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ABSTRACT 

EXAFS spectroscopy is shown to be a very promising technique for 
investigating the molecular structure of organically bound sulfur in coal 
and coal derivatives. The current paper presents sulfur K-shell EXAFS 
results for a number of a maceral separates prepared by density gradient 
centrifugation and for several biodesulfurized coals. Both the near-edge 
structure and the radial structure functions exhibit some similarities to 
dibenzothiophene. However, a broad peak occurs in the XANES region of the 
coai spectra that is not observed for the molecular structures usually 
ascribed to organic sulfur in coal. This is believed to arise from resonant 
photoelectron scattering from second and third nearest neighbor carbon shells 
and from sulfur bonded to oxygen. 

Introduction 

Numerous techniques are available for investigating the structure of 
the inorganic forms of sulfur in coal and coal derivatives. These include 
57Fe Mossbauer spectroscopy, ( ' 9  2, computer-controlled scanning electron 
microscopy,(3?4) and x-ray diffra~tion,(~.~) to mention a few. 
development of techniques to determine the structural forms of organic 
sulfur, however, has proven more difficult. Recently, it has been 
demonstrated that X-ray absorption fine structure spectroscopy, usually 
referred to as EXAFS spectroscopy, is a very promising method for investi- 
gating the molecular structure of organic sulfur in coa1.(7,8) In this 
article, some recent EXAFS results obtained from maceral separates and other 
samples containing little or no pyrite are summarized. 

The 
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i Experimental Procedures 

EXAFS spectroscopy provides information on the electronic bonding 
and atomic environment of an element through detailed analysis of the fine 
structure associated with an X-ray absorption edge of that element. When a 
synchrotron radiation source is used, individual elements can be investigated 
at dilute levels (- 100 ppm to 1%) in complex samples. The current experi- 
ments were conducted during a dedicated run at the Stanford Synchrotron 
Radiation Laboratory using wiggler beam-line VII-3. Electron energies were 
3 GeV and beam currents were typically 40 to 80 mA. A Si(ll1) double crystal 
monochromator was used to vary the X-ray energy from approximately 100 eV 
below to 600 eV above the sulfur K-shell absorption edge (2472 eV). To 
minimize absorption of these relatively soft X-rays, an all helium pathway 
from the beam pipe to the sample and detector was constructed and thin ( 6  pm) 
mylar windows were used wherever possible. The experiments were done in the 
fluorescent mode, using a fluorescent ionization detector described 
elsewhere. C9) 

Most of the samples examined were maceral separates prepared by density 
gradient centrifugation (DGC). 
elsewhere. EXAFS measurements were made on exinite, vitrinite and 
inertinite separates from coals of several ranks. In addition to maceral 
separates, several coals from which all pyrite had been removed by biological 
desulfurization(12) were examined. 
form of pellets by hydrostatically pressing the coal powder into a boric acid 
cylinder or, in some cases, adding an epoxy binder. 

Discussions of the DGC methods are given 

The EXAFS specimens were prepared in the 
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R e s u l t s  and Discussion 

EXAFS spectroscopy determines the electronic structure and atomic 
environment of an element by analysis of the fine structure associated with 
an X-ray absorption edge of that element. The spectra are normally divided 
into two regions. The region within about 20 to 50 eV of the absorption edge 
is called the X-ray absorption near edge structure, or XANES (see Figures 1 
and 2). 
from two sources: 
and low-energy scattering resonances. The XANES spectra are quite 
sensitive to the detailed nature of the electronic bonding and can frequently 
serve as fingerprints to identify different compounds or types of binding. 

The peaks and other structure in this region are derived primaril 
photoelectron transitions to vacant, bound levels, (13,12) 

The extended X-ray absorption fine structure, or EXAFS, is the 
oscillatory structure that begins at 30 to 50 eV above the edge and extends 
to fairly high energies (- 500 to 1000 eV). These oscillations arise from 
interference between the outgoing and backscattered photoelectron wave 
functions. They can be subjected to a Fourier transform analysis to yield 
a radial structure function (Figure 3) from which interatomic distances and 
coordination numbers for the atomic neighbor shells of the absorbing atoms 
can be determined. (18919) 

Typical sulfur K-shell EXAFS data are shown in Figures 1 to 3 .  The 
XANES of several standar; compounds appear in Figure 1. The zero of energy 
is taken at the first peak in the differential of the spectrum of elemental 
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s u l f u r ,  The f i r s t  l a rge  peak i n  the XANES, t he  so -ca l l ed  "white l i n e " ,  
probably a r i s e s  from a t r a n s i t i o n  of t he  photoelectron from the Is l eve l  
t o  hybridized p l eve l s  - 3p/3d-4s fo r  p y r i t e  and 3p/2p f o r  t he  remaining 
compounds. The subsequent broader peaks, located between approximately 
5 and 30 eV f o r  p y r i t e  and dibenzothiophene (db t ) ,  and from 1 5  t o  40 e V  
f o r  the sulfur-oxygen bonded compounds, probably a r i s e s  from low energy 
sca t t e r ing  resonances.(l5-17) It i s  evident t h a t  the increase in valence of 
the  su l fu r  ions bonded t o  oxygen i n  su l fosa l i cy l i c  ac id  and fe r rous  su l f a t e  
causes a s i g n i f i c a n t  pos i t i ve  s h i f t  i n  the white l i n e  and o ther  XANES 
f ea tu res .  

XANES spec t r a  of severa l  maceral separa tes  from a high v o l a t i l e  
bituminous coa l  (PSOC 733, HVAB, Appale, PA) a r e  shown i n  Figure 2 .  The 
f i r s t  two peaks, which a re  r e l a t ive ly  sharp ,  occur a t  t he  same loca t ions  
and have s i m i l a r  i n t e n s i t i e s  t o  the corresponding peaks i n  the  XANES of 
dbt.  Presumably, they represent  s * p t r ans i t i ons  c h a r a c t e r i s t i c  of an 
aromatically bound su l fu r  atom. Thianthrene, however, which contains two 
aromatically bound su l fu r s ,  exhib i t s  only the f i r s t  of these two sharp peaks, 
a t  approximately 3 eV. This could r e f l e c t  the  increase  i n  symmetry of the 
su l fu r  s i t e s  i n  th ian threne .  

The broad peak a t  10-11 eV was observed f o r  a l l  coa l  specimens examined, 
bu t  was not present  i n  the XANES of any standard compounds i n  which S i s  
bonded t o  C and H .  I t  i s  i n  approximately the  same loca t ion  as  the strong 
white l i n e  i n  the  XANES of the standard compounds t h a t  contain S bonded t o  
0 ( su l fosa l i cy l i c  ac id  and various s u l f a t e s ) .  Consequently, su l fu r  oxidation 
may be  p a r t i a l l y  responsible f o r  t h i s  fea ture .  However, it i s  seen i n  Figure 
1 and Table I than sulfur-oxygen bonded species a l so  exhib i t  s ign i f i can t  
secondary'XANES s t r u c t u r e  between 20 and 30 eV t h a t  i s  not  evident i n  
the  coal spec t ra .  I t  seems l i k e l y ,  therefore ,  t h a t  low energy resonant 
s ca t t e r ing  of t he  photoelectron by second and t h i r d  neighbor she l l s  
may be t h e  primary o r ig in  of the  broad peak a t  10-11 e V .  
elsewhere,(  5-17) the  pos i t ion  of such sca t t e r ing  peaks can be r e l a t e d  t o  
interatomic d is tance .  I t  has previously been n ~ t e d ( l ~ s ' ~ )  t h a t  an ER2 = 
constant r e l a t i o n  f requent ly  holds f o r  such XANES f ea tu res ,  where E i s  the 
energy a t  which the  peak occurs and R i s  the d is tance  from the  absorbing 
atom t o  the neighbor s h e l l  which gives r i s e  t o  the  sca t t e r ing  resonance. 
Dependent on  what reference point the peak energy i s  measured from, the  
e f f e c t  o f  phase s h i f t s  on the E - R r e l a t i o n ,  and multiple versus s ing le  
s c a t t e r i n g ,  d i s tances  of approximately 2.5 to 4 A could be compatible with 
the  peak i n  question. 
v s .  d i s tance  c a l i b r a t i o n  curves from analyses of the  XANES of various 
standard su l fu r  compounds. 

A s  discussed 

Work is now in progress t o  e s t ab l i sh  su i t ab le  energy 

Typical r a d i a l  s t ruc tu re  functions ( R S F ' s )  produced by Fourier 
transformation of t he  EXAFS of maceral separates a r e  shown i n  Figure 3 .  
I t  appears t h a t  two atomic s h e l l s ,  and possibly three ,  can be resolved. 
Assuming t h a t  t he  a toms  surrounding the  su l fu r  i n  coa l  a r e  primarily carbons, 
the  standard back transform ana lys is  of the  RSF peaks was ca r r i ed  out using 
an empirical  S - C phase s h i f t  determined from the  EXAFS data f o r  db t .  The 
interatomic d is tances  determined i n  t h i s  manner seem reasonable (Table 11). 
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Conclusions 

The current results demonstrate that EXAFS spectroscopy is an excellent 
method for direct, non-destructive, investigation of the molecular structure 
of organic sulfur in coal. 
calibration relationships for Lnterpretation of the XANES, and conducting in 
situ studies of the changes in sulfur structure resulting from pyrolysis, 
hydrogenation, and oxidation. 

Future studies will concentrate on development of 
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L, 

TABLE I. Energies (eV) of the f i r s t  th ree  peaks observed i n  the  XANES 
of  some standard compounds and coa l  specimens. 
XANES fea tu re .  

Peak 1 is the  most i n t ense  

Peak 1 Peak 2 Peak 3 

Posit ion Area+ Pos i t ion  A r e a  Pos i t ion  A r e a  
Samule ( e V )  ( % )  (eV) ( % )  (eV) ( 8 )  

K2S04 
thianthrene 
4 , 4  thiodiphenol 
sulfamic acid 
su l fosa l i cy l i c  acid 
dibenzothiophene 
2 , 2  thiodiacetamide 
thioacetamide 
p y r i t e  
py r rho t i t e  
W .  KY # 9 ,  run 6 ,  biodesul.  
W .  KY # 9 ,  run 5, biodesul.  
PSOC 7 3 3  ( e )  
PSOC 7 3 3  (v) 
PSOC 7 3 3  ( i )  
PSOC 1111 (e)  
PSOC 1111 (v) 
PSOC 1111 ( i )  
PSOC 1110 (e) 
PSOC 1110 (v) 
PSOC 1 1 0 8 s  (v) 
W. KY #9 (e )  
W. KY #9 (v) 
W. KY #9 ( i )  
W .  KY #9 (v) 
W. KY #9 7 1 0 9 5  (v) 
W .  KY # 3  (v) 
W. KY #5 (v)  
W. KY #6 ( i )  

11.5 
3 . 3  
2 . 5  
9 . 0  

1 0 . 3  
2 . 8  
2 . 6  
0.1 
0 . 9  

-0 .5  
2 . 9  
2 . 9  
2 . 8  
2 . 9  
2 . 9  
3 . 3  
3 . 3  
3 . 3  
3 . 0  
2 . 4  
2 . 5  
2 . 9  
2 . 9  
2 . 9  
2 . 9  
2 . 9  
2 . 2  
2 . 2  
2 . 1  

62  
66 
26 
41 
8 3  
60  
17 
42  
9 4  

7 
37 
32 
47 
4 3  
4 1  
41 
39 
4 3  
46 
26 
21  
4 1  
40  
35 
44 
48 
38 
38 
45 

L5 .1  
9 . 4  
4 . 1  

L1.5  
16 .9  
4 . 8  
7 . 8  
2 . 4  
8 . 9  
6 . 8  
5 . 0  
4 . 9  
k . 9  
4 . 7  
4 . 9  
5 . 1  
5.0 
5.0 
4 . 8  
4 . 1  
4 . 2  
4 . 8  
5.0  
4 . 9  
4 . 9  
4 . 9  
4 . 2  
4 . 1  
4 . 0  

6 
34 
15  
3 1  
17 

9 
27 
13  

3 
32 

6 
4 
7 
6 
3 

23  
24 
24 
20 

9 
9 
4 
5 
1 
10 

6 
5 
5 
5 

1 7 . 3  

1 0 . 7  
18.0 

8 . 3  
1 8 . 5  

5 . 8  
1 1 . 8  
1 2 . 0  
1 1 . 4  
1 1 . 7  
11.3 
11.3 
1 1 . 6  
1 0 . 2  
10.0 

9 . 9  
9 . 8  
9 . 1  
9 . 4  

1 0 . 8  
1 0 . 8  
1 1 . 2  
1 1 . 2  
11.2 

9 . 9  
1 0 . 3  
1 0 . 7  

32  

52 
27 

3 1  
56 
46 

3 
5 4  
57 
6 4  
46 
5 1  
56 
36 
37 
33 
3 4  
7 3  
7 8  
5 5  
55  
6 4  
46 
46 
57 
57 
50 

*(e ) ,  ( v ) ,  and (i) denote ex in i t e ,  v i t r i n i t e ,  and i n e r t i n i t e  
separa tes  prepared by DGC. 

'The a rea  percentages a r e  determined by a program developed by one of the 
authors (R .  B .  Greegor) t h a t  f i t s  the XANES peaks with Lorentzians and the  
edge s t e p  by an arctangent function. 
t o  +20 ev. 

The analyses were ca r r i ed  out f rom -10 
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TABLE 11. Distances (A) from the sulfur atom t o  its nearest neighbor she l l s  
in  dibenzothiophene and a variety o f  coal specimens. 

SamDle* Shel l  1 Shell 2 Shell  3 

dibenzothiophene 
W .  KY #9, run 6, biodesul. 
PSOC 733 ( e )  

PSOC 1111 (e) 
PSOC 733 ( i )  
PSOC 1111 ( e )  

PSOC 1110 ( e )  

PSOC 1108s (v) 
W. KY #9 (e) 
W. KY #9 (v) 
W. KY #9 (i) 
W. KY #9 (v) 
W. KY #9 71095 
W. KY #3 (v) 
W. KY #5 (v )  
W. KY #6 (i) 

PSOC 733 (v) 

PSOC 1111 ( i )  

PSOC 1110 (v) 

1.74 
1.75 
1.75 
1.74 
1.74 
1.74 
1.74 
1.74 
1.74 
1.74 
1.74 
1.78 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.74 

2.71 4.02 
2.75 
2.75 4.02 
2.74 4.02 
2.74 4.02 
2.73 
2.75 4.05 
2.73 4.02 
2.76 
2.75 
2.75 
2.74 
2.74 
2.82 
2.73 
2.75 

2.77 
2.80 

* ( e ) .  (v), and ( i )  denote ex ini te ,  v i t r i n i t e ,  and inert in i te  
separates prepared by DGC. 

6066P 
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flq. 1 - XANES of Sulfur Standordw 
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Figure 3 .  Radial structure functions obtained from the  EXAFS of 
maceral separates from PSOC 7 3 3 .  
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