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ABSTRACT 

The chemical s t a t e s  of i r o n  i n  a Kentucky c o a l  and i n  t h e  products  of i t s  
hydrogenat ion were determined by Mtlssbauer spectroscopy.  The i r o n  i n  t h e  
c o a l  was present  c h i e f l y  as p y r i t e ,  FeS2. There w a s ,  however, evidence f o r  
some non-pyri t ic  i r o n ,  most l i k e l y  present  as szomolnokite (FeS04.H20). 
The products  from hydrogenat ion of t h i s  coa l  by t h e  SYNTHOIL process  a t  723 
K and 28 MF'a contained a l l  t h e  i r o n  as FeS where x = 1.0 t o  1 . 1 4 .  There 
w a s  no evidence f o r  unreduced FeS 
elemental  i ron .  
t h i s  work, t h e  r e a c t o r  gas  contained 0.32 percent  H S.  Evident ly ,  FeS i s  
not  reduced t o  e lemental  i r o n  i n  t h e  presence of t h i s  concent ra t ion  ofXH S 
i n  t h e  reducing gas. 

or FeSOX. There was a l s o  no evidence f o r  
A t  t h e  experimengal c o n d i t i o n s  f o r  hydrogenat ion o f  c o a l  i n  4 

2 
2 

INTRODUCTION 

I r o n  i s  a major c o n s t i t u e n t  of t h e  minera l  mat te r  i n  many U.  S. Coals  ( 1 ) .  
The metal occurs  p r i n c i p a l l y  as i r o n  p y r i t e ,  FeS2. i n  c o a l  a l though s m a l l  
q u a n t i t i e s  of  t h e  element may be  p r e s e n t  as s u l f a t e ,  oxide,  carbonate  o r  
s i l i c a t e  (2, 3) .  In s e v e r a l  A u s t r a l i a n  brown c o a l s ,  s i g n i f i c a n t  q u a n t i t i e s  
of i r o n  occur  as salts  of carboxyl ic  a c i d s  (4, 5, 6 ) .  An i n v e s t i g a t i o n  of  
i r o n  i n  c o a l  by Mtlssbauer spectroscopy was f i r s t  repor ted  by Lefelhocz 
- a l .  ( 7 ) .  From an examinat ion of  seven U. S .  c o a l s  ranging i n  rank from l i g n i t e  
t o  a n t h r a c i t e ,  they concluded t h a t ,  i n  some c o a l s ,  i r o n  occurs  e x c l u s i v e l y  
as FeS2, and non-pyri te  i r o n ,  when p r e s e n t ,  occurs  a s  Fe(I1)  i n  a high-spin 
conf igura t ion .  

The purpose of t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  determine,  by Mtlssbauer 
spectroscopy,  t h e  i r o n  compounds i n  a c o a l  u t i l i z e d  i n  t h e  SYNTHOIL process  
and i n  the process  products .  I n  t h i s  process ,  a feed  p a s t e  c o n s i s t i n g  of 
pu lver ized  coal i n  r e c y c l e  o i l  i s  r e a c t e d  w i t h  hydrogen a t  7231; (450OC) 
and 14-28 MPa (2000-4000 p s i )  i n  a turbulent-f low r e a c t o r  packed w i t h  
p e l l e t s  o f  Co-Mo/Si02-Al O3 c a t a l y s t .  The product  s t ream is  cooled and t h e  
gross  l i q u i d  product ,  a f g e r  s e p a r a t i o n  from gases ,  is cent r i fuged  t o  remove 
t h e  unreacted s o l i d s .  
f u e l  o i l  a p o r t i o n  of which is used a s  r e c y c l e  o i l  t o  prepare  more feed  p a s t e  
f o r  cont inuous process  o p e r a t i o n  (8, 9 ) .  

The cent r i fuged  l i q u i d  product i s  a low-sulfur ,  low-ash 

"By acceptance of t h i s  a r t i c l e ,  t h e  publ i sher  and/or 
r e c i p i e n t  acknowledges t h e  U. S .  Government's r i g h t  
t o  r e t a i n  a nonexclusive,  roya l ty- f ree  l i c e n s e  i n  
and to  any copyr ight  covering t h i s  paper." 
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EXPERIMENTAL 

Samples of feed  c o a l ,  feed  p a s t e ,  g ross  l i q u i d  product ,  c e n t r i f u g e d  
l i q u i d  product  and c e n t r i f u g e d  r e s i d u e  were drawn from a 1 / 2  ton  p e r  day 
SYNTHOIL p l a n t  c u r r e n t l y  i n  o p e r a t i o n  a t  t h e  P i t t s b u r g h  Energy Research 
Center .  The b a s i c s  of t h e  p l a n t  and t h e  sampling p o i n t s  a r e  shown i n  
f i g u r e  1. A d e t a i l e d  d e s c r i p t i o n  of t h e  procedure and precaut ions  requi red  
f o r  ob ta in ing  r e p r e s e n t a t i v e  samples has  been publ ished by Schul tz  
- a l .  (10) .  The o r i g i n  and a n a l y s i s  of t h e  c o a l  a r e  given i n  t a b l e  1. 
hydrogenat ion was conducted a t  723K and 28MPa. 

Samples were p laced  i n  c i r c u l a r  p l a s t i c  c o n t a i n e r s ,  25 m i n  diameter  
and 3 mm deep,  f o r  Mussbauer a n a l y s i s .  The c o n t a i n e r s  w e r e  covered 
w i t h  p l a s t i c  d i s c s  and  mounted h o r i z o n t a l l y  i n  t h e  spectrometer  s o  
t h a t  any s e t t l i n g  of t h e  s o l i d s  from t h e  l i q u i d  samp3Ys was uniform 
w i t h  respec t  t o  t h e  gamma ray  beam. Co d i f f u s e d  i n  C r .  
The Mussbauer spec t rometer  used w a s  of  convent iona l  des ign  (Nuclear Science 
Instruments ,  Inc.*) and t h e  s p e c t r a  w e r e  ob ta ined  by t ransmission.  I ron  
f o i l  was used f o r  v e l o c i t y  c a l i b r a t i o n  and a l s o  provided the  r e f e r e n c e  f o r  
isomer s h i f t s .  All s p e c t r a  were recorded a t  room temperature  ($ 300K). 

The 

The source  was 

RESULT AND DISCUSSION 

The weights  of samples ,  t h e  r e s u l t s  o f  chemical ana lyses  f o r  i r o n  i n  
each of them and t h e  spectrometer  run t i m e s  are g iven  i n  t a b l e  2. 
Isomer s h i f t s ,  quadrupole  s p l i t t i n g s ,  AS'S and approximate s t r e n g t h s  
of  t h e  i n t e r n a l  magnet ic  f i e l d s  a r e  g iven  i n  t a b l e  3 .  The l i t e r a t u r e  values 
of  t h e  Mussbauer parameters  f o r  a number of  p e r t i n e n t  i r o n  compounds a r e  
presented  i n  t a b l e  4 .  

The M k b a u e r  spectrum of t h i  feed  c o a l  showed two s t r o n g  peaks w i t h  
an isomer s h i f t  of  0.32 mms 
T h 7 Z 5 E v a l u e s a g r e e G l l  w i i h  t h e  isomer s h i f t  and quadrupole s p l i t t i n g  va lues  
repor ted  i n  l i t e r a t u r e  f o r  p y r i t e  and marcas i te ,  two n a t u r a l l y  occurr ing  
minera ls  of composi t ion FeS (7,  13). The M s s b a u e r  parameters  f o r  
t h e  two minera ls  are s o  simzlar t h a t  t h e i r  s p e c t r a  cannot  be reso lved  
i f  both are p r e s e n t .  
p y r i t e  from m a r c a s i t e ,  pe t rographic  and X-ray d i f f r a c t i o n  s t u d i e s  have 
shown t h a t  FeS2 i n  c o a l s  i s  g e n e r a l l y  p y r i t e  (20, 21) .  S p e c i f i c a l l y ,  t h e  FeS2 
i n  t h e  p r e s e n t  c o a l  h a s  been shown by Ruch, gt. t o  be i r o n  p y r i t e  (22) .  

The spectrum of  t h e  c a1  a l s o  showed a s i n g l e ,  very  weak peak w i t h  a 
v e l o c i t y  of 2.83 mms-' r e l a t i v e  t o  t h e  source .  This ,  no doubt, corresponds 
t o  one peak of t h e  d o u b l e t  f o r  non-pyrite i r o n  repor ted  by Lefelhocz 6 
i n  s e v e r a l  c o a l s  ( 7 ) .  They determined a n  isomer s h i f t  of about 1.1 ms-l 
( r e c a l c u  a t e d  w i t h  r e f e r e n c e  t o  i r o n )  and a quadrupole  s p l i t t i n g  of about  
2.6 nuns-*. Unfor tuna te ly ,  t h e  second peak f o r  non-pyri te  i r o n  i n  our  
spectrum i s  completely obscured one of t h e  s t r o n g  p y r i t e  peaks,  probably 
that with a v e l o c i t y  of 0.22 mms r e l a t i v e  t o  t h e  source.  Lefelhocz 
-- e t  a l .  concluded t h a t  t h e  non-pyrite i r o n  may be organic  i r o n  or inorganic  
iron as a e i l i ca te  ( 7 ) .  Montan0 (27) ,  however, observ ing  similar 

*Use  of brand name f a c i l i t a t e s  understanding and does n o t  n e c e s s a r i l y  imply 

a n d a  quadrupole  s p l i t t i n g  of 0.64 nuus-'. - -~ - 

Although Mussbauer a n a l y s i s  is unable t o  d i s t i n g u i s h  

endorsement by t h e  U.  S. Department of Energy. 
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1 
Table 1. - Analysis of the as-received feed coal 

Proximate analysis, (wt. pct.) 

Moist ur e 6.1 
Volatile matter 36.3 
Fixed carbon 42.1 
Ash 15.5 

Ultimate analysis, (wt. pct.) 

Hydrogen 4.9 
Carbon 60.3 
Nitrogen 1.2 
Oxygen (BY 
difference) 12.8 

Ash 15.5 
Sulfur 5 . 3  

as sulfate 0.58 

as pyrite 
as organic 

2.69 
2 . 0 3  

Rank: hvBb 

'A blend from Kentucky seams No. 9, 11, 12 and 13 which are mined 
together; Homestead mine, Western Kentucky. The coal was pulverized 
to a fineness of 70 percent through 200 mesh, U. S. Standard Sieve, 
and 100 percent through 100 mesh. 

Tab.le2; - - -- -_ - ... 
ples analyzed by Nossbauer spectrometry 

Iron content Spectrometer 
Material Weight (9) (wt. pct.) run time (hr.) 

Feed coal 1 . 2 4  
Feed paste 2.60 
Gross liquid product 2.40 
Centrifuged liquid 
product 2.16 

Centrifuged residue 3 . 2 0  

266 

3.58 113 
1.47 160 
1.84 139 

0.55 189 
10.1 a100 
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s p e c t r a  concluded t h a t  t h e  non-pyrite f r a c t i o n  is anhydrous i r o n  (11) s u l -  
f a t e  FeS04. But t h e  l i t e r a t u r e  va lues  (28) h e  quotes  f o r  isomer s h i f t  and 
quadropole s p l i t t i n g  a r e  i n a c c u r a t e ,  as t h e  experiment was probably in-  
a d v e r t e n t l y  performed on FeSO H 0. More r e c e n t  work, using c a r e f u l l y  
prepared materials, gave V a l &  ?or  FeS04 and FeSO H 0 a s  shown i n  t a b l e  4. 
Assuming t h a t ,  i n  o u r  spectrum, t h e  hidden peak of t h e  high s p i n  doublet  i s  

1 d i r e c t l y  under t h e  low v e l o c i t y  peak of t h e  p y r i t e  spectrum u r  v a l u e s  f o r -  
t h e  isomer s h i f t  and quadropole  s p l i t t i n g  would be  Q1.3 ms-' and % 2 . 6  ms , 
r e s p e c t i v e l y ,  which are i n  e x c e l l e n t  agreement wi th  FeS04.H20 as are Montana's 
and Lefelhocz 's .  

The spectrum of t h e  f e e d  p a s t e  was a composite of t h e  s p e c t r a  of i t s  
components, namely t h e  feed c o a l  and t h e  r e c y c l e  o i l .  The l a t te r ,  a s  
explained above, i s  a p o r t i o n  of t h e  c e n t r i f u g e d  l i q u i d  product  from a 
previous ba tch .  For convenience, t h e r e f o r e ,  t h e  speccrum of t h e  feed  
p a s t e  w i l l  be  d i s c u s s e d  a f t e r  d i scuss ing  t h e  spectrum of t h e  cent r i fuged  
l i q u i d  product .  

The s p e c t r a  of t h e  g r o s s  l i q u i d  product ,  t h e  cent r i fuged  l i q u i d  product  
and t h e  c e n t r i f u g e d  r e s i d u e  w e r e  s i m i l a r  and may be d iscussed  t o g e t h e r .  
Each of t h e  s p e c t r a  showed a six-peak p a t t e r n  wi th  isomer s h i f t s  i n  t h e  
range of 0.69 t o  0.74 nuns-', AS's  i n  t h e  range of 0.00 t o  0.69 ms-' and t h e  
s t r e n g t h s  of t h e  i n t e r n a l  magnetic f i e l d s  i n  t h e  range of 310 t o  270 kOe. 
The outermost peaks i n  the  s p e c t r a  of t h e  g r o s s  l i q u i d  product  and t h e  
c e n t r i f u g e d  r e s i d u e  showed p a r t i a l  r e s o l u t i o n  i n t o  two subpeaks. The v a l u e s  
of t h e  isomer s h i f t s ,  t h e  A S ' s  and t h e  s t r e n g t h s  of t h e  i n t e r n a l  magnetic 
f i e l d s  g iven  i n  t a b l e  3 f o r  these  two m a t e r i a l s  are t h e  v a l u e s  obta ined  by 
us ing  t h e  p o s i t i o n s  of  t h e  o u t e r  and i n n e r  subpeaks r e s p e c t i v e l y  t o  c a l c u l a t e  
t h e  parameters. Hafner  and Klavius  observed similar f i n e  s t r u c t u r e s  i n  
t h e  MBssbauer s p e c t r a  of two p y r r h o t i t e s  and used a comparable technique 
f o r  d a t a  r e d u c t i o n  (11). A comparison of t h e  MBssbauer parameters  i n  t a b l e s  3 
and 4 shows t h a t  t h e  gross  l i q u i d  product ,  t h e  c e n t r i f u g e d  l i q u i d  product  and 
t h e  cent r i fuged  r e s i d u e  c o n t a i n  FeS where x = 1.0  t o  1 .14.  

In agreement wi th  o u r  f i n d i n g s ,  Ruch et&. found p y r r h o t i t e  i n  t h e  
cent r i fuged  r e s i d u e  by X-ray d i f f r a c t i o n  a n a l y s i s  of a l i q u o t s  drawn from 
t h e  samples used i n  t h i s  work ( 2 2 ) .  

The spectrum of t h e  feed  p a s t e  had s ix  peaks: two s t rong  peaks corresponding 
t o  t h e  p y r i t e  peaks in t h e  spectrum of  t h e  feed  c o a l ,  and four  weak peaks, two 
on each s i d e  of t h e  s t r o n g  doublet .  The f o u r  weak peaks correspond t o  t h e  
o u t e r  four  peaks i n  t h e  size-peak spectrum of  t h e  cent r i fuged  l i q u i d  product .  
The two middle  peaks of t h e  cent r i fuged  l i q u i d  product  a r e  obscured by t h e  
two s t rong  peaks o f  t h e  p y r i t e .  Clear ly  t h e  spectrum of t h e  feed  p a s t e  i s  a 
composite of t h e  s p e c t r a  of  c o a l  and c e n t r i f u g e d  l i q u i d  product ,  t h e  compo- 
n e n t s  of t h e  feed  p a s t e .  

None of t h e  s p e c t r a  obta ined  i n  t h i s  work showed any absorp t ions  o t h e r  
t h a n  those d iscussed  above. W e  es t imate  t h e  p r e c i s i o n  of our measurements 
i s  such t h a t  o t h e r  compounds ( for  example, t h o s e  shown in  taboe 4 s t a r t i n g  
w i t h  i ron)  would have been de tec ted  had they  been present  i n  s i g n i f i c a n t  

4 '  2 
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amounts, 
i n  any of the  m a t e r i a l s  analyzed i f  p r e s e n t  i n  q u a n t i t i e s  a s  smal l  as 5% of  
t h e  t o t a l  i r o n  present .  In t h e  case  of t h e  feed  c o a l ,  t h e  d e t e c t i o n  l i m i t s  
for i r o n  and above oxides  would have been even lower and, i n  a d d i t i o n ,  
t h e  presence of many of t h e  othercompounds i n  t h e  lower p o r t i o n  of  Table  4 
would have a l s o  been d e t e c t a b l e  a t  t h e  5% l e v e l .  P o s s i b l e  except ions  a r e  
t h e  i r o n  (111); s u l f a t e s ,  i r o n  (111) a c e t a t e  and Fe2(C0)9 with d e t e c t a -  
b i l i t y  l i m i t s  of t h e  o r d e r  of 10-20%. 

Although t h e  feed  c o a l  does conta in  a s m a l l  amount of FeS04.H20, t h e  q u a n t i t y  
of i t  i s  t o o  s m a l l  t o  account f o r  a l l  t h e  s u l f a t e  t h e  c o a l  i s  known t o  c o n t a i n  
by convent ional  a n a l y s i s  ( s e e  Table 1 ) .  
combined wi th  C a  o r  some o t h e r  ca t ion .  

The s p e c t r a  of t h e  gross  l i q u i d  product ,  t h e  cent r i fuged  l i q u i d  product  
and t h e  c e n t r i f u g e d  r e s i d u e  showed no evidence f o r  e lemental  i ron .  The 
absence of  i r o n  is s i g n i f i c a n t  s i n c e  Gal lo  has  reported t h e  reduct ion  of  
FeS2 t o  e lementa l  i r o n  by t h e  fol lowing success ive  r e a c t i o n s  ( 2 3 ) :  

Elemental i r o n ,  Fe203, Fe304, or a-FeOOH would have been d e t e c t a b l e  

Some of  t h e  s u l f a t e  is presumably 

500K FeS2 + H2 j Fe2S3 + H2S 

( i i )  

-&!!$E Fe + H2S ( i i i )  

550K Fe2Sj + H2 - FeS + H2S 

FeS 
+ HZ 

These r e s u l t s  were obta ined  wi th  gavorran to ,  a n a t u r a l  p y r i t e ,  conta in ing  
97.12 percent  FeS . It should be noted t h a t  r e a c t i o n  ( i i i )  is r e v e r s i b l e  
and, t h e r e f o r e ,  t f e  reduct ion  of FeS t o  Fe w i l l  not  be f e a s i b l e  i f  t h e  
p a r t i a l  p r e s s u r e  of H S i n  t h e  reducing gas  i s  above some c r i t i c a l  v a l u e .  
Rosenquist has  measured K f o r  r e a c t i o n  ( i i i )  at 723K ( 2 4 ) .  A t  28 MPa 
hydrogen pressure ,  t h e  eqe i l ib r ium H S p r e s s u r e  is  0.008 percent  of t h e  
hydrogen pressure .  
approximately 0.32 percent  H S and, e v i d e n t l y ,  FeS was not  reduced t o  
i r o n  i n  t h e  presence of t h i s  concent ra t ion  of H S.  

I n  t h e  q u a l i t a t i v e  agreement with our  r e s u l t s ,  J. T. Richardson has  repor ted  
t h a t  FeS2 i s  reduced t o  Fe S (FeS1.44) dur ing  c o a l  hydrogenation (25 ) .  
By theromagnetic a n a l y s i s  of a char  
concluded t h a t  t h e  i r o n  i n  char  w a s  p r e s e n t  as a mixture  of Fe S 
FeS . 
c o n z i t  i o n s ,  

2 

In t h e  present  sgudy, t h e  r e a c t o r  gas  contained 

2 2 
2 

rom a c o a l  l i q u e f a c t i o n  p l a n t  he 

7 8 and The exac t  composition of t h e  mixture  var ied  with t h e  process  
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CONCLUSIONS 

MHssbauer a n a l y s i s  o f  a Kentucky coa l  showed t h a t  i r o n  i n  t h e  c o a l  
w a s  present  mainly a s  FeS . There was some non-pyr i t ic  i r o n ,  most l i k e l y  
present  as szomolnoki te  (%eS04*H20). Products  from hydrogenat ion of 
t h e  coa l  a t  723K and 28 MPa contained FeSx where x = 1.0 t o  1 .14.  
was no evidence of  e lementa l  i r o n  i n  t h e  products .  

There 
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