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E f f e c t  o f  t h e  mode o f  c a t a l y s t  a d d i t i o n  was s t u d i e d  f o r  t he  l i q u e f a c t i o n  o f  
Eastern Kentucky E l  khorn #2 coal  i n  a con t inuous ly  s t i r r e d  tank  reac to r .  
P a r t i c u l a t e  a d d i t i o n  o f  i r o n  as p y r i t e  s i g n i f i c a n t l y  ca ta l yzed  t h e  coa l  l i que -  
f a c t i o n  reac t i on .  Both coa l  convers ion  and o i l  y i e l d  increased on a d d i t i o n  o f  
p y r i t e  t o  t h e  feed s l u r r y ;  o i l  p r o d u c t i o n  inc reased by more than a f a c t o r  o f  
two bo th  a t  825' and 85OOF. Pyr i te Concent ra t ion  had n e g l i g i b l e  e f f e c t  on 
produc t  d i s t r i b u t i o n ,  b u t  t h e  mode o f  c a t a l y s t  a d d i t i o n  had a b i g  impact on 
coal  l i q u e f a c t i o n .  Impregnat ion o f  coa l  w i t h  one we igh t  pe rcen t  i r o n  gave a 
s i m i l a r  p roduc t  d i s t r i b u t i o n  as ob ta ined w i t h  a d d i t i o n  o f  3 .5  we igh t  percent  
i r o n  i n  the  form o f  p a r t i c u l a t e  p y r i t e .  S i g n i f i c a n t l y  lower hydrocarbon gas 
make and hydrogen consumption were noted w i t h  impregnat ion  over p a r t i c u l a t e  
add i t i on .  SRC s u l f u r  con ten t  was marg ina l l y  h ighe r  w i t h  impregnat ion.  Solvent 
hydrogen conten t  inc reased w i t h  p a r t i c u l a t e  a d d i t i o n  whereas i t  decreased w i t h  
impregnation. 

I n t r o d u c t i o n  

The bas ic  n o n - c a t a l y t i c  process f o r  l i q u e f a c t i o n  o f  coa l  was developed by 
Berg ius l  i n  Germany c i r c a  1912. I n  1925 Brown-coal t a r  was c a t a l y t i c a l l y  
hydrogenated f o r  t h e  f i r s t  t ime w i t h  molybdenum oxide. 
t he  development o f  t he  c a t a l y t i c  hydrogenat ion o f  coa l .  

A number o f  c a t a l y s t s  were s t u d i e d  and repo r ted  t o  g i v e  improved y i e l d  and 
product q u a l i t y 2 .  
s u b s t a n t i a l l y  increased t h e  l i q u e f a c t i o n  performance. Subsequent experiments 
showed t h a t  0.05 percent  molybdenum gave a y i e l d  equal t o  t h a t  ob ta ined w i t h  
two percent  when the  a l k a l i n i t y  o f  coal  was reduced. Because molybdenum was 
expensive and i n  sho r t  supp ly  i n  Germany, i t  was rep laced by i r o n  c a t a l y s t .  
The Germans found t h a t  adding i r o n  as i r o n  s u l f a t e  t o  t h e  feed s l u r r y  improved 
the  l i q u e f a c t i o n  o f  coa l2 .  
ob ta ined as by-product f rom aluminum manufacture was a l s o  shown t o  be a c t i v e  
i n  coal  l i q u e f a c t i o n .  I n  terms o f  i r o n  conten t ,  t w i c e  as much Bayermasse'as 
su l fa te  was needed t o  produce t h e  same r e s u l t s  i n  hydrogenat ion o f  coa l .  I n  
c e r t a i n  cases t h e  a d d i t i o n  o f  s u l f u r  t o  the  system a l s o  improved t h e  c a t a l y t i c  
l i q u e f a c t i o n  e f f e c t  o f  t h e  i r o n 2 .  The i r o n  t o  s u l f u r  r a t i o  i n  the  l i q u e f a c t i o n  
residue suggested t h a t  i r o n  s u l f i d e  (FeS) was t h e  u l t i m a t e  form o f  t h e  i r o n .  
With the advent o f  x - ray  d i f f r a c t i o n  technique the  FeS was found t o  be i n  the  
form o f  p y r r h o t i t e 3 ,  Fel-xS. 

Wright and Severson repo r ted  t h a t  the a d d i t i o n  o f  i r o n  as conta ined i n  the  
residues from coa l  l i q u e f a c t i o n  inc reased the  hydrogen t r a n s f e r  capac i t y  o f  
anthracene o i l  . 4  S e i t z e r 5  magne t i ca l l y  separated t h e  i r o n  s u l f u r  compound 
from Coal l i q u e f a c t i o n  res idues  and used i t  as a c a t a l y s t  i n  subsequent l i q u e -  
fac t i on  reac t i ons .  He found t h a t  the  magne t i ca l l y  separated m a t e r i a l  had, per  

Th is  advance l e d  t o  

Adding two pe rcen t  molybdenum on coa l  as ammoniam molybdate 

Bayermasse, an i r o n  ox ide -con ta in ing  m a t e r i a l  
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/' weight  o f  i r on ,  about t h e  same c a t a l y t i c  e f f e c t  as f e r r o u s  su l fa te .  
more, he found t h a t  t he  magne t i ca l l y  separated m a t e r i a l  ca ta l yzed  t h e  a d d i t i o n  
O f  hydrogen t o  t h e  d i sso l ved  coa l .  

Moroni and F ischer6 ,  who reviewed many papers i n  the  area o f  coa l  minera l  
c a t a l y s i s ,  concluded t h a t  p y r i t e  was a c t i v e  i n  coal  conversion. 
a d d i t i o n  o f  the  coa l  l i q u e f a c t i o n  res idue no r  the  magne t i ca l l y  separated 
res idue de l i nea ted  whether p y r r h o t i t e  had b e t t e r  c a t a l y t i c  a c t i v i t y  than 
P y r i t e .  
t h e  t r u e  c a t a l y t i c  a c t i v i t y  of p y r i t e  and p y r r h o t i t e .  
l i t e r a t u r e  on p y r i t e  and p y r r h o t i t e  c a t a l y s i s  has been made by Garg and Givens.' 

The d i s t r i b u t i o n  o f  c a t a l y s t  i n  the  coal  appears t o  be a c r i t i c a l  f a c t o r  i n  
coa l  conversion. The method o f  app ly ing  the  c a t a l y s t  t o  t h e  coa l  a f f e c t s  t h e  
c a t a l y s t  d i s t r i b u t i o n .  For example, i r o n  s u l f a t e  was shown t o  be much more 
e f f e c t i v e  when impregnated than when mixed mechanical ly.  l 8  Although prolonged 
mix ing  improved t h e  e f fec t i veness  o f  t he  c a t a l y s t ,  t h e  improvement was l e s s  
than gained by impregnat ion.  
as was shown i n  one case i n  which an a t tempt  t o  impregnate coa l  i n - s i t u  d u r i n g  
hydrogenat ion gave poor r e s u l  t s .8  

A reduc t i on  i n  p a r t i c l e  s i z e  o f  the  p y r i t e ,  repo r ted  t o  p l a y  an impor tan t  r o l e  
i n  c a t a l y z i n g  the  coa l  l i q u e f a c t i o n  reac t i on ,  improved the  c a t a l y t i c  a c t i v i t y  
o f  t h e  p y r i t e . 9  
o f  f i n e l y  d i v i d e d  p y r i t e l o  than with hand ground p y r i t e . "  

The con tac t  between c a t a l y s t  and coa l  can be inc reased e i t h e r  by adding f i n e l y  
d i v i d e d  c a t a l y s t  (two t o  th ree  micron s i ze )  o r  imp,regnating i t  on coa l  u s i n g  a 
water so lub le  compound l i k e  i r o n  s u l f a t e  o r  d i spe rs ing  it a t  the  molecu la r  
l e v e l  i n  t h e  r e a c t i o n  m ix tu re  by us ing  the rma l l y  uns tab le  o rgan ic  compounds 
l i k e  i r o n  naphthenate. I n  the  present  paper da ta  a r e  p resented  which show the  
c a t a l y t i c  a c t i v i t y  o f  p y r i t e  and impregnated i r o n  s u l f a t e  i n  coa l  l i q u e f a c t i o n  
The e f f e c t  o f  s imple p a r t i c u l a t e  a d d i t i o n  o f  p y r i t e  i s  compared t o  c a t a l y s t  
impregnat ion.  The c a t a l y t i c  a c t i v i t y  f o r  t h e  coa l  convers ion  reac t i ons  a r e  
r e l a t e d  t o  the  produc t  d i s t r i b u t i o n  i n c l u d i n g  hydrocarbon gas make, o i l ,  
asphaltene and preasphal tene y i e l d s ,  and degree o f  coa l  conversion. A l l  o f  
t he  data repor ted  i n  t h i s  paper r e f e r  t o  r e s u l t s  i n  a cont inuous 100 pounds 
pe r  day coa l  process u n i t .  

Fu r the r -  

Ne i the r  t h e  
\ 

, 
A s i g n i f i c a n t  amount o f  work has been done more r e c e n t l y  t o  determine 

A d e t a i l e d  summary of 

' The method o f  impregnat ion  i s  a l s o  q u i t e  impor tan t  

S i g n i f i c a n t l y  more o i l  p roduc t i on  was repo r ted  w i t h  the  use 

I Experimental 

Ma te r ia l s :  
F loyd  County, Kentucky. 
p a r t i c l e s  and d r i e d  i n  a i r .  
p r i o r  t o  use. The d e t a i l e d  ana lys i s  o f  t he  screened coa l  i s  repo r ted  i n  Table 1. 

A 550-85OoF c u t  o f  S R C - I 1  heavy d i s t i l l a t e  supp l ied  by The P i t t s b u r g  and 
Midway Coal Min ing  Company was used as a process so l ven t .  The chemical ana lys i s  
o f  t h e  process so l ven t  i s  shown i n  Table 2. The s o l v e n t  con ta ined 93.8% 
pentane-soluble o i l s ,  5.0% asphaltenes and 0.4% preasphal tenes. 

The p y r i t e  sample was rece ived from an opera t i ng  mine i n  southwestern 
Pennsylvania. 
99.9% minus 325 U . S .  mesh s i z e  i n  the  presence o f  l i q u i d  n i t rogen .  
ana lys i s  o f  t h e  p y r i t e  i s  g iven  i n  Table 3. 

E lkhorn  #2 was a washed sample taken from a p repara t i on  p l a n t  i n  
The coa l  sample was ground t o  95% minus 200 mesh 

', The coal  was screened th rough a 150 mesh s ieve  

The sample was d r i e d  a t  110°C i n  n i t r o g e n  and then ground t o  
The chemical 

The sample was comprised o f  75% 
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p y r i t e ,  5% carbonaceous o rgan ic  m a t e r i a l  and 20% magnet i te,  quartz2and o t h e r  
inorgan ic  ma te r ia l s .  
m a t e r i a l  was r e l a t i v e l y  non-porous. 

I r o n  su l fa te  (FeS04 . 7H 0) was rece ived  from T e x t i l e  Chemical Company, Reading, 
Pennsylvania. 
The sample conta ined approx imate ly  97% i r o n  s u l f a t e  c r y s t a l s .  

Equipment: 
l i q u e f a c t i o n  u n i t  equipped w i th  a cont inuous s t i r r e d  autoclave. 
s t i r r e d  tank  r e a c t o r  i nsu red  t h a t  s o l v e n t  v a p o r i z a t i o n  matched t h a t  o f  an 
a c t u a l  S R C - I  d i s s o l v e r  and t h a t  coa l  m ine ra l s  d i d  n o t  accumulate. Since the re  
was no s l u r r y  p reheater ,  a l l  o f  t h e  sens ib le  heat had t o  be p rov ided  by res is tance 
heaters  on t h e  reac to r .  Because o f  t h i s  h i g h  heat f l u x ,  t h e  r e a c t o r  w a l l  was 
about 27OF h o t t e r  than t h e  b u l k  s l u r r y .  M u l t i p l e  thermocouples revea led  t h a t  
t h e  s l u r r y  temperature i n s i d e  t h e  r e a c t o r  v a r i e d  by o n l y  9 O F  from top  t o  
bottom. A d e t a i l e d  d e s c r i p t i o n  o f  t h e  r e a c t o r  i s  presented elsewhere. l2 

The products were quenched t o  320°F be fo re  f l o w i n g  t o  a g a d l i q u i d  separa tor  
t h a t  was operated a t  system pressure .  The s l u r r y  was t h r o t t l e d  i n t o  t h e  
produc t  rece ive r  w h i l e  t h e  p roduc t  gases were coo led  t o  recover t h e  produc t  
water  and organ ic  condensate. 
on - l i ne  gas chromatograph. 

Procedure: Coal l i q u e f a c t i o n  runs  were performed a t  825 and 85OoF, 2000 p s i g  
hydrogen pressure,  1000 rpm s t i r r e r  speed, hydrogen feed r a t e  equ iva len t  t o  
5.5 w t . %  o f  the  coal  and a s u p e r f i c i a l  s l u r r y  space v e l o c i t y  o f  1 .5  i nve rse  
hours. The coa l  concen t ra t i on  i n  t h e  feed was 30 wt .%.  I r o n  s u l f a t e  was 
impregnated on t h e  coa l  by d i s s o l v i n g  i t  i n  water and m ix ing  it w i t h  coa l .  
Impregnated coa l  sample was d r i e d  i n  n i t r o g e n  and ground t o  minus 200 mesh 
p r i o r  t o  use. 
o f  coal .  
s l u r r y .  

A t  l e a s t  10 r e a c t o r  volumes o f  t h e  produc t  were d iscarded p r i o r  t o  c o l l e c t i n g  
a p roduc t  sample. A complete sample cons is ted  o f  one 8-oz. sample of p roduc t  
s l u r r y ,  one 1 - l i t e r  sample o f  p roduc t  s l u r r y  as back-up sample, a l i g h t  conden- 
sa te  sample and a p roduc t  gas sample. 

The produc t  s l u r r y  f rom the  cont inuous  r e a c t o r  was so l ven t  separated i n t o  f o u r  
f rac t i ons :  (1 )  pentane-soluble m a t e r i a l  ( o i l ) ,  (2) pentane- inso lub le  and 
benzene-soluble m a t e r i a l  (aspha l tenes) ,  (3) benzene- insoluble and p y r i d i n e -  
so lub le  ma te r ia l  (preasphal tenes),  and (4) p y r i d i n e - i n s o l u b l e  m a t e r i a l .  The 
l a t t e r  con ta ins  i n s o l u b l e  o r g a n i c  m a t e r i a l  ( IOM) and minera l  res idue.  A 
d e t a i l e d  procedure f o r  per fo rming  t h i s  separa t ion  w i l l  be repo r ted  elsewhere. 
The o v e r a l l  coa l  conversion i s  c a l c u l a t e d  as the  f r a c t i o n  o f  o rgan ic  m a t e r i a l  
(moisture-ash-free coa l )  s o l u b l e  i n  p y r i d i n e .  

Resul ts and Discussions 

Effect  o f  P y r i t e  on Coal L i q u e f a c t i o n  - A t  825 and 85OoF, a d d i t i o n  o f  p y r i t e  
inc reased the  coal  convers ion  f rom -85 t o  -92% (Table 5). The p roduc t i on  o f  
hydrocarbon gases, CO + CO 
p roduc t ion  increased by moge than a f a c t o r  o f  two; 12 t o  28% and from 8 t o  27% 

The BET su r face  area o f  the  p y r i t e  was 1.0 m /g and the  

The chemi?al a n a l y s i s  o f  t he  i r o n  s u l f a t e  i s  g iven  i n  Table 4. 

Process s tud ies  were done i n  a cont inuous 100 pound/day coal  
The use o f  a 

The p roduc t  gases were then analyzed by an 

The concen t ra t i on  o f  impregnated i r o n  was 1.0 w t . %  on t h e  bas is  
The concen t ra t i on  o f  p y r i t e  was v a r i e d  f rom 2.5 t o  10 w t . %  o f  feed 

and water ,  marg ina l l y  increased w i t h  p y r i t e .  O i l  
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’\ On a d d i t i o n  of p y r i t e  a t  825 and 85OoF, r e s p e c t i v e l y .  
ten% decreased and asphal tenes remained apparent ly  unchanged. The a d d i t i o n a l  
converted coa l  and preasphal tenes w i t h  p y r i t e  ended up i n  the  o i l  f r a c t i o n .  
Hydrogen consumption increased from 0.64 t o  1.68% and f r o m  0.53 t o  2.41% on 
a d d i t i o n  o f  p y r i t e  a t  825 and 85OoF, r e s p e c t i v e l y .  
of 0.5% hydrogen was consumed i n  reduc ing  the  added p y r i t e .  
ana lys i s  o f  coa l  l i q u e f a c t i o n  res idue  showed a complete convers ion  of  p y r i t e  

unchanged i n  the  absence o f  p y r i t e  b u t  inc reased i n  i t s  presence. 

I n  summary, t he  a d d i t i o n  o f  p y r i t e  t o  coa l  d u r i n g  l i q u e f a c t i o n  improved con- 
vers ion  o f  coa l  and preasphal  tenes, increased p roduc t i on  o f  o i l  and hydrocarbon 
gases, promoted rehydrogenat ion o f  t he  process so l ven t  and increased consumption 
o f  hydrogen. 
conversion o f  preasphal  tenes and increased p roduc t i on  o f  hydrocarbon gases and 
hydrogen consumption. 
tenes marg ina l l y  decreased w i t h  i nc reas ing  temperature.  

E f f e c t  o f  P r i t e  Concent ra t ion  on Coal L i q u e f a c t i o n  - Conversion o f  coa l  and 
p roduc t i on  zf hydrocarbon gases remained t h e  same upon inc reas ing  the  p y r i t e  
concent ra t ion  from 2.5 t o  10 w t .  percent .  (Table 6, F igures  1 and 2). The 
p roduc t i on  o f  CO + EO2, water and o i l  shown i n  Table 6 and F igures  2 and 3 
increased s l i g h t l y  as p y r i t e  concen t ra t i on  increased. 
same and preasphal tenes decreased w i t h  i nc reas ing  concen t ra t i on  o f  p y r i t e  
(F igure  4). 
t r a t i o n  increased as shown i n  Table 6 and F igu re  5. 

o f  p y r i t e  from 2.5 t o  10 w t . %  o f  feed s l u r r y  had no s i g n i f i c a n t  e f f e c t  on 
1 i q u e f a c t i o n  o f  E l  khorn #2 coa l .  

Produc t ion  of preasphal-  

Also,  an a d d i t i o n a l  amount 
X-ray d i f f r a c t i o n  

/ t o  p y r r h o t i t e .  SRC s u l f u r  con ten t  remained t h e  same. O i l  hydrogen con ten t  

I nc reas ing  r e a c t i o n  temperature i n  the  presence o f  p y r i t e  increased 

The convers ion  o f  coa l  and p roduc t i on  o f  o i l  and asphal- 

Asphaltenes remained the  

Hydrogen consumption inc reased s i g n i f i c a n t l y  as t h e  p y r i t e  concen- 
SRC s u l f u r  con ten t  p l o t t e d  

I i n  F igure  6 a l s o  marg ina l l y  increased. F i n a l l y ,  i nc reas ing  t h e  concen t ra t i on  

E f f e c t  o f  I r o n  Impregnat ion on Coal L i q u e f a c t i o n  - Conversion o f  coa l  was no t  
s i g n i f i c a n t l y  a f f e c t e d  by impregnat ion  a t  bo th  825 and 85OoF. The p roduc t i on  
o f  hydrocarbon gases decreased cons iderab ly  w i t h  i r o n  impregnat ion  w h i l e  o i l  
p roduc t i on  increased by over a f a c t o r  of  two a t  bo th  temperatures (Table 7). 
Asphaltene y i e l d  was unchanged b u t  preasphal tene y i e l d  decreased cons iderab ly  
w i t h  i r o n  impregnat ion.  X-ray d i f f r a c t i o n  ana lys i s  o f  coa l  l i q u e f a c t i o n  
res idue showed a complete convers ion  o f  i r o n  s u l f a t e  t o  p y r r h o t i t e .  Hydrogen 
consumption and SRC s u l f u r  con ten t  were n o t  s i g n i f i c a n t l y  a f f e c t e d  by i r o n  
impregnat ion.  
decreased w i t h  i r o n  impregnat ion a t  bo th  825 and 85OoF. 
n a t i o n  s i g n i f i c a n t l y  reduced t h e  hydrocarbon gases and preasphal tenes p roduc t i on  
and increased t h e  o i l  p roduc t ion .  

Comparison o f  I r o n  Impregnated Versus P a r t i c u l a t e  A d d i t i o n  - The l i q u e f a c t i o n  
o f  coa l  impregnated w i t h  one w t . %  i r o n  based on coa l  i s  compared w i t h  a d d i t i o n  
o f  3.5 w t %  p a r t i c u l a t e  i r o n  i n  t h e  form of p y r i t e  t o  c o a l - o i l  s l u r r y .  
o f  coal  was s l i g h t l y  lower w i t h  i r o n  impregnat ion compared t o  p y r i t e  a d d i t i o n .  
I r o n  impregnat ion gave s i g n f i c a n t l y  lower hydrocarbon gases p roduc t i on  and 
hydrogen consumption (Table 8, F igures  7 and 8). 
phal tenes p roduc t i on  w i t h  i r o n  impregnat ion  were comparable t o  t h a t  ob ta ined 
by p y r i t e  add i t i on .  SRC s u l f u r  con ten t  was m a r g i n a l l y  h ighe r  w i t h  i r o n  
impregnat ion.  O i l  hydrogen conten t  was improved w i t h  p y r i t e ,  whereas i t  
decreased w i t h  i r o n  impregnat ion.  

O i l  hydrogen con ten t  was main ta ined w i t h o u t  any a d d i t i v e  b u t  
F i n a l l y ,  i r o n  impreg- 

\, 

Conversion 

O i l ,  asphal tenes and preas- 
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The above data emphasize the  importance o f  t h e  method o f  c a t a l y s t  d i s t r i b u t i o n  
i n  coal  l i q u e f a c t i o n .  The e f fec t i veness  o f  a metal  c a t a l y s t  can be enhanced 
s i g n i f i c a n t l y  by i nc reas ing  t h e  i n t i m a t e  con tac t  between c a t a l y s t  and coa l .  
The mode of  c a t a l y s t  d i s t r i b u t i o n  t h e r e f o r e  determines t h e  amount o f  c a t a l y s t  
requ i red  f o r  t he  reac t i on .  

Conclusion 

A d d i t i o n  of p y r i t e  s i g n i f i c a n t l y  ca ta l yzes  t h e  coa l  l i q u e f a c t i o n  reac t i on .  
improves coal conversion, inc reases  o i l  and gases p roduc t i on ,  inc reases  hydrogen 
consumption and rehydrogenates the  process so l ven t .  
o f  p y r i t e  does no t  s i g n i f i c a n t l y  a l t e r  t h e  coal  l i q u e f a c t i o n  reac t i on .  
o f  c a t a l y s t  a d d i t i o n  i s  very  impor tan t  i n  coa l  l i q u e f a c t i o n .  
a c a t a l y s t  depends on the  l e v e l  o f  i n t i m a t e  con tac t  o f  c a t a l y s t  w i t h  coa l .  
Therefore,  t h e  concen t ra t i on  o f  t h e  metal  c a t a l y s t  can be g r e a t l y  reduced 
w i t h o u t  a f f e c t i n g  p roduc t  d i s t r i b u t i o n  by i n s u r i n g  e f f i c i e n t  con tac t  between 
c a t a l y s t  and coa l .  The r e d u c t i o n  i n  c a t a l y s t  l o a d i n g  w i l l  e v e n t u a l l y  inc rease 
the  o v e r a l l  th roughput  o f  t h e  p l a n t ,  d r a s t i c a l l y  reduce t h e  l o a d  i n  t h e  s o l i d -  
l i q u i d  separa t ion  u n i t ,  and improve the  o v e r a l l  process economics. 

I t  

Changing t h e  concen t ra t i on  
Mode 

The a c t i v i t y  o f  
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