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Abs t r ac t :  

The importance of i r o n  s u l f i d e s  i n  d i r e c t  c o a l  l i q u e f a c t i o n  has  been noted  by 
s e v e r a l  i n v e s t i g a t o r s ;  an i n c r e a s e  i n  c o a l  convers ion  and q u a l i t y  of t he  products  
has  been observed i n  t h e i r  s t u d i e s .  I n  o rde r  t o  ga in  a b e t t e r  unders tanding  of the  
r o l e  of i ron  s u l f i d e s  i n  coa l  l i q u e f a c t i o n  we have i n v e s t i g a t e d  " in - s i tu ' '  t h e  
i n t e r a c t i o n  of FeS and Fe S with  a s e r i e s  of  model compounds. I n  o u r  experiments 
10% c a t a l y s t s  by wzight weTe8added t o  t h e  model compounds. 
s tud ied  were d ibenzoth iophene ,  pyrene ,  phenanthrene, 1,4-naphthoquinone, 
phenoth iaz ine ,  and qu ino l ine .  The exper iments  were performed i n  n i t r o g e n  and 
hydrogen atmospheres.  
some of t he  model compounds. The format ion  of  i n t e rmed ia t e  i r o n  ox ides  i n  
1,4-naphthoquinone i n d i c a t e s  a s t r o n g  i n t e r a c t i o n  between t h e  i r o g  on t h e  p y r r h o t i t e  
s u r f a c e  and oxygen. The s u r f a c e  composition of  p y r r h o t i t e  a t  450 C was a l s o  s tud ied  
i n  a UHV r e a c t i o n  chamber and t h e  i n t e r a c t i o n  wi th  H2 ,  0 
us ing  e l e c t r o n  energy l o s s  spec t roscopy.  

The model compounds 

We f i n d  ev idence  of i n t e r a c t i o n  between the  p y r r h o t i t e s  and 

and CO was i n v e s t i g a t e d  
2 

I. I N T R O D U C T I O N  

Di rec t  coa l  l i q u e f a c t i o n  i s  a process  t h a t  has  been known f o r  a number o f  
yea r s .  The l i q u e f a c t i o n  of c o a l  is a complex process  invo lv ing  a c l o s e  i n t e r a c t i o n  
between c o a l ,  hydrogen-donor s o l v e n t ,  and c a t a l y s t s .  The r o l e  of minera l  m a t t e r  and 
p a r t i c u l a r l y  i r o n  s u l f i d e s  i n  c o a l  l i q u e f a c t i o n  has  been t h e  s u b j e c t  of s e v e r a l  
i n v e s t i g a t i o n s  (1-3).  
convers ion  i n  t h e  presence  of minera l  ma t t e r  ( 2 ) .  Recycl ing  t h e  minera l  ma t t e r  
tends  t o  inc rease  t h e  r e a c t i o n  r a t e  and enhance the  convers ion  of py r id ine - so lub le s  
t o  benzene s o l u b l e s  (4 ) .  The a d d i t i o n  o r  presence  of p y r i t e  enhances t h e  product ion  
of l i q u i d  products  from coa l  ( 5 ) .  The s p e c i f i c  e f f e c t  of each minera l  has  n o t  been 
we l l  e s t a b l i s h e d  ( 6 )  because some of t h e  minera ls  occur  i n  very  smal l  amounts. Some 
of t he  c l a y  minera ls  may have on ly  a s imple  phys ica l  e f f e c t  (6 ) .  
exper imenta l  r e s u l t s  sugges t  t h e  i r o n  s u l f i d e s  a s  t h e  most a c t i v e l y  involved 
minera ls  i n  coa l  l i q u e f a c t i o n .  

Mukherjee and Chowdbury observed an i n c r e a s e  i n  coa l  

A l l  t h e  

It  has  been observed t h a t  t he  convers ion  t o  l i q u i d  products  f o r  f o u r  d i f f e r e n t  
c o a l s  c o r r e l a t e s  wi th  t h e  s to i ch iomet ry  of t he  p y r r h o t i t e s  p r e s e n t  i n  t h e  r e s idues  
(7) .  
on a n  ILL#6 coa l  and observed a n  enhancement i n  convers ion  t o  benzene s o l u b l e s  with 
the  a d d i t i o n  of p y r r h o t i t e  and H S. Mossbauer s t u d i e s  (9 , lO)  of t h e  i r o n  s u l f i d e s  
i n  c o a l  i n d i c a t e  the  e x i s t e n c e  01 an i n t e r a c t i o n  between coa l  components and t h e  
p y r r h o t i t e s  a t  h igh  tempera tures .  These experiments sugges t  an  a c t i v e  r o l e  o f  the  
p y r r h o t i t e s  i n  coa l  l i q u e f a c t i o n .  However, s t i l l  many q u e s t i o n s  remain unanswered 
concerning the  c a t a l y t i c  r o l e s  of H S and Fe S. Lambert p o i n t s  ou t  t h a t  t h e  
c a t a l y t i c  a c t i v i t y  observed f o r  p y r i t e  is s o i e f y  due to  H S a c t i n g  as a hydrogen 

Stephens e t . a l .  (8) c a r r i e d  ou t  a s e r i e s  of exper iments  wi th  va r ious  a d d i t i v e s  

2 
t r a n s f e r  c a t a l y s t  ( I  I ) .  2 

More r e sea rch  is needed i n  o rde r  t o  c l e a r l y  d i s t i n g u i s h  between t h e  r o l e  of H S 
and the  behavior  of t h e  p y r r h o t i t e s  du r ing  c o a l  l i q u e f a c t i o n .  I n  a complex m a t e r i a l  2 
such a s  c o a l ,  i t  is d i f f i c u l t  t o  i d e n t i f y  the  r o l e s  of v a s t l y  d i f f e r i n g  o rgan ic  
f u n c t i o n a l  groups and t h e i r  i n t e r a c t i o n  wi th  Fe S and/or  H S. A s imple r  approach 1 -x 2 
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is t h e  s tudy  of model compounds. S e v e r a l  s t u d i e s  have appeared i n  t h e  l i t e r a t u r e  on 
t h e  e f f e c t  o f  p y r i t e  and p y r r h o t i t e  on model compounds. Guin e t . a l . ( l Z )  s tud ied  the 
hydrogenolys is  of benzothiophene i n  t h e  presence  of  p y r i t e .  The main product  was 
2,3-dihydrobenzothiophene. When p y r i t e  was used ,  t he  s e l e c t i v i t y  was s h i f t e d  toward 
e t h  lbenzene. P y r i t e  seems t o  c a t a l y z e  t h e  hydrogenat ion  of pyrene t o  dihydropyrene 
(137. Bockrath and Schroeder (14 )  observed t h a t  when p y r r h o t i t e  is hea ted  i n  
t e t r a l i n ,  only dehydrogenat ion  is ca t a lyzed .  We r e p o r t  i n  t h e  p r e s e n t  work 

2 
The behavior of t h e  s u l f i d e  s u r f a c e s  is a l s o  s t u d i e d  us ing  e l e c t r o n  energy l o s s  
spec t roscopy.  I n  a d d i t i o n ,  t h e  changes t a k i n g  p l ace  on t h e  s u r f a c e s  du r ing  
r e a c t i o n s  wi th  s imple  gases  a r e  i n v e s t i g a t e d  us ing  t h i s  technique .  

I, . i n - s i t u "  Mossbauer measurements of FeS and Fe7Sg i n  s i x  d i f f e r e n t  model compounds. __- 

Experimental  

The " in - s i tu"  Mossbauer measurements were c a r r i e d  o u t  u s ing  t h e  r e a c t o r  shown 
i n  F igu re  1 .  A more d e t a i l e d  d e s c r i p t i o n  of t h i s  r e a c t o r  can be found i n  Reference 
(9).  The FeS and Fe S a d d i t i v e s  used were from n a t u r a l  minera l  samples and were 
c h a r a c t e r i z e d  by x-raJ g i f f r a c t i o n  and Mossbauer spec t roscopy.  I n  the  experiments 
w i th  model compounds, 70% c a t a l y s t  (200 mesh) by weight was added and mixed with 1 
gm of  t h e  model compounds. 
were pyrene, phenanthrene ,  d ibenzoth iophene ,  1,4-naghthoquinone, phenoth iaz ine  and 
q u i n o l i n e .  The exper iments  were c a r r i e d  ou t  a t  440 C i n  a n i t r o g e n  o r  hydrogen 
atmosphere.  T h e  r e a c t i o n  t ime was one hour .  The r e s i d u e s  were measured a t  room' 
tempera ture .  The s to i ch iomet ry  of  t he  p y r r h o t i t e s  p r e s e n t  i n  t h e  r e s idues  was 
determined us ing  t h e  method desc r ibed  i n  r e fe rences  (7,151. Data a c q u i s i t i o n  and 
a n a l g i s  were conducted on a microprocessor-based computer. The source  was a 200 
m C i  Co:Rh. All t h e  isomer s h i f t  v a l u e s  a r e  g iven  i n  r e fe rence  t o  a-Fe a t  room 
tempera ture .  The s u r f a c e  p r o p e r t i e s  of FeS and Fe7S8 we s tud ied  us ing  Auger and 
e l e c t r o n  energy l o s s  spec t roscopy.  
a spec ia l ly-des igned  h igh  p r e s s u r e  r e a c t o r .  I n  t h i s  r e a c t o r  t he  samples were 
exposed t o  va r ious  gases  (CO, H2, 0 2 )  and h igh  tempera tures .  

2 

The model compounds s tud ied  us ing  Mossbauer spec t roscopy 

The samples were mounted i n  a n  UHV chamber wi th  

11. EXPERIMENTAL RESULTS AND DISCUSSION 

Mossbauer Heasurements 

The m o s t  impor tan t  Mossbauer parameters  i n  t h e  s tudy  of the  t r ans fo rma t ions  and 
i n t e r a c t i o n s  of i r o n  s u l f i d e s  i n  c o a l  a r e  t h e  isomer s h i f t ,  the  magnetic hyper f ine  
and quadrupole s p l i t t i n g s .  The isomer s h i f t  ( IS)  r e s u l t s  from t h e  e l e c t r o s t a t i c  
i n t e r a c t i o n  of  t h e  nuc lea r  and e l e c t r o n  charge  d i s t r i b u t i o n s  i n s i d e  the  nuc lea r  
r eg ion .  T h e  observed IS i n  t h e  Mossbauer spectrum is t h e  d i f f e r e n c e  between t h e  
s h i f t s  i n  the  sou rce  and abso rbe r .  The I S  i s  g iven  by t h e  fo l lowing  r e l a t i o n :  

The q u a n t i t y  6R/R is  a n u c l e a r  p rope r ty  and can be es t imated  us ing  we l l  
c h a r a c t e r i z e d  s t anda rds .  
t h e  M'Cssbauer atom o r  ion .  
t o  a-Fe covers  v a l u e s  between -0.78 mm/sec f o r  Fe 
m/sec for  Fe+.  

The IS va lues  r epor t ed  inc lude  t h e  second o rde r  Doppler s h i f t  (SODS). 

The IS  g i v e s  unique informat ion  on the  va lence  s t a t e  of 
The range  of IS va lue8  f"r i r o n  compounds i n  r e fe rence  

l s o l a t e d  i n  n i t r o g e n  t o  +1.9 
(1 mm/sec = 0.48 x 10-7eV f o r  t h e  14.4 keV t r a n s i t i o n  Of 57Fe.) 

The SODS can 
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be e a s i l y  d i s t ingu i shed  by its temperature  dependence. Its c o n t r i b u t i o n  t o  t h e  
p re sen t  work i s  not  l a r g e  enough t o  j u s t i f y  t h e  c o r r e c t i o n  of  t he  measured c e n t r o i d .  

The magnetic hype r f ine  s p l i t t i n g  a r i s e s  from t h e  i n t e r a c t i o n  of the nuc lea r  
d i p o l e  moment with a magnetic f i e l d  due t o  t h e  atom's  own e l e c t r o n s .  The 
Hamiltonian d e s c r i b i n g  t h i s  i n t e r a c t i o n  can be w r i t t e n  as:  

I 
where I is t h e  s p i n  of  the nucleus,  v is the  magnetic moment, MI  t h e  magnetic 
quantum number, and B t h e  magnetic f i e l d  a t  t he  nucleus.  Fo r  a pu re  magnetic 
i n t e r a c t i o n  s i x  t r a n s i t i o n s  a r e  p o s s i b l e  between t h e  14.4 keV l e v e l  ( I=3 /2 )  and t h e  
ground s t a t e  (1=1/2).  
lower magnetic f i e l d  a t  t h e  i r o n  i o n ;  t h i s  f e a t u r e  is used t o  c a l c u l a t e  t he  
s to i ch iomet ry  of t h e  p y r r h o t i t e s  i n  c o a l  l i q u e f a c t i o n  r e s idues .  The atomic 
percentage of i r o n  is c a l c u l a t e d  acco rd ing  t o  (15)  

The presence of vacanc ie s  i n  t h e  p y r r h o t i t e s  r e s u l t s  i n  a 

at .$Fe = 100 x [0.6836 X 10-3X kmhf + 0.28811 

E AiHi 1 = 

Amhf ATota l  i 

(3  

- 
Hmhf = average magnetic hype r f ine  f i e l d  

ATotal = t o t a l  Mossbauer s p e c t r a l  a r e a  

A .  = s p e c t r a l  a r e a  under  i - t h  s i t e  

H .  = mhf on i - t h  s i t e  

The quadrupole s p l i t t i n g  (QS) occur s  when t h e  M.ossbauer i o n  e l e c t r o n s  and/or  

quadrupole  moment. The quadrupole  s p l i t t i n g  for  t h e  
t h e  neighboring atoms produce an inhomogeneous e l e c t r i c  f i e l d  a t  t h e  nucleus and 
when t h e  nucleus posses ses  
e x c i t e d  s t a t e  14.4 keV of 5ifFe is given by 

Qs = 7 e qQ (1 + f ) ' I 2  
2 

1 2  

where 

eq = V z z  = p r i n c i p a l  a x i s  of t h e  f i e l d  g r a d i e n t  t e n s o r  

vxx - VYY 

vzz 
= asymmetry parameter  n - 

Q = quadrupole  moment of t h e  nuc leus  

The combination o f  IS and QS is very u s e f u l  i n  t h e  i d e n t i f i c a t i o n  of mine ra l s  
i n  c o a l .  
c h a r a c t e r i z e d  compounds and t o  compare with t h e  v a l u e s  obtained f o r  t h e  c o a l  
minerals .  

The procedure fol lowed i s  t o  measure t h e s e  parameters  f o r  s t anda rd  we l l  

The above G s s b a u e r  parameters  w i l l  be used t o  s t u d y  t h e  t r ans fo rma t ions  and 
i n v e r s i o n s  of  s e v e r a l  model compounds with FeS2 and Fe S 

7 8' 

171 



A .  I n t e r a c t i o n  and Decomposition of  FeS2 in t he  Presence_ 
of Model Compounds -- 

Pyrene: 
of  hydrogen. 
c l o s e  t o  ze ro .  
s p l i t t i n g  ( Q s )  c lose  t o  the  va lue  observed f o r  pure p y r i t e .  The spectrum Of the  
r e s idue  shows t h e  presence  of a p y r r h o t i t e  wi th  a s to i ch iomet ry  c l o s e  to t h a t  
observed f o r  Fe7S8, about  46% of t h e  o r i g i n a l  p y r i t e  remains unreac ted .  
convers ion  of p y r i t e  t o  p y r r h o t i t e  i s  l a r g e r  than the  one obta ined  i n  the  absence of 
pyrene. 
complete. 
0.35 mm/sec, t h i s  va lue  i s  s m a l l e r  t hen  t h s  une obta ined  f o r  t h e  pure  p y r r h o t i t e s  i n  
t h e  absence of py ren i  (Table I ) .  
between t h e  p y r r h o t i t e  and t h e  gases  p re sen t  i n  the  r e a c t o r .  I t  is poss ib l e  t h a t  
what w e  observed i n  t h i s  experiment is an in t e rmed ia t e  s t a t e  of the i r o n  on t h e  
p y r r h o t i t e ,  p robably  i n t e r a c t i n g  wi th  molecular  hydrogen and pyrene. The hexagonal 
p y r r h o t i t e  ob ta ined  a f t e r  the  r e a c t i o n  i s  very  s i m i l a r  t o  the  one observed i n  
r e s i d u e s  from c o a l  l i q u e f a c t i o n .  
t h a t  o f  c o n t r o l l i n g  t h e  H2/H2S r a t d  i n  the  r e a c t o r .  

Phenanthrene: The r e s u l t s  of t h e  Massbauer measurements i n  a n i t rogen  atmosphere 
a r e  very similar t o  those  ob ta ined  f o r  pyrene. There i s  p a r t i a l  convers ion  t o  
Fe l -  Soand the  presence  of  a doub le t  w i th  parameters  c l o s e  t o  those  of p y r i t e  
a t  440 C (no  r e a l  ev idence  of an  i n t e r a c t i o n ) .  By c o n t r a s t  i n  the  presence  o f  
hydrogen, t h e  IS a t  44OoC is t h e  same o f  pure  Fel-xS. 
p y r r h o t i t e  i s  complete (Table  11). 
p y r i t e  i n  t h e  presence  o f  t he  model compound is f a s t e r  than i n  the  absence of 
phenanthrene. 
t h a t  t he  p y r r h o t i t e  does-rfot p l ay  any d i r e c t  r o l e ,  o r  t h a t  t he  in t e rmed ia t e s  
decompose f a s t e r  than  10 

DibenzothiophenE: 
p y r i t e  f u l l y  decomposes t o  Fe 
s to i ch iomet ry  cbose t o  t h a t  oh-$e S8 (Table  11). 
wi th  DBZ a t  440 C ,  a double t  is  oxserved wi th  IS c l o s e  t o  zero  and QS = 0.63 mm/sec 
(F igu re  2 ) .  These va lues  a r e  s i m i l a r  t o  those  of p y r i t e ,  however t h e r e  is no p y r i t e  
l e f t  i n  t h e  r e s i d u e s  (F igu re  3 ) .  In a hydrogen atmosphere the  K'ssbauer spectrum a t  
44OoC i s  very d i f f e r e n t  from t h a t  observed i n  n i t rogen .  A s i n g l e  M'bssbauer l i n e  
wi th  an  IS = 0.36 mm/sec is observed. The r e s i d u e  of t h i s  run  i s  an hexagonal 
p y r r h o t i t e .  The p r e s e n t  r e s u l t s  i n d i c a t e  a r e a c t i o n  wi th  t h e  p y r r h o t i t e .  It i s  
very  probable  t h a t  hydrogenat ion  i s  t h e  major c a t a l y t i c  r o l e  of t he  p y r r h o t i t e s  i n  
t h i s  system. 

Phenoth iaz ine :  There is p a r t i a l  decomposi t ion  of p y r i t e  i n  a n i t rogen  atmosphere,  
however i n  t h i s  case  t h e r e  i s  l e s s  decomposition than  f o r  pyrene o r  phenanthrene. 
Decompositionotakes p l ace  i n  t h e  presence  of hydrogen but  i t  i s  incomplete.  
and QS a t  440 C a r e  c l e a r l y  due to  t h e  un reac ted  p y r i t e  (Table  11). 
measurements do not i n d i c a t e  any k ind  of s t r o n g  r e a c t i o n  f o r  FeS o r  Fe S with  
the  model compounds. I f  any r e a c t i o n  o c c u r s ,  i t  is very weak compared td-$yrene, 
phenanthrene o r  DBZ. 

Q u i n o l i n e :  There is only  p a r t i a l  decomposi t ion  of p y r i t e  t o  p y r r h o t i t e  i n  n i t r o g e n  
o r  hydrogen atmospheres.  
r e s i d u e s  is very c l o s e  t o  Fe S In orde r  t o  o b t a i n  such a s to i ch iomet ry ,  a h igh  
p a r t i a l  p re s su re  of H S must7b8'present i n  t h e  r e a c t o r .  The DGssbauer spectrum a t  
44OoC can be a t t r i b u t e d  t o  FeS2 a lone ;  t h e r e  is a very  small con t r ibu t ion  from the  
p y r r h o t i t e  and no ev idence  of r e a c t i o n .  
t he  p y r r h o t i t e  i n  c a t a l y z i n g  t h e  hydrogenat ion  of q u i n o l i n e  t o  t e t r ahydroqu ino l ine  

P y r i t e  p a r t i a l l y  decomposes i n  t h e  presence  of pyrene even i n  t h e  absence 

The spectrum shows a wel l -def ined  double t  wi th  a quadrupole 
The observed IS a t  44OoC f o r  t h e  sample i n  a n i t rogen  atmosphere i s  

The 

the  t r ans fo rma t ion  of p y r i t e  t o  p y r r h o t i t e  is In  t h e  presence  of H 
A t  44OoC t h e  Msssbguer spectrum shows on ly  a broad s i c g l e t  wi th  an  IS  = 

T h i s  i s  g iven  a s  evidence of an i n t e r a c t i o n  

H S appa ren t ly  does  no t  P lay  any o t h e r  r o l e  but 

The convers ion  of p y r i t e  t o  
We must aga in  emphasize t h a t  the  convers ion  of 

If t h e r e  i s  hydrogenat ion  ( 1 )  of t h e  phenanthrene, i t  is p o s s i b l e  

s e c  ( t h e  l i f e t i m e  of  t he  Mzssbauer l e v e l ) .  

In t h e  presence  of t h i s  compound and i n  a n i t rogen  atmosphere,  
S. The p y r r h o t i t e  formed from t h i s  r e a c t i o n  has  a 

There is evidence of i n t e r a c t i o n  

The IS  
These 

2 

The s to i ch iomet ry  of  t he  p y r r h o t i t e  p re sen t  i n  t h e  

2 

These r e s u l t s  sugges t  no a c t i v e  r o l e  f o r  

1 7 2  



F 
(THQ), Only H2S remains as a p o s s i b l e  c a t a l y s t .  
when d i s c u s s i n g  t h e  i n t e r a c t i o n  with Fe S 

1,4-Naphthoquinone: 
p l ace  i n  a n i t rogen  atmosphere.  
r e s i d u e .  I n  o r d e r  f o r  t h i s  t o  happen t h e  p y r r h o t i t e  formed from the  p a r t i a l  
decomposition of p y r i t e  must r e a c t  w i th  the  oxygen p r e s e n t  i n  t h e  model compound. 
I n  a hydrogen atmosphere t h e  magnet i te  i s  absen t  from the  f i n a l  p roduc t s  and f u l l  
conversion of p y r i t e  t o  p y r r h o t i t e  occurs .  The p r e s e n t  r e s u l t s  i n d i c a t e  a s t r o n g  
a f f i n i t y  of t h e  p y r r h o t i t e  s u r f a c e  towards oxygen, and i n d i c a t e s  t h a t  b reak ing  o f  
oxygen bonds i n  c o a l  is a p o s s i b l e  mechanism by which c o a l  conve r s ion  is enhanced. 

We w i l l  come back t o  t h i s  problem 

7 8’ 

A very  i n t e r e s t i n g  r e s u l t  i s  ob ta ined  when t h e  r e a c t i o n  t a k e s  
It  is observed t h a t  Fe304 i s  p r e s e n t  i n  t h e  

B. I n t e r a c t i o n s  and Transformations of Fe7S3 f” t h e  p_r_e_S_e_n_c_e_ 
of  Model C o 9 t m A .  ( A l l  t h e  experiments  i n  a hydrogen atmosphere.)  

Pyrene: The 
r e s i d u e  shows the  presence of  FeS ( t r o i l i t e )  and Fl-xS w i t h  48.2 a t% Fe (Table  111).  
F igu res  4 and 5 show t h e  Mossbauer s p e c t r a  f o r  t h i s  r u n  a t  44OoC and room 
temperature  r e s p e c t i v e l y .  The presence of  t r o i l i t e  r e q u i r e s  a very low p a r t i a l  
p re s su re  of  H S i n  t h e  r e a c t o r .  Th i s  i s  no t  t o t a l l y  unexpected s i n c e  t h e  amount of  
f r e e  s u l f u r  a $ a i l a b l e  from Fe S is  very l i m i t e d .  There i s  evidence of  a r e a c t i o n  
with the  pyrene,  bu t  t h e  s u l f l d i s  ob ta ined  i n  t h i s  ca se  d i f f e r  markedly from t h o s e  
obtained f o r  FeS2. 
p y r i t e  is  t h e  p recu r so r  of  p y r r h o t i t e .  

Phenanthrene: The N6ssbauer measurements i n  t h i s  c a s e  g i g e  very similar r e s u l t s  t o  
the  ones obtained f o r  pyrene. There i s  a r e a c t i o n  a t  440 C; t h e r e  t r o i l i t e  is 
p r e s e n t  i n  t h e  r e s idues .  These r e s u l t s  c o n t r a s t  w i th  t h e  ones ob ta ined  when p y r i t e  
is added t o  phenanthrene. There is a marked d i f f e r e n c e  between t h e  behavior  o f  t he  
nascen t  p y r r h o t i t e  and Fe7S8. 
probably r e s p o n s i b l e  f o r  such a d i f f e r e n c e .  

- DBZ: There i s  evidence o f  a r e a c t i o n  a t  high temperatures  ( I S  = 0.30 0.06 
mm/sec). The r e s idue  c o n t a i n s  t r o i l i t e .  S ince  DBZ has  s u l f u r ,  t h e r e  must be a 
r e a c t i o n  between H S and t h e  compound i n  o r d e r  t o  e f f e c t i v e l y  reduce t h e  p a r t i a l  
p re s su re  of H S an$ a l l o w  t h e  formation of  FeS. 
involvement 04 H S i n  t h e  r e a c t i o n s .  

Quinoline_: There is some evidence of  a r e a c t i o n  a t  h igh  temperature  (44OoC), t h e  
IS = 0.40 0.07 mm/sec c l o s e  t o  t h a t  of  pure p y r r h o t i t e ,  but  s t i l l  s l i g h t l y  more 
nega t ive .  The r e s i d u e  of t h i s  run  does no t  show any FeS, t h e  p y r r h o t i t e  ob ta ined  
has  48.2 a t . %  i r o n .  We a t t r i b u t e  t h i s  behavior  t o  the  p re sence  of  unreacted H s,  2 o the rwise  FeS can be formed. Th i s  behav io r  is d i f f e r e n t  from t h a t  observed f o r  
p y r i t e ,  aga in  p o i n t i n g  o u t  t he  d i f f e r e n c e  between t h e  nascen t  p y r r h o t i t e  (from 
p y r i t e )  and Fe S 

-- Phenothiazine_: S i m i l a r  r e s u l t s  t o  those  ob ta ined  f o r  q u i n o l i n e ,  b u t  i n  t h i s  ca se  
t h e  a t G n  i n  t h e  r e s i d u e s  is lower (Table  111) .  
evidence of a h i g h e r  p a r t i a l  p r e s s u r e  of H S i n  t h e  r e a c t o r .  Th i s  behavior  
c o n t r a s t s  w i th  t h e  one observed f o r  DBZ. 
however i n  pheno th iaz ine  t h e r e  is a l s o  n i t rogen .  
r e a c t i v i t y  t o  t h e  p y r r h o t i t e  and n i t r o g e n ,  a l though  t h e  p r e s e n t  
evidence i s  i n s u f f i c i e n t  t o  c h a r a c t e r i z e  p y r r h o t i t e  as an HDN c a t a l y s t .  

1,4-Naphthoquinone_: No t r o i l i t e  is observed i n  t h e  r e s i d u e s ;  hexagonal p y r r h o t i t e  
i s  obtained with 48.1 a t .% i r o n .  
FeS 

A s i n g l e  Mossbauer l i n e  is observed a t  44OoC with an IS  = 0.35 mm/sec. 

Th i s  d i f f e r e n c e  may be a t t r i b u t e d  t o  t h e  excess  of H S when 2 

The excess  of  s u l f u r  atoms on t h e  p y r i t e  s u r f a c e  i s  

There i s  evidence of a c t i v e  

2 

7 8’ 

Th i s  l a s t  r e s u l t  is c l e a r  

?n both molecules  s u l f u r  is p r e s e n t ,  
It  is tempting t o  a t t r i b u t e  some 

expe r imen ta l  

R e s u l t s  a r e  ve ry  similar t o  t h e  ones ob ta ined  f o r  

2’ 

In  t h e  p r e s e n t  experiments  we have s t u d i e d  t h e  r e a c t i o n s  of FeS2 and Fe S with 7 8  
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a s e l e c t e d  number of model compounds. 
sugges t  t h a t  one of t he  mechanisms by which p y r r h o t i t e  enhances c o a l  l i q u e f a c t i o n  is 
through i n t e r a c t i o n s  w i t h  oxygen bonds i n  c o a l .  There i s  a l s o  ev idence  from the  
p r e s e n t  exper iments  a s  we l l  as those  r epor t ed  i n  t h e  l i t e r a t u r e  t h a t  t he  p y r r h o t i t e s  
a c t  a s  hydrogenation c a t a l y s t .  
ignored .  
The r eac t ions  wi th  n i t r o g e n  compounds a r e  no t  very  c l e a r  and more work remains to  be 
done i n  t h i s  a r e a  of r e sea rch .  We a r e  of t h e  op in ion  t h a t  hydrodesu l fu r i za t ion  has  
t o  be excluded as one of t h e  r o l e s  of the  p y r r h o t i t e s .  I n  t h e  fo l lowing  paragraph 
we w i l l  d i s c u s s  t h e  behavior  of t he  p y r r h o t i t e  s u r f a c e s  i n t e r a c t i n g  wi th  simple 
gases .  

From t h e  r e s u l t s  of such exper iments  we 

However, t h e  r o l e  of H S cannot be comple te ly  
There is c l e a r  ev idence  of  d i r e c t  involvemen$ of H S i n  t h e  r e a c t i o n s .  2 

E l e c t r o c  Energy LUSV Aeasurements 
__I--- 

Normal inc idence  was used f o r  t h e  EEL measurements. The EEL s p e c t r a  were 
measured i n  t h e  second d e r i v a t i v e  mode f o r  va r ious  primary e l e c t r o n  e n e r g i e s  (50 eV, 
150 eV, 250 eV). A sma l l  modulation was app l i ed  t o  t h e  CMA (vpp=l v o l t )  and used a s  
a r e fe rence  s i g p a l .  
sub jec t ed  t o  A r  ion bombardment f o r  s e v e r a l  c y c l e s  u n t i l  a c l ean  s u r f a c e  was 
ob ta ined .  

The major i m p u r i t i e s  were carbon and oxygen. The samples were 

E lec t ron  energy  l o s s  spec t roscopy i s  s t r o n g l y  s u r f a c e  s e n s i t i v e .  By vary ing  
t h e  e l e c t r o n  primary energy one is a b l e  to  d i s t i n g u i s h  between volume and su r face  
p r o p e r t i e s  (16).  In t e rband  and in t r aband  t r a n s i t i o n s  can be i d e n t i f i e d  wi th  t h i s  
technique .  
spec t roscopy.  I n  t h e  p re sen t  work t h e  major i o n i z a t i o n  l o s s e s  s tud ied  a r e  t h e  M 
and M, of s u l f u r  and i r o n .  

I o n i z a t i o n  l o s s e s  can be e a s i l y  s t u d i e d  us ing  e l e c t r o n  energy  l o s s  
293 

A. EEL Study of  Fe7% A t  High Temperatures and i n  t h e  Presence  
o f  C O ,  O2 and H2 

E f f e c t  of Tem e r a t u r e :  The e f f e c t  of tempera ture  on t h e  EEL spectrum of a ~ - - - -  
s i n g l e  c r y s t a l  of <e S is shown i n  F igu re  G (Ep=150eV). One observes  the  
t ransformat ion  of t h z  f!EL spectrum as t h e  tempera ture  is inc reased ,  a t  32OoC t he re  
is i r o n  enrichment of  the  s u r f a c e .  Th i s  is d e t e c t e d  by the  observed enhancement of 
peak C ( su r face  plasmon 8f  Fe) .  
l e v e l s  of i r o n ) .  A t  450 C t h e  spectrum of t h e  i r o n  s u l f i d e  is d i f f e r e n t  from thz'c' 
observed a t  RT w i th  B peak s h i f t e d  i n  energy from 5.1 t o  6.2 eV. The new i r o n  
s u l f i d e  on t h e  s u r f a c e  has  a d i f f e r e n t  e l e c t r o n i c  s t r u c t u r e  a l though some i r o n  
c h a r a c t e r  is r e t a i n e d .  

The peaks J , K  a r e  due t o  a 3p +3d  t r a n s i t i o n  ( M  

I n t e r a c t i o n 4 w i t h  C O , ~  and-! : The Auger spectrum of Fe Sa a f t e r  r e a c t i o n  
wi th  CO (4 x 10 t o r r )  a t  
oxygen on the  s u r f a c e .  Th i s  oxygen is bonded t o  t h e  i r o n  i n  t h e  p y r r h o t i t e .  This  
i s  c l e a r l y  seen  i n  F igure  8 where the  low energy i r o n  Auger peak shows the  
c h a r a c t e r i s t i c  shape of  t h e  oxide  ( a  s t r o n g  double t  around 50 eV). 
d e t e c t e d  on t h e  s u r f a c e ;  t h e  absence of  carbon can be expla ined  only  by t h e  
format ion  o f  some v o l a t i l e  s p e c i e s  of carbon and s u l f u r  ( l i k e  CS2). 
energy l o s s  spectrum a t  Ep=150eV is  shown i n  F igu re  9. 
e n e r g i e s  a r e  c h a r a c t e r ' s t i c  of  t h e  Fe-0 system. 
exposed t o  O 2  ( 4  x lo-' t o r r ,  45OoC f o r  f i v e  minutes )  i s  shown i n  F igu re  7 1  'One can 
observe  the s t r o n g  s i m i l a r i t i e s  wi th  t h e  spectrum obta ined  f o r  CO exposure.  
F igu re  9 the EEL spectrum f o r  oxygen exposure i s  a l s o  shown. 
s i m i l a r i t y  to  t h a t  of Fe Ss exposed t o  CO.  
sha rpness  a r e  c h a r a c t e r i l t l c  of  i r o n  oxides .  I f  hydrogen i s  used i n s t e a d  of O2 o r  
CO one ob ta ins  t h e  spectrum shown i n  F igu re  9. 
s u l f i d e  where some of t h e  s u l f u r  has  been removed from t h e  su r face .  
c h a r a c t e r  of t he  s u r f a c e  i s  s t i l l  r e t a i n e d  a s  shown by t h e  presence  of t h e  3p +3d 

i g  shown i n  F igu re  7. One ob le rves  t h e  presence  of 

No carbon is 

The e l e c t r o n  
The two s t r o n g  peaks a t  low 

The Auger spectrum f o r  Fe S 

I n  
There is a g r e a t  

The lower J , K  peak p o s i t i o n s  and 

This spectrum i s  t h a t  of an i r o n  
The i r o n  

1 7 4  



t r a n s i t i o n s .  
removed from t h e  s u r f a c e  ( format ion  of H 0) .  The i r o n  s u l f i d e  s u r f a c e  is r e s t o r e d  
but w i th  a s to i ch iomet ry  d i f f e r e n t  from $hat of Fe S8.  
descr ibed  he re ,  a c l e a n  Fe S 
doped on the  s u r f a c e  wi th  Xuafur was als8 s tud ied  us ing  EEL spec t roscopy.  
s i m i l a r  spectrum to  t h a t  ob ta ined  a t  450 C f o r  Fe S8 was measured. 
i n d i c a t e s  a s t r o n g  i r o n  c h a r a c t e r  of t he  p y r r h o t i l e  su r face .  

I f  a combination of C O / H  (1 :1)  is used a t  450°C the  oxygen i s  t o t a l l y  
2 

I n  a l l  t he  exper iments  
7 sample was used a s  a s t a r t i n g  m a t e r i a l .  An i r o n  f o i l  

A very 
Such a r e s u l t  

9. EEL Study of  FeS2 a t  High Temperatures and i n  t h e  Presence 
o f C 0 , S g F L H 2  

A t y p i c a l  energy l o s s  spectrum o f  a p y r i t e  s i n g l e  c r y s t a l  s u r f a c e  is shown i n  
Af t e r  h e a t i n g  t h e  sample t o  220°C one observes  a dramat ic  change Figure  10 ( t o p ) .  

i n  t h e  spectrum. We a t t r i b u t e  t h i s  change t o  t h e  presence  of e lementa l  s u l f u r ,  and 
probably some Fe A t  32OoC the  spectrum of the  s u r f a c e  i s  more s i m i l a r  t o  t h a t  
of Fe S. 
two lk&. 
two i r o n  spec ie s  (Fe 
no Byr i t e  c h a r a c t e r  k e a i n e d .  
450 C from Fe7S8 (Figure  7 ) .  
p y r r h o t i t e  i s  not  Fe S 

S.  
It il-:oted t h a t  the  3p +3d t r a n s i t i o n s  show t h e  presence  of more than  
This  spectrum f o r  t he  J,K t r a n s i t i o n s  can  be produced by t h e  presence  of  

A t  45OoC the  s u r f a c e  i s  t h a t  of p y r r h o t i t e  wi th  S and FeS ). 
Tte  spectrum i s  almost i d e n t i c a l  t o  t h a t  ob ta ined  a t  

We want t o  po in t  ou t  t h a t  t h e  h igh  tempera ture  

7 8' 

The behavior  of  p y r i t e  a t  45OoC i n  the  presence  of CO and 0 c o n t r a s t s  markedly 
wi th  t h a t  of Fe S8 ( see  F igu res  10 and 11). 
EEL s p e c t r a  be tJeen  the  two samples i s  r e l a t e d  to  the  excess  of  e lementa l  s u l f u r  
present  on the  p y r i t e  s u r f a c e  a t  45OoC. 
i r o n  i n  the  p y r r h o t i t e  t o  r e a c t  wi th  CO o r  oxygen. 
O f  CO o r  0 a sma l l  change is observed i n  t h e  EEL spectrum, probably  due to  the  
removal of the  s u l f u r  from the  s u r f a c e .  
t h e  r e a c t o r ,  an EEL spectrum very s i m i l a r  t o  t h a t  observed f o r  Fe S is obta ined .  
In  thi 's  case  e l emen ta l  s u l f u r  i s  removed from t h e  s u r f a c e  and the7sg r face  behaves a s  
t h a t  of a pure p y r r h o t i t e .  

We b e l i e v e  t h a t  t h i g  d i f f e r e n c e  i n  t h e  

This  excess  of s u l f u r  does not  permit t h e  
I f  H 2  is used a s  a gas  i n s t e a d  

2 
I f  a combination of 8 / H 2  ( 1 : l )  is used i n  

I n  conclus ion  w e  f i n d  t h a t  t h e  major d i f f e r e n c e  i n  t h e  behavior  of t he  
p y r r h o t i t e  and p y r i t e  s u r f a c e s  a t  h igh  tempera ture  i s  due t o  t h e  presence  of an  
excess  of s u l f u r  on t h e  l a t te r .  We a l s o  observe  t h a t  t h e  p y r r h o t i t e  s u r f a c e  has  a 
s t r o n g  i r o n  c h a r a c t e r  and g r e a t  a f f i n i t y  t o  oxygen. Although t h e  p re sen t  s tudy  is 
only  on very  s imple  g a s e s ,  t hese  gases  a r e  p r e s e n t  i n  t h e  r e a c t o r  du r ing  d i r e c t  c o a l  
l i q u e f a c t i o n .  
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?able : 

ISO!*L S!,:FT AT c10 oc 

0.3 : 0.05 

0.1: 5 0.05 

o.:> 5 0.05 

C.:! i 0.05 

0 . 5 0  ? 0.03 

c . 5 1  0 . 0 5  

TAaLE XI1 

Compositions of the res i lues  Obtained 

from Fe7S8 + H2 + model campounds 

TAOLE I I  

M b s s  bauer Paranic ters 
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FIGURE 1 Reactor  f o r  Mossbauer " in - s i tu ' '  measurements. 
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FIGURE 2 M'tssbauer s p e c t r a  a t  RT f o r  a mixture  of FeS2 and DBZ. 
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FIGURE 3 Mijssbauer s p e c t r a  a t  RT of t h e  r e s i d u e  of t h e  r e a c t i o n  of 
FeS and DBZ. 
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FIGURE 4 Mossbauer s p e c t r a  a t  45OoC of Fe,S8 and pyrene  i n  a 
hydrogen atmosphere. 
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FIGURE 5 MGssbauer spectra of the residue of the reaction 
with pyrene . Tr : t r o i l i t e  

Pr:  pyrrhotite 
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FIGURE 6 EEL spectra of Fe S a t  
7 8  

various temperatures. 
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FIGURE 7 Auger spectra of Fe S8 a f t e r  a 
reaction with CO an$ 02. 
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FIGURE 8 Auger spectra of Fe7S8 a t  l o w  energies ,  c lean and i n  the presence 
of CO (450° C ) .  
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FIGURE 9 EEL spectra of Fe S 
a f t e r  reactions a? 
450° C with CO, H 2' and 0 2 
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FIGURE 10 EEL s p e c t r a  of FeS2 a f t e r  h e a t i n g  t o  va r ious  t empera tu res  
(RT to 450' C ) .  
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FIGURE 11 EEL s p e c t r a  of FeS2 a f t e r  r e a c t i o n  wi th  CO, H and 0 a t  450° C. 2 2 
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