t i v e  macromolecules 
(Kennedy, 1979) .  F u r t h e r ,  T a y l o r  e t  a l .  (1981)  have shown t h a t  Mg, Ca, T i ,  Fe, 
Cu, Zn spec ies  i n  c o a l  may be e x t r a c t e d  by o r g a n i c  s o l v e n t s .  

Our knowledge o f  t h e  sources of  ha logens and t h e i r  mode o f  c o n c e n t r a t i o n  i n  
c o a l  i s  vague. R i v e r  and ground wa te rs  f l o w i n g  i n t o  c o a l  b a s i n s  would c o n t r i b u t e  
s u b s t a n t i a l  amounts of C1. 
d i r e c t l y  o r  t r a n s f e r r e d  v i a  t h e  b i o s p h e r e .  The sou rces  o f  B r  and F a r e  l e s s  c e r t a i n .  
F c o u l d  be added d u r i n g  d e p o s i t i o n  by t h e  i n f l u x  of f i n e - g r a i n e d  d e t r i t a l  m i n e r a l s  
o r  v o l c a n i c  ash. 
No. 8 ( T a b l e  3 ) .  

I n  t h e  ESCA scans o f  raw c o a l s  ( T a b l e  31, t h e  l a r g e s t  peaks co r respond  t o  t h e  
d e t e c t i o n  s i g n a l s  f o r  ca rbon  ( C  I s )  and oxygen (0 I s ) .  
i n c l u d e d  A l ,  S i ,  Ca, sometimes S, and i n  some samples s u b s t a n t i a l  F and C1. Large 

Moreover, t h e r e  i s  ev idence  f o r  t h e  chemical  c o u p l i n g  

I t  c o u l d  be i n t r o d u c e d  by r a i n  and a e r o s o l s  e i t h e r  

For  example, f l u o r i t e  (CaF2) i s  observed i n  t h e  ESCA scan o f  c o a l  

O t h e r  e lements d e t e c t e d  
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v a r i a t i o n s ,  i n d i c a t e d  b y  t h e  number o f  c o u n t s  p e r  second d u r i n g  ESCA a n a l y s i s ,  a r e  
a t t r i b u t e d  t o  chemical  v a r i a t i o n s  i n  c o a l  s u r f a c e s .  The d i f f e r e n c e s  i n  carbon peak 
p o s i t i o n s  were o f  i n t e r e s t  e s p e c i a l l y  i n  sample no.  8, f o r  wh ich  t h e  C 1s  peak p o s i -  
t i o n  i s  i n d i c a t i v e  o f  g r a p h i t i c  ca rbon  and t h i s  scan a l s o  c o n t a i n s  t h e  l a r g e s t  F 1s 
s i g n a l .  

d i s p l a y s  c h a r a c t e r i s t i c s  (C 1 s  b i n d i n g  energy  284.4 eV) e s s e n t i a l l y  i d e n t i c a l  t o  
pu re  g r a p h i t e .  
Canadian c o a l  sample was g r e a t l y  e n r i c h e d  (>  1 w t .  pe rcen tage)  i n  an o r g a n i c a l l y  
found f l u o r i n e  spec ies ,  ~ ( C F Z ) ~  t ype .  

Fe) a peared and t h e  F 1s and S 2s peaks a r e  enhanced. S appear ing  b o t h  as SO:- 
and S8- i s  l i k e l y  a s s o c i a t e d  w i t h  Fe a s  i r o n  s u l p h i d e  ( p y r i t e ) ,  t h e  o u t e r  s h e l l  
o x i d i z e d  t o  s u l p h a t e  by combust ion.  The c o n c e n t r a t i o n s  o f  A l ,  Ca, T i  and Fe i n  
NBS r e f e r e n c e  ash (1633a) measured by ESCA ( u s i n g  t h e  S i  2s peak as a r e f e r e n c e )  
agree w e l l  w i t h  recommended v a l u e s .  I n  t h e  ash,  F and S s u r f a c e  c o n c e n t r a t i o n s  a r e  
much g r e a t e r  t han  those  obse rved  i n  t h e  b u l k  samples, and t h i s  c o u l d  be ev idence  f o r  
p r e f e r e n t i a l  s i t i n g  o f  t h e s e  e lements o n  ash su r faces .  C1 was n o t  d e t e c t e d  on t h e  
ash s u r f a c e s  by ESCA, i n  c o n t r a s t  t o  t h e  h i g h  s i g n a l s  no ted  on raw c o a l  s u r f a c e s ,  
and C1 may be removed i n  t h e  v o l a t i l e  phase d u r i n g  combust ion.  

CONCLUSION 

The combined use o f  SSMS and ESCA r e s u l t s  was s u c c e s s f u l  i n  p a r t  i n  overcoming t h e  
u n i q u e  a n a l y t i c a l  d i f f i c u l t i e s  p r e s e n t e d  by t h e  heterogeneous chemical  and p h y s i c a l  
d i s t r i b u t i o n  o f  i n t i m a t e l y  combined i n o r g a n i c  and o r g a n i c  spec ies  i n  c o a l .  
t echn iques  and m o d i f i c a t i o n s  o f  them a r e  a p p l i c a b l e  t o  t h e  s t u d y  o f  t h e  combust ion 
c h e m i s t r y  o f  coa l  as w e l l  a s  t o  t h e  assessment o f  t h e  env i ronmen ta l  impac t  o f  c o a l  
u t i 1  i z a t i o n .  
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