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INTRODUCTION 

Knowledge o f  t h e  chemical s t r u c t u r e s  o f  t he  o rgan ic  compounds i n  f o s s i l  f u e l s  i s  
e s s e n t i a l  f o r  a fundamental understanding o f  these impor tant  m a t e r i a l s  and how to  
u t i l i z e  them most e f f e c t i v e l y .  For s o l i d  f o s s i l  f u e l s  (e.g., o i l  shales and 
coals)  t h i s  k i n d  o f  chemical c h a r a c t e r i z a t i o n  has been d i f f i c u l t  because many o f  
t he  most powerful a n a l y t i c a l  techniques f o r  o r g a n i c  s t r u c t u r e  de te rm ina t ion ,  i n -  
c l u d i n g  convent ional  nuc lear  magnetic resonance (NMR) have requ i red  1 i q u i d  samples. 
However, f o r  coals and o i l  shales on ly  smal l  f r a c t i o n s  o f  t he  o rgan ic  c o n s t i t u e n t s  
can be d i sso l ved  under cond i t i ons  f o r  which one can be con f iden t  t h a t  t h e  s t r u c -  
t u r a l  i n t e g r i t y  o f  t he  o rgan ic  compounds i s  re ta ined .  

U n t i l  r e c e n t l y  NMR spect ra o f  s o l i d  samples have u s u a l l y  cons i s ted  of f e a t u r e l e s s ,  
broad resonances w i t h  l i t t l e  o r  no use fu l  i n fo rma t ion  a v a i l f 3 l e  rega rd ing  molecular  
s t r u c t u r e .  Recently, i t  has been demonstrated t h a t  u s e f u l  C NMR spec t ra  can be  
obta ined on s o l i d  samples by us ing  some newly developed techniques. 

Standard continuous wave o r  pu lse Four ie r  t rans fo rm NMR approaches on powdered or 
ITorphous samples g i v e  ve ry  broad l i n e s  of g e g e r a l l y  low i n t e n s i t y .  The breadth of 

C resonances i s  due t o  the  man i fo ld  o f  H- C d i p o l e - d i p o l e  i n t e r a c t i o n s  and t h e  
chemical s h i f t  an i so t ropy  r e s u l t i n g  from random o r i e n f g t i o n  o f  t h e  molecules i n  t h e  
sample. The low s i g n a l -  o-noise r a t i o  found i n  such C NMR spec t ra  i s  a t  l e a s t  
p a r t l y  due t o  the l ong  "C s p i n - l a t t i c e  r e l a x a t i o n  t imes (T ) c h a r a c t e r i s t i c  o f  
s o l i d s  and the  f a c t  t h a t  r e p e t i t i o n s  o f  t he  pxqeriment a r e  i he reby  y o q j r a i n e d  t o  
long  t ime i n t e r v a l s .  Pines, Gibby and Waugh ' ve shown how t h e  H- C d i p o l e -  
d i p o l e  problem can be e l i m i n a t e q  by a high-powerhPH decoupl ing method which a l s o  
prov ides an enhancement i n  the  
lem o f  long Ti's. 
The remaining l i n e  broadening source one would l i k e  to remove, chemical s h i f t  
an i so t ropy ,  can be e l i m i n a t e d  by r a p i d l y  sp inn ing  the  sample about an a x i s  a t  an 
angle o f  54"6114:a the  "magic-angle,'' w i t h  respect  t o  the  a x i s  o f  t h e  s t a t i c  mag- 
n e t i c  f i e l d .  
techniques has prov ided promis ing spec t ra  f o r  coals' and o i l  shales. 

4 , v b -  3C NMR s i g n a l  and e f f e c t i v e l y  deals  w i t h  t h  
Th is  approach has prev ious been a p p l i e d  t o  coal  samples. 

A combination o f  cross p o l a r i z a t ' o n  and magic-anglg_?ginning 

While a n t i c i p a t e d  improvements i n  the  1 3 C  techniques--e.g., us ing  l a r g e r  s t a t i c  
magnetic f ields--may p rov ide  more d e t a i l e d  s t r u c t u r a l  i n fo rma t ion ,  va luab le  i n f o r -  
mat ion on t h e  a r o m a t i c / a l i p h a t i c  cha rac te r  o f  coa ls  i s  p r e s e n t l y  o b t a i n a b l e  us ing  
CP-MAS techniques. Th is  paper prov ides i n fo rma t ion  a t  t h a t  l e v e l  on some represen- 
t a t i v e  coals  and coa l -de r i ved  ma te r ia l s .  
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EXPERIMENTAL 

The coals on which 1 3 C  NMR measurements were made inc lude  a Texas l i g n i t e ,  t h ree  
Wyoming subbituminous coa ls  ( t w o  from Hanna, one Wyodak), an I 1  1 i n o i s  bituminous, 
two Indiana b i tuminous,  two eastern b i tuminous coa ls  and an a n t h r a c i t e .  I n  addi- 
t i o n ,  the f o l l o w i n g  coa l -de r i ved  ma te r ia l s  were s tud ied:  m e t a l l u r g i c a l  coke; a 
Hanna coal t h a t  had been subjected to reverse combustion; and a so lven t  r e f i n e d  
co 1 der ived f rom t h e  Wyodak coa l .  Each sample was s t u d i e d  as a powder, about 1 .4  
cm' i n  each case. 

The 13C N R measur ments were based upon the s ing le -con tac t  cross p o l a r i z a t i o n  
yethod. ' "  A 90" 'H p u l s e  i s  app l i ed  l lowed by a 90" phase s h i f t ,  B f t e r  which 
H rf power i s  mainta ined du r ing  the H decoupling 

d u r i n g  data a c q u i s i t i o n .  Radio frequency power a t  t he  C resonance frequency i s  
a p p l i e d  accord ing t o  t h e  Hartmann-Hahn con t i o n  du r ing  t h e  con tac t  pe r iod  and then 
tu rned  o f f  d u r i n g  t h e  p e r i o d  i n  which the "C resonance frequency of  15.1 MHz on a 
home-bui l t  spect rometer ,  us ing  a 14  kgauss magnet and a commercial ly a v a i l a b l e  
F o u r i e r  t rans fo rm d a t a  system. The HI f i e l d  f o r  H was IO gauss and t h a t  f o r  I 3 C  
was 40 gauss. 
sp inne r  o f  t h e  Andrew type,7 us ing  a i r  pressure o f  I 3  to 20 I b / i n  . A l l  spec t ra  ob- 
t a i n e d  us ing magic-angle sp inn ing  r e s u l t e d  from da ta  accumulated from 4000 scans. 

RESULTS 

Before t r u l y  q u a n t i t a t i v e  r e s u l t s  can be repo r ted  from 1 3 C  NMR techniques o f  the 
t ype  employed i n  t h i s  s tudy,  a g rea t  deal o f  c a l i b r a t i o n  work w i l l  be requ i red  w i t h  
standards, and t h e  d e t a i l e d  dynamics of the  cross p o l a r i z a t i o n  phenomenon w i l l  have 
t o  be cha rac te r i zed  for each coal type.  Such work i s  n o t  y e t  completed, b u t  was 
n o t  considered a p r e r e q u i s i t e  f o r  r e p o r t i n g  the e sence and q u a l i t a t i v 5  s i g n i f i c a n c e  
o f  t he  present  r e s u l t s .  VanderHart and Retcofsky' and Bartuska e t  a l .  have pre- 
v i o u s l y  discussed t h e  problems o f  o b t a i n i n g  q u a n t i t a t i v e  a n a l y t i G l T a t a  f rom cross 
p o l  a r  i zat  i on exper i ments . 
I n  order  t o  choose a reasonable s e t  o f  exper imenta l  parameters, which cou ld  be ex- 
pected t o  g i v e  i n t e g r a t e d  i n t e n s i t i e s  o f  a t  l e a s t  semiquan t i t a t i ve  s ign i f i cance ,  
parameter v a r i a t i o n s  were c a r r i e d  out  i n  experiments on the  I l l i n o i s  bituminous 
sample. The c o n t a c t  (SroTs p o l a r i z a t i o n )  t ime, whi fh  must be chosen tp-sonform 
w i t h  the dynamics o f  C -  H cross p o l a r i z a t i o n  and H T c o n s t r a i n t s ,  was 
v a r i e d  over t h e  f o l l o w i n g  values: 
Using a r e p e t i t i o n  t i m e  o f  4.0 sec, w e  measured t h e  i n t e g r a t e d  s i g n a l  i n t e n s i t y  of 
t h e  "aromatic" and "nonaromatic" carbon resonances and t h e  apparent carbon f r a c t i o n  
found i n  the  a romat i c  reg ion,  f ( a r o m a t i c i t y ) ;  these va lues were found t o  be 0.75 
and 0.76 for 1 msec and 3 msec,aand 0.72 and 0.68 f o r  5 msec and 0.5 msec, res- 
p e c t i v e l y ,  f o r  t he  c o n t a c t  t ime. The best  s igna l - to -no ise  r a t i o  (S/N) was found 
f o r  the 1 msec c o n t a c t  t ime; S/N d e t e r i o r a t e d  bad ly  a t  5 msec. 
con tac t  pe r iod ,  we repeated, the experiment w i t h  a r e p e t i t i o n  t ime o f  8.0 sec, ob- 
t a i n i n g  a 0.74 va lue f o r  f 
t imes, r e s p e c t i v e l y ,  a l l  csoss p o l a r i z a t i o n  r e s u l t s  repo r ted  i n  t h i s  paper were ob- 
t a i n e d  us ing these parameters. 

I n  o rde r  tp check t h a t  by us ing  t h e  above-mentioned exper imenta l  parameters rea- 
sonable f 
NMR measuFements on t h e  I l l i n o i s  bituminous sample by ys ing  the pu lse  F o u r i e r  t rans-  
form method, w i t h  magic-angle sp inn ing  and high-power 
cross p o l a r i z a t i o n .  
t a i n t i i ?  assoc ia ted  w i t h  nuc lea r  Overhauser e f f e c t s  
t imes, 
t he  cross p o l a r i z a t i o n  approach. 
employed, fa values o f  0.71 and 0.77, r e s p e c t i v e l y ,  were obta ined.  

cross p o l a r i f j t i o n  and f o r  

1 

Magic-angle p i n n i n g  r a t e s  o f  1.9 t o  2.4 kHz were 9chieved w i t h  a 

0.5 msec, 1.0 msec, j.0 msec, and 5.0 msec. 

Choosing t h e  1 msec 

. S e t t l i n g  on 1 msec and 4 sec con tac t  and r e p e t i t i o n  

va lues wou ld  be ob ta ined  i n  c ross  p o l a r i z a t i o n  experiments, we made I 3 C  

H decoupl ing,  b u t  w i thou t  
I n t e n s i t y  data o f  such experimeqts a r e  s t i l l  sub jec t  t o  uncer- 

When pu lse  r e p e t i t i o n  t imes o f  30 and 99 sec were 

and d i f f e r i n g  r e l a x a t i o n  
b u t  such u n c e r t a i n t i e s  a r e  e n t i r e l y  d i f f e r e n t  f rom those associated w i t h  

Hence, wh i l e  
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t he re  i s  no guarantee t h a t  t h e  same cross p o l a r i z a t i o n  parameter s e t  (1.0 msec and 
4.0 sec) w i l l  serve e q u a l l y  w e l l  f o r  a l l  o f  t he  coal samples, i n d i c a t i o n s  a r e  t h a t  
t h i s  s e t  leads t o  no major i n t e n s i t y  d i s t o r t i o n s  f o r  t he  I l l i n o i s  b i tuminous sample, 
and i s  a reasonable s e t  t o  employ i n  the  present  survey. 

D I S C U S S I O N  

An example o f  the advantages o f  magic-angle sp inn ing  i n  con junc t i on  w i t h  cross 
p o l a r i z a t i o n  and high-power decoupl ing i s  shown i n  F igu re  l a  and b f o r  t h e  Hanna 
subbituminous coal .  C l e a r l y ,  t h e  main s t r u c t u r a l  d i s t i n c t i o n  t h a t  can be made i s  
between a l i p h a t i c  and aromat ic  carbons. The sp inn ing  case shows much b e t t e r  reso lu -  
t i o n  because the  chemical s h i f t  an i so t ropy ,  which i s  ev iden t  i n  the  aromat ic  r e g i o n '  
o f  F ig .  l a ,  has been e l im ina ted .  A r o m a t i c i t y  values a re  determined by d i v i d i n g  the 
i n t e g r a t e d  i n t e n s i t y  o f  t he  aromat ic  band by t h e  i n t e g r a t e d  i n t e n s i t y  o f  t h e  com- 
p l e t e  spectrum. 

A I 3 C  spectrum o f  t he  Hanna coal which had been subjected t o  reverse combustion a t  
500°C i s  shown i n  F ig .  IC. The spec t ra  c l e a r l y  show d e p l e t i o n  o f  t h e  a l i p h a t i c  car-  
bons, r e l a t i v e  t o  the aromat ic  carbons. S i m i l a r l y ,  t h e  CP-MAS spec t ra  of a Wyodak 
coal  (F ig .  2a) and i t s  so l ven t  r e f i n e d  product  (F ig .  2b) show t h a t  t h e  s o l v e n t  r e -  
f i n i n g  process increases the  a r o m a t i c i t y  of subbituminous coals. These examples 
suggest t h e  use o f  CP-MAS techniques f o r  s t u d i e s  o f  coal  combustion and process ing.  

I 3 C  NMR spect ra o f  Th is  
s imple montage o f  "C spec t ra  shows q u i t e  g r a p h i c a l l y  t h a t  t he  a r o m a t i c i t y  o f  coa ls  
increases w i t h  i nc reas ing  rank. The m e t a l l u r g i c a l  coke i s  inc luded because i t  had 
a measured f o f  1.00. A ma t te r  o f  concern regard ing q u a n t i t a t i v e  measurements i n  
CP-NMR o f  soPids i s  whether a l l  the carbon types i n  t h e  sampp a r e  be ing  p o l a r i z e d  
e q u a l l y ,  p a r t i c u l a r l y  aromat ic  carbons i n  condensed systems. 
o f  t h e  coke y i e l d e d  a very reasonable va lue o f  1.00 i m p l i e s  t h a t  a l l  o f  t h e  car-  
bons i n  )$e 
problem. , I s  

One f u e l  p roper t y  t h a t  would be i n t e r e s t i n g  t o  r e l a t e  t o  s t r u c t u r a l  f ea tu res  i s  the,  
hea t ing  value. F igu re  4 
va lues de r i ved  from t h e  I'C spect ra.  That a s imple c o r r e l a t i o n  i s  n o t  found i s  
n o t  s u r p r i s i n g ,  as a v a r i e t y  o f  v a r i a t i o n s  occur  w i t h i n  these samples. I n  progress- 
i n g  from a l i g n i t e  t o  a b i tuminous coa l  t o  an a n t h r a c i t e ,  t he  percent  o rgan ic  carbon 
o f  t he  ma te r ia l  increases, which tends t o  increase t h e  hea t ing  va lue.  

An increase i n  f , by i t s e l f ,  would tend t o  decrease the hea t ing  value, as can be  
seen from the  foQlowing heats  o f  combustion: 
937.8 kcal/mole; n-hexane, 989.8 kcal/mole; phenol, 732.2 kcal/mole; cyc lohexanol ,  
890.7 k c a l / m l e .  I n  a d d i t i o n ,  w i t h i n  a c o l l e c t i o n  o f  coa l  samples t h e r e  a r e  sub- 
s t a n t i a l  v a r i a t i o n s  i n  the  pe rcen t  oxygen, n i t r o g e n  and s u l f u r - - i . e . ,  i n  t h e  oc- 
currence of oxygen-, n i t rogen-  o r  s u l f u r - c o n t a i n i n g  organics.  Oxygen-containing 
species tends t o  decrease t h e  hea t ing  va lue o f  a coa l ,  for a g iven amount o f  carbon, 
as seen f rom the  f o l l o w i n g  heats  o f  combustion: 
732.2 kcaI/mole; cyclohexane, 937.8 kcal/mole; cyclohexanol, 890.7 k c a l / m l e ;  t o l u -  
ene, 934.3 kcal/mole; benzyl a l coho l ,  894.3 kcal/mole; benzoic ac id ,  771.2 k c a l /  
mole. 

In v iew ing  v a r i a t i o n s  o f  hea t ing  va lues of coa ls ,  i f  one wishes t o  e l i m i n a t e  the  
f a c t o r  due t o  percent o rgan ic  carbon i n  t h e  coa l ,  t he  hea t ing  va lue p e r  pound o f ,  
carbon (maf) i s  o f  i n t e r e s t .  F igu re  5 shows a p l o t  o f  t h i s  hea t ing  va lue f . 
Note t h a t ,  i f  the o rgan ic  c o n s t i t u e n t s  o f  coal  were s t r i c t l y , h y d r o c a r b o n s ,  sucha 
a p l o t  would be expected t o  show a decrease i n  BTU/lbC as f 
t h e  heat  of combustion p a t t e r n  s t a t e d  above. 

s e r i e s  o f  coa ls  o f  v a r y i n g  rank a re  shown i n  F i g .  3a-f.  

The f a c t  t h a t  t h e  fa  

Recent work on o i l  shales a l s o  addresses t h i s  oa l  a r e  be ing observed. 

hows a p l o t  o f  t h e  hea t ing  va lues o f  t h e  coa ls  =. t h e  fa 

benzene, 782.3 kcaI/mole; cyclohexane, 

benzene, 782.3 kcal/mole; phenol, 

increases, r e f l e c t i n g  
Instead,  Figuge 5 shows a n e a r l y  
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4 
constant  va lue o f  about 1.75 x IO BTU/lbC f o r  c o a l s  w i t h  apparent aromat ic  f r a c -  
t i o n s  ranging f rom 0.70 t o  0.75 and a f a l l  o f f  on b o t h  s ides o f  t h a t  fa 

T h i s  p a t t e r n  can be understood as fo l l ows :  
o f  o n l y  hydrocarbons, the t r e n d  would be t o  lower BTU/lbC f o r  h ighe r  f va lues. ,  
T h i s  t rend  i s  respons ib le  f o r  t h e  f a l l  o f f  o f  t he  cu rve  f o r  t h e  h ighes f  t h r e e  fa  
values. However, o r g a n i c  compounds c o n t a i n i n g  oxygen, b u t  equ iva len t  numbers 
o f  carbon atoms have lower heats  pf combustion than analogous hydrocarbons. The 
c o a l s  w i t h  the lowest observed f values, which m igh t  have been expected have the 
h ighes t  BTU/lbC va lues,  a l s o  havg the h ighes t  t o t a l  oxygen contents  (maf), and t h e i r  
lower  ETU/lbC vp lues may be assoc ia ted  w i t h  these h i g h  oxygen contents .  The coals  
w i t h  h ighes t  f 
t h e r e  i s  a rou8hly  decreas ing progress ion o f  oxygen contents  as f increases from 
0.59 t o  1.0. 
g i v i n g  r i s e  t o  the  b road  maximum a t  about 1.75 x 10 BTU/lbC. 

range. 

As s t a t e d  above, i f  coa l  were composed 

va lues (0.81. 0.95, and 1.0) have ve ry  low oxygen,contents, and 

Hence, t h e r e  a r e  t w o  competing i n f l ueqces  on t h e  ETO/lbC parameter, 
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Aromatic Aliphatic 

A) Non-spinning 

B) Spinning 

C) Reverse Combustion 
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Higher Shielding - 

Figure l.’k NMR Spectra of Hanna, Wyoming Coal 

A) Wyodak Coal 

6 )  Solvent Refined Coal 

k- 530 P P ~  -4 

Figure 2.”C NMR Spectra of Wyodak Coal and SRC Product 
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Figure 4. Plot of heating value versus aromaticity 
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Figure 5. Plot of heating value/pound of carbon versus aromaticity 
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