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I. In t roduc t ion  

The d i r e c t  l i q u e f a c t i o n  of c o a l  i s  a p r o c e s s  t h a t  i n v o l v e s  t h e  i n t e r a c t i o n  
between c o a l ,  hydrogen, s o l v e n t ,  and c a t a l y s t s .  Mipfit--;3tyatter h a s  been known t o  
enhance t h e  c o n v e r s i o n  o f  c o a l  t o  l i q y i $ i  p r o d u c t s .  A d d i t i o n  of p y r i t e ,  
p y r r h o t i t e ,  and l i q u e f a c t i o n  r e s i d u e s  t o  c o a l  a s  been shown t o - a f f e c t  t h e  c o a l  
conversion y i e l d s  and t h e  v i s c o s i t y  of t h e  products. '  O f  a l l  t h e  mine ra l s  p r e s e n t  i n  
c o a l ,  p y r i t e  (and marcas i t e )  e most i m p o r t a n t  f o r  c o a l  u t i l i z a t i o n ,  e s p e c i a l l y  
i n  d i r e c t  coal  However,  o n e  h a s  t o  remember t h a t  u n d e r  c o a l  
l i q u e f a c t i o n  c o n d i t i o n s  p y r i t e  r a p i d l y  t r a n s f o r m s  t o  a non s t o i c h i o m e t r i c  i r o n  
s u l f i d e  Fe,-xS(O<x<0.125). I t  is n o t e d  t h a t  t h e  s u l f u r  formed a s  a r e s u l t  of t h e  
decomposition o f p y r i t e  is ab le  t o  e x t r a c t  hydrogen f rom poor  donor  s o l v e n t s .  The 
s t o i c h i o m e t r y  of6fhe p y r r h o t i t e  formed f rom FeS2 depends s t r o n g l y  on t h e  p a r t i a l  
p r e s s u r e  of H2S. 

s to i ch iomet ry  o f  t h e  i r o n  s u l f i d e s  was observed by Montano and Gj-anoff 
c o n v e r s i o n  is accomplished by a more i r o n - d e f i c i e n t  p y r r h o t i t e .  Stephens e t  a1 
s t u d i e d  t h e  e f f e c t  of a d d i t i v e s  t o  an IL#6 conversion t o  l i q u i d  p roduc t s .  The i r  work 
s t r o n g l y  suggests  t h a t  Fel-xS and H2S p lay  a c a t a l y t i c  r o l e  i n  t h e  conversion of c o a l  
t: o i l s .  These r e s u l t s  good a g r e e m e n t  w i t h  t h e  o n e s  ob ta ined  from i n  s i t u  
Mossbauer measurements, (g"'1b3 where t h e r e  was c l e a r  evidence of i n t e r a c t i o n  between 
t h e  i r o n  s u l f i d e s  and some c o a l  componen t s .  Many q u e s t i y ? g ) r e m a i n  unanswered  
c o n c e r n i n g  t h e  c a t a l y t i c  r o l e s  o f  H2S and FelexS. suggested t h a t  t h e  
c a t a l y t i c  a c t i v i t y  o b s e r v e d  f o r  p y r i t e  i s  s o l e l y  d u e  t o  H2S 7 5 t i n g  a s  a 
hydrogen-transfer c a t a l y s t .  I n  a r e c e n t  s tudy  by Anderson and B o c k r a t h  on d i r e c t  
c o a l  l i q u e f a c t i o n  more conversion was ob ta ined  when t h e  r a t i o  of s u l f u r  added t o  an 
i r o n  s o l u t i o n  ( t h e  c a t a l y s t )  was e q u a l  t o  t h e  one  needed  t o ( Y g 5 a i n  p y r r h o t i t e  
(FelmxS).  r e p o r t i n g  t h e  
h y d r o g e n a t i o n  o f  d i p h e n y l m e t h a n e  i n  t h e  presence of p y r r h o t i t e  c l e a r l y  shows t h a t  
maximum a c t i v i t y  is  ob ta ined  when t h e  p a r t i a l  p r e s s u r e  of H S is enough t o  maintain 
an i r o n  d e f i c i e n t  su r f ace .  Too h igh  a p a r t i a l  p r e s s u r e  o f  HS i n  t h e  r e a c t o r  moves 
t h e  composition o f  t h e  s u r f a c e  towards FeS2 and t h e  conversion of diphyenylmethane i s  
r e d u c e d .  Too low a p a r t i a l  p r e s s u r e  of H2S l e a d s  t o  t h e  formation o f  t r o i l i t e  (FeS) 
and lower conversion. These r e s u l t s  i n d i c a t e  t h a t  optimum c o n d i t i o n s  a r e  ob ta ined  
when t h e  su r face  of t h e  s u l f i d e  i s  r i c h  i n  metal  vacppgjes ,  where d i s s o c i a t i o n  o f  H S 
can  t a k e  p l a c e  f o r m i n g  h i g h l y  r e a c t i v e  s p e c i e s .  I t  i s  o b v i o u s  t h a t  tt?e 
understanding o f  t h e  c a t a l y t i c  r o l e  of t h e  i r o n  s u l f i d e s  l i e s  i n  t h e  i n v e s t i g a t i o n  of 
the i r  s u r f a c e  p r o p e r t i e s .  We r e p o r t  i n  t h e  p r e s e n t  paper  such a s tudy ,  where s u r f a c e  
t e c h n i q u e s  were used  t o  o b s e r v e  t h e  r e a c t i o n  o f  g a s e s  found u n d e r  l i q u e f a c t i o n  
cond i t ions  with t h e  s u l f i d e s  s u r f a c e s .  A s p e c i a l  r e a c t o r  was developed t o  s t u d y  t h e  
s u r f a c e  c o m p o s i t i o n  o f  t h e  i r o n  s u l f i d e s  a f t e r  r e a c t i o n  w i t h  oxygen c o n t a i n i n g  
compounds u s i n g  c o n v e r s i o n  e l e c t r o n  i4bsbaue r  spectroscopy (CEMS). Extended X-ray 
Absorption Fine S t r u c t u r e  (EXAFS) and X-ray A b s o r p t i o n  Near Edge S t r u c t u r e  (XANES) 
were used f o r  determining t h e  environment of i r o n  s p e c i e s  i n  t h e  r e s i d u e s  p w j a i n e d  
froin t h e  s t u d y  of t h e  i n t e r a c t i o n  of i r o n  s u l f i d e s  (FeS2,Fe S ) with pyrene. 

A c o r r e l a t i o n  be tween  t h e  c o n v e r s i o n  o f  c o a l  t o  benzene  s o l u  tpj: and t h e  
Hi%5 
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11. Experimental  

Auger and e l e c t r o n  ene rgy  loss spectLf8copy measurements were performed using 
an UHV system w i t h  a b a s e  p r e s s u r e  o f  10 t o r r .  The s y s t e m  was a t t ached  t o  a 
r e a c t o r  cel l  where t h e  samples  were exposed t o  h i g h  t e m p e r a t u r e s  and g a s e s .  The 
r e a c t i o n s  of FeS2 ,  Fe7S8, and FeS w i t h  C O ,  t1 , 0 2 ,  N H  C H 4 ,  and higher  
hydrocarbons were s t u d i e d  be tween  room t e m p e r a t u r e  and  %O 9: I?igure 1 shows a 
schematic diagram o f  t h e  system used i n  t h e s e  measurements. 

CH 

The CEMS measurements were c a r r i e d  o u t  i n  a s p e c i a l l q 7 d e s i g n e d  r e a c t o r  t o  be 
d e s c r i b e d  e l s e w h e r e .  I n  t h i s  r e a c t o r  t h e  s a m p l e s  of Fe f o i l  were s t u d i e d  and 
t r e a t e d  with H / H  S t o  o b t a i n  t h e  i r o n  s u l f i d e s .  The d e t e c t o r  employed f o r  t h e  
d e t e c t i o n  of t2eafeectrons was a Hel lo% CHu f low coun te r  connected i n  l i n e  w i t h  t h e  
r e a c t o r .  The r e a c t i o n  o f  pure iron and i r o n  s u l f i d e  w i t h  naphtoquinone were s tud ied  
w i t h  t h i s  c e l l .  The EXAFS and XANES measurements of t h e  r e s i d u e s  of t h e  r e a c t i o n s  
o f  FeS  and Fe7S8 w i t h  model compounds  w e r e  made a t  t h e  C o r n e l 1  High Energy 
Synchrotron Source.  

Experimental  Resu l t s  

1. AuRW and E lec t ron  Enernv Loss Weasurements on Fe$2,Fs7S_B.FeS 

Natural  c r y s t a l s  o f  FeS2 ( p y r i t e )  and Fe7S8 (monocl inic  p y r r h o t i t e )  were used 
f o r  t h e  measu remen t s .  The (100 )  f a c e  o f  p y r i t e  and t h e  (0001) f ace  of p y r r h o t i t e  
were s t u d i e d  i n  t h e  r e a c t o r ,  u s i n g  a p o l y c r y s t a l l i n e  sample of FeS. A l l  t h e  samples 
show a c h a r a c t e r i s t i c  M2 V V  Auger d o u b l e t  w i t h  a s e p a r a t i o n  of 5.0 eV (F igure  2 ) .  
Two a d d i t i o n a l  peaks ( 3  d d  4 i n  Figure 2) a r e  a l s o  o b s e r v e d  f o r  FeS. Peak  1 may 
c o r r e s p o n d  t o  t r a n s i t i o n s  i n v o l v i n g  t h e  s-3p ( 2 0  ) valence band while  peak 2 may 
correspond t o  t r a n s i t i o n s  i n v o l v i n g  t h e  d-band. % t y p i c a l  s e t  o f  E lec t ron  Loss 
s p e c t r a  f o r  FeS Peak a i s  as s igned  t o  in t e rband  t r a n s i t i o n s  
from t h e  F e - 3 8  band t o  an empty s t a t e  above t h e  Fermi l e v e l .  may be 
assidned t o  t r a n s i t i o n s  f o r  one s-3p-like valence band (peak b t o  lng + 20 and t o  
20 , 1~ + 18 t r a n s i t i o n s . )  P e a k s  I! a n d  e a r e  a t t r i b u t e d  t o  c 8 l l e c t i v e  
o s i ? i l l a t ~ o n s  o r  t h e  conduct ion o r  valence e l e c t r o n s .  Peaks f. and & a r e  a s s i g n e d  t o  
s u r f a c e  and volume plasmons r e s p e c t i v e l y .  Peaks 1 and k a r e  t r a n s i t i o n s  involving 
t h e  Fe-3p e l e c t r o n s  C M 2 ,  l e v e l ) .  Peak  & is due t o  t r a n s i t i o n  from t h e  M level. 
The EEL s p e c t r a  f o r  Ftg)o%her s u l f i d e s  a r e  s i m i l a r  bu t  t h e  p o s i t i o n  and i n t L n s i t i e s  
o f  t h e  p e a k s  v a r y .  I n  ou r  measurements we observed EEL peaks with s t r o n g  i ron  
o r  s u l f u r  c h a r a c t e r .  Damaged i r o n  s u l f i d e  s u r f a c e s  show evidence of r econs t ruc t ion  
through m i g r a t i o n  o f  s u l f u r  a f t e r  h e a t i n g  t o  450 OC.  Fo r  undamaged s u l f i d e s ,  
h e a t i n g  r e s u l t s  i n s c h a n g e s  i n  t h e  chemical composi t ion o f  t h e  s u r f a c e ;  migrat ion of 
s u l f u r  a l s o  occur s .  There is c l e a r  e v i d e n c e  o f  t h e  p re sence  o f  e l emen ta l  s u l f u r  on 
t h e  p y r i t e  and p y r r h o t i t e  s u r f a c e  b u t  n o t  on  t r o i l i t e  ( F e S ) .  S i n c e  t h e  maximum 
t e m p e r a t u r e  a t t a i n e d  was 450 OC we do no t  expect  t h a t  r educ t ion  of t h e  FeS su r face  
w i l l  t ake  p l ace .  E s s e n t i a l l y  i f  t h e  p a r t i a l  p r e s s u r e  o f  H2S is low i n  t h e  r e a c t o r  
t h e  formation of FeS w i l l  occur  by removal of s u l f u r  from t h e  FeltxS s u r f a c e .  Once 
t h i s  S t a t e  i s  r e a c h e d  no f u r t h e r  loss of s u l f u r  occur s  and a f a i r l y  s t a b l e  su r face  
is obtained.  

is  shown.in F igu re  3. 
Peaks 2 and 

The i n t e r a c t i o n  of t h e  p y r r h o t i t e  w i t h  s i m p l e  g a s e s  i s  more complex, damaged 
s u r f a c e s  of FeS2 and Fe7S8 r e a c t  w i t h  CO a t  450 OC. We u n d e r s t a n d  t h a t  a s  t h e  
r e s u l t  of t h e  i n t e r a c t i o n  o f  CO w i t h  Fe on t h e  s u l f i d e  s u r f a c e .  T h i s  i n t e r a c t i o n  i s  
n o t  d e t e c t e d  w i t h  undamaged su;faces ( p u r e  s i n g l e  c r y s t a l s )  and  w i t h  FeS.  Tne 
formation of o x i d e s  on t h e  s u r f a c e  is e a s i l y  d e t e c t e d  f o r  FeS2: and Fe S a f t e r  
r e a c t i o n  w i t h  CO.  
r e a c t i o n  on  F e ,  2CO + C + C 0 2 ,  w i t h  t h e  f o r m a t i o n  of s u r f a c e  o x i d e  due  t o  t h e  

7 8  
I t  h a s  been  o b s e r v e d  t h a t  CO u n d e r g o e s  a d e s p r o p o r t i o n a t i o n  
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d i s s o c i a t i o n  of C0.( l6)  The s u r f a c e  o x i d e  is r a p i d l y  removed by H2. T h e  s u r f a c e s  
of t h e  s u l f i d e s  do no t  show any evidence i n  t h e  Auger and EEL s p e c t r a  of r e a c t i o n s  
w i t h  N H  , C H 4 ,  and C H However,  t h e y  i n t e r a c t  s t r o n g l y  wi th  molecular  oxygen 
forming s u r f a c e  o ~ i d Z . ~ ' F i g u r e  4 shows t h e  s u r f a c e  ox ide  formed on p y r i t e  a f t e r  
i n t e r a c t i o n  with oxygen, f o r  comparison p u r p o s e s  t h e  EEL s p e c t r u m  f o r  a-Fe20 is 
a l s o  shown. The p r e s e n t  measu remen t s  i n d i c a t e  a h i g h  r e a c t i v i t y  of  t h e  s u l h d e  
s u r f a c e s  t o w a r d s  oxyiJen c o n t a i n i n g  compound a n d  v e r y  l i t t l e  t o w a r d s  l i g h t  
hydrocarbons and ammonia. 

2. CEHS Measurements of t h e  Sur face  I n t e r a c t i o n  OfNaphthoquinonewith Iron 
and Iron S u l f i d e  Sur faces  

A h i g h  p u r i t y  57Fe f o i l  was u s e d  f o r  t h e s e  measu remen t s ,  s u c h  a f o i l  was 
necessary i n  o rde r  t o  record r a p i d l y  a Mdssbauer spectrum ( l e s s  t han  one-half  hour ) .  
The sample  was p l a c e d  i n  t h e  h o l d e r  i n s i d e  of t h e  r e a c t o r  and H2 was flown f o r  2 
hours  a t  350 OC t o  r e d u c e  t h e  s u r f a c e  and c l e a n  o f f  any r e s i d u a l  contaminat ion.  
F igu re  5a shows t h e  M8ssbauer spectrum a t  room temperature  i n s i d e  t h e  r e a c t o r  a f t e r  
c l e a n i n g .  We s t u d i e d  t h e  hydrogenat ion ofnaphthoquinoneby i n t r o d u c i n g  about  20 rng 
of t h e  compound aad f lowing  Bydrogen  a t  a b o u t  0 .5  c c / s e c .  The t empera tu re  o f  t h e  
r e a c t i o n  was 305 C and 405 C and t h e  t ime of r e a c t i o n  was o n e - h a l f  h o u r .  A f t e r  
r e a c t i o n  t h e  C E M  s p e c t r u m  was t a k e n  i n s i d e  t h e  r e a c t o r .  No e v i d e n c e  o f  t h e  
formation o f  any known o x i d e  was d e t e c t e d  ( F i g u r e  w .  The same experiment  was 
r epea ted  u s i n g  a s u l f i d e d  sample ( p r o d u c e d  f rom t h e  Fe f o i l  by f l o w i n g  H2/H2S 
(10%)  a t  400 O C ) .  The s p e c t r u m  f o r  s u c h  a sample  i s  shown i n  F igu re  6a be fo re  
r e a c t i o n .  A f t e r  r e a c t i o n  wi th  naphtoquinone we s e e  c l e a r  evidence o f  t h e  formation 
of Fe O4 on t h e  s u r f a c e  (F igu re  6b) .  Magnet i te  is formed a t  t h e  expense o f  t h e  i r o n  
s u l f i d e .  T h i s  o p s f v a t i o n  i s  in v e r y  good a g r e e m e n t  w i t h  o u r  e a r l i e r  situ 
Mossbauer  work, where a l e s s  s u r f a c e  s e n s i t i v e  t e c h n i q u e  was used  f o r  t h e  
measurements. We i n t e r p r e t  t h e s e  r e s u l t s  a s  evidence of a g r e a t e r  r e a c t i v i t y  o f  t h e  
i r o n  s u l f i d e s  s u r f a c e s  t o w a r d s  oxygen c o n t a i n i n g  o r g a n i c  molecu le s  than  t h e  pure 
metal .  I t  is noted t h a t  magnet i te  can be e a s i l y  removed by f u r t h e r  f l o w  o f  H 2 / H  S. 
The m a g n e t i t e  l a y e r  I s  fo rmed  in t h e  f i r s t  few s u r f a c e  l a y e r s  of t h e  i r o n  s u l d d e  
( s e e  F igu re  6 ) .  

3. EXAFS and XANES Measurements 

Measurements were performed on t h e  r e s i d u e s  of t h e  r e a c t i o n  o f  FeS2 and Fe S 
with pyrene. P y r i t e  and monocl inic  p y r r h o t i t e  were used as c h e m i c a l  s t a n d a r d s  70: 
t h e  measu remen t s .  I n  F igu re  7 t h e  XANES s p e c t r a  a r e  shown f o r  t h e  reghdues o f  t h e  
r e a c t i o n s  o f  pyrene wi th  Fe7S8 y d  FeS2. ) a t  440 OC 

i n  t h e  presence of H . One n o t i c e s  t h a t  t h e  n e a r  edge  s t r u c t u r e  is d i f f e r e n t  f o r  
both r e s i d u e s ,  we a t Z r i b u t e d  t h e  d i f f e r e n c e  t o  t h e  presence o f  F e S  i n  t h e  r e a c t i o n  
r e s i d u e s  of Fe S8 and pyrene. A compound t h a t  is  not  p re sen t  i n  t h e  r e s i d u e s  o f  t h e  
p y r i t e  r u n .  $he t o t a l  EXAFS spectrum were analyzed and t h e  F o u r i e r  t r ans fo rm f o r  
t h e  r e s i d u e s  of t h e  FeS r u n  is shown in F i g u r e  8 a .  (The  peak p o s i t i o n s  a r e  n o t  
co r rec t ed  f o r  phase s h i h s . )  For comparison purposes t h e  F o u r i e r  t r a n s f o r m  f o r  pure 
p y r i t e  and monoclinic p y r r h o t i t e  a r e  a l s o  shown. The f i r s t  p r o m i n e n t  peak  i n  a l l  
t h e  s p e c t r a  i s  due  t o  Fe-S d i s t a n c e s  (2.262 A f o r  pure FeS2). The second peak i n  
p y r i t e  (F igu re  8b) i s  due t o  t h e  o t h e r  i r o n  n e i g h b o r s .  For  Fe7S8 t h e  Spectrum is  
complicated s i n c e  t h e r e  a r e  many i r o n  d i s t a n c e s  p r e s e n t  ( F i g u r e  8 c ) .  F o r  t h e  
r e s i d u e s  of t h e  r e a c t i o n  of FeS2 wi th  pyrene p r a c t i c a l l y  no Fe-Fe can d e n t i f i e d .  
T h i s  means t h a t  t h e  i ron  atoms and vacancies  i n  t h e  Fel-xS S t r U C t U r e " 4 '  (a tomic 5 
i r o n  is 47.8) a r e  ex t r eme ly  d i s o r d e r e d  and r andomly  d i s t r i b u t e d  and t h a t  t h e  on ly  
well def ined coord ina t ion  o f  t h e  i r o n  i o n s  a r e  t h e  s u l f u r  atoms. T h i s  f y 4 y  s t r i k i n g  
r e s u l t  s i n c e  we should have expected a s  a r e s u l t  o f  t h e  MBssbauer s t u d y  a b e t t e r  
de f ined  p y r r h o t i t e  s t r u c t u r e .  

The r e a c t i o n s  were performed( 
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111. Conclusions 

We have observed t h a t  t h e  behavior  o f  i r o n  s u l f i d e  s u r f a c e s  depends s t r o n g l y  on 
t h e  s t o i c h i o m e t r y .  I r o n  d e f i c i e n t  s u r f a c e s  show a h i g h e r  r e a c t i v i t y  t h a n  t h e  
t r o i l i t e  s u r f a c e .  A t  h i g h  t empera tu res  (450 O C )  t h e r e  i s  e l emen ta l  s u l f u r  p re sen t  
on t h e  i r o n  s u l f i d e  s u r f a c e s .  The m e t a l  v a c a n c i e s  c a n  s e r v e  a s  c e n t e r s  f o r  t h e  
d i s s o c i a t i o n  of H2S t h u s  f a c i l i t a t i n g  t h e  t r a n s f e r  of hydrogen t o  o rgan ic  e n t i t i e s .  
The p y r r h o t i t e  s u r f a c e  shows a g r e a t  r e a c t i v i t y  towards oxygen c o n t a i n i n g  compounds. 
The s u r f a c e  o x i d e  fo rmed  on t h e  p y r r h o t i t e  s u r f a c e  a r e  e a s i l y  reduced when H and 
H2S a r e  p r e s e n t  i n  t h e  r e a c t o r .  The i n t e r a c t i o n  between t h e  p y r r h o t i t e s  s u r f a c e s  
and l i g h t  hydrocarbons is minimal. 
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Figure 1. Schematic diagram of the UHV system used for the 
surf ace measurements 
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Figure 2 .  Low energy Auger spectra for the iron sul f ides  
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