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INTRODUCTION 

The use of iron-based c a t a l y s t s  of small p a r t i c l e  s i z e s  i n  t h e  l iquefac t ion  of 
coal i s  widespread i n  labora tor ies  and i n  prac t ice  due t o  t h e  cos t -e f f ic iency  
of t h e  ca ta lys t  and t h e  a b i l i t y  of t h e  small p a r t i c l e s  t o  pene t ra te  t h e  pore 
s t ruc ture  of t h e  coa l ,  a t  l e a s t  t o  some extent .  Of t h e  iron-based c a t a l y s t s ,  
p y r i t e  (PY, F e S d  is found indigenously i n  coal and has  a well-documented 
a b i l i t y  [l] t o  e ance l iquefac t ion  r a t e s .  PY i s  known [2] t o  be converted t o  
nonstoichiometric pyr rhot i te  (PH, FeS,, x z 1) under hydrogen atmospheres a t  
high temperatures and pressures ,  conditions expected i n  l iquefac t ion .  Whether 
PY o r  PH or a combination of the  two is the  c a t a l y t i c a l l y  a c t i v e  agent is a 
matter of current  debate. 

We have developed mixtures of PY and PB of small c r y s t a l l i t e  s ize .  The 
mixtures contain d i f f e r e n t  PH s toichiometr ies ,  and d i f f e r e n t  amounts of PA and 
PY i n  int imate  contact .  The expectation i s  t h a t  the  d i f f e r e n t  valencies  of Fe 
i n  atomic-range proximity give rise t o  a very e f f i c i e n t  c a t a l y s t .  These 
mixtures are made by disproport ionat ing f e r r i c  su l f ide  (FezSs) a t  various 
temperatures and f o r  var ious times. The PH/PY r a t i o  and t h e  value of x 
defined above change with these  disproport ionat ion parameters. 

EXPERIMENTAL PROCEDURE 

Ferr ic  s u l f i d e  i s  prepared by mixing s toichiometr ic  amounts of f e r r i c  chlor ide 
and sodium s u l f i d e  i n  a cold room below 5'C. The formation of f e r r i c  su l f ide  
is  instantaneous, following t h e  react ion:  

Cata lys i s ,  Coal l iquefac t ion ,  Fer r ic  s u l f i d e  disproport ionat ion 

2FeCls.6A~O + 3Na~S.9H~0 4 Fez& + 6NaC1 + 39H20 

PA, PY and elemental S a r e  t h e  products of disproport ionat ion,  through a 
general reac t ion  of t h e  type: 

Fez& + o FeS, + /3 FeSz + 7s 

The s o l i d  is washed t o  remove NaCl and dr ied.  A por t ion of the  resu l t ing  
so l id  is  separated i n t o  PH (soluble  i n  6P HC1 and PY (soluble  i n  88 HN03), 

absorption (AA The r e s t  of t h e  s o l i d  i s  mixed with coa l ,  solvent t e t r a l i n  
and CSz p r e s u h i d e r  f o r  t h e  l iquefac t ion  runs. Occasionally t h e  s o l i d  i s  
analyzed by X-ray d i f f r a c t i o n  (XRD) and Auger Electron Spectroscopy (AES) . 
Liquefaction runs were car r ied  out i n  a batch tubing-bomb reac tor  with 
v e r t i c a l  a g i t a t i o n .  Post experiments were performed on DECS-17 coal ,  a 
low-PY, h igh-exin i te  mater ia l .  After l iquefact ion,  t h e  s o l i d  is analyzed f o r  

and t h e  amount of Fe i n  each of these  s u l f i  d e forms i s  analyzed by atomic 
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conversion (THF- soluble  mater ia l )  and asphaltenes/preasphaltenes (THF- soluble ,  
hexane-insoluble mater ia l ) .  The amount of o i l  t gas) i s  obtained by 

RESULTS 

Ratios of pyr rhot i te  t o  p y r i t e  (PH/PY) i n  t h e  products of Fe& 
disproport ionat ion a r e  shown as a funct ion of disproport ionat ion temperature, 
Td ,  i n  Table I. Note t h a t  elemental S is  not shown. Table I indica tes  t h a t  
t h e  room- temperature disproport ionat ion y i e l d s  only PH, f o r  a l l  p r a c t i c a l  
purposes. Increasing Td increases  the  r e l a t i v e  amount of PY i n  t h e  so l id .  
Only a few S peaks a r e  v i s i b l e  i n  t h e  X-ray d i f f r a c t i o n  XRD pat te rn  f o r  the  
room-temperature case;  presumably t h e  PH c r y s t a l l i t e s  a r e  too small t o  exhibi t  
peaks. Disproportionation a t  a temperature Td = 1Oo'c shows s i g n i f i c a n t  PY 
peaks but smaller  S peaks; again t h e  PH c r y s t a l l i t e s  a r e  X-ray-invis ible .  
When Td = ZOO'C, t h e  PH c r y s t a l l i t e s  a r e  l a r g e  enough t o  exhib i t  peaks, PY 
peaks a r e  l a r g e r  than a t  Td = l O O ' C ,  and S peaks a r e  vanishingly small. 

Auger e lec t ron  spec t ra  f o r  t h e  PH PY mixture a f t e r  Td = 200'C a r e  shown i n  
Figure 1. 
composition Fe7S8 (x = 1.143 is present .  Further ,  t h e  l i n e  shape f o r  S 
ind ica tes  t h a t  the  elemental iorm i s  present .  The i n t e n s i t y  r a t i o s  of t h e  S 
LVV) peak t o  t h e  Fe (LW) a r e  p l o t t e d  i n  Figure 2 as a funct ion of t h e  r a t i o  A /Fe f o r  s tandard samples of FeSz and Fe7Ss. Also shown i n  Figure 2 i s  t h e  

in tens i ty  r a t i o  f o r  t h e  product corresponding t o  Td = 200'C. This allows one 
t o  estimate t h e  amount of surface S (elemental and ionic)  t o  surface Fe f o r  
t h e  disproport ionated product. 

The PE/PY r a t i o  of t h e  c a t a l y s t  changes a f t e r  l iquefac t ion .  As can be seen i n  
Table I ,  t h e  changes depend upon both Td and T1. Table I1 shows t h e  changes 
i n  the S/Fe r a t i o  i n  t h e  iron-based ca ta lys t  a f t e r  l iquefac t ion  at Te = 350'C 
a s  a function of Td. 

I n  Figure 3 a r e  p lo t ted  t h e  overa l l  conversion, asphaltene/preasphaltene y i e l d  
and o i l  (+ gas) y ie ld  f o r  DECS-17 coa l  as a funct ion of t h e  S/Fe r a t i o  of t h e  
iron-based ca ta lys t  a f t e r  l iquefac t ion  a t  Te = 350'C. Other choices of t h e  
independent var iab le  obviously e x i s t ,  ye t  t h i s  one appears t o  give l i n e a r  
re la t ionships  f o r  conversion and y ie lds .  Results f o r  t h e  unsulf ided 
c a t a l y s t s ,  and f o r  l iquefac t ion  at TL = 400'C with su l f ided  and unsulf ided 
c a t a l y s t s ,  have been tabulated elsewhere He d id  not t e s t  c a t a l y s t  
prepared at disproport ionat ion temperatures !!? than 200' C f o r  conversion 
of DECS-17 coal .  However, previous work 41 using Humphrey mine coal 
(Pi t tsburgh No. 8 seam) ind ica tes  t h a t  c a t a l y s t s  corresponding t o  a PH/PY 
r a t i o  of uni ty  (Td = ZOO'C) have higher  conversions and o i l  (t gas) y ie lds  
than those corresponding t o  l a r g e r  and smaller r a t i o s  (Td = l O O ' C ,  250'C). 
These r e s u l t s  a r e  shown i n  Figure 4 .  Because of the  superior  performance of 
t h e  ca ta lys t  formed by disproport ionat ion a t  200'C f o r  1 h ,  we concentrated on 
t h i s  ca ta lys t  f o r  f u r t h e r  evaluat ion.  

To inves t iga te  t h e  eff icacy of c a t a l y s t -  coal  mixing, a ca ta lys t  impregnation 
procedure was attempted and conversions and y ie lds  were compared t o  those from 
t h e  "standard" ca ta lys t  preparat ion procedure described above. In t h e  
impregnation procedure, an aqueous so lu t ion  of FeClS was sonicated with coa l ,  
then  NazS was added, followed by addi t iona l  sonicat ion.  After  

difference.  The THF-insoluble s o l i d  i s  analyzed f o r  6 H and PY. 

The shape of t h e  Fe i i n e  at around 40 eV indica tes  t h a t  PH of 
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disproport ionat ion at 2OO'C f o r  1 h ,  the  s o l i d  was washed with d i s t i l l e d  water 
t o  remove NaC1, dr ied and then placed i n  t h e  l iquefac t ion  reac tor  with 
t e t r a l i n  and CS2.  The conversion and o i l  (+ gas)  y ie ld  a f t e r  l iquefac t ion  at 
Tl = 350'C f o r  1 h a r e  shown i n  Figure 5 as ca ta lys t  preparat ion IDX.  Also 
shown i n  Figure 5 a r e  l iquefac t ion  r e s u l t s  f o r  preparat ion procedure IWD, 
wherein the  washing s t e p  was car r ied  out between impregnation and 
disproportionation. Comparing the  r e s u l t s  of these  procedures with the  
"standard" procedure, l abe l led  DWM, shows t h a t  impregnation of t h e  ca ta lys t  
yields  no p a r t i c u l a r  advantage. 

Also shown i n  Figure 5 a r e  t h e  e f f e c t s  of various NaC1-washing techniques on 
l iquefact ion.  I n  procedure DNM, the  ca ta lys t  was mixed d i r e c t l y  a f t e r  
disproport ionat ion,  without any washing s tep .  Conversions and y i e l d  a r e  
noticeably lower than DWM, where t h e  washing s tep  i s  not  omitted. F ina l ly ,  i n  
procedure DWAP, t h e  ca ta lys t  was disproportionated and washed (as  i n  DWM), but 
then a calculated amount of NaCl was added t o  t h e  s o l i d  before  mixing with 
coal .  The l iquefac t ion  r e s u l t s  here  are  very similar t o  those  where washing 
was eliminated, thus indicat ing t h a t  t h e  washing s t e p  el iminates  only t h e  
NaC1. I n  Figure 5 ,  NC represents  t h e  r e s u l t s  f o r  thermal l iquefac t ion ,  with 
no ca ta lys t  addi t  ion. 

Figure 6 shows t h e  e f f e c t  of ca ta lys t  loading on t h e  o v e r a l l  conversion and 
t h e  y ie ld  of o i l  (+ gas) .  The loading of the  PH/PY mixture ca ta lys t  a f f e c t s  
the  conversion and o i l  (+ gas) y ie ld  of DECS-17 coal i n  a nonl inear  manner. 
The conversion increases  f o r  upto 1 percent loading; at higher  loadings,  t h e  
conversion continues t o  increase but t o  a l e s s e r  ex ten t .  A t  low ca ta lys t  
loadings, t h e  y ie ld  of o i l  (t gas) i s  l e s s  than under non-catalyt ic  
conditions. The y i e l d  i s  a minimum around 1 percent loading, a f t e r  which t h e  
yield increases .  

Final ly ,  it i s  worth comparing the  disproportionated ca ta lys t  with other  
iron-based c a t a l y s t s .  F i  re 7 shows t h e  overa l l  conversion and t h e  o i l  (t 

f o r  t h e  case o y n o  ca ta lys t  NC , t h e  c a t a l y s t  mixture a f t e r  Td = 
, and an i ron  oxide c a t a l y s t ,  ill e OH, developed by Pobay Corporation 

by Dr. Farcasiu,  USDOE/PETC. Results of t h i s  ca ta lys t  a r e  
labe l led  IO i n  Figure 7. Liquefaction i n  each case was at  Tl = 350'C f o r  1 h. 
For DFS and IO, ca ta lys t  was added corresponding t o  0 .5  percent Fe. The DFS 
ca ta lys t  was prepared according t o  t h e  "standard" procedure described above. 
Figure 7 shows t h a t  conversions f o r  t h e  two sulf ided c a t a l y s t s  a r e  comparable 
and r e a t e r  than t h e  (sulf ided)  NC case. Unsulfided IO is  comparable t o  the  
unsuffided NC. Sulf iding improves IO considerably. The y ie lds  of o i l  + gas) 
with both c a t a l y s t s  a r e  smaller  than f o r  the  NC case,  with t h e  DFS y i e l 6  being 
somewhat l e s s  than t h e  IO yie ld .  This is consis tent  with Figure 6 which shows 
t h e  o i l  (+ gas) y ie ld  decreasing f o r  small addi t ions of c a t a l y s t  ( l e s s  than 1 
percent) .  

CONCLUSIONS 

Hydrothermal disproport ionat ion of f e r r i c  s u l f i d e  y ie lds  a mixture of i ron  
su l f ides  and elemental s u l f u r .  The su l f ides ,  FeS2 and var ious pyr rhot i tes  
FeS,, a r e  present as  int imately mixed c r y s t a l l i t e s  i n  small p a r t i c l e s .  The 
r e l a t i v e  amount and composition of t h e  FeS, can be control led by varying t h e  
time and temperature of disproport ionat ion.  Thus these  i ron  su l f ides  a r e  
su i tab le  c a t a l y s t s  f o r  coal l iquefact ion.  The a c t i v i t y  and s e l e c t i v i t y  of 
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these c a t a l y s t s  are comparable t o  those of o ther  iron-based ca ta lys t s .  
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TABLE I 

Pyrrhot i te /Pyri te  (PH/PY) Ratio Before and After Liquefaction as Functions of 
Disproportionation Temperature (Td) and Liquefaction Temperature (Te) . 

25 
100 
200 

PH/PY Ratios 
Before Liquefaction Af te r  Liquefaction 

Te = 350'C Te = 400'C 

286 
1.8 
0.87 

2.5 
5.7 
0.38 

TABLE I1 

Final  S/Fe Ratio i n  PH/PY Mixtures After  Liquefaction a t  Te = 350'C 

8.4 
3.2 
0.13 

25 1 . 3  
100 1.4 
200 1.7 
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Figure 3. Conversion and yields of preasphaltenes/asphaltenes and oil(+gas) 
from DECS-17 coal as functions of the final S/Fe ratio of catalysc. 
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Figure 4 .  Conversion and yield of oil (+gas) as functions of PH/PY for 
liquefaction of Humphrey Mine coal 1 4 ) .  
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Figure 5. Conversion and yield of oil(+gas) for various procedures of catalyst 
manufacture. See text for nomenclature. 

Figure 6. Conversion and yield of oil(+gas) as functions of catalyst loading. 

Figure 7. Comparison of conversion (left) and yield of oil(+gas) (right) over 
disproportionated catalyst (DFS) and over iron oxide catalyst (IO). 
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