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INTRODUCTION 

I n  r e c e n t  y e a r s  few t o p i c s  have generated a more s p i r i t e d  d i s c u s s i o n  among 
coa l  s c i e n t i s t s  than t h e  i s s u e  o f  t h e  p u t a t i v e  b i n a r y  ( m o b i l e  + network) phase 
n a t u r e  o f  c o a l s  [l]. 
"mob i le  phase" i n  coa l  soon came t o  encompass a broad range o f  more o r  l e s s  
r e a d i l y  e x t r a c t a b l e  and/or d i s t i l l a b l e  lower  mo1:cular w e i g h t  (MW) components, 
v a r i o u s l y  r e f e r r e d  t o  as "gues t  mo lecu les"  [3], c l a t h r a t e s "  [1,4] o r  s i m p l y ,  
and perhaps most s u c c i n c t l y ,  "b i tumen" [5] .  

" m o b i l i t y "  i n  NMR spectroscopy i s  q u i t e  d i f f e r e n t  f rom t h a t  i n  t h e  f i e l d  o f  
s e p a r a t i o n  sc ience,  where m o b i l i t y  g e n e r a l l y  r e q u i r e s  a measurable degree o f  
s o l u b i l i t y  and/or d i s t i l l a b i l i t y  i n  l i q u i d  o r  gaseous media, r e s p e c t i v e l y .  For  
example, p o l y m e t h y l e n e - l i k e  m o i e t i e s ,  such as found i n  some coa l  components [6], 
a r e  h i g h l y  "mob i le "  i n  NMR terms [l], w i t h o u t  n e c e s s a r i l y  b e i n g  e x t r a c t a b l e  by 
s o l v e n t s  o r  d i s t i l l a b l e  by n o n d e s t r u c t i v e  h e a t i n g .  

I n i t i a l l y  based on NMR o b s e r v a t i o n s  [2], t h e  concept o f  a 

None o f  these terms appears t o  be comple te ly  s a t i s f a c t o r y .  The concept  o f  

The t e r m  "gues t  molecules",  o r i g i n a l l y  i n t r o d u c e d  t o  i n d i c a t e  s p e c i f i c a l l y  
l a b e l e d  marker mo lecu les  used i n  NMR s t u d i e s  o f  coa l  [7], i s  e q u a l l y  
u n s a t i s f a c t o r y  f o r  m o b i l e  phase components ind igenous t o  t h e  coa l  i t s e l f .  
t h e r e  appears t o  be i n s u f f i c i e n t  evidence f o r  t h e  presence o f  s i z e a b l e  
q u a n t i t i e s  o f  t r u e  " c l a t h r a t e s "  t o  r u l e  o u t  o t h e r  p o s s i b i l i t i e s ,  e . g . ,  s t r o n g  
noncova len t  bonding r a t h e r  t h a n  p h y s i c a l  entrapment.  

A lso ,  

F i n a l l y ,  comple te ly  e q u a t i n g  t h e  "mob i le  phase" w i t h  s o l v e n t  (e .g .  p y r i d i n e )  
e x t r a c t a b l e  "bi tumen" i n  coa l  i g n o r e s  t h e  p o t e n t i a l  presence o f  c o l l o i d a l  
p a r t i c u l a t e  m a t t e r  i n  t h e  p y r i d i n e  e x t r a c t s  as w e l l  as p o s s i b l e  so lvent - induced 
s c i s s i o n  o f  weak chemical bonds. Furthermore, t h e  s o l v e n t - e x t r a c t a b l e  f r a c t i o n  
may w e l l  i n c l u d e  macromolecular components, such as r e s i n i t e s .  

Mass s p e c t r o m e t r i c  o b s e r v a t i o n s  have thus  f a r  p l a y e d  a r a t h e r  l i m i t e d  r o l e  
i n  t h e  "mob i le  phase" d i s c u s s i o n s  [l] b u t  a r e  s t a r t i n g  t o  shed some l i g h t  on t h e  
key q u e s t i o n :  i s  t h e r e  c o n c l u s i v e  evidence f o r  t h e  presence o f  a c h e m i c a l l y  
and/or p h y s i c a l l y  d i s t i n c t  "mob i le  phase", as opposed t o  a cont inuum o f  p o s s i b l e  
mo lecu la r  s i z e s  and s t r u c t u r e s ?  

I n  t h e  c o n t e x t  o f  t h e  p r e s e n t  d i s c u s s i o n  t h e  te rm "mob i le  phase" w i l l  be 
used t o  d e s c r i b e  those components which can be t h e r m a l l y  e x t r a c t e d  ( " d i s t i l l e d " ,  
"desorbed") under vacuum a t  tempera tures  below t h e  thermal degradat ion  range o f  
t h e  c o a l .  The r e s i d u e ,  des ignated  as t h e  nonmobi le ( "ne twork" )  phase, i s  
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t h e r m a l l y  degraded i n  t h e  p y r o l y s i s  tempera ture  range. O f  course, t h e  onset  o f  
p y r o l y s i s  may v a r y  c o n s i d e r a b l y ,  depending on h e a t i n g  r a t e ,  rank  and coa l  t y p e  
C81. 

EXPERIMENTAL 

Two samples o f  -100 mesh ANL-PCS (Argonne N a t i o n a l  Laboratory-Premium Coal 
Sample) c o a l ,  a P i t t s b u r g h  #8 seam (hvAb) and a Beulah Zap seam ( l i g n i t e )  
sample, were a n a l y z e d  by vacuum p y r o l y s i s  f i e l d  i o n i z a t i o n  mass spec t romet ry  
(Py-FIMS) and C u r i e - p o i n t  p y r o l y s i s  l o w  v o l t a g e  e l e c t r o n  i o n i z a t i o n  mass 
spec t romet ry  (Py-EIMS) i n  t h e  t i m e - r e s o l v e d  (TR) mode. I n  a d d i t i o n ,  a sample o f  
f r e s h  -60 mesh Hiawatha seam (hvBb) c o a l ,  o b t a i n e d  from an Emery County (Utah)  
mine was analyzed b y  TR Py-EIMS.  Convent ional  c h a r a c t e r i z a t i o n  da ta  on ANL-PCS 
coa ls  can be found elsewhere [9] .  

For temperature-programmed p y r o l y s i s  i n  combina t ion  w i t h  TR-FIMS, about 100 ug 
samples were t r a n s f e r r e d  i n t o  a q u a r t z  c r u c i b l e  and i n t r o d u c e d  i n t o  t h e  h i g h  
vacuum (10-3 Pa) o f  t h e  i o n  source  (200 C).  
F inn igan MAT 731 d o u b l e - f o c u s s i n g  mass spec t rometer ,  a combined EI/FI/FD/FAB i o n  
source and a AMD I n t e c t r a  d i r e c t  i n t r o d u c t i o n  system has been p r e v i o u s l y  
descr ibed i n  d e t a i l  [ lo] .  The samples were heated l i n e a r l y  f rom 50 C t o  750 C 
a t  a r a t e  o f  100 C h i n .  I n  genera l ,  34 F I  mass s p e c t r a  were recorded i n  t h e  m/z 
50-900 mass range. 

The Py-EIMS exper iment  was performed u s i n g  an E x t r a n u c l e a r  5000-2 C u r i e - p o i n t  
Py-MS system. The c o a l  sample was hand ground i n t o  a f i n e ,  u n i f o r m  suspension 
i n  Spectrograde methanol  ( 5  mg o f  sample per  m l  o f  methano l ) .  A s i n g l e  5 J J ~  
drop o f  t h e  suspensions was coated  on t h e  fe r romagnet ic  f i l a m e n t  ( C u r i e - p o i n t  
temperature o f  610 C) and a i r - d r i e d  under cont inuous  r o t a t i o n  f o r  approx imate ly  
1 min, r e s u l t i n g  i n  25 u g  o f  d r y  sample on t h e  f i l a m e n t .  The f i l a m e n t  was 
i n s e r t e d  i n t o  a b o r o s i l i c a t e  g l a s s  r e a c t i o n  tube and i n t r o d u c e d . i n t o  t h e  vacuum 
system o f  t h e  mass spec t rometer .  D i r e c t l y  i n  f r o n t  o f  t h e  open, c r o s s  beam t y p e  
e l e c t r o n  i o n i z a t i o n  chamber t h e  f e r r o m a g n e t i c  w i r e  was i n d u c t i v e l y  heated f o r  
0.4 s a t  a r a t e  o f  a p p r o x i m a t e l y  1500 K/s t o  an e q u i l i b r i u m  tempera ture  o f  610 C 
( a s  de termined by t h e  C u r i e - p o i n t  tempera ture  o f  t h e  w i r e ) .  The p y r o l y s i s  i n l e t  
was preheated  a t  200 C t o  reduce t h e  condensat ion losses .  Other MS c o n d i t i o n s  
were as f o l l o w s :  e l e c t r o n  impact  energy 12 eV, mass range scanned 50-200 amu, 
number o f  scans 41,  t o t a l  scan t i m e  15 s .  

RESULTS AND DISCUSSION 

Is t h e r e  a c h e m i c a l l y  and/or p h y s i c a l l y  d i s t i n c t  "mob i le  phase" i n  c o a l  as 
opposed t o  a cont inuum o f  m o l e c u l a r  s i z e s  and s t r u c t u r e s ?  The temperature- 
reso lved t o t a l  i o n  i n t e n s i t y  ( T I I )  p r o f i l e  o f  a P i t t s b u r g h  #8 coa l  i n  F i g u r e  1 
obta ined by tempera ture  programmed Py-FIMS shows t h e  presence o f  a l o w  
temperature "hump' wh ich  appears t o  e x p l a i n  25-30% o f  t h e  t o t a l  i n t e g r a t e d  F I  
s i g n a l  i n t e h s i t y  i n  t h e  mass range m/z 50-900. P r e v i o u s l y ,  Chakravar ty  e t  a l .  
[ll] r e p o r t e d  a s i m i l a r  p r o f i l e  f o r  P i t t s b u r g h  #8 coa l  o b t a i n e d  by C u r i e - p o i n t  
p y r o l y s i s  i n  combina t ion  w i t h  t i m e - r e s o l v e d  l o w  v o l t a g e  EIMS and were a b l e  t o  
demonstrate t h a t  t h e  low tempera ture  hump c o n s i s t e d  p r i m a r i l y  o f  homologous 
s e r i e s  o f  a l k y l s u b s t i t u t e d  aromat ic  (e.g. ,  benzenes, naphthalenes, 
phenanthrenes) and hydroaromat ic  (e .g . ,  t e t r a l i n s )  compounds. These compounds 
were i n t e r p r e t e d  t o  r e p r e s e n t  t h e  t h e r m a l l y  e x t r a c t a b l e  ("vacuum d i s t i l l a b l e " )  
f r a c t i o n  o f  t h e  w e l l  known "bi tumen" component o f  most h i g h  v o l a t i l e  b i tuminous  
coa l  s .  

The i n s t r u m e n t a l  se tup  u s i n g  a 

I 
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More r e c e n t l y ,  Yun e t  a1. [12] conf i rmed t h e  presence o f  t h i s  l o w  tempera ture  
hump i n  vacuum thermograv imet ry  (TG) /MS s t u d i e s  o f  ANL PCS c o a l s  u s i n g  l o w  
v o l t a g e  EIMS. An i m p o r t a n t  aspec t  o f  t h e  l a t t e r  s tudy  was t h a t  t h e  mass s p e c t r a  
ob ta ined f o r  t h e  t h e r m a l l y  e x t r a c t a b l e  components as w e l l  as f o r  the  main 
p y r o l y s i s  e v e n t  were found t o  be v i r t u a l l y  i n d i s t i n g u i s h a b l e  f r o m  those observed 
by Chakravar ty  e t  a l .  u s i n g  C u r i e - p o i n t  Py-EIMS, n o t w i t h s t a n d i n g  a 5 o r d e r s  o f  
magnitude lower  h e a t i n g  r a t e  (3.3 X 10-2 C/s vs.  1.5 X l o3  C/s) and 3 o r d e r s  
o f  magnitude l a r g e r  sample ( 5 0  mg v s .  25 u g ) .  

Furthermore, w i t h  p roper  p r e h e a t i n g  o f  t h e  t r a n s f e r  zone between p y r o l y s i s  and 
i o n i z a t i o n  reg ions ,  t h e  l o w  v o l t a g e  E1 mass s p e c t r a  o f  P i t t s b u r g h  #8 c o a l  were 
shown t o  be h i g h l y  s i m i l a r  t o  t h e  cor respond ing  F I  mass s p e c t r a  i n  t h e  m/z 
50-300 mass range when a l l o w i n g  f o r  known d i f f e r e n c e s  i n  i o n  t r a n s m i s s i v i t y  
between the  d i f f e r e n t  types  o f  mass spec t rometers  used [13]. 
t i m e - r e s o l v e d  T I 1  p r o f i l e s  s i m i l a r  t o  those shown i n  F i g u r e  1 as w e l l  as t o  t h e  
cor respond ing  mass s p e c t r a  i n  F i g u r e  2a have been observed (up t i l l  m/z 300) by 
means o f  3 separa te  Py-MS methods, t o g e t h e r  c o v e r i n g  a broad range o f  d i f f e r e n t  
p y r o l y s i s ,  i o n i z a t i o n  and mass s p e c t r o m e t r i c  d e t e c t i o n  techn iques .  

The advantages o f  t h e  FIMS d a t a  shown here  a r e  t h a t  l i t t l e  o r  no f r a g m e n t a t i o n  
o f  m o l e c u l a r  i o n s  occurs  d u r i n g  t h e  i o n i z a t i o n  process and t h a t  F I  response 
f a c t o r s  f o r  a romat ic  and hydroaromat ic  compounds tend t o  show r e l a t i v e l y  l i t t l e  
v a r i a t i o n  [14]. 
i o n  t r a n s m i s s i v i t y  o f  t h e  magnet ic s e c t o r  i n s t r u m e n t  used, t h e  F I  i o n  p r o f i l e s  
and F I  s p e c t r a  shown i n  F i g u r e s  1 and 2, r e s p e c t i v e l y ,  a r e  s u i t e d  f o r  making 
r e l i a b l e  s e m i q u a n t i t a t i v e  es t imates  w i t h  r e g a r d  t o  r e l a t i v e  t h e  y i e l d  and 
molecu la r  w e i g h t  d i s t r i b u t i o n  o f  coa l  t a r  f r a c t i o n s  c o n s i s t i n g  p r i m a r i l y  o f  
a romat ic  and hydroaromat ic  o r  a l i c y c l i c  compounds. U n f o r t u n a t e l y ,  F I  response 
f a c t o r s  f o r  a l i p h a t i c  compounds show a g r e a t  dea l  more v a r i a t i o n  [15]. 
Consequent ly,  f o r  t h e  purpose o f  t h i s  d i s c u s s i o n  no a t t e m p t  w i l l  be made t o  
q u a n t i t a t e  t h e  c o n t r i b u t i o n s  o r  mo lecu la r  w e i g h t  d i s t r i b u t i o n s  o f  a l i p h a t i c  
components i n  s p i t e  o f  t h e i r  w e l l  recogn ized r o l e  i n  coa l  p y r o l y s i s  p rocesses .  

Comparison o f  t h e  l o w  temperature component ( "mob i le  phase") and h i g h  
temperature component ( " b u l k  p y r o l y z a t e " )  s p e c t r a  i n  F i g u r e s  2b and Zc, 
r e s p e c t i v e l y ,  r e v e a l s  r o u g h l y  s i m i l a r  average molecu la r  we igh ts  (Mn-350) b u t  
r a t h e r  d i f f e r e n t  MW d i s t r i b u t i o n s .  Moreover, t h e r e  a r e  pronounced d i f f e r e n c e s  
i n  r e l a t i v e  F I  s i g n a l  i n t e n s i t i e s ,  e s p e c i a l l y  i n  t h e  mass range up t o  m/z 400. 

F i g u r e  3 shows t h e  r e l a t i o n s h i p s  between t h e  temperatures and molecu la r  w e i g h t  
d i s t r i b u t i o n s  f o r  6 success ive  r e g i o n s  o f  t h e  T I 1  p r o f i l e  i n  F i g u r e  1. 
I n t e r e s t i n g l y ,  r e g i o n s  a, b and c ,  p r i m a r i l y  r e p r e s e n t i n g  t h e  l o w  tempera ture  
components, show r e l a t i v e l y  narrow MW d i s t r i b u t i o n s  around Mn va lues  wh ich  
markedly i n c r e a s e  w i t h  temperature.  
i n t e r p r e t a t i o n  o f  t h e  low tempera ture  "hump" as a vacuum d e s o r p t i o n  and 
d i s t i l l a t i o n  process r a t h e r  t h a n  as a p y r o l y t i c  process. 
d,  e and f, r e p r e s e n t i n g  t h e  major  T I 1  maximum i n  F i g u r e  1, e x h i b i t  much broader  
MW d i s t r i b u t i o n s  c h a r a c t e r i z e d  by a g r a d u a l l y  decreas ing  average m o l e c u l a r  
we igh t  of  t h e  p y r o l y z a t e .  
i n t e r p r e t a t i o n  o f  t h e  major  T I 1  peak as t h e  " b u l k  p y r o l y s i s "  event  [ll]. 

The t r a n s i t i o n  between c and d i s  r a t h e r  abrup t ,  suggest ing  t h a t  we may indeed 
be w i t n e s s i n g  c o n t r i b u t i o n s  f rom two more o r  l e s s  d i s c r e t e  p o p u l a t i o n s  o f  
mo lecu les  w i t h  r e g a r d  t o  m o l e c u l a r  s i z e  d i s t r i b u t i o n s .  
ex t remely  complex i n t e r p l a y  between i n t r a m o l e c u l a r  and i n t e r m o l e c u l a r ,  as w e l l  

I n  o t h e r  words, 

I n  combina t ion  w i th  t h e  l a r g e  mass range and n e a r l y  c o n s t a n t  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  proposed 

By c o n t r a s t ,  r e g i o n s  

T h i s  would seem t o  be  c o n s i s t e n t  w i t h  t h e  proposed 

However, i n  v i e w  o f  t h e  
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as i n t r a p a r t i c l e  and e x t r a p a r t i c l e ,  parameters i n  t h e  exper iments d e s c r i b e d  
here, t h e  p o s s i b l e  presence o f  a cont inuum o f  mo lecu la r  s i z e s  can c e r t a i n l y  n o t  
be r u l e d  o u t  a t  t h i s  p o i n t .  

More i n f o r m a t i v e ,  perhaps, a r e  t h e  marked d i f f e r e n c e s  i n  r e l a t i v e  F I  s i g n a l  
i n t e n s i t i e s  between t h e  mass s p e c t r a  shown i n  F i g u r e s  2b and Zc. 
w i t h  t h e  p r e v i o u s l y  ment ioned r e s u l t s  r e p o r t e d  by Chakravar ty  e t  a l .  [ll] and 
Yun e t  a l .  [12] ,  t h e  mass spectrum o f  t h e  low tempera ture  component ( F i g u r e  2b) 
appears t o  be dominated by homologous s e r i e s  o f  a romat ic  and hydroaromat ic  
compounds. Chemical i d e n t i f i c a t i o n  o f  many o f  t h e  compounds up t o  MW 350 has 
been accompl ished by h i g h  r e s o l u t i o n  GC/MS [16,17], a l t h o u g h  p r e c i s e  
i d e n t i f i c a t i o n  o f  t h e  many p o s s i b l e  i somer ic  s t r u c t u r e s  i n v o l v e d  w i l l  have t o  
awa i t  t h e  a v a i l a b i l i t y  o f  s u i t a b l e  r e f e r e n c e  compounds. 

The spectrum o f  t h e  b u l k  p y r o l y s i s  event  i n  F i g u r e  2c appears t o  be dominated b y  
hydroxy aromat ic  compounds, e.g., a l k y l s u b s t i t u t e d  phenols and naphtho ls .  
P o s i t i v e  i d e n t i f i c a t i o n  o f  these compounds i s  much l e s s  s t r a i g h t f o r w a r d ,  
a l though a s u r p r i s i n g l y  h i g h  degree o f  correspondence can be found w i t h  Py-GC/MS 
data on P i t t s b u r g h  #8 coal  [18]. Moreover, Chakravar ty  e t  a l .  have demonstrated 
t h a t  t h e  main p y r o l y s i s  event  can be deconvo lu ted  i n t o  a t  l e a s t  t h r e e  
o v e r l a p p i n g  e v e n t s  i n v o l v i n g  v i t r i n i t i c  m o i e t i e s  i n  a d d i t i o n  t o  
a l g i n i t e / c u t i n i t e - l i k e  and s p o r i n i t e - l i k e  components [ll]. 

I n  C u r i e - p o i n t  Py-MS s t u d i e s  o f  maceral  concent ra tes  [19], v i t r i n i t i c  m o i e t i e s  
were shown t o  be t h e  main source  o f  t h e  hydroxy  aromat ic  components. 
Consequently, t h e  hydroxy  aromat ic  s i g n a l s  observed i n  F i g u r e  Zc appear t o  be 
p r i m a r i l y  d e r i v e d  f r o m  v i t r i n i t e - l i k e  components by means o f  p y r o l y t i c  
processes. Presumably,  t h e r e f o r e ,  t h e  "nonmobile phase", r a t h e r  than t h e  
"mobi le phase", i s  t h e  main source o f  the  phenols observed i n  TG/MS and Py-MS 
s t u d i e s  o f  P i t t s b u r g h  #8 c o a l .  
t h e  o b s e r v a t i o n  t h a t  p h e n o l i c  p r o d u c t s  a re  a l s o  observed i n  Py-MS a n a l y s i s  o f  
p y r i d i n e  e x t r a c t s  o f  P i t t s b u r g h  #8 c o a l  known t o  c o n t a i n  c o l l o i d a l  m a t t e r  
whereas t h e  cor respond ing  t e t r a h y d r o f u r a n  e x t r a c t s ,  f r e e  o f  c o l l o i d a l  m a t e r i a l ,  
produced no pheno ls  [18] .  

I n  low r a n k  c o a l s ,  such as l i g n i t e s ,  v i t r i n i t i c  components have been shown t o  
produce abundant (a1  k y l )  d i h y d r o x y  benzene and methoxy hydroxy  benzene compounds 
o f  a s t r u c t u r a l  t y p e  which can be t r a c e d  back t o  f o s s i l  l i g n i n  m o i e t i e s  [ZO].  
I n  agreement w i t h  t h e s e  e a r l i e r  s t u d i e s ,  t h e  h i g h  tempera ture  component spectrum 
o f  a Beulah Zap l i g n i t e  ( F i g u r e  4c) e x h i b i t s  dominant ( a l k y l )  d ihydroxy  benzene 
s i g n a l s  a t  m/z 110, 124, and 138. The low abundance o f  F I  s i g n a l s  above m/z 200 
can be a t t r i b u t e d  t o  t h e  more h i g h l y  c r o s s l i n k e d  n a t u r e  o f  t h e  macromolecular 
network phase i n  l i g n i t e s .  

As shown i n  F i g u r e  4b, the  l o w  tempera ture  f r a c t i o n  o f  Beulah Zap l i g n i t e  
r e v e a l s  a comple te ly  d i f f e r e n t  t y p e  o f  mass spectrum. From prev ious  s t u d i e s  on 
s o i l  o r g a n i c  m a t t e r  b y  Hempf l ing  e t  a l .  [21], t h e  FIMS s i g n a l s  i n  F i g u r e  4b a r e  
known t o  r e p r e s e n t  v a r i o u s  p l a n t - d e r i v e d  compounds such as n - f a t t y  a c i d s  o r  
monomeric e s t e r s  (m/z 368, 396, 424, 452, 480) and aromat ic  d i e s t e r s  (m/z 544). 
Apparent ly ,  we a r e  d e a l i n g  w i t h  t h e r m a l l y  e x t r a c t a b l e  "biomarker" compounds 
which have n o t  y e t  been l i n k e d  i n t o  t h e  macromolecular ne twork  phase o f  t h e  
1 i g n i t e .  

The above o b s e r v a t i o n s  p o i n t  t o  t h e  importance o f  rank and d e p o s i t i o n a l  
environment i n  d e f i n i n g  t h e  m o l e c u l a r  c h a r a c t e r i s t i c s  o f  t h e  "mob i le  phase" as 

I n  agreement 

F u r t h e r  suppor t  f o r  t h i s  c o n j e c t u r e  comes from 
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w e l l  as t h e  "network phase" o f  c o a l s .  
pos t -depos i  t i onal  f a c t o r s ,  such as "weather ing"  d u r i n g  s to rage o r  
t r a n s p o r t a t i o n ,  a l s o  s t r o n g l y  e f f e c t  t h e  compos i t ion  o f  b o t h  phases, as r e p o r t e d  
by Jakab e t  a l .  [22]. Figures  5 and 6 i l l u s t r a t e  t h e  e f f e c t s  o f  m i l d  o x i d a t i o n  
o f  a Hiawatha hvb coal  f o r  100 hours  a t  100 C under c o n t r o l l e d  l a b o r a t o r y  
c o n d i t i o n s ,  as measured by t i m e - r e s o l v e d  C u r i e - p o i n t  Py-MS. Both  t h e  l o w  
temperature hump as w e l l  as t h e  b u l k  p y r o l y s i s  event  a r e  markedly reduced. 
Moreover, t h e  compos i t ion  and n a t u r e  o f  t h e  low temperature components have 
undergone a dramat ic  change ( F i g u r e  5 b ) .  
t e t r a l i n s  dominat ing  t h e  spectrum o f  f r e s h  coa l  ( F i g u r e  5a) a r e  n e a r l y  
comple te ly  gone. Ins tead,  we now f i n d  low MW, oxygen-conta in ing  mass s i g n a l s  
apparent ly  r e p r e s e n t i n g  a l i p h a t i c  c a r b o x y l i c  and c a r b o n y l i c  f u n c t i o n a l i t i e s ,  
e.g., l i b e r a t e d  by low temperature p y r o l y s i s  o f  weak oxygen bonds [22].  These 
observa t ions  would seem t o  i n d i c a t e  t h a t  i t  i s  p o i n t l e s s  t o  s t u d y  "mob i le  
phase"/"network phase" phenomena i n  coa l  samples o f  u n c e r t a i n  weather ing  
s t a t u s .  
CONCLUSIONS 

Temperature-programmed vacuum p y r o l y s i s  i n  combina t ion  w i t h  t i m e - r e s o l v e d  s o f t  
i o n i z a t i o n  mass spec t romet ry  a l l o w s  p r i n c i p a l l y  t o  d i s t i n g u i s h  between two 
d e v o l a t i l i z a t i o n  s teps  o f  coa l  wh ich  a r e  r e l a t e d  t o  t h e  "mobi le" and 
"non-mobile" phase, r e s p e c t i v e l y .  The mass s p e c t r o m e t r i c  d e t e c t i o n  o f  a lmost  
e x c l u s i v e l y  mo lecu la r  i o n s  o f  t h e  t h e r m a l l y  e x t r a c t e d  o r  degraded coa l  p r o d u c t s  
enables t o  s t u d y  t h e  change o f  m o l e c u l a r  we igh t  d i s t r i b u t i o n  as a f u n c t i o n  o f  
d e v o l a t i l i z a t i o n  temperature.  Moreover, ma jor  coa l  components can be i d e n t i f i e d  
which are  r e l e a s e d  a t  d i s t i n c t  tempera ture  i n t e r v a l s .  

When l i m i t i n g  our  a n a l y s i s  and d i s c u s s i o n  o f  m o b i l e  phase components t o  t h e  
t h e r m a l l y  e x t r a c t a b l e  f r a c t i o n ,  we may conclude t h a t  t h e  y i e l d s  and compos i t ions  
o f  these p r o d u c t s  ( e s t i m a t e d  t o  c o n s t i t u t e  5-15% o f  dmmf coa l  w e i g h t )  a r e  
s t r o n g l y  dependent on rank, coa l  t y p e  and weather ing  s t a t u s .  I n  c o a l s  o f  hvb  
and h i g h e r  r a n k  t h e  n a t u r e  o f  t h e  t h e r m a l l y  e x t r a c t a b l e  bi tumen f r a c t i o n  i s  
c o n s i s t e n t  w i t h  t h a t  o f  a n a t u r a l  p y r o l y z a t e  formed by c a t a g e n e t i c  p rocesses  
d u r i n g  t h e  " o i l  f o r m a t i o n  window" s t a g e  o f  m a t u r a t i o n  w i t h  subsequent l o s s  o f  
t h e  more r e a c t i v e  oxygen c o n t a i n i n g  m o i e t i e s .  Not s u r p r i s i n g l y ,  i n  l o w  r a n k  
c o a l s  v a r i o u s  types  o f  r e l a t i v e l y  l i t t l e  a l t e r e d  "biomarkers" mo lecu les  appear 
t o  be i m p o r t a n t  c o n s t i t u e n t s .  

Furthermore, a r t i f i c i a l  "weather ing"  o f  coa l  under c a r e f u l l y  c o n t r o l l e d  
c o n d i t i o n s  i n  t h e  l a b o r a t o r y ,  r e v e a l s  a r a p i d  l o s s  o f  t h e r m a l l y  e x t r a c t a b l e  
m o b i l e  phase components ( p o s s i b l y  b y  " g r a f t i n g "  t o  t h e  network phase [23]) 
accompanied b y  a decrease i n  t o t a l  p y r o l y s i s  y i e l d s .  
f u t u r e  d i s c u s s i o n s  o f  "mob i le  phase" phenomena o n l y  r e s u l t s  o b t a i n e d  on c o a l s  o f  
known weather ing  s t a t u s ,  e.g., ANL-PCS c o a l s ,  shou ld  be  used. 

Wi th  r e g a r d  t o  t h e  c e n t r a l  q u e s t i o n  whether t h e r e  e x i s t s  a c h e m i c a l l y  and/or 
p h y s i c a l l y  d i s t i n c t  "mob i le  phase" i n  coa ls ,  mass s p e c t r o m e t r i c  da ta  on ANL-PCS 
c o a l s  ( o n l y  2 o f  8 a r e  p resented  h e r e )  s t r o n g l y  suppor t  t h e  presence o f  a 
t h e r m a l l y  e x t r a c t a b l e ,  b i t u m e n - l i k e  f r a c t i o n  which i s  c h e m i c a l l y  d i s t i n c t  f rom 
t h e  remain ing  coa l  components. 
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a) P i t t s b u r g h  #8 Seam 
( I n t e g r a t e d  Spectrum; 50-750-C) 

Py--F,MS F i g u r e  1. Thermogram o f  a 
P i t t s b u r g h  #8 coa l  sample 
showing a d i s t i n c t  l o w  t 20000 

VI tempera ture  r e l e a s e  o f  
c m o b i l e  phase components. D 
*I 15000 Crosshatched i n t e r v a l s  a - f  - cor respond t o  m o l e c u l a r  

w e i g h t  p r o f i l e s  o f  F I  i o n s  

c 

i n  F i g s .  3a- f ,  r e s p e c t i v e l y .  c 10000 
0 - - 
9 5000 

1 0 0  zoo 300 400 5 0 0  600 700 
; 

Temperature ( c 1 

F i g u r e  2. Comparison o f  
P i t t s b u r g h  *8 ( h v b )  coa l  
Py-FI mass s p e c t r a  
recorded o v e r  d i f f e r e n t  
temperature i n t e r v a l s .  
Note marked d i f f e r e n c e s  
between l o w  tempera ture  
components i n  ( b ) ,  
thought  t o  r e p r e s e n t  
p r i m a r i l y  vacuum 
d i s t i l l a b l e  "mob i le  
phase" c o n s t i t u e n t s ,  and 
h i g h  tempera ture  
components i n  ( c ) ,  
thought  t o  r e p r e s e n t  
m a i n l y  p y r o l y s i s  p r o d u c t s  
d e r i v e d  from t h e  
macromolecular "network 
phase". 

a )  High Temperature Components 
(430-495 C )  

50 ?SO 2 S O  JlJo 450 SSO 650 -,= 7% 
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bl 1295-315 CJ 

4 SOr 
cJ 1370-390 Cl 
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F igu re  3. Mo lecu la r  
weight d i s t r i b u t i o n s  o f  
py ro l yza tes  i n  s i x  
successive temperature 
i n t e r v a l s  du r ing  Py-FIMS 
a n a l y s i s  o f  P i t t s b u r g h  
#8 c o a l .  Each i n t e r v a l  
corresponds t o  a cross-  
hatched reg ion  i n  F i g u r e  
1. The F I  s i g n a l  i n t e n -  
s i t i e s  were added i n  
a r b i t r a r i l y  chosen mass 
c lasses o f  50 da l tons .  

a )  Beulah Zap Seam 
i l n t e g r a t e d  Spectrum; 50-565 C )  

F igu re  4 .  As F igu re  2 
bu t  r e p r e s e n t i n g  
Beulah Zap seam 
l i g n i t e .  Note  
biomarker p a t t e r n  o f  
vacuum d i s t i l l a b l e  l ow  
temperature component 
i n  ( b ) .  Fu r the r  note 
marked d i f f e r e n c e  w i t h  
P i t t s b u r g h  #8 i n  
F igu re  2. 

b l  Low Temperature , /1 
4[5: bioli:k:r , s i g n a l s  

Components 
(265-310 C )  

324 

124 

c )  High Temperature Components 
(390-460 C) 
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F igu re  5. T ime-resolved 
T I 1  p r o f i l e s  o f  a Hiawatha 
seam (hvBb) coa l  ob ta ined  
by C u r i e - p o i n t  p y r o l y s i s  i n  
combinat ion w i t h  l ow  
v o l t a g e  EIMS. Note e f f e c t  
o f  a r t i f i c i a l  "weather ing"  
compare w i t h  F i g u r e  6. 
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a) LOW TEMP. COMPONENT 
(fresh coal) *1 
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b) LOW TEMP. COMPONENT 
(weothered coal) 
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F igu re  6. 
spec t ra  o b t a i n e d  by l ow  v o l t a g e  EIMS. 
o f  m i l d  a r t i f i c i a l  "weather ing" .  

Comparison between low  temperature component 
Note pronounced e f f e c t  

Compare w i t h  F i g .  5. 
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