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ABSTRACT 

A S u l f u r  K Edge X-ray Absorption Spectroscopy method has been developed f o r  
the d i r e c t  determinat ion and q u a n t i f i c a t i o n  o f  t he  forms o f  o rgan ica l l y  bound 
s u l f u r  i n  n o n v o l a t i l e  petroleum and coal samples. XANES spectra were taken o f  a 
number o f  model compounds, mixtures o f  model compounds, heavy petroleum and coal 
samples. 
q u a n t i f i c a t i o n  o f  the s u l f i d i c  and th iophenic  components o f  the model mixtures 
and o f  heavy petroleum and coal samples. 

INTRODUCTION 

A t h i r d  d e r i v a t i v e  analys is  o f  these spectra allowed approximate 

Although many attempts have been made t o  determine the forms o f  o rgan ica l l y  
bound s u l f u r  i n  n o n v o l a t i l e  and s o l i d  hydrocarbonaceous mater ia ls ,  v i r t u a l l y  a l l  
have involved i n  one way o r  another some chemical change t o  the s t ructures,  and 
leave open questions as t o  what i s  being measured (1). While l ess  o f  an issue 
f o r  petroleum based samples ( 2 ) ,  chemical de r i va t i za t i ons  o f  coal requi re  good 
mass t ranspor t  t o  be sure t h a t  the reac t i on  i s  complete and a l l  products are 
accounted f o r .  Py ro l ys i s  type experiments (3a) leave open the question as t o  
whether s u l f u r  forms are i n te rconver t i ng  (3b). To remove these ambiguit ies, a 
d i r e c t  measurement i s  requi red,  which must be element spec i f i c ,  environment 
sensi t ive,  and must be able t o  observe the e n t i r e  sample. X-ray Absorption 
Spectroscopy (XAS) i s  one such method. I n  e a r l i e r  work Hussain e t  a l .  ( 4 ) ,  
Spiro e t  a l .  (5), and l a t e r  Huffman e t  a l .  (6 ,7 )  demonstrated the po ten t i a l  o f  
s u l f u r  X-ray absorpt ion spectroscopy f o r  the q u a l i t a t i v e  determination o f  s u l f u r  
forms i n  coals ,  however they made no attempt a t  quan t i f i ca t i on .  This repo r t  
i nves t i ga tes  the app l i ca t i ons  o f  X-ray absorption near edge spectroscopy (XANES) 
f o r  the purpose o f  spec iat ing and quan t i f y i ng  the forms o f  organic s u l f u r  i n  
so l i ds  and n o n v o l a t i l e  l i q u i d s .  

EXPERIMENTAL SECTION 

The d e t a i l s  o f  the XANES experimental setup and data analyses have been 
described p rev ious l y  (3b,8). A l l  model compounds used i n  t h i s  study were 
obtained from A l d r i c h  Chemical Company and were used wi thout  f u r t h e r  
p u r i f i c a t i o n .  The asphaltene samples were prepared from t h e i r  respect ive 
petroleum res idua by p r e c i p i t a t i o n  from n-heptane fo l l ow ing  the procedure o f  
Corbett (9) .  A sample o f  Rasa l i g n i t e  was generously provided by D r .  Curt 
White. The sample o f  I l l i n o i s  #6 coal was obtained from the Argonne Premium 
Coal Sample Bank. 

RESULTS AND DISCSSION 
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XANES o f  Model Compounds 

a series of model compounds whose s t ructures are bel ieved t o  be representat ive 
o f  the types o f  o rgan ica l l y  bound s u l f u r  found i n  heavy petroleum and coals .  
Although the absolute value f o r  the energy c a l i b r a t i o n  contains some 
uncer ta in ty ,  t he  r e l a t i v e  accuracy o f  the energy scale proved t o  be reproducib le  
t o  w i t h i n  l ess  than 0.1 eV. The t o t a l  span i n  energy i s  qu i te  large,  being some 
12.4 eV between thiohemianthraquinone and potassium su l fa te .  
an t i c ipa ted  (lO,ll), the f i r s t  i n f l e c t i o n s  o f  compounds w i t h  more ox id i zed  
s u l f u r  are notably  h igher  i n  energy than f o r  those w i t h  reduced s u l f u r .  
s u l f u r  XANES spectra o f  compounds w i th  s i m i l a r  s u l f u r  e lec t ron i c  environments 
were found t o  be s im i la r .  For example, dibenzothiophene and benzothiophene were 
found t o  g i ve  s i m i l a r  s u l f u r  XANES spectra, whereas dibenzothiophene and 
thianthrene, whose s u l f u r  atoms are i n  s i g n i f i c a n t l y  d i f f e r e n t  environments, 
e x h i b i t  d i s s i m i l a r  s u l f u r  XANES. 

Examination o f  Table 1 reveals t h a t  the edge o f  dibenzothiophene i s  
displaced from t h a t  o f  benzyl su l f i de ,  the f i r s t  i n f l e c t i o n  energy being some 
0.6 eV higher  f o r  the former compound. The XANES spectra o f  the compounds 
l i s t e d  i n  Table 1 (3b,8) can r e a d i l y  be used as a f i n g e r p r i n t  f o r  the e lec t ron i c  
nature o f  or 'ganical ly bound su l fu r ,  and f o r  d i s t i ngu ish ing  between the forms o f  
s u l f u r  i n  the pure compounds. From previous XANES data on dibenzothiophene and 
benzyl s u l f i d e  and physical mixtures o f  the two, i t  proved poss ib le  t o  i d e n t i f y  
each compound i n  the presence o f  the other  (3b,8). 
measuring the heights  o f  the t h i r d  d e r i v a t i v e  features a t  2469.8 eV and 2470.8 
eV r e l a t i v e  t o  the base l i n e  i n  the model compound mixtures, a c a l i b r a t i o n  was 
establ ished which allowed an approximate estimate o f  the amounts o f  each 
component i n  hydrocarbon samples t o  be obtained. 

XANES o f  Petroleum Residua 

Table 1 l i s t s  the f i r s t  i n f l e c t i o n  po in ts  o f  the s u l f u r  K edge spectra f o r  

As might be 

The 

Add i t i ona l l y  by simply 

On the l e f t  s ide o f  Figure 1 the s u l f u r  K edge spectra f o r  three d i f f e r e n t  
petroleum res idua and the  asphaltene samples prepared from them are shown. 
While the absorption spectra a l l  appear t o  be s i m i l a r ,  d i f f e rences  are revealed 
by examining the t h i r d  de r i va t i ves  o f  t he  spectra, which are shown on the r i g h t  
side o f  the f i g u r e .  
s u l f i d i c  and thiophenic forms, the amount o f  s u l f i d i c  s u l f u r  increas ing from 
sample 1 t o  sample 3. 
appear t o  conta in  both forms. Assuming t h a t  the composition o f  the s u l f u r  forms 
i n  these samples i s  approximated by the simple two component mix ture o f  
dibenzothiophene and d ibenzy l su l f i de  models, an estimate o f  the r e l a t i v e  molar 
quan t i t i es  o f  s u l f i d i c  and thiophenic forms can be obtained as described above. 
These approximate values are l i s t e d  i n  Table 2. I n  samples 1 and 3 ,  i t  i s  c l e a r  
t h a t  the predominant form o f  s u l f u r  i n  the asphaltene f rac t i ons  i s  th iophenic  
and the predominant form i n  the whole residuum i s  s u l f i d i c .  For sample 2, there 
appears t o  be no such d i sc r im ina t i on .  

I n  the l a t t e r  case, the t o t a l s  do no t  add t o  100%. While thickness e f f e c t s  
may p lay a r o l e ,  a more probable explanation f o r  t h i s  observation i s  t h a t  a 
range of s l i g h t l y  d i f f e r e n t  s u l f u r  types, o f  both s u l f i d i c  and th iophenic  forms 
e x i s t  i n  t h i s  mater ia l ,  which causes a broadening o f  the features o f  the XANES 
spectrum and making q u a n t i f i c a t i o n  based on mixtures o f  two model compounds less  

A l l  the residua samples appear t o  conta in  s u l f u r  bound i n  

The asphaltene samples prepared from residua 2 and 3 a l so  

739 



accurate. I n  agreement w i t h  t h i s  the  s t ruc tu re  o f  t he  t h i r d  de r i va t i ve  spectra 
o f  both the r e s i d  sample 2 and the asphaltene der ived from i t  do appear t o  be 
broadened r e l a t i v e  t o  t h a t  o f  the spectra o f  sample 3 i n  Figure 1. 
broadening takes p lace i n  t h e  " s u l f i d i c "  region, bo th  data sets were normalized 
t o  loo%,, g i v i n g  a rough approximation o f  the amounts o f  s u l f i d i c  and thiophenic 
su l fu r ,  which are shown i n  parentheses i n  the  tab le.  

XANES o f  Coal 

I n  F igure 2 are shown the  XANES spectra and t h e i r  t h i r d  de r i va t i ves  o f  t he  
Rasa l i g n i t e  and I l l i n o i s  #6 coal samples, and Table 2 the approximate 
q u a n t i f i c a t i o n  o f  s u l f u r  types. The former coal was chosen f o r  t h i s  study 
because i t  has an unusually high amount o f  o r g a n i c a l l y  bound s u l f u r ,  and an 
unusually low l e v e l  o f  p y r i t i c  s u l f u r  (12 ) .  
r e l a t i v e l y  h igh p y r i t i c  s u l f u r  content provides a means o f  de f i n ing  t o  what 
extent p y r i t i c  s u l f u r  i n t e r f e r e s  w i t h  data i n t e r p r e t a t i o n .  

For Rasa l i g n i t e ,  t h i s  XANES analys is  i nd i ca tes  tha t  about 30% o f  the 
s u l f u r  i s  s u l f i d i c  and 70% i s  thiophenic. These numbers are i n  agreement w i t h  
those found by XPS (14). P a r t i a l  conf i rmat ion o f  these values a lso comes from 
the work o f  Kavcic (13), who showed tha t  about 75% o f  the s u l f u r  i n  t h i s  l i g n i t e  
was not reac t i ve  toward methyl iod ide;  t h i s  l ack  o f  r e a c t i v i t y  was a t t r i b u t e d  t o  
the s u l f u r  being bound i n  r i n g  s t ructures.  Even recognizing the po ten t i a l  o r  
inherent e r r o r s  o f  the methyl i od ide  method such as degree o f  react ion,  poss ib le  
side react ion,  e tc . ,  the extent  o f  agreement o f  the d i r e c t  and i n d i r e c t  
techniques i s  good. 

The XANES spectrum f o r  the Argonne Premium I l l i n o i s  #6 coal and i t s  t h i r d  
de r i va t i ve  i n  F igure 2 c l e a r l y  show tha t  p y r i t i c  s u l f u r  i s  a s ign f i can t  
component. As a f i r s t  step t o  e x t r a c t  data on the organic s u l f u r  content, the 
XANES spectrum o f  i r o n  p y r i t e  (determined separately and not shown i n  the 
f i gu re )  was mathematical ly subtracted from the  XANES spectrum o f  the coal. 
r e s u l t i n g  spectrum and i t s  t h i r d  d e r i v a t i v e  are shown i n  Figure 2 below those o f  
the whole coa l ,  and from t h i s  t h i r d  d e r i v a t i v e  approximate quan t i f i ca t i ons  o f  
60% s u l f i d i c  and 40% th iophenic  s u l f u r  forms were determined (Table 2).  It i s  
i n t e r e s t i n g  t o  note tha t  these are i n  reverse order from what was found by XPS 
analysis on t h i s  same coal (14) and on another I l l i n o i s  #6 sample by py ro l ys i s  
techniques (3a). The XANES approximations f o r  t h i s  coal should be considered as 
t e n t a t i v e  and subject  t o  change due t o  poss ib le  e r r o r s  i n  the  subtract ion method 
used. For example, i f  the  p y r i t e  a c t u a l l y  present i n  the coal has d i f f e r e n t  
spectral c h a r a c t e r i s t i c s  than the p y r i t e  sample examined by XANES, the  s u l f i d i c  
numbers could be h igher  than actual. 
in ter ference e f f e c t s  o f  p y r i t i c  s u l f u r .  
data are shown t o  be v a l i d ,  comparison w i t h  data obtained by p y r o l y s i s  would 
imply t h a t  s u l f i d i c  su l fu r  can in te rconver t  t o  some extent  t o  thiophenic s u l f u r  
on heating. 

CONCLUSIONS 

Since the  

The l a t t e r  was chosen because i t s  

The 

Work i s  i n  progress t o  b e t t e r  de f i ne  the  
I t  i s  i n t e r e s t i n g  t o  note t h a t  i f  these 

This work has demonstrated t h a t  o rgan ica l l y  bound s u l f u r  forms can be 
d is t inguished and i n  some manner quan t i f i ed  d i r e c t l y  i n  model compound mixtures, 
and i n  petroleum and coal .  
the c r i t i c a l  f ac to r  i n  a l lowing t h i s  analys is .  The t e n t a t i v e  q u a n t i t a t i v e  

The use o f  t he  t h i r d  d e r i v a t i v e  XANES spectra was 
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i d e n t i f i c a t i o n s  o f  s u l f u r  forms appear t o  be consis tent  w i t h  the  chemical 
behavior o f  t he  petroleum and coal samples, although la rge  amounts o f  p y r i t i c  
s u l f u r  may i n t e r f e r e  w i t h  the  accuracy. Fur ther  work i s  i n  progress t o  resolve 
the p y r i t i c  s u l f u r  question and t o  extend these techniques t o  other n o n v o l a t i l e  
and s o l i d  hydrocarbon mater ia ls .  
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TABLE 1 
Sulphur K edge F i r s t  I n f l e c t i o n  Energies (b) 

Compound 
K2S04 
anthraquinone 6-sulfonate(Na) 
tetramethylenesulfone 
diphenyl sulfone 
d i  benzothiophenesul fone 
dimethyl su l fox ide 
tetramethylenesul fox ide 
2-methylthiophene 
benzoth i ophene 
dibenzothiophene 
methionine 
th ianthrene 
d i o c t y l  sulphide 
cys t i ne  
tetramethyl thiophene 
benzylphenyl sulphide 
dibenzylsulphide 
2 -naphtha1 enethi 01 
cys t  e i ne 
d iphenyld isu lph ide 
d ibenzy ld isu lph ide 
s u l f u r  
i r o n  p y r i t e  
thiohemianthraquinone 

F i r s t  I n f l e c t i o n  (a) 
(ev) 

2478.5 
2477.6 
2475.6 
2474.8 
2474.7 
2472.8 
2472.4 
2470.6 
2470.4 
2470.4 
2470.3 
2470.2 
2470.1 
2470.1 
2470.0 
2469.9 
2469.8 
2469.8 
2469.2 
2469.2 
2469.1 
2469.1 
2468.4 
2466.1 

a. F i r s t  i n f l e c t i o n  po in ts  were obtained from the p o s i t i o n  o f  t he  lowest energy 
maximum o f  the f i r s t  de r i va t i ve ,  and are considered accurate t o  b e t t e r  than 
O.leV. 

b. Modi f ied from Reference 8.  

TABLE 2 
Approximate Q u a n t i f i c a t i o n  o f  Organ ica l l y  Bound 

Su l fu r  Forms i n  Heavy Hydrocarbons 

% S u l f i d i c  (+  1 0 1  %Thioohenic (+  10) 

Asphaltene 1 

Residuum 2 
Asphaltene 2 

Residuum 3 
Asphaltene 3 

- Coal 
Rasa l i g n i t e  

29 
0 

42 (58)  
43 (54) 

65 
50 

71 
100 

30(42)  
37(46)  

35 
50 

30 70 

60 40 I l l i n o i s  #6 (APSB) 
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F i g u r e  1 
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F i g u r e  2 

s K-edge XANES o f  Coals 
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