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ABSTRACT 

Analysis of five Cretaceous-age and one Carboniferous-age fossil wood samples of lignite 
rank by pyrolysis-gas chromatography-mass spectrometry has revealed the presence of lignin- 
derived compounds such as phenols and methoxyphenols. In Cretaceous lignitic wood, the 
various methoxyphenols were of the same suite as those produced from pyrolysis of modern 
lignin and degraded wood. Indications are that the lignin structural units of Cretaceous lignitic 
wood samples are preserved to varying degrees. In Carboniferous lignitic wood only traces of 
methoxyphenols were detected, but phenols were abundant. This is the first indication that lignin- 
derived rnethoxyphenols can survive in geological materials as old as the Carboniferous. 

INTRODUCTION 

Lignin is a major biochemical component of woody tissue; however, it rarely survives early 
stages of coalification. Biochemical and chemical alteration during burial limit the extent to which 
lignin biomarkers can be preserved and recognized in the geologic record. Lignin-derived 
compounds have been observed in pyrolysis products of low rank coals and associated woody 
tissue[l-5], Mycke and MichaelisIGJ isolated lignin-derived methoxyphenols from a Miocene coal 
by catalytic hydrogenolysis. Sigleo[7,8] reported the presence of phenolic compounds derived 
from alteration of lignin in pyrolysis products of silicified woody tissue as old as Triassic age. 
However, no trace of methoxyphenols, that would clearly relate back to lignin structures, could be 
identified in Sigleo’s samples. Hayatsu a &[9] similarly reported the presence of lignin-derived 
products from copper-oxide oxidation of several coal samples. They, too, were unable to identify 
rnethoxylated phenols in their products. Recently, Nip &t &l.[2] subjected two lignite samples, one 
of Paleocene age and the other of Eocene age, to Curie-point pyrolysis-mass spectrometry. The 
data indicated only traces of methoxyphenols. They were puzzled by the low abundance of 
phenols in general, because the petrographic data indicated large amounts of huminite derived 
from woody tissue. 

as old as Paleocene age was reported in a study of coalified wood by Stout 
identified numerous lignin-derived methoxyphenols in angiospermous and gymnospermous wood 
samples from varoius lignites by Curie-point pyrolysis-gas chromatography-mass spectrometry, In 
a study of lignitic gymnospermous wood samples of Cretaceous and younger ages by analytical 
pyrolysis[5], we reported the presence of methoxyphenols in the pyrolyzates. Many of these 
methoxyphenols had associated propenyl side chains indicative of the presence of well-preserved 
lignin residues. 

In an attempt to delineate the degree of preservation of lignin in coal, we examined 
numerous coalified wood samples ranging from Carboniferous to Holocene age. The samples 
were initially screened by solid-state C-13 nuclear magnetic resonance to detect the possible 
presence of methoxyl carbon. Once such carbons were detected, the samples were subjected to 
analytical pyrolysis to determine the content of methoxyphenols which would provide an indication 
of the state of preservation of the lignin-derived structural units. We report here on the 

The most definitive identification of lignin-derived pyrolysis products in coalified wood samples 
&[4]. They 

617 



identification of lignin-derived methoxyphenols in the coalified wood samples selected for 
analytical pyrolysis. 

SAMPLES AND METHODS 

Samples of coalified wood (xylem) were obtained from Carboniferous and younger strata in 
various locales. A sample of coalified wood was collected by D. Gottfried (U. S. Geological 
Survey) from the Magothy Formation (Upper Cretaceous) at the C&O canal near Bethel, 
Maryland. Byrd Stadium lignitic wood was collected by the late I. A. Breger (U. S. Geological 
Survey) from an excavation for Byrd Stadium on the campus of the University of Matyland. The 
coalified logs at this site were buried in an upright position in sediments of the Potomac Group 
(Lower Cretaceous). Wayne Newell (U. S. Geological Survey) graciously provided a sample 
(Stafford lignite) of coalified wood buried in sediments of the Potomac Group (Lower Cretaceous) 
near Stafford, Virginia. Another sample was obtained by Roger Thomas (U. S. Geological Survey) 
from the Patapsco Formation of the Potomac Group (Lower Cretaceous) near the intersection of 
1-95 and 1-695 in Landsdowne, Maryland. Another sample (Long Island lignite) was obtained by 
Byron Stone (U. S. Geological Survey) from probable Pleistocene clay in the Nassau Brick Co. 
clay pit on Long Island, New York; the sample probably was reworked from the Magothy 
Formation (Upper Cretaceous). Finally, a sample of coalified wood was obtained from the 
collection of the late I. A. Breger, and this sample was from the Carboniferous lignite deposits of 
the Moscow Basin, USSR, Kurovskaya mine No. 1. All samples were essentially of lignite rank as 
partially demonstrated by the elemental data in Table 1 .  

Table 1. Elemental compositions (dry mineral-matter free) for coalified wood samples. 

Lignite Sample Wood type %c - Yo H - Yo N y& 

Stafford G 74.9 4.98 0.58 18.9 
Long Island NA 61.1 4.57 0.33 34.0 
Patapsco G 65.7 5.00 0.27 29.3 
Byrd Stadium G 59.2 3.17 0.21 36.3 

Moscow Basin NA NA NA NA NA 

G- gymnospermous wood 
NA-data not available 

Pyrolysis-gas chromatography-mass spectrometry was performed on a Dupont 4908 gas 
chromatograph-mass spectrometer system interfaced with a Technivent Vector 1 data system and 
a Chemical Data Systems model 120 pyroprobe. Pyrolysis-gas chromatography was performed 
with a Perkin-Elmer Sigma 28 gas chromatograph interfaced to the pyroprobe. The fused silica 
column was a 50% phenylmethylsilicone phase available from Hewlett-Packard. Operating 
conditions and specific methodologies have been given in a previous report[5]. 

mass spectrometry using comparisons of mass spectra to library spectra, to spectra of authentic 
standards, and to published mass spectra of lignin phenols[lO]. 

Magothy G 72.2 4.43 0.21 22.0 

' 

The presence of lignin structural units was confirmed by pyrolysis-gas chromatography- 
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RESULTS AND DISCUSSION 

Pyrolysis of Cretaceous lignitic xylem has been shown in a previous report[5] to yield 
abundant quantities of methoxyphenols derived from the lignin residues preserved in the lignitic 
woods. The state of preservation can be determined by the abundance of methoxyphenols 
relative to other altered lignin byproducts such as the phenols and catechols. Figure 1 shows the 
pyrograms for two samples representative of most of the Cretaceous age lignitic wood in which 
the state of preselvation of lignin varies widely. Peaks for guaiacol, 4-methylguaiacol, 4- 
vinylguaiacol, 4-ethylguaiacol, eugenol, &-and m-isoeugenol, vanillin, and acetoguaiacone are 
clearly the major products in the Long Island lignite, the one representative of lignitic wood,, 
samples in which lignin-derived structures are believed to be the least altered. These specific 
methoxyphenols are clearly derived from lignin precursors or partially altered lignin that has 
survived in the lignitic wood samples. Extensively altered lignin products such as phenol, the 
cresol isomers, catechol isomers, and the alkylphenols are also major components of the 
pyrogram, but they are subordinate to the methoxyphenols in the Long Island lignite. In the 
Magothy lignite, the phenols and cresols are dominant over the methoxyphenols, indicating that 
the lignin residues in this sample are significantly more altered than in the Long Island lignite. 
The degree of lignin preservation varies widely among the lignitic wood samples. In wood 
samples of subbituminous rank, methoxyphenols have not been detected; the dominant pyrolysis 
products are phenols and cresols[5]. 

yield the same products as those mentioned above for the least coalified wood samples, although 
the relative peak intensities may be different[l0.12,13]. Figure 2 shows a pyrogram for a 
gymnospermous log (Atlantic White Cedar, ChamaeCVDanS thvoides) buried in peat from the 
Great Dismal Swamp, Virginia. Previous studies have shown that most of the cellulosic 
components of this sample have been degraded microbiologically, leaving lignin relatively 
unaltered[l4]. The pyrogram confirms this by showing a product distribution that is typical of 
lignin[l2], although the broad peak for levoglucosan indicates a small amount of cellulosic 
material is present. The four largest peaks are for 4-methylguaiacol, 4-vinylguaiacol, guaiacol, and 
- trans-isoeugenol in decreasing order of intensity. The relatively high abundance of 
methoxyphenols having the 3-carbon side chain (eugenol, the isoeugenols, coniferaldehyde, and 
guaiacylpropan-2-one) and the low abundance of methylvanillate, vanilloyl methyl ketone, and 
vanillic acid is evidence that the lignin is not altered extensively[l2]. Also, the presence of only 
trace levels of phenols, cresols, and catechols in the buried log is evidence for unaltered lignin. 

The lesser quantities of methoxyphenols having the 3-carbon side chain, relative to the 
other methoxyphenols, in the Cretaceous lignitic wood samples, compared to the modern buried 
cedar, are an indication that the lignin in the Cretaceous samples has been altered significantly. 
For example, the ratio of peak intensities, for guaiacol/--isoeugenol, is 1.3 for the modern 
buried cedar, whereas the Cretaceous lignitic samples have values that range from 4.8 to 11. 
This more than five-fold increase in the ratio is indicative of the fact that the lignin molecules in 
the lignitic woods are altered at the side-chain sites. 

Although the lignin-derived methoxyphenols are important components of the pyrolysis of 
Cretaceous lignitic wood samples, phenols, catechols, and methylated phenols are equally 
important. The ratio of phenols+catechols to methoxyphenols ranges from 1.0 to 4.9 in the lignitic 
woods. In the buried cedar, this ratio is 0.10, indicative of the fact that lignin-derived 
methoxyphenols are the principal constituents and the phenols and catechols, the products of 
altered lignin, are subordinate. Sigleo[7] suggested that phenols, cresols, and catechols in 
pyrolysis products of 200-million-year-old petrified wood are derived from altered lignin. We 
support this conclusion, primarily because lignin is the most likely source of phenols in the lignitic 

Analytical pyrolysis of gymnospermous lignin that is minimally altered has been shown to 
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woods and because of the abundance of lignin-derived methoxyphenols which are co-produced 
during pyrolysis. 

The pyrolysis data for the lignitic wood from the Moscow Basin are shown in Figure 3. The 
major pyrolysis products are alkylbenzenes, but phenol and alkylphenols comprise major peaks in 
the pyrogram (Figure 3a). Only a trace of methoxyphenol (Figure 3b) and methylmethoxyphenol 
(Figure 3c) could be detected in the sample. However, the trace presence of these two 
methoxyphenols is clear indication that lignin-like material was present in the wood and that only 
a trace of it remains, albeit in a highly altered form. Thus, the presence of the methoxyphenols in 
pyrolysis products indicates that lignin-derived components have survived for approximately 300 
million years. It is interesting that three isomers of methoxyphenol can be detected in the 
selected ion trace of m/z 124 (Figure 3b). That these specific peaks were indeed methoxyphenols 
was determined by retention times and by examination of the fragment ions at m/z 109 and 81. 
Similarly, the verification of the presence of methylmethoxyphenol was made by retention time 
and by examination of fragment ions at m/z 123 and 95. Only one isomer of 
methylmethoxyphenol was detected (Figure 3c) and its retention time on the column corresponds 
to that of 4-methylguaiacol. Direct comparison of mass spectra to library spectra of authentic 
methoxyphenols was not possible due to the trace quantities and the complexity of the pyrolysis 
mixture in the retention-time windows for elution of the methoxyphenols. 

Phenol, the cresol isomers, and the dimethylphenols, major pyrolysis products in the 
Moscow wood sample, are probably also derived from lignin precursors that have been altered 
through coalification reactions. Hatcher gt aJ.[5] have shown that an increase is observed in the 
relative proportion of phenols and cresols as rank of coalified wood sampes increases to 
subbituminous coal. Comparing the pyrolysis products from the Moscow wood to other coalified 
wood samples of Hatcher et aJ.[5] allows us to deduce that the Moscow wood is more similar to 
coalified wood of subbituminous rank than it is of coalified wood of lignite rank, assuming that its 
lignin was originally similar to lignin in Cretaceous or younger woods. 

CONCLUSIONS 

The analysis of lignitic woods by analytical pyrolysis has shown that lignin structural units 
can be preserved as biomarkers in samples as old as Carboniferous age, or approximately 300 
million years. At least half or more of the pyrolysis products in lignitic wood of Cretaceous age 
are methoxyphenols characteristic of lignin. The product distributions in these Cretaceous samples 
indicate that the lignin is mainly altered in the side chains. Phenols, cresols, catechols, and other 
methylated phenols account for the remainder of the pyrolysis products. It is likely that these 
products are also derived from lignin, especially lignin that has been altered by coalification 
reactions. 
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M a g o t h y  Ligni te  12. 4-Vinylguaiacol 
13. Eugenol 
14. cis-lsoeugenol 
15. transisoeugenol 
16. Vanillin 
17. Acetguaiacone 
18. Vanillic Acid 
19. Coniferaldehyde 
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F i g u r e  1. P y r o l y s i s - g a s  chromatography of two C r e t a c e o u s  l i g n i t i c  wood samples .  
Numbers above  t h e  peaks  r e f e r  t o  i d e n t i f i e d  p y r o l y s i s  p r o d u c t s  l i s t e d  
t o  t h e  r i g h t .  
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F i g u r e  2. P y r o l y s i s - g a s  chromatography of A t l a n t i c  White Cedar from t h e  D i s m a l  
Swamp, VA. Numbers above t h e  p e a k s  r e f e r  t o  i d e n t i f i e d  p y r o l y s i s  
p r o d u c t s  l i s t e d  t o  t h e  r i g h t .  
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REACTIVITY AND REACTIONS OF SOUE AUSTRALIAN BROWN COALS 

R.B. Johns  and A.G. Pandol fo  

Department  o f  Organic  Chemis t ry ,  U n i v e r s i t y  o f  Melbourne, 
P a r k v i l l e .  V i c t o r i a ,  A u s t r a l i a  3 0 5 2 .  

The brown c o a l  seams s i t u a t e d  i n  t h e  L a t r o b e  V a l l e y ,  
V i c t o r i a ,  A u s t r a l i a  a r e  known t o  d e r i v e  p r e d o m i n a n t l y  f rom a 
h igher  p l a n t  i n p u t  (1) and r e p r e s e n t  a p p r o x i m d d y  25% of  t h e  
world 's  s u p p l y  o f  brown c o a l  ( 2 ) .  The c o a l s  occur  i n  f i v e  major 
l i t h o t y p e s  whose c h e m i c a l  composi t ion  v a r y  from one a n o t h e r  a s  
i l l u s t r a t e d  i n  F i g u r e  1. 

F i g u r e  1. S t r u c t u r a l  Parameters  as a F u n c t i o n  o f  L i t h o t y p e s  ( 3 )  
higher p l a n t  
wax derived 

Evidence IR.SS IR.SS IR.Py IR.SS IR.SS Py.Ex Ex El Py.RE 

IR = Infrared; Py = Pyrolysis/GC; SS = Solid S ta te  C -NMR; 
Fn = Functional group analyses; Ex = Extractable components; 
E l  = Elemental analyses; RE = Rock-Eval; Pr = Proximate analyses .  

Fn Pr 
13 

SS Fn 

The h i g h  w a t e r  c o n t e n t  of V i c t o r i a n  brown c o a l s  a t  
a p p r o x i m a t e l y  60% is  c h a r a c t e r i s t i c  of  t h e s e  c o a l s  b u t  its removal 
has  proved  e c o n o m i c a l l y  d isadvantageous .  It has  r e c e n t l y  proved 
p o s s i b l e ,  however ,  t o  reduce  t h e  water  c o n t e n t  t o  a p p r o x i m a t e l y  
10% i n  a p r o c e s s  of d e n s i f i c a t i o n  ( 4 )  which is under p a t e n t  
p r o t e c t i o n  ( 5 ) .  The d e n s i f i e d  brown c o a l  (DBC) produced compares 
f a v o u r a b l y i n  i t s  N e t  W e t  S p e c i f i c  E n e r g y  w i t h  a b l a c k  c o a l  and 
r e t a i n s  a l l  t h e  o t h e r  gross c h a r a c t e r i s t i c s  of t h e  raw brown c o a l .  

The s c h e m e  of  p r o d u c t i o n  o f  a DBC is shown i n  F i g u r e  2 ( 4 )  w h i l s t  
F i g u r e  3 i l l u s t r a t e s  t h e  loss of  m o i s t u r e  w i t h  t i m e  a t  ambient  
t e m p e r a t u r e  and r e l a t i v e  humidi ty .  T h i s  release of  water from t h e  
p o r e s  o f  t h e  c o a l  w h i l s t  i n i t i a t e d  by t h e  a t t r i t i o n i n g  procedure  
is accompanied by c h e m i c a l  c r o s s - l i n k i n g  r e a c t i o n s  and t h e  main 
t h r u s t  o f t h i s  p a p e r  i s  t o  e x p l o r e  t h e  c h e m i c a l  a s p e c t s  o f  
d e n s i f i c a t i o n .  

D e n s i f i c a t i o n  can  a lso b e  regarded  a s  a d e w a t e r i n g  p r o c e s s .  
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Table  1. Comparison of Black and Brown C o a l s  w i t h  D e n s i f i e d  Brown 
Coal  from t h e  Morwell ( V i c )  Seam. 

Brown c o a l  Black c o a l  D e n s i f i e d  
Morwell, V i c .  Tarong. Qld. brown c o a l  

Mois ture  59% wb 
V o l a t i l e  matter 49.2% db 
Fixed carbon 48.8% db 
Ash 2 . 4 %  db  
T o t a l  suphur  0.3% db 
GSE 2 7 . 2  MJlkg daf  
NWSE 8.4 MJ/kg 
B u l k  d e n s i t y  1130 k g / m 3  

5.2% adb 15.9% adb 
2 9 . 7 %  db 48.95 db 
40.9% db 49.1% db 
2 9 . 4 %  db 2 . 4 %  db  

0 .42% db 0.3% db 
31.98 MJIkg daf  27.2 MJlkg d a f  
21.3 MJ/kg adb 22.0 MJlkg a d b  

1200-1700 k g / m 3  

wb - wet b a s i s .  adb - a i r  d r y  b a s i s .  db  - d r y  b a s i s .  daf  - d r y  a s h  
f r e e .  GSE - g r o s s  s p e c i f i c  energy  on  a d r y  a s h  f r e e  b a s i s .  
NWSE - n e t  wet s p e c i f i c  energy .  

components b u t  a re  p h y s i c a l l y  porous.  Kneading w i l l  r educe  t h e  
p a r t i c l e  s i z e  of  t h e  coal and l i b e r a t e  w a t e r  f rom t h e  p o r e  
s t r u c t u r e  forming  a s l u r r y  o r  p a s t e .  F i g u r e  4 i l l u s t r a t e s  t h e  
e f f e c t s  of kneading on t h e  changes i n  d i a m e t e r  of l O m m  p e l l e t s  on 
dry ing .  The s h i n k a g e  observed  is a consequence of  loss o f  water 
c o n t e n t  b u t  a l s o  of t h e  development  of c o n s i d e r a b l e  s t r e n g t h  i n  t h e  
p e l l e t s  a s  F i g u r e  5 i l l u s t r a t e s .  Morwell DBC p e l l e t s  can s u s t a i n  
a load  o f  280kg a t  a c r u s h  s t r e n g t h  of 35MPa. There is  a marked 
d i f f e r e n c e  between t h e  c r u s h  s t r e n g t h s  developed i n  DBC from Loy 
Yang and Morwell c o a l s  (F ig .  5 )  a l t h o u g h  p a r t i c l e  s i z e  is t h e  same 
f o r  b o t h  c o a l s .  T h i s  d i f f e r e n c e  is r e f l e c t e d  a l s o  i n  p o r o s i t i e s  
a f t e r  d e n s i f i c a t i o n  ( 3 7 %  volume p o r o s i t y  f o r  Loy Yang coal v e r s u s  
14.6% f o r  Morwell)  which a p p e a r  t o  b e  t h e  i n v e r s e  of c r u s h  
s t r e n g t h s  (5.7 f o r  Loy Yang versus 18.5 MPa f o r  Morwell) .  P e l l e t  
s h r i n k a g e  and t h e  development  of c r u s h  s t r e n g t h  w i t h  t i m e  can b e  
i n t e r p r e t e d  a s  c h e m i c a l  c r o s s - l i n k i n g  r e a c t i o n s  drawing 
microdomains t o g e t h e r  and i n  t h e  p r o c e s s  exc luding  water and 
d e n s i f y i n g .  S t rong  p e l l e t s  may develop  c r a c k s  on t h e  s u r f a c e  and 
t h e  c r u s h  s t r e n g t h s  measured r e f l e c t  t h e  p o i n t  of  g r e a t e s t  
weakness. The s h a t t e r e d  f r a g m e n t s  r e t a i n  t h e i r  s t r e n g t h  however. 

I n  s e e k i n g  t o  e x p l a i n  t h e s e  p h y s i c a l  changes  i n  terms of 
chemica l  r e a c t i o n s  it i s  u n l i k e l y  t h a t  o n l y  one class of  r e a c t i o n s  
is involved;  r a t h e r  a range  o f  c h e m i c a l  i n t e r a c t i o n s  m u s t  be 
cons idered .  I t  i s  known t h a t  V i c t o r i a n  brown c o a l s  do  c o n t a i n  
s t a b l e  f r e e  r a d i c a l s  and t h a t  as t h e  c o a l  p a r t i c l e s  are  brought  
c l o s e r  t o g e t h e r  by t h e  p h y s i c a l  kneading.  r a d i c a l  c o u p l i n g s  c o u l d  
occur  which i n c l u d e  c r o s s - l i n k i n g  r e a c t i o n s .  W e  have o f t e n  noted  
t h a t  a smal l  c r u s h  s t r e n g t h  m a x i m u m  develops  i n  t h e  e a r l y  s t a g e s  
o f a t t r i t i o n i n g  w h i c h p r o b a b l y o c c u r s  a s a  r e s u l t  o f t h i s  t y p e  o f  
bond f o r m a t i o n .  A d d i t i o n a l  forms  o f  bonding would i n v o l v e  i o n i c  
r e a c t i o n s ,  t h e  most l i k e l y  centres of  r e a c t i o n  be ing  c a r b o x y l  
groups,. p h e n o l s  and a c t i v a t e d  a r o m a t i c  sys tems.  The s t r o n g  pH 
c o n t r o l  of development  of c r u s h  s t r e n g t h  s u g g e s t s  t h a t  i o n i c  
r e a c t i o n s  are t h e  p r o b a b l e  c r o s s - l i n k i n g  r e a c t i o n s .  F i g u r e s  3 - 5 
show how d e n s i f i c a t i o n  is c o a l  dependent .  b u t  F i g u r e  1 i l lus t ra tes  
how c o m p o s i t i o n a l  d i f f e r e n c e s  w i l l  a l s o  b e  l i tho type-dependent  so 

V i c t o r i a n  brown c o a l s  are  n o t  o n l y  c h e m i c a l l y  complex i n  
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t h a t  t h e  ave raged  r e a c t i v i t i e s  of R3i4 c o a l s  i n t e g r a t e  s e v e r a l  
v a r i a b l e s .  

A domina t ing  pa rame te r  i n  t h e  c o n t r o l  of c r u s h  s t r e n g t h  (6,) 
of DBC p e l l e t s  is t h e  pH o f  t h e  raw c o a l  (F igu re  6). Coa l s  have a 
n a t u r a l  pH which may v a r y  depending u~o.? s t o r a g e  t i m e  and exposure  
t o  a i r .  The n o r e  a c i d i c  t h e  c o a l ,  t h e  smaller t h e  c r u s h  s t r e n g t h  
o f  t h e  DBC. However, b a s i c  a d d i t i v e s  can  r a i s e  t h e  c r u s h  
s t r m g t h s  a s  i l l u s t r a t e d  f o r  NaHCO a s  an  a d d i t i v e  t o  Loy Yang 
c o a l  ( F i g u r e  6 ) .  Loy Yang i s  a n a t u r a l l y  a c i d i c  c o a l  (pH 3.2) b u t  
shows s d r s i n a t i c  change i n  & w i t h  i n c r e a s e  o f  pH. N a O H .  a s t r o n g  
base ,  when used  as  a n  a d d i t i v e  g i v e s  a DBC showing a maximurn 6, a t  
agprox ima te ly  2 H  6 .  T h i s  i s  c l o s e  t o  t h e  pH ( 5 . 3 )  de te rmined  f o r  
R3M Morwell  c o a l  and t h u s  e x p l a i n s  why a s t r o n g  base  a d d i t i v e  does  
no t  u s e f u l l y  improve  its per formance  d u r i n g  d e n s i f i c a t i o n .  

C l e a r l y ,  ( i )  t h e  0 - / G H  and COO-/C03H r a t i o s  i n  t h e  brown 
c o a l s ,  ( ii) t h e  a b s o l u t e  abundances o f  t h e s e  f u c t i o n s l  groups.  and 
(iii) t h e i r  s e n s i t i v i t y  t o  pH a r e  major  c o n t r o l l i n g  f a c t o r s  i n  
de t e rmin ing  c r u s h  s t r e n g t h .  I n  t u r n  t h e s e  oxygen f u n c t i o n a l  
groups  c a n  b e  expec ted  t o  i n t e r a c t  by s u b s t i t u t i n g  i n  a c t i v a t e d  
a r o m a t i c  s y s t e m s  i n  t h e  c o a l .  Again, 2 H  w i l l  be  i m p o r t a n t  i n  
f a c i l i t a t i n g  s u c h  i n t s r a c t i o n s .  The molecu la r  comGlexi ty  of t h e  
l i k e l y  r e a c t i o n s  w i l l  mean t h a t  a t  b e s t  a range  o n l y  o f  r e a c t i o n s  
and r e a c t i v i t i e s  w i l l  b e  observed .  Given t h a t  oxygen 
f u n c t i o n a l i t i e s  can  be expec ted  t o  p l a y  a s i g n i f i c a n t  r o l e  i n  
d e n s i f i c a t i o n ,  one p robe  would be t o  s e q u e s t e r  a c i d i c  hydroxyl  
g rouas  and  o b s e r v e  t h e  e f f e c t  on c r u s h  s t r e n g t h s  on d e n s i f i c a t i o n .  

i 4e thy la t ion  of brown c o a l s  us ing  te t rabuty lammonium 
hydrox ide / rne thy l iod ide  as t h e  me thy la t ing  agen t  h a s  an 
advantage  t h a t  it s w e l l s  t h e  c o a l  and u t i l i s e s  t h e  wa te r  Already 
i n h e r e n t  i n  t h e  c o a l .  X e t h y l a t i o n  a f f e c t s  d e n s i f i c a t i o n  i n  tiqo 
ways: f i r s t ,  t h e  DBC formed i s  weak (Tab le  2 ) .  By removing many 
o f  t h e  a c i d i c  OH g roups  th rough  m e t h y l a t i o n  t h e y  a r e  unab le  t o  
form new c h e m i c a l  bonds,  s l t h o u 3 h  some a c t i v a t i o n  o f  t h e  a t t a c h e d  
r i n g  sys t ems  by methoxy s u b s t i t u e n t s  w i l l  be r e t a i n z d .  
va lues  r e c o r d e d  can  Se  i n t e r p r e t e d  a s  a consequence  o f  t h e  
i n h i b i t i o n  o f  t h e  i n t e r m o l e c u l a r  bonding between p a r t i c l e  
s u r f a c e s .  The second o b s e r v a t i o n  was t h a t  t h e  p a s t e  produced on 
kneading was v e r y  a o i s t  indeed  and consequen t ly  g e n e r a t e s  ve ry  
l i t t l e  p l a s t i c  s t r e n g t h .  Methyla ted  c o a l  had l o s t  most o f  its 
c a p a c i t y  t o  ho ld  wa te r  i n  i t s  pores  presumably  because  o f  t h e  
r e d u c t i o n  i n  H-bonds t o  oxygen groups  i n  p o r e  wal l  s u r f a c e s .  

on ex tended  d r y i n g  w e  b e l i e v e  t o  b e  r e a l  and p robab ly  resu l t s  f rom 
dec reased  H-bonding. T h i s  o b s e r v a t i o n  a s  w e l l  as t h o s e  c i t e d  
above are c o n s i s t a n t  w i t h  our  hypo thes i s  t h a t  c r o s s - l i n k i n g  
chemica l  r e a c t i o n s  invo lv ing  a c i d i c  hydroxy l s  and a c t i v a t e d  
a r o m a t i s e d  r i n g  sys t ems  a r e  invo lved  i n  t h e  development o f  
microdomains be tween c o a l  p a r t i c l e s .  
involved  i n  t h e  deve lopment  o f  t h e  macrodomain s t r e n g t h  i n  
a d d i t i o n  t o  compact ion  as a p h y s i c a l  p r o c e s s  and H-bonding by t h e  
r e s i d u a l  w a t e r  molecu le s ,  some of which w i l l  occupy pore  space  i n  
t h e  macrodomains. 

The l o w Q  

The d e c r e a s e  i n  c r u s h  s t r e n g t h  maximum of  t h e  DBC (F igure  5 )  

They a r e  a l s o  p r i m a r i l y  

V i c t o r i a n  brown c o a l s  can  be f r a c t i o n a t e d  i n t o  So lven t  
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S o l u b l e  E x t r a c t s  (SSE), Humic Acids  (HA) and a Kerogen ( K )  r e s i d u e  
(6). These a r e  l i t h o t y p e  dependent  i n  c o n c e n t r a t i o n  hence ROM 
c o a l s  w i l l  be v a r i a b l e  a l s o  i n  t h e  r e l a t i v e  composi t ion  o f  
f u n c t i o n a l  groups r e a c t i v e  i n  d e n s i f i c a t i o n .  SSE have h i g h  H/C 
r a t i o s  ( 7 )  b u t  do c o n t a i n  some a c i d i c  components. These l a t t e r  
could  b e  involved  i n  domain development  b u t  on f i r s t  p r i n c i p l e s  HA 
and K f r a c t i o n s  may b e  expec ted  t o  p r o v i d e  good s u b s t r a t e s  f o r  
c r o s s - l i n k i n g .  Indeed humic a c i d s  have Deen i m p l i c a t e d  i n  t h e  
f o r m a t i o n  o f  S o l a r  Dried Coal ( 8 ) .  I n  our  tes ts  n e i t h e r  HA or  K 
a d d i t i v e s  enhanced t h e  c r u s h  s t r e n g t h s  d e r i v e d  from LY DBC. The 
c o m p l i c a t i o n  of  pH, a s  y e t  u n r e s o l v e d ,  c l o u d s  tne i n t e r p r e t a t i o n  
however, s i n c e  HA a d d i t i v e s  a r e  a c i d i c  i n  n a t u r e  and lower  t h e  pH 
of t h e  raw c o a l  feed .  Low pH c o a l s  do n o t  deve lop  a s i g n i f i c a n t  
c r u s h  s t r e n g t h  i n  g e n e r a l ,  nor  i n  t h e  p a r t i c u l a r .  a s  shown i n  T a b l e  
2 f o r  L O Y  Yang c o a l .  

Table  2 .  E f f e c t s  o f  Kerogen and Eumic Acid A d d i t i v e s  on D e n s i f i c a t i o n .  

C o a l  A d d i t i v e  pE Crush  S t r e n g t h  (ma) 
Loy Yang ROM None 3 . 9  6 . 8  

2 5 %  Kerogen 4.3 8 . 3  
NaHC03 , 4 . 9  1 6 . 1  
20% H u m i c  a c i d  3.5 5 . 8  
2 0 %  HA + N a O H  5 . 9  1 8 . 1  

D e n s i f i c a t i o n  o f f e r s  an advantage  i n  t h a t  it r e a d i l y  a l l o w s  
t h e  f o r m a t i o n  of a moulded c o a l  b u t  i m p o r t a n t l y  t h e  g r o s s  
c h a r a c t e r i s t i c s  of DBC a r e  s t i l l  t n o s e  of t h e  ROM c o a l  (Table  2 ) .  
F i g u r e  7 e x e m p l i f i e s  t h i s  well i n  t h a t  t h e  pyrograms f o r  Loy Yang 
ROM and DBC a r e  v e r y  s i m i l a r .  Thermal d e s o r p t i o n  of  brown c o a l  a t  
35OoC r e l e a s e s  p r i m a r i l y  t r i t e r p e n o i d  components which a r e  
v i r t u a l l y  l a c k i n g  i n  t h e  600°C pyrogram. 
DBC w i t h  a base  a d d i t i v e ,  however, g i v e s  a s i g n i f i c a n t l y  lowered  
y i e l d  of t r i t e r p e n o i d s  and s u g g e s t s  t h a t  components can b e  
c h e m i c a l l y  i n c o r p o r a t e d  i n t o  t h e  DBC by t h i s  p r o c e s s ,  once a g a i n  
i m p l i c a t i n g  oxygenated f u n c t i o n a l  g r o u p s  i n  d e n s i f i c a t i o n .  
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ROLE OF PYRITE DURING THE THERMAL DEGRADATION OF gBROGEN 
USING IN-SITU HIGH TEMPERATURE ESR TECHNIQUE 

BY 

M. Bakr', M. Akiyama', T. Yokono' and Y. Sanada' 

Metals Research Institute, Faculty of Eneineerine' , 2  and Geology 
and Mineralogy Department, Faculty of Science , Hokkaido 

University, Sapporo, 060 Japan 

INTRODUCTION 

Thermal maturation of kerogen in sedimentary rocks has been 

studied extensively with the intent of better understanding the 

generation and accumulation of oil and gas (1, 2 ) .  The influence 

of mineral matrices on kerogen during thermal maturation has also 

been studied. The available in literatures have shown that the 

role of catalysis in pyrolysis reactions have been directed 

towards using minerals, such as kaolinite, montmorillonite and 

calcite (3-7). Analytical techniques applied in these studies did 

not included in-situ ESR spectroscopy. Moreover, the relationship 

between pyrite and kerogen has received no attention considering 

a possible catalytic role of pyrite on the thermal degradation of 

kerogen. The genetic relationship between pyrite and kerogen, in 

addition to the evidence that pyrite whether indigenous o r  added, 

enhances coal conversion and improves product quality under 

hydroliquefaction conditions (8-11) makes one wonder whether 

pyrite also plays a role in kerogen maturation. In this work, in- 

situ ESR studies between room temperature and 700 OC on the 

pyrolysis of kerogen in the presence and absence of added pyrite 
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are reported. 

EXPERIMENTAL 

Samples studied here include lignin, natural and artificial 

kerogen. Lignin is a pure reagent supplied from Tokyo Kashei 

Kogyo. Natural kerogen samples were taken from the MITI-Hamayuchi 

borehole and Oashizawa outcrops in Japan. Artificial kerogen was 

prepared from a mixture of glucose and casein (12). Pyrite is a 

reagent supplied from CERAC, Inc., and was checked with X-ray 

diffraction and Mossbauer spectroscopy before use. Procedures of 

Kerogen demineralization and extraction with organic solvents, 

have been discussed previously (13). The procedure of in-situ 

high temperature ESR measurements of kerogens has been described 

elsewhere (14). Since pyrite cannot be fully removed without 

specific alteration of kerogen structure, no attempts have been 

made to remove pyrite from the natural kerogen under 

investigation. Therefore the role of the indigenous pyrite cannot 

be justified in this study, and discussion will be focused on the 

added pyrite. To check the catalytic effect of added pyrite on 

the formation of free radicals, lignin and artificial kerogen as 

pyrite free materials were tested with and without addition of 

pyrite. 

RESULTS AND DISCUSSION 

Fig. 1 shows the temperature dependence of radical 

concentration for lignin with and without addition of pyrite. 

There are two significant points that should be mentioned: 

( 1 )  the maximum value of spin concentration for pyrite-lignin 

system is larger than that o f  the lignin one. ( 2 )  pyrite speeds 

up the process of radical formation, where the maximum value of 

spin concentration of the lignin-pyrite system is shifted 

significantly to lower temperature, from 575 OC to 550 OC. 
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In Fig. 2, the temperature dependence of radical 

concentration for artificial kerogen alone and the same kerogen 

with 10% FeS2 is illustrated. The main effects of pyrite on the 

thermal decomposition of kerogen are manifested by: 

1. A drastic enhancement in radical concentration that starts 

from 225 OC and proceeds throughout the course of pyrolysis. 

This enhancement becomes intensive at 450 OC (the, temperature of 

R3) and drops after that. 2. Speeding up the process of 

pyrolysis. This catses shift of the ESR maxima (R1 and R3) and 

ESR minimum ( R  ) to lower temperatures. Lowering in temperatures 

was measured as 25 OC for both R1 and R2, and 50 OC for R3. 
2 

Using the in-situ ESR technique, it has been shown that 

kerogen maturity and hydrocarbon generation are linked to an 

extent to that of free radicals therein (15). Fig. 3 demonstrates 

the temperature dependence of radical concentration for kerogen 

from Oashizawa outcrops with and without addition of pyrite (10% 

and 30% FeS2). In the 10% FeS2 system, enhancement of radical 

concentration starts at 275 OC and continues throughout 

pyrolysis. As for the 30% FeS2 system, the observed enhancement 

of the radical concentration starts earlier at 200 OC and becomes 

more pronounced than that in 10% FeS2. Pyrite accelerates the 

process of radical formation in kerogen. This is manifested by 

shifting the temperature of the maximum value of radical 

concentration to lower temperature when pyrite was added. The 

larger the amount of pyrite is used, the more the shift in the 

temperature of the ESR maximum can be observed. This shift in 

temperature follows the sequence kerogen-30% FeS2 > kerogen-10% 
FeS2 > kerogen. 

Five kerogen samples from MITI-Hamayuchi borehole were mixed 

with 10 and 30% FeS2 and examined by ESR. These samples ranges in 
634 
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depth from 9 0 4  to 4 4 9 9  meters, and covers the diagenesis and 

beginning of catagenesis. The temperature dependence of radical 

concentration for Hamayuchi kerogens in the presence and absence 

of pyrite as an additive is shown in Figs. 4 and 5 for the 

shallowest (No. 1) and deepest (No.  5) sample, respectively. 

Pyrite in the diagenesis stage. This stage is represented by 

two samples (Nos. 1 and 2). In sample No. 1 (Fig. 4 ) ,  the free 

radical concentration markedly increases in the presence of 10% 

FeS2 than in the case when kerogen was pyrolyzed without the 

additive. When 30% FeS2 was used, an incremental enhancement in 

reactivity over the 10% FeS2 was observed. The overall order of 

activity in terms of increasing spin concentration is as follows: 

kerogen-30% FeS2 system > kerogen-10% FeSZ system>kerogen alone, 

clearly indicating the strong effect of FeS2 during the pyrolysis 

of kerogen. A l s o  speeding up the process of radical formation can 

be observed as the temperature at the positions of the maximum 

values of spin concentration is shifted to lower temperature when 

pyrite was added. Similar results were obtained for sample No. 2. 

Pyrite in the catagenesis stage. The beginning of catagenesis 

is represented by three samples (Nos .  3 ,  4 and 5 ) .  Fig. 5 shows 

the results of sample No. 5. There is no noticeable change in 

spin concentration using 10% FeS2, where the spin concentration 

in kerogen alone fraction and kerogen-lO% FeS2 one is nearly the 

same. However, slight increase in spin concentration was observed 

in the presence of 30% FeSZ as is shown in Fig. 5 for sample No. 

5. This results provide evidence that the effect of pyrite in 

this stage is either small (for 30% FeSZ system) or negligible 

(for 10% FeS2 system) comparing with the diagenesis stage. 

Similar results were obtained for samples Nos. 3 and 4 .  

Decomposition of indigenouz3pyrite in kerogen. Three sets of 
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heating experiments were carried out on kerogen sample No. 1. at 

325, 315 and 450 OC in N2 atmosphere. X-ray diffraction and 

Mossbauer showed transformation of indigenous pyrite to 

pyrrhotite at 450 OC. 

Decomposition of reagent pyrite. Five sets of experiments have 

been conducted in N2 atmosphere at 250, 375, 425, 475 and 550 OC. 

The tranformation of pyrite to pyrrhotite was commenced at 25OoC. 

This transformation process becomes more significant as the 

temperature increases to 550 OC. Thus it is evident that the 

large enhancement in radical concentration observed in the 

lignin-pyrite system (Fig. l), artificial kerogen-pyrite system 

(Fig. 2) and natural kerogen-pyrite systems (Figs. 3 and 4) is 

consistent with the conversion of pyrite to pyrrhotite. The 

increase in radical concentration with FeS2, may be attributed to 

the nascent sulfur produced during the process of conversion of 

pyrite to pyrrhotite. The pyritic sulfur is a strong hydrogen 

acceptor, where it may abstracts hydrogen from kerogen via a 

free radical process. This process of radical formation may takes 

place as follows: 

FeS2 -- Fel-xS .t S 

pyrite pyrrhotite 

S t RH = HS. t R. 

ns. t RH - H ~ S  t R. 

The enhancement of free radical formation via hydrogen transfer 

from kerogen (as a hydrogen donor) to sulfur (as a hydrogen 

acceptor) is illustrated in Fig. 6 .  Clearly, S is acting as a 

catalyst for generation of radicals in kerogen at these 

conditions. It should be noted that similar enhancement of 

radical formation by the catalytic effect of pyritic sulfur have 

been observed for coal (15). 

f R =  kerogen) 
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\ 
Hydrocarbon generation and the role of pyrite. Hydrogen and 

carbon atoms crack from kerogen to form petroleum. This cracking 

process proceeds via free radicals formation. The more hydrogen a 

kerogen contains, the more hydrocarbon it can yields during 

cracking, and the more activity of pyrite can be observed. With 

increasing burial depth in Hamayuchi samples, the aliphatic 

hydrocarbons decrease. FT-IR data shows that the intensity of the 
- 1  aliphatic portion of kerogen carbon (CH) between 3000-2700 cm 

in sample No.1 is larger than that in sample No. 5 .  Elemental 

analysis also shows that sample No. 1 is richer in hydrogen than 

sample No.5. This may be the reason responsible for the 

activity of pyrite in sample No. 1. 

CONCLUSION 

Based on the data presented in this study, pyrite acts 

indirectly as a catalytic agent via sulfur. Pyritic sulfur 

enhances the formation of free radicals which may reflects 

enhancement in the hydrocarbon generation. 

100 100 SO0 400 eo0 eo0 700  
Tbmpereture (%I 

Temperature (%) 
PIlure 1. The temperature dependenoe of 

r a d l o d  Oomoentration of lilnln in the 

presence .nd aheaoe of FenP. 

Pilure 2 .  The temperature dependence of 

radloal conoentration of artifioial 

terosen In t h e  premen08 and abmsnoe of Pea2. 
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Minerals and Inorganics Associated with South Australian Lignites 

Keith B. Quast and David J. Readett 

Metallurgy Department, S.A. Institute of Technology, 
The Levels, South Australia 5095, Australia 

INTRODUCTION 

South Australia is endowed with considerable reserves of low rank Permian to Jurassic 
sub-bituminous coal and Tertiary lignite. A number of these occurrences have been 
evaluated since the mid 1970's to assess their suitability for power generation. Of the 
lignites, the Bowmans (1,600 Mt) and Lochiel (580 Mt) deposits from the Northern St. 
Vincent Basin have been the subject of extensive research. Both these lignites contain in 
excess of 50% moisture and very high Na, C1, and S contents, all of which create problems 
for any subsequent utilization. Combustion trials on both Bowmans and Lochiel lignites 
have been conducted as well as pilot scale gasification and circulating fluidized bed 
combustion tests. As a consequence of this work it has been realised that the non- 
carbonaceous component of the lignite presents major technical and economic problems. 

In the light of this, an extensive research program has been conducted at the S.A. Institute 
of Technology to determine both the minerals and inorganics present and their 
distribution in South Australian lignites. A major part of this project was the 
development of techniques to enable the analysis of minerals using Scanning Electron 
Microscopy (SEM) with Back Scattered Electron (BSE) imaging, Energy Dispersive X-Ray 
Spectrography (EDS), X-Ray Diffraction (XRD) and mechanical dewatering to extract water 
for subsequent analysis. 

LITERATURE REVIEW 

The occurrence of non-carbonaceous material in coals has been the subject of much 
research, especially in relation to its effect on utilization and ash formation ((1)-(7)). In 
contrast to high rank coals where the coal mineral matter represents the total non- 
carbonaceous fraction, the low rank coals have two categories of non-carbonaceous 
material : minerals (discrete particles e.g. quartz, marcasite, clays, etc) and inorganics 
(water soluble salts and exchangeable ions e.g. NaCl, Na2S04, AI3+, etc.) ((8), (9)). 

Much of the literature published on minerals is based on high rank coals, but can be 
related to low rank coals ((10)). In general, the silicate minerals represent the major 
component of the minerals contained in coal. The most common analytical methods for 
mineral characterisation and analysis are listed in Harvey and Ruch (11) and covered in 
detail in the "Analytical Methods for Coal and Coal Products" series (12). 

The majority of the early studies on inorganics was based on the determination of the 
chloride content, its mode of occurrence, and why it was present (13). It is only in more 
recent years with the increase in low rank coal utilization where the inorganics have a 
considerable economic impact that detailed research on inorganics has been undertaken 
((9), ((14)-(17)). This work indicates that the inorganics in low rank coals exist in  two 
forms: as free ions present in the water assodated with the coal and as cations exchanged 
on to the surface functional groups of the coal. Analysis of the inorganics is most 
commonly done using leaching to extract the inorganics, followed by Atomic Absorption 
techniques for cations and standard chemical analysis for anions. 
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Samples 

Typical analyses of the four South Australian lignites are given in Table 1. 
ranked as Lignite B on the ASTM system. 

They are 

Moisture 
Higher Heat Value 
(wet basis)(MJ/kg) 
% Ash (db) 
% Vol. Matter (db) 
% Sulphur (db) 
% Sodium (db) 
% Chlorine (db) 
Ultimate Analvsis 
% C  
% H  
% N  
% O  

Table 1 South Australian Limites* 

Bowmans Lochiel 
56 61 

10.6 9.1 
14 16 
46.7 49.9 
5.0 2.8 
1.55 0.95 
1.5 0.5 

59.7 57.8 

Sedan 
59 

9.1 
20 
43.9 
5.5 
0.60 
0.25 

54.7 
3.9 4.7 4.1 
0.4 0.6 0.5 
17.0 18.2 15.0 

Kingston 
53 

10.6 
15 
46.9 
2.9 
0.85 
0.15 

59.2 
4.1 
0.6 
18.3 

* Data from the Electricity Trust of South Australia 

TECHNIOUES USED IN THIS STUDY 

SEM-BSE /SEM-EDS 

A Cambridge Stereoscan 100 Scanning Electron Microscope with a KEVEX Energy 
Dispersive Spectrography unit was used in all the experimental work. In order to ensure 
optimum conditions for the analysis, it was necessary for the lignite samples to be in the 
form of a polished section. Lignite samples were crushed to all passing 2mm and allowed 
to air equilibrate at 2 O O C  for 2 days. These partially dried samples were then impregnated 
with epoxy resin. After the resin had set, each sample was polished using diamond paste 
and kerosene as a lubricant. Prior to viewing under the SEM, each polished section was 
coated with a fine layer of amorphous carbon using a vacuum arc coater to ensure 
adequate electrical conductivity to prevent charging. 

To enable detection of fine mineral particles, (<20km) back-scattered electron imaging was 
used. Once the minerals were detected, the EDS was used for analysis. Selected lignite 
particles were scanned to determine the distribution of minerals. Mineral types were then 
differentiated by variation in back scatter intensity and identified using the EDS. The 
relative proportions (major, minor) and size distributions of the minerals were recorded. 
The overall surface of the polished section was viewed and "massive" minerals were 
analyzed and their distribution and size recorded. 

Inorganic analysis was conducted in conjunction with the mineral analysis. Particles 
analyzed previously for mineral content were analyzed for their inorganic content, and an 
overall analysis conducted. The resultant EDS spectra output was fed into a spreadsheet 
software package which was adapted by the authors to allow the calculation of a 
quantitative elemental analysis. 
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X-Rav Diffraction 

Lignite samples were predried at 105OC for 2 hours to remove the water which is a major 
impurity component, hence its removal in effect concentrates the mineral species. After 
drying, the samples were crushed using a mortar and pestle until all passing 75pm. The 
dried lignite powder was then mounted in a standard aluminium mounting plate and 
placed in a Philips X-ray Diffractometer with aRigaku power source. A Co X-ray tube was 
used to suppress fluorescence of any elemental species. The resultant diffraction pattern 
was resolved using the JCPDS Fink and Hanawalt Indexes. 

Standard procedures using leaching for determining inorganic species in low rank coals 
are well established. The procedures adopted for this study are given below. All lignite 
samples were crushed finer than lmm and dried at 105OC for 2 hours. Samples weighing 
2g were mixed with lOOml of distilled water and agitated for 1 hour. The resultant slurry 
was filtered and analyzed. The amounts of water soluble inorganics were calculated on a 
dry coal basis. For the acid extraction, l O O m l  distilled water and 15ml concentrated A.R. 
nitric acid were added, and the slurry boiled and simmered for 1 hour on a hot plate. The 
resultant slurry was filtered and analyzed to allow total inorganics present in the sample 
to be calculated. 

Mechanical Dewatering 

The analysis of water soluble inorganics present in the lignites can be calculated from the 
analysis of water contacted with the lignite as described above. It is uncertain whether 
water leaching induces any chemical charges (e.g. dissociation of ions from the surfaces of 
lignite or minerals, etc.). It was therefore consdered that a more appropriate means of 
determining the analysis of water soluble inorganics would be to remove the water from 
the lignite by mechanical means. Design of equipment capable of mechanically 
dewatering lignites was obtained from the Grank Forks Energy Technology Centre and 
CSIRO. Using these designs as a basis, a mechanical press was constructed. The basic 
criterion for design was that it would dewater a sufficiently large sample of lignite to 
obtain a suitable volume of water for subsequent analysis. 

All the lignite samples were initially crushed to pass lmm and contact with the 
atmosphere was kept to a minimum. A lignite sample was placed in the die. The punch 
(which transfers the pressure from the Avery machine to the lignite) was then placed in 
the die. The lignite was then pressed against a series of water permeable screens and 
drainage plates. Under the applied pressure, water was expressed from the lignite sample 
and exited the dewatering device via the screens and drainage plates, whilst the dewatered 
lignite was retained on the screens. The expressed water was analyzed by conventional 
means. 

RESULTS 

The inorganics content of the lignite samples is given in Table 2 with the minerals and 
their distribution given in Table 3. 
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SAMPLE EXTn 

Bowmans Acid 

Press 

Lochiel 1 Acid 

Press 

Sedan Acid 
Water 
Press 

Kingston 1 Acid 

I Water 

h Water 

Water 

Ca 
0.62 
0.10 
0.08 

0.95 
0.02 
0.07 

1.59 
1.30 
0.05 

1.30 

K ME Fe 
0.05 0.83 1.06 
0.02 0.26 - 
0.01 0.26 - 

0.05 0.80 0.35 
0.02 0.04 - , 

0.01 0.21 - 

0.05 0.52 2.16 
1.12 1.19 0.02 
- 0.55 0.08 

0.12 1.19 0.02 
0.01 - 

't 

- Na 
1.86 
1.52 
0.93 

1.52 
1.33 
0.82 

0.39 
0.39 
0.23 

1.11 
0.28 

db) 
& 
0.28 
0.01 

0.28 

0.42 
0.17 
0.15 

0.27 

Acid - acid extractable inorganics 
Water - water extractable inorganics 
Press - inorganics removed by mechanical dewatering. 

Table 3 Minerals and Distribution in Lignite Samples 

SAMPLE DISTn DISTn I MINERAL SPECIES 
DENSITY 

BOWMANS 
-2+0.21mm medium even 

-0.21mm medium uneven 

LOCHIEL 1 
-2+0.21mm low uneven 

-0.21mm low uneven 

LOCHIEL 2 
-2+0.21mm medium even 

KINGSTON 1 
-2+0.21mm medium even 

-0.21mm low uneven 

sg2 
0.53- 
0.01 

0.41 
0.01 

0.68 
0.04 
0.03 

0.42 
0.01 

Major Size Range Minor Size Range 
(um) (um) 

Si -500 CaS -200 
Al, Si -500 Fe, S -200 
Al, Si -150 Cas -100 
Si -150 NaCl - 5  
FeS -150 

Si -500 Fe, S -200 
Ca. S -200 

Si -200 Fe, S -100 
Al, Si -200 

Al, Si -200 Fe, S -200 
Si -500 Ca. S - 5  

Si (acic) -20 Ca,S - 20 

Si (acic) - 20 Al, Si - 20 
Al. Si -200 Na,Al,Si -150 

Na,Al.Si -50 
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KINGSTON 2 
-2+0.21mm medium uneven 

SEDAN 
-2+0.21mm low even 

Si (acic) - 20 Na,Al,Si -200 
A1,Si -500 Fe, S -200 

-0.21mm medium uneven 

Ca, S - 20 

Si -500 Fe, S -500 
Ca, S -500 
AI, Si - 50 
Ca, S -200 Fe, S -200 

Si -150 

Key to Table 3 

Elements detected Suecies Elemental Analvsis 
Si quartz Si02* 
Si(acic) aciculx quartz Si02 
Fe, S marcasite FeSp 
Ca, S gypsum CaSOq.W20* 
NaCl halite NaCl 
Al, Si kaolinite Al203.2Si@.2H20* 
Na, Al, Si plagioclase Na20.Al203.6SiOz 

* elements detected using XRD 

DISCUSSION 

Analvtical Techniques 

The procedures developed for the analysis of the minerals and inorganics were the result 
of an extensive series of scouting tests to determine the optimum conditions for these 
specific sample types. This was then combined with general procedures for the analytical 
equipment (Le. SEM-EDS and XRD units). 

SEM-EDS 

The equipment and procedure used had several inherent problems including: 
1. Poor sensitivity of the EDS for elements of low atomic number (especially Na and 

Mg) and an inability to detect elements with atomic numbers less than 10. The 
software can derive quantitative analysis from a spectrum taking into account the 
inherent insensitivity of the EDS to those elements whose atomic numbers 
approach the detection limit. 
The detection difficulties were then accentuated by the characteristic background 
x-ray spectrum which was superimposed on the x-ray spectrum of interest. This was 
overcome by the modelling and subtraction of the background from the acquired 
x-ray spectrum. 
Preliminary tests indicated that the distribution of inorganics within a particle could 
be a function of the rate at which the lignite sample was dried. Rapid drying rates 
resulted in a concentration of inorganics in the central zone of a particle, whereas 
slow drying rates resulted in a concentration at the outer perimeter of the particle. 
To enable quantitative analysis of the inorganics it is necessary to have a known 
standard. Chemical analysis of the sample to determine the concentration of one 
species i.e. C1 or S etc. will give a suitable standard. 

2. 

3. 

4. 
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5. The analysis does not distinguish between minerals and inorganics in the lignite. 
Despite these drawbacks, it was possible to detect trends occurring in the inorganics 
associated with the lignite 

The technique of BSE images on the SEM screen was ideal for the detection of minerals in 
low rank coals. The difference in atomic number between the major components of the 
coal matrix (Le. C, H, N and 0) and the elements present in the mineral species (Le. Si, AI, 
Fe, Ca) means that the minerals fluoresce against the dark coal background. Variations in 
the BSE intensity between minerals was such that the different minerals present were also 
detectable. Using this technique, however, does in come cases make it difficult to 
differentiate between quartz and clay (kaolinite) just from a BSE image. 

This pioblem can be overcome to an extent by differentiating between the actual crystal 
structure which is apparent between quartz, clay and other minerals. 
A secondary problem occurs as the low density of the coal matrix allows for a beam 
penetration to a depth of approximately 10pm. This means that the BSE image represents 
a surface volume rather than just a plane. Minerals which are subsurface are therefore 
visible, however there intensity is diminished (e.g. subsurface marcasite can have a 
similar BSE intensity to clay on the surface). 

Analysis of the minerals detected using SEM-EDS was effective with simple minerals, 
however, determination of clay types was diffucult and it was not possible to determine 
whether a mineral species was anhydrous or hydrated. 

XRD 
The limitation of an SEM-EDS analysis of minerals is that it cannot characterise the crystal 
structure of the minerals present. As a result it is difficult to determine some mineral 
types i.e. 

1. differentiating clay types 
2. 
3. 

XRD allows the determination of the actual mineral species present. The bulk coal 
samples resulted in an x-ray pattern with a high background due to the coal matrix. The 
major mineral species were easily determined however, the minor species could not be 
detected. As with the SEM-BSE analysis, interpretation of results in a quantitative 
manner (in relation to the coal) is difficult. The major mineral species detected were 
quartz, kaolinite, gypsum (CaS042H20) and marcasite (FeS2). 

Minor mineral species were not detected as their concentration in the samples was below 
the detection limits for XRD. 

Leaching 

The limitation of water leaching is that some species which are not soluble within the coal 
sample may dissociate on leaching. For the acid leaching, a major problem arises from the 
dissolution of mineral species. This means that both cations exchanged onto the surface 
are removed as well as ions from the minerals and it is not possible to determine the 
amount of ions related to the two different environments. 

Mechanical Dewatering 

The design of the mechanical dewatering press is such that there is a limit to the pressure 
under which the lignite is subjected. The dewatering pressure is one of the major factors 
determining the extraction of water, and a suitalbe sample of mechanically removed water 

whether the presence of Fe and S is indicative of pyrite, marcasite or FeSO4. 
minerals which have anhydrous and hydrated forms. 
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could not be obtained from the Kingston sample. Overall the technique was successful 
and several good water samples were obtained from the Bowmans, Lochiel and Sedan 
samples. 

Data Obtained on South Australian Lignites 

Inoreanics 

The inorganics analysis given in Table 2 show that all of the South Australian lignites 
have high Na, C1 and S contents. The Bowmans lignite has the highest Na and C1 levels 
of 1.86% and 1.98% respectively. 

In general the water soluble inorganics consist of predominantly Na, C1 and S (as sod') 
with lesser amounts of Ca and Mg. The Bowmans and Lochiel lignites, both from the St. 
Vincents Basin, have very high Na, C1 and S as a consequence of the saline environment 
in this region. The Sedan lignite in contrast has very high Ca and Mg concentrations (1.3 
and 1.19% respectively). The Kingston lignite exhibits a relatively low concentration of 
water soluble inorganics. 

Acid leaching results give an indication of the total inorganics present in the coals, 
including: 
- water soluble ions; 
- 
- 
- 
The water soluble component is easily differentiated, however the other three are not. 
For the Bowmans, Lochiel and Sedan lignites the acid soluble components (i.e. total 
inorganics - water soluble inorganics) are predominantly cations (Na, Mg, Ca, A1 and Fe) 
which are exchanged onto the lignite surface. In contrast, for Kingston lignite which ahs 
the highest acid soluble component, inorganics are (compared with the water soluble 
component) associated with ions associated with or exchanged in the clay minerals. 

Analysis of the mechanically removed water showed some significant variations 
especially with respect to Na. It can be seen that for Bowmans, Lochiel and Sedan lignites, 
the Na content detected by mechanical removal of water is noticably less than that for the 
water soluble Na. This aspect of the occurrence and distribution of Na (and C1) within 
these samples was discussed in detail in a paper presented by the authors recently (17). 
The distribution of Na was found to be a function of the high negative surface charge of 
the coal surface resulting in adsorption of Na at this surface. 

Minerals 

All of the samples analysed showed, as expected, that the major mineral species were 
quartz and kaolinite (syngenetic), marcasite and gypsum (epigenetic). In general the 
quartz was present in two distinct size ranges: 500pm and 50pm. 

One major variation was noted in the two Kingston samples where the majority of the 
quartz was acicular in form and -20pm in size. The size distribution of the kaolinite was 
quite variable and again the Kingston sample differed in that most of the kaolinite had Na 
associated with it. Marcasite was commonly present as an intimately associated impurity 
within the coal and in many cases it had replaced the original coal structure 
(psuedomorphing). The gypsum was present mainly in the -20pm size range. Overall the 
mineral matter content of the lignites was in the order of 5-10% (i.e. a medium 
distribution density). 

cations exchanged onto the surface functional groups associated with the coal; 
cations exchanged onto the clay minerals 
ions emanating from the dissolution of hydrolysis of minerals. 
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SUMMARY AND CONCLUSIONS 

Minerals and inorganics from the South Australian lignite deposits have been 
determined using both standard and specifically developed analytical techniques. 
Techniques used include SEM-BSE/SEM-EDS, XRD, leaching and mechanical dewatering. 
The inorganics within the lignite samples showed variations between deposits and within 

also exhibited major variations within and between deposits. 
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ABSTRACT 

Advances in the quantitative assessment of the association of mineral 
particles with the organic coal matrix have been made recently at the Ames 
Laboratory. In addition to routine analysis of mineral matter for 
particle size and mineral phase, coal particles are classified according 
to the mass fraction of the various minerals found in cross sections of 
the particles. Particles are also classified according to the relative 
amount of mineral matter and coal present on their surface. Examples are 
given of the resulting distributions for individual minerals showing their 
liberation, and results are related to coal recovery and ash reduction of 
the sample during cleaning. 

INTRODUCTION 

Variations in the characteristics of mineral matter in coal have a 
significant bearing on the effectiveness of removal of mineral matter 
during cleaning. The size distributions of the mineral particles play a 
significant role in determining cleanability since it is generally easier 
to remove the larger mineral particles. However, it is the association of 
mineral particles with the organic coal matrix that ultimately determines 
the cleaning potential. On occasion, certain minerals can be 
preferentially liberated and then physically removed while others remain 
associated with the coal matrix. 

is liberated from coal; it would not be economically feasible. Rather, 
coal is processed only to the extent that is necessary to comply with 
applicable environmental regulations. In this context, i t  is more 
important to know to what extent the coal and minerals are still 
associated. 

In the last few years, image analysis techniques have been adapted to 
the in-situ characterization of the association of individual minerals 
with coal. Scanning electron microscopy (SEM) is used to observe coal and 
mineral particles in cross section, energy-dispersive x-ray analysis (EDX) 
is used to determine the elemental composition of the mineral particles, 
and automated image analysis (AIA) is employed to characterize a 
sufficient number of particles for reproducibility. Such techniques have 
been in use in the mineral industry for many years (1,Z). However, the 
application of these techniques to coal has lagged, partly due to the 
inability to resolve coal particles from the mounting media. Conventional 
epoxy resins do not exhibit contrast with coal particles. 
use of carnauba wax was developed as an alternative and effective medium 
( 3 ) .  

In practice, coal is not ground to a size at which all mineral matter 

Therefore, the 

METHODOLOGY 

Two sets of coal samples were chosen to illustrate applications of 
AIA to coal processing. The first coal was a ZOO-mesh sample of Williams 
Fork Q bed coal from Moffat County, Colorado. The coal is ranked as sub- 
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bituminous A, with 15.3% moisture, 4.18% ash, and 0.45% total sulfur. The 
coal was subjected to bench-scale float-sink cleaning at 1.6 sp.gr. in a 
centrifuge. Samples of the raw coal and the float and sink fractions were 
then collected for analysis. The full procedure has been described 
extensively elsewhere (4). 
Upper Freeport coal with 1.3% moisture, 9.88% ash, and 1.56% total sulfur. 
The coal was cleaned in two separate tests by float-sink and by froth 
flotation, as described eleswhere (5). Only samples of the raw coal were 
available for A I A .  

image analysis by mixing samples of the dry coal with polyethylene powder 
(as a diluent) and molten carnauba wax. Because SEM-AIA is often used to 
explain behavior under a specific set of processing conditions, samples 
are typically prepared in the same size in which they are received. 
Pellets were then cut to expose a vertical cross section and polished 
using standard petrographic procedures. 
of carbon to provide a conductive surface. 

Samples were examined with an electron beam of 15 keV and 0.7 nA at 
magnifications of 200-500 using the backscattered electron (BSE) signal. 
Use of the BSE signal permits relatively easy differentiation of minerals 
and coal from each other and from the carnauba wax using simple brightness 
thresholds. Coal and mineral particles were characterized for area and 
perimeter. and information on the relationship of adjoining particles with 
each other was preserved in the stored data. The amount of surface for 
each particle in contact with coal, mineral matter, and/or mounting media 
was recorded. X-ray spectra were then collected for 4 seconds for each o f  
the mineral particles. The integrated intensities for 20 elements were 
compared with a previously prepared table listing ranges of elemental 
intensities characteristic of minerals found in coal in order to identify 
the particles (6,7). Handbook values of mineral densities were then used 
to convert the results from area fractions to weight fractions, which are 
of more direct interest in coal preparation. 

coal/mineral particles and their component parts (i.e., size, 
identification, and surface associations). The analyst can then prepare 
tables showing the distributions of the sample mass as a function of the 
appropriate characteristic. These distributions can then be related to 
processing behavior. 

The second sample was a 325-mesh sample of 

Coal samples with their included mineral matter were prepared for 

They were then coated with 150 A 

Results involve very detailed information for the composite 

Examples of such distributions are given below. 

RESULTS AND DISCUSSION 

A typical distribution of mineral matter according to particle size 
and mineral phase is given in Figure 1 for the major phases in the raw 
sample of Williams Fork coal. Such particle size distributions relative 
to the size of the coal particles can he used to predict the ash reduction 
potential, since larger mineral particles are generally more easily 
removed, while small mineral particles are likely to be associated with 
the organic matrix and to appear with the clean coal product. 
Figure 1, most of the mineral matter in this coal is quite fine and is 
thus expected to be rather difficult t o  remove. However, it is not 
unusual to find minerals, such as those that occur as cleat fillings, that 
are readily liberated and then removed by cleaning. Such is also the case 
with the pyrite in this coal. Pyrite particles show a bimodal size 
distribution in Figure 1. 

As seen in 

The larger particles are likely candidates for 
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Figure 1. Distribution of selected minerals in raw Williams Fork coal as a 
function of area-equivalent particle diameter (urn). 

removal; however, analysis of the 1.6 sp.gr. float fraction of the coal 
shovs that even small grains of pyrite were removed, implying that they 
were very well liberated. Such cases point out the need to perform some 
form of association analysis in order to better characterize the coal. 

As one alternative, we have chosen to express the coal-mineral 
association results in terms of the weight fraction of mineral matter in 
the particle, as determined from the cross section. This corresponds with 
the so-called grade distributions used in the mineral industry (1,Z). 
Such a distribution for the same sample of Williams Fork coal is shown in 
Table 1. The results can also be plotted as done in Figure 2 to show the 
amount of sample of the indicated grade. Samples with good liberation of 
minerals from coal show a wide separation between coal-rich material on 
the left and mineral-rich material on the right side of the figure. In 
this sample there is much mineral matter found across the entire range of 
grades, indicating that liberation of mineral matter is not complete at 
this particle size, and that physical cleaning would therefore be 
difficult . 

The cumulative amount of coal and associated mineral matter, observed 
in Figure 2 ,  can be used to estimate coal recovery and its anticipated ash 
content during a density-based separation. However, such a correlation is 
complicated since the AIA-observed mineral content does not directly 
reflect particle density. Still, such distributions often show dramatic 
differences between various coal samples. Similar figures for float OK 
sink fractions can reveal the misplacement of coal- o r  mineral-rich 
particles to the wrong fraction so that improvements can be made in the 
process. 
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Coal 
Pyrite 
Kaol. 
Quartz 
Mont. 
Other 

Table 1 .  Distribution of coal and mineral phases in raw Williams Fork coal as 
a function of particle mineral matter content. 

0.11 0.10  0.19 0 .28  0.38 0.54 0.84 2.26 5 .36  28.61 54.36 93.03 
0.39 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 
0.07 0.09 0.11 0 .13  0.06 0 .10  0.05 0.08 0.06 0.06 0.00 0.81 
0.23 0.06 0 .20  0 .03  0.08 0.02 0.03 0.03 0 .04  0 .04  0.00 0.76 
0.40 0.01 0.04 0.02 0 .01  0 .03  0.02 0.02 0.02 0.03 0.00 0.61 
1.77 0.39 0.16 0.32 0 .28  0.21 0.23 0.32 0 .37  0 .34  0.00 4.38 

Coal % 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 100 I Total 

Total 12.97 0.67 0.70 0 .78  0.81 0.90 1.17 2.71 5.85 29.08 54.361100.00 
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Range of Mineral Matter (%) in Particle 

Figure 2. Distribution of coal and mineral matter in raw Williams Fork coal 
as a function of the particle mineral matter content. 

The data of Table 1 can also be DlQtted for the individual minerals 
to show variations in the modes of their association, as shown in Figure 
3 .  This figure dramatically shows the difference between pyrite and the 
other minerals in their association with coal. Pyrite is found 
exclusively in particles containing more than 80% mineral matter, while 
the other minerals are associated with particles containing a wide range 
of mineral matter. From this figure, i t  appears that pyrite should be 
easily removed during float-sink separation. which proved to be the case 
in actual separations, both on a laboratory scale ( 5 )  and in practice. 
Representatives from the mine which produces this coal confirmed that the 
pyrite occurs as cleat fillings and is rather easily removed ( 8 ) .  Similar 

s 651 



5.0 

Pyrite 

Quartz 

Ka o I i n i te 

Other 

r 
0 

b? 

E 
0, 

2 .c  
c 

.- 

I O  
i 

0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 91-100 
0 0  

Range of Mineral Matter (X) in Particle 
Figure 3 .  Distribution of minerals in raw Williams Fork coal as a function 

of particle mineral matter content. 

conclusions might be reached by routine manual observation of the polished 
sections o r  from operating experience; however, these AIA-SEM techniques 
permit the measurements to be quantified for comparisons among coals. 

In addition to expressing coal-mineral association as a function of 
particle mineral matter content, as described above using the Williams 
Fork coal as an example, our recent efforts have emphasized determining 
association based on particle surfaces. While the previous distributions 
provide an indication of the probable cleaning behavior of a coal in a 
density-based process, they do not lend much insight into cleaning 
behavior during surface-based processes such as froth flotation OK oil 
agglomeration. For such processes i t  would be better to have results 
expressed in terms of the proportion of coal (or minerals) present on the 
surface of the particles. If it were possible to relate floatability to 
the amount of coal on the surface, then it  may be possible to relate 
cleanability to the AIA-SEM results. 

coal based on the mineral weight fraction and the miiieral sutLnce t t a c . t i o i ~  
of the particles. There is considerable difference between the two 
figures. While Figure 4 shows that about 74% of the mineral matter is 
present in particles containing more than 50% mineral matter (i.e., less 
than 50% coal), Figure 5 indicates that only 10% of the mineral matter is 
found in particles with less than 50% of the surface covered by coal. 
Indeed, about 75% of the mineral matter is found in particles with more 
than 80% coal on the surface. These results indicate that density-based 
processes (e.g., float-sink) should be able to remove significant amounts 
of mineral matter, while surface-based processes will likely be unable to 

Figures 4 and 5 show the coal-mineral'association for Upper Freepnrt 
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Figure 4 .  Distribution of coal and mineral matter in rav Upper Freeport coal 

as a function of particle mineral matter content. 
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Figure 5 .  Distribution of coal and mineral matter in raw Upper Freeport coal 

as a function of particle surface occupied by minerals. 
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significantly reduce mineral content. Results of cleaning tests reported 
elsewhere (5) verified these predictions. Float-sink separations at 1.6 
sp.gr. reduced the ash content by 57% with a 90% recovery, while froth 
flotation f o r  3 minutes resulted in only a 16% reduction in ash content 
with about the same recovery. Although these AIA results are quite 
preliminary, they show a strong general correlation with actual cleaning 
behavior. 

SUMMARY AND CONCLUSIONS 

AIA-SEM provides insights into coal character and processing 
potential that are unavailable by other means. Many of the advantages of 
the technique stem from its ability to characterize coal and mineral 
particles, in-situ, on a microscopic level. Distributions of mineral 
matter as a function of particle size and mineral type are readily 
available and provide some indication of coal cleanability. 
also now available showing the distribution of  phases based on the weight 
fraction of mineral matter in the particle or  based on the relative amount 
of surface of the particle occupied by mineral matter. These 
distributions can be related to processing behavior and can be used to 
explain, and possibly even predict, the recovery and quality of product 
under various cleaning conditions. The results are especially useful for 
detecting differences between various coals and for finding the reasons 
for unusual processing behaviors. 

Results are 
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C O A L  STRUCTURE:  THE PROBLEM WITH MINERALS 

G .  A.  Robb ins  
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4000 Brownsv i l l e  Road 

L i b r a r y ,  PA  15129 

INTRODUCTION 

Despi te cons iderab le  e f f o r t  t o  u n d e r s t a n d  the  chemical n a t u r e  o f  t h e  o rgan ic  a n d  
inorgan ic  p o r t i o n s  o f  coal, a n d  subs tan t i a l  advances in ins t rumenta t ion  a n d  
methodologies, m u c h  o f  coal 's chemical n a t u r e  remains in t rac tab le .  T h i s  p a p e r  
rev iews methods a n d  t h e i r  l im i ta t ions  f o r  t he  de terminat ion  o f  spec i f i c  minera ls  
in coal, and  p resen ts  resu l t s  o f  e f f o r t s  a t  Conso l ida t ion  Coal Company t o  
develop F T l R  methods  f o r  r o u t i n e  coal minera loqy .  

Mineral  ma t te r  charac ter iza t ion  has  rece ived cons iderab le  a t ten t ion .  G iven  a n d  
Yarzab (1) d iscussed t h e  prob lems posed by minera l  mat te r  in va r ious  coal 
analyses. Fu r the rmore ,  minera l  ma t te r  compl icates the  chemical t rea tmen t  o f  
coal. It also has  many adve rse  e f fec ts  on  commercial coal u t i l i za t ion .  Coal 
consumers p a y  t o  s h i p  minera l  mat te r ,  t o  accommodate i t s  impact  o n  cap i ta l  
equ ipment  and opera t ions ,  and to  d ispose of t h e  resu l tan t  ash. T h e  impact  o f  
coal minera ls  o n  u t i l i za t i on  mot iva ted  Consol 's i n i t i a l  i n t e r e s t  in minera logy  ( 2 ) .  
T h e  r e s u l t s  r e p o r t e d  h e r e  a re  f rom a second phase o f  t h e  FT IR  method develop- 
ment, in wh ich  ex tens i ve  improvements  were  made t o  the  methods. 

EXPERIMENTAL 

DESCRIPTION O F  SAMPLES 

Small Data Set. Low- tempera ture  (plasma) ashes ( L T A s )  were  ob ta ined f rom t e n  
d i ve rse  coal samples (Tab le  1 ) .  r a n g i n g  in r a n k  f rom l i gn i te  t o  I v b .  I n f r a r e d  
spec t ra  were  ob ta ined  o f  dup l i ca te  samples o f  each coal .  A separa te  s e t  of  
dup l i ca tes  was genera ted  f o r  f o u r  o f  t h e  coals. 

Larqe  Data  Set. L T A s  were  ana lyzed by F T l R  f o r  5 0  coals, r a n g i n g  in r a n k  
from l i g n i t e  t o  I vb .  These  were  a rep resen ta t i ve  subse t  o f  dup l i ca tes  o f  95 
unwashed and c lean  commercial coals f rom the  eas tern ,  midwestern  and  wes te rn  
U.S. a n d  A lbe r ta ,  Canada. T h e  50-coal se t  con ta ined no  dup l ica tes ,  but 
d i f f e r e n t  coal samples f rom the  same mine were inc luded.  

Reference Minerals.  T h e  42 re fe rence  minera ls  and  t h e  minera l  c lasses used  a r e  
l i s ted  in Tab le  2 .  Most of t h e  minera ls  were  ob ta ined from Ward's Na tu ra l  
Science Es tab l i shment ,  Inc . ,  Rochester,  New York .  Many o f  t he  s i l i ca te  
minerals were  Amer ican Petroleum I n s t i t u t e  ( A P I )  s tandard  samples o r  t h e i r  
equ iva len ts .  Numbers  g i v e n  in t h e  tab le  (e.g. ,  kao l i n i t e  4) r e f e r  t o  the  API 
s tandard  des ignat ion .  

METHODS 

Coals q r o u n d  to -60 mesh were  low tempera tu re  (0, plasma) ashed f o r  about  
100-125 h o u r s  f o r  b i t um inous  coals a n d  200 h o u r s  f o r  lower  r a n k  coals. Ash ing  
conta iners  were made o f  P y r e x  or ceramic.  
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Minera l  s tandards  were  h a n d  c r u s h e d  t o  -114 inch ,  t h e n  g r o u n d  t o  a f i n e  
powder  in a bal l  o r  B leu le r  mi l l .  T h e  powder  was aerodynamica l l y  c lass i f ied ,  
and the  f i nes t  f rac t i on  was col lected. T h i s  was accepted as  a minera l  s t a n d a r d  
if 90% o r  more  by we igh t  was 5 urn and  smal ler  par t i c les .  Dup l ica te  13 mm K B r  
pel lets were  p repared  a n d  t h e  spec t ra  were  weight-scaled by r e p o r t e d  
techn iques  (3.4).  With one except ion ,  a l l  t h e  minera l  s tandard  spec t ra  were  
averages of spec t ra  f rom dup l i ca te  pe l le ts .  

L T A  samples were g r o u n d  f o r  30 minu tes  in a Wig-L-Bug (15 mg L T A ,  50  mg 
K B r  and  500 mg acetone in a n  agate  v i a l ) ,  d r i e d  a n d  s to red  in a dess ica tor .  
13 mm K B r  pe l le ts  were  made and  r e s u l t i n g  spec t ra  were  weight-scaled (VI. 

Al l  spec t ra  were  run o n  a Nicolet  7199 F T l R  spec t rometer  equ ipped  w i t h  a wide- 
band  MCT detec tor .  A Nicolet  leas t -squares  ana lys is  p rog ram (MCOMP) was 
modif ied ex tens i ve l y  f o r  e f f i c i en t  u s e  w i t h  a l a rge  number  o f  re fe rence  minera ls .  
T h e  re fe rence minera l  w i t h  the  lowest  nega t i ve  concent ra t ion  was omi t ted  u p o n  
each i t e ra t i on ,  until on l y  non-negat ive  resu l t s  were  ob ta ined.  Genera l l y  12 t o  
18 minerals remained in t h e  f i na l  ca lcu la t ion .  

For  PLS o r  PCR ca lcu la t ions ,  t h e  spec t ra  were  t r a n s f e r r e d  t o  a DEC V A X  
11/750 computer .  T h e  PLS and  PCR p rog ram w i t h  c ross-va l ida t ion  was p r o v i d e d  
by Dav id  Haaland o f  Sandia Nat ional  Labora to ry  (:I. 

RESULTS A N D  DISCUSSION 

A CRIT IQUE OF METHODS FOR C O A L  MINERALOGY 

T h i s  s u r v e y  o f  f i v e  major methods f o r  coal minera logy  a n d  t h e i r  l im i ta t ions  
includes o n l y  methods wh ich  can  p r o v i d e  a "complete" minera l  ana lys is .  
Methods o f  l im i ted  app l i cab i l i t y ,  s u c h  as Mossbauer,  a re  omit ted.  

X- ray  D i f f rac t i on .  XRD i s  the  most common method used  f o r  coal  m ine r -  
a loqy 6.7.8 . I t s  major advantage i s  t h e  a b i l i t y  t o  unequ ivoca l l y  i d e n t i f y  many  
m i n e r a k d h e  main d isadvantages  a re :  1 )  re l iance o n  re fe rence  minera ls ,  
21 requ i res  ca re fu l  a t ten t i on  to sample p repara t i on ,  a n d  3 )  low s e n s i t i v i t y  t o  
ce r ta in  minera ls  (espec ia l l y  many c lays)  due  to  poor  c r y s t a l l i n i t y  a n d  t o  p a r t i c l e  
o r ien ta t ion  e f fec ts .  Many labora tor ies  analyze a separate concen t ra ted  c l a y  
f rac t ion  ( less  than  2 urn o r  5 pm).  However,  sens i t i v i t y  is s t i l l  low and  o t h e r  
l imi tat ions may ar ise :  1 )  t h e  separa ted  c lay  f rac t i on  may n o t  be  rep resen ta t i ve ,  
and  2 )  t h e  separat ion p rocedure  can a l te r  t h e  sample. T h e  o r ig ina l  coal, 
ins tead o f  t h e  L T A ,  c a n  b e  ana lyzed by XRD. However ,  t h i s  i s  n o t  sat is-  
f ac to ry ,  s ince  sens i t i v i t y  i s  even  lower .  A n  ex tens i ve  i n t e r l a b o r a t o r y  
comparison o f  XRD resu l t s  w i t h  I l l i no is  6 coal showed highly va r iab le  
resu l t s  (1). T h a t  s t u d y  also i nc luded  r e s u l t s  f rom F T I R ,  SEM and  o t h e r  
methods. 

I n f r a r e d  Spect roscop . T h e  use o f  I R  (9,10,11,12) a n d  F T l R  ( 3 . 4 )  f o r  coal  
minera logy  has  beenYrepor ted .  Pa in te r  a n d  coworke rs  (3) demonst ra ted  t h a t  
F T l R  can  p r o v i d e  a v i r t u a l l y  complete ana lys is .  Pa in te r ,  BTown a n d  E l l i o t t  (41, 
and  o the rs  (9,10,11) d iscuss  sample p repara t i on ,  re fe rence minera ls ,  a n d  d2 ta  
analysis.  T h x n t a g e s  o f  IR  are :  1 )  high sens i t i v i t y  t o  molecular s t r u c t u r e ,  
2 )  unequ ivoca l  i den t i f i ca t i on  of a number  o f  minerals,  3 )  small sample s ize  ( a  
few mi l l ig rams) ,  and  4) r a p i d  ana lys is  t ime (once L T A  i s  ava i lab le ) .  D isadvan-  
tages i nc lude :  1 )  re l iance o n  re fe rence  minera ls ,  2 )  requ i res  ca re fu l  a t ten t i on  t o  
sample p rep ra ra t i on ,  a n d  3 )  l im i ted  se lec t i v i t y  (d isc r im ina t ion  among s imi la r  
minera ls ) .  
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The prob lem w i t h  l im i ted  se lec t i v i t y  i nc ludes  some o f  t h e  minera ls  wh ich  a r e  
prob lems f o r  XRD: i l l i te ,  muscovi te,  smect i tes and  mixed- laver  c lays.  Poor  
c r y s t a l l i n i t y  c rea tes  prob lems w i t h  b o t h  XRD a n d  F T I R .  T h e  IR  spec t rum o f  a n  
amorphous mater ia i  l acks  s h a r p  d i s t i n g u i s h i n q  fea tu res  b u t  re ta ins  spec t ra l  
i n t e n s i t y  in t h e  reg ions  t yp i ca l  o f  i t s  composi t ion.  T h e  X- rav  d i f f r a c t i o n  
p a t t e r n  shows low i n t e n s i t y  re la t i ve  to  we l l -de f ined c rys ta l l i ne  s t r u c t u r e s .  T h e  
major p rob lem for I R  i s  se lec t i v i t y :  f o r  XRD it is  sens i t i v i t y .  In a n  in te r -  
l abo ra to ry  F T I R  comparison ( 7 1 ,  t w o  labora tor ies  g a v e  s imi la r  resu l t s  for 
kao l in i te ,  ca lc i te ,  a n d  illite, but subs tan t i a l l y  d i f f e r e n t  resu l t s  f o r  
montmor i l lon i te  a n d  q u a r t z .  

E lec t ron  BeamlX- ray  Spect roscopv .  Severa l  methods based o n  p o i n t  coun t  o r  
automated image ana lys is  ( A I A )  in scann ing  e lec t ron  mic roscopy-energv  d i spe r -  
s i ve  X - ray  have  been r e p o r t e d  (13-18).  Po in t  coun t  ana lys is  can de te rm ine  
minera logy ;  A I A  can  also d e t e r m i n e t h e  size d i s t r i b u t i o n  o f  the  minerals.  These  
methods ob ta in  a po in t -by-po in t  o r  par t i c lc -b \ / -par t i c le  elemental analysis.  A 
minera l  d i s t r i b u t i o n  a n d  ana lys is  i s  ob ta ined by c lass i f v ing  each elemental  
composi t ion i n t o  one o f  t he  minera l  ca tegor ies .  Such methods have severa l  
advantages :  1 )  t h e y  can  h e  automated, 2 )  t h e  composi te elemental composi t ion 
c a n  b e  checked  aga ins t  t h a t  o f  t he  bulk sample, 3 )  it is  possible to  run coal 
(no t  necessarv  to ob ta in  L T A ) ,  and  4) t h e y  o r o v i d e  some in fo rmat ion  o n  s ta t i s -  
t i ca l  a n d  p e r h a p s  spat ia l ,  size, o r  moroho log ica l  d i s t r i b u t i o n  o f  t h e  minerals.  
F o r  these  reasons ,  s u c h  methods have  become more popu la r  in recent  years.  
The major  d isadvantages  are :  1)  t he  chemical in fo rmat ion  and  t h u s  t h e  selec- 
tivity is  l imi ted, s ince  it uses o n l y  elemental composi t ion,  2 )  i t  re l ies  on  a 
su i tab le  c lass i f i ca t ion  scheme fo r  minera l  ca tegor ies ,  a n d  3) da ta  co l lec t ion  can  
b e  t ime-consuming (espec ia l l y  f o r  A I A ) ,  r e q u i r i n g  rnanv h o u r s  p e r  sample. 

Opt ica l  M ic roscopy .  Opt ica l  m ic roscopv  is t he  t rad i t i ona l  tool o f  geo log is ts  a n d  
De t rog raphers  f o r  minera l  i den t i f i ca t i on  and  charac ter iza t ion  ( 1 9 ) .  It has  t w o  
main advantages :  1) pos i t i ve  ident i f i ca t ion  o f  minerals can  b r  achieved, a n d  
2 )  in fo rmat ion  is  ob ta incd  on  minera l  d i s t r i b u t i o n  a n d  morpho logy .  However,  
quan t i t a t i on  i s  d i f f i c u l t ,  and  the  ana lys is  i s  t ime-consuming, requ i res  h i g h l y  
t ra ined  techn ic ians ,  a n d  is  n o t  amenable to  automat ion. A l though  in common 
u s e  in p e t r o q r a p h i c  s tud ies ,  such  methods have  been d isp laced bv XRD, IR,  
a n d  SEM-EDS methods  f o r  mineraloqical  s tud ies .  

Thermal  Techn iques .  Thermal  techn iques ,  especial ly d i f f e ren t i a l  thermal  
ana lys is  ( D T A )  h a v e  been used  f o r  minera l  i den t i f i ca t i on  (19) and  f o r  coal 
minera logy  ( 7 0 ) .  T h e  advantages  of thermal  techn iques  are-1) small sample 
size, 2 )  l i t t l7 sample p repara t i on  (app l i cab le  t o  whole coals); 3 )  po ten t i a l l y  
r a p i d  ana lys is ,  a n d  4) i n fo rmat ion  re levan t  t o  combust ion  behav io r  may b e  
p r o v i d e d .  T h e  d isadvantaqes  a re :  1 )  t h e  chemical in fo rmat ion  is  l imi ted, 
r e s u l t i n g  in a l ack  o f  Se lec t iv i t y  d u e  to  ove r lapp ing  c u r v e s  f o r  i nd i v idua l  
minera ls ,  2 )  ident i f icat ion lquant i f icat ion depends o n  re fe rence  minera ls  ( t h o u q h  
pe rhaps  less sens i t i ve  to  s u c h  prob lems t h a n  XRD o r  I R ) ,  and  3)  i t  is no t  
deve loped f o r  q u a n t i t a t i v e  use .  I n t e r p r e t a t i o n  o f  thermal  data i s  d i f f i c u l t ,  but 
cou ld  b e  improved  by approp r ia te  so f tware .  Var ia t ions ,  such  as u s i n g  d i f f e r e n t  
gases t o  hiahlight o r  suppress  fea tures ,  have  been used  ( 2 0 ) .  Detec t ion  l im i ts  
o f  less t h a n  1 w t  % t o  about  30 w t  8 were  r e p o r t e d  f o r  d i f feTent  minerals.  

General  Comments o n  Mineralogical  Methods. T h e  lack  nf a measure o f  
quan t i t a t i ve  accu racy  i s  a genera l  p rob lem w i t h  minera logv .  A major l im i ta t ion  
fo r  X R D  a n d  If7 methods is  t he  use  o f  re fe rence  minerals,  a n d  t h e  s tandards  
used a r e  f rom geological  sources o the r  t h a n  t h e  coal ana lyzed.  T h i s  l im i ta t ion  
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wi l l  be avo ided  by o n l y  phys ica l  separa t ion  o f  t he  coal minera ls  o r  bv data  
ana lys is  techn iques  ( such  as fac to r  ana lys is )  wh ich  d o  n o t  r e q u i r e  re fe rence  
minerals.  Many s tud ies  have r e p o r t e d  success fu l  quan t i t a t i on  o f  minera l  
m ix tu res .  T h i s  i s  a necessary ,  but n o t  su f f i c i en t ,  c r i t e r i o n  f o r  a good 
mineralogical  ana lys is .  T h e  d i f f e rences  be tween minera l  m ix tu res  a n d  au then t i c  
samples a re  cons iderab le ,  and  good per fo rmance on  rea l  samples i s  n e t  gua ran -  
teed. T h e  major l im i ta t ions  o f  SEM-EDS a n d  re la ted  techn iques  a r e  a p p r o p r i a t e  
c lassi f icat ion o f  t he  elemental da ta ,  a n d  ob ta in ing  a s ta t i s t i ca l l v  s u f f i c i e n t  
number o f  da ta  po in ts .  F o r  c lass i f i ca t ion  o f  data,  f ac to r  ana lys is ,  c l u s t e r  
analysis,  o r  re la ted  mu l t i va r ia te  techn iques  appear  to  be  su i tab le  (E). 
T h e  IR. methods  have  p rog ressed  f rom hand-d rawn  basel ines a n d  peak  h e i g h t  o r  
area fo r  quant i ta t ion ,  t o  spec t ra l  sub t rac t i on ,  t o  least-squares methods. Least-  
squares ana lvs is  el iminates the  re l iance o n  s ing le  peaks  fo r  quan t i t a t i on  a n d  t h e  
sub jec t i v i t y  o f  spec t ra l  sub t rac t ion .  However ,  neqat ive  concen t ra t i on  coef f i -  
c ien ts  a r e  a p rob lem w i t h  least-squares ana lys is ,  s ince t h e y  have  n o  phys i ca l  
meaning. Negat ive  components can  be  omi t ted  acco rd ing  t o  some c r i t e r i o n  a n d  
the  least-squares process  i t e ra ted  until o n l v  pos i t i ve  concent ra t ion  coe f f i c i en ts  
remain. However ,  t h i s  does n o t  ensu re  t h a t  t he  leas t -squares  so lu t ion  i s  a 
global  minimum. 

Haaland a n d  coworke rs  ( 5 )  d iscussed o the r  problems w i t h  c lassical  leas t -souares  
(CLS)  and  i t s  per fo rmance re la t i ve  to  p a r t i a l  least-squares (PLS) a n d  f a c t o r  
analvsis ( i n  the  fo rm o f  p r i nc ipa l  component reg ress ion ) .  One o f  t h e  
disadvantages o f  CLS is  t h a t  i n te r fe rences  f rom ove r lapp ing  spec t ra  a r e  n o t  
hand led  wel l ,  and  a l l  t he  components in a sample mus t  be i nc luded  f o r  a good 
analvsis.  For a mater ia l  such  as coal  L T A ,  t h i s  i s  a s ign i f i can t  l im i ta t ion .  

Factor ana lys is  e x t r a c t s  in fo rmat ion  f rom t h e  sample da ta  set  (e.g., IR  spec t ra )  
and does n o t  r e l y  o n  re fe rence minera ls .  However,  because abs t rac t  f ac to rs  
have  no  phys i ca l  meaning, re fe rence minera ls  may b e  needed in t a r g e t  t r a n s -  
format ions o r  o t h e r  p rocedures  t o  e x t r a c t  mineralogical  in fo rmat ion .  One  
valuable p iece  o f  in fo rmat ion  ob ta inab le  w i thou t  t he  use  o f  ex t raneous  da ta  i s  
t he  number o f  components r e q u i r e d  to  rep resen t  t h e  da ta  w i t h i n  exper imenta l  
e r r o r .  Repor ted  app l ica t ions  of  fac to r  ana lys is  to  minera logv  by F T l R  a r e  
few (g!. However ,  one commercial l abo ra to rv  i s  o f f e r i n g  r o u t i n e  F T l R  m ine ra l  
analyses t o  t h e  pe t ro leum i n d u s t r y ,  based o n  re la ted  methods (22). 
T h e  n e x t  sec t ion  o f  t h i s  paper  descr ihes  t h e  use  o f  c lassical  leas t -squares  
analysis of  F T l R  da ta  to  de termine coal minera logy .  T h i s  i s  fo l lowed by 
promis ing  p re l im ina ry  resu l t s  ob ta ined u s i n g  fac to r  ana lys is  techn iques .  

RESULTS USING CLASSICAL LEAST-SQUARES 

Reproduc ib i l i t y .  Mineralogical  r e s u l t s  f rom the  ten-coal  se t  [Tah le  3 1  a r e  
presented  as ranges  of  values. In most cases, t h e  r e p r o d u c i b i l i t y  i s  good.  
Quar tz ,  for  example,  shows cons is ten t l y  high rep roduc ib i l i t y .  However ,  i l l i te ,  
m ixed- layer  c lays  a n d  montmor i l lon i te  in the  f i r s t  f o u r  coals show high v a r i -  
ab i l i t y .  These minera ls  a re  s imi lar  in composi t ion a n d  spec t ra l  fea tures .  T h e  
va r iab i l i t y  in the  FTlR resu l t s  fo r  these samples is  re la ted  t o  v a r i a b i l i t y  in t h e  
spec t ra l  data.  T h e  se t  of  t e n  dup l i ca te  spec t ra  gave  a pooled SD o f  0.03 abs ,  
wh i le  t h e  separa te  se t  o f  f ou r  dup l i ca te  spec t ra  gave  a pooled SD o f  0.08 abs .  
Resul ts f rom the  f i r s t  f o u r  samples in t h e  tab le  i nc luded  t h e  poore r  spec t ra l  
data,  wh i le  t h e  resu l t s  f rom the  l as t  s i x  samples were  ob ta ined f rom t h e  b e t t e r  
spectra.  T h e  r e p r o d u c i b i l i t y  f o r  t o ta l  c l a y  con ten t  is good, even  when v a r i -  
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a b i l i t y  in i n d i v i d u a l  c lay  concent ra t ions  is  high. I r o n  su l f ides ,  ox ides  a n d  
sul fates also show some va r iab i l i t y ,  p a r t i c u l a r l y  in the  f i r s t  and  f o u r t h  samples. 

Accuracy .  A l t h o u g h  the re  is  no way  t o  measure t h e  accu racy  o f  t he  F T l R  
mineralogical  resu l t s ,  t h e r e  a r e  th ree  areas in wh ich  it can  h e  addressed (2 ,4 ) .  
The  f i r s t  me thod  i s  t o  compare p y r i t e  resu l t s  ob ta ined by F T l R  w i t h i h e  
convent iona l  ASTM determinat ion .  T h e  agreement ( F i g u r e  1) i s  q u i t e  good o v e r  
the  ran f le  o f  2.9 t o  28.1 w t  8 p y r i t e  in t h e  L T A s  f rom the  t e n  coals.  S imi la r  
resu l t s  were  ob ta ined  based o n  t h e  475-400 c m - I  reg ion  f o r  a smal ler  sample 
set  ( ? I .  T h e  good  
agreement f o r  t h e  p resen t  da ta  set  i s  s u r p r i s i n g ,  s ince the  o n l y  spec t ra l  
fea ture  r e p o r t e d  for p y r i t e  in the  m id - in f ra red  is  a t  ca.  415 cm''. I n  these  
spec t ra ,  t h e  no ise  leve l  i s  high near 400 cm- ' ,  a n d  t h e  ident i f i ca t ion  o f  such  a 
feature i s  n o t  c lear .  It appears  t h a t  t h e  resu l t s  a re  d e r i v e d  main ly  f rom base- 
l ine c u r v a t u r e  ( r e s u l t i n g  f rom the  Chr i s t i ansen  e f f e c t ) .  F o r  al l  t h e  i r o n  s u l f i d e  
minerals in t h e  re fe rence  set,  t he  basel ine absorbance i s  near  zero f rom ca .  
1300 t o  400 cm- l ,  hut f rom 1300 cm- l  t o  4000 c m - l  it c u r v e s  u p w a r d .  

T h e  second method  f o r  i nd i ca t i ng  accu racy  is t o  examine the  spec t ra l  res idua ls  
from t h e  least-squares f i t s  ( F i g u r e  2 ,  Tab le  4 ) .  T h e  w o r s t  case was t h e  l i q n i t e  
(coal SL ) ,  t h e  l a rge  m is f i t  a t  ca.  1380 cm-' h e i n q  due  to  the  omission f rom t h e  
re fe rence m ine ra l s  o f  n i t r a t e ,  p resumably  p roduced  in t h e  low- tempera ture  asher  
by f i xa t i on  of  o rgan ic  n i t r o g e n  (23) .  T h e  r e p r o d u c i b i l i t y  o f  t h e  28 o r i g i n a l  
spec t ra  (poo led  SD) was 0.05 abs,-slightly h i g h e r  t h a n  t h e  pooled s tandard  fit 
e r r o r  o f  0.04 abs  ( w i t h o u t  t h e  l i gn i te ) .  However ,  t h e  ten o r ig ina l  dup l i ca te  
spec t ra  g a v e  a poo led  s t a n d a r d  dev ia t ion  o f  o n l y  0.03 abs, wh ich  i s  s l i g h t l y  
lower t h a n  t h e  f i t  e r r o r s  f o r  most o f  those samples. I n  general ,  t h e  fit e r r o r  
approached t h e  exper imenta l  e r r o r  in t h e  o r ig ina l  data.  

T h e  third method f o r  assessing accuracy  i s  t o  ca lcu la te  a n  elemental compos i t ion  
f o r  each L T A ' s  ox id i zed  ash,  based o n  the  re fe rence  minera l  composi t ions.  
Reasonably c lose agreement  be tween t h e  ac tua l  a n d  ca lcu la ted  elemental composi- 
t ions  wou ld  subs tan t i a te  ( b u t  no t  p rove )  the  minera l  analysis.  T h e  s t a n d a r d  
e r r o r  o f  p r e d i c t i o n  (SEP) f o r  CaO, Fe,O,, SiO, and AI,O, (Tab le  4) r a n g e d  
from 3.4 to  6.7 w t  % f o r  t he  va r ious  coals. T h e  g loba l  SEP was 4.8 w t  %. By 
major ash  element,  t h e  SEP va lues  were  2.8 f o r  CaO, 5.6 f o r  Fe,O,, 4.5 f o r  
SiO, a n d  5.8 f o r  AI,O,. SEP va lues  ranged  f rom 0 . 3  to  5.7 w t  8 CaO, 2.3 to 
10.3 w t  % Fe,O,, 0.1  t o  1 1 . 6  w t  8 SiO, and  3.0 t o  5.6 w t  % AI,O,. I nspec t i on  
o f  t he  elemental resu l t s  also show some bias.  CaO va lues  were  usua l l y  low, 
Fe,O, va lues  were  usua l l y  high, a n d  AI,O, va lues  were  always low. Ca lc i te  
impur i t i es  may b e  p resen t  in some o f  t he  re fe rence spec t ra ,  o r  someth ing  e lse  
may i n t e r f e r e  w i t h  the  calc i te.  T h e  high Fe,O, values, even t h o u g h  t h e  p y r i t e  
values appear  good, ind ica te  t h a t  t he  de termined i r o n  ox ides ,  su l fa tes ,  a n d l o r  
s ide r i t e  concen t ra t i ons  a r e  too high. Somehow, ce r ta in  i r o n  minera ls  seem to  b e  
rep lac ing  o r  sup ress ing  t h e  a p p r o p r i a t e  aluminosi l icates in the  ana lys is .  

In t h e  n e x t  sect ion,  t he  po ten t ia l  f o r  fac to r  ana lvs is  a n d  re la ted  chemometr ic 
techn iques  for p r o v i d i n g  improvements  in the  de terminat ion  o f  minera ls  in coal  
by F T l R  a re  exp lo red .  

T h e  p r e s e n t  resu l t s  a r e  based o n  the  1575-400 c m - I  range.  

RESULTS USING PRINCIPAL  COMPONENT REGRESSION (PCR) 

PCR i s  a techn ique  in wh ich  p r inc ipa l  component ana lys is  (one fo rm o f  f ac to r  
ana lys is )  o f  t h e  spec t ra  i s  fo l lowed by regress ion  o f  t he  fac to r  scores  t o  
ca l ib ra te  a n d  p r e d i c t  a n  independent ly -measured q u a n t i t y .  Besides t h e  spec t ra l  
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data,  these calculat ions r e q u i r e  o the r  data.  A n  accura te  minera l  ana lys is  o f  
each sample cou ld  be  used t o  ob ta in  a ca l ib ra t ion .  Because t h i s  i s  n o t  possible,  
one is  l im i ted  to  model ing and  p r e d i c t i n g  o the r  measurable o roper t i es  such  as 
ash  combust ion  behav io r .  I t  i s  possible t o  by-pass  t h e  minera logy  a l toge the r ,  
and  model t h e  des i red  p roper t i es  o r  behav io r  d i r e c t l y  f rom the  L T A  spec t ra .  
A s h  p r o p e r t y  da ta  wh ich  a re  read i l y  accessible a re  ASTM a s h  fus ion  tempera- 
t u r e s  ( r e d u c i n g  and  ox id i z ing  cond i t ions)  a n d  ash  elemental composi t ion.  PLS 
and  PCR a r e  l inear  models, b u t  a re  capable o f  model ing some non-  
l inear i t ies  ( 5 ) .  A s h  elemental  concent ra t ions  shou ld  b e  l i n e a r l y  re la ted  t o  
in tens i t ies  &f bands  in t h e  i n f r a r e d  spec t ra  ( u n d e r  ideal  c i rcumstances) .  T h u s ,  
PLS and  PCR a re  expec ted  t o  d o  a good job  in model ing ash  composi t ion.  
However,  a s h  fus ion  tempera tures  a re  n o t  expec ted  to  be  l i nea r l y  re la ted  t o  
spec t ra l  fea tures .  

I n f r a r e d  d a t a  in the  1575-400 cm-1 reg ion  (1218 po in ts l spec t rum)  f rom L T A s  
from 50 coa ls  ( l a rge  data set)  were used as i n p u t  da ta  t o  b o t h  PLS and  PCR 
rou t ines .  T h i s  i s  t h e  same spec t ra l  reg ion  used in t h e  classical  leas t -squares  
ana lys is  o f  t h e  small data set. Ca l ib ra t ions  were developed f o r  t he  e i g h t  ASTM 
ash  fus ion  tempera tures  a n d  the  f o u r  major ash  elements as ox ides .  T h e  
p rog ram uses  PLS l  models, in wh ich  o n l y  one va r iab le  a t  a t ime i s  modeled. 
Cross-va l ida t ion  was used t o  select  t h e  opt imum number  o f  fac to rs  in t h e  model.  
In t h i s  techn ique,  a subset  o f  t h e  da ta  ( i n  t h i s  case f i v e  spec t ra )  i s  om i t ted  
f rom the  ca l ib ra t ion ,  but p red ic t i ons  a re  made fo r  it. T h e  sum-of-sqi iares 
res idua ls  a r e  computed f rom those samples l e f t  ou t .  A new subset  i s  t h e n  
omit ted,  t he  f i r s t  set  i s  inc luded in t h e  new ca l ib ra t ion ,  and add i t iona l  res idua l  
e r r o r s  a re  ta l l ied .  T h i s  p rocess  is repeated  unti l p red ic t i ons  have been made 
and  the  e r r o r s  slimmed f o r  a l l  5 0  samples ( i n  t h i s  case, 10 ca l i l i ra t ions  a r e  
made).  T h i s  e n t i r e  set  o f  calculat ions is  repeated  once each time an add i t iona l  
f ac to r  i s  i nc luded  in t h e  model. T h e  opt imum number  o f  f ac to rs  i s  near  t h e  
p o i n t  a t  w h i c h  the  res idua l  e r r o r  reaches a minimum. 

Resu l ts  f rom these p re l im ina ry  model ing e f f o r t s  w i t h  the  l a rge  da ta  se t  a r e  
shown in T a b l e  5. These resu l t s  were  ob ta ined w i t h  cen te r ing  (x a n d  y )  a n d  
sca l ing  (x) as a da ta  p re t rea tment .  On ly  PCR resu l t s  a re  shown, even t h o u g h  
t h e  PLS ca lcu la t ions  took  less cornput ina t ime a n d  gave s l i g h t l y  b e t t e r  resu l t s .  
T h e  PCR model i s  p r e f e r r e d  because i t  p rov ides  some add i t iona l  in fo rmat ion  o n  
o u r  o r i g ina l  data se t .  Resu l ts  a r e  dep ic ted  g raph ica l l y  in F igu res  3 and  4 f o r  
t h e  bes t  a n d  wors t  ca l ib ra t ions ,  respec t i ve l v .  T h e  main measi i re o f  t h e  success 
o f  these models i s  t h e  SEP. Fo r  ash  fus ion  tempera tures ,  t h e  SEPs were  in t h e  
range  o f  50 t o  78OF. T h e  fus ion  tempera tures  a t  ox id i z ing  cond i t ions  genera l l y  
gave  s l i g h t l y  be t te r  resu l t s  than  those a t  reduc ing  cond i t ions .  These va lues  
rep resen t  e r r o r s  somewhat l a rge r  than  ASTM repea tab i l i t y  a n d  r e p r o d u c i b i l i t y  
l imi ts.  T h e  la rges t  s ing le  p red ic t i on  e r r o r  f o r  these models was ahout  200OF. 
T h i s  i s  no  l a r g e r  t h a n  the  spread in in te r l abo ra to ry  resu l t s  seen in r o u n d  r o b i n  
analyses o f  s tandard  5amples. Fu r the rmore ,  these resu l t s  appear  to  b e  equ iva-  
l en t  t o  t h e  bes t  p red ic t i ons  o f  ash  fus ion  tempera tures  avai lable f rom ash  
elemental composi t ions (24.25.26). Many o f  those models have  inco rpo ra ted  
ra t ios ,  squared  te rms a n d m r m s  to  g e t  h e t t e r  resu l t s .  It appears  t h a t  t h e  
PLS and PCR models w o r k  reasonab ly  well f o r  mode l inq  non- l inear i t ies  in t h i s  
case. 

T h e  PCR r e s u l t s  f o r  CaO, Fe,O, SiO, a n d  AI,O, a r e  q u i t e  good, as  an t ic ipa ted .  
T h e  SEPs f o r  CaO a n d  Fe,O, o f  1 . 7 - 1 . 8  w t  % a re  h i g h e r  than  t h e  ASTM rep ro -  
d u c i b i l i t y  l im i ts ,  but the  resu l t s  f o r  SiO, a n d  AI,O, a re  w i t h i n  t h e  ASTM l im i t s  
f o r  those elements.  Note t h a t  al l  these e r r o r s  a re  h e t t e r  t h a n  t h e  va lue  o f  4.8 
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r e s u l t i n g  f rom t h e  minera log ica l  analysis.  (However ,  t h e  minera l  ana lys is  was  
n o t  op t im ized to  p r e d i c t  ash  elementals.)  

The ca l i b ra t i ons  ob ta ined  a r e  va l i d  ove r  a s ign i f i can t  range o f  each p r o p e r t y .  
It is feas ib le  t o  p r e d i c t  a l l  these p roper t i es  f rom t h e  L T A  f rom a small sample of 
coal, shou ld  t h a t  be  des i red .  These resu l t s  ma in ly  show t h a t  t he  me thods  
emploved c a n  model o the r  a s h  p roper t i es  wh ich  a re  more closely re la ted  to 
large-scale combust ion  behav io r .  T h i s  is one area  where  f u r t h e r  s t u d y  is 
des i rab le .  

A l thouqh  t h e  so f tware  used was n o t  a fu l l - fea tured  fac to r  ana lvs is  p rogram,  
po r t i ons  o f  t h e  p r i n t e d  o u t p u t  a re  use fu l  in s t u d y i n p  the  spec t ra l  data se t .  
The tab le  below shows some in fo rmat ion  ob ta inab le  f rom PCR models ( l a r g e  d a t a  
se t )  w i t h  5, 10 a n d  13 fac to rs .  I n  t h i s  case, t h e  " fac to rs"  a re  p r i n c i p a l  
components d e r i v e d  e n t i r e l y  f rom t h e  sample da ta  set .  PLS fac to rs  a re  n o t  
i n te rp re tab le  in t h e  same manner.  

P red ic t i on  Residual  
Sum o f  Squares  

(Recons t ruc t i on  o f  % o f  To ta l  Spec t ra l  
No. o f  Fac to rs  Or ig ina l  Data) Var iance o f  Data Set 

5 
10 
13 

89.9 
28.1 
11.5 

93.5 
98.0 
99.2 

A n  increase f rom 5 t o  10 in t h e  number  of fac to rs  rep resen t ing  t h e  o r ig ina l  da ta  
resu l t s  in a subs tan t i a l  reduc t i on  in the  e r r o r .  Becacse o f  t he  data p re t rea t -  
ment used,  t he  spec t ra l  e r r o r  cannot  be d i r e c t l y  compared t o  t h e  exper imenta l  
e r r o r  de te rm ined  f rom t h e  da ta  set. When f i v e  fac to rs  were used,  two  d i f f e r e n t  
l i g n i t e  samples were  f lagqed as poss ib le  ou t l i e rs  based on  t h e i r  spec t ra l  
var iances  r e l a t i v e  to  the  r e s t  o f  t he  da ta  set .  W i t h  t e n  fac to rs ,  one o f  the 
l ign i tes  was accommodated w i t h i n  t h e  fac to r  model [ a l t hough  t e n  fac to rs  may n o t  
have been r e q u i r e d  t o  accommodate i t ) .  With t h i r t e e n  factors,  b o t h  l i g n i t e s  
were accommodated. 

CONCLUSIONS 

Exper ience in t h i s  l abo ra to rv  has shown t h a t  even  w i t h  ca re fu l  a t ten t i on  to 
deta i l ,  de te rm ina t ion  o f  coal minera logy  b y  c lassical  least-squares ana lys is  o f  
F T l R  da ta  may h a v e  severa l  l im i ta t ions .  Fac tor  ana lys is  and re la ted  techn iques  
have t h e  po ten t i a l  t o  remove o r  lessen some o f  these l im i ta t ions .  Ca l i b ra t i on  
models based  on  pa r t i a l  least-squares o r  p r i nc ipa l  component reg ress ion  mav  
allow p r e d i c t i o n  o f  use fu l  p roper t i es  or  empi r i ca l  behav io r  d i r e c t l y  f rom F T l R  
spec t ra  of low- tempera ture  ashes. Wider app l i ca t ion  o f  these techn iques  t o  coal  
mineralogical  s tud ies  i s  recommended. 
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T A R L E  1 

DESCRIPTION OF COALS 

Seam - Desc r ip t i on  

P i t t s b u r g h  - U n d e r q r o u n d ,  Clean Coal, Creene Co., PA 
E l k h o r n  3 - Underg round .  Unwashed, R r e a t h i t t  Co., K Y  
I l l i no is  5.6 - Sur face .  Clean Coal,  Jackson Co., IL 
Scranton  - Surface, Mercer  Co., ND 
I l l i nn is  6 - Underg round .  Clean Coal, Je f fe rson  Co., I L  
I l l i no is  6 - Surface, Clean Coal P e r r y  Co., IL  
P i t t s b u r g h  - Underq round ,  Clean Coal, Marsha l l  Co., WV 
P i t t s b u r g h  - U n d e r g r o u n d ,  Cleav Coal, Monongal ia Co., WV 
No. 2 Gas, l l p p e r  a n d  Midd le  Eaqle - Underg round ,  C lean 
Coal, Raleigh Co., WV 
Pocahontas 3 - IJnderq round ,  Clean Coal, Buchanan Co., 
V A  

Coals 

P1 
EH 
I1 
SL 
I2 
13 
P2 
P3 
GE 

PO 

-. R a n k  

hvA.b 
h v A b  
h v B b  
Lig 
h v B b  
h v B b  
h v A  b 
h v A b  
h v A b  

Ivh 

__ 

TARLE 2 

REFERENCE MINERALS 

MAIN CLASSES 

Kaol in - Kao l in i te  4. 5 .  6 .  Dick i te  16, 27 
Mica - B io t i t e ,  Ph logop i te ,  Muscov i te  
I l l i t e  - I l l i t e  36, I l l i t e -Bear ing  Shale 
Mixed-Layer  C lays  - Metabentoni te 37, 42 
Montmor i l lon i te  - 21, 22A. 226, 24, 25, 26, 31 
Fe l tspars  - A lb i te ,  Anor th i t e ,  Or thoc lase  
Ch lo r i t e  - C h l o r i t e  
Misc.  AISi - A t tapu lg i te ,  Hal loysi te,  P y r o p h y l l i t e  48 
Quar tz  - Quar t z ,  Agate  
Fe su l f i des  - Marcasi te.  Commercial P y r i t e ,  M inera l  P y r i t e ,  P y h r r o t i t e  
Fe ox ides  - Goeth i te ,  Hemati te,  Magnet i te  
Fe su l fa te  - D i f f e rence  spec t rum weathered minus  unweathered p v r i t e  
S ide r i t e  - S ide r i t e  
Calc i te - Calci te,  A ragon i te  
Gypsum - Gypsum,  D r i e r i t e  
Dolomite - Dolomite 

GROUPED CLASSES 

Clays  - Kaol in,  I l l i t e ,  M. L. Clays,  Montmor i l lon i te ,  Misc. A lS i  
O the r  A lS i  - Mica, Fe ldspar ,  Ch lor i te ,  Quar t z  
Su l fa te  - F e  Su l fa te ,  Gypsum 
Carbonate  - Calci te,  S ider i te ,  Dolomite 
Fe A l te red  - Oxides, Su l fa te  

I n  add i t i on  to spec t ra  of  t h e  42 minera ls  shown above, t h e  least-squares compo- 
nen ts  i n c l u d e d  3 "spec t ra"  rep resen t ing  1) mo is tu re  in K R r  b lank  (ob ta ined  by 
sub t rac t i on  of  2 K B r  b l a n k  spec t ra ) ,  2) a cons tan t  basel ine o f f se t  (1  abs  f r o m  
4000 to 400 cm-l), a n d  3 )  a s lop ing  l inear  basel ine ( l i ne  f rom 1 abs  a t  
4000 cm- l  t o  0 abs  a t  400 c m - l ) .  Normal izat ion o f  resu l t s  used o n l y  t h e  42 
minera l  components,  a n d  d i s regarded  these t h r e e  components.  
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T A B L E  4 

SPECTRAL F I T  ERRORS AND ELEMENTAL PREDICTION ERRORS 
FROM F T l R  MINERALOGY 

Spectra l  F i t  E r r o r  (1575-400 cm l ) ,  
Std .  Dev.  in abs. SEP Ox ide  

Coa I R u n  1 __ R u n  2 - R u n  3 R un 4 w t  8 o f  A s h  - - 
P1 0.028 0.027 0.038 
EH 0.030 0.033 0.023 
I1 0.026 0.026 0.029 
SL - 0.250 0.149 
12 0.033 0.028 
13 0.037 0.039 
P? 0.040 0.040 
P3 0.037 0.036 
CE 0.038 0.037 
PO 0.022 0.021 

With SL,  pooled std. d e v .  = 0.093 
Without SL, pooled s td .  dev.  = 0.041 

0.041 4.4 
0.029 4.3 
0.031 4.7 
0.194 4.1 

5.2 
6.7 
4.4 
5.5 
3.4 
6.2 

T A B L E  5 

P R I N C I P A L  COMPONENT REGRESSION C A L I B R A T I O N S  
FOR SELECTED ASH PROPERTIES 

No. nf 
T y p e  Fac to rs  ~ SEP 

Ash Fusion Tempera tu re ,  OF 

RID 5 72.4 
RST 5 77.9 
R H T  5 65.9 
R F T  5 56.2 
OID 6 50.5 
OST 5 60.4 
OHT 5 54.0 
OFT 2 61.1 

Ash Element as Ox ide ,  w t  % 

- 

SiO, 10 1.38 
13 0.74 
8 1.79 

CaO 3 1.73 

A'203 

Magn i tude 
o f  Max. 

Pred ic t i on  
E r r o r  

169.9 
153.5 
201.8 
157.6 
117.6 
149.8 
163.8 
148.1 

2.81 
1.33 
3.19 
6.88 

Range of  I n p u t  Data 
Min.  Value Max. Value 

1918 2757 
1072 2808 
2092 2958 
2127 2968 
2115 2808 
2159 2858 
2197 2881 
221 8 2769 

29.15 56.45 
9.12 27.34 
4.33 30.17 
1.07 30.11 

/ I s  
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Least-Squares y = '0.985 x 0.098) 

RR yL*. 13 F O I M  

F igu re  3 .  PCR Model Resul ts  fo r  
AI,O, w t  % o f  Ox id i zed  A s h  (Bes t  
Model of A s h  Proper t i es ) .  

F i g u r e  2. Spect ra l  Residual for  t h e  Bes t  
(Coal PO),  T y p i c a l  (Coal EH) and  Wors t  
(Coal SL)  Least-Squares F i t s .  Spect ra 
Shown a r e  Or ig ina l  L T A  ( A ,  D, C), 
Least-Squares Composite (B,  E, HI, a n d  
D i f f e rence  (Or ig ina l  M inus  Composite 

F i g u r e  4. PCR Model Resul ts  f o r  A s h  
Sof ten ing Tempera tu re  (Reduc ing ) ,  OF 
(Worst  Model o f  A s h  Proper t i es ) .  C. F. 1 ) .  
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