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INTRODUCTION 

Inf ra red  spectroscopy is a wel l -es tab l i shed  method of coa l  c h a r a c t e r i z a t i o n  
(1-12). Aspects of coa l  s t r u c t u r e  such as func t iona l  groups and hydrogen- 
bonding (11) and changes in s t r u c t u r e  dur ing  py ro lys i s  (6 ,7)  and ox ida t ion  
(4,5,9,10) have been descr ibed  through i n f r a r e d  a n a l y s i s  and r e l a t e d  t o  
macromolecular processes.  h p a r t i c u l a r ,  Pa in t e r  e t .  al.  ( 2 ) ,  have proposed 
an FTIR procedure f o r  a f a i r l y  exhaus t ive  ana lys i s  of coa l  func t iona l  groups. 
Many of t hese  sugges t ions  a r e  incorpora ted  i n t o  the  present  study f o r  t h e  
development of a func t iona l  group a n a l y s i s  da t a  base  f o r  a s e t  of s tandard  
coa l s .  

EXPERIMENTAL 

Eight Argonne premium coa l  samples were s tud ied :  Pennsylvania Upper Freepor t ,  
Wyodak, I l l i n o i s  #6, P i t t sbu rgh  #8, Pocahontas 1 3 ,  Utah Blind Canyon, West 
Virg in ia  Stockton-Lewiston, and Beulah-Zap. Each ampoule of -100 mesh coa l  
was mixed, opened, and the  conten ts  d r i ed  in a vacuum oven a t  40°C f o r  two 
hours. The dr ied  samples were s to red  under vacuum u n t i l  used. Di f fuse  
r e f l ec t ance  i n f r a r e d  (DRIFT) spec t r a  were ob ained on neat  d r i ed  samples wi th  
a Nicolet  60SXB FTIR wi th  500 scans  a t  4 cm-' r e so lu t ion .  KBr p e l l e t s  were 
a l s o  pre  a red  (about 0.3% coa l  by weight) and spec t r a  co l l ec t ed  with 128 scans  
a t  4 cm-' reso lu t ion .  Carbon, hydrogen and n i t rogen  ana lyses  were performed 
with a LECO CHN-600 ana lyzer ,  and oxygen analyses were performed on a Carlo 
ERBA 1106 elemental  analyzer.  The low temperature ash of each coa l  was 
obtained wi th  0.5 g sample i n  an In t e rna t iona l  Plasma Machine l l O l B  a t  130 
wat t s  f o r  s eve ra l  days. Another 0.5 g of each coa l  was ace ty l a t ed  by hea t ing  
the  coa l  a t  100°C i n  a 2:l mixture of pyr id ine  and a c e t i c  anhydride f o r  e i g h t  
hours followed by f i l t e r i n g  and vacuum drying. 

RESULTS AND DISCUSSION 

Each of t h e  two sampling methods employed here ,  DRIFT and KBr p e l l e t s ,  have 
advantages and drawbacks in coa l  ana lys i s .  
to-noise r a t i o ,  bu t  is very s e n s i t i v e  to  some in f r a red  bands which do not 
appear well  in t ransmiss ion  spec t ra .  Figure 1 compares the  C-H s t r e t c h i n g  
region of t h e  Blind Canyon coa l  from DRIFT and K B r  p e l l e t  spec t ra .  Absorbance 
u n i t s  a r e  used r a t h e r  than Kubelka-Munk u n i t s  because the  l a t t e r  r e s u l t  in 
i n t e n s i t i e s  too weak t o  reso lve  well .  A weak band a t  2732 0m-l  is apparent in 
the  DRIFT spectrum, b u t  ba re ly  observed in the  t ransmiss ion  spectrum. The 
r e l a t i v e  i n t e n s i t i e s  of t he  C-H bands a l s o  change, with the  symmetric and 
asymmetric CH3 modes enhanced i n  the  DRIFT spectrum. DRIFT is e s p e c i a l l y  
use fu l  because coa l  can be sampled without an i n t e r f e r i n g  mat r ix ,  which is 
important in determina t ions  of OH and water content.  KBr p e l l e t s ,  on t h e  
o the r  hand, o f f e r  the  advantages of a high signal-to-noise r a t i o  and b e t t e r  
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con t ro l  over sample concen t r a t ion  f o r  q u a n t i t a t i v e  work. The s t r e n g t h s  of 
bo th  methods have been explo i ted  in t h i s  study. 

A common method f o r  determining r e l a t i v e  aromatic and a l i p h a t i c  hydrogen 
concent ra t ions  has been t o  compare the  absorbances o r  i n t eg ra t ed  a r e a s  of t h e  
3100-3000 and 3000-2800 cm-' r eg ions  ( 2 , 7 ) .  
using conversion f a c t o r s  obtained from model compounds t o  determine t h e  
r e l a t i v e  amounts of a l i p h a t i c  and aromatic hydrogen from the  in t eg ra t ed  a reas  
of the CH regions.  As expected, t h e  r a t i o  of a l i p h a t i c  t o  aromatic hydrogen 
increases  a s  t h e  C / H  r a t i o  decreases.  
assumption of a s i n g l e  average conversion f a c t o r  f o r  a l l  of the  coa l s .  
Ind iv idua l  C-H groups have d i f f e r e n t  ex t inc t ion  c o e f f i c i e n t s  and va r i a t ions  in 
t h e  composition of t h e  a l i p h a t i c  moiety would a f f e c t  t he  average absorp t ion  
c o e f f i c i e n t .  In spec t ion  of t h e  asymmetric CH s t r e t c h  of these  c o a l s  i n d i c a t e s  
t h a t  the  r a t i o  of CH 
Also, t h e  second de rqva t ive  and deconvoluted spec t r a  show t h a t  the Beulah-Zap, 
Wyodak and Blind Canyon c o a l s  have very few CH3 bands, while t he  o the r  coa l s  
have a more d ive r se  composition. In s p i t e  of t h i s  v a r i a t i o n ,  a s i n g l e  
conversion f a c t o r  app l i ed  to  a l l  coa l s  should r e s u l t  in a good approximation 
of the r e l a t i v e  abundance of t h e  a l i p h a t i c  and aromatic hydrogens. 

The out -of -p lane  aromatic CH reg ion ,  900-700 cm-', has th ree  major bands in 
each of t he  c o a l  s p e c t r a  a f t  r sub t r ac t ion  of t he  low-temperature ash spectrum 
a t  870-855 cm-l, 816-812 cm-', and 754-748 cm-l (Figure 2). These can be  
assigned t o  the  bending modes of an i s o l a t e d  hydrogen, two ad jacent  hydrogens. 
and th ree  o r  more ad jacen t  hydrogens, respec t ive ly .  From curve - f i t t i ng  
r e s u l t s ,  t h e  c o a l s  wi th  t h e  h ighes t  C / H  r a t i o ,  Pocahontas and Pennsylvania,  
have the  l a r g e s t  con t r ibu t ion  from the  band due to  lone  hydrogen, along with 
the  I l l i n o i s  and Lewiston-Stockton c o a l s ,  i nd ica t ing  a higher degree of 
s u b s t i t u t i o n  o r  c ross - l ink ing  in these  coa ls .  The Wyodak, Blind Canyon and 
Beulah-Zap c o a l s  
from the  815 cm-* band and a much smaller con t r ibu t ion  from t h e  870 om-' band, 
bu t  a l s o  fewer aromatic hydrogens ove ra l l .  
s t r u c t u r e  wi th  l e s s  s u b s t i t u t i o n  and less cross-linking. 

Another f a c e t  of aromatic s u b s t i t u t i o n  may be the  weak band a t  2732 cm" which 
appears in a l l  bu t  t h e  Wyodak and Beulah-Zap coa ls .  Pa in t e r  ( 2 )  has ass igned  
t h i s  a s  an overtone of methyl groups a t tached  d i r e c t l y  t o  an aromatic ring. 
The increased  i n t e n s i t y  of t h i s  band as the  a romat i c i ty  and CH3 concent ra t ion  
inc rease  suppor ts  t h i s  assignment. The in t eg ra t ed  peak a rea  of t h i s  band 
compared to the  t o t a l  a l i p h a t i c  CH a rea  can be converted i n t o  the  percentage 
of a l i p h a t i c  hydrogens in methyl groups a t t ached  t o  aromatic r i n g s ,  us ing  
f a c t o r s  obtained from model compounds. The r e s u l t s  f o r  t he  six coa l s  a r e  
given in Table 2. These r e s u l t s  i n d i c a t e  tha t  over ha l f  of t he  a l i p h a t i c  
hydrogens in t he  Pocahontas coa l  a r e  in methyl groups a t tached  t o  aromatic 
groups. Blind 
Canyon c o a l ,  on the  o t h e r  hand, has very few hydrogens in t h i s  form. This is 
compatible with the  observa t ion  t h a t  the  Blind Canyon coa l  is l e s s  h ighly  
subs t i t u t ed .  

The prominent band a t  1600 cm" in t he  spec t r a  of a l l  coa l s  has been 
a t t r i b u t e d  to  an a romat ic  r ing  mode, h ighly  conjugated carbonyls ,  e l ec t ron  
t r a n s f e r  between aromatic p lanes ,  t o  a non-crys ta l l ine ,  non-aromatic graphi te -  
l i k e  phase, o r  t o  combinations of t hese  (12). 

Table 1 g ives  the r e s u l t s  of 

A p i t f a l l  in t h i s  procedure is t h e  

to  CH2 groups inc reases  a s  t he  coa l  rank inc reases .  

w i th  the  lowest C / H  r a t i o s ,  have the  l a r g e s t  con t r ibu  ion 

This impl ies  a l e s s  aromatic 

This leaves  few hydrogens which can form methylenic l inkages .  

F igure  3 shows the spec t r a  of 
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t he  e i g h t  c o a l s  between 1700 and 1500 cm-' a f t e r  s u b t r a c t i o n  of t h e  low- 
temperature ash  spectrum. It can  be seen  t h a t  t he  shape and maxima of t h e  
bands s h i f t  f o r  t h e  d i f f e r e n t  c o a l s ,  fugges t ing  a d i f f e r e n t  under ly ing  
charac te r .  band i s  found i n  the  Beulah-Zap c o a l ,  
with t h e  i n t e n s i t y  of t h i s  band i n  t h e  o t h e r  coa l s  decreas ing  in t h e  same 
order  as t h e  oxygen conten t  decreases.  Deconvolution, second d e r i v a t i v e  and 
curve- f i t t ed  spec t r a  showed t h a t  t he  composition of t h i s  band var  es. The 
Wyodak and Beulah-Zap c o a l s  have major bands a t  1655 and 1562 cm-I ,  u s u a l l y  
ass igned  t o  conjugated carbonyls  and carboxyla te  groups ( 2 ) ,  but  on ly  weak 
f e a t u r e s  near 1600 cm-' where t h e  aromatic r i n g  mode i s  expected. 
Pocahontas and P i t t s b u r  h coa l s ,  however, have t h e i r  s t ronges t  c o n t r i b u t t o n  
from a band a t  1611 cm- . 
In  o rde r  t o  measure the  phenolic and a l coho l i c  con ten t  of t h e  c o a l s ,  
ace ty l a t ed  d e r i v a t i v e s  were prepared. The sub t r ac t ed  s p e c t r a  of t h e  
ace ty l a t ed  and i n i t i a l  coa l s  were curve- f i t  between 1800 and 1500 c m - l .  
Figure 4 shows the  sub t r ac t ed  s p e c t r a  f o r  t he  I l l i n o i s ,  Pennsylvania,  Wyodak 
and Pocahontas coa l s .  
assigned to ace ty l a t ed  phenol ic ,  a l k y l  OH, and NH groups (2). Conversion 
f a c t o r s  were obtained from node1 compounds. 
t he  amine r e s u l t s ,  only the  phenolic and a l coho l i c  r e s u l t s  are repor ted .  
Table 3 g ives  the  r e l a t i v e  abundance of phenol ic  and a l k y l  OH groups i n  t h e  
coa ls .  Contrary t o  P a i n t e r ' s  f i n d i n g s  ( 2 ) ,  t h i s  r a t i o  is not  very c o n s i s t e n t ,  
bu t  i nc reases  s i g n i f i c a n t l y  f o r  t h e  low rank coa l s .  However, t h i s  d i screpancy  
could b e  due t o  incomplete a c e t y l a t i o n  of less a c c e s s i b l e  OH groups.  
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Table 1. Rela t ive  Rat ios  of t h e  Number of A l ipha t i c  and Aromatic Hydrogens 

Aliphat ic  Hydrogens/ 
Aromatic Hydrogens C / H  Rat io  

Pocohontas 
Pennsylvania 
Lewiston-Stockton 
P i t t sbu rgh  No. 8 
I l l i n o i s  No. 6 
Beulah-Zap 
Blind Canyon 
Wyodak 

1.1 
2 .75  
3.9 
5.1 
7 .4  

10.9 
13.1 
13.8 

20.03 
16.54 
15.30 
14.99 
14.23 
14.89 
13.33 
13.80 

Table 2. Concentration of Aliphat ic  Hydrogens in O-CH3 Groups 

z - 
Pocahontas 56.4 
Pennsylvania 42.9 
Pi t t sbu rgh  26.4 
Lewiston-Stockton 24.9 
I l l i n o i s  14.7 
Blind Canyon 12.9 

Table 3. Ratio of Phenolic t o  Alkyl OH Groups i n  Coal 

Pocahontas 
Blind Canyon 
Lewiston-Stockton 
Pi t tsburgh 
Pennsylvania 
Beulah-Zap 
Wyodak 
I l l i n o i s  

3.3 
3.7 
4.5 
5.0 
5.6 
9 .1  

10 
11 
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B L l N O  CANYON COAL 
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Figure 1. Comparison of KBr pellet and diffuse reflectance 
spectra of Blind Canyon coal. 

SUBTRACT: I N I T I A L  - L T A  : AROMATIC ti 

1 

Figure 2. Aromatic hydrogen out-of-plane bending modes 
(a = Pittsburgh, b = Illinois, c = Lewiston-Stockton, 
d = Blind Canyon, e = Pennsylvania, f Pocahontas, 

g = Wyodak, h = Beulah-Zap). 
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SUBTRACT: COAL l T = O l  - LTA 
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Figure 3.  Comparison of 1600 CUI-' band for the different  
coals (a = Pittsburgh, b = I l l i n o i s ,  c = Lewiston-Stockton, 

d - Blind Canyon, e = Pennsylvania, f = Pocahontas, 
g = Wyodak, 

RCETYLRTED C0RLS 

1 

h = Beulah-Zap). 
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Figure 4 .  
I l l i n o i s ,  Pennsylvania, Wyodak and Pocahontas coals .  

Spectra of Acetylated OH and MI groups for  
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