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ABSTRACT 

An e x t e n s i v e  r e s e a r c h  p rog ram was conduc ted  t o  a s c e r t a i n  ways t o  imp rove  o i l  

y i e l d s  and p r o c e s s  economics o f  d i r e c t  c o a l  liquefaction. The e f f e c t s  o f  

r emov ing  he te roa toms  f r o m  t h e  s o l v e n t ,  p r e t r e a t i n g  c o a l  b y  s e v e r a l  t e c h n i q u e s  

( i n c l u d i n g  s o l v e n t  e x t r a c t i o n ,  o x i d a t l o n ,  g r i n d i n g ,  and i o n  exchange) ,  and 

b e n e f i c i a t i n g  c o a l  by r emov ing  m i n e r a l  s p e c i e s  were  I n v e s t i g a t e d  i n  b o t h  

c a t a l y t i c  and n o n c a t a l y t i c  c o a l  l i q u e f a c t i o n  r e a c t l o n s .  A d d i t i o n a l l y ,  

f undamen ta l  s t u d i e s  we re  c a r r i e d  o u t  t o  e x p l a i n  t h e  r o l e  o f  h e t e r o a t o m s  i n  

c a t a l y t i c  c o a l  l i q u e f a c t i o n .  The e f f e c t s  o f  p r o c e s s  v a r i a b l e s ,  c a t a l y s t s  and 

mode o f  c a t a l y s t  a d d i t i o n ,  s o l v e n t  p r o p e r t i e s ,  and r e c y c l e  o f  SRC on o i l  

p r o d u c t i o n  and c o a l  c o n v e r s i o n  were  a l s o  s t u d i e d .  

I n  b o t h  c a t a l y t i c  and n o n c a t a l y t i c  c o a l  l i q u e f a c t i o n ,  o i l  p r o d u c t i o n  imp roved  

s i ' g n i f i c a n t l y  when b a s i c  n i t r o g e n  compounds, p h e n o l s ,  o r  b o t h  t y p e s  o f  

compounds were  removed. Add ing  model  n i t r o g e n  compounds and he te roa toms  t h a t  

had been p r e v i o u s l y  removed f r o m  t h e  s o l v e n t  back  t o  m o d i f i e d  s o l v e n t  

s i g n i f i c a n t l y  r educed  o i l  y i e l d  i n  c a t a l y t i c  c o a l  l i q u e f a c t i o n .  

S e v e r a l  m e t a l  c a t a l y s t s  l i k e  i r o n ,  n i c k e l ,  and mol'ybdenum c a t a l y z e d  t h e  c o a l  

l i q u e f a c t i o n  r e a c t l o n ,  whereas l e a d ,  z i n c ,  and coppe r  were  d e t r i m e n t a l .  

Comb ina t i ons  o f  c a t a l y s t s  l i k e  i r o n  and molybdenum y i e l d e d  more o i l s  t h a n  

i n d i v i d u a l  m e t a l s  a l o n e .  

I n  b o t h  c a t a l y t i c  and n o n c a t a l y t i c  l i q u e f a c t i o n  e x p e r i m e n t s ,  c o a l s  t h a t  had 

been p r e t r e a t e d  by  e x t r a c t i o n  w i t h  a  m i x t u r e  o f  benzene and e t h a n o l  y i e l d e d  

s i g n i f i c a n t l y  more 011 t h a n  n o n e x t r a c t e d  c o a l s .  G i i n d f n g  o f  c o a l  I n  a i r  and 

p r e o x i d a t i o n  o f  c o a l  were  e x t r e m e l y  d e t r i m e n t a l  t o  c o a l  l i q u e f a c t i o n  i n  

o r i g i n a l  s o l v e n t .  b u t  t h e  s e v e r l t y  o f  n e g a t i v e  e f f e c t s  was r educed  

c o n s i d e r a b l y  by  u s i n g  m o d i f i e d  s o l v e n t .  I o n  exchange o f  r aw  and p r e o x i d i z e d  

c o a l  d i d  enhance o i l  y i e l d ,  b u t  t h e  enhancement was much more p ronounced  w i t h  

t h e  r aw  c o a l .  Deep c l e a n i n g  o f  c o a l  was e x t r e m e l y  d e t r i m e n t a l  t o  n o n c a t a l y t i c  



coal liquefaction, whereas it did not cause any change in catalytic 
liquefaction. However, when compared on the same-weight basis, deep-cleaned 

(beneficiated) coal showed higher oil yleld and recovery of products than raw 

coal in catalytic coal llquefaction. 

Recycle of SRC significantly increased oil yield in noncatalytic coal 

liquefaction, but it dramatically decreased coal conversion. In catalytic 

coal liquefaction, recycle of SRC significantly Increased oil yield without 

severely hurting coal conversion. 
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SUMMARY 

T h i s  i s  t h e  f i n a l  r e p o r t  on work  conduc ted  f o r  t h e  Depar tment  o f  Energy  unde r  

C o n t r a c t  No. DE-AC22-82PC50003, e n t i t l e d  " E v a l u a t i o n  o f  t h e  E f f e c t  o f  S o l v e n t  

M o d i f i c a t i o n  and Coal  P r e t r e a t m e n t  and B e n e f i c i a t i o n  on L i q u e f a c t i o n . "  T h i s  

c o n t r a c t  w i t h  A i  r P r o d u c t s  and Chemica ls ,  I n c .  i n c l u d e d  s u b c o n t r a c t s  w i t h  

Auburn  and P e n n s y l v a n i a  S t a t e  U n i v e r s i t i e s  t o  p r o v i d e  t e c h n i c a l  s u p p o r t  i n  

u n d e r s t a n d i n g  how t h e  - h e t e r o a t o m s  p r e s e n t  i n  c o a l  l l q u e f a c t l o n  s o l v e n t ,  t h e  

c a t a l y s t s ,  and p r e t r e a t m e n t  and b e n e f i c l a t i o n  o f  c o a l  a f f e c t  c o a l  

l i q u e f a c t i o n .  The c o n t r a c t  c o v e r e d  t h e  p e r l o d  1  O c t o b e r  1982  t h r o u g h  31 March  

1985 .  

The o v e r a l l  o b j e c t i v e  o f  t h i s  p rog ram was t o  i n v e s t i g a t e  o p t i o n s  t o  enhance 

o i l  y i e l d s  as w e l l  as  p rocess .  economics i n  c o a l  l l q u e f a c t l o n .  S t u d i e s  y i e l d e d  

s i g n i f i c a n t  r e s u l t s  i n  t h e  a r e a s  o f  t h e  e f f e c t s  o f  s o l v e n t  m o d i f i c a t i o n ,  

c a t a l y s t  s e l e c t i o n ,  and c o a l  p r e t r e a t m e n t  and  b e n e f i c l a t i o n  upon o i l  y i e l d  a"d 

c o a l  c o n v e r s i o n .  Because o f  t h e  e x t e n s i v e  amount o f  wo rk  conduc ted  unde r  t h i s  

c o n t r a c t ,  t h e  o v e r a l l  c o n c l u s i o n s  o f  t h e  p r o g r a m  a r e  d - l s cussed  I n  g r e a t e r  

d e t a i l  i n  t h e  Program S y n o p s i s .  Some o f  t h e  m a j o r  f i n d i n g s  o f  t h e  p rog ram a r e  

h i g h l l g h t e d  b e l o w .  

T r e a t m e n t  o f  p r o c e s s  s o l v e n t  w i t h  e i t h e r  anhyd rous  HC1 gas o r  s i l i c a  

g e l  removed a l m o s t  a l l  t h e  b a s l c  n i t r o g e n  compounds. However, t h e  

r emova l  o f  b a s i c  n i t r o g e n  compounds was a l s o  accompanied by  more  

t h a n  50% remova l  o f  p h e n o l s .  

T r e a t m e n t  o f  p r o c e s s  s o l v e n t  w i t h  aqueous NaOH, b a s l c  a l u m l n a ,  and 

z e o l l t e  removed more t h a n  50% p h e n o l s .  Removal o f  p h e n o l i c  

compounds was s u r p r i s i n g l y  n o t  accompan ied  b y  t h e  r emova l  o f  b a s l c  

n i t r o g e n  compounds. However,  i t  d i d  a f f e c t  r emova l  o f  some n e u t r a l  

n i  t r o g e n  compounds. 

x v l  i 



S e q u e n t i a l  t r e a t m e n t  o f  p rocess  s o l v e n t  w i t h  anhydrous HC1 gas 

f o l l o w e d  by s i l i c a  g e l  p r a c t i c a l l y  removed a l l  t h e  n i t r o g e n  

compounds ( b a s i c  as w e l l  as n o n b a s i c ) .  I t  a l s o  r e s u l t e d  i n  removal 

o f  more than  75% p h e n o l i c  compounds. 

D u r i n g  n o n c a t a l y t i c  l i q u e f a c t i o n ,  s o l v e n t  f r o m  which  e i t h e r  b a s i c  

n i t r o g e n  compounds o r  pheno ls  had been removed ,tluwed s l g r l l f i c a n t l y  

i n c r e a s e d  o i l  y i e l d s  I n  t h e  tubjng-bomb r e a c t o r .  I n  addition, o i l  

y i e l d  i n c r e a s e d  w i t h  an i n c r e a s e  i n  t h e  degree o f  heteroatoms 

remova l .  However, no changes were no ted  i n  t h e  l a r q e r  s c a l e  

a u t o c l a v e  r e a c t o r .  

I n  c a t a l y t i c  l i q u e f a c t i o n  o f  c o a l .  removal o f  b a s i c  n i t r o g e n  

compounds o r  pheno ls  o r  b o t h  s i g n i f i c a n t l y  I nc reased  o i l  y i e l d  b o t h  

i n  s m a l l  tubing-bomb and l a r g e  a u t o c l a v e  r e a c t o r s .  

The h i g h e s t  o i l  y i e l d  was no ted  w i t h  t h e  removal o f  maximi~m amounts 

o f  b o t h  n i t r o g e n  bases and pheno ls  f r o m  t h e  s o l v e n t ,  i n  b o t h  

c a t a l y t i c  and n o n c a t a l y t i c  c o a l  l i q u e f a c t i o n .  

A l t h o u g h  c o a l  e 6 n v e r s i o n  decreased c o n s i d e r a b l y  w i t h  t h e  removal o f  

h e t e r o a t o m i c  compounds i n  n o n c a t a l y t i c  c o a l  liquefaction, no 

decrease was n o t e d  i n  c a t a l y t i c  c o a l  l f q u e f a c t f o n .  

Use of h y d r o t r e a t e r  s o l v e n t  i n  n o n c a t a l y t i c  l i q u e f a c t i o n  o f  c o a l  

r e s u l t e d  i n  a  s i g n i f i c a n t l y  h i g h e r  n'il y i e l d  compared t o  o r i g i n a l  

and t r e a t e d  s o l v e n t s  d e r l v e d  f r o m  S R C - I  o p e r a t i o n .  T h i s  I n f o r m a t i o n  

shows t h e  impor tance  o f  s o l v e n t  p r o p e r t i e s  I n  c o a l  l i q u e f a c t i o n .  

- A d d i t i o n  oF a c a t d l y s t  t o  t h e  r e a c t i o n  m i x t u r e  c o n t a i n i n g  

h y d r o t r e a t e r  s o l v e n t  d i d  n o t  show any marked Improvement over  

n o n c a t a l y t i c  l i q u e f a c t i o n .  

- Under n o n c a t a l y t i c  c o a l  1 , i q u e f a c t i o n .  tredtmerlt :  u f  a  h y d r o t r e a t e r  

s o l v e n t  t o  remove he te roa tom ic  compounds d i d  n o t  show any beneficial 

e f f e c t s ,  b u t  t h e  a d d i t i o n  o f  a  c a t a l y s t  d i d  improve o i l  y i e l d .  



Fundamen ta l . s tud ies  showed t h a t  t h e  a d d i t i o n  o f  model n i t r o g e n  

compounds t o  m o d i f i e d  s o l v e n t  s i g n i f i c a n t l y  decreased o i l  y i e l d  i n  

c a t a l y t i c  c o a l  l i q u e f a c t i o n .  A d d i t i o n  of a  p h e n o l i c  compound 

( B - n a p h t h o l ) ,  however, d i d  n o t  show any n e g a t i v e  e f f e c t .  

Fundamental s t u d i e s  a l s o  showed t h a t  t h e  r e a d d i t i o n  o f  he te roa tom ic  

compounds t h a t  had been p r e v i o u s l y  removed f rom t h e  m o d i f i e d  s o l v e n t  

s i g n i f i c a n t l y  reduced o i l  y i e l d .  

Seve ra l  me ta l s  l i k e  i r o n ,  n i c k e l ,  and molybdenum i n c r e a s e d  o i l  y i e l d  

i n  t h e  presence o f  o r i g i n a l  ( u n t r e a t e d )  s o l v e n t .  However, t h e  

i n c r e a s e  i n  o i l  y i e l d  was c o n s i d e r a b l y  h i g h e r  w i t h  t r e a t e d  s o l v e n t ,  

i n d i c a t i n g  h i n d r a n c e  o f  t h e  c a t a l y t i c  a c t i v i t y  o f  t hese  me ta l s  by 

t h e  he te roa tom ic  compounds. 

Seve ra l  . i nexpens i ve  m e t a l s  such as z i n c ,  l ead ,  copper,  and c o b a l t  

were d e t r i m e n t a l  t o  c o a l  l i q u e f a c t i o n .  

S imul taneous use o f  an i n e x p e n s i v e  me ta l  l i k e  I r o n  and z i n c  and an 

expens ive  one l i k e  molybdenum s i g n i f i c a n t l y  i n c r e a s e d  o i l  y i e l d  b o t h  

w i t h  o r i g i n a l  ( u n t r e a t e d )  and t r e a t e d  s o l v e n t s .  

= I n  t h e  presence o f  o r i g i n a l  ( u n t r e a t e d )  s o l v e n t ,  t h e  a c t i v i t y  o f '  

i r o n  c a t a l y s t  was independent  o f  i t s  conc .en t ra t i on ,  p r o v i d e d  i t  was 

above 0.5% based on c o a l .  However, i t s  a c t i v S t y  was ve ry  s e n s i t i v e  

t o  i t s  c o n c e n t r a t i o n  I n  t h e  presence o f  m o d i f i e d  s o l v e n t .  

Molybdenum c a t a l y s t  showed s i g n i f i c a n t l y  h i g h e r  o j l  y i e l d  and c o a l  

c o n v e r s i o n  when d i s p e r s e d  i n  t h e  r e a c t i o n  m i x t u r e  t h a n  when i t  was 

impregnated on c o a l .  

A l t hough  t h e  extraction of sma l l  mo lecu les  f r o m  c o a l  by benzene and 

e t h a n o l  p r i o r  t o  l i q u e f a c t i o n  d i d  n o t  show any b e n e f i c i a l  e f f e c t s ,  

e x t r a c t i o n  w i t h  a  m i x t u r e  o f  benzene and e t h a n o l  s i g n i f i c a n t l y  

i n c r e a s e d  o i l  y i e l d  i n  c a t a l y t i c  and n o n c a t a l y t i c  l i q u e f a c t i o n  i n  

t h e  presence o f  b o t h  o r i g i n a l  ( u n t r e a t e d )  and t r e a t e d  s n l v e n t ~ .  



Extraction of coal with both citric'acid and coal-derived middle 

distillate prior to liquefaction did not change oil yield in 

subsequent coal liquefaction. 

Mild oxidation of coal (oxygen uptake .of up to 3%) was very 

detrimental to both oil yield and coal conversion in the presence of 

original (untreated) solvent, but it did nnt a l t e r  either oil yield 

or conversion in the presence of modjfied solvent. Severe oxidation 

of coal;however, was very detrimental to coal liquefaction 

irregardless of solvent used. 

Ion exchange of both raw and preoxidized coals significantly 

increased oil yield. However. ion-exchange treatment of oxidized 

coal was not as effective in increasing oil yield as was ion 

exchange of raw coal. 

. Grinding of coal in air or original (untreated) solvent before 

liquefaction with original solvent was detrimental to coal 

liquefaction. Grinding in modified solvent followed by liquefaction 

in the presence of n i n d i f i ~ d  s o l v ~ n t  had llttle effect--either in 

noncatalytlc or catalytic liquefactlon. 

Grinding in the presence of ethanol was extremely detrlmental. B u t  
grinding in toluene did enhance oil yield. 

In noncatalytic coal liquefaction, removal of iron-bearing species 

from coal was extremely detrimental to liquefaction in the presence 

of both original (untreated) and modified solvents. 

In catalytic llquefaction, removal of iron-bearing species showed no 

c l e a r  a d v a n t a g e  over raw coal In both tublng-bomb and aulo~ldve 

reactors. 

Beneficiated coal shnwed considerably higher oil yield and recovery 

of net production in catalytic liquefactlon than raw coal when the 

data were compared on the same-weight basls. 



R e c y c l i n g  SRC I n  n o n c a t a l y t l c  c o a l  l i q u e f a c t i o n  significantly 

i n c r e a s e d  o i l  y i e l d  w i t h .  b o t h  o r i g i n a l  a n d t r e a t e d  s o l v e n t s ,  b u t  

o v e r a l l  c o a l  c o n v e r s i o n  dec reased  d r a r n a t i c a l l ' y .  

~ n c r e a s i ' n g  t h e  c o n c e n t r a t i o n  o f  SRC r e c y c l e d  t o  t h e  r e a c t i o n  m i x t u r e  

. f ~ ~ r t h e r  i n c r e a s e d  o i l  y i e l d  and dec reased  c o a l  c o n v e r s i o n ,  . 

i n d i c a t i n g  t h e  l l r n i t a t l o n s  o f  SRC r e c y c l e  i n  n o n c a t a l y t l c  

l i q u e f a c t i o n .  

Recycling SRC i n  c a t a l y t i c  c o a l  l i q u e f a c t i o n  s l g n i f l c a n t l y  i n c r e a s e d  

o i l .  y i e l d  w i t h  b o t h  o r i g i n a l  and t r e a t e d  s o l v e n t s  w i t h o u t  s e v e r e l y  

h u r t i n g  t h e  l e v e l  o f  c o a l  c o n v e r s i o n .  An I n c r e a s e  i n  o i l  y i e l d ,  

however ,  was h i g h e r  w i t h  t r e a t e d  s o l v e n t  t h a n  o r i g i n a l  s o l v e n t .  

x x i  
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OBJECTIVES 

The o b j e c t i v e  o f  t h i s  r e s e a r c h  p rog ram was t o  i n v e s t i g a t e  v a r i o u s  ways t o  

enhance c o a l  l i q u e f a c t i o n  o i l . y i e l d s  as w e l l  a s  o v e r a l l  p r o c e s s  economics. .  

V a r i o u s  new approaches  such  as remova l  o f  h e t e r o a t o m s  f r o m  t h e  p r o c e s s  

s o l v e n t ,  s e l e c t i o n  o f  t h e  o p t i m a l  c a t a l y s t  o r  c a t a l y s t  c o m b i n a t i o n ,  and c o a l  

p r e t r e a t m e n t  and b e n e f i c i a t i o n  were s t u d i e d  t o  d e t e r m i n e  t h e i r  e f f e c t  on o i l  

y i e l d  and c o a l  c o n v e r s i o n .  I n  a d d l t j o n ,  f u n d a m e n t a l  s t u d i e s  were p e r f o r m e d  t o  

e x p l o r e  t h e  r o l e  o f  h e t e r o a t o m s  i n  c o a l  l l q u e f a c t i o n .  

The r e s e a r c h  p rog ram was d i v i d e d  i n t o  s i x  m a j o r  t a s k s ,  each  c o n s i s t i n g  o f  

s e v e r a l  s u b t a s k s .  An o u t l i n e  o f  t h e  p rog ram i s  g i v e n  be l ow :  

1.  P repa re  d e t a i l e d  p r o g r a m  p l a n  f o r  Depar tment  o f  E n e r g y ' s  r e v i e w  and 

a p p r o v a l .  

2 .  Rev iew e x i s t i n g -  p u b l i s h e d  pape rs  and p a t e n t s  i n  r e l a t e d  a r e a s .  

3. S e l e c t  method f o r  t h e  remova l  o f  h e t e r o a t o m s  and p r e p a r e  m o d i f i e d  s o l v e n t  

samples . 

4 .  E v a l u a t e  t h e  e f f e c t  o f  s o l v e n t  m o d i f i c a t i o n  on  c a t a l y t i c  and n o n c a t a l y t i c  

c o a l  l i q u e f a c t i o n .  

5 .  P r e t r e a t  and b e n e f i c i a t e  v a r l o u s  c o a l  samples,  and e v a l u a t e  t h e  e f f e c t  o f  

c o a l  p r e t r e a t m e n t  and b e n e f j c i a t i o n  on l l q u e f a c t i o n .  

6 . -  S e l e c t  t h e  mos t  p r o m i s j n g  r e s u l t s  f r o m  t a s k s  3 t o  5 a n d ' v e r i f y  them I n  a  

l a r g e - s c a l e  300-mL s e m i c o n t i n u o u s  a u t o c l a v e  sys tem.  
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DEFINITIONS OF VARIOUS LIQUEFACTION SOLVENTS 

V a r i o u s  t e rms  used t h r o u g h o u t  ' t h i s  r e p o r t  t o  d e s c r i b e  t h e  d i f f e r e n t  

l i q u e f a c t i o n  s o l v e n t s  used a r e  d e ' f i n e d  be l ow :  

S t a r t i n q  l i q u e f a c t i o n  s o l v e n t :  L l q u e f a c t i o n  s o l v e n t  g e n e r a t e d  f r o m  

  en tuck^ #9 c o a l  a t  t h e  W i l s o n v i  l l e  Advanced Coa l  L i q u e f a c t i o n  ~ a c l l i t ~  

(WACLF) unde r  s t a n d a r d  SRC-I p r o c e s s  c o n d i t l o n s ;  used t o  e s t a b l i s h  

b a s e l i n e  d a t a  f o r  Ken tucky  #9 c o a l .  

Base l i q u e f a c t i o n  s o l v e n t :  L l q u e f a c t l o n  s o l v e n t  g e n e r a t e d  f r o m  I l l i n o i s  

#6 c o a l  a t  t h e  WACLF unde r  s t a n d a r d  S R C - I  c o n d l t l o n s ,  and f r o m  w h i c h  , 

p e n t a n e - i n s o l u b l e  m a t e r i a l  was e x t r a c t e d ;  used t o  e s t a b l i s h  b a s e l i n e  d a t a  

f o r  I l l i n o i s  #6 c o a l .  

T r e a t e d  o r  m o d i f i e d  l i q u e f a c t i o n  s o l v e n t :  L l q u e f a c t l o n  s o l v e n t  samples 

p r e p a r e d  by  t r e a t i n g  e i t h e r  t h e  s t a r t l n g  o r  base  l l q u e f a c t l o n  s o l v e n t  t o  

remove n i t r o g e n  bases o r  p h e n o l s  o r  b o t h .  

H y d r o t r e a t e r  s o l v e n t :  L i q u e f a c t i o n  s o l v e n t  g e n e r a t e d  by h y d r o t r e a t i n g  

SRC i n  a  c a t a l y t i c  h y d r o c r a c k e r  a t  t h e  WACLF. 

. M o d i f j e d  h v d r o t r e a t e r  s o l v e n t :  L l q u e f a c t l o n  s o l v e n t  p r e p a r e d  by t r e a t q n g .  

t h e  h y d r o t r e a t e r  s o l v e n t  t o  remove n i t r o g e n  bases and p h e n o l s .  
. . 



I .  P R O G R A M  SYK3?SIS 

E x t e n s i v e  r e s e a r c h  has been conduct.ed on a  v a r l e t y  o f  c o a l  l i q u e f a c t l o n  

p r o c e s s e s ,  b c i h  n o n ~ a t a l y t i c  and c a t a l y t i c ,  t o  d e v e l o p  t h e  d e s i g n  d a t a  base  

needed f o r  f u t u r e  c o m m e r c i a l i z a t i o n .  The p r i m a r y  g o a l  o f  a l l  t h e  l l q u e f a c t l o n  

p r o c e i s e s  i s  p r b d u c t i o n  o f  h i g h  o i l  y i e ' l d  w i t h  minimum hyd rogen  consump t i on .  

H i g h  o i l  y i e l d  has g e n e r a l l y  been a c h l e v e d  b y  u s i n g  e i t h e r  seve re  r e a c t l o n  

c o n d i t i o n s ,  s u p p o r t e d  c a t a l y s t s  l i k e . C o - M o - A l ,  o r  a  t w o - s t a g e  l l q u e f a c t l o n  

c o n c e p t .  When seve re  r e a c t i o n  c o n d i t i o n s  a r e  used ,  h l g h  o i l  y i e l d  i s .  o b t a l n e d  

a t  t h e  expense o f  h i g h  h y d r o c a r b o n  gas p r o d u c t i o n  and, c o n c o m i t a n t l y ,  h l g h  

. h y d r o g e n  consump t i on ,  w h i c h  makes t h e  l i q u e f a c t i o n  p r o c e s s  e c o n o m i c a l l y  

u n a t t r a c t i v e .  S u p p o r t e d  ca ta1 ,ys ts  a l s o  enhance o i l '  y i e l d ,  b u t  i n  a d d i t l o n  t o  

b e i n g  e x p e n s i v e  t h e s e  c a t a l y s t s  a r e  d e a c t i v a t e d  v e r y  r a p i d l y  by  m i n e r a l s  

p r e s e n t  i n  t h e  c o a l  and by coke  f o rmed  d u r i n g  t h e  l i q u e f a c t l o n  r e a c t i o n .  

T h e r e f o r e ,  t o  m a i n t a i n  b o t h  h i g h  c a t a l y s t  a c t i v i t y  and o i l  p r ' o d u c t i o n ,  f r e s h  

c a t a l y s t  has t o  be added and t h e  s p e n t  c a t a l y s t  w i t h d r a w n  a t  an a l a r m i n g  r a t e .  

mak ing  t h e  use  o f  s u p p o r t e d  c a t a l y s t s  a l s o  uneconorn lca l .  

I n  an  a t t e m p t  t o  s o l v e  t h e  p r o b l e m  ,of h i g h  c a t a l y s t  r e p l a c e m e n t  r a t e  and 

t h e r e b y  b i g h  c a t a l y s t  c o s t ,  some r e s e a r c h e r s  p roposed  a  t w o - s t a g e  c o a l  

l i q u e f a c t i o n  c o n c e p t  i n  w h i c h  c o a l  was l i q u e f i e d  i n  t h e  absence o f  a  c a t a l y s t  

I n  t h e  f l r s t  s t a g e .  The l i q u e f i e d  p r o d u c t  was t h e n  deashed b e f o r e  b e l n g  

s u b j e c t e d  t o  f u r t h e r  c o n v e r s i o n  i n  t h e  second s t a g e  I n  t h e  p resence  o f  a  

s u p p o r t e d  c a t a l y s t .  The p r o c e s s i n g  o f  deashed c o a l  was supposed t o  r e d u c e  t h e  

c a t a l y s t  d e a c t i v a t i o n  r a t e ;  u n f o r t u n a t e l y ,  I t  d l d  n o t  make a s l g n i f l c a n t  

difference. 

A  number o f  o t h e r  a l t e r n a t i v e s  have  a l s o  been  p roposed  t o  enhance o l l  y i e l d  

w i t h o u t  c a u s i n g  c a t a l y s t  d e a c t i v a t l o n  and i n c r e a s i n g  p r o c e s s  ~ C O ~ O ~ ~ C S .  

S e v e r a l  l n e x p e n s l v e  c o a l  m i n e r a l s  such  as  p y r l t e  and  e x p e n s i v e  m e t a l  c a t a l y s t s  

l i k e  molybdenum a t  v e r y  l o w  c o n c e n t r a t l o n s  have  been r e p o r t e d  t o  i n c r e a s e  011 

y i e l d ,  ~ n d  t o  be a c t l v e  even a t  l e s s  s e v e r e  r e a c t i o n  c o n d l t l o n s .  However ,  t h e  

i n c r e a s e  i n  o i l  y i e l d  w i t h  b o t h  I n e x p e n s i v e  m i n e r a l  c a t a l y s t s  and e x p e n s l v e  

m e t a l  c a t a l y s t s  I s  nowhere n e a r  t h a t  r e p o r t e d  I n  t h e  l i t e r a t u r e  w i t h  s u p p o r t e d  

c a t a l y s t s .  



I n  a c o a l  l i q u e f a c t i o n  r e a c t i o n ,  t h e  m o l e c u l e s  o f  c o a l  a r e  b e l i e v e d  t o  r u p t u r e  

t h e f i n a l l y ,  p r o d u c i n g  f r e e  r a d i c a l s .  These f r e e  r a d i c a l s  a r e  e i t h e r  quenched 

by t h e  h y d r o g e n  d o n a t e d  by  t h e  p r o c e s s  s o l v e n t  o r  p o l y m e r i z e d  t o  p roduce  

c o k e .  T h e r e f o r e ,  l i q u e f a c t i o n  pe r f o rmance  depends g r e a t l y  on t h e  n a t u r e  and 

t y p e  o f  s o l v e n t  used  i n  t h e  p r o c e s s .  I f  t h e  s o l v e n t  h a s ' e n o u g h  c a p a c i t y  t o  
i 

q u i c k l y  s u p p l y  a l l  t h e  hyd rogen  needed t o  t h e  f r e e  r a d i c a l s ,  t h e  p r o c e s s  w i l l  

be v e r y  efficient. Sufficient c a p a c i t y  can  be a c h i e v e d  I n  two ways:  b y  u s i n g  

e i t h e r  an  e x c e s s i v e  amount o f  s o l v e n t  o r  a  v e r y  h i g h  s o l v e n t - t o - c o a l  r a t i o  

( u s i n g . h i g h  I n t e r n a l  r e c y c l e  o f  p r o c e s s  s o l v e n t ) .  

The use  o f  a  h i g h  s o l v e n t - t o - c o a l  r a t i o  n e c e s s i t a t e s  l a r g e  r e a c t o r s  and 

p r o v i d e s  l o w  t h r o u g h p u t ,  w h i c h  i s  u n d e s i r a b l e .  However,  t h i s  p r o b l e m  can  be  

r e s o l v c d  by u s i n g  3 s o l v e n t  t h a t  can  be r e h y d r o g e n a t c d  w i t h i n  t h c  liquefaction 

r e a c t o r ,  w h i c h  a l l o w s  i t  t o  d o n a t e  more h y d r o g e n .  T h e r e f o r e ,  t h e  f u n c t i o n  o f  

an e f f i c i e n t  p r o c e s s  s o l v e n t  i s  t w o f o l d :  ( 1 )  t o  d o n a t e  h y d r o g e n  t o  c o a l  f r e e  

r a d i c a l s  and  ( 2 )  t o  pqck  up h y d r o g e n  f r o m  t h e  gas phase .  I n  o t h e r  words ,  i n  

any c o a l  l i q u e f a c t i o n  p r o c e s s ,  hyd rogen  I s  t r a n s f e r r e d  f r o m  gas phase t o  

l i q u i d  phase  and t h e n  f r o m  l i q u i d  phase t o  c o a l  f r e e  r a d i c a l s .  

Research  has  shown t h a t  t r a n s f e r  o f  hyd rogen  be tween t h e s e  phases and 

u l t i m a t e l y  t o  f r e e  r a d i c a l s  can  be enhanced b y  a d d i n g  t h e  l n e x p e n s l v e  m i n e r a l  

c a t a l y s t s  and  e x p e n s i v e  m e t a l  c a t a l y s t s  m e n t i o n e d  p r e v i o u s l y .  A l s o ,  t h e  

p r e s e n c e  o f  h e t e r o a t o m s  such  as  n i t r o g e n  and oxygen  compounds i n  t h e  l i q u i d  

phase ( s o l v e n t )  has been shown to h i n d e r  the t r a n s f e r  of hyd rogen  f r o m  gas to 

l I q u I d  phase  e v e n  i n  t h e  p r e s e n c e  o f  a  c a t a l y s t .  T h e r e f o r e .  hyd rogen  t r a n s f e !  

c o u l d  c o n c e i v a b l y  be significantly enhanced by  r emov ing  t h e  h e t e r o a t o m i c  

compounds f r o m  t h e  s o l v e n t .  T h i s  w o u l d  u n d o u b t e d l y  jmprove  t h e  o v e r a l l  

l l q u c f ~ c t i o n  r c a c t j o n .  F u r t h c r m o r c ,  o t h e r  literature r e p o r t s  i n d l c d t c  t h ~ t  

pretreating and c l e a n i n g  c o a l s  b e f o r e  l i q u e f a c t i o n  w i l l  I n f l u e n c e  t h e i r  

liquefaction b e h a v i o r  t o  v a r y i n g  d e g r e e s .  

The e x p e r i m e n t a l  p rog ram conduc ted  by  AIr P r o d u c t s  and Chem ica l s ,  I n c .  and 

r e p o r t e d  on  h e r e i n  was d e s l g n e d  t o  c o r r o b o r a t e  some o f  t h e s e  r e p o r t e d  c l a i m s  

I n  a n  a t t e m p t  t o  d e f i n i t j v e l y  l d e n t l f y  ways t o  i m p r o v e  c o a l  l l q u e f a c t l o n  

y j e l d s .  The m a I n  objective o f  o u r  r e s e a r c h  was t o  I n v e s t l g a t e  how h e t e r o a t o m  



a f f e c t  o i l  y i e l d  I n  c a t a l y t i c  and n o n c a t a l y t l c  c o a l  l l q u e f a c t i o n .  I n  

a d d l t l o n ,  we examined o t h e r  o p t i o n s  t o  i m p r o v e  y i e l d s  such  as c o a l  

p r e t r e a t m e n t  and b e n e f i c i a t i o n .  

B e f o r e  b e g i n n i n g  any experimental wo rk ,  a  d e t a i l e d  p rog ram p l a n  was p r e p a r e d  

and s u b m i t t e d  t o  t h e  Depar tment  o f  Energy  f o r  t h e l r  a p p r o v a l .  I n  a d d l t l o n ,  an  

e x t e n s i v e  1  i t e r a t u r e  s e a r c h  encompassfng pub1 i shed pape rs  and was 

p e r f o r m e d  i n  t h e  a r e a s  o f  ( 1 )  t r e a t m e n t  o f  p r o c e s s  s o l v e n t  t o  remove 

h e t e r o a t o m i c  c o n s t l  t u e n t s ,  ( 2 )  e f f e c t  o f  r emova l  o f  h e t e r o a t o m i c  c o n s t l  t u e n t s  

f r o m  p r o c e s s  s o l v e n t  upon c o a l  l l q u e f a c t l o n ,  ( 3 )  e f f e c t  o f  c a t a l y s t s  and t h e l r  

fo rms  upon 1  l q u e f a ' c t l o n ,  ( 4 )  t e c h n i q u e s  t o  p r e t r e a t  and bene f  l c l a t e  c o a l ,  and 

( 5 )  e f f e c t  o f  coa7 p r e t r e a t m e n t  and  b e n e f l c i a t i o n  on c o a l  l i q u e f a c t l o n .  

D e t a i l s  on b o t h  t h e  p r o g r a m  p l a n  and  l l t e r a t u r e  r e v i e w  can  be f o u n d  i n  r e p o r t s  

s u b m i t t e d  e a r l i e r  unde r  t h i s  p r o g r a m  ( s e e  r e f e r e n c e s  1  and  2 ) .  

Because t h e  p rograms encompassed t h r e e  d i f f e r e n t  b u t  e q u a l l y  s l g n i f l c a n t  a r e a s  

o f  c o a l  l l q u e f a c t i o n ,  A l r  P r o d u c t s  s u b c o n t r a c t e d  some o f  t h e  r e s e a r c h  t o  

Auburn  U n i v e r s i t y  i n  Auburn,  Alabama and t o  P e n n s y l v a n l a  S t a t e  U n i v e r s i t y ,  

U n i v e r s i t y  Park ,  ~ e n n s ~ l v a n l a .  Auburn  a s s 1  s t e d  Alr P r o d u c t s  I n  d e t e r m l n i n g  

t h e  r o l e  o f  h e t e r o a t o m s  and s e l e c t i n g  t h e  o p t l m a l  c a t a l y s t  o r  c a t a l y s t  

combination f o r  l i q u e f a c t i o n ,  w h l l e  Penn S t a t e  s t u d l e d  c o a l  b e n e f i c a t l o n ,  and 

b e n e f l c l a t e d  a  number o f  c o a l  samples f o r  l l q u e f a c t l o n  t e s t i n g .  

Mos t  o f  t h e  wo rk  d u r i n g  t h i s  p rog ram was c o n d u c t e d  u s i n g  Illinois #6  c o a l  f r o m  

t h e  B u r n i n g  S t a r  m l n e  and  SRC-I p r o c e s s  s o l v e n t  d e r l v e d  f r o m  t h e  same c o a l  

d u r l n g  r u n s  a t  t h e  W i l s o n v i l l e  Advanced Coa l  L i q u e f a c t i o n  F a c l l l t y  (WACLF) I n  

W l l s o n v l l l e ,  Alabama. Some t e s t s  we re  a l s o  c o n d u c t e d  on K e n t u c k y  #9 c o a l  f r o m  

t h e  F l e s  m ine ,  a g a l n  w i t h  p r o c e s s  s o l v e n t  d e r l v e d  f r o m  t h e  same t y p e  o f  c o a l .  

B o t h  c o a l s  a r e  f r o m  t h e  Wes te rn  Ken tucky  Reg lon  and a r e  l o w  l n  a s h  and p y r i t e ,  

b u t  h j g h  i n  o r g a n l c  s u l f u r .  T h e y w e r e  s e l e c t e d  p r i m a r i l y  because  t h e y  have  

been  e x t e n s i v e l y  examlned a t  t h e  W l l s o n v l l l e  p l a n t  and because  c o r r e s p o n d l n g  

s o l v e n t s  were  a v a l l a b l e .  

Research  f o c u s e d  on s l x  m a j o r  a r e a s ,  and t h e  r e s u l t s  r e p o r t e d  h e r e l n  a r e  

s t r u c t u r e d  c o r r e s p o n d l n g l y .  The s t u d i e s  a r e  as  f o l l o w s :  



Solvent Modification: Process solvents derived from both Illinols #6 anc 

Kentucky #9 coals and from the WACLF hydrotreater were modified in 

several ways to remove heteroatoms. 

Effect of Solvent Modification on Liauefaction: The effects of modified 

process solvents on catalytic and noncatalytic liquefaction of Illinois 

#6 and Kentucky #9 coals were studied. Before studying the effects of 

the modified solvents, .extensive baseline data were establjshed, both 

with and without catalysts. 

Catalyst Selection: Various metal catalysts In several forms (dispersed 

or impregnated) were tested to compare their effect on .the coal 

liquefaction reaction. 

Coal Pretreatment and Beneficiation: Illlnols #6 coals were pretreated 

by four different methods (solvent extractjon, oxldation, ion exchange, 

or pulverization) or, deep-washed (benefqcidted) and then liquefied with 

both original (untreated) and modif'ied solvents, with and wj thout 

catalyst, to determine the effect of coal pretreatment and beneficiation 

upon liquefaction. 

Scale-up Studies: Since all the experiments conducted in the preceding 

portions of the program were carried out in a small tubing-bomb reactor. 

a scaled-up 300-mL semicontinuous autoclave reactor was constructed and 

used in liquefaction testing to verify the earller findings. 

Expl~ratory Studies; Finally, a series o f  tests was performed to 

ascertain the optimal reaction conditions and catalyst for coal 

liquefaction, and to determine the effects of recycling SRC during 

reaction. 

A brief synopsls of each study is presented below. 

SOLVENT HODIFICATION 

Since the presence of heteroatorns In solvents can hinder their effectiveness 

durl ng 1 iquefaction. extensjve experiments were conducted to r'emove such 

compounds and then test the modified solvents during liquefaction. 



I Two proc'ess s o l v e n t s  d e r i v e d  f r o m  t h e  l i q u e f a c t i o n  o f  I l l i n o i s  #b and 

1 Ken tucky  #9 c o a l s  i n  t h e  S R C - I  mode a t  t h e  WACLF were  s e l e c t e d  f o r  t h e  s t u d y .  

Process  s o l v e n t  f r o m  t h e  SRC h y d r o t r e a t e r  was a l s o  s t u d i e d  because o f  i t s  h i g h  

hyd rogen  and l o w  h e t e r o a t o m  c o n t e n t .  

T rea tmen t  o f  S o l v e n t  D e r i v e d  f r o m  I l l i n o l s  #b Coal  

S i n c e  t h e  s t a r t i n g  liquefaction s o l v e n t  d e r i v e d  f r o m  I l l i n o i s  #6 c o a l  a t  

W i l s o n v i l l e  was p roduced  when l i g h t  SRC was r e c y c l e d  I n  t h e  p l a n t ,  i t  

c o n t a i n e d  some SRC. T h e r e f o r e ,  t h i s  s o l v e n t  was e x t r a c t e d  w i t h  p e n t a n e  t o  

s e p a r a t e  o u t  t h e  SRC. The p e n t a n e - s o l u b l e  p o r t l o n ,  c a l l e d  base  l i q u e f a c t l o n  

s o l v e n t ,  was used f o r  t h e  t r e a t m e n t  ( h e t e r o a t o m  r e m o v a l )  and subsequen t  

l i q u e f a c t i o n  s t u d i e s .  

The base  l i q u e f a c t i o n  s o l v e n t  was t r e a t e d  i n  s e v e r a l  ways t o  remove n i t r o g e n  

bases a n d / o r  p h e n o l s  t o  e v a l u a t e  t h e  e f f e c t  o f  h e t e r o a t o m  remova l .  N i t r o g e n  

compounds we re  s i g n i f l c a n t l y  removed (>75% remova l  o f  t o t a l  n l t r o g e n  c o n t e n t )  

b y  t r e a t m e n t  w i t h  anhyd rous  h y d r o c h l o r i c  a c l d  o r  s l l i c a  g e l ,  b u t  t h l s  was 

accompanied b y  25-40% remova l  o f  oxygen .  These f i g u r e s  c o r r e s p o n d  t o  a l m o s t  

c o m p l e t e  r emova l  o f  n i t r o g e n  as b a s l c  n i t r o g e n  compounds and more t h a n  50% 

oxygen  as p h e n o l i c  compounds. S i g n i f i c a n t  amounts  o f  p h e n o l i c  components 

(>50%) we re  removed by t r e a t m e n t  w l t h  aqueous NaOH, b a s l c  a l u m i n a ,  and 

z e o l ' i  t e .  The r emova l  o f  oxygen  compounds ( p h e n o l  i c s )  was a l s o  accompanied by  

p a r t i a l  r emova l  o f  n e u t r a l  n i t r o g e n  compounds, l n  t h e  f o r m  o f  NH2. 

Some samples were  a l s o  t r e a t e d  s e q u e n t i a l l y ,  t o  remove b o t h  B a S l c  n j t r u y e r ~  a r d  

p h e n o l i c  compounds. A  sample p r e t r e a t e d  w i t h  HC1 t o  remove n i t r o g e n  bases was 

f u r t h e r  t r e a t e d  w i t h  s l l i c a  g e l ,  and t h e  NaOH- t rea ted  sample was f u r t h e r  

t r e a t e d  w i t h  HC1. I n  b o t h  cases ,  n i t r o g e n  compounds, b a s l c  and n o n b a s l c ,  we re  

c o m p l e t e l y  removed. I n  a d d i t l o n ,  t h e  r emova l  o f  oxygen  as p h e n o l s  was more 

t h a n  75% I n  b o t h  cases .  

O t h e r  e x p e r i m e n t s  t h a t  t r e a t e d  base  l i q u e f a c t i o n  s o l v e n t  w i t h  v a r i o u s  c l a y s  

and s o l i d  a d s o r b e n t s  such as b e n t o n i t e ,  k a o l i n ,  and p o r o c e l  removed a l m o s t  

none  o f  t h e  n i t r o g e n  and oxygen  compounds. A t t a p u l g u s  c l a y  and s y l o i d  were  

r n a r g l n a l l y  e f f e c t l v e  I n  r emov ing  h e t e r o a t o m  compounds, I n  c o n t r a s t ,  s e p i o l l t e  

removed approximately 2 5  and 20% o f  t h e  t o t a l  n i t r o g e n  and  oxygen c o n t e n t ,  



r e s p e c t i v e l y .  B o t h  a c l d  wash ing  and a c i d  wash ing  f o l l o w e d  by a c t i v a t i o n  by 

h e a t  t r e a t m e n t  enhanced s e p i o l i t e ' s  a b i l l t y  t o  remove h e t e r o a t o m s .  T rea tmen t  

o f  base  l i q u e f a c t l o n  s o l v e n t  w i t h  a c i d i c  a l u m i n a  removed a p p r o x i m a t e l y  17% o f  

t h e  t o t a l  oxygen .  I n t e r e s t i n g l y ,  no  r emova l  o f  n l t r o g e n  compounds was n o t e d  

w i t h  a c i d i c  a l u m i n a .  

TI ed L I I I ~ I I ~  o f  S a l i i e n t  U e r i  ved f r o m  K e n t u c k y  #9 Coal  

L i k e  t h e  t r e a t m e n t  o f  I l l i n o i s  #6 c o a l  d e r i v e d  s o l v e n t ,  samples o f  s t a r t i n g  

l l q u e f a c t l o n  s o l v e n t  d e r i v e d  f r o m  K e n t u c k y  #9 c o a l  were  t r e a t e d  w l t h  b o t h  

s i l i c a  g e l  and b a s i c  a l u m i n a  Lo r.ellluve n l t r o q e n  bases  and p h ~ n n i s .  T rea tmen t  

w j t h  b a s i c  a l u m i n a  removed 39 and 16% o f  t h e  t o t a l  oxygen  and n l t r o g e n ,  

, r e s p e c t i v e l y .  S i l i c a  g e l ,  however ,  adso rbed  more m a t e r i a l ,  a r ~ d  removed much 

more oxygen  and n i t r o g e n  -- 48 and 7 3 % , ' r e s p e c t l v e l y .  

T r e a t m e n t  ' o f  H y d r o t r e a t e r  S o l v e n t  

H y d r o t r e a t e r  s o l v e n t  was g e n e r a t e d  by  h y d r o t r e a t l n g  a  m i x t u r e  o f  p r o c e s s  

s o l v e n t  and SRC g e n e r a t e d  f r o m  I l l i n o i s  #6 c o a l  l n  a  c a t a l y t i c  h y d r o c r a c k e r  a t  

t h e  WACLF. T h l s  s o l v e n t  samp le  was t r e a t e d  w l t h  s i l i c a  g e l ,  w h i c h  removed 

o n l y  30  and 50%, r e s p e c t i v e l y ,  o f  t h e  t o t a l  oxygen  and n l t r o g e n  compounds, 

much l e s s  t h a n  t h a t  n o t e d  f o r  s i l l c a  g e l  t r e a t m e n t  o f  SRC-I p r o c e s s  s o l v e n t  

d e r i v e d  f r o m  I l l i n o i s  #6 and  #ent;tky #!I c o a l s .  

EFFECT OF SOLVENT MODIFICATION ON LIQUEFACTION 

B e t o r e  d e t e r m i n i n g  t h e  e f f e c t  o f  s o l v e n t  m o d i f l c a t l o n ,  e x t e n s i v e  b a s e l l n e  d a t a  

were g e n e r a t e d  w l t h  o r j g t n a l ,  m o d i f i e d ,  and  h y d r o t r e a t e r  s o l v e n t s .  These 

r e s u l t s  we re  compared w j t h  d a t a  f r o m  t h e  s o l v e n t  m o d i f l c a t l o n  l i q u e f a c t i o n  

experiments. 

E s t a b l i s h l n q  B a s e l i n e  Da ta  

The l i q u e f a c t l o n  b e h a v l o r  o f  I l l i n o i s  #6 and Ken tucky  #9 c o a l s  was s t u d l e d  

b o t h  i n  t h e  p r e s e n c e  and absence  o f  a  c a t a l y s t  t o  e s t a b l l s h  b a s e l l n e  d a t a .  

S o l v e n t  d e r i v e d  f r o m  t h e  l i q u e f a c t i o n  o f  I l l i n o l s  #6 c o a l  I n  t h e  SRC-I mode o f  

o p e r a t i o n  a t  t h e  WACLF was used f o r  t h e  l i q u e f a c t i o n  t e s t i n g  o f  I l l i n o ! ~  #6 



c o a l  t o  a v o i d  any m i sma tch  o f  c o a l  and s o l v e n t .  I n  some cases  b o t h  

l o w - s e v e r i t y  ( s o l v e n t - t o - c o a l  r a t i o  o f  2 :1 ,  r e a c t i o n  t i m e  o f  60 m i n u t e s ,  

i n i t i a l  hyd rogen  p r e s s u r e  o f  850 p;ig a t  25"C, r e a c t i o n  t e m p e r a t u r e  o f  425OC, 

and a g l  t a t  i p n  o f  1 ,000  s t r o k e s  p e r  m i n u t e )  and h i g h - s e , v e r i  t y  ( s o l v e n t - t o - c o a l  

r a t i o  o f  1 : 1 ,  r e a c t i o n  t i m e  o f  60  m i n u t e s ,  i n i t i a l  hyd rogen  p r e s s u r e  o f  1,200 

p s i g  a t  25OC, r e a c t i o n  t e m p e r a t u r e  o f  440°C. and a g i t a t i o n  o f  1 ,000 s t r o k e s  

'per m i n u t e )  r e a c t i o n  c o n d i t i o n s  were used t o  g e n e r a t e  b a s e l i n e  d a t e .  

L i q u e f a c t i o n  o f  I l l i n o i s  #6 Coa l  w i t h  Base L i q u e f a c t i o n  S o l v e n t .  g o q c p t g l y t l c  

L l q g e f a c t l o q :  Base l i q u e f a c t i o n  s o l v e n t  was used i n  n o n c a t a l y t i c  l i q u e f a c t i o n  

o f  I l l i n o i s  #6 c o a l  unde r  b o t h  l ow -  and  h i g h - s e v e r i t y  r e a c t i o n  c o n d i t i o n s  i n  a  

50-mL tub ing-bomb r e a c t o r  t o  g e n e r a t e  b a s e l i n e  d a t a .  Under  l o w - s e v e r i t y  

c o n d i t i o n s ,  t h e  o i l  y i e l d  was 12 .5  w t  %. O v e r a l l  c o a l  c o n v e r s i o n ,  d e f i n e d . a s  

t h e  m a t e r i a l  s o l u b l e  i n  a ' m l x t u r e  of 10% m e t h a n o l  i n  m e t h y l e n e  c h l o r i d e ,  was 

82%. T h i s  v a l u e  i s  l o w  compared t o  o v e r  90% r e p o r t e d  a t  t h e  WACLF. The c o a l  

c o n v e r s i o n  v a l u e s  d i f f e r  because  we used a  weak s o l v e n t  ( a  m i x t u r e  o f  10% 

me thano l  i n  m e t h y l e n e  c h l o r i d e )  t o  d e t e r m i n e  c o n v e r s i o n ,  whereas W i l s o n v i l l e  

used  a  s t r o n g  ( p y r i d i n e  o r  c r e s o l  o i l )  s o l v e n t .  

When t h e  l i q u e f a c t i o n  c o n d i t i o n s  were  changed f r o m  l o w  s e v e r i t y  t o  h i g h  

s e v e r i t y ,  o i l  y i e l d  i n c r e a s e d  f r o m  12 .5  t o  29.2%, wh. ich was a  r e m a r k a b l e  

improvement .  However,  o v e r a l l  c o a l  c o n v e r s i o n  dec reased  f r o m  82 t o  76.7%, 

i n d i c a t i n g  an  o n s e t  o f  r e t r o g r a d e  r e a c t i o n s  a t  h i g h  s e v e r i t y .  The o n s e t  o f  

r e t r o g r a d e  r e a c t i o n s  was a l s o  e v i d e n c e d  by  a  significant i n c r e a s e  i n  gas 

p r o d u c t i o n .  

C a t a l y t i c  C i q u g f g c t i g n :  Base liquefaction s o l v e n t  was a l s o  used  i n  c a t a l y t i c  - 
l i q u e f a c t i o n  o f  I l l i n o i s  #6 c o a l  t o  e s t a b l i s h  b a s e l i n e  d a t a .  A c a t a l y s t  

c o n c e n t r a t i o n  o f  500 ppm o f  molybdenum based on  c o a l ,  added as molybdenum 

o c t o a t e ,  was used  f o r  l o w - s e v e r i t y  r e a c t i o n ,  whereas o n l y  250 ppm o f  

molybdenum was used  f o r  h i g h - s e v e r i t y  r e a c t i o n .  Molybdenum c a t a l y s t  was 

s e l e c t e d  because  we had e x p e r i e n c e  w i t h  I t, and we d i d  n o t  wan t  t o  d e l a y  t h e  

p r o g r a m  b y  w a i t i n g  u n t i l  t h e  b e s t  c a t a l y s t  was i d e n t i f i e d .  I n s t e a d ,  c a t a l y s t  

s e l e c t i o n  s t u d i e s  were  i n i t i a t e d  c o n c u r r e n t l y ,  t h e  r e s u l t s  o f  w h i c h  a r e  

d i s c u s s e d  l a t e r  i n  a  s e p a r a t e  s e c t i o n .  



Under l o w - s e v e r l t y  c o n d i t i o n s ,  t h e  a d d l t i o n  o f  molybdenum c a t a l y s t  i n c r e a s e d  

t h e  o i l  y i e l d  f r o m  12.5 t o  25.4%. O v e r a l l  c o a l  c o n v e r s i o n  a l s o  i n c r e a s e d  f rom 

82 t o  92%. SRC p r o d u c t i o n  decreased s l i g h t l y  w i t h  t h e  a d d i t i o n  o f  a  

c a t a l y s t .  A p p a r e n t l y ,  t h e  p r i m a r y  ' f u n c t i o n  o f  t h e  c a t a l y s t  i s  t o  i n c r e a s e  

c o n v e r s i o n  o f  c o a l  t o  SRC and o f  SRC t o  o i l .  Host  i n t e r e s t l n g l y ,  t h e  

p r o d u c t i o n  o f  gases d i d  not i n c r e a s e  w i t h  c a t a l y s t  a d d i t i o n .  

Use o f  h i g h - s e v e r i t y  r e a c t i o n  c o n d i t i o n s  i n c r e a s e d  t h e  01.1 y l e l d  f r o m  29 t o  

45%. I n  a d d i t i o n ,  o v e r a l l  c o a l  c o n v e r s i o n  i n c r e a s e d  f rom 7 7  t o  94% w l t h  t h e  

a d d i t i o n  o f  a  c a t a l y s t ,  c o n t r a r y  t o  t h e  onse t  o f  r e t r o g r a d e  r e a c t i o n s  i n  

n o n c a t a l y t i c  l i q u e f a c t i o n  o f  I l l l n o l s  #6 c o a l  a t  h i g h - s e v e r l t y  c o n d i t i ' o n s .  

The h i g h  c o a l  c o n v e r s l o n  v a l u e  l n d l c a t e s  t h a t  r e t r o g r a d e  r e a c t i o n 5  w p r p  

l i t e r a l l y  absen t ,  c o n f i r m i n g  t h e  Impor tance o f  c a t a l y s t s  I n  c o a l  l i q u e f a c t i o n  

r e d c t l o n .  

L i q u e f a c t i o n  o f  I l l i n o i s  #6 Coal w i t h  H y d r o t r e a t e r  S o l v e n t .  N o f i c a t a l y t l c  

L l q g e f a c t l o n :  A h y d r o t r e a t e r  s o l v e n t  genera ted by hyd rop rocess ing  S R C  d e r i v e d  

f rom I l l i n o i s  #6 c o a l  a t  WACLF was used t o  gene ra te  t h e  b a s e l l n e  da ta .  Only 

h l g h - s e v e r l t y  r e a c t i o n  c o n d i t i o n s  were s t u d i e d .  Liquefaction r e s u l t e d  i n  an 

o i 1 , y l e l d  o f  45%, c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  no ted  w l t h  base l l q u e f a c t i o n  

s o l v e n t  under s i m i l a r  c o n d i t i o n s .  O v e r a l l  c o n v e r s i o n  (=go%) was a l s o  

c o n s i d e r a b l y  h i g h e r .  These I n c r e a s e d  y l e l d s  were p r o b a b l y  due t o  one nf t w n  

reasons:  e i t h e r  much more hydrogen was a v a i l a b l e  f o r  r e a c t l o n  because t h e  

h y d r o t r e a t e r  s o l v e n t  c o n t a i n e d  more hydrogen t h a n  base l l q u e f a c t l o n  s o l v e n t ,  

o r  t h e  h y d r o t r e a t e r  s o l v e n t  c o n t a i n e d  much fewer he te roa tom lc  compounds t h a n  

base l i q u e f a c t i o n  s o l v e n t .  The l a t t e r  reason tends t o  suppor t  our  h y p n t . h ~ ~ i s  

t h a t  1  i q u e f a c t i o n  per fo rmance ca.n be ' improved hy  rcmnv lng he te rna  tnmir: 

compounds f rom t h e  s o l v e n t .  A l t hough  t h e  d a t a  do n o t  p i n p o i n t  t h e  t r u e  cause 

f o r  improved l i q u e f a c t i o n  per formance,  t h e y  do c l e a r l y  i n d i c a t e  t h e  s t r o n g  

l n f  l u e n c e  o f  s o l v e n t  properties on t h e  l i q u e f a c t i o n  r e a c t l o n .  

Catalytic I i q u g f a c t i g n :  A d d l t l o n  o f  a  c a t a l y s t  t o  t h e  r e a c t i o n  m l x t u r e  - 
c o n t a l n l n g  I l l i n o i s  #6 c o a l  and h y d r o t r e a t e r  s o l v e n t  d l d  n o t  show any marked 

improvements ove r  n o n c a t a l y t l c  l i q u e f a c t i o n  expe r jmen ts .  T h l s  was v e r y  

s u r p r i s i n g  because we had always n o t i c e d  marked ly  improved l i q u e f a c t i o n  

per fo rmance p r e v f o u s l y  upon c a t a l y s t  a d d l t i o n .  



L l q u e f a c t l o n  o f  Ken tucky  #9 Coal  w i t h  S t a r t i n q  L l q u e f a c t l o n  S o l v e n t .  

Noncgtglytlc-Llquefact1on: S t a r t l n g  l i q u e f a c t l o n  s o l v e n t  d e r i v e d  f r o m  SRC-I - 
liquefaction o f  Ken tucky  #9 c o a l  a t  WACLF was used  t o  g e n e r a t e  b a s e l i n e  d a t a .  

On l y  l o w - s e v e r i t y  r e a c t i o n  c o n d i t i o n s  were  s t u d i e d .  L i q u e f a c t i o n  r e s u l t e d . l ' n  

an o i l  y i e l d  o f  12 .7%,  w h i c h  was v e r y  s i m i l a r  t o  t h a t  n o t e d  l n  t h e  case  o f  

Ill l n o i s  #6 c o a l  l i q u e f a c t i o n  w i t h  base  l l q u e f a c t i o n  s o l v e n t .  O v e r a l l  c o a l  

c o n v e r s i o n  was ,74%, w h l c h  was once a g a i n  l o w e r  t h a n  t h a t  n o t e d  a t  WACLF. T h l s  

l o w  c o n v e r s l o n  v a l u e  i s  due t o ' t h e  use  o f  weaker  s o l v e n t  f o r  d e t e r m i n i n g  c o a l  

c o n v e r s i o n ,  as e x p l a i n e d  e a r l i e r  i n  t h e  I l l i n o i s  #6 c o a l  l l q u e f a c t l o n  

s e c t i o n .  

C a t a l y t i c  C i q u g f a c t i g n :  As expec ted ,  a d d l t l o n  o f  500 ppm o f  molybdenum based - 
on c o a l  ( a s  molybdenum o c t o a t e )  i n c r e a s e d  t h e  o i l  y i e l d  f r o m  12 .7  t o  17%. 

O v e r a l l  c o n v e r s i o n  I n c r e a s e d  f r o m  7 5  t o  85%. I n c r e a s e s  I n  b o t h  011 y i e l d  and 

c o a l  c o n v e r s i o n  we re  c o n s l d e r a b l y  l o w e r  t h a n  t h o s e  n o t e d  w i t h  t h e  a d d i t i o n  o f  

c a t a l y s t  i n  t h e  l l q u e f a c t i o n  o f  ~ ' l l l n o l s  #6 . c o a l .  The p r o d u c t l o n  o f  SRC 

l n c r e a s e d  f r o m  55 t o  64%, w h i c h  was o p p o s l t e  o f  t h a t  n o t e d  w i t h  I l l i n o i s  #6 

c o a l .  D u r i n g  I l l i n o i s  #6 c o a l  l i q u e f a c t i o n ,  c a t a l y s t  a d d i t i o n  I n c r e a s e d  

c o n v e r s i o n  o f  b o t h  c o a l  and SRC t o  o i l ,  whereas I n  Ken tucky  #9 c o a l  

l i q u e f a c t i o n ,  t h e  c a t a l y s t  i n c r e a s e d  o n l y  t h e  c o n v e r s i o n  o f  c o a l ,  p a r t l y  t o  

SRC and p a r t l y  t o  o i l .  

The n o n c a t a l y t l c  and c a t a l y t i c  b a s e l l n e  d a t a  g e n e r a t e d  f r o m  l i q u e f a c t i o n  o f  

I l l i n o i s  #6 c o a l  u s l n g  base  l l q u e f a c t l o n  and h y d r o t r e a t e r  s o l v e n t s  and  o f  

Ken tucky  #9 c o a l  u s i n g  s t a r t i n g  l l q u e f a c t l o n  s o l v e n t  we re  used  as benchmarks 

t o  compare r e s u l t s  f r o m  subsequen t  r u n s  w i t h  m o d i f i e d  s o l v e n t s .  

E f f e c t  o f  S o l v e n t  T r e a t m e n t  on L i q u e f a c t i o n  

L i q u e f a c t i o n  o f  I 1  1  i n 0 7  s  #6 Coal  w i t h  T rea t -ed  Base L i q u e f a c t i o n  S o l v e n t .  

N0n~gtplytl~-L~qgefact10n: L i q u e f a c t i o n  experiments were  conduc ted  w i t h  base  - 
l i q u e f a c t i o n  s o l v e n t  t r e a t e d  w i t h  a  m l x t u r e  o f  s l l i c a  g e l  and  n e u t r a l  a l u m i n a  

unde r  l o w - s e v e r i t y  c o n d i t i o n s  and w l t h  anhyd rous  HC1 f o l l o w e d  by  s l l i c a  g e l  

urlder butti luw- driJ hlgh-severity r e a c t i o n  c o n d l t l o n s .  I n  a11 cases ,  011 



p r o d u c t i o n  was marked ly  h l g h e r  w i t h  t h e  t r e a t e d  s o l v e n t s .  I t  inc reased  by 

more t h a n  60% a t  l ow  s e v e r i t y ,  a l t h o u g h ,  u n f o r t u n a t e l y ,  c o a l  conve rs ion  a l s o  

decreased.  We a l s o  found t h a t  t h e  decrease i n  c o a l  c o n v e r s i o n  depended on t h e  

e x t e n t  o f  he teroatoms remova l ;  as more heteroatoms were removed, t h e  c o a l  

c o n v e r s i o n  decreased c o r r e s p o n d i n g l y .  I n t e r e s t i n g l y ,  under h i g h - s e v e r l t y  

r e a c t i o n  c o n d i t l o n s ,  i n s t e a d  o f  d e c r e a s i n g  w i t h  s o l v e n t  t r e a t m e n t ,  c o a l  

cur~ver  5 l u l l  I i ~ c r  ed5t.d.  P ~ . u i l u c  L i o n  o f  gases  dcci .eascd w i t h  s o l v e n t  t r e a t m e n t  

under l o w - s e v e r i t y  r e a c t l o n  c o n d i t i o n s ,  b u t  remained unchanged under 

h i g h - s e v e r i t y  r e a c t l o n  c o n d i t l o n s .  These o b s e r v a t i o n s  c l e a r l y  i n d i c a t e  t h a t  

t h e  removal  o f  he teroatoms f r o m  t h e  s o l v e n t  enhances n o n c a t a l y t i c  l l q u e f a c t l o n  

per fo rmance,  e s p e c i a l l y  o l l  y i e l d .  

L a t a l y t i c  C i q u g f a c t i g n :  Numerous s o l v e n t s  p repa red  by t r e a t i n g  base 

l i q u e f a c t l o n  s o l v e n t  t o  remove e i t h e r  n i t r o g e n  bases ( t r e a t m e n t  w i t h  anhydrous 

HC1 o r  s i l i c a  g e l )  o r  pheno ls  ( t r e a t m e n t  w l t h  NaOH, b a s i c  a lum ina ,  o r  

Y - z e o l i t e )  o r  b o t h  n i t r o g e n  bases and pheno ls  ( t r e a t m e n t  w l t h  anhydrous HC1 

f o l l o w e d  by s i l i c a )  were used i n  catalytic l l q u e f a c t i o n  exper iments  t o  

de te rm ine  t h e  e f f e c t  o f  s o l v e n t  t r e a t m e n t  on l l q u e f a c t i o n .  

Under l o w - s e v e r i t y  r e a c t i o n  c o n d i t i o n s  and i n  t h e  presence o f  500 ppm o f  

molybdenum c a t a l y s t  based on c o a l ,  t h e  removal o f  n i t r o g e n  bases w i t h  e i t h e r  

anhydrous HC1 o r  s i l i c a  g e l  d r a m a t i c a l l y  i n c r e a s e d  t h e  o i l  y i e l d  f rom 25 t o  

38%. However, o v e r a l l  c o a l  c o n v e r s i o n  was n o t  g r e a t l y  a f f e c t e d .  M o s t  o f  t h e  

i n c r e a s e  i n  o i l  y i e l d  came f r o m  i n c r e a s e d  c o n v e r s i o n  o f  SRC. Gas p r o d u c t i o n  

e i t h e r  decreased s l i g h t l y  o r  remalned unchanged. 

L l k e w i s e ,  under l o w - s e v e r i t y  r e a c t i o n  c o n d l t l o n s ,  t h e  removal  o f  pheno ls  by 

e i t h e r  b a s l c  a lum ina  o r  Y - z e o l i t e  i n c r e a s e d  t h e  o i l  y i e l d  f rom 25  t o  34%. 

Again, c o a l  c o n v e r s i o n  was n o t  g r e a t l y  a f f e c t e d  by pheno ls  removal ,  and t h e  

i n c r e a s e  I n  o i l  y i e l d  came f rom I n c r e a s e d  c o n v e r s i o n  o f  SRC. Gas y i e l d  

d e c l l n e d  m a r g i n a l l y .  Base l l q u e f a c t i o n  s o l v e n t  t r e a t e d  w j t h  NaOH t o  remove 

pheno ls  somehow was n o t  as e f f e c t i v e  i n  i m p r o v i n g  l l q u e f a c t l o n  per formance as 

t h e  o t h e r  two s o l v e n t s  j u s t  d i scussed .  

Removal o f  b o t h  n i t r o g e n  bases and pheno ls  f rom t h e  s o l v e n t  r e s u l t e d  i n  t h e  

h l g h e s t  p r o d u c t i o n  o f  o i l  under l o w - s e v e r l t y  r e a c t i o n  c o n d i t l o n s .  Once aga in ,  

o v e r a l l  c o a l  c o n v e r s l d n  was n o t  g r e a t l y  a f f e c t e d ,  and t h e  added i n c r e a s e  I n  



1 o i l  y ' i e l d  came f r o m  i n c r e a s e d  c o n v e r s i o n  o f  SRC. Gas p r o d u c t i o n  d e c l i n e d  

s l l g h t l y .  Under h i g h - s e v e r l t y  r e a c t i o n  c o n d l t l o n s ,  t h e  r emova l  o f  b o t h  

n i t r o g e n  bases and p h e n o l s  f r o m  t h e  s o l v e n t  i n c r e a s e d  o i l  y i e l d  f r o m  4 4  t o  

51%. Coa l  c o n v e r s i o n  and gas p r o d u c t i o n ,  however ,  we re  n o t  g r e a t l y  a f f e c t e d .  

Aga ln ,  t h e  i n c r e a s e d  o l l  y i e l d  came f r o m  i m p r o v e d  c o n v e r s l o n  o f  SRC. 

O v e r a l l ,  o u r  d a t a  c l e a r l y  i n d i c a t e  t h a t  t h e  r emova l  o f  h e t e r o a t o m s  

s l g n l f l c a n t l y  enhances c a t a l y t i c  l i q u e f a c t i o n  p e r f o r m a n c e ,  e s p e c l a l l y  t h e  o l l  

y i e l d .  

L i q u e f a c t i o n  o f  I l l i n o l s  #6 Coal  w i t h  T r e a t e d  H y d r o t r e a t e r  S o l v e n t .  When 

m o d i f i e d  h y d r o t r e a t e r  s o l v e n t  was used  d u r l n g  n o n c a t a l y t l c  l l q u e f a c t ! o n  o f  

I l l i n o i s  #6 c o a l  unde r  h l g h - s e v e r i t y  r e a c t i o n  c o n d l t l o n s ,  y i e l d s  d l d  n o t  

i m p r o v e  n o t i c e a b l y ,  p r o b a b l y  because  t r ea tme .n t  had  o n l y  m a r g l n a l ' l y  removed t h e  

n i t r o g e n  compounds and p h e n o l s .  When used  d u r l n g  c a t a l y t l c  l l q u e f a c t l o n  o f '  

I l l i n o i s  #6 c o a l ,  t h e  o i l  y i e l d  d l d  I n c r e a s e  and c o a l  c o n v e r s \ o n  imp roved  

s l i g h t l y .  However,  t h e  m a g n i t u d e  was s m a l l .  

L i q u e f a c t l o n  o f  Ken tucky  #9 Coal  w i t h  T r e a t e d  S t a r t l n q  L i q u e f a c t l o n  S o l v e n t .  

Liquefaction t e s t s  o f  t h e  m o d i f l e d  s o l v e n t s  p r e p a r e d  by  t r e a t i n g  s t a r t i n g  

l i q u e f a c t i o n  s o l v e n t  w l t h  e i t h e r  b a s l c  a l u m i n a  o r  s l l ' i c a  g e l  were conduc ted  

o n l y  w l t h  a  c a t a l y s t  unde r  l o w - s e v e r i t y  r e a c t i o n  c o n d i t l o n s .  Removal o f  

h e t e r o a t o m s  f r o m  t h e  s o l v e n t  w l t h  b a s i c  a l u m i n a  increased t h e  011 y l e l d  f r o m  

1 6  t o  31%. However,  t h e  o i l  y l e l d  i n c r e a s e d  f u r t h e r  when more h e t e r o a t o m s  

we re  removed ( w i t h  s ' i l ' i c a  g e l ) .  I n  b o t h  cases ,  c o a l  c o n v e r s i o n  i n c r e a s e d  

s l l g h t l y  w l t h  h e t e r o a t o m s  remova l ,  and t h e  I n c r e a s e  I n  o i l  y l e l d  was a t t a i n e d  

a t  t h e  expense  o f  b o t h  i n c r e a s e d  SRC and c o a l  c o n v e r s l o n .  

Fundamenta l  S t u d l e s  R e l a t e d  t o  S o l v e n t  M o d i f i c a t i o n .  To s u p p o r t  o u r  f l n d i n g s  

a b o u t  t h e  b e n e f l c l a l  e f f e c t  o f  r emov ing  h e t e r o a t o m s  f r o m  p r o c e s s  s o l v e n t  and 

t o  b e t t e r  u n d e r s t a n d  t h e  r o l e  o f  t h e  h e t e r o a t o m s ,  Auburn  U n l v e r s l t y  p e r f o r m e d  

s e v e r a l  f undamen ta l  e x p e r i m e n t s .  Because o f  d i f f e r e n c e s  be tween t h e  

tub lng-bomb r e a c t o r  d e s l g n ,  r e a c t i o n  c o n d l t l o n s ,  and  s o l v e n t  s e p a r a t i o n  

p r o c e d u r e s  used  a t  Auburn  U n l v e r s l t y  and a t  A l r  P r o d u c t s ,  Auburn  r e e s t a b l l s h e d  

t h e  b a s e l l n e  d a t a  f o r  c a t a l y t i c  c o a l  l l q u e f a c t l o n  w l t h  b o t h  base  l l q u e f a c t l o n  

s o l v e n t  ( f r o m  I l l l n o l s  #6 c o a l )  and m o d i f i e d  s o l v e n t  ( t r e a t e d  base  



l l q u e f a c t l o n  s o l v e n t  w l t h  anhydrous HC1 f o l l o w e d  by s i l i c a  g e l ) .  A s  expected,  

Auburn a l s o  r e p o r t e d  h i g h e r  o i l  y i e l d  w i t h  m o d l f l e d  s o l v e n t  t h a n  w l t h  base 

1 , l q u e f a c t i o n  s o l v e n t .  

Next ,  Auburn added s e v e r a l  model n l t r o g e n  compounds t y p i c a l l y  found i n  

c o a l - d e r i v e d  s o l v e n t s  ( q u i n o l i n e ,  p h e n a n t h r i d i n e ,  and a c r i d i n e )  t o  m o d i f i e d  

s o l v e n t  t o  i n c r e a s e  i t s  t o t a l  n l t r o g e n  c o n t e n t .  I n  a l l  cases,  o i l  p r o d u c t l o n  

d u r l n g  catalytic c o a l  l i q u e f a c t i o n  was I n h i b l t e d  by add ing  n i t r o g e n  compounds 

and t h e  decrease l n . o i l  y i e l d  was i n v e r s e l y  p r o p o r t i o n a l  t o  i n c r e a s e s  i n  t h e  

t o t a l  n i t r o g e n  c o n t e n t .  Fur thermore ,  Auburn t e s t e d  t h e  e f f e c t  o f  add lnq  a 
r e p r e s e n t a t i v e  oxygen compound (B -naph tho l )  t o  m o d l f i e d  s o l v e n t  t o  I n c r e a s e  

I t s  t o t a l  oxygen c o n t e n t .  L i q u e f a c t i o n  r e s u l t s  I n d i c a t e d  nn  change i n  031 

p r o d u c t i o n  by a d d i n g  B-naphtho l ,  b u t  more work I s  needed t o  de te rm ine  t h e  

e t t e e t  o r  phenulb ( p a r t l c u l a r l y  t hose  o f  h i g h  m o l e c u l a r  w e i g h t ) .  

The f i n a l  expe r imen t  conducted by Auburn i n v o l v e d  add ing  t h e  he te roa tom ic  

compounds t h a t  had been e x t r a c t e d  f r o m  t h e  base l l q u e f a c t l o n  s o l v e n t  back t o  

t h e  m o d i f i e d  s o l v e n t .  011 p r o d u c t i o n  d u r i n g  subsequent l i q u e f a c t i o n  w i t h  t h i s  

r e c o n s t l t u t e d  s o l v e n t  was a g a i n  reduced,  f u r t h e r  c o n f i r m i n g  t h e  d e t r i m e n t a l  

e f f e c t  o f  such p o l a r  compounds. 

To f u r t h e r  unde rs tand  t h e  r o l e  o f  such c o m p n \ ~ n d < ~  r e s e a r c h e r s  s t u d i e d  a slmple 

c a t a l y t i c  h y d r o g e n a t i o n  r e a c t l o n  system 115 ing phenanthrene as  a modcl 

compound. They s u r l ~ i l s r d  t h a t  h e t e r o a t o m l c  compounds, e s p e c i a l l y  n i t r o g e n  

compounds, s e v e r e l y  l i m i t  hydrogen t r a n s f e r  f r o m  t h e  gas t o  l i q u l d  phase, 

r e s u l t i n g  i n  hydrogen s t a r v a t i o n t  

CATALYST SELECTION 

H e t a l  c a t a l y s t s  p l a y  an important r o l e  d u r i n g  c o a l  l l q u e f a c t l o n .  Our 

l i q u e f a c t l o n  experiments c o n s i s t e n t l y  showed t h a t  add lng  molybdenum improved 

011 y l e l d s .  However, t h e  c o s t  o f  t h e  c a t a l y s t  can s t r o n g l y  t n f l u e n c e  t h e  

economic f e a s i b i l l t y  o f  t h e  process ,  and t h e  f o r m  l n  wh ich  i t  i s  used can 

a f f e c t  I t s  a c t l v l t y .  Hence, c a t a l y s t  s e l e c t j o n  t e s t s  were per fo rmed t o  

determine t h e  b e s t  c a t a l y s t  and t h e  fo rm I n  wh lch  i t  shou ld  be used f o r  c o a l  

l i q u e f a c t i o n .  



Auburn  U n i v e r s i t y  c a r r i e d  o u t  a  number o f  e x p e r i m e n t s  t o  t e s t  t h e  a c t i v i t y  o f  

v a r i o u s  m e t a l s  such  as molybdenum, c o b a l t ,  n i c k e l ,  c o p p e r ,  l e a d ,  z i n c ,  and 

i r o n  u s i n g  base l i q u e f a c t i o n  s o l v e n t .  These m e t a l s  were  i m p r e g n a t e d  on  c o a l  

and t e s t e d . i n d i v i d u a l l y  and i n  c o m b i n a t i o n  w i t h  o t h e r  m e t a l s .  

The e x p e r i m e n t a l  d a t a  r e v e a l e d  t h a t  molybdenum, n i c k e l ,  and i r o n  c a t a l y z e d  t h e  

c o a l  l i q u e f a c t i o n  r e a c t i o n ,  whereas z i n c ,  l e a d ,  c o p p e r ,  and c o b a l t  d i d  n o t .  

A t  a  c o n c e n t r a t i o n  o f  250-ppm m e t a l  based on c o a l ,  molybdenum c a t a l y s t  was 

more a c t l v e  t h a n  n i c k e l  and 1  w t  % I r o n .  A c o m b l n a t l o n  o f  a  cheap m e t a l  l i k e  

i r o n  o r  z i n c  and an e x p e n s i v e  m e t a l  such  as molybdenum r e s u l t e d  i n  

s i g n i f i c a n t l y  h i g h e r  o i l  y i e l d s  compared t o  I n d i v i d u a l  m e t a l s  a l o n e .  

S i n c e  molybdenum and i r o n  c a t a l y s t s  imp regna ted  on c o a l  d i s p l a y e d  good 

c a t a l y t i c  a c t l v i t y  i n  c o a l  l i q u e f a c t i o n  w l t h  base  l l q u e f a c t l o n  s o l v e n t ,  t h e  

c a t a l y t i c  a c t i v i t y  o f  t h e s e  two  m e t a l s  i m p r e g n a t e d  on c o a l  was t e s t e d  a t  Air 

P r o d u c t s  u s i n g  m o d i f i e d  s o l v e n t .  B o t h  I r o n  and molybdenum c a t a l y s t s  showed 

h i g h e r  o i l  y i e l d  w i t h  m o d i f l e d  s o l v e n t  t h a n  base  l i q u e f a c t i o n  s o l v e n t ,  

i n d i c a t i n g  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 f  t h e  m e t a l s  was h i n d e r e d  by t h e  

h e t e r o a t o m s  p r e s e n t  i n  t h e  base  l i q u e f a c t i o n  s o l v e n t .  F u r t h e r m o r e ,  t h e  o i l  

y i e l d  i n c r e a s e d  by  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  l r o n  m e t a l ,  w h i c h  i s  

c o n t r a r y  t o  t h e  r e s u l t s  n o t e d  w i t h  base  l i q u e f a c t i o n  s o l v e n t .  

When molybdenum was d i s p e r s e d  i n  t h e  r e a c t i o n  m i x t u r e  b y  u s i n g  o i l - s o l u b l e  

molybdenum o c t o a t e , '  i t  showed much h i g h e r  a c t i v i t y  b o t h  i n  t e rms  o f  o i l  y i e l d  

and c o a l  c o n v e r s i o n  t h a n  when i t  was i m p r e g n a t e d  on c o a l .  T h e r e f o r e ,  t h e  

method o f  a p p l y i n g  t h e  c a t a l y s t  i s  v e r y  i m p o r t a n t  i n  c o a l  l l q u e f a c t i o n .  S i n c e  

d i s p e r s e d  c a t a l y s t s  a r e  more a c t i v e  t h a n  i m p r e g n a t e d  c a t a l y s t s ,  t h e  amount o f  

c a t a l y s t  r e q u i r e d  c o u l d  be r educed  c o n s i d e r a b l y .  However,  t h e  r e l a t i v e  co 's ts  

o f  achieving dispersion ( l . e . ,  c o s t  o f  o i l - s o l u b l e  m e t a l  compared t o  

w a t e r - s o l u b l e  c a t a l y s t )  mus t  be we ighed  a g a i n s t  t h e  t o t a l  amount o f  c a t a l y s t  

r e q u i r e d  f o r  s u f f i c i e n t  a c t i v i t y  i n  mak ing  a  s e l e c t i o n  f o r  commerc i a l  

o p e r a t i o n .  



C O A L  PRETREATMENT AND B E N E F I C I A T I O N  

S e v e r a l  c o a l  p r e t r e a t m e n t  and b e n e f i c i a t i o n  methods we re  a l s o  s t u d i e d  d u r i n g  

t h i s  p r o g r a m  t o .  d e t e r m i n e  t h e i r  e f f e c t  on l i q u e f a c t i o n  y i e l d  under  v a r y i n g  

o p e r a t i n g  c o n d i t i o n s .  Mos t  o f  t h e  p r e t r e a t m e n t  work  was c a r r i e d  o u t  by  A i r  

P r o d u c t s ,  w h i l e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  c a r r i e d  o u t  a l l  t h e  c o a l  

bene t  i c i a t i  on e x p e r i m e n t s .  A1 1  t h e  p r e t r e a t e d  c o a l s  and r aw  c o a l  samples were  

l i q u e f i e d  w i t h  base  l i q u e f a c t i o n  and m o d i f i e d  s o l v e n t s ,  i n  t h e  p resence  and  

absence  o f  a  s l u r r y  c a t a l y s t ,  t o  e v a l u a t e  t h e i r  l i q u e f a c t i o n  b e h a v i o r .  

S u l v c n t  E x t r ~ c t i o n  

S o l v e n t  e x t r a c t i o n  o f  c o a l  p r i o r  t o  l i q u e f a c t i o n  removes e i t h e r  s m a l l  

m o l e c u l e s  o r  m o i s t u r e  f r o m  t h e  ' c o a l ,  o p e n i n g  up  p o r e  space t h a t  can  t h e n  be  

f i l l e d  w i t h  p r o c e s s  s o l v e n t  c a p a b l e  o f  d o n a t i n g  hyd rogen .  S e v e r a l  e x t r a c t i o n  

e x p e r i m e n t s  we re  c o n d u c t e d :  u s i n g  benzene and  e t h a n o l ,  e i t h e r  s e p a r a t e l y  o r  

as a  m i x t u r e ;  t r e a t i n g  c o a l  w i t h  m i d d l e  d i s t i l l a t e  s o l v e n t  f i r s t  and t h e n  

e x t r a c t i n g  w i t h  e i t h e r  m e t h y l e n e  c h l o r i d e  o r  b e n z e n e / e t h a n o l ;  and e x t r a c t i n g  

w i t h  c i t r i c  a c i d  t o  remove c a t l o n s  and exchangab le  sod ium and c a l c i u m  m e t a l s .  

N o n c a t a l y t i c  l i q u e f a c t i o n  o f  I l l i n o i s  #6 c o a l  e x t r a c t e d  w i t h  a  m i x t u r e  o f  

benzene and e t h a n o l  showed a  s i g n i f i c a n t l y  i n c r e a s e d  o v e r a l l  011 y i e l d .  I n .  

c o n t r a s t ,  t r e a t m e n t  w i t h  m idd , le  d i s t i l l a t e  and c i t r i c  a c i d  e x t r a c t i o n  e i t h e r  

d i d  n o t  a f f e c t  o r  even  d e t r i m e n t a l l y  a f f e c t e d  t h e  p r o d u c t  d i s t r i b u t i o n  f r o m  

c o a i  l i q u e f a c t i o n .  

S e v e r a l  s o l v e n t - e x t r a c t e d  I l l i n o i s  #6 c o a l  samples we re  a l s o  l i q u e f i e d  a t  

l o w - s e v e r i t y  r e a c t i o n  c o n d i t i o n s  i n  t h e  p r e s e n c e  o f  molybdenum c a t a l y s t .  The 

c o a l  samples e x t r a c t e d  w i t h  a  m i x t u r e  o f  benzene and e t h a n o l  showed a  

n o t i c e a b l e  i n c r e a s e  i n  o i l  p r o d u c t i o n .  E x t r a c t i o n  may have  removed o c c l u d e d  

m a t e r i a l  and  r e p l a c e d  i t  w i t h  hyd rogen -dono r  s o l v e n t ,  t h u s  i m p r o v i n g  c o a l  

l i q u e f a c t i o n .  A l s o ,  e x t r a c t i o n  may have  r e p l a c e d  m o i s t u r e  a t  t h e  s u r f a c e  w i t h  

a l c o h o l  o r  benzene ,  w h i c h  w o u l d  a l t e r  t h e  c o a l ' s .  r e a c t i v i t y .  E x t r a c t i o n  w i t h  

c i t r i c  a c i d  d i d  n o t  a f f e c t  t h e  l i q u e f a c t i o n  b e h a v i o r  o f  c o a l  u s i n g  500-ppm Mo 

c a t a l y s t  and  e i t h e r  base  l i q u e f a c t i o n  s o l v e n t  o r  m o d i f i e d  s o l v e n t .  



I 

O x i d a t i o n  

S e v e r a l  e x p e r i m e n t s  we re  conduc ted  t o  d e t e r m i n e  t h e  e f f e c t  o f  n a t u r a l  o r  

i n d u c e d  o x i d a t i o n ,  w h i c h  m a k e s ' t h e  c o a l  more r e f r a c t i v e  and i n c r e a s e s  t h e  

8 amount o f  oxygen  compounds t h a t  p o i s o n  c a t a l y s t s .  O x i d a t i o n  was a c h l e v e d  by  

e x p o s i n g  c o a l  samples t o  a i r  i n  a  f l u i d i z e d  bed r e a c t o r  o r  by  t r e a t m e n t  w i t h  

hydr0ge.n p e r o x i d e  o r  s u l f u r i c  a c i d .  Samples were  p r e p a r e d  r e p r e s e n t i n g  

s e v e r a l  l e v e l s  o f  o x i d a t i o n  and w e l g h t  g a i n .  

As expec ted ,  l i q u e f a c t i o n  o f  o x i d i z e d  c o a l  I n  t h e  p r e s e n c e  o f  o r i g i n a l  

( u n t r e a t e d )  s o l v e n t  r e s u l t e d  i n  c o n s i d e r a b l e  dec reases  i n  b o t h  o i l  y i e l d  and 

c o n v e r s i o n .  On t h e  c o n t r a r y ,  t h e  a i r - o x i d a t i o n  t e c h n i q u e ,  w i t h  oxygen  u p t a k e  

o f  up t o  3%, d i d  not a l t e r  t h e  p r o d u c t  d i s t r l b u t l o n  i n  t h e  p r e s e n c e  o f  

m o d i f i e d  s o l v e n t ;  t h e  same o p t i m a l  o i l  y i e l d s  o b t a i n e d  w i t h  n o n o x i d i z e d  c o a l  

and m o d i f i e d  s o l v e n t  were  a c h l e v e d .  However,  t h e  use  o f  s t r o n g  o x i d i z l n g  

a g e n t s  such  as s u l f u r i c  a c i d  and hyd rogen  p e r o x i d e  had a  s e v e r e  d e t r i m e n t a l  

e f f e c t  on o i l  p r o d u c t i o n ,  w h i c h  d ropped  by  a l m o s t  80%. 

The a l r - o x i d a t i o n  r e s u l t s  f r o m  t h e s e  e x p e r i m e n t s  a r e  p a r t i c u l a r l y  i n t e r e s t l n g  

because  t h e y  sugges t  t h a t  o x i d i z e d  c o a l  can  be  l i q u e f i e d  w l t h o u t  no rma l  l o s s  

o f  o i l  p r o d u c t i o n  by  u s i n g  m o d i f i e d  s o l v e n t  r a t h e r  t h a n  o r i g i n a l  o r  base  

l i q u e f a c t i o n  s o l v e n t  as  c o n v e n t i o n a l l y  used .  Use o f  m o d i f i e d  s o l v e n t  w o u l d  

a v o i d  t h e  need f o r  c o m p l i c a t e d  p r e p a r a t l o n  and  c o a l - h a n d l l n g  sys tems d e s i g n e d  

t o  m i n l m i z e  o x l d a t l o n .  

C d t i o n  Exchanqe, 

S e v e r a l  e x p e r i m e n t s  were  conduc ted  t o  d e t e r m i n e  w h e t h e r  c a t a l y t i c  a c t l v i t y  

c o u l d  be imp roved  by u s i n g  i o n  exchange t o  m o l e c u l a r l y  d i s p e r s e  c a t a l y s t s  deep 

w i t h l n  t h e  c o a l  s t r u c t u r e .  B o t h  r aw  and p r e o x i d i z e d  c o a l  samples we re  

t e s t e d ,  O x l d a t i o n  was e x p e c t e d  t o  p r o d u c e  t h e  f u n c t i o n a l  g roups  t h a t  a r e  n o t  . 

n o r m a l l y  p r e s e n t  i n  b i t u m i n o u s  c o a l s  needed t o  comp lex  t h e  m e t a l  c a t a l y s t s .  

S e l e c t e d  c o a l s  were  s l u r r l e d  w i t h  d i l u t e  s a l t  s o l u t i o n s  t o  e f f e c t  i o n  exchange  

o f  ca2*,  ~ a ' ,  e 2 ,  o r  ~ e ~ * ,  F o r  t h e  mos t  p a r t ,  we f o u n d  t h a t  m l l d  

a i r  oxidation of  I l l i n o i s  #6 c o a l  p roduced  o n l y  a  m l n o r  f r a c t l o n  o f  m e t a l  

a d s o r p t l o n  s i t e s  r e l a t l v e  t.o t h e  l a r g e  amount o f  oxygen  I n c o r p o r a t e d .  
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I l i q u e f i e d  a t  v a r l o u s  tempera tu res .  G r i n d i n g  i n  base l i q u e f a c t i o n  s o l v e n t  a t  

1 l ow  tempera ture  decreased o i l s  compared t o  b a s e l i n e  runs ,  w h i l e  use o f  

1 m o d i f i e d  s o l v e n t  had l i t t l e  e f f e c t  a t  a l l .  ~ r i n d i n g  a l s o  had l i t t l e  e f f e c t  

I d u r i n g  c a t a . l y ' t i c  l i q u e f a c t i o n .  

I n c r e a s i n g  t h e  tempera ture  d u r i n g  g r i n d i n g  t o  170°C had l i t t l e  e f f e c t  on o i l  

p r o d u c t i o n  o r  c o a l  c o n v e r s i o n  i n ' b o t h  n o n c a t a l y t i c  and c a t a l y t i c  l i q u e f a c t i o n  

runs .  G r i n d i n g  i n  t h e  presence o f  hydrogen r a t h e r  t h a n  h e l i u m  lnc reased  o i l  

p r o d u c t i o n  f r o m  34 t o  40%. Other  runs  i n  wh ich  1% Fe was added t o  a  c a t a l y s t  

b a t c h  f u r t h e r  i n c r e a s e d  o i l  y i e l d  t o  about  45%. 

G r i n d i n g  was a l s o  per fo rmed i n  t h e  presence o f  a l c o h o l s  such as e t h a n o l  and 

t o l u e n e .  The r e s u l t s  were compared w i t h  he1,ium b a s e l i n e  expe r imen ts .  

G r i n d i n g  i n  a l c o h o l  had s i g n i f i c a n t  d e t r i m e n t a l  e f f e c t s  on o i l  p r o d u c t i o n ,  b u t  

g r i n d i n g  i n  t o l u e n e  Inc reased  o i l  p r o d u c t i o n  f r o m  34 t o  about  42%. These 

improvements were s t i l l  s h o r t  o f  l i q u e f a c t i o n  o f  u n t r e a t e d  c o a l  i n  a  s l m i l a r  

env i ronmen t .  

F i n a l l y ,  t h e  use o f  t o l u e n e  t o  g r i n d  c o a l  i n  t h e  presence o f  molybdenum 

hexacarbony l  r e s u l t e d  i n  s i g n i f i c a n t l y  h i g h e r  o i l  p r o d u c t i o n  upon l l q u e f a c t i o n  

u s i n g  m o d i f i e d  so l ven t '  compared t o  t h e  o i l  y i e l d  o b t a l n e d  by g r i n d i n g  c o a l  i n  

m o d i f i e d  s o l v e n t  c o n t a i n i n g  e i t h e r  o i l - s o l u b l e  molybdenum c a t a l y s t  o r  

molybdenun~ ddded as molybdenum hexaca rbony l .  

Pennsy lvan ia  S t a t e  U n i v e r s i t y  b e n e f i c i a t e d  a  f r e s h l y  a c q u i r e d  sample o f  

I l l i n o l s  #6 c o a l  u s i n g  f l o a t  s i n k  and D i e s t e r  Tab le  techn iques  t o  y i e l d  

samples c o n t a l n i n g  v a r y i n g  amounts o f  ash, p y r i t i c  s u l f u r ,  and t o t a l  I r o n .  

Removal o f  c e r t a i n  d e t r i m e n t a l  i n o r g a n i c  spec ies  was expected t o  improve c o a l  

l i q u e f a c t i o n ,  w h i l e  removal o f  c a t a l y t i c  i r o n - b e a r i n g  m i n e r a l s  was expected t o  

a d v e r s e l y  a f f e c t  r e s u l t s .  



I n  n o n c a t a l y t i c  c o a l  l i q u e f a c t i o n ,  removal o f  t h e  m i n e r a l  m a t t e r ,  p a r t i c u l a r l q  

i r o n - b e a r i n g  spec ies ,  was found t o  be e x t r e m e l y  d e t r i m e n t a l  t o  l i q u e f a c t i n n .  

However, t h e  a d d i t i o n  o f  a  s l u r r y  c a t a l y s t  n u l l i f i e d  t h e  d e t r i m e n t a l  e f f e c t s  

o f  c o a l  b e n e f i c i a t i o n  -- n e i t h e r  t h e  o i l  y l e l d  no r  c o a l  c o n v e r s i o n  changed 

s i g n i f i c a n t l y .  Neve r the less ,  even though b e n e f i c i a t i o n  by i t s e l f  does n o t  

appear w o r t h w h i l e  i n  terms o f  I m p r o v i n g  t h e  l i q u e f a c t l o n  y i e l d s ,  i t  would h e l r  

reduce t h e  s o l i d s  l o a d i n g  d u r i n g  a c t u a l  p l a n t  o p e r a t i o n  and m i n l m l z e  

subsequent  s o l i d  h a n d l i n g  s t e p s .  

S C A L E - U P  STUDIES 

The e x p e r i m e n t a l  r e s u l t s  genera ted t h r o u g h o u t  most o f  t h i s  program indicated 

Lt~dl. s o l v e n t  mod1 t l c a t l o n  improved 01 1 . p r o d u c t i o n  i n  b o t h  n o n c a t a l y t i c  and 

c a t a l y t i c  c o a l  l i q u e f a c t i o n .  However, t h e s e  r e s u l t s  were o b t a i n e d  i n  a  sma l l  

tubing-bomb r e a c t o r ,  and resea rche rs  were n o t  sure  whether t h e  same e f f e c t s  

wou ld  be n o t e d  under sca led-up c o n d i t i o n s .  T h e r e f o r e ,  a  l a r g e r  300-mL 

semicont inuous r e a c t o r  system was des jgned and used t o  t e s t  l i q u e f a c t i o n  o f  

I l l i n o i s  #6 c o a l  w i t h  b o t h  o r i g i n a l  and m o d i f i e d  s o l v e n t s ,  w i t h  and w i t h o u t  

c a t a l y s t .  

Us ing  m o d i f i e d  s o l v e n t  i n  n o n c a t a l y t i c  l i q u e f a c t i o n  m a r g i n a l l y  improved o i l  

y i e l d s  and c o a l  c o n v e r s i o n  compared t o  t h e  base l i q u e f a c t i o n  s o l v e n t ,  i n  

c o n t r a s t  t o  t h e  r e s u l t s  o b t a i n e d  i n  t h e  tubing-bomb r e a c t o r .  

The y i e l d s  n o t e d  d u r i n g  c a t a l y t i c  l i q u e f a c t l o n  c l e a r l y  showed t h e  b e n e f i t  o f  

u s i n g  m o d i f i e d  s o l v e n t ,  s u b s t a n t i d t i n y  what we had ohserved w i t h  t h e  

tubing-bomb r e a c t o r .  

Deep-cleaned o r  b e n e f i c i a t e d  I l l i n o i s  #6 c o a l  was a l s o  l i q u e f i e d  i n  t h e  

autoc  l a v e  r ' e d c k ~ r ,  w? t h  and WI tho 'ut  c a t a  l y s t  and w\ t h  b o t h  o r i g i n a l  and 

m o d i f i e d  s o l v e n t s .  N o n c a t a l y t i c  l i q u e f a c t i o n  w i t h  base l i q u e f a c t i o n  

( n o n t r e a t e d )  s o l v e n t  r e s u l t e d  i n  a  n e t  l o s s  o f  o i l  y i e l d ,  c o n f i r m i n g  t h e  

r e s u l t s  n o t e d  i n  t h e  tubing-bomb r e a c t o r .  Runs w i t h  m o d i f i e d  s o l v e n t  



i n c r e a s e d  o i l  p r o d u c t i o n  and l o w e r e d  SRC p r o d u c t i o n .  Y i e l d s  f r o m  c a t a l y z e d  

l i q u e f a c t i o n  r u n s  i n  t h e  s c a 1 e d . u ~  r e a c t o r  a l s o  . p a r a l l e l e d  t h e  r e s u l t s  n o t e d  

i n  t h e  t ub i ng -bomb  r u n s .  

W l t h  r e g a r d  t o  o i l  y i e l d  and c o a l  c o n v e r s i o n ,  use  o f  b e n e f i c l a t e d  c o a l  a g a i n  

showed no c l e a r  advan tage  o v e r  r aw  ( u n t r e a t e d )  c o d l .  However,  advan tages  o f  

c o a l  b e n e f i c i a t l o n  became c l e a r  when t h e  r e s u l t s  we re  compared on t h e  same 

w e i g h t  b a s l s .  B e n e f i c a t e d  c o a l  y i e l d e d  more o i l  and n e t  p r o d u c t s  t h a n  raw 

c o a l .  I n  a d d i t i o n ,  c o a l  b e n e f l c i a t i o n  r educed  t h e  p r o d u c t i o n  o f  l i q u e f a c t i o n  
3 

r e s i d u e .  T h i s  wou ld  d e c r e a s e  t h e  l o a d  on t h e  s o l i d / l i q u i d  s e p a r a t o r  and  

imp rove  i t s  e f f i c i e n c y .  
J 

EXPLORATORY S T U D I E S  

The f i n a l  p o r t i o n  o f  t h i s  p rog ram c o n s i s t e d  o f  s e v e r a l  e x p l o r a t o r y  e x p e r i m e n t s  

d e s i g n e d  t o  i n c r e a s e  o i l  p r o d u c t i o n  beyond t h a t  a l r e a d y  a c h i e v e d .  S t u d i e s  

f ocused  on f i n d i n g  t h e  op t imum r e a c t i o n  c o n d i t i o n s ,  f i n d i n g  t h e  b e s t  c a t a l y s t  

o r  c o m b i n a t i o n  o f  c a t a l y s t s ,  and s t u d y i n g  t h e  e f f e c t  o f  r e c y c l i n g  u n c o n v e r t e d  

SRC. , 

Optimum R e a c t i o n  C o n d i t l o n s  

S i n c e  we know t h a t  t h e  a c t i v i t y  o f  d i s p e r s e d  molybdenum was g r e a t e r  t h a n  t h a t  

o f  jmp reyna ted  molybdenum and e q u i v a l e n t  t o  t h a t  o f  i r o n ,  we sea rched  f o r  

op t imum r e a c t i o n  c o n d i t i o n s  u s i n g  molybdenum I n  t h e  d i s p e r s e d  form.  ~ e a c t i o n  
\ 

v a r l a b l e s  s t u d i e d  were  r e a c t ' i o n  t e m p e r a t u r e ,  r e s i d e n c e  t i m e ,  i n 1  t i a l  hyd rogen  

p r e s s u r e ,  s o l v e n t - t o - c o a l  r a t i o ,  and c a t a l y s t  c o n c e n t r a t l o n .  Selection o f  the 

b e s t  r e a c t i o n  c o n d i t i o n s  was based on i n c r e a s e d  o i l  y i e l d  and o v e r a l l  c o a l  

c o n v e r s i o n  and dec reased  gas y i e l d .  D e t a i l e d  s t u d y  r e s u l t e d  i n  s e l e c t i o n  o f  

t h e  f o l  l o w l n g  c o n d i t i o n s :  440°C r e a c t l o n  t e m p e r a t u r e ,  60 -mln  residence t l m e ,  

1 , 2 0 0 - p s l q  i n i t i a l  hyd rogen  p r e s s u r e ,  1 ,000 s t r o k e s  p e r  m i n u t e  agitation r a t e ,  

s o l v e n t - t o - c o a l  r a t i o  o f  1 :1 ,  and molybdenum c a t a l y s t  c o n c e n t r a t j o n  o f  250 ppm 

based  on  c o a l .  



Optimum C a t a l y s t  

I n  a n  a t t e m p t  t o  f u r t h e r  i n c r e a s e  o i l  production, t h e  a c t i v i t i e s  o f  n l c k e l  and 

i r o n  were  t e s t e d  u s i n g  m o d i f i e d  base  l l q u e f a c t l o n  s o l v e n t  and t h e  o p t i m a l  

r e a c t i o n  c o n d l ' t I o n s .  M e t a l  c o m b i n a t i o n s  we re  a1  so  examined t o  see whe the r  o l l  

y i e l d  c o u l d  be i n c r e a s e d  o r  c a t a l y s t  c o s t  r educed .  

R e s u l t s  showed t h a t  n i c k e l  wou ld  n o t  be b e n e f i c i a l ,  b u t  e i t h e r  i r o n  o r  

molybdenum w o u l d  be  s u i t a b l e  and s e l e c t i o n  s h o u l d  be  based  on  c o s t .  The 

c o m b i n a t l o n  o f  125-ppm Mo w i t h  0.5% Fe was as good as  250-ppm M o , a l o n e .  

One can  c o n c l u d e  t h a t  t h e  o l l  y l e l d  and c o a l  c o n v e r s i o n  o b t a i n e d  w i t h  250=ppm 

Mo a r e  c l o s e  t o  t h e  maximum o b t a i n a b l e .  However,  c o m b i n l n g  c a t a l y s t s  can  

I m p r o v e  o i l  y i e l d  and c o a l  c o n v e r s l o n  somewhat, so  t h a t  u l t i m a t e  selection 

s h o u l d  be  based  on  t h e  b e s t  economics .  

E f f e c t  o f  SRC R e c y c l e  

S l n c e  r e c y c l i n g  l i g h t  SRC had been r e p o r t e d  t o  s i g n l f l c a n t l y  imp rove  t h e  

l i q u e f a c t i o n  p e r f o r m a n c e  o f  c o a l s  a t  t h e  WACLF, s e v e r a l  SRC r e c y c l e  

e x p e r i m e n t s  we re  p e r f o r m e d  t o  e v a l u a t e  I t s  e f f e c t s  on l l q u e f a c t i o n  u s l n g  b o t h  

base  l i q u e f a c t i o n  and m o d l f l e d  s o l v e n t s  I n  t h e  p r e s e n c e  and absence  o f  

c a t a i y s t s .  

Recycling SRC I n  n o n c a t a l y t l c  c o a l  l i q u e f a c t l o n  s i g n l f l c a n t l y  l n c r e a s e d  011 

y l e l d  w i t h  b o t h  base  l l q u e f a c t l o n  and  m o d l f l e d  s o l v e n t s .  However,  c n a l  

c o n v e r s i o n  d e c r e a s e d  considerably. I n c r e a s l n q  t h e  l e v e l  o f  SRC r e c y c l e  i n  the  

r e a c t l o n  m l x t u r e  f u r t h e r  I n c r e a s e d  o l l  y l e l d  w l t h  b o t h  s o l v e n t s ,  b u t  t h e  

I n c r e a s e  i n  011 y i e l d  was much g r e a t e r  w l t h  base  l l q u e f a c t l o n  s o l v e n t  t h a n  

w l t h  m o d l f i e d  s o l v e n t .  However,  o v e r a l l  c o a l  c o n v e r s l o n  f u r t h e r  dec reased  

w l t h  an  i n c r e a s e  I n  I l ~ e  l e v e l  o f  SRC r e c y c l e ;  t h e  d e c r e a s e  i n  c o n v e r s i o n  was 

d r a m a t l c  w I t h  m o d l f l e d  s o l v e n t .  

Recycling SRC I n  r s t a l y t l c  c o a l  l l q u e f ~ c t i o n  s l g n l f i c a n t l y  I n c r e a s e d  u l l  y j e l d  

w i t h  b o t h  base  l l q u e f a c t l o n  and m o d l f l e d  s o l v e n t s .  U n l l k e  t h e  d r a m a t l c  

dec rease  i n  c o a l  c o n v e r s i o n  w l t h  SRC r e c y c l e  l n  n o n c a t a l y t l c  l i q u e f a c t i o n ,  



coa l .  c o n v e r s i o n  decreas,ed m a r g i n a l l y  I n  t h e  p r e s e n c e  o f  a  c a t a l y s t .  I n  f a c t ,  

an  I n c r e a s e  i n  c a t a l y s t  c o n c e n t r a t i o n  r e s t o r e d  c o a l  c o n v e r s i o n , t o  t h e  l e v e l  

n o t e d  w i t h o u t  SRC r e c y c l e .  . , 

The b e n e f i t s  o f  SRC r e c y c l e  were  c l e a r l y  d e m o n s t r a t e d  by  t h e  d r a m a t i c  I n c r e a s e  

i n  o i l  y i e l d - - t o  as much as 70% o f  t h e  p r o d u c t  s l a t e .  However,  t h i s  was 

a c h i e v e d  o n l y  i n  t h e  p resence  o f  a  c a t a l y s t .  

Recommendat ions f o r  F u r t h e r  I n v e s t i q a t i o n  

I n  t h i s  p rogram,  s e v e r a l  n o v e l  approaches  we re  i d e n t i f i e d  t o  I n c r e a s e  o i l  

y i e l d  i n  c o a l  liquefaction. However,  t h e  f o l l o w i n g  wo rk  I s  needed t o  f u l l y  

u n d e r s t a n d  t h e i r  r o l e  and e x p l o I t  t h e i r . p o t e n t i a 1  i n  c o a l  l i q u e f a c t i o n :  

( 1 )  I n v e s t i g a t e  s o l v e n t  m o d i f i c a t i o n  on a  l a r g e  s c a l e ,  and d e t e r m i n e  I t s  

e f f e c t  upon s t e a d y - s t a t e  c a t a l y t i c  and n o n c a t a l y t i c  1 i q u e f a c t I o n .  

( 2 )  I n v e s t i g a t e  poisoning o r  hindrance o f  t h e  c a t a l y t i c  a c t i v i t y  o f  

i n d i v i d u a l  m e t a l s  o r  combinations o f  m e t a l s  by h e t e r o a t o m i c  

compounds a t  s t e a d y  s t a t e .  

( 3 )  I n v e s t i g a t e  t h e  e f f e c t  o f  deep c o a l  c l e a n i n g  on c a t a l y t i c  

l i q u e f a c t i o n  I n  a  p l l o t  p l a n t .  F u r t h e r m o r e ,  i n v e s t i g a t e  t h e  e f f e c t  

o f  r e c y c l i n g  l i q u e f a c t i o n  r e s i d u e  c o n t a i n i n g  s p e n t  c a t a l y s t  upon  

l i q u e f a c t i o n .  

( 4 )  I n v e s t l g a t e  t h e  e f f e c t  o f  SRC r e c y c l e  i n  c a t a l y t i c  liquefaction a t  

s t e a d y  s t a t e .  

( 5 )  I n v e s t l g a t e  t h e  o v e r a l l  economics  o f  s o l v e n t  r n o d i f i c a t l o n ,  c a t a l y s t  

a p p l I c a t I o n ,  deep c o a l  cleaning, and  SRC r e c y c l e  t o  i d e n t i f y  t h e  

b e s t  mode o f  operation. 

P a t e n t  A c t i v i t y  

A  t o t a l  o f  n i n e  i n v e n t i o n s  were  disclosed based  upon  t h e  r e s e a r c h  c o n d u c t e d  

unde r  th;s c o n t r a c t .  Apper ld ix  3 y r o v l d e s  a c o m p l l e t l o n  o f  a11  t h e  Record  o f  

I n v e n t I o n  f o rms  d i s c l o s e d  t o  t h e  Depa r tmen t  o f  Ene rgy .  
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11.  EXPERIMENTAL PROGRAM 

COAL FEEDSTOCKS - 

Coa l s  f r o m  w e s t e r n  Ken tucky  and I l l i n o i s  ( K e n t u c k y  #9 F i e s  and I l l i n o i s  #6 

B u r n i n g  S t a r  m i n e s )  we re  t e s t e d  i n  t h i s  p rog ram.  These two c o a l s  d i f f e r  

s i g n i f i c a n t l y  f r o m  c o a l s  I n  e a s t e r n  Ken tucky :  i n  t h e i r  i n o r g a n i c  ( m i n e r a l )  

c o m p o s i t i o n ;  t h e  f u n c t i o n a l i t y  o f  e l emen ts  such  as hyd rogen ,  s u l f u r ,  and 

oxygen;  t h e  d i s t r i b u t i o n  o f  i on -exchange  e l e m e n t s  such  as c a l c i u n i  and sodium; 

t h e i r  p e t r o g r a p h i c  c o m p o s i t i o n ;  and t h e i r  c o a l  r a n k .  

Samples o f  t h e s e  two  c o a l s  were s u p p l i e d  by  t h e  W i l s o n v i l l e  Advanced Coa l  

L i q u e f a c t i o n  F a c i l i t y .  As s p e c i f i e d  i n  t h e  p rog ram p l a n ,  I l l i n o i s  #6 c o a l  was 

t e s t e d  e x t e n s i v e l y  i n  t h e  p rogram,  whereas Ken tucky  #9 c o a l  was used t o  

p r o v i d e  s u p p o r t i n g  d a t a .  D e t a i l e d  a n a l y s e s  o f  t h e  c o a l  samples ( T a b l e  1 )  

showed t h a t  t h e y  c o n t a i n e d  a  s i g n i f i c a n t  amount o f  ash .  The p y r i t i c  s u l f u r  

c o n t e n t  i n  b o t h  samples was t y p i c a l  o f  a  w e s t e r n  Ken tucky  c o a l .  The samples 

were  c r u s h e d  and s i e v e d  t o  -150 mesh b e f o r e  use .  

PROCESS SOLVENTS 

One o f  t h e  key  f a c t o r s  i n  t h e  deve lopmen t  o f  a  c o a l  l i q u e f a c t i o n  p r o c e s s  i s  

s o l v e n t  s e l f - s u f f 1 c . i e n c y .  Coal  l i q u e f a c t i o n  s o l v e n t s  d e r i v e d  f r o m  c o a l .  

p e t r o l e u m ,  and t a r  sands can  a l l  be used f o r  s t a r t i n g  up an  o p e r a t i o n .  D u r i n g  

l i q u e f a c t i o n ,  t h e  s t a r t - u p  s o l v e n t  i s  t h e n  s l o w l y  r e p l a c e d  by s o l v e n t  m a t e r i a l  

g e n e r a t e d  f r o m  t h e  f e e d  cud1  d u r i n g  t h e  p r o c e s s ,  so t h a t  t h e  c o n c e n t r a t i o n  o f  

c o a l - d e r i v e d  p r o c e s s  s o l v e n t  i n c r e a s e s  w i t h  t h e  number o f  r e c y c l e  passes .  A t  

s t e a d y  s t a t e ,  t h e  r e c y c l e  s o l v e n t  w i l l  be  c o m p l e t e l y  d e r l v e d  f r o m  t h e  c o a l  

used I n  t h e  p l a n t .  Because each  c o a l  t y p e  i s  u n i q u e  and has a  d i f f e r e n t  

l l q u e f a c t i o n  b e h a v i o r ,  i t  i s  p r e f e r a b l e  t o  s t u d y  c o a l  l i q u e f a c t i o n  u s i n g  a  

P r o c e s s - d e r i v e d  s o l v e n t  g e n e r a t e d  a t  s t e a d y  s t a t e  f r o m  t h e  same c o a l  t y p e .  

T h e r e f o r e ,  i n  o r d e r  t o  a v o i d  a  m i sma tch  o f  s o l v e n t s  and c o a l s ,  l i q u e f a c t i o n  

t e s t i n g  o f  t h e  two c o a l s  s t u d l e d  I n  t h i s  p r o g r a m  was conduc ted  w i t h  s o l v e n t s  

t h a t  had been g e n e r a t e d  f r o m  s t e a d y - s t a t e  o p e r a t i o n  o f  t h e  W l l  s o n v i  1  l e  p l a n t  



I A B L E  1  - -  

A N A L Y S I S  OF COAL SAMPLES - -.- 

w t  % 

- Ken tucky  #9 I l l i n o l s  66 
P r o x i m a t e  a n a l y s i s  

M o i s t u r e  2.30 2 .54  

A s h  8 .90  10 .46  

V o l a t i l e  - - 37 .56  

F i x e d  c a r b o n  - - 49 .44  

U l t i m a t e  a n a l y s i s  

C 

I4 

0 ( b y  d i f f e r e n c e )  

N 

S 

C 1 

D l s t r l b u t l o n  o f  s u l f u r  

T o t a l  s u l f u r  

P y r l t e  s u l f u r  

S u l f a t e  s u l f u r .  

Q r  y d ~ l l c  s u l f u r  



under  s t a n d a r d  SRC-I p r o c e s s  c o n d i t i o n s  u s i n g  e i t h e r  I l l i n o i s  #6 o r  Ken tucky  

#9 c o a l .  D e t a l l e d  a n a l y s e s  o f  ' t h e  two s t a r t i n g  l l q u e f a c t i o n  s o l v e n t s  a r e  

p r e s e n t e d  i n  T a b l e  2 .  B o t h  samples c o n t a i n e d  c o n s i d e r a b l e  amounts o f  

h e t e r o a t o m  ( n i t r o g e n  and oxygen)  compounds. S t a r t l n g  1  i q u e f a c t i o n  s o l v e n t  

d e r i v e d  f r o m  ~ l i l n o i s  #b c o a l  a l s o  c o n t a i n e d  a  l a r g e  amount o f  

p e n t a n e - i n s o l u b l e  m a t e r i a l  such  as SRC ( 1 3 . 0  w t  % ) .  w h l c h  was due t o  t h e  

r e c y c l e  o f  LSRC ( l i g h t  s o l v e n t - r e f i n e d  c o a l )  t o  t h e  d l s s o l v e r  s t a g e  a t  

W i l s o n v i l l e .  However,  s t a r t i n g  l i q u e f a c t i o n  s o l v e n t  d e r i v e d  f r o m  Ken tucky  #9 

c o a l  c o n t a i n e d  an i n s i g n i f i c a n t  amount o f  p e n t a n e - i n s o l u b l e  m a t e r i a l .  

P e n t a n e - i n s o l u b l e  m a t e r i a l  n o t  o n l y  c o m p l i c a t e s  t h e  t r e a t m e n t  o f  l i q u e f a c t i o n  

s o l v e n t ,  b u t  a l s o  makes i n t e r p r e t a t i o n  o f  c o a l  l i q u e f a c t i o n  d a t a  v e r y  

d i f f i c u l t .  T h e r e f o r e ,  t h i s  m a t e r i a l  was removed f r o m  t h e  I l l i n o i s  #6 c o a l  

d e r i v e d  s t a r t i n g  l i q u e f a c t i o n  s o l v e n t  by p e n t a n e  e x t r a c t i o n ,  and t h e  r e s u l t i n g  

p e n t a n e - s o l u b l e  p r o d u c t  was used  as t h e  base  l i q u e f a c t i o n  s o l v e n t  f o r  t h i s  

p rogram.  B o t h  t h e  p e n t a n e  s o l u b l e s  and i n s o l u b l e s  r e c o v e r e d  f r o m  t h e  

e x t r a c t i o n  were  a n a l y z e d .  As summar ized i n  T a b l e  3, t h e  a n a l y s e s  r e v e a l e d  

t h a t  p e n t a n e  e x t r a c t i o n  was e f f e c t i v e  i n  s e g r e g a t i n g  t h e  h i g h  h e t e r o a t o m -  

c o n t a i n i n g  compounds, namely  t h e  SRC-type m a t e r i a l  p r e s e n t  i n  t h e  s t a r t l n g  

l i q u e f a c t i o n  s o l v e n t ,  i n t o  t h e  r a f f i n a t e .  The p e n t a n e - s o l u b l e  o i l s  o f  t h e  

e x t r a c t e d  p r o d u c t  r e v e a l e d  a  r e d u c t i o n  i n  oxygen  and n i t r o g e n  c o n t e n t  o f  32  

and 35%. r e s p e c t i v e l y .  

PROCtSS SOLVENT FROM SRC HYDROTREATER -- 

Process  s o l v e n t  f r o m  a  h y d r o t r e a t e r  t y p i c a l l y  c o n t a i n s  more t h a n  8.5% 

hyd rogen .  The a r o m a t i c  compounds p r e s e n t  I n  t h e  h y d r o t r e a t e r  a r e  

p r e d o m i n a n t l y  p a r a f f i n s  and c y c l o p a r a f f i n s ,  w h i c h  a r e  t h o u g h t  t o  be p o o r  

hyd rogen  d o n o r s .  H y d r o t r e a t e r  p r o c e s s  s o l v e n t ,  however ,  c o n t a i n s  l e s s  t h a n  

1  w t  % p o i s o n o u s  h e t e r o a t o m s .  T h e r e f o r e ,  t h e  h y d r o t r e a t e r  s o l v e n t  p r e s e n t e d  

an  o p p o r t u n i t y  t o  d e t e r m l n e  t h e  e f f e c t  o f  p o i s o n o u s  h e t e r o a t o m s  d u r i n g  b o t h  

t h e r m a l  and c a t a l y t i c  c o a l  l i q u e f a c t i o n  r e a c t i o n s .  I t  was a l s o  I n s t r u m e n t a l  

i n  d e t e r m i n i n g  t h e  r o l e  o f  c y c l o p a r a f f i n s  i n  c o a l  l i q u e f a c t i o n .  



ANALYSIS OF STARTING LIQUEFACTION SOLVENTS - 

- 7 
wt % 

Kentucky #9 Illinois #6 
a 

Solvent separation 

Oi 1 98.0 87 .O 

SRC 1.8 12.3 

Insoluble organlc materlal (IOM) 0.2 0.7 

Element 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

Sulfur 

- . -.--.,-.. . .  ....-- 

a ~ \ ~  - pentan; s o l u b l e ~ .  

SRC - pentane insolubles. methylene chloride/methanol solubles 

IOM - methylene chloride/methanol insolubles 



I _PEPJANEEXTRACTION OF STARTING LIQUEFACTION 

SOLVENT DERIVED. FROM I L L I N O I S  #6 COAL - 

- --- 
S t a r t i n g  

l i q u e f a c t i o n  w t  % 

- -  E lement  s o l v e n t  S o l u b l e s  I n s o l u b l e s  

Carbon 8 6 . 5 6  8 8 . 0 2  8 0 . 5 9  

Hydrogen  

0  x y g  e  n  

N i  t r o g e n  

S u l f u r  

-. . 
a  

Numbers i n  p a r e n t h e s e s  a r e  w e l g h t  p e r c e n t  r e d u c t i o n  upon e x t r a c t i o n .  



The h y d r o t r e a t e r  s o l v e n t  used i n  l i q u e f a c t i o n  e x p e r i m e n t s  was g e n e r a t e d  by 

h y d r o t r e a t i n g  a  m i x t u r e  o f  p r o c e s s  S o l v e n t  and SRC i n  a  c a t a l y t i c  h y d r o c r a c k e r  

a t  W i l s o n v i l l e .  T h i s  sample con ta i . ned  no  a p p r e c i a b l e  amount o f  

p e n t a n e - i n s o l u b l e  m a t e r i a l  such  as SRC. The d e t a i l e d  a n a l y s i s  o f  h y d r o t r e a t e r  

. s o l v e n t  i s  p r e s e n t e d  i n  T a b l e  4 .  

SOLVENT-REFINED COAL (SRC) - - 

S e v e r a l  samples o f '  SRC we re  g e n e r a t e d  i n  v a r i o u s  c a t a l y t i c  and n o n c a t a l y t i c  

l i q u e f a c t i o n  e x p e r i m e n t s  i n  a  t ub i ng -bomb  r e a c t o r  u s i n g  base  l i q u e f a c t i o n  and 

m o d i f i e d  s o l v e n t s .  These samples we re  t h e n  r e c y c l e d  t o  s t u d y  t h e i r  e f f e c t  on 

c a t a l y t i c  and n o n c a t a l y t i c  l i q u e f a c t i o n .  A  samp le  o f  SRC g e n e r a t e d  i n  a  

n o n c a t a l y t i c  l i q u e f a c t i o n  e x p e r i m e n t  w i t h  base  l i q u e f a c t i o n  s o l v e n t  was 

r e c y c l e d  o n l y  t o  a  l i q u e f a c t i o n  r u n  I n v o ' l v ' l n g - n o  c a t a l y s t  and base 

l i q u e f a c t i o n  s o l v e n t .  A s i m i l a r  p r o c e d u r e  was f o l l o w e d  w i t h  o t h e r  SRC samples 

t o  p r e v e n t  a  m i s m a t c h  o f  samp les .  

An o i l - s o l u b l e  molybdenum compound, molybdenum o c t o a t e ,  c o n t a i n i n g  8 w t  % 

molybdenum as f r e e  m e t a l  was o b t a l n e d  f r o m  Shepard Chemica l  Company, 

C i n c i n n a t i ,  Oh io .  A number o f  o t h e r  o i l - s o l u b l e  m e t a l  c a t a l y s t s  such  as  

n i c k e l  o c t o a t e ,  i r o n  n a p h t h e n a t e ,  and z i n c  n a p h t h e n a t e  were a c q u i r e d  f r o m  

Mooney Chem ica l s ,  Columbus, Oh io ,  and  t e s t e d  i n  t h e  p rog ram f o r  t h e i r  

c a t a l y t i c  a c t i v i t y .  Ammonium m o l y b d a t e  was r e c e l v e d  f r o m  C l imax  Molybdenum 

Company, Greenwich ,  C o n n e c t i c u t .  O t h e r  c a t a l y s t s  such  as i r o n  s u l f a t e ,  z i n c  

s u l f a t e ,  n i c k e l  n i t r a t e ,  and c o b a l t  n i t r a t e  we re  s u p p l i e d  by  F i s h e r  S c l e n t i f l c  

Company. F a i r  Lawn, New J e r s e y .  



TABLE 4 -- 

ANALYSIS O F  HYDROTREATER SOLVENT - 

- wt  % 

Pentane s o l u b l e s  100.0  

~ l e m e n t  

Carbon 

Hydrogen 

Oxygen 

N i t r o g e n  

S u l f u r  

D i s t r i b u t f o n  o f  oxygen compounds 

0 as 0 

0 as  OH 

D i s t r i b u t i o n  o f  n i t r o g e n  compounds 

N as N 

N as NH 



EQUIPMENT DESCRIPTION 

Tubinq-Bomb Reactor  

A 50-mL tubing-bomb r e a c t o r  was des lgned and assembled a t  A i r  Products  f o r  

c a t a l y t i c  and n o n c a t a l y t i c  c o a l  l i q u e f a c t i o n  sc reen ing .  s t u d i e s .  The r e a c t o r  

assembly i s  shown i n  F i g u r e  1 .  A  r e a c t i o n  m i x t u r e  c o n t a i n i n g  3 g  o f  c o a l ,  6  g  

o f  l i q u e f a c t i o n  s o l v e n t ,  and a  p rede te rm ined  amount o f  c a t a l y s t  ( i f  any)  was 

used i n  most  o f  t h e  expe r imen ts .  The r e a c t o r  was p r e s s u r i z e d  w i t h  hydrogen t o  

850 p s i g  a t  25°C. l e a k - t e s t e d ,  and p l a c e d  i n  a  preheated f l u i d i z e d  sand b a t h .  

T y p i r a l l y ,  l ~ s s  t h a n  two m lnu tes  was r e q u i r e d  t o  h e a t  t h e  r e a c t o r  t o  r e a c t i o n  

tempera tu re .  The r e a c t o r  was a g i t a t e d  a t  1,000 s t r o k e s  p e r  m i n u t e  w i t h  t h e  

h e l p  o f  a  v a r i a b l e - s p e e d  mo to r .  Reactor  t empera tu re  was maintained f o r  a  

s p e c i f i e d  t!rne, a f t e r  wh ich  t h e  r e a c t o r  w a s  coo led  by p l a c i n g  i t  i n  a  water  

b a t h .  P roduc t  gases were c o l l e c t e d  and 'ana l yzed ,  and t h e  s l u r r y  was 

s o l v e n t - s e p a r a t e d  t o  de te rm ine  p r o d u c t  d l s t r i b u t l o n .  A summary o f  t h e  s o l v e n t  

s e p a r a t i o n  p rocedure  i s  o u t l l n e d  i n  Appendlx 1 .  

Semlcont inuous A u t o c l a v e  Reactor  

A 300-mL semicont inuous a u t o c l a v e  r e a c t o r  was des lgned,  b u i l t ,  and opera ted a t  

A i r  P roduc ts  f o r  sca led-up catalytic and n o n c a t a l y t l c  c o a l  l i q u e f a c t i o n  

s t u d i e s .  The u n i t  was des igned f o r  a  c o n t i n u o u s  f l o w  o f  hydrogen t o  ensure  

s u f f i c i e n t  hydrogen supp ly  f o r  t h e  r e a c t i o n .  The e x p e r i m e n t a l  se tup  I s  

i l l u s t r a t e d  i n  F i g u r e  2. 

The r e a c t i o n  m l x t u r e  f o r  t h e  l i q u e f a c t i o n  expe r imen ts  consisted of  40 g . o f  

c o a l ,  60 g  o f  l j q u e f a c t l o n  s o l v e n t ,  and a .predeterm1ned amount o f  c a t a l y s t  ( I f  

a n y ) .  The system was l e a k - t e s t e d  w i t h  h e l i u m  t o  2,500 p s i g  p r e s s u r e  a t  room 

tempera tu re .  The system was d e p r e s s u r i z e d  and hydrogen f l o w  was e s t a b l i s h e d  

t o  t h o r o u g h l y  pu rge  t h e  system. The r e a c t o r  was t h e n  p r e s s u r i z e d  w l t h  

hydrogen t o  1,000 p s i g .  The r e a c t o r  h e a t i n g  was s t a r t e d  a t  t h ' l s  p o i n t .  The 

r e a c t o r ' s  p r e s s u r e  was r a i s e d  t o  2,000 p s i g  when i t s  t empera tu re  reached 

250°C. The con t i nuous  f l o w  o f  hydrogen was a l s o  i n i t i a t e d  t o  ensure  

a v a i  l a b 1  11 t y  o f  enough hydrogen f o r  t h e  r e a c t i o n .  The r e a c t o r  was m a i n t a i n e d  

a t  t h e  d e s i r e d  tempera tu re  f o r  a  s p e c i f i c  l e n g t h  o f  t ime ,  a f t e r  wh lch  t h e  



FIGURE I 
REACTOR SYSTEM USED IN 

LIQUEFACTION EXPERIMENTS 

VARIABLE 
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FIGURE 2 
SCHEMATIC OF 300-ML AUTOCLAVE REACTOR 

PI1 RV1 - RD1 RV2 RV3 

PR1 HV1 CV1 He I M D A  

HV10 
R1 

EMERGENCY 

PR1 AND PR2 
HV1 TO HV10 
CV1 AND CV2 
PI1 TO PI4 
RV1 TO RV4 
R1 
MD. 
RD1 
T 4  

VENT 1 

LIST OF MAJOR PARTS 

PRESSUREREGULATORS 
HIGH-PRESSURE FLOW-CONTROL VALVES 
CHECK VALVES 
PRESSURE INDICATORS 
RELIEF VALVES 
300-h1L AUTOCLAVE REACTOR 
MAGNE-DRIVE UNIT 
RUPTURE DISC 
COLD TRAP 

VENT 



h e a t e r s  were t u r n e d  o f f  and t h e  hyd rogen  f l o w  was discontinued. The p r o d u c t  

gases were  c o l l e c t e d  and a n a l y z e d ,  and t h e  s l u r r y  was distilled t o  de te rm jne  

t h e  p r o d u c t  d i s t r i b u t i o n .  The d e t a i l e d  o p e r a t i n g  and c a l c u l a t i o n  pro,:edures 

f o r  t h e  a u t o c l a v e  r e a c t o r  ar.e p r e s e n t e d  I n  Append l x  2 .  



.> THIS PAGE 

WAS INTENTIONALLY 

LEFTBLANK 



I 

111.  SOLVENT MODIFICATION 

Samples o f  p r o c e s s  s o l v e n t s  der !ved f r o m  I l l i n o l s  #6 and Ken tucky  #9 c o a l s  

were  t r e a t e d  t o  remove n i t r o g e n  bases o r  p h e n o l s  o r  b o t h .  A sample o f  

h y d r o t r e a t e r  s o l v e n t  was a l s o  t r e a t e d  t o  remove h e t e r o a t o m l c  compounds. 

S e v e r a l  methods were employed t o  t r e a t  t h e  p r o c e s s  s o l v e n t  d e r i v e d  f r o m  

I l l i n o i s  #6 c o a l ,  b u t  o n l y  l l m i t e d  wo rk  was conduc ted  t o  remove h e t e r o a t o m l c  

compounds f r o m  b o t h  . t h e  Ken tucky  #9 c o a l  and h y d r o t r e a t e r  s o l v e n t s .  I n  each  

case ,  s l n c e  t h e  p r o c e s s  s o l v e n t s  we re  s o l u b l e  i n  n -pen tane ,  i t  was used as  a  

d i l u e n t  i n  e x p e r i m e n t s  t o  remove t h e  n l t r o g e n  bases and  p h e n o l s  f r o m  t h e  

p r o c e s s  s o l v e n t .  

TREATMENT OF I L L I N O I S  #6 COAL D E R I V E D  LIQUEFACTION SOLVENT 

Removal o f  N i t r o q e n  Bases 

To remove n i t r o g e n  bases ,  samples o f  t h e  base  l i q u e f a c t i o n  s o l v e n t  were  

t r e a t e d  w i t h  e l t h e r  anhyd rous  h y d r o c h l o r i c  a c i d ,  s l l l c a  g e l ,  o r  a  m l x t u r e  o f  

50% s i l i c a  ge1/50% n e u t r a l  a l u m i n a .  The h y d r o c h l o r i c  a c i d  t r e a t m e n t  was 

p e r f o r m e d  by d l s s o l v j n g  t h e  base  l l q u e f a c t l o n  s o l v e n t  i n  pen tane  and b u b b l l n g  

d r y  hyd rogen  c h l o r i d e  gas t h r o u g h  i t ,  w h i c h  p r e c i p i t a t e d  t h e  hyd rogen  c h l o r i d e  

s a l t s  o f  t h e  n l t r o g e n  bases f r o m  t h e  s o l u t i o n .  The l i q u i d  was t h e n  decan ted ,  

n e u t r a l i z e d  w i t h  ammonia gas ,  and f i l t e r e d ,  and t h e  p e n t a n e  was removed by  

r o t o e v a p o r a t i o n .  

I n  t h e  o t h e r  two  t r e a t m e n t s ,  namely ,  w l t h  s i l i c a  g e l  and a  m l x t u r e  o f  50/50 

s l l i c a  g e l  and n e u t r a l  a lumqna,  t h e  base  l l q u e f a c t l o n  s o l v e n t  was d l s s o l v e d  l n  

p e n t a n e  and m l xed  w i t h  a n  e q u a l  w e i g h t  o f  t h e  s o l l d  a d s o r b e n t .  The r n l x t u r e  

was decan ted ,  t h e  s o l l d  a d s o r b e n t  was washed w l t h  a d d i t i o n a l  pen tane ,  and  a l l  

o f  t h e  p e n t a n e  was removed by r ~ t o e v a ~ o r a t i o n . '  The r e s u l t l n g  m a t e r l a l  was 

t h e n  used  i n  subsequen t  l l q u e f a c t l o n  experiments. 

The e l e m e n t a l  a n a l y s i s  and d l  s t r l b u t l o n  o f  n l  t r o g e n  and oxygen  I n  t h e  p r o d u c t s  

f r o m  t h e  s o l v e n t  t r e a t m e n t s  a r e  summarlzed i n  T a b l e  5 .  From a l l  t h r e e  

p r o c e d u r e s ,  a p p r o x j m a t e l y  80% o f  t h e  o r l g l n a l  m a t e r l a l  was r e c o v e r e d .  The 

r e m a i n i n g  20% o f  t h e  m a t e r l a l  e i t h e r  r e a c t e d  w l t h  HC1 o r  adsorbed ,on  s l l l c a  

g e l  was n o t r e c o v e r e d .  T rea tmen t  w l t h  HC1, s l l  l c a  g e l ,  and s l l  l c a  g e l / n e u t r a l  



SOLVENT TREATMENT TO R E M O V E  NITROGEN BASES 

FROM BASE LIQUEFACTION SOLVENT 

T r e a t e d  s o l v e n t s  
Base S i l i c a  g 

l i q u e f a c t i o n  H C 1  S l l  i c a  neu t r a  
- ...... s o l v e n t  qas q e l  a1 ?mi  n  

T r e a t e d  s o l v e n t  ( w t  % o f  base - - 8 2  80 83 

1 4 q u e f a c t i o n  s o l v e n t )  

Element  

Carbon 

Hydrogen 

Oxygen 

N l t r o g e n  

S u l f u r  

~ i s t r i b u t i o n  o f  n i t r o g e n  compounds 

F( as N 0.28 N D ~  N D N  D 

D i s t r S b u t i o n  o f  v x y y e n  compounds 

1.10 1.18 0.71 . ' 0 as 0 1 .20  

O a s  OH 1 . 1 5  0 .'50 0.60 0.47 

. . .- . .- - - - 

a ND - n o t  d e t e c t e d  



7 6 ,  88, and 79% removal o f  t o t a l  n i t r o g e n ,  r e s p e c t i v e l y .  The n e a r - i n f r a r e d  

(NIR) d a t a  show comple te  removal of b a s l c  n l t r o g e n  compounds ( n j t r o g e n  as 

q u i n o l i n e )  by HC1 and s i  l i c a  g e l  t r e a t m e n t .  The n l t r o g e n  base removal  was 

accompanied by a  co r respond ing  removal o f  oxygen, namely, 25, 42, and 25%, 

r e s p e c t i v e l y .  The reason f o r  t h i s  s imu l taneous removal  o f  n i t r o g e n  and oxygen 

compounds l s  n o t  unders tood.  To unders tand  why, more work i s  r e q u i r e d  t o  

a s c e r t a i n  t h e  t r u e  c h e m i s t r y  o f  t h e  compounds t h a t  a r e  removed and t h e i r  

i n t e r a c t i o n .  

Removal o f  Phenols 

Samples o f  base l i q u e f a c t i o n  s o l v e n t  were a l s o  t r e a t e d  In v a r j o u s  ways t o  

remove t h e  p h e n o l i c  components. Aqueous sodium h y d r o x l d e  t r e a t m e n t  was - 
c a r r i e d  o u t  by v i g o r o u s l y  shak ing  a  10% s o l u t i o n  o f  sodium h y d r o x i d e  w i t h  a  

sample o f  base liquefaction s o l v e n t  d i s s o l v e d  I n  pentane.  A f t e r  s t a n d i n g ,  t h e  

o r g a n i c  phase was separa ted f rom t h e  aqueous phase and washed w i t h  d l s t l l l e d  

wa te r ,  a f t e r  wh ich  t h e  pentane was removed by r o t o e v a p o r a t l o n .  Bo th  b a s i c  

a lum ina  and a  Y-type z e o l l t e  ( s e e  Tab le  6  f o r  d e t a i l e d  a n a l y s i s )  were used t o  

adsorb  t h e  pheno ls  by m i x i n g  an equa l  w e i g h t  o f  t h e  adso rben t  w i t h  base 

l i q u e f a c t i o n  s o l v e n t  d i s s o l v e d  i n  pentane.  A pentane wash o f  t h e  s o l i d  

adso rben t  was added t o  t h e  decanted l i q u i d  and t h e  m a t e r l a l  r o t o e v a p o r a t e d  t o  

remove t h e  pentane.  

The r e s u l t s  o f  t h e  pheno l  removal expe r imen ts  a r e  p resen ted  i n  Tab le  7 .  The 

amount o f  t r e a t e d  s o l v e n t  recove red  v a r i e d  f r o m  83 t o  87% of t h e  o r l g j n a l  

amount, wh ich  was s l l g h t l y  h i g h e r  t h a n  t h a t  n o t e d  i n  t h e  expe r imen ts  t o  remove 

n i t r o g e n  bases.  Treatment  w l t h  NaOH, b a s i c . a l u m i n a ,  and z e o l i t e  removed 

a p p r o x i m a t e l y  24-25% t o t a l  oxygen f r o m  t h e  base l i q u e f a c t i o n  s o l v e n t .  There  

was a l s o  removal  o f  10% n l t r o g e n  w i t h  NaOH, 13% w i t h  b a s i c  a lum ina ,  and 39% 

w i t h  z e o l i t e .  The t r e a t m e n t s  d i d  n o t  remove b a s l c  n l t r o g e n  compounds 

( n l t r o g e n  as q u i n o l i n e )  -- o n l y  NH2 compounds ( T a b l e  7 ) .  The NIR d a t a  

summarized i n  Tab le  7 show o n l y  a  n e g l i g l b l e  removal  o f  e t h e r e a l  oxygen 

compounds f r o m  t h e  base l i q u e f a c t i o n  s o l v e n t .  The removal  o f  pheno ls  was 

h i g h e s t  w l t h  NaOH (61%) and l o w e s t  w l t h  z e o l i t e  (45%).  



TABLE 6 

ANALYSIS OF L I N D E  L Z - Y 8 2   ZEOLITE^ 

' ~ n a l  y s i s  p r o v i d e d  b y  Un ion  Carb ide  C o r p o r a t i o n ,  Moorestown, N.J. 



TABLE 7  

SOLVENT TREATMENT TO REMOVE PHENOLS 

FROM BASE LIQUEFACTION SOLVENT 

Base T r e a t e d  s o l v e n t s  
l l q u e f a c t l o n  Bas i c 

s o l v e n t  NaOH a lum ina  Y-2eo l  1  t e  

T rea ted  s o l v e n t  ( w t  % o f  base - - - - . 87 83 

l i q u e f a c t l o n  s o l v e n t )  

Element 

Carbon 

Hydrogen 

Oxygen 

N i t r o g e n  0.67 0 .60  0 .58  0.41 

S u l f u r  0.62 0 .66  0.61 0.60 

D i s t r i b u t i o n  o f  n i t r o g e n  compounds 

N as N 0.28 0.33 0.29 0.29 
. . 

N  a s  NH 0.15 0.17 N D ~  0.04 

N as NH2 0.24 0.10 0.29 0.08 

a~~ - n o t  d e t e c t e d  



Removal o f  B o t h  Pheno ls  and N i t r o q e n  Bases 

TWO samples o f  base  l i q u e f a c t i o n  s o l v e n t ,  one p r e t r e a t e d  with HC1 t o  remove 

n i t r o g e n  bases and t h e  o t h e r  p r e t r e a t e d  w i t h  NaOH t o  remove p h e n o l s ,  were 

t r e a t e d  f u r t h e r  t o  remove a d d i t i o n a l  h e t e r o a t o m i c  compounds. The sample I 
p r e t r e a t e d  w i t h  H C ~  was f u r t h e r  t r e a t e d  w i t h  s i l i c a  g e l ,  and t h e  sample 

p re t r . , ed t ed  w, \ t h  NaOH was  f u r t h e r  t r e a t e d  w i t h  HC1. Ana l yses  o f  t h e  base  

l i q u e f a c t i o n  and  t r e a t e d  s o l v e n t  samples a r e  compared l n  T a b l e  8 .  The amount 

o f  t r e a t e d  s o l v e n t  r e c o v e r e d  was a p p r o x i m a t e l y  63% o f  t h e  o r i g l n a l  amount,  and 

n i t r o g e n  compounds we re  c o m p l e t e l y  removed f r o m  t h e  Lase  l ~ i q u e t ' a c t l o n  s o l v e n t  

i n  b o t h  cases .  T r e a t m e n t  w i t h  HC1 f o l l o w e d  by  s i l l c a  g e l  r e s u l t e d  I n  a  64% 

remova l  o f  oxygen ,  whcreas  t r e a t m e n t  with NaOH f o l l o w e d  by HCl gave 59% oxygen 

r e m o v a l .  

A d d i t i o n a l  T r e a t m e n t  

I n  a d d i t i o n  t o  t h e  . t r e a t m e n t s  j u s t  d i s c u s s e d ,  s e v e r a l  o t h e r  t e c h n i q u e s  were  

a p p l i e d  t o  remove n i t r o g e n  bases and p h e n o l s  f r o m  t h e  p e n t a n e - e x t r a c t e d  

s t a r t l n g  l i q u e f a c t i o n  s o l v e n t  ( b a s e  l i q u e f a c t i o n  s o l v e n t ' )  d e r i v e d  f r o m  

I l l i r ~ o i s  #6 c o a l .  

Removal o f  N i t r o q e n  Compounds. Samples o f  base  l l q u e f a c t l o n  s o l v e n t  we re  

t r e a t e d  w i t h  s e v e r a l  c l a y s  t o  remove n i t r o g e n  compounds. The t r e a t m e n t  

l n v o l v e d  d l s s o l v l n g  t h e  s o l v e n t  i n  p e n t a n e  and m l x l n g  i n  an e q u a l  w e i g h t  o f  

t h e  soljd a d s o r b e n t  ( c l a y s ) .  The m i x t u r e  was decan ted ,  t h e  s o l i d  a d s o r b e n t  

w a s  washed w i t h  a d d i t i o n a l  pen tane ,  and a l l  o f  t h e  p e n t a n e  was removed by  

r o t o e v a p o r a t l o n .  The d e t a i l e d  a n a l y s e s  o f  t h e  t r e a t e d  s o l v e n t s  a r e  summar ized 

l n  T a b l e  9 .  

T r e a t m e n t  o f  t h e  s o l v e n t  w i t h  b e n t o n i t e  ( n a t u r a l  magnesium/a luminum silicate) 

and k a o l i n  ( n a t u r a l  a l um lnum s i l i c a t e )  removed a l m o s t  none o f  t h e  n l t r o g e n  o r  

oxygen  compounds. L l k e w l s e ,  a t t a p u l g u s  c l a y  ( n a t u r a l  magnesium s i l i c a t e )  and 

s y l o l d  ( n a t u r a l  s l l i c a )  we re  m a r g i n a l l y  e f f e c t l v e  i n  r emov ing  n l t r o g e n  and 

oxygen  compounds compared t o  s i l l c a  g e l  ( T a b l e  9 ) .  C o n t r a r y  t o  a t t a p u l g u s  

c l a y ,  a n o t h e r  f o r m  o f  n a t u r a l  magnesium s i  1  l c a t e ,  s e p l o l l  t e ,  was m o d e r a t e l y  

a c t l v e  i n  r e m o v l n g  n l t r o g e n  and oxygen  compounds compared t o  s l l l c a  g e l .  



TABLE '8 

SOLVENT TREATMENT TO R E M O V E  BOTH PHENOLS AND NITROGEN BASES 

FROM BASE LIQUEFACTION SOLVENT 

T r e a t e d  s o l v e n t s  
Base HC 1 NaOH 

l i q u e f a c t i o n  f o l l o w e d  b y  f o l l o w e d  
. s o l  v e n t  s i l i c a  s e l  by HC1 

T r e a t e d  s o l v e n t  ( w t  % o f  base  - - 6 3 - - 

1 i q u e f a c t i o n  s o l v e n t )  

E lement  

Carbon 

Hydrogen  

Oxygen 

N i t r o g e n  

S u l f u r  

D i s t r l b u t i o n  o f  oxygen  compounds 

0  as 0  

0 as OH 

D i s t r l b u t i o n  o f  n i t r o g e n  compounds 

N as N 

N  as  NH 

a~~ - n o t  d e t e c t e d  



SOLVENT TREATMENT TO REMOVE NITROGEN COMPCUNE 

FROM BASE LIOUEFACTION SOLVENT 

T r e a t e d  s o J ~ g n t s  
Base H C 1 - t r e a t e d  s e p l o ~  

l l q u e f a c t l o n  P t t a p u l g u s  Not  S l l i c a  
s o l v e n t  Bentonite K a o l i n  Po r ocd----_-. c l a y  S y l o M  S e p i o l l t e  a c t i v a t e d  A c t i v a t e d  qe 1 

T r e a t e d  s o l v e n t  - -  5 9 . 6  98.9  82.2 92 .0  9 2 . 2  9 ? ;. 4 94 .0  9 0 . 1  80 .0  

( w t  % o f  base  

l l q u e f a c t l o n  

s o l v e n t )  

E lement  

Carbon 88.02 

Hydrogen  
h) 

8.57 

I Oxygen 2 .25  

N l t r o g e n  0 .67  

S u l f u r  0 . 62  

H e t e r o a t o m  

remova 1 

( w t  %) 

N l  t r o g e n  - - 

Oxygen - - 



S e p l o l  i t e ' s  a b i  1  i t y  t o  remove n i t r o g e n  compounds i n c r e a s e d  c o n s i d e r a b l y  when 

washed w i t h  d i l u t e  h y d r o c h l o r i c . a c i d  b e f o r e  use ( T a b l e  9 ) .  Fur thermore ,  

a c t i v a t i o n  o f  acid-washed s e p i o l i t e  by hea t  t r e a t m e n t  f u r t h e r  enhanced i t s  

he te roa tom removal a c t i v i t y .  

Based on our  r e s u l t s ,  s i l i c a  g e l  appears t o  be t h e  b e s t  s o l i d  adsorbent  f o r  

removing b o t h  n i t r o g e n  and oxygen compounds f r o m  t h e  base l i q u e f a c t i o n  s o l v e n t  

compared t o  s e v e r a l  o t h e r  c l a y s  and s o l i d  adsorbents  t e s t e d  i n  t h e  program. 

Removal o f  Oxyqen Compounds. A sample o f  base l i q u e f a c t i o n  s o l v e n t  was 

t r e a t e d  w i t h  a c i d i c  a lum ina  t o  compare I t s  a b i l i t y  t o  remove p h e n o l i c  

components w i t h  t h a t  o f  b a s i c  a lum ina .  F i r s t ,  an equa l  w e i g h t  o f  t h e  

adso rben t  was mixed w i t h  t h e  s o l v e n t  d i s s o l v e d  i n  pentane.  A pentane wash o f  

t h e  s o l i d  adso rben t  was t h e n  added t o  t h e  decanted l i q u i d  and t h e  m a t e r i a l  

r o t o e v a p o r a t e d  t o  remove t h e  pentane.  The amount o f  t r e a t e d  s o l v e n t  recove red  

was 88% o f  t h e  o r j g l n a l  amount, wh ich  was v e r y  s i m i l a r  t o  t h a t  n o t e d  w i t h  t h e  

use o f  b a s i c  a lumina ( T a b l e  1 0 ) .  

The t r e a t m e n t  removed a p p r o x i m a t e l y  17% t o t a l  oxygen f r o m  t h e  base 

l ' l q u e f a c t i o n  s o l v e n t ,  wh ich  was, as expected,  lower  t h a n  t h a t  no ted  w i t h  b a s i c  

a lum ina .  The t r e a t m e n t ,  however, removed m a i n l y  oxygen compounds such as 

pheno ls  (0 as OH) f r o m  t h e  s o l v e n t  ( a p p r o x l m a t e l y , 3 1 % ) .  S u r p r i s i n g l y ,  i t  d i d  

n o t  remove any n i t r o g e n  compounds. 

TREATMENT OF KENTUCKY #9 COAL DERIVED LIQUEFACTION SOLVENT 

Samples o f  s t a r t i n g  l i q u e f a c t i o n  s o l v e n t  d e r i v e d  f r o m  Kentucky #9 c o a l  were 

a l s o  t r e a t e d  w l t h  b o t h  s i l i c a  g e l  and b a s i c  a lum ina  t o  remove n i t r o g e n  bases 

and pheno ls .  I n  t h e  exper iments  w i t h  t h e s e  m a t e r i a l s ,  t h e  adsorbed pheno ls  

and n i t r o g e n  bases were recove red  by e l u t i n g  them w l t h  a  m i x t u r e  o f  methy lene 

c h l o r i d e  and methano l .  The amour~is and ana lyses  o f  t r e a t e d  I l q u i d  p r o d u c t  and 

adsorbed m a t e r i a l  a r e  p resen ted  j n  Tab le  11. 



TABLE 1 0  

SOLVENT -TREATMENT. TO R E M O V E  OXYGEN COMPOUNDS - 
FROM BASE .LIQUEFACTION SOLVENT 

Base T-reated s o l v e n t s  
l i s u e f a c t l o n  A c i d i c  Bas 1 c 

T r e a t e d  s o l v e n t  ( w t  % o f  base - - 
l j q u e f a c t i o n  s o l v e n t )  

Flrlrnent 

Carbon 88.02 88.38 88.61 

Hydrogen 8.57 8.57 8.74  

Oxygen 2.25 1.86 1.62 

N i t r o g e n  0.67 0 .10  0.58 

S u l f u r  0 .62  0.68 0.61 

U l s t r i b u t i o n  of  n i t r o g e n  compn~rnds 

N as N 0.28 0.28 0.29 

N as NH 0.15 0.19 ND' 

N as Nt12 0.24 0.23 0.29 

D i s t r i b u t i o n  o f  oxygen compounds 

0 as 0 1 . 1 0  1.07 1 .Ol 

0 a $  OH 1.15 0.79 0.58 

- 

- n o t  d e t e r m i n e d  



TABLE 11 

ANALYSIS OF STARTING.LIQUEFACTION AND MODIFIED SOLVENTS D E R I V E D  FROM 

KENTUCKY #9 COAL TREATED WITH BASIC ALUMINA .AND'SILICA GEL 

Bas i c  a lum ina  S i l i c a  q e l  
. L i q u e f a c t i o n  M o d j f i e d  M o d i f i e d  

s o l v e n t  s o l v e n t  Adsorbed s o l v e n t  Adsorbed 

W t  % o f  l i q u e f a c t i o n  - - 88.8 11.2 . 80.2 19.8 

s o l v e n t  

Element  

Carbon 

Hydrogen 

Oxygen 

N i t r o g e n  

S u l f u r  

S o l v e n t  s e p a r a t i  ona 

01 1  98.0 100.0 - - 100.0 - - 
SRC 1 .8  0 .0  - - 0 . 0  - - 
I n s o l u b l e  o r g a n f c  

m a t e r i a l  ( IOM) 0.2 0 .0  - - 0.0 - - 

a  
011 - pentane s o l u b l e s  

SRC - pentane j n s o l u b l e s ,  me thy lene  c h l o r ~ d e / m e t h a n o l  s o l u b l e s  

I O M  - me thy lene  c h l o r i d e / m e t h a n o l  i n s o l u b l e s  



a l u m i n a  t r e a t m e n t  was 80  and 89%, r e s p e c t i v e l y .  T r e a t m e n t  w i t h  b a s l c  a l um ina  

r e s u l t e d  i n  39 and  16% remova l  o f  oxygen  and n i t r o g e n ,  r e s p e c t i v e l y .  S i l i c a  

g e l  n o t  o n l y  adso rbed  more  m a t e r i a l  compared t o  b a s i c  a l u m i n a ,  b u t  a l s o  

removed c o n s i d e r a b l y  more oxygen  and n i t r o g e n  f r o m  t h e  s o l v e n t ,  namely ,  48 and 

73%. r e s p e c t i v e l y .  

TREATMENT OF HYDROTREATER SOLVENT 

A h y d r o t r e a t e r  s o l v e n t  a l s o  used  i n  liquefaction e x p e r i m e n t s  was g e n e r a t e d  b y  

h y d r o t r e a t i n g  a  m i x t u r e  o f  p r o c e s s  s o l v e n t  and  SRC i n  a  c a t a i  y t l c  h y d r o c r a c k e r  

a t  t h e  W i l s o n v i l l e  Advanced Coa l  L i q u e f a c t i o n  F a c l l i t y .  T h i s  sample c o n t a i n e d  

no a p p r e c i a b l e  amount o f  p e n t a n e - i n s o l u b l e  m a t e r i a l  such  as SRC, and was used  

t o  p r e p a r e  m o d i f i e d  h y d r o t r e a t e r  s o l v e n t  b y  r e m o v i n g  p a r t s  o f  b o t h  n i t r o g e n  

bases and p h e n o l s  w i t h  s i l i c a  g e l .  T h i s  m o d i f i e d  h y d r o t r e a t e r  s o l v e n t  was 

a l s o  used  i n  t h e  l j q u e f a c t i o n  t e s t s .  The d e t a i l e d  a n a l y s e s  o f  h y d r o t r e a t e r  

and m o d i f i e d  h y d r o t r e a t e r  s o l v e n t s  a r e  p r e s e n t e d  i n  T a b l e  1 2 .  N o t i c e  t h a t  

t i e a t m e n t  o f  h y d r o t r e a t e r  s o l v e n t  w i t h ' s i l i c a  g e l  removed o n l y  30 and 50%. 

r e s p e c t i v e l y .  o f  t h e  oxygen  and n i t r o g e n  compounds. The e x t e n t  o f  oxygen  and 

n i t r o g e n  remova l  f r o m  t h e  h y d r o t r e a t e r  s o l v e n t  by  s i l i c a  g e l  was c o n s i d e r a b l y  

l o w e r  t h a n  t h a t  n o t e d  i n  t h e  cases  o f  base  l i q u e f a c t i o n  s o l v e n t  ( I l l i n o i s  #6 

c o a l )  and l i q u e f a c t i o n  s o l v e n t  ( K e n t u c k y  #9 c o a l ) ,  



TABLE 12 

ANALYSIS OF HYDROTREATER AND MODIFIED 

HYDROTREATER SOLVENTS 

wt  % 
M o d i f i e d  

~ y d ' r o t  r e a t e r  h y d r o t r e a t e r  
s o l  ven t  s o l v e n t  

Pentane s o l u b l e s  100.0  100.0 

~ l e m e n t  

Carbon 

Hydrogen 

Oxygen 

N i t r o g e n  

S u l f u r  

D i s t r i b u t i o n  o f  oxygen compounds 

D ~ s t r l b u t l o n  o f  n i t r o g e n  compounds 
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I V .  EFFECT OF SOLVENT MODIFICATION ON COAL LIQUEFACTION 

The l l q u e f a c t i o n  b e h a v i o r  o f  I l l i n o i s  #6 and Ken tucky  #9 c o a l s  was s t u d i e d  i n  

a  5 0 - m ~  tub ing-bomb r e a c t o r  u s i n g  base  l i q u e f a c t i o n ,  m o d l f l e d ,  a n d .  

h y d r o t r e a t e r  s o l v e n t s  i n  t h e  p r e s e n c e  and absence  o f  c a t a l y s t .  A  t e m p e r a t u r e  

o f  425"C, a  t i m e  o f  60 m i n ,  850 p s l g  c o l d  h y d r o g e n  p r e s s u r e ,  3  g  o f  c o a l ,  6  g  

o f  l l q u e f a c t i o n  s o l v e n t ,  and an  agitation r a t e  o f  1 ,000  s t r o k e s  p e r  m i n u t e  

were chosen  as s t a n d a r d  r e a c t i o n  c o n d i t i o n s  ( t h e s e  r e a c t i o n  c o n d l t l o n s  a r e  

te rmed as l o w - s e v e r i t y  c o n d i t i o n s  i n  t h i s  r e p o r t )  f o r  e v a l u a t i n g  t h e  I m p a c t  o f  

m o d i f i e d  l i q u e f a c t i o n  s o l v e n t s  a n d / o r  c a t a l y s t  on d i s s o l u t i o n .  

ESTABLISHING BASELINE DATA 

L i q u e f a c t i o n  o f  I l l i n o i s  #6 Coa l  w i t h  Base L i q u e f a c t i o n  S o l v e n t  

To e s t a b l i s h  b a s e l i n e  d a t a ,  t h e  n o n c a t a l y t i c  l i q u e f a c t i o n  b e h a v i o r  o f  I l l i n o i s  

#6 c o a l  was f i r s t  s t u d i e d  by  u s i n g  t h e  I l l i n o l s  #6  c o a l  d e r i v e d  base  

l i q u e f a c t i o n  s o l v e n t  d i s c u s s e d  e a r l i e r .  D u p l l c a t e  r u n s  were  made t o  d e t e r m i n e  

t h e  r e p r o d u c i b i l i t y  o f  t h e  d a t a .  

As summarized i n  T a b l e  1 3 ,  t h e  d a t a  show a n  o v e r a l l  c o a l  c o n v e r s i o n  o f  82%. 

w h l c h  i s  l o w  compared t o  t h e  90-92% r a n g e  r e p o r t e d  I n  t h e  l i t e r a t u r e  f o r  t h e  

same c o a l .  The r e a s o n  f o r  t h l s  d i f f e r e n c e  i s  t h e  use  o f  a  m l x t u r e  o f  

m e t h y l e n e  c h l o r i d e  and m e t h a n o l  I n  t h e  s o l v e n t  s e p a r a t i o n  p r o c e d u r e ,  i n s t e a d  

o f  p y r i d j n e  o r  c r e o s o l  o i l ,  w h j c h ,  because  t h e y  a r e  s t r o n g e r  s o l v e n t s ,  w o u l d  

y l e l d  h i g h e r  v a l u e s  f o r  o v e r a l l  c o a l  c o n v e r s i o n .  The p r o d u c t i o n  o f  o l l s  and 

gases was 13. and 8%, r e s p e c t i v e l y .  The d a t a  i n  T a b l e  1 3  show v e r y .  good 

r e p r o d u c i  b l l  l t y  f o r  o v e r a l l  c o a l  c o n v e r s l o n  and gas p r o d u c t l o n .  The v a r l a t l o n  

i n  o i l  p r o d u c t i o n  f r o m  t h e  mean v a l u e  was a p p r o x i m a t e l y  2  w t  % a b s o l u t e ,  w h l c h  

was a c c e p t a b l e  f o r  t h e  t ub i ng -bomb  r e a c t o r  experiments. 

To e s t a b l i s h  b a s e l i n e  d a t a  f o r  a  c a t a l y z e d  r e a c t l o n ,  molybdenum o c t o a t e  was 

added t o  a  r e a c t l o n  m i x t u r e  I d e n t i c a l  t o  t h e  one  used  above  a t  a  c o n c e n t r a t i o n  

o f  500-ppm molybdenum m e t a l  based on  c o a l .  The d a t a  i n  T a b l e  1 3  show t h a t  

o v e r a l l  c o a l  c o n v e r s i o n  i n c r e a s e d  f r o m  82 t o  92% w i t h  molybde.num c a t a l y s t  



TABLE 1 3  

LOW-SEVERITY LIQUEFACTION OF ILL INOIS  #6 COAL' 

No c a t a l y s t  500-pprn mol ybc 

Run 1 Run 2  Averaqe c a t a l y s t  

P r o d u c t  d l s t r l b u t i o n  
b 

( w t  % MAF c o a l )  

Gases 7 .9  8 . 3  8 . 1  8 . 2 .  

O l  1  14.4 10 .4  12.4 25.4 

SRC 60 .0  64.2 62.1 5 8 . 4  

1 OM 17 .7  17.1 17.4 R . f l  

C o n v e r s i o n  

a 
R e a c t i o n  m i x t u r e :  

Coal  3 9  

S o l v e n t  6 9 

Reac t i c ~ r ~  c o n d i  t ' lol'15: 

Tempera tu re  425°C 

H, p r e s s u r e  850 p s l g  c o l d  . 
L 

T i  me 60 rnln 

A g i t a t i o n  1,000 s t r o k e s  p e r  r n l nu te  

- pen tane  p p l u b l e s  

SRC - pen tane  i n s o l u b l c s ,  r nc thy l cnc  c h l o r i d e / m e t h a n o l  s o l u b l e s  

IOM - rne thy lene  c h l o r i d e / m e t h a n o l  l n s o l u b l e s  



a d d i t i o n .  F u r t h e r m o r e ,  o i l  p r o d u c t i o n  i n c r e a s e d  f r o m  1 2  t o  25% and, as 

expec ted ,  SRC p r o d u c t i o n  dec reased ,  f r o m  62 t o  58%. The i n c r e a s e  i n  o i l  

p r o d u c t i o n  was due t o  t h e  i n c r e a s e d  c o n v e r s i o n  o f  c o a l  as w e l l  as  SRC.. 

1 These b a s e l i n e  d a t a  we re  g e n e r a t e d  a t  425°C -- l o w - s e v e r i t y  r e a c t i o n  

c o n d i t i o n s .  I n  a d d i t i o n ,  b a s e l i n e  d a t a  we re  d e v e l o p e d  unde r  h i g h - s e v e r i t y  

r e a c t i o n  c o n d i t i o n s  - -  440°C and 1 , 2 0 0 - p s i g  hyd rogen  p r e s s u r e .  The e f f e c t  o f  

r e a c t i o n  c o n d i . t i o n s  and c a t a l y s t  c o n c e n t r a t i o n  on c o a l  l i q u e f a c t i o n  I s  

d i s c u s s e d  i n  d e t a i l  i n  t h e  E x p l o r a t o r y  S t u d l e s  s e c t l o n .  R e s u l t s  o f  t h e  

I b a s e l i n e  r u n s  ace  p r e s e n t e d  i n  T a b l e  14 .  W l t h o u t  c a t a l y ' s t s ,  more o i l  and 

gases were p roduced  ' a t  h i g h - s e v e r i  t y  t h a n  a t  l o w - s e v e r i t y  c o n d i t i o n s  (compare  

T a b l e s  1 3  and 1 4 ) .  However,  c o n v e r s i o n  d ropped  when t h e  s e v e r i t y  o f  r e a c t i o n  

c o n d i t i o n s  i n c r e a s e d ,  i n d i c a t i n g  an o n s e t  o f  r e t r o g r a d e  r e a c t i o n s .  

A d d i t i o n  o f  250 ppm o f  molybdenum ' c a t a l y s t  a t  h i g h - s e v e r i t y  c o n d i t i o n s  

s i g n i f i c a n t l y  i n c r e a s e d  t h e  o l l  y l e l d  f r o m  29 t o  4 5 %  ( T a b l e  ' 14 ) .  Coa l  

c o n v e r s i o n  was a l s o  s i g n i f i c a n t l y  h i g h e r .  

Compar ison o f  t h e  d a t a  i n  T a b l e s  13  and 14 i n d i c a t e s  t h a t ,  i n  n o n c a t a l y t i c  

l i q u e f a c t i o n ,  i n c r e a s i n g  t h e  r e a c t i o n  s e v e r l t y  i n c r e a s e d  o i l  y i e l d ,  b u t  a t  t h e  

expense  o f  c o a l  c o n v e r s i o n .  C o n t r a r y  t o  t h i s ,  increasing t h e  r e a c t i o n  

s e v e r i t y  i n  t h e  p r e s e n c e  o f  a  c a t a l y s t  i n c r e a s e d  t h e  o i l  y l e l d  b u t  w i t h o u t  any 

p e n a l t y  f o r  c o a l  c o n v e r s i o n .  

L i q u e f a c t i o n  o f  I l l i n o i s  #6 Coa l  w i t h  H y d r o t r e a t e r  S o l v e n t  

B a s e l i n e  d a t a  were  a l s o  g e n e r a t e d  w i t h  h y d r o t r e a t e r  s o l v e n t  unde r  

h l g h - s e v e r i t y  r e a c t i o n  c o n d i t i o n s .  The d a t a  summar ized i n  T a b l e  15  show t h a t  

t h e  use  o f  h y d r o t r e a t e r  s o l v e n t  i n  t h e  n o n c a t a l y t l c  l l q u e f a c t l o n  o f  I l l i n o i s  

#6 c o a l  r e s u l t e d  i n  a p p r o x i m a t e l y  45% o i l  y l e l d  and 90% c o a l  c o n v e r s i o n ,  

v a l u e s  s l g n l f i c a n t l y  h l g h e r  t h a n  t h o s e  n o t e d  w l t h  base  l i q u e f a c t i o n  s o l v e n t  

( s e e  Tab les  13  and 1 5 ) .  The r easons  f a r  t h e s e  h i g h e r  y i e l d s  c o u l d  be t h a t  ( 1 )  

t h e  h y d r o t r e a t e r  s o l v e n t  c o n t a i n e d  much more  hyd rogen  t h a n  d i d  t h e  base  

l i q u e f a c t i o n  s o l v e n t ,  p o s s i b l y  r e s u l t i n g  i n  more h y d r o g e n  a v a i l a b l e  f o r  

d o n a t i o n ,  as w e l l  as  a  h i g h e r  r a t e  o f  hyd rogen  t r a n s f e r ,  and ( 2 )  t h e  



TABLE 14 

HIGH-SEVERITY LIQUEFACTION OF I L L I N O I S  #6  COAL^ 

250 ppm 
molybdenum 

No c a t a l y s t  c a t a l y s t  

P r o d u c t  d i s t r i b u t i o n  ( w t  % MAF c o a l )  

Gases 

01  1  

SRC 

C o n v e r s i o n  76 .7  93 .7  

a 
R e a c t i o n  M i x t u r e :  

Coa l  

S o l  v e n t  

H e a c t l o n  c o n d l t l o n s  

T e m p e r a t u r e  

ti P r e s s u r e  
2 

T  l me 

A g i  t a t l o n  

440°C 

1,200 p s l g  c o l d  

60 m l n  

1 ,000  s t r o k e s  p e r  m l n  



TABLE 15  

LIQUEFACTION OF I L L I N O I S  #6 COAL WITH HYDROTREATER  SOLVENT^ 
. . 

250-ppm 
No c a t a l y s t  molybdenum c a t a l y s t  

I I 1  Average  I I I Averaqe  

1 P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 9 . 8  1 0 . 4  10 .1  12 .4  12 .6  12 .5  

O i  1 45 .6  43 .6  44 .6  47 .9  49 .6  48 .8  

SRC 34 .3  36 .9  35 .6  31 . 5  29.5 30 .5  

I OM 1 0 . 3  9 . 1  9 .7  8 . 2  8 . 3  8 . 2  

C o n v e r s i o n  89 .7  90.9 90.3 9 1 . 8  91 .7  91 .8 

a  
R e a c t i o n  m i x t u r e :  

Coa l  3  9  

S o l v e n t  3  g 

R e a c t i o n  c o n d i t i o n s :  

Tempe ra tu re  440°C 

P r e s s u r e  

T'i m'e 

A g i t a t i o n  

1,200 p s i g  H2 c o l d  

60 m'ln 

1 , 0 0 0 , s t r o k e s  p e r  m l n  



h y d r o t r e a t e r  s o l v e n t  c o n t a i n e d  significantly f e w e r  h e t e r o a t o m i c  compounds ( s e  

T a b l e  1 2 ) .  r e s u l t i n g  i n  h i g h e r  a u t o c a t a l y t i c  a c t i v i t y  o f  t h e  m i n e r a l  m a t t e r  1  

t h e  c o a l .  

E x p e r i m e n t a l  d a t a  o b t a i n e d  w i t h  250 ppm o f  molybdenum c a t a l y s t  i n  t h e  p resenc  

o f  h y d r o t r e a t e r  s o l v e n t  showed m i n o r  i n c r e a s e s  i n  b o t h  o i l  y i e l d  and c o a l  , 

c o n v e r s i o n  o v e r  t h e  v a l u e s  o b t a l n e d  w l t h o u t  c a t a l y s t .  These r e s u l t s  c o n t r a s t  

s h a r p l y  w i t h  t h e  t remendous  i n c r e a s e s  i n  b o t h  o i l  y i e l d  and c o a l  c o n v e r s i o n  

p r e v i o u s l y  o b s e r v e d  w i t h  base  l i q u e f a c t l o n  and m o d i f i e d  base  l i q u e f a c t l o n  

s o l v e n t s  d u r i n g  c a t a l y t i c  1 ique fac . t . i on  compared t o  n o n c a t a l y t l c  l i q u e f a c t i o n .  

T h i s  I n f o r m a t i o n  r e v e a l s  t h a t  t h e  p r o p e r t l e s  o f  a  l i q u e f a c t i o n  s o l v e n t  a r e  

more i m p o r t a n t  i n  c o n t r o l l i n g  c o a l  l i q u e f a c t l o n  t h a n  1 s  t h e  c a t a l y s t .  

L i q u e f a c t i o n  o f  Ken tucky  #9 Coa l  w i t h  S t a r t l n q  L l q u e f a c t l o n  S o l v e n t  

The b a s e l i n e  d a t a  f o r  t h e  l i q u e f a c t i o n  o f  Ken tucky  #9 c o a l  were  g e n e r a t e d  

u s i n g  a  s t a r t i n g  l i q u e f a c t i o n  s o l v e n t  d e r i v e d  f r o m  Ken tucky  #9 c o a l .  

R e p l i c a t e  r u n s  made t o  d e t e r m i n e  e x p e r i m e n t a l  v a r i a n c e  a r e  summarized i n  Tab11 

16 .  N o n c a t a l y t i c  l i q u e f a c t l o n  a t  425°C r e s u l t e d  i n  o v e r a l l  c o a l  c o n v e r s i o n  o. 

74%. and o i l  and  gas y i e l d s  o f  12 .7  and  6.5%. r e s p e c t i v e l y .  The d a t a  i n  

T a b l e  1 6  a l s o  show a  maximum s t a n d a r d  d e v i a t i o n  o f  2.5% f o r  c o a l  c o n v e r s i o n ,  

w h l c h  r e f l e c t s  t h e  good r e p r o d u c i b i l i t y  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e .  

To g e n e r a t e  c a t a l y t i c  b a s e l i n e  d a t a ,  500 ppm o f  molybdenum m e t a l  based on coa  

was added t o  t h e  r e a c t i o n  m l x t u r e  i n  t h e  f o r m  o f  molybdenum o c t o a t e .  R e a c t i o ~  

c o n d i t i o n s  we re  s i m l  l a r  t o  t h o s e  used  f o r  n o n c a t a l y t f c  l ! q u e f a c t i o n .  The 

c d t a l y s t  was i n s t r u m e n t a l  n o t  o n l y  in increasing o v e r a l l  c o a l  c o n v e r s i o n  f r o m  

7 4  t o  85%. b u t  a l s o  I n  i n c r e a s i n g  o i l  p r o d u c t i o n  f r o m  13 t o  17% ( T a b l e  1 6 ) .  

However,  t h e  i n c r e a s e  i n  o i l s  was c o n s i d e r a b l y  l o w e r  t h a n  t h a t  obse rved  w i t h  

I l l i n o i s  #6 c o a l .  SRC p r o d ~ ~ r t l o n  a l s o  i n c r e a s e d  f r o m  55 t o  64% w i t h  t h e  

c a t a l y s t .  The I n c r e a s e  i n  o i l  and SRC p r g d u c t i o n  was b a s i c a l l y  due  t o  

i n c r e a s e d  c o a l  c o n v e r s i o n .  



TABLE 1 6  

LIQUEFACTION .OF K E N T U C K Y  #9 FIES  COAL^ 

500-ppm molybdenum 

No c a t a l y s t  c a t a l y s t  

I P r o d u c t  d l s t r l b u t i o n  ( w t  % MAF c o a l )  

I Gases 

O i  1  

SRC 

I OM 

C o n v e r s i o n  

a  
R e a c t i o n  m i x t u r e :  

S o l  v e n t  6  9 

Coa 1 3 g 

C a t a l y s t  500 ppm molybdenum based on c o a l  

R e a c t l o n  c o n d i t l o n s :  

Tempe ra tu re  425°C 

H p r e s s u r e  
2 

850 p s i g  c o l d  

Time 60 m i n  

A g l  t a t l o n  1,000 s t r o k e s  p e r  rnln 



EFFECT OF SOLVENT TREATMENT ON LIQUEFACTION 

N o n c a t a l v t i c  L i q u e f a c t i o n  o f  1 l l i n o i s  #6 C o a l  

M o d i f i e d  Base L i q u e f a c t i o n  S o l v e n t .  Samples o f  s o l v e n t  p r e p a r e d  by  t r . e a t i n g  

c o a l - d e r i v e d  base  l i q u e f a c t i o n  s o l v e n t  by  t h e  d i f f e r e n t  t e c h n i q u e s  d i s c u s s e d  
! e a r l i e r  we re  used  i n  n o n c a t a l y t i c  l i q u e f a c t j o n  e x p e r i m e n t s  t o  e v a l u a t e  t h e i r  , 

e f f e c t ,  and  t h e r e b y  t h e  e f f e c t  o f  h e t e r o a t o m  remova l ,  o n ' l i q u e f a c t i o n .  The 

r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  d i s c u s s e d  b e l o w .  

Samples p r e p a r e d  b y  t r e a t i n g  t h e  base  l i q u e f a c t i o n  s o l v e n t  w i t h  a  m i x t u r e  o f  

s i l i c a  g e l  and n e u t r a l  a l u m i n a ,  o r  HC1 f o l l o w e d  by s i l i c a  g e l ,  we re  used  I n  

l o w - s e v e r i t y  n o n c a t a l y t i c  l i q u e f a c t i o n  e x p e r i m e n t s .  The d a t a  a r e  p r e s e n t e d  i n  

T a b l e  ,17. O i l  p r o d u c t i o n  w i t h  t h e s e  t r e a t e d  s o l v e n t s  i n c r e a s e d  c o n s i d e r a b l y  

o v e r  t h e  b a s e l i n e  r u n  w i t h  base  1 7 q u e f a c t i o n  s o l v e n t ,  and gas and SRC 

p r o d u c t i o n  d e c r e a s e d  c o n s i d e r a b l y .  However.  t h e  o v e r a l l  c o n v e r s i o n  o f  c o a l ,  

d e f i n e d  as m e t h y l e n e  c h l o r i d e / m e t h a n o l  s o l u b l e s ,  dec reased  c o n s i d e r a b l y  w l t h  

b o t h  t r e a t e d  s o l v e n t s .  T h i s  d e c r e a s e  i n  o v e r a l l  c o a l  c o n v e r s i o n  c o u l d  be  due  

t o  t h e  use  o f  m e t h y l e n e  c h l o r i d e / m e t h a n o l  as an  e x t r a c t i n g  s o l v e n t .  A l s o ,  t h e  

l o w e r  d i s s o l u t i o n  power ( p h y s i c a l  s o l u t l o n  power )  6 f  t h e  t r e a t e d  s 6 l v k n t s  

c o u l d  have  a f f e c t e d  t h i s  v a l u e .  

7h.e da.ta l r ~  T a b l e  17 show t h a t  as more and more h e t e r o a t o m i c  .compounds were 

removed f r o m  t h e  base  l i q u e f a c t i o n  s o l v e n t ,  t h e  p h y s i c a l  dissolution power o f  

t h e  t r e a t e d  s o l v e n t  d e c r e a s e d ,  as e v i d e n c e d  b y  decreasing c o a l  c o n v e r s i o n .  

However,  o i l  p r o d u c t i o n  j n c r e a s e d  w i t h  i n c r e a s e d  remova l  o f  h e t e r o a t o m i c  

compounds. 

The m o d l f i e d  s o l v e n t  g e n e r a t e d  by  t r e a t i n g  base  l i q u e f a c t i o n  s o l v e n t  w l t h  HC1 

f o l l o w e d  b y  s i l i c a  g e l  was a l s o  used  t o  d e t e r m i n e  t h e  e f f e c t  o f  s o l v e n t  

t r e a t m e n t  a t  h i g h - s e v e r i t y  r e a c t i o n  c o n d i t i o n s .  Once a g a i n ,  o i l  p r o d u c t i o n  

was h i g h e r  w i t h  t r e a t e d  s o l v e n t  t h a n  w i t h  base  l i q u e f a c t i o n  s o l v e n t  ( s e e  

T a b l e  1 8 ) .  Coa l  c o n v e r s i o n  a t  t h e s e  c o n d i t i o n s  was a l s o  h i g h e r  w i t h  t r e a t e d  



TABLE 1.7 

EFFECT OF SOLVENT TREATMENT ON LOW-SEVERITY NONCATALYTIC 

LIQUEFACTION OF ILL INOIS  #6 COAL 

Base T r e a t e d  s o l v e n t s  
liquefaction S i l i c a  g e l /  H C l / s i l i c a  

-. s o l v e n t  n e u t r a l  a l um lna  q e l  

I He te roa tom c o n c e n t r a t i o n  ( w t  X )  

N l t r o g e n  as n i t r o g e n  bases 0 .28  N  D b  N  D 

(N as q u i n o l i n e )  

1.15 Oxygen a s  pheno l s  0.47 0 .21  

( 0  as OH) 

P r o d u c t  d l s t r l b u t i o n  ( w t  % o f  M A F  c o a l )  

Gases 8 . 1  5.4 5.7 

O i  1  12.4 19 .4  21.5 

SRC 62.1  51.2 46.0 

I OM 17.4 24.0 26.8 *- 

Conve rs lon  

a 
R e a c t l o n  m l x t u r e :  

Coa 1 3 9  
So l  v e n t  6  9  

R e a c t i o n  c o n d i t l o n s :  

Tempera tu re  425°C 

H p r e s s u r e  
2 850 p s i g  c o l d  

T l m e  60 m i n  

Ag i  t a t l o n  1,000 s t r o k e s  p e r  m i n  , 

b~~ - n o t  d e t e c t e d  



TABLE 1 8  

EFFECT OF SOLVENT TREATMENT ON HIGH-SEVERITY NONCATALYTIC 

LIQUEFACTION OF I L L I N O I S  #6  COAL^ 

Base H C l / s i l i c a  
l i q u e f a c t i o n  g e l  t r e a t e d  

s o l v e n t  s o l v e n t  

P r o d u c t  d i s t r i b u t i o n  ( w t  % MAF c o a l )  

G a s e s  11.7  11.3 

O i  1  2 9 . 2  3 3 . 3  

S R C  3 5 . 8  3 2 . 2  

I OM 2 3 . 3  2 2 . 6  

C o n v e r s i o n  76 .7  77.4 

a ~ e a c t ? o n  m i x t u r e :  

Coa l  

Sol verl t 

R e a c t i o n  c o n d i t i o n s :  

T e m p e r a t u r e  

H  p r e s s u r e  a 
T ime 

A g i  t a t l o n  

440°C 

1,200 p s l q  H2 cold 
60 m i n  

1 ,000  s t r o k e s  per m l n  



s o l v e n t ,  w h l c h  c o n t r a s t e d  w i t h  o b s e r v a t i o n s  a t  l o w  s e v e r i t y .  Surprisingly, 

' b o t h  011 y l e l d  and c o a l  c o n v e r s i o n  w i t h  t r e a t e d  s o l v e n t  were  h i g h e r  a t  h i g h  

s e v e r l t y  t h a n  a t  l o w  s e v e r i t y  ( s e e  T a b l e s  17 and 1 8 ) .  

However,  n o t e  t h a t  when base  l i q u e f a c t i o n  s o l v e n t  was used,  o i l  y l e l d  

I n c r e a s e d  as t h e  r e a c t i o n  c o n d i t i o n s  became more s e v e r e ,  whereas c o a l  

c o n v e r s i o n  dec reased .  T h i s  i n d i c a t e s  t h a t  base  l i q u e f a c t i o n  s o l v e n t  1s a  p o o r  

s o l v e n t  f o r  o v e r a l l . c o a 1  c o n v e r s i o n .  The *above d a t a  c l e a r l y  show t h e  b e n e f i t s  

o f  u s i n g  t r e a t e d  s o l v e n t  r a t h e r  t h a n  base  l l q u e f a c t l o n  s o l v e n t  i n  n o n c a t a l y t i c  

l i q u e f a c t l o n  o f , c o a l .  

H y d r o t r e a t e r  S o l v e n t .  E x p e r i m e n t s  we re  a l s o  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  

e f f e c t  o f  r emov ing  h e t e r o a t o m i c  compounds f r o m  h y d r o t r e a t e r  s o l v e n t  on 

n o n c a t a l y t i c  l i q u e f a c t i o n .  I n t e r e s t i n g l y ,  r emova l  o f  some o f  t h e  h e t e r o a t o m i c  

compounds by  s i l i c a  g e l  f r o m  t h e  h y d r o t r e a t e r  s o l v e n t  d l d  n o t  change t h e  

l i q u e f a c t i o n  b e h a v i o r  o f  I l l i n o i s  #6 c o a l  ( T a b l e  1 9 ) .  However,  t h i s  i s  n o t  

s u r p r i s i n g  because  d e t a i l e d  a n a l y s l s  o f  t h e  m o d l f l e d  h y d r o t r e a t e r  s o l v e n t  

( T a b l e  1 2 )  showed o n l y  m a r g i n a l  r emova l  (20-25%) o f  . b o t h  b a s i c  n i t r o g e n  ( N  as 

N )  and p h e n o l i c  (0 as OH) compounds f r o m  t h e  h y d r o t r e a t e r  s o l v e n t  by  s i l i c a  

g e l  t r e a t m e n t .  I t  w o u l d  be i n t e r e s t f n g ,  however ,  t o  d e t e r m i n e  t h e  e f f e c t  upon 

l i q u e f a c t i o n  o f  c o m p l e t e  r emova l  o f  e i t h e r  n i t r o g e n  bases o r  p h e n o l s  o r  b o t h  

f r o m  t h e  h y d r o t r e a t e r  s o l v e n t .  

C a t a l y t f c  L i q u e f a c t i o n  o f  I l l l n o i s  #6 Coal  ' 

M o d l f  l e d  Base L i q u e f a c t i o n  S o l v e n t .  Base l l q u e f a c t l o n  s o l v e n t  samples f r o m  

w h i c h  n l t r o g e n  bases o r  p h e n o l s  o r  b o t h  we re  removed were  used  as l i q u e f a c t i o n  

s o l v e n t s  w i t h  I l l i n o i s  #6 c o a l  l n  t h e  p r e s e n c e  o f  c a t a l y s t s  t o  e v a l u a t e  t h e  

i m p a c t  o f  r emov ing  h e t e r o a t o m l c  compounds f r o m  t h e  s o l v e n t  on c a t a l y t i c  



. . 

TABLE 19 

NONCATALYTIC LIQUEFACTION OF I L L I N O I S  #6 COAL 

M o d i f l e d  
H y d r o t r e a t e r  s o l v e n t  h y d r o t r e a t e r  s o l v e n t  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 

O i  1  

S R.C 

I OM 

C o n v e r s i o n  

a ~ e a c t i n n  m i  x t l l ~ e :  

Coa 1 3 g 

S o l  v e n t  3 9 

R e a c t i o n  c o n d i t i o n s :  

Temper a t u r  e 4 4 0 ° C  

Pressure 1,200 p q l ~  Hz c o l d  

T lme 60 '  m i  n 

A g i t a t i o n  1,000 s t r o k e s  p e r  m i n  



l i q u e f a c t i o n .  Again,  molybdenum.octoate was added t o  t h e  r e a c t l o n  m i x t u r e  a t  

a  c o n c e n t r a t i o n  l e v e l  o f  500 ppm. based on c o a l .  Low-seve r i t y  r e a c t i o n  

c o n d i t i o n s  d e s c r i b e d  e a r l i e r  were used i n  a l l  experiments. R e s u l t s  a r e  

d i scussed  below. 

Effect-of f j i t rgggn-Bases:  L i q u e f a c t i o n  s o l v e n t  samples t r e a t e d  w i t h  anhydrous - 
HC1 o r ' s l l i c a  g e l  were t e s t e d  t o  e s t a b l i s h  t h e  e f f e c t  o f  n i t r o g e n  bases on 

c o a l  I l q u e f a c t i o n .  The expe r imen ta l  d a t a  summarized I n  Tab le  20 show a  

c o n s i d e r a b l e  i n c r e a s e  i n  o i l  p r o d u c t i o n ,  f r o m  2 5  t o  38%. when n i t r o g e n  bases 

were removed, w i t h  a  co r respond ing  decrease i n  S R C  . y i e l d :  Gas p r o d u c t l o n  . 
decreased o n l y  m a r g i n a l l y .  I n  a d d i t i o n ,  o v e r a l l  c o a l  c o n v e r s i o n  d i d  n o t  

change w i t h  t h e  removal o f  n i t r o g e n  bases, an o b s e r v a t l o n  t h a t  was c o n t r a r y  t o  

t h a t  no ted  i n  n o n c a t a l y t i c  c o a l  l i q u e f a c t i o n ,  i n  wh ich  o v e r a l l  c o a l  c o n v e r s i o n  

decreased w i t h  t h e  removal o f  he teroatoms.  Fur thermore ,  t h l s  o b s e r v a t i o n  

s e r i o u s l y  q u e s t i o n s  t h e  impor tance  o f  a  s o l v e n t ' s  p h y s l c a l  so lvency  power, 

wh ich  I s  due t o  t h e  presence o f  he te roa tom ic  compounds i n  t h e  s o l v e n t ,  i n  

c a t a l y t l c  c o a l  l i q u e f a c t i o n .  

Of impor tance  i s  t h e  f a c t  t h a t  removal o f  n i t r o g e n  bases f r o m  t h e  c o a l - d e r i v e d  

base l i q u e f a c t q o n  s o l v e n t  was accompanied by removal o f  pheno ls .  T h e r e f o r e ,  

any i n c r e a s e  i n  011 p r o d u c t i o n  cannot  be w h o l l y  a t t r l b u t e d  t o  t h e  removal o f  

n l t r o g e n  bases, s i n c e  pheno l  removal m i g h t  a l s o  have p o s i t i v e l y  a f f e c t e d  t h e  

r e a c t i o n .  However, t h e  above exper iments  w e r e ' u n a b l e  t o  make t h l s  

d i s t i n c t i o n .  We can o n l y  conc lude  t h a t  n i t r o g e n  base removal does Andeed 

enhance 011 p r o d u c t i o n  i n  t h e  c a t a l y z e d  l i q u e f a c t j o n  r e a c t i o n .  

Effect-of Pheno ls :  L i k e  t h e  n i t r o g e n  base removal  exper iments ,  l l q u e f a c t i o n  - 
s o l v e n t s  prepared by t r e a t i n g  t h e  base l i q u e f a c t i o n  s o l v e n t  samples w i t h  NaOH, 

a c i d i c  a lum ina ,  b a s i c  a lum ina ,  o r  Y - z e o l i t e  were a l s o  t e s t e d  t o  e s t a b l i s h  t h e  

e f f e c t  o f  phenol  remova l .  A s  shown i n  Tab le  21, 011 p r o d u c t i o n  g e n e r a l l y  

i n c r e a s e d  c o n s i d e r a b l y  w i t h  phenol  removal ,  a l t h o u g h  t h e  i n c r e a s e  was o n l y  

marginal f o r  t h e  s o l v e n t s  t r e a t e d  w i t h  NaOH and a c i d l c  a lum ina .  D e t a i l e d  

a n a l y s i s  o f  t h e  s o l v e n t  t r e a t e d  w i t h  NaOH showed t h a t  wa te r  and o t h e r  

contamlnants  were p r e s e n t  i n  t h e  sample, wh ich  c o u l d  have been r e s p o n s i b l e  f o r  

t h e  m a r g i n a l  I n c r e a s e .  



T A B L E  20 

E F F E C T  .OF B A S I C  NITROGEN REMOVAL 

Base Treated solvents 
liquefaction 

sol vent HC 1 Silica qel 

Heteroatom concentratjon (wt %) 1 
N 0 .6'7 0 . 1 6  0.08 

0 2.25 1.68 1.31 

Nitrogen as nitrogen bases 

Oxygen as phenols 

Product distribution 

(wt % MAF coal) 

Gases 8.2 6.9 7.6 

O i  1 25.4 37.8 38.8 

SRT: 5 8 . 4  46.9 4 7 . 8  

'~eactlon mixture: 

Coa 1 3 9 

Sol vent 6 9 

Catalyst 500 ppm molybdenum based on coal 

Reaction c o n d l t j n n s :  

Temperature 425°C 

H pressure 2 850 psig cold 

Tlme 60 min 

Agitatlon 1,000 strokes per mln 

b~~ - not detected 



TABLE 21 

Base T r e a t e d  s o l v e n t s  
l l q u e f a c t i o n  A c i d i c  B a s i c  

s o l v e n t  NaOH a l u m i n a  a l u m i n a  . Z e o l l t e  

H e t e r o a t o m  c o n c e n t r a t l . o n  

( w t  %) 

N i t r o g e n  as n i t r o g e n  bases 0 .28  0 . 3 3  0 . 2 8  0.29 0 .29  

Oxygen as p h e n o l s  1 .15 0 .45  0 .79  0.58 0 .63  

P r o d u c t  d l s t r l b u t i o n  

( w t  % MAF c o a l )  

Gases 

SRC 

I OM 

Conver  s  1 on 

a ~ e a c t i o n  m i x t u r e :  

Coa l  3 g  

S o l v e n t  6  9  

C a t a l y s t  500 ppm molybdenum based on c o a l  

R e a c t i o n  c o n d i t i o n s :  

Tempe ra tu re  425°C 

H2 p r e s s u r e  850 p s i g  c o l d  

Time 60 m l n  

A g l t a t l o n  1 ,000  s t r o k e s  p e r  m i n  



Gas p r o d u c t i o n  d e c r e a s e d  m a r g i n a l l y  i n  a l l  cases ,  b u t  SRC p r o d u c t i o n  

dec reased  c o n s l d e r a b l y .  Once a g a i n ,  o v e r a l l  c o a l  c o n v e r s i o n  d i d  n o t  change 

upon p h e n o l  r e m o v a l .  As n o t e d  Sn t h e  n i t r o g e n  base  r emova l  e x p e r i m e n t s ,  

p h e n o l  r e m o v a l . d i d  n o t  appea r  t o  a l t e r  t h e  p h y s i c a l  s o l v e n c y  power o f  t h e  

s o l v e n t .  

Removing p h e n o l  f r o m  t h e  base  l i q u e f a c t i o n  s o l v e n t  a l s o  dec reased  t h e  o v e r a l l  

n i t r o g e n  c o n t e n t  o f  t h e  t r e a t e d  s o l v e n t s  somewhat. N e a r - i n f r a r e d  a n a l y s l s ,  

w h l c h  was used  t o  d e t e r m i n e  t h e  n a t u r e  o f  n l t r o g e n  compounds, c l e a r l y  showed 

no  r e m o v a l  o f  n l t r o g e n  bases ,  b u t  some NH- and NH - t y p e  compounds were  
2 

removed f r o m  t h e  t r e a t e d  s o l v e n t s  I n  a f ew  cases .  S i n c e  no  b a s i c  n i t r o g e n  

compounds we re  removed f r o m  t h e  s o l v e n t ,  t h e  above  d a t a  show t h a t  s o l v e n t s  

f r o m  w h l c h  t h e  phenols have  bee9 removed do e n h a n c e  o i l  p r o d u c t i o n  i n  

c a t a l y z e d  l l q u e f a c t l o n .  

E f  feet-of Remoyifig-Both ~ ~ t r ~ g ~ n - ~ ~ s ~ s - a f i d _ ~ h e ~ o 1 s  : S o l  v e n t  *amp1 es we re  - 
a l s o  p r e p a r e d  by t r e a t i n g  base  l i q u e f a c t i o n  s o l v e n t  w i t h  HC1 f o l l o w e d  by 

s l l l c a  g e l  and w i t h  NaOH f o l l o w e d  by HC1, t o  remove both n l t r o g e n  bases and 

p h e n o l s .  The sample  t r e a t e d  w i t h  H C l / s I l i c a  g e l  was t e s t e d  i n  t h e  c a t a l y t i c  

l i q u e f a c t i o n  o f  c o a l ,  a t  b o t h  l ow -  and h i g h - s e v e r i t y  r e a c t i o n  c o n d i t i o n s .  

A t  l o w - s e v e r i t y  r e a c t i o n  c o n d i t i o n s  u s l n g  500 ppm o f  molybdenum c a t a l y s t ,  t h e  

o i l  y i e l d  i n c r e a s e d  s i g n i f i c a n t l y  f r o m  25 t o  45% ( T a b l e  2 2 )  and SRC 

p r o d u c t l o n  d e c r e a s e d  c o n s i d e r a b l y .  I n  f a c t ,  mos t  o f  t h e  I n c r e a s e  i n  011 

y l e l d  came f r o m  i n c r e a s e d  c o n v e r s i o n  o f  SRC. A l t h o u g h  o v e r a l l  c o a l  

c o n v e r s i o n  was u n a f f e c t e d  by  s o l v e n t  mod l f  l c a t i o n ,  gas  p r o d u c t i o n  was 

d e c r e a s e d  slightly. 

A t  h l g h - s e v e r i t y  c o n d i t i o n s  u s i n q  250 ppm o f  molybdenum c a t a l y s t ,  m o d i f l e d  

s o l v e n t  a g a i n  i n c r e a s e d  t h e  oil y I e l d  ( T a b l e  221, a l t h o u g h  no t  a s  much as 
n o t e d  a t  l o w  s e v e r i t y .  Aga in ,  SRC p r o d u c t i o n  was l o w e r  w l t h  m o d i f l e d  

s o l v e n t ,  and o v e r a l l  c o a l  c o n v e r s i o n  was n o t  g r e a t l y  changed.  

The above  d a t a  c l e a r l y  show t h e  advan tages  o f  r e m o v l n g  b o t h  n l t r o g e n  bases  

and p h e n o l s  f r o m  t h e  l l q u e f a c t j o n  s o l v e n t .  



H e t e r o a t o m  c o n c e n t r a t i o n  ( w t  %) 
N 0 .67  <O. 05 
0  2.25 0 .81  

I 

N i t r o g e n  as n i t r o g e n ' b a s e s  
Oxygen as p h e n o l s  

Base 
liquefaction H C l / s i l j c a  

s o l v e n t  g e l  

 LOW^ ~ l g h ~  Low H i g h  
S e v e r l t y  S e v e r i t y  S e v e r i t y  S e v e r i t y  

' P r o d u c t  d i s t r i b u t i o n  

( w t  % M A F  c o a l )  

Gases 

O i  1  

SRC 

I OM 

C o n v e r s j o n  

a  
N O  - n o t  d e t e c t e d  

b  
C a t a l y s t  c o n c e n t r a t j o n  - 500.  ppm molybdenum based on  c o a l  

C 
C a t a l y s t  concentration - 250 ppm molybdenum based on c o a l  



H y d r o t r e a t e r  S o l v e n t .  E x p e r i m e n t s  were  a l s o  conduc ted  t o  d e t e r m i n e  t h e  e f f e c t  

o f  m o d i f i e d  h y d r o t r e a t e r  s o l v e n t  on c a t a l y t i c  l i q u e f a c t i o n .  A sample t r e a t e d  

w i t h  s i l i c a ' g e l  t o  remove p a r t  o f  t h e  h e t e r o a t o m i c  compounds was used i n  

l i q u e f a c t i o n  t e s t i n g  w i t h  250 ppm o f  molybdenum c a t a l y s t  a t  h i g h - s e v e r i t y  

r e a c t i o n  c o n d i t i o n s .  

R e s u l t s  summar ized  i n  T a b l e  23 show t h a t  r emov ing  h e t e r o a t o m i c  compounds 

enhanced t h e  o i l '  y i e l d  and s l i g h t l y  imp roved  o v e r a l l  c o a l  c o n v e r s i o n .  

However,  t h e  m a g n i t u d e  o f  improvements  was s m a l l ,  p o s s i b l y  because  o n l y  s m a l l  

drnuurits o f  h e t e r o a t o m i c  compounds we re  removed.  The improvements  i n  b o t h  o i l  

y i e l d  and c o a l  c o n v e r s i o n  w i t h  c a t a l y s t  a r e  somewhat s u r p r i s i n g ,  because  these  l 
d i d  n o t  i m p r o v e  a t  a l l  d u r i n g  n o n c a t a l y t i c  l i q u e f a c t i o n  w i t h  t h e  t r e a t e d  

s o l v e n t  ( T d h l e  2 3 ) .  

C a t a l y t i c  L i q u e f a c t i o n  o f  K e n t u c k y  #9 Coal  

He te roa toms  we re  removed f r o m  K e n t u c k y  #9 c o a l  d e r i v e d  s t a r t i n g  l i q u e f a c t i o n  

s o l v e n t  by t r e a t m e n t  w i t h  s i l i c a  g e l  o r  b a s l c  a l u m l n a .  The t r e a t e d  s o l v e n t  

samples we re  t h e n  used  i n  e x p e r i m e n t s  t o  e v a l u a t e  t h e  e f f e c t  o f  h e t e r o a t o m  

r e m o v a l .  

O i l  p r o d u c t i o n  i n c r e a s e d  c o n s i d e r a b l y :  f r o m  17 t o  31% w l t h  t h e  s o l v e n t  

p r e p a r e d  w l t h  b a s j c  alumina and f r o m  17 t n  39% w i t h  t h e  s o l v e n t  p r e p a r e d  w i t h  

s i l i c a  g e l .  The i n c r e a s e  i n  o i l  p r o d u c t i o n  was o b t a l n e d  a t  t he  expense  o f  

i n c r e a s e d  SRC c o n v e r s i o n ,  s i n c e  t h e  gas  y i e l d  was w l t h l n  t h e  l i m i t s  o f  

e x p e r i m e n t a l  e r r o r .  O v e r a l l  c o a l  c o n v e r s i o n  a l s o  i n ' c r eased  s l l g h t l y  w i t h  

h e t e r o a t o m  r e m o v a l ,  as shown i n  T a b l e  24 .  

The d a t a  i n  T a b l e  24 show t h a t  more he te roa to rns  we re  removed by  s i l i c a  g c l  

t han  by baslc a l u m i n a .  The a d d i t i o n d l  re11-1ovdl d i d  n o t  i r i ~p rovw  cud1  

c o n v e r s i o n ,  b u t  i t  s i g n i f i c a n t l y  i n c r e a s e d  o i l  p r o d u c t i o n .  S l m l l a r  r e s u l t s  

were n o t e d  I n  t h e  l i q u e f a c t i o n  e x p e r i m e n t s  w i t h  I l l i n o i s  #6 c o a l .  

C l e a r l y ,  r e m o v i n g  h e t e r o a t o m s  f r o m  a  liquefaction s o l v e n t  i n c r e a s e s  t h e  

a c t i v i t y  o f  a  s l u r r y - p h a s e  c a t a l y s t  i n  t e r m s  o f  o i l  p r o d u c t l o n .  F u r t h e r m o r e ,  

t h e  c a t a l y s t ' s  a c t l v l t y  7s s t r o n g l y  dependen t  on t h e  e x t e n t  o f  h e t e r o a t o m  

r e m o v a l .  



Nonca ta l y  t l f l q u e f a c t i o n  C a t a l y t l c  l i q y e f a c t i o n  
M o d i f i e d  M o d i f i e d  

H y d r o t r e a t e r  
s o l v e n t  

h y d r o t r e a  t e r  
s o l v e n t  - -- -- - 

H y d r o t r e a t e r  
s o l v e n t  

h y d r o t r e a t e r  
s o l v e n t  --- 

P r o d u c t  d l s t r l b u t l o n  

( w t  % MAF c o a l )  

Gases 9 . 8  10.4 10 .8  12.0 12.4 12.6 10 .5  11 .2  

O i  1 45.6 43.6 44.4 15 .1  17.9 49.6 5 3 . 5  53 . O  

SRC 31.3 36.9 35.5 3%. 9  31.5 29.5 29.6 29 .2  

I OM 10.3  9 .1  9 . 3  10.0 9.2 8 .3  6.4 6.6 

I Conve rs ion  
m 

89.7 90.9 90.7 90 .0  91 .8 91.7 93 .6  93.4 

a ~ e a c t i c t n  m i x t u r e :  

Coa 1 3 9 

So l  v e n t  3 9 

C a t z l y s t  250 ppm molybdenum based on c o a l  

R e a c t l o n  c o n d i t l o n s :  

Temperature 440°C 

P ressu re  1.200 p s i g  k 2  c o l d  

Tlme 60 m in  

Agl t a t l o n  1,000 s t r o k e s  p e r  m in  



TABLE 24 

EFFECT OF HETEROATOMS REMOVAL ON 

CATALYTIC LIQUEFACTION O F  K E N T U C K Y  #9  COAL^ 

S t a r t i n g  T r e a t e d  s o l v e n t s  
l l q u e f a c t l o n  Bas i c  S i l l c a  

s o l v e n t  a l u m i n a  g e l  

H e t e r o a t o m  c o n c e n t r a t i o n  ( w t  %) 

P r o d u c t  d i s t r j b u t i o n  

( w t  % MAF c o a l )  

Gases 

O i  1  

S R C 

a ~ e a c t l o n  m i  x t u r e :  

Coa l  3 9 

. S o l v e n t  6  9  

C a t a l y s t  500 ppm molybdenum based  on c o a l  

R e a c t i o n  c o n d i t i o n s :  

T e m p e r a t u r e  4 2 5 ° C  

~ r e s s u r e  050 p s ~ g  1i2 e01d 

T jme 60 m i n  

Agitation 1,000  s t r o k e s  p e r  min  



FUNDAMENTAL STUDIES RELATED TO SOLVENT MODIFICATION 

Ro le  o f  H e t e r o a t o m i c  Compounds i n  L i q u e f a c t i o n  

The e x p e r i m e n t a l  r e s u l t s  j u s t  d i s c u s s e d  c l e a r l y  show t h e  b e n e f i t s  o f  r emov ing  

h e t e r o a t o m i c  compounds f r o m  p r o c e s s  s o l v e n t s  b e f o r e  u s i n g  them i n  c o a l  

l i q u e f a c t i o n .  Da ta  a l s o  show t h a t  t h e  s o l v e n t s 1  e f f e c t ' l v e n e s s  imp roves  as 

more and more h e t e r o a t o m i c  compounds a r e  removed. 

To b e t t e r  u n d e r s t a n d  t h e  r o l e  o f  h e t e r o a t o m i c  compounds i n  c a t a l y t i c  c o a l  

l i q u e f a c t i o n  and t o  p r o v i d e  s u p p o r t  f o r  o u r  u n i q u e  f l n d l n g s ,  ~ u b u k n  U n i v e r s l  t y  

was s u b c o n t r a c t e d  i n  Oc tobe r  1982 t o  c o n d u c t  s e v e r a l  f u n d a m e n t a l  e x p e r i m e n t s .  

A  number o f  model  n i t r o g e n  and oxygen  compounds were  added , t o  a  m o d i f i e d  

s o l v e n t  t o  i n c r e a s e  i t s  h e t e r o a t o m i c  compound c o n c e n t r a t i o n ;  t h i s  was t h e n  

used as a  l i q u e f a c t l o n  s o l v e n t  t o  d e t e r m i n e  t h e  e f f e c t  o f  h e t e r o a t o m s  on 

c a t a l y t i c  c o a l  l i q u e f a c t i o n .  I n  a d d i t i o n ,  t h e  h e t e r o a t o m i c  compounds removed 

f r o m  base  l i q u e f a c t i o n  s o l v e n t  t o  y i e l d  m o d i f i e d  s o l v e n t  were  added back t o  

t h e  m o d i f i e d  s o l v e n t .  The reconstituted s o l v e n t  was a l s o  used  i n  c a t a l y t i c  

c o a l  l i q u e f a c t i o n  experiments. 

The e f f e c t  o f  t h e  h e t e r o a t o m i c  compounds on c o a l  l i q u e f a c t i o n  was measured i n  

t e rms  o f  o i l  p r o d u c t i o n .    ow ever, t h e  r e a c t i o n  c o n d i t i o n s  and t h e  r e a c t o r  
--- . 

d e s i g n  used a t  ~ u b u r "  U n i v e r s i t y  d i f f e r e d  c o n s i d e r a b l y  f r o m  t h o s e  a t  A l r  

' P r o d u c t s ,  w h i c h  made c o m p a r i s o n  o f  A u b u r n ' s  and A i r  P r o d u c t s '  d a t a  v e r y  

difficult. T h e r e f o r e ,  no  a t t e m p t  I s  made h e r e  t o  p r o v i d e  a  one - t o -one  

compa r i son .  , 

B a s e l i n e  Da ta .  F i r s t ,  Auburn  University used  base  l i q u e f a c t i o n  s o l v e n t  and  

m o d i f i e d  s o l v e n t  ( b a s e  l i q u e f a c t i o n  s o l v e n t  t r e a t e d  w i t h  anhyd rous  HC1 

f o l l o w e d  b y  s i l i c a  g e l )  i n  c a t a l y t i c  e x p e r i m e n t s  t o  e s t a b l i s h  t h e  e f f e c t  o f  

s o l v e n t  m o d i f i c a t i o n .  As expec ted ,  o i l  y i e l d s  we re  h i g h e r  w i t h  m o d i f i e d  t h a n  

w i t h  base  l l q u e f a c t l o n  s o l v e n t .  O v e r a l l  c o a l  c o n v e r s i o n  was m a r g i n a l l y  h i g h e r  

w i t h  m o d l f i e d  s o l v e n t ,  and gas p r o d u c t i o n  was s l i g h t l y  l o w e r .  



E f f e c t  o f  Add inq Model N i t r o q e n  Compounds. Seve ra l  model b a s i c  n i t r o g e n  

compounds such as q u i n o l i n e  were added t o  m o d i f i e d  s o l v e n t  t o  i n c r e a s e  i t s  

t o t a l  n i t r o g e n  c o n c e n t r a t i o n .  T h i s  r e c o n s t i t u t e d  s o l v e n t  was t h e n  t e s t e d  i n  

c a t a l y t i c  c o a l  l i q u e f a c t i o n  expe r imen ts  t o  determi ,ne t h e  e f f e c t  o f  n i t r o g e n  

compounds upon l i q u e f a c t l o n .  I 
Effect-of Adding-Qgi f io l i f ie :  A s u f f i c i e n t  amount o f  q u i n o l i n e  ( 5 . 9  wt  %) was - I 
added t o  m o d i f i e d  s o l v e n t  t o  i n c r e a s e  i t s  n i t r o g e n  c o n c e n t r a t i o n  f r o m  0.08% t o /  

t h a t  o f  t h e  base l i q u e f a c t i o n  s o l v e n t  (0 .67%) .  When t h i s  r e c o n s t i t u t e d  

s o i v e n t  was used f o r  l l q u e f a c t i o n ,  t h e  o i l  y i e l d  dropped c o n s i d e r a b l y  compared 

t o  t h a t  w i t h  m o d i f i e d  s o l v e n t  ('l'ab'le 2 5 ) .  However, t h e  611 i l e l d  w l t h  t h e  

r e c o n s t i t u t e d  s o l v e n t  was s l l g h t l y  h l g h e r  t h a n  t h a t  w i t h  base  l l q u e f a c t , \ o r ~  

s o l v e n t ,  p o s s i b l y  because t h e  c o n c e n t r a t i o n  o f  oxygen compounds i n  t h e  

r e c o n s t i . t u t e d  s o l v e n t  was l ower  t h a n  i n  base l l q u e f a c t i o n  s o l v e n t .  These 

r e s u l t s  c o n f i r m  o u r  e a r l i e r  f i n d i n g  t h a t  h e t e r o a t o m i c  compounds w i l l  reduce 

o i l  y i e l d .  

Effect-of Adding-Phenaf i thr jd lng:  S i n c e  q u i n o l i n e ' s  m o l e c u l a r  w e i g h t  I s  - 
r e l a t i v e l y  l ower  t h a n  many o f  t h e  n i t r o g e n - c o n t a i n i n g  compounds g e n e r a l l y  

i d e n t i f i e d  i n  c o a l - d e r i v e d  s o l v e n t s ,  we dec ided  t o  add a  h i g h e r  m o l e c u l a r  

we igh t  n i t r o g e n - c o n t a i n i n g  compound t h a t  m i g h t  be more r e p r e s e n t a t i v e  o f  t h e  

heteroatorn ic  compounds p r e s e n t  i n  c o a l - d e r l v e d  I i q u l d .  For t h l s  reason,  

p h e n a n t h r i d l n e  ( 3 . 4 - b e n z o q u i n o l l n e )  was added t o  m o d i f i e d  s o l v e n t  and t e s t e d  

f o r  i t s  e f f e c t  upon l i q u e f a c t i o n .  

A c a r e f u l l y  c a l c u l a t e d  amount o f  p h e n a n t h r i d l n e  ( 7 . 7  wt  X )  wds added l u  

m o d i f l e d  s o l v e n t  t o  i n c r e a s e  i t s  n i t r o g e n  c o n c e n t r a t i o n  f rom 0.08 t o  0.67%. 

When t h l s  r e c o n s t i t u t e d  m i x t u r e  was used as s o l v e n t  I n  c o a l  l i q u e f a c t i o n ,  t h e  

011 y i e l d  was found t o  be even l ower  t h a n  t h a t  no ted  w i t h  base l i q u e f a c t l o n  

s o l v e n t  ( T a h l ~  7 h ) ,  c n n f i r m i n g  t h e  n e r j a t i v ~  e f f e c t  o f  n i t r o g e n  compounds on 

o i l  p r o d u c t i o n .  O v e r a l l  c o a l  c o n v e r s i o n  and gas y l e l d  were n o t  g r e a t l y  

a f f e c t e d .  

I n  a n o t h e r  expe r imen t ,  3 0 . 5  wt  % p h e n a n t h r i d i n e  was added t o  m o d i f i e d  s o l v e n t ,  

r a i s i n g  i t s  n i t r o g e n  c o n c e n t r a t i o n  f rom 0 .08 t o  2.42%. When t h i s  s o l v e n t  was 

used i n  c o a l  l i q u e f a c t i o n ,  t h e  o i l  y i e l d  was c o n s l d e r a b l y  l ower  t h a n  t h a t  



TABLE 25 

M o d i f i e d  -. 
Base s o l v e n t  w i t h  

l i q u e f a c t i o n  M o d i f  l e d  q u i n o l i n e  added 
s o l v e n t  s o l v e n t b  ( 5 . 9  w t  %) 

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

1 H C g a s e s  

O i l s  

SRC 

I OM 

C o n v e r s i o n  

a  
R e a c t i o n  c o n d i t i o n s :  

Tempe ra tu re  425°C 

I n i t i a l  H p r e s s u r e  
2  1 ,250  p s i g  c o l d  

Time 60 m i n .  

A g i t a t i o n  r a t e  860 rpm 

R e a c t o r  T u b i n g  bomb ( 4 6  7 mL vo lume)  

R e a c t l o n  m i x t u r e :  

S o l v e n t  6  9  
Coa 1  3 g  ( I l l i n o i s  #6) 

C a t a l y s t  500 ppm molybdenum added as molybdenum o c t o a t e  

b ~ o d i f l e d  s o l v e n t  i s  g e n e r a t e d  by  t r e a t l n g  base  l l q u e f a c t l o n  s o l v e n t  w i t h  

anhyd rous  HCl gas f o l l o w e d  by  s i l l c a  g e l .  



-- 

TABLE 26 

EFFECT OF ADDING PHENANTHRIBINE TO MOB1 F IE0   SOLVENT^ 

M o d i f i e d  M o d i f i e c  
s o l v e n t w i t h  s o l v e n t w :  

Base p h e n a n t h r i d i n e  p h e n a n t h r j  
l i q u e f a c t i o n  M o d i f i e d  added added 

s o l v e n t  s o l v e n t b  ( 7 . 7  w t  %) ( 3 0 . 5  w t  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

tIC Gases 1 1 . 8  9,7 9 . 6  8 . 9  

O i l s  28 .9  34 .5  26 .4  1 9 . 6  

SRC 51 . 9  49 .2  56 .5  65 .8  

I OM 7 .4  6 .6  7 .5  5.7 

C o n v e r s i o n  9 2 . 6  93 .4  92 .5  94.3 

a ~ e a c t l o n  c o n d i t i o n s :  +c3 

T e m p e r a t u r e  425°C 

I n l t l a l  H2 p r e s s u r e  1 , 2 5 0  p s i g  c o l d  

T i  me 60  m i n  

A g l t a t l o n  r a t e  860 rpm 

R e a c t o r  T u b i n g  bomb (46 .7  mL vo lume)  

H e a c t l o n  m i x t u r e :  

Sol v c n t  6 g 

Coa 1  3  g  ( I l l q n o j s  #6) 

C a t a l y s t  500 ppm molybdenum added as molybdenum o c t o a t e  

based on  c o a l  

b ~ o d i f l e d  s o l v e n t  i s  g e n e r a t e d  by t r e a t i n g  base  l j q u e f a c t l o n  s o l v e n t  w i t h  

anhyd rous  HC1 gas ' f o l l o w e d  by  s i l i c a  g e l .  



1 n o t e d  w i t h  base l i q u e f a c t i o n  s o l v e n t  ( T a b l e  2 6 ) .  T h i s  o b s e r v a t i o n  f u r t h e r  

I shows t h e  d e t r i m e n t a l  e f f e c t  o f  n i t r o g e n  compounds on o i l  p r o d u c t i o n .  

Ef fect -o f  A d d i n g - A c r i d l n g :  L i k e  p h e n a n t h r i d i n e ,  7 .7% a c r i d i n e  was added t o  - 
m o d i f i e d  s o l v e n t ,  i n c r e a s i n g  t h e  n i t r o g e n  c o n c e n t r a t i o n  f r o m  0 .08  t o  0.67%. 

The use o f  t h i s  r e c o n s t i t u t e d  s o l v e n t  i n  c a t a l y t i c .  c o a l  l i q u e f a c t i o n  a l s o  

y i e l d e d  l e s s  o i l  t h a n  t h a t  n o t e d  w i t h  m o d i f i e d  s o l v e n t  ( T a b l e  2 7 ) .  The o i l  

p r o d u c t i o n  w i t h  t h e  r e c o n s t i t u t e d  s o l v e n t  was a l s o  s l i g h t l y  l o w e r  t h a n  w i t h  

base l i q u e f a c t i o n  s o l v e n t ,  showing  t h e  d e t r l m e n t a l  e f f e c t  o f  n i t r o g e n  

compounds on o i l  p r o d u c t i o n .  

Summary: F l g u r e  3 summarizes how a d d i n g  d i f f e r e n t  model  n i t r o g e n  compounds t o  - 
m o d i f i e d  s o l v e n t  i n h i b i t e d  o i l  p r o d u c t i o n  i n  c o a l  l i q u e f a c t i o n .  F u r t h e r m o r e ,  

o i l  p r o d u c t i o n  dec reased  w i t h  an i n c r e a s e  i n  t h e  t o t a l  n i t r o g e n  c o n t e n t  o f  t h e  

s o l v e n t  used  f o r  l i q u e f a c t i o n .  F i n a l l y ,  we can  c o n c l u d e  t h a t  t h e  a d d i t i o n  o f  

n i  t r o g e n - c o n t a i n i n g  compounds t o  I i q u e f a c t l a n  s o l v e n t  I s  d e t r l m e n t a l  t o  o i  1  

p r o d u c t i o n .  I n  o t h e r  words ,  r emov ing  n i t r o g e n  compounds f r o m  t h e  p r o c e s s  

s o l v e n t  b e f o r e  u s i n g  I t  f o r  c o a l  l i q u e f a c t l o n  w i l l  u n d o u b t e d l y  imp rove  o i l  

p r o d u c t i o n .  

E f f e c t  o f  Add ing  Model Oxygen Compound. A p p r o x i m a t e l y  1 3 . 3  w t  % t3-naphthol  

was added as a  r e p r e s e n t a t i v e  oxygen  compound t o  m o d i f i e d  s o l v e n t  t o  i n c r e a s e  

i t s  oxygen  c o n c e n t r a t i o n  f r o m  0.81% t o  t h a t  o f  t h e  base  l i q u e f a c t i o n  s o l v e n t  

( 2 . 25%) .  When t h i s  r e c o n s t i t u t e d  s o l v e n t  was used  I n  c a t a l y t i c  c o a l  

l i q u e f a c t i o n ,  o i l  p r o d u c t i o n  ( T a b l e  28)  was unchanged.  T h i s  o b s e r v a t i o n  

i n d i c a t e s  t h a t  a d d i n g  p h e n o l  wou ld  a l s o  n o t  a f f e c t  c o a l  l i q u e f a c t i o n ,  b u t  more  

wo rk  i s  r e q u i r e d  t o  d e t e r m i n e  s p e c i f i c a l l y  t h e  e f f e c t  o f  h i g h - m o l e c u l a r - w e i g h t  

p h e n o l s  on c o a l  l i q u e f a c t l o n :  

E f f e c t  o f  A d d l n q  I n d i q e n o u s  H e t e r o a t o m i c  Compounds. As m e n t i o n e d  e a r l l e r ,  

m o d l f  l e d  s o l v e n t  was p r e p a r e d  by t r e a t l n g  t h e  base  1  l q u e f a c t l o n  s o l v e n t  w l t h  

HC1 f o l l o w e d  b y  s i l i c a  g e l .  The p o l a r - c o m p o u n d - r i c h  s t r e a m  e x t r a c t e d  f r o m  t h e  

base  l i q u e f a c t i o n  s o l v e n t  was added back  t o  m o d i f l e d  s o l v e n t  t o  r a l s e  I t s  

o x i g e n  and n i t r o g e n  c o n c e n t r a t i o n  t o  t h e  same l e v e l  as t h a t  o f  base  

l i q u e f a c t i o n  s o l v e n t .  T h i s  r e c o n s t i t u t e d  s o l v e n t  was t h e n  used  i n  c a t a l y t i c  



TABLE 27 

E F F E C T  O F  ADD'I.NG ACRIDINE T O  MODIFIED  SOLVENT^ 

M o d i f i e d  
Base s o l v e n t  w i t h  

l i q u e f a c t l o n  M o d i f i e d  . a c r j d i n e  added 
s o l v e n t  s o l  v e n t b  ( 7 . 7  w t  %) . 

P r o d u c t  d i s t r j b u t i o n  

( w t  % MAF c o a l )  

HC gases 

O i l s  

SRC 

I OM 

C o n v e r s i o n  

a  
R e a c t i o n  conditions: 

T e m p e r a t u r e  '4  2 5" C 

I n i t i a l  H2 p r e s s u r e  1,250 p s i s  c o l d  

l ime 60 rnin 

A g i t a t i o n  r a t e  860 rpm . . 

R e a c t o r  T u b i n g  bomb ( 4 6 . 5  rnL vo lume)  

R e a c t i o n  r n l x t u r e :  

S o l v e n t  6 9 

Coa l  3 g ( I l l i n o i s  86) 

C a t a l y s t  500 pprn molybdenum added based on c o a l  

b ~ o d i f  l e d  s o l v e n t  i s  g e n e r a t e d  by t r e a t i n g  base  l i q u e f a c t i o n  s o l v e n t  w l  t h  

anhyd rous  HC1 gas  f o l l o w e d  by s i l l c a  g e l .  



FIGURE. 3 
EFFECT OF ADDING VARIOUS NITROGEN- 

CONTAINING COMPOUNDS TO MODIFIED SOLVENT 

NITROGEN-CONTAINING COMPOUNDS 

- 0 NONE - 
A QUlNOLlNE 
0 PHENANTHRIDINE 
a ACRlDlNE 

- - 

- - 

- - 
1 . I  I I I 6 

TOTAL NITROGEN CONTENT OF SOLVENT (WT %) 



TABLE 28 

E F F E C T  O F  ADDING O-NAPHTHOL TO MODIFIED  SOLVENT^ 

M o d i f i e d  
Base s o l v e n t  w i t h  

l i q u e f a c t i o n  M o d i f i e d  0 -naph tho l  adde 
s o l v e n t  s o l v e n t b  ( 1 3 . 3  w t  %) 

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

HC gases 

O i  1s 

SRC 

I OM 

C o n v e r s i o n  

a 
R e a c t i o n  c o n d i  t l o n s :  

TelllperSa t u r e  4 2 5 ° C  

I n i t l a l  H2 p r e s s u r e  1,250 p s i g  c o l d  

T i  me 60 o i ln  

A g i t a t i o n  r a t e  860 rpm 

Reac to r  T u b i n g  bomb ( 4 6 . 7  rnL vo lume) 

R e a c t i o n  m j x t u r e :  

S o l  v e n t  6 9 

Coa 1  3 g ( I l l i n o i s  #6)  

C a t a l y s t  500 VPIII  molybdenuhi added based on c o a l  

b ~ o d i f l e d  s o l v e n t  i s  g e n e r a t e d  by t r e a t l n g  base l l q u e f a c t i o n  s o l v e n t  w i t h  

anhydrous  HC1 gas f o l l o w e d  by s i l i c a  g e l .  



c o a l  l i q u e f a c t i o n  e x p e r i m e n t s ,  and t h e  r e s u l t s  showed l o w e r  o i l  p r o d u c t i o n  

t h a n  w j t h  b o t h  base l i q u e f a c t i o n  and m o d i f i e d  s o l v e n t s .  These d a t a  c l e a r l y  

show t h e  d e t r i m e n t a l  e f f e c t  o f  a d d i n g  a  s t r e a m  o f  p o l a r  compounds t o  s o l v e n t  

d u r i n g  c o a 1 , l i q u e f a c t i o n  ( T a b l e  2 9 ) .  

E x p l a n a t i o n  o f  t h e  R o l e  o f  H e t e r o a t o m i c  Compounds i n  L i q u e f a c t i o n  

The d e t r i m e n t a l  e f f e c t  o f  h e t e r o a t o m i c  compounds on c o a l  l i q u e f a c t i o n  has been  

demons t ra ted  by  m o d i f y i n g  t h e  base  l i q u e f a c t i o n  s o l v e n t , a n d  a l s o  b y  a d d i n g  

model compounds t o  m o d i f i e d  s o l v e n t .  However,  t h e  r o l e  o f  h e t e r o a t o m i c  

compounds i n  c o a l  liquefaction i s  n o t  c l e a r l y  u n d e r s t o o d  because  o f  t h e  

complex n a t u r e  o f  t h e  s o l v e n t s  and t h e  number o f  v a r i a b l e s  I n v o l v e d  i n  c o a l  

l i q u e f a c t i o n .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  h y d r o g e n a t i o n  o r  l i q u e f a c t i o n  o f  

c o a l  i n v o l v e s  t r a n s f e r  o f  hyd rogen  f r o m  gas bhase  t o  s o l v e n t  ( s o l v e n t  

h y d r o g e n a t i o n )  and f r o m  s o l v e n t  t o  c o a l  f r e e  r a d i c a l s  f o rmed  by  t h e r m a l  

r e a c t i o n .  I f  hyd rogen  t r a n s f e r  f r o m  any  one o f  t h e s e  s t e p s  i s  l i m i t e d  by  any  

mechanism, f r e e  r a d i c a l s  f r o m  t h e  c o a l  w i l l  be h y d r o g e n - s t a r v e d  and w i l l  

condense t o  f o r m  coke .  I n  a d d i t i o n ,  hyd rogen  s t a r v a t i o n  c o n d i t i o n s  w i l l  

s e v e r e l y  l i m i t  t h e  f o r m a t i o n  o f  o i l ,  w h i c h  i s  b a s ! c a l l y  a  h y d r o g e n a t e d  c o a l  

p r o d u c t .  T h e r e f o r e ,  hyd rogen  t r a n s f e r  p l a y s  an  i m p o r t a n t  r o l e  i n  c o n t r o l l i n g  

t h e  c o a l  l i q u e f a c t i o n  r e a c t i o n .  

To p r o v i d e  a  s i m p l e  e x p l a n a t i o n  f o r  t h e  r o l e  o f  h e t e r o a t o m l c  compounds i n  coa3 

1  i q u e f a c t i o n ,  a  s i m p l e  model-compound h y d r o g e n a t i o n  r e a c t i o n  s y s t e m  was 

s t u d i e d .  I t  was t h o u g h t  t h a t  if t h e  c o a l  l l q u e f a c t ' i o n  r e a c t i o n  was l l m i t e d  b y  

h e t e r o a t o m i c  compounds, t h e s e  compounds s h o u l d  a l s o  l i m i t  t h e  model  compound 

h y d r o g e n a t i o n  r e a c t i o n .  Phenan th rene  was s e l e c t e d  as t h e  model  compound and 

molybdenum o c t o a t e ,  once  a g a i n ,  was used  as  a  c a t a l y s t . ,  

I n  t h e  absence  o f  any  model n i t r o g e n  compound, t h e  h y d r o g e n a t i o n  o f  

p h e n a n t h r e n e  i n  t h e  p r e s e n c e  o f  hexadecane used  as c a r r i e r  showed c o n v e r s i o n s  

o f  66 and 81% a t  380 and 42fi0C, r e s p e c t i v e l y  ( s e e  d e t a i l e d  r e a c t i o n  c o n d l t i o n s  

i n  F i g u r e  4 ) .  The a d d i t i o n  o f  model  n i t r o g e n  compounds such  as q u i n o l l n e  and 

p h e n a n t h r i d i n e  t o  t h e  r e a c t l o n  m i x t u r e  s e v e r e l y  l i m l t e d  t h e  h y d r o g e n d t l o n  o f  

phenan th rene ,  as a l s o  shown i n  F i g u r e  4 .  However,  t h e  a d d i t i o n  o f  a  model  



TABLE 29 

-.,-. ."."~.. 
M o d i f i e d  s o l v e  

Base w i t h  a d d i t i o n  
l i q u e f a c t i o n  M o d i f  l e d  p o l a r  compound 

s o l v e n t  s o l  v e n t b  r i c h  s t r e a m  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

HC gases 

O i l s  

S R C 

I OM 

C o n v e r s i o n  

a ~ e a c t i o n  c o n d i t i o n s :  

Tempera tu re  

I n i t i a l  H p r e s s u r e  2 
Time 

A g i t a t i o n  r a t e  

Reac to r  

R e a i  L l UII m l  x t u r e :  

So l  v e n t  

Coa 1 

C a t a l y s t  

4 2  5 "  C 

1,250 p s i g  c o l d  

60 m i n  

860 rpm 

Tub ing  bomb ( 4 6 . 7  mL volume) 

6 Y .  

3 g  ( I l l i n o i s  # 6 )  

$00 ppm molybdenum based on c o a l  

b ~ o d l f i e d  s o l v e n t  i s  g e n e r a t e d  by t r e a t i n g  b a r e  liquefaction s o l v e n t  w i t h  

anhydrous  HC1 gas f o l l o w e d  by s i l i c a  g e l .  



FIGURE 4 
HYDROGENATION OF PHENANTHRENE 

NONE QUlNOLlNE PHENANTHRIDINE P-NAPHTHOL 

MODEL COMPOUNDS ADDED 

REACTION 5.0 g OF 2 WT '10 PHENANTHRENE IN HEXADECANE 
MIXTURE: 0.01 g OF MODEL COMPOUND 

1000 PPM OF IN SlTU SULFIDED Mo CATALYST 

REACTION INITIAL H2 PRESSURE 1250 PSlG AT 25OC 
CONDITIONS: TIME 20 MINUTES 

AGITATION RATE 860 RPM 
REACTOR TUBING BOMB 



oxygen compound, l3-naphthol ,  had a  m a r g i n a l  e f f e c t  on phenanthrene 

h y d r o g e n a t i o n .  These o b s e r v a t i o n s  tend  t o  i n d i c a t e  t h a t  t h e  presence o f  

he te rod to rn i c  compounds, e s p e c i a l l y  n i t r o g e n - c o n t a i n i n g  compounds, s e v e r e l y  

l i r n l t s  t h e  s o l v e n t  h y d r o g e n a t i o n  o r  t r a n s f e r  o f  hydrogen f r o m  gas phase t o  

l i q u i d  phase. r e s u l t i n g  i n  a  hyd rogen-s ta rved  c o n d i t i o n .  T h i s  hydrogen 

s t a r v a t i o n  c o n d i t i o n  i s  p r o b a b l y  t h e  p r ime  reason why n i t r o g e n -  

c o n t a i n i n g  compounds n e g a t i v e l y  a f f e c t  c o a l  l i q u e f a c t i o n .  



V .  CATALYST SELECTION 

BACKGROUND 

Most  o f  t h e  e x p e r i m e n t a l  work  d i s c u s s e d  e a r l i e r  was pe r f o rmed  u s i n g  d i s p e r s e d  

molybdenum c a t a l y s t .  A l t h o u g h  we d i d  n o t  know w h e t h e r  molybdenum was o p t i m a l ,  

i n  o r d e r  t o  save  t i m e  we o p t e d  t o  u s e  i t  f o r  t h e  s o l v e n t  m o d i f i c a t i o n  r u n s  

w h i l e  s i m u l t a n e o u s l y  c o n d u c t l n g  c a t a l y s t  s e l e ' c t i o n  e x p e r i m e n t s .  Mos t  o f  t h e  

work  was s u b c o n t r a c t e d  t o  Auburn  U n i v e r s i t y ,  w h i c h  e v a l u a t e d  t h e  a c t i v i t i e s  o f  

va r i . ous  w a t e r - s o l u b l e  c a t a l y s t s  b o t h  i n d l v l d u a l l y  and i n  c o m b i n a t i o n .  

I C a t a l y s t  s e l e c t i o n  f o r  a  c o a l  l i q u e f a c t i o n  p r o c e s s  i s  v e r y  i m p o r t a n t .  
i A l t h o u g h  a  number o f  m e t a l s  can  be used,  some may a c t u a l l y  i n h i b i t  t h e  c o a l  

l i q u e f a c t i o n  r e a c t i o n  r a t h e r  t h a n  c a t a l y z i n g  i t .  ~ u r t h e r m o r e ,  m e t a l  c a t a l y s t s  

can  be used i n  b u l k ,  i m p r e g n a t e d ,  o r  d l s p e r s e d  f o r m s .  Depend ing  on t h e  t y p e  

o f  m e t a l  used,  - t h e  a c t i v l t y  o f  l t s  d i f f e r e n t  f o rms  may d i f f e r .  

E i g h t  m e t a l s  we re  t e s t e d  f o r  t h e i r  c a t a l y t i c  a c t i v i t y  i n  c o a l  l i q u e f a c t i o n . ,  

S.ince t h e l r  a c t i v i t y  i n  b u l k  f o r m  I s  l q m i t e d ,  o f t e n  n e c e s s i t a t i n g  l a r g e  

amounts ,  no a t t e m p t s  w e r e  made t o  t e s t  them I n  b u l k  f o r m .  F u r t h e r m o r e ,  s i n c e  

t h e  c o s t  o f . t h e  c a t a l y s t  depends on t h e  amount used  and d e t e r m i n e s  the  

economics  o f  t h e  c o a l  l i q u e f a c t i o n  p r o c e s s ,  b u l k  a p p l i c a t i o n  o f  t h e  c a t a l y s t  

was r u l e d  o u t  as i r n p r a c t l c a l .  

However,  t h e  economics  can  be imp roved  by  e f f e c t i v e l y  d i s p e r s i n g  t h e  m e t a l  

c a t a l y s t s  i n  t h e  r e a c t i o n  m i x t u r e .  E f f ec t1v .e  d i s p e r s i o n  can  be a c h i e v e d  

e i t h e r  by  impregnating t h e  i n i t i a l  c a t a l y s t s  on  c o a l  o r  d i s p e r s i n g  t h e  m e t a l  

c a t a l y s t s  I n  s o l v e n t .  Auburn  jmp regna ted  t h e  c a t a l y s t s  on c o a l  i n  i t s  

c a t a l y t i c  s e l e c t i o n  e x p e r i m e n t s  and t e s t s  o f  t h e  s y n e r g i s m  be tween m e t a l  

c a t a l y s t s .  The f o r m  o f  m e t a l  c a t a l y s t  a p p l i c a t i o n  was t h e n  d e c i d e d  a t  Air 

P r o d u c t s  by  t e s t i n g  t h e  a c t i v i t l e s  o f  b o t h  i m p r e g n a t e d  and d i s p e r s e d  m e t a l  

c a t a l y s t s .  



IMPREGNATION O f  METAL CATALYSTS 

I n d i v i d u a l  M e t a l s  . 

The a c t i v i t y  o f  v a r i o u s  w a t e r - s o l u b l e  c a t a l y . s t s  was e v a l u a t e d  a t  Auburn  

U n l v e r s l t y  b y  d i s s o l v i n g  them i n  w a t e r  and  i m p r e g n a t i n g  them on c o a l .  The 

m e t a l  c o n c e n t r a t i o n s  used  we re  based on  t h e  c o s t  o f  t h e  m e t a l  : molybdenum and 

n i c k e l ,  b e i n g  v e r y  e x p e n s i v e ,  we re  used  i n  v e r y  s m a l l  amounts ( 2 5 0  ppm based 

on c o a l ) ,  whereas  cheap  m e t a l s  such  as i r o n ,  z i n c ,  and c o p p e r  were  used  i n .  

l a r g e  amounts  ( u p  t o  1  w t  % based  on c o a l ) .  The c a t a l y t i c  a c t i v j t y  was 

d e t e r m i n e d  on t h e  b a s i s  o f  o i l  p r o d u c t i o n  d u r j n g ' c o a l  l i q u e f a c t i o n .  The 

s t a n d a r d  r e a c t i o n  c o n d i t i o n s  l i s t e d  i n  T a b l e  30  we re  used  i n  a l l  t h e  

e x p e r i m e n t s ,  as was base  l i q u e f a c t i o n  s o l v e n t .  R e s u l t s  a r e  d e s c r i b e d  b e l o w .  

I m p r e g n a t i n g  c o a l  w i t h  250 ppm o f  molybdenum as ammonium'molybdate o r  250 ppm 

o f  n i c k e l  n i t r a t e  i n c r e a s e d  o v e r a l l  c o a l  c o n v e r s i o n  f r o m  87 t o  90% 

( T a b l e  3 1 ) .  O i l  p r o d u c t i o n  i n c r e a s e d  f r o m  1 8  t o  21% w i t h  n i c k e l  and f r o m  1 8  

t o  24% w i t h  molybdenum, i n d i c a t i n g  t h a t  molybdenum was more a c t i v e  t h a n  

n i c k e l .  The changes i n  y i e l d s  o f  b o t h  gases and  SRC were  i n s i g n i f i c a n t  w i t h  

b o t h  m e t a l s .  

A l t h o u g h  i m p r e g n a t i o n  o f  c o a l  w i t h  250 ppm o f  c o b a l t  i n c r . eased  o v e r a l l  c o a l  

c o i ~ v e r ~ s . l o r l  f r o m  87 t o  9'1% ( ' l a b l e  3 .1 ) .  o i l  production dec reased  f r o m  1 8  t o  

14%. I m p r e g n a t i o n  w i t h  e i , t h e r  0 .5  o r  1 .0% i r o n  i n c r e a s e d  c o a l  c o n v e r s i o n  and 

011 p r o d u c t i o n .  I n  f a c t ,  b o t h  were  s l i g h t l y  h i g h e r  w i t h  0.5% i r o n  t h a n  w i t h  

1 .0% i r o n ,  c l e a r l y  i n d i c a t i n g  t h e  b e n e f i t  o f  y ~ l n g  3 l o w e r  c o n c e n t r a t i o n  o f  

i r o n .  On t h e  c o n t r a r y ,  r e d u c i n g  t h e  c o n c e n t r a t i o n '  o f  z i n c  f r o m  1 . 0  t o  0.5% 

s l g n i f l c a n t l y  r educed  o l l  p r o d u c t i o n ,  F u r t h e r m o r e ,  t h e  a p p l i c a t i o n  o f  z l n c  a t  

b o t h  0 .5  and  1.0% l e v e l s  was d e t r i m e n t a l  t o  c o a l  l i q u e f a c t i o n ,  as was use  o f  

coppe r  a t  t h e  same l e v e l s .  F i n a l l y ,  t he  use  o f  e l t h e r  1 .0% manganese o r  l e a d  

was a l s o  e x t r e m e l y  d e t r i m e n t a l  t o  o i l  p r o d u c t i o n .  

The d a t a  summar ized i n  T a b l e  31 c l e a r l y  show t h a t  c o b a l t ,  z i n c ,  coppe r ,  

manganese, and  l e a d  a r e  n o t  good c a t a l y s t s ,  b u t  t h a t  molybdenum, n i c k e l ,  and 

i r o n  seem t o  c a t a l y z e  t h e  c o a l  l i q u e f a c t i o n  r e a c t i o n ;  



TABLE 30 

STANDARD CONDITIONS FOR METAL-IMPREGNATED COAL LIQUEFACTION EXPERIMENTS 

R e a c t l o n  C o n d i t l o n s :  

Tempe ra tu re  425°C 

I n l t i a l  H p r e s s u r e  
2  

1 ,250  p s i g  c o l d  

T lme 60 m i n u t e s  

A g j t a t l o n  r a t e  860 rpm 

R e a c t o r  T u b i n g  bomb (46 .7  mL) 

R e a c t i o n  M i x t u r e s :  

Coa 1 
a  

Cs2 

6  g ( b a s e  l i q u e f a c t i o n  s o l v e n t )  

3 g (Illinois #6)  

a CS was added t o  t h e  r e a c t l o n  m l x t u r e  t o  e m u r e  c o m p l e t e  s u l f l d l n g  o f  2 . , 

t h e  c a t a l y s t .  



LIQUEFACTION OF ILLINOIS116 COAL USING METAL C A T ~ L Y S ~ ~ ~  

Mangan- 
?SO-ppm 250-ppm 250ppm I r.on Z i rc  Copper ese Lead -- 

None m3lybdcnum nickel cobalt 0.5% 1.0% 0.5% 1.0% 0.5% 1.0% 1.0% 1.0% 

Product d is t r ibu t ion  

(wt % M4F coal) 

Gases 12.0 , 1.9. 10.2 12.5 + 1.2 12.6 10.0 8.2 12.2 - 10.5 10.6 11.4 11.5 11.5 

Oi 1 17.6 + 2.5 23.9 20.5 + 0.2 13.6 22.8 21.0 8.5 15.4 15.2 14.8 16.8 12.2 

SRC 57.3 + 2.0 56.1' 57.5 + 2.0 65.0 60.4 59.5 65.6 58.8 59.5 56.8 55.8 65.4 

IOH 13.1 + 2.0 9.2' 9.5 + 0.9 8.8 : .8 11 -3  13.7 15.3 14.7 11.0 15.9 10.9 
I 

Conversion 86.9 + 2.0 90.8 90.5 + 0.9 91.2 92.2 88.7 86.3 84 . i  85.3 83.0 84.1 99.1 
I 

a 
Reaction mixture: 

Coal 3 g ( I l l i n o i s  #61 

Base l iqa~efaction solvent 6 

Reaction conditions: 

Tenpera turc 42i°C 

I n i t i a l  H pressure 1,250 ps ig  cold 
2 

T irne 60 min 

Agitat ion ra te  860 strokes per min 



Auburn a l s o  n o t e d  t h a t  molybdenum was more a c t i v e  t h a n  n l c k e l  a t  a  v e r y  l o w  
. . 

c o n c e n t r a t i o n  - -  250-ppm m e t a l  based on c o a l .  F u r t h e r m o r e ,  250-ppm molybdenum 

was more a c t i v e  t h a n  i r o n  a t  a  v e r y  h i g h  c o n c e n t r a t i o n  (1, w t  %) .  

S i n c e  molybdenum and i r o n  d i s p l a y e d  good c a t a l y t i c  a c t i v i t y  i n  c o a l  

l i q u e f a c t i o n  w i t h  base  l i q u e f a c t i o n  s o l v e n t ,  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e s e  

two  m e t a l s  imp regna ted  on c o a l  was e v a l u a t e d  a t  A l r  P r o d u c t s  i n  t h e  p r e s e n c e  

o f  m o d i f i e d  s o l v e n t ,  w h i c h  was g e n e r a t e d  by t r e a t i n g  base  l i q u e f a c t i o n  

s o l v e n t  w i t h  anhydrous  h y d r o c h l o r i c  a c i d  f o l l o w e d  by  s i l i c a  g e l .  Two 

d i f f e r e n t  c o n c e n t r a t i o n s  o f  i r o n  ( 0 . 3  and 1 . 0  w t  % .based  on c o a l )  and 500 ppm 

o f  molybdenum were  used  f o r  t h e  liquefaction t e s t .  The e x p e r i m e n t a l  wo rk  was .  

l i m i t e d  t o  i r o n  and molybdenum c a t a l y s t s  because  o f  t h e  l a c k  o f  t i m e  and  

r e s o u r c e s .  

As shown i n  T a b l e  32, b o t h  o i l  p r o d u c t i o n  and c o a l  c o n v e r s i o n  i n c r e a s e d  

c o n s i d e r a b l y  w i t h  0 . 3 % - i r o n - i m p r e g n a t e d  c o a l  compared t o  a  r u n  w i t h o u t  

c a t a l y s t .  I n c r e a s i n g  t h e  i r o n  c o n c e n t r a t i o n  f r o m  0 .3  t o  1.0% f u r t h e r  

i n c r e a s e d  o i l  p r o d u c t i o n  f r o m  29 t o  4 4 % ,  i n  s h a r p  c o n t r a s t  t o  t h e  l a c k  o f  a  

change I n  y i e l d  i n  t h e  p r e s e n c e  o f  base  l i q u e f a c t i o n  s o l v e n t  when t h e  i r o n  

c o n c e n t r a t i o n  was i n c r e a s e d  f.rom 0 . 5  t o  1 .0% ( T a b l e  3 1 ) .  T h i s  o b s e r v a t i o n  

c l e a r l y  indicated 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 f  i r o n  was s e v e r e l y  h i n d e r e d  by  

t h e  p r e s e n c e  o f  h e t e r o a t o m s  i n  t h e  s o l v e n t .  O v e r a l l  c o a l  c o n v e r s i o n ,  however ,  

i n c r e a s e d  m a r g i n a l l y  f r o m  84 t o  87% w i t h  an  i n c r e a s e  i n  i r o n  c o n c e n t r a t i o n  

f r o m  0 . 3  t o  1.0%. 

I m p r e g n a t i n g  c o a l  w i t h  500-ppm molybdenum i n c r e a s e d  o i l  y i e l d  t o  28%. w h i c h  

was s l i g h t l y  h i g h e r  t h a n  t h a t  n o t e d  w i t h  base  l i q u e f a c t i o n  s o l v e n t  (see  

T a b l e s  31 and 3 2 ) .  Overa.11'  c o a l  c o n v e r s j o n  was somehow c o n s i d e r a b l y  l o w e r '  i n  

t h e  p r e s e n c e  o f  m o d l f i e d  s o l v e n t  t h a n  base  l l q u e f a c t i o n  s o l v e n t .  When t h e  

a c t i v i t y  o f  1% i m p r e g n a t e d  i r o n  was compared t o  t h a t  o f  500-ppm i m p r e g n a t e d  

molybdenum, i t  was s u r p r i s i n g l y  n o t e d  t h a t  b o t h  011 p r o d u c t l o n  a n d . c o a 1  

c o n v e r s i o n  n b t a l n e d  w i t h  1% i r o n  we re  h i g h e r  t h a n  n o t e d  w i t h  500-ppm 

molybdenum. T h l s  i n f o r m a t i o n  r e v e a l s  t h a t  when c a t a l y s t  i s  i m p r e g n a t e d  o n  

c o a l ,  an  i n e x p e n s i v e  c a t a l y s t  l i k e  i r o n  can  be used  t o  r e p l a c e  an  expensive 

c a t a l y s t  l i k e  molybdenum l n  c o a l  l i q u e f a c t i o n  w i t h o u t  i n c u r r i n g  any  l o s s  i n  

o i l  y i e l d .  
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M e t a l  C a t a l y s t  Comb ina t i ons  

A s  J u s t  d i s c u s s e d ,  a d d i t i o n  o f  i r o n ,  z i n c ,  coppe r ,  l e a d ,  c o b a l t ,  n i c k e l ,  'and 

molybdenum d u r i n g  c o a l  l i q u e f a c t i o n  d i d  n o t  a l w a y s  i n c r e a s e  o i l  p r o d u c t i o n  

o v e r  t h e  n o n c a t a l y t i c  b a s e l i n e  y i e l d s .  T h l s . w a s . l n  p a r t  due  ' t o  c o s t  f a c t o r s ;  

because n i c k e l  and molybdenum a r e  e x p e n s i v e ,  t h e i r  c o n c e n t r a t i o n s  had t o  be 

k e p t  l o w  i n  o r d e r  t o  make t h e i r  use e c o n o m i c a l l y  f e a s i b l e .  I n  c o n t r a s t ,  i r o n ,  

coppe r ,  and z i n c  were  much cheape r ,  and t h e r e f o r e  c o u l d  be used  a t  much h i g h e r  

c o n c e n t r a t i o n s .  However,  as shown, a d d i n g  more i r o n  d i d  n o t  have  any  

s i g n i f i c a n t  b e n e f i c i a l  e f f e c t  w i t h  base  l i q u e f a c t i o n  s o l v e n t .  

11 These r e s u l  t s  l e d  t o  s e v e r a l  e x p l o r a t o r y  e x p e r i m e n t s  t o  d e t e r m l n e  whe the r  

c o m b i n i n g  a  weak o r  d e t r i m e n t a l  c a t a l y s t  l i k e  i r o n  o r  z i n c  w i t h  a  s t r o n g  

c a t a l y s t  l i k e  molybdenum wou ld  be- b e n e f i c i a l .  The r e s u l t s  i n  T a b l e  33 show 

t h a t  t h e  c o m b i n a t i o n  o f  m e t a l s  i n  a l l  cases y i . e l d e d  h i g h e r  o v e r a l l  c o n v e r s i o n  

and significantly more o i l  t h a n  t h e  i n d i v i d u a l  m e t a l s .  O i l  production was 

h i g h e s t  u s i n g  t h e  c o m b i n a t i o n  o f  z i n c  and molybdenum. These r e s u l t s  i n d i c a t e  

t h a t  c o m b i n i n g  a  cheap m e t a l  l i k e  i r o n ,  z i n c ,  o r  coppe r  and an  e x p e n s i v e  m e t a l  

l i k e  molybdenum shows g r e a t  p r o m i s e  f o r  i m p r o v i n g  l i q u e f a c t i o n .  

DISPERSED CATALYST 

As s t a t e d  e a r l i e r ,  m e t a l  c a t a l y s t s  c a n  be used  I n  b u l k ,  imp regna ted ,  and 

d i s p e r s e d  f o rms .  I n  a d d i t i o n  t o  t h o s e  j u s t  d e s c r l b e d .  e x p e r i m e n t s  were  

pe r f o rmed  t o  t e s t  t h e  a c t i v i t y  o f  m e t a l  c a t a l y s t s  d i s p e r s e d  w e l l  i n  t h e  

r ~ a c t , i n n  m i x t u r e .  The a c t i v i t i e s  o f  w e l l - d i s p e r s e d  and I m p r e g n a t e d  m e t a l  

c a t a l y s t s  were  compared t o  d e t e r m i n e  t h e  mos t  efficient way o f  u s i n g  c a t a l y t i c  

activity. 

To a c c o m p l i s h  t h i s  t a s k ,  c o a l  I i q u e f a c t l o n  e x p e r i m e n t s  we re  c a r r i e d  o u t  b y  A i r  

P r o d u c t s  u s i n g  molybdenum c a t a l y s t  i n  b o t h  i m p r e g n a t e d  and d i s p e r s e d  f o rms  

(molybdenum d i s p e r s i o n  was a c h i e v e d  by  u s i n g  an  o i l - s o l u b l e  molybdenum 

compound l l k e  molybdenum o c t o a t e )  i n  t h e  p r e s e n c e  o f  m o d i f i e d  s o l v e n t .  I n  

b o t h  cases ,  a c o n c e n t r a t i o n  l e v e l  o f  500-ppm molybdenum based on c o a l  was 

used .  



TABLE 33 

- - 

250- ppm 250-ppn 250- ppm 250. ppni 
250-ppm 250-ppm 1 .O% 1 .O% 1 .O% Mo and 1% Ni and 3% Mo and 1% Mo and 1% 

Mo N 1 F e C u Z n F e F e C u % n 

Product distribution 

( w t  % M A F  coal) 

Gases 10.2 12.5 8.2 11.4 10.5 6.5 8.0 10.1 7.8 

Oi 1 23.9 20.5 21 . O  11.8 15.4 26.2 28.3 27.1 32.1 

SRC 56.7 57.5 59.5 56.8 58.8 57.3 55.8 55.6 52.7 

I OM 9.2 9.5 11.3 1.1.0 15.3 E -0 6.5 7.2 7.4 

1 Conversion cn 90.8 90.5 88.7 83.0  84.7 9 1  -0 93.5 92.8 92.6 
0 2  

I 

'~eaction condlt7ans: see T a b l e  .31 



L i q u e f a c t i o n  o f  mo lybdenum- impregna ted  I l l i n o i s  #6 c o a l  a t  425°C r e s u l t e d  i n  

an o v e r a l l  c o a l  c o n v e r s i o n  o f  83% ( T a b l e  3 4 ) .  O i l  and gas p r o d u c t i o n  we re  28 

and 7 . 2 % ,  r e s p e c t i v e l y .  I n t e r e s t i n g l y ,  o i l  p r o d u c t i o n  i n c r e a s e d  f r o m  28 t o .  

44% by m o l e . c u l a r l y  d i s p e r s i n g  molydenum I n s t e a d  o f  i m p r e g n a t i n g  i t  i n t o  t h e  

c o a l .  O v e r a l l  c o a l  c o n v e r s i o n  a l s o  i n c r e a s e d  t o  92% when molybdenum was 

m o l e c u l a r l y  d i s p e r s e d  i n  t h e  r e a c t i o n  m i x t u r e  as molybdenum o c t o a t e .  

These r e s u l t s  c l e a r 1 y . i n d i c a t e  t h a t  t h e  way t h e  c a t a l y s t  i s  a p p l i e d  i s  v e r y  

i m p o r t a n t  i n  c o a l  l i q u e f a c t i o n .  Molybdenum when d i s p e r s e d  i n  t h e  r e a c t i o n ,  

m i x t u r e  as o ' i l - s o l u b l e  molybdenum o c t o a t e  was much more a c t i v e  t h a n  when 

i m p r e g n a t e d  i n t o  t h e  c o a l .  S i m i l a r  b e h a v i o r  c o u l d  be e x p e c t e d  w i t h  o t h e r  

m e t a l  c a t a l y s t s  such  as i r o n  and z i n c .  I f  t h i s  i s  t r u e ,  t h e  amount o f  an  

i n e x p e n s i v e  c a t a l y s t  ' l i k e  i r o n  r e q u i r e d  t o  c a t a l y z e  c o a l  l i q u e f a c t i o n  c o u l d  

be r educed  c o n s i d e r a b l y  'by m o l e c u l a r  d i s p e r s ' i o n  I n  t h e  r e a c t i o n  m i x t u r e .  

However,  t h e  r e l a t i v e  c o s t . o f  t h e  w a t e r - s o l u b l e  f o r m  o f  t h e  m e t a l  c a t a l y s t  

and o f  t h e  o i l - s o l u b l e  compound s h o u l d  be c o n s i d e r e d  b e f o r e  f i n a l  s ' e l e c t f o n  

f o r  a c t u a l  p l a n t  d e s i g n  and o p e r a t i o n .  



P r o d u c t  distribution 

( w t  % M A T  c o a l )  

Gases  7 . 2  6.7 5 . 1  
I 

( 5 ' 9 )  ' 
O i  1 28.0 ' 45.4 4 7 . 5  ( 4 4 . 0 )  

S R C  4 7 . 5  40 .1  43.7 ( 4 1 . 9 )  

Kes i d u e  17.3 7 .8  8.7 ( 8 .2)  

a R e a c t i n n  m i x t u r e :  

c o a l  3 g (Illinois #6 )  

S o l v e n t  6 g ( m o d i f l e d  s o l v e n t )  

R e a c t  i o n  c o n d i t i o n s :  

Tempe ra tu re  425°C 

P r e s s u r e  850 p s l g  H 2  c o l d  

T lme 60  m i n  

A g i t a t i o n  1,000 s t r o k e s  p c r  m l n  



V I .  EFFECT O f  COAL PRETREATMENT AND BENEFICIATION ON LIQUEFACTION 

I n  an a t t e m p t  t o  f i n d  ways o f  i m p r o v i n g  t h e  o i l  p r o d u c t i o n  f r o m  c o a l  

l i q u e f a c t i o n ,  w e . a l s o  examined s e v e r a l  c o a l  p r e t r e a t m e n t  t e c h n i q u e s ,  i n c l u d i n g  

s o l v e n t  e x t r a c t i o n ,  o x i d a t i o n ,  c a t i o n  exchange; p u l v e r i z a t i o n ,  and 

b e n e f i c i a t i o n .  The f o l l o w i n g  s e c t i o n s  b r i e f l y  d e s c r l b e  each  o f  t h e s e  

p r e t r e a t m e n t  methods and t h e  r e s u l t s . o f  l i q u e f y i n g  samples o f  t h e  p r e t r e a t e d  

c o a l s  unde r  b o t h  l ow -  and h i g h - s e v e r 1  ty r e a c t i o n  c o n d i t i o n s .  

I SOLVENT EXTRACTION OF COAL 

The e f f i c i e n c y  o f  c o a l  l i q u e f a c t i o n  depends on  t h e  mass t r a n s f e r  o f  hyd rogen  

f r o m  t h e  hyd rogen -dono r  s o l v e n t  t o  t h e  a c t i v e  s i t e s  t h a t  f o r m  upon t h e r m a l  

r e a c t i o n  o f  t h e  c o a l .  When t h e  a c t i v e  s i t e s  a r e  quenched w i t h  d o n a t a b l e  

hyd rogen  f r o m  t h e  s o l v e n t ,  d e s i r a b l e  l o w - m o l e c u l a r - w e q g h t  p r o d u c t s  a r e  f o rmed .  

If, on t h e  o t h e r  hand, hyd rogen  i s  n o t  r e a d i l y  a v a i l a b l e ,  t h e  a c t i v e  s i t e s  w i l l  

r e a c t  t o  f o r m  u n d e s i r a b l e  p r o d u c t s  o f  h i g h  m o l e c u l a r  w e l g h t .  When a  c o a l  i s  

e x t r a c t e d  w i t h  c e r t a i n  s o l v e n t s  a t  t e m p e r a t u r e s  a p p r e c i a b l y  b e l o w  t h e  

l i q u e f a c t i o n  t e m p e r a t u r e s ,  v a r i o u s  p r o p o r t i o n s  o f  s m a l l  m o l e c u l e s  ( s u c h  as 

waxes, r e s i n s ,  b i t u m e n s ,  and s i m p l e  a r o m a t i c s )  a r e  removed f r o m  t h e  m i c r o p o r o u s  

n e t w o r k .  The amount o f  e x t r a c t  w i l l  t y p i c a l l y  v a r y  be tween 5 and 25% by w e i g h t  

depend ing  on t h e  n a t u r e  o f  t h e  s o l v e n t  s ys tem and t h e  t y p e  and r a n k  o f  c o a l .  

By o p e n i n g  up t h e  s t r u c t u r e  and I n c r e a s i n g  access  t o  t h e  m i c r o p o r e s ,  s o l v e n t  

e x t r a c t i o n  s h o u l d  r e n d e r  t h e  i n t e r n a l  m o l e c u l a r  s t r u c t u r e  o f  t h e  c o a l  more 

r e a d i l y  a c c e s s i b l e  t o  t h e  " p r e f e r r e d "  hyd rogen -dono r  s o l v e n t ,  t h e r e b y  e n h a n c j n g  

t h e  l i q u e f a c t i o n  e f f i c i e n c y .  

I n  addition, remova l  o f  t h e  s m a l l e r  m o l e c u l e s  a l s o  s h o u l d  b e n e f i t  t h e  

1  i q u e f a c t i o n  p r o c e s s  because  o f  t h e  r e d u c t i o n  i n  mob1 l e  h e t e r o a t o m  

c o n s t f t u e n t s .  If n o t  removed, m o b i l e  c o n s t i t u e n t s  can  e a s i l y  p a r t l c l p a t e  i n  

u n d e s i r a b l e  c o n d e n s a t i o n  r e a c t i o n s  o r  i n  o t h e r  s i d e  r e a c t i o n s  r e q u i r i n g  

unnecessa ry  c o n s u m p t i o n  o f  m o l e c u l a r  hyd rogen .  



To determine whether  s o l v e n t  e x t r a c t i o n  o f  c o a l  b e f o r e  l i q u e f a c t l o n  would 

enhance t h e  y i e l d  o f  d e s i r a b l e  p r o d u c t s  f rom subsequent t he rma l  o r  c a t a l y t i c  

l i q u e f a c t i o n ,  a  s e r i e s  o f  expe r imen ts  was conducted w i t h  I l l l n o i s  #6 c o a l .  

Samples were t r e a t e d  w i t h  benzene and e t h a n o l  a l o n e  and w i t h  m i x t u r e s  o f  t h e  

two.  A l so ,  I l l i n o i s  #6 c o a l  was f i rs t  soaked I n  a  process  m i d d l e  distillate 

and then  e x t r a c t e d  w i t h  e i t h e r  methy lene c h l o r l d e  o r  benzene/e thano l .  I n  

ano the r  expe r imen t ,  t h e  c o a l  was e x t r a c t e d  w i t h  c i t r i c  a c i d .  Representative 

s o l v e n t - e x t r a c t e d  samples were t h e n  l i q u e f i e d  I n  a  tubing-bomb r e a c t o r  under 

b o t h  h i g h -  and l o w - s e v e r i t y  r e a c t i o n  c o n d i t i o n s .  I n d i v i d u a l  expe r imen ts  a r e  

d e s c r i b e d  be low.  

So lven t  E x t r a c t i o n  w i t h  Benzene and E thano l  

Benzene-Ext rac ted I l l i n o i s  #6 Coal .  F i f t y  grams o f  I l l i n o i s  #6 c o a l  
I 

p u l v e r i z e d  t o  -200 mesh was p l a c e d  i n  a  S o x h l e t  e x t r a c t o r  t o  wh ich  600 mL o f  

benzene was added. The c o a l  was e x t r a c t e d  f o r  3  days. a f t e r  wh lch  t h e  e x t r a c t  

was c o l l e c t e d  by e v a p o r a t i n g  t h e  s o l v e n t  and then w e i g h ~ d .  The s x t r a c t c d  c o a l  

was d r i e d  under vacuum a t  70°C t o  remove r e s l d u a l  s o l v e n t  and a l s o  weiyhed. 

The y i e l d  o f  e x t r a c t  on a  MAF c o a l  b a s i s  was 2.7%. 

A sarnp'le o f  t h e  e x t r a c t e d  c o a l  was t h e n  l i q u e f l e d  w i t h  base l l q u e f a c t i o n  
3 

s o l v e n t  a t  425OC f o r  1 h r  i n  a 50-cm tubing-hnmb r e a c t o r .  Thc r c z u l t s  i n  

Tab le  35 show t h a t  t h e  o l l  y i e l d  has decreased somewhat compared t o  t h e  

l l q u e f a c t i o n  o f  o r l g l n d l  c o a l ,  and conversion decreased s i g n i f i c a n t l y .  

E t h a n o l - E x t r a c t e d  I l l i n o i s  # f j  Leal. Another  sample o f  f r e s h l y  ground -200 

mesh I l l l n o i s  #6 c o a l  was S o x h l e t  sx t . rac ted  w i t h  a b s o l u t e  e t h ~ n o l  e x h a u s t \ v e l y  

f o r  7  days .  The e t h a n o l - e x t r a c t e d  r e s i d u e  was d r i e d  and s u b j e c t e d  t o  

l i q u e f a c t l o n  u s i n g  base I l q u e f a c t i o n  s o l v e n t .  The r e s u l t s ,  r e p o r t e d  i n  

Tab le  35, a r e  compared t o  l i q u e f a c t i o n  of t h e  o r i g l n a l  I l l l n o i s  #6 c o a l .  

N o t i c e  t h a t  e t h a n o l  p r e t r e a t m e n t  a l s o  reduces o l l  y i e l d .  The c o n v e r s i o n  a l s o  

decreased d r a m a t j c a l l y .  



I LL INOIS  #6 COAL USING BASE LIOUEFACTION  SOLVENT^' 

' O r i q i n a l  c o a l  
Run Run Benzene- E t h a n o l -  

14 -48  18-53 Ave. e x t r a c t e d  c o a l  e x t r a c t e d  c o a l  

P r o d u c t  d i . s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 7 .8  8 . 2  8 . 0  8 .5  

O i l s  14 .5  10..5 12 .5  9 . 8  

S  R C 60 .0  64 .3  62 .1  5 4 . 8  

I OM 17 .7  17 .0  1 7 . 4  2 6 . 9  

C o n v e r s i o n  82.3 8 3 . 0  82 .6  73 .1  

a  
P r e t r e a t m e n t :  

50 g  o f  c o a l  ( - 2 0 0  mesh) ;  S o x h l e t  e x t r a c t i o n  i n  600 mL o f  e t h a n o l  o r  benzene 

R e a c t l o n  m i x t u r e :  

S o l v e n t  6 9 

Coa 1  3 9 

R e a c t l o n  c o n d i t i o n s :  

Tempe ra tu re  425°C 

H p r e s s u r e  
2  850 p s l g  c o l d  

T ime 60 m i n  

A g i t a t i o n  1,000 s t r o k e s  p e r  m i n u t e  



B e n z e n e / E t h a n o l - E x t r a c t e d  I l l i n o i s  #6 Coa l .  I l l i n o i s  #6 c o a l  was S o x h l e t  

e x t r a c t e d  f o r  2  days u s i n g  an a z e o t r o p i c  m i x t u r e  of 67.6 wt  % benzene and 32. 

w t  % e t h a n o l .  The y i e l d  o f  e x t r a c t  based on recove red  we igh ts  averaged 8.6% 

( d r y  basis);as shown i n  T a b l e  36. Tab le  36 a l s o  compares t h e  e lemen ta l  

composl t i o n  o f  t h e  e x t r a c t  w i t h  t h a t  o f  t h e  raw c o a l .  

The samples e x t r a c t e d  w i t h  benzene/e thano l  were s u b j e c t e d  t o  b o t h  t h e r m a l  and 

c a t a l y t i c  l i q u e f a c t i o n  u s i n g  base l i q u e f a c t i o n  and m o d i f i e d  ( H C l / s i l i c a  g e l  

t r e a t e d )  s o l v e n t s .  The l i q u e f a c t i o n  c o n d i t i o n s  and r e s u l t s  a r e  summarized i n  

Tab les  37  and 38, i n c l u d l n g  compar ison w i t h  t h e  b a s e l l n e  runs .  The d a t a  ? n  

each t a b l e  f o r  t h e  e x t r a c t e d  c o a l  a r e  r e p o r t e d  on b o t h  an e x t r a c t e d - c o a l  and 

who le -coa l  b a s i s .  The d a t a  based on t h e  whole c o a l  c o n s e r v a t i v e l y  assume a  

c o n v e r s i o n  o f  a p p r o x i m a t e l y  70% of  t h e  e x t r a c t e d  m a t , ~ r i a l  t o  011s.  On the 

ba51s o f  p r e v i o u s  e x p e r i e n c e  w i t h  m a t e r i a l s  , o f  s i m i l a r  compos i t i on .  one can 

reasonab ly  assume t h a t  t h e  e x t r a c t e d  m a t e r i a l  can be r e a d i l y  conve r ted  t o  

d i s t i l l a t e  p r o d u c t s  by c a t a l y t j c  h y d r o t r e a t i n g .  

The d a t a  i n  T a b l e  37 show a  s l g n l f i c a n t l y  h i g h e r  o i l  y i e l d  f o r  t h e  e x t r a c t e d  

c o a l ,  even when t h e  c o n t r i b u t i o n  by t h e  e x t r a c t e d  m a t e r i a l  i s  i gno red .  When 

t h e  c o n t r i b u t i o n  by t h e  e x t r a c t e d  m a t e r i a l  i s  i n c l u d e d  i n  t h ~  p r o d u c t  

d l s t r l b u t i o r ~  ( a s  can be seen i n  t h e  r i g h t - h a n d  column o f  Tab le  37) .  t h e  o i l  

y i e l d  i n c r e a s e d  a lmos t  t w o f o l d .  

T a h l r  30 s h o w 5  t h t  r e b u l t s  o f  t h e  l i q u e f a c t i o n  o f  t h e  e x t r a c t e d  I l l i n o i s  #6 

c o a l  I n  t h e  presence o f  a  m o d i f i e d  l i q u e f a c t i o n  s o l v e n t  p l u s  a  molybdenum 

c a t a l y s t .  A l t h o u g h  t h e  magn i tude o f  d i f f e r e n c e s  i s  l e s s  due t o  t h e  h ighe r  

c o n v e r s i o n  y i e l d s .  a  z i g n i f i c ~ n t  i n c r e a s e  I n  t h e  u l l  y i e l d  can a g a i n  be seen 

when t h e  d a t a  a r e  r e p o r t e d  on e i t h e r  an e x t r a ~ t e d - c o a l  o r  who le-coa l  b a s i s .  



TABLE 36 

SOLVENT EXTRACTION O F  ILL INOIS #6 COAL WITH BENZENE AND ETHANOL 
. . 

E x t r a c t i o n  y i e l d  

. . 

Run number: 7514-3-1 7514-3-2 

E x t r a c t  ( w t  %) : 

MF b a s i s  8 .98  8.27 

MAF b a s i s  10.0.7 9.27 

Mass r e c o v e r y  ( w t  % MF) 100.98 100.88 

w t  % (MAF) e l e m e n t a l  

composition 

Element  Raw c o a l  E x t r a c t  

C 78 .6  81.4 

H  5 .7  6 .4  

0  ( 1 0 . 3 ) a  ( 8 . ~ ) ~  

N  1 . 6  1.2 

S 3.7 2 . 2  

a 
Determlned by d i f f e r e n c e .  

b ~ l  r e c t  d e t e r m l n a t ' l o n  on ~ o u l o m , e t r  (cr  oxygen a n a l y z e r .  



TABLE 37 , 

LIQUEFACTION OF BENZENE/ETHANOL-EXTRACTED 

I L L I N O I S  #6 COAL WITH BASE LIQUEFACTION  SOLVENT^ 

R e n ; r ~ n ~ /  E x t r a  
e t h a n o l  c c 

e x t r a c t e d  who 
Raw I l l l n o i s  #6 c o a l  b a s l s  c o a l  

Run no. 14-48 

L l q u e f a c t j o n  p r o d u c t  distribution 

( w t  X MAF c o ~ l )  

Gases 7 . 8  

O j  1  14 .5  

SRC 60 .0  

I OM 17 .7  

C o n v e r s i o n  82 .3  

a 
R e a c t i o n  m l x t u r e :  

S o l  v e n t  6 9  

Coa 1  3  9  

R e a c t i o n  c o n d t t j o n s :  

T e m p e r a t u r e  47r01: 

ti pressure 850 p s i y  c o l d  
2 

T lme 60 m l n  

A g l t a t l o n  1,000 s t r o k e s  p e r  m l n u t e  

b ~ o n v e r s l o n  d a t a  were  c a l c u l a t e d  on a  w h o l e - c o a l  b a r l s  u s l n g  t h e  a v e r a g e  

e x t r a c t  y l e l d  o f  9.6% (MAF). E x t r a c t  1s c o n s e r v a t i v e l y  assumed t o  c o n t r l b u t e  

70% t o  t h e  o l l  f r a c t l o n  and 30% t o  t h e  SRC f r a c t l o n .  



TABLE 38 

LIQUEFACTION OF B E N Z E N E ~ E T H A N O L - E X T R A C ' T E D  I L L I N O I S  #6 COAL 

WITH MODIFIED LIQUEFACTION SOLVENT AND SOLUBLE MOLYBDENUM  CATALYST^ 

~ - 

Benzene/ E x t r a c t e d  
Raw e t h a n o l  c o a l ,  

I l l l n o l s  e x t r a c t e d  who1 e -  
#6 c o a l  b a s l s  c o a l  b a s i s  

Run no.  17-45 33-54 33-54 

I L i q u e f a c t i o n  p r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 

O l l s  

SRC 

I OM 

C o n v e r s i o n  

Mass r e c o v e r y  ( w t  %) 

a  
R e a c t l o n  m i x t u r e :  

. S o l v e n t  6  g  

Coa 1  3  9 '  

C a t d l y s t  500 ppm molybdenum based on c o a l  

R e a c t i o n  c o n d l t l o n s :  

Tempe ra tu re  

H p r e s s u r e  
2 

T i  me 

A g i  t a t q o n  

4  2 5" C 

850 p s l g  c o l d  

60  m l n  

1 ,000  s t r o k e s  p e r  m l n u t e  



Summary. A l t h o u g h  s i m p l e  a r o m a t i c  h y d r o c a r b o n  s o l v e n t s  such  as benzene, 

t o l u e n e ,  and m-xy l ene  a r e  s u i t a b l e  s o l v e n t s  f o r  d i s s o l v i n g  t h e  t y p e s  b f  s m a l l  

m o l e c u l e s  t h a t  a r e  p r e s e n t  i n  c o a l ,  o u r  benzene  e x t r a c t i o n  e x p e r i m e n t  showed 

t h a t  t h e s e  s o l  v.ents a l o n e  a p p a r e n t l y  do  n o t  a d e q u a t e l y  p e n e t r a t e  t h e  

m l c r o p o r o u s  s t r u c t u r e  and  I m p r o v e  t h e  l i q u e f a c t i o n  d i s t r i b u t i o n .  L i k e w i s e ,  

s i m p l e  a l c o h o l s ,  such as  m e t h a n o l  o r  e t h a n o l ,  a r e  s u i t a b l e  p o l a r  s o l v e n t s ,  

s i n c e  t h e y  a r e  e s p e c i a l l y  e f f e c t i v e  i n  s w e l l i n g  c o a l  t o  i n c r e a s e  t h e  

a c c e s s i b i l i t y  t o  t h e  m i c r o p o r o u s  s t r u c t u r e .  However,  ou r .  e t h a n o l  e x t r a c t i o n  

e x p e r i m e n t  showed t h a t  a l c o h o l s  a l o n e  a r e  p o o r  e x t r a c t i n g  s o l v e n t s  f o r  c o a l  

and t h e r e f 0 r . e  have  l i t t l e  o r  n o  i n f l u e n c e  on  c o a l  l i q u e f a c t i o n .  

I n  c o n t r a s t ,  a  b i n a r y  m i x t u r e  o f  t h e  t w o  s o l v e n t  t y p e s  does seem t o  u n i q u e l y  

possess  t h e  a b i l i t y  t o  c a r r y  o u t  b o t h  d e s i r e d  f u n c t i o n s ,  t h a t  i s ,  t o  i n c r e a s e  

ac i :e i \  t n  t h ~  m l ~ r Q t 2 Q t - 0 ~ ~  s t r u c t l l r n  ,?nd t n  s i m u l  t a n a o u c l y '  er;L~ J L L  Lhc d e s 9 r t d  

amount o f  s m a l l  m o l e c u l e s  f r o m  t h e  c o a l .  When t h e  c o a l  was e x t r a c t e d  w i t h  a  

m i x t u r e  o f  benzene  and e t h a n o l  a t  t e m p e r a t u r e s  b e l o w  l i q u e f a c t i o n ,  t h e  

hyd rogen -dono r  s o l v e n t  had max ima l  access  t o  t h e  i n t e r n a l  s t r u c t u r e  w i t h  t h e  

r e s u l t  t h a t  l i q u e f a c t i o n  ( o i l  y j e l d )  was i m p r o v e d .  

The t r u e  mechan ism o f  imp rovemen t  i n  011 y i e l d  i s  unknown, b u t  s e v e r a l  

t h e o r i e s  can  be  o f f e r e d ,  One c a n  r e a s o n a b l y  ac<llrnP t h a t  r emova l  o f  t h e  

o c c l u d e d  m a t e r i a l  ( w h i c h  may a c t  as a  d i l u e n t  d u r i n g  l i q u e f a c t i o n )  and 

r e p l a c e m e n t  w i t h  hyd rogen -dono r  s o l v e n t  imp roves  c o a l  I l q u r ? f a c t i o n .  The 

hyd rogen -dono r  s o l v e n t  i s  b e t t e r  d i s p e r s e d  w i t h l n  t h e  c o a l  makqng hyd rogen  

r e a d i l y  a v a i l a b l e  f o r  d o n a t i o n  a t  t h e  c r i t j c a l  o n s e t  o f  l i g u e f a c t i o n .  

A n o t h e r  p o s s l b f l i t y  I s  t h a t  r e p l a c e m e n t  o f  m o i s t u r e  a t  t h e  s u r f a c e  by  a l c o h o l  

o r  benzene  has  a l t e r e d  t h e  c o a l ' s  r k a . c t i v i t y .  F o r  example,  a  s m a l l  amount o f  

e t h a n o l  bound on t h e  s u r f a c e  a f t e r  t h e  extraction c o u l d  i m p a r t  a  d o n o r - s o l v e n t  

e f f e c t  i n  t h e  l i q u e f a c t i o n  r e a c t i o n .  If a p p r e c i a b l e  e t h a n o l  r ema ined  i n  t h e  

c o a l ,  a  n e t  i n c r e a s e  i n  t he  n i l  y i e l d  w o u l d  d l q 0  r e s u l t ;  however ,  our 
c a l c u l a t i o n s  show t h a t  1-5% r e s i d u a l  e t h a n o l  l e f t  on t h e  e x t r a c t e d  c o a l  w o u l d  

i n c r e a s e  t h e  o i l  y i e l d  b y  o n l y  0.2-1.0%. w h i c h  1s n e g l i g i b l e  compared t o  t h e  

obse rved  i n c r e a s e  i n  t h e  o i l  y i e l d .  The mass b a l a n c e s  f r o m  t h e  e x t r a c t i o n  

( T a b l e  36)  c l e a r l y  i n d i c a t e  t h a t  t h e  r e s i d u a l  e t h a n o l  c o u l d  n o t  have  su rpassed  



5%. The i n c r e a s e  i n  t h e  o i l  y i e l d  by s o l v e n t  e x t r a c t i o n  was f u r t h e r  

substantiated by t h e  r e s u l t s  o b t a i n e d  by extracting c o a l  w i t h  m i d d l e  

d l s t l l l a t e ,  as d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

P r e t r e a t m e n t  w i t h  M i d d l e  D i s t i l l a t e  F o l l o w e d  by  s o l v e n t  E x t r a c t i o n  

I n  t h i s  s e t  o f  e x p e r i m e n t s ,  I l l i n o l s  #6 c o a l  was p r e t r e a t e d  w i t h  a  

c o a l - d e r i v e d  m i d d l e  d i s t i l l a t e  s o l v e n t  a t  v a r i o u s  t e m p e r a t u r e s  and t h e n  

s o l v e n t - e x t r a c t e d  t o  i n v e s t j g a t e  t h e  e f f e c t  o f  t h e  m i d d l e  d i s t i l l a t e  on bo 

t h e  s o l v e n t  e x t r a c t i o n  and subsequen t  l i q u e f a c t i o n .  T r e a t m e n t  w i t h  m i d d l e  

d l s t i l l a t e ,  w h i c h  c o n t a i n s  a p p r e c i a b l e  amounts  o f  p h e n o l s ,  was e x p e c t e d  t o  

enhance s w e l l i n g  o f  t h e  . c o a l  and hence t h e  s e p a r a t i o n  o f  s m a l l  m o l e c u l e s .  

T a b l e  39 l i s t s  t h e  b o i l i n g - p o i n t  d i s t r i b u t i o n  o f  t h e  m l d d l e  d i s t i l l a t e  used  i n  

t h e s e  e x p e r i m e n t s ;  mos t  o f  t h e  s o l v e n t  distilled between 350 and 6 5 0 ° F .  

P r e t r e a t m e n t  c o n s i s t e d  o f  m i x i n g  e q u a l  amounts  o f  c o a l  and m i d d l e  d i s t i l l a t e  

a t  v a r j o u s  t e 'mpe ra tu res  be tween amb ien t  and 250°C.  The c o a l / s o l v e n t  s l u r r y  

was t h e n  s u b j e c t e d  t o  S o x h l e t  e x t r a c t i o n  u s i n g  e i t h e r  m e t h y l e n e  c h l o r i d e  o r  

b e n z e n e / e t h a n o l  ( 7 0 : 3 0 ) .  The e x t r a c t l o n  y i e l d s  were  d e t e r m i n e d  on t h e  b a s i s  

o f  r e c o v e r e d  c o a l ,  because  i t  was i m p r a c t i c a l  t o  d e t e r m i n e  t h e  w e i g h t  o f .  

e x t r a c t  due  t o  t h e  p r e s e n c e  o f  t h e  m i d d l e  d l s t l l l a t e .  The r e s u l t s , o f  t h e  

e x t r a c t i o n s  a r e  summar ized i n  T a b l e  40, i n c l u d l n g  an a n a l y s i s  o f  t h e  oxygen  

and n i t r o g e n  i n  t h e  e x t r a c t e d  c o a l s .  

The mass r e c o v e r i e s  we re  e x c e l l e n t  f o r  t h e  m e t h y l e n e  c h l o r i d e  e x p e r i m e n t s ,  b u t  

we re  e r r a t i c  when t h e  benzene!ethanol m i x t u r e  was used  f o r  e x t r a c t i o n .  These 

e x t r a c t l o n  s o l v e n t s  were  v e r y  difficult t o  remove f r o m  t h e  m l d d l e  d i s t i l l a t e  

d u r i n g  r o t o e v a p o r a t i n g .  

The d a t a  i n  T a b l e  40 show t h a t  a  marked I n c r e a s e  i n  m e t h y l e n e  c h l o r i d e  

s o l u b i l i t y  o c c u r r e d  upon t r e a t m e n t  o f  t h e  c o a l  a t  an  e l e v a t e d  t e m p e r a t u r e .  

A l t h o u g h  t h e  oxygen  d a t a  o f  t h e  e x t r a c t e d  c o a l  samples we re  I n c o n c l u s i v e ,  t h e  

modest  I n c r e a s e  i n  n i t r o g e n  m l g h t  I n d i c a t e  t h a t  a d d u c t i o n  o f  t h e  m i d d l e  

d l s t i l l a t e  was t a k i n g  p l a c e  t o  some e x t e n t ,  





TABLE 40 

PRETREATMENT OF I L L I N O I S  #6 COAL WITH COAL-DERIVED 

MIDDLE DISTILLATE FOLLOWED BY SOLVENT EXTRACTION 

Feed Run No. 
c o a l  . 7514-18 7514-20 7514-22 7414-30 7514-34a- 

P r e t r e a t m e n t  temp. ( "C )  -- 2  2 7  0  150 7  0  250 

E x t r a c t i o n  s o l v e n t  - - CH2C1 CH2c1 CH2C 1 Bz/EtOH Bz/EtOH 

Mass r e c o v e r y  ( w t  %) - - 99.7 9 8 . 7  9 7 . 8  106.7 101.7 

b E x t r a c t  ( w t  % ) - - 1 .1  1 . 6  6 . 1  9 . 5  1 5 . 8  

E x t r a c t e d  c o a l  ( %  MAF) 

Ash 10 .99  10 .42  11 .74  10 .79  11.20 ' 12 .43  

N  1 .44  1 .59  1 .58  1 . 8 1  1 .68  1 .58  

oc 13 .06  11 .09  10.58 12 .19  11 .10  11.83 

- - 

a 
Run I n  a u t o c l a v e  a t  1,000 p s l g  h e l i u m .  

b ~ x t r a c t  y j e l d  b a r e d  on w e i g h t  o f  r e c o v e r e d  c o a l .  

L 
D l r e c t  d e t e r m i n a t i o n  on C o u l o m e t r i c s  oxygen  a n a l y z e r .  



I n  a  s p e c i a l  expe r imen t  (sample  number 7514-34).  t h e  c o a l  was p r e t r e a t e d  w i t h  

t h e  m i d d l e  d i s t i l l a t e  a t  250°C I n  an a u t o c l a v e  r e a c t o r  p r e s s u r i z e d  under 

1,000 p s i g  o f  h e l i u m .  The y i e l d  o f  b e n z e n e / e t h a n o l - s o l u b l e  m a t e r l a l  was 

n e a r l y  d o u b l e  t h a t  o b t a i n e d  upon e x t r a c t l o n  o f  c o a l  t r e a t e d  a t  70°C. 

A l though  t h e  oxygen d a t a  a r e  d l f f I c u l t  t o  i n t e r p r e t ,  s e v e r a l  observations a r e  

n o t e w o r t h y .  The oxygen d a t a  r e p o r t e d  i n  Tab le  40  a r e  based on d l r e c t  

determination o f  oxygen u s i n g  a  C o u l o m e t r i c s ,  I n c .  oxygen a n a l y z e r .  The t e s t  

t h e o r e t i c a l l y  d e t e c t s  a l l  o r g a n i c  oxygen and any oxygen formed upon p y r o l y s i s  

o f  m i n e r a l s  such as ca rbona tes ,  s u l f a t e s ,  and c l a y s .  I n  t h e s e  ana lyses ,  t h e  

c o a l  samples were r u n  "as r e c e i v e d , "  and t h e  m o i s t u r e  c o n t e n t ,  de te rm ined  by 

t h e  ASTM method, was used t o  c o r r e c t .  t h e  oxygpn a n a l y s i s  t o  t h e  d r y  b a s i s .  

The d i r e c t  oxygen de te rm ined  f o r  t h e  raw c o a l  was s e v e r a l  p e r c e n t  h i g h e r  t h a n  

f o r  t h e  e x t r a c t e d  c o a l s .  T h i s  r e s u l t  was unexpected,  as one would assume t h e  

oxygen c o n t e n t  wou ld  i n c r e a s e  as t h e  r e s u l t  o f  t h e  a d d u c t i o n  o f  oxygen 

compounds f r o m  t h e  s o l v e n t .  A f t e r  scrutinizing these  d a t a ,  i n c l u d i n g  t h e  

carbon and hydrogen a n a l y s e s ,  we conc luded t h a t  t h e  d i f f e r e n c e  m i g h t  

r e p r e s e n t  an amount o f  m o i s t u r e  n o t  r e p o r t e d  by t h e  ASTM t e s t ,  b u t  de te rm ined  

i n  t h e  d i r e c t  oxygen a n a l y s i s .  A l s o ,  d u r i n g  s o l v e n t  e x t r a c t i o n ,  t h i s  

m o i s t u r e ,  w h i c h  i s  presumably t i g h t l y  bound t o  t h e  c o a l  s u r f a c e ,  i s  d i s p l a c e d  

by t h e  s o l v e n t .  

Three o f  t h e  c o a l  samples t r e a t e d  w i t h  m i d d l e  distillate ( T a b l e  40)  were 

s u b j e c t e d  t o  l l q u e f a c t i o n  i n  t h e  presence of base l l q u e f a c t i o n  s o l v e n t .  The 

r e s u l t s  o f  t h e s e  runs  a r e  shown i n  Tab le  41. 

Coal t h a t  had been p r e t r e a t e d  w i t h  m i d d l e  d l s t l l l a t e  a t  150°C and t h e n  

e x t r a c t e d  w i t h  me thy lene  c h l ~ r l d e  y i e l d e d  t h e  same amount o f  o i l s  as raw  c o a l  

upon l l q u e f a c t i o n  i n  base l i q u e f a c t i o n  s o l v e n t .  However, t h e r e  was a  

significant decrease I n  t o t a l  c o n v e r s i o n ,  as ev idenced by t h e  10% i n c r e a s e  i n  

t h e  I O M  y l e l d  a lone' .  T h i s  r e s u l t  s u b s t a n t i a t e s  t h e  argument t h a t  a  chemica l  

I n t e r a c t i o n  o f  t h e  m l d d l e  distillate w i t h  t h e  c o a l  has t a k e n  p l a c e  t h a t  js 

n o t  r e v e r s i b l e  w l t h  me thy lene  c h l o r i d e  e x t r a c t j o n .  Whatever t h i s  e f f e c t  i s ,  

I t  i s  c l e a r l y  detrimental t o  l i q u e f a c t j o n .  



TABLE 41 

M i d d l e  d i s t i l l a t e  t r e a t e d  c o a l  
Trea tment  t empera tu re  70°C 150°C 250°C. 1 ,000-ps i  He 
E x t r a c t i o n  s o l v e n t  Benzene/ CH2C12 Benzene/e thano l  

e t h a n o l  
Sample number  ase el i n e b  (7514-30)  (7514-22)  (7514-34)  

P roduc t  d i s t r i b u t i o n  

( w t  % M A F  c o a l )  

Gases 

O i l s  

SRC 

I OM 

Conve rs ion  82 .6  80.9 7 3 . 0  

Mass r e c o v e r y  ( w t  %) 95 .3  95.9 9 5 . 8  

a ~ e a c t i o n  m i x t u r e :  , 

~ a s e '  l i q u e f a c t 7 0 n  s o l v e n t  6 9  

Coal 3  g  

R e a c t i o n  c o n d l t l o n s :  

Tempera ture  

H2 p r e s s u r e  

Tlme 

A g i t a t i o r i  

425°C 

850 p s i g  c o l d  

60 rnln 

1,000 s t r o k e s  p e r  m i n u t e  

b o a r e l i n e  d a t a  averagcd f rom runs  11-  18  and 18-53 I n   able 35.  



The c o a l  sample p r e t r e a t e d  w i t h  m i d d l e  d i s t i l l a t e  a t  70°C and t h e n  e x t r a c t e d  

w i t h  benzene/e thano l  gave an e x t r a c t  y i e l d  comparable t o  t h a t  f o r  raw c o a l  

e x t r a c t e d  w i t h  benzene /e thano l , . as  shown I n  Tab les  36 and 40. Bo th  c o a l s  a l s o  

gave c o m p a r a b l e ~ l i q u e f a c t i o n  y i e l d s . ( s e e  Tab les  37 and 4 1 ) .  T h i s  f u r t h e r  

c o n f i r m s  t h e  b e n e f l c i a l  e f f e c t  o f  s o l v e n t  extraction on o f 1  y i e l d .  I n  t h i s  

case, t h e  s o l v e n c y  power o f  t h e  benzene/e thano l  m l x t u r e  was s u f f i c i e n t  t o  

r e v e r s e  any s o l v e n t  a d d u c t i o n  e f f e c t  t h a t  m i g h t  have r e s u l t e d  d u r i n g  t h e  

m i d d l e  d i s t i l l a t e  t r e a t m e n t .  

I n  t h e  f i n a l  r u n  r e p o r t e d  i n  T a b l e  41, i n  wh ich  t h e  c o a l  was p r e t r e a t e d  w i t h  

m i d d l e  d i s t i l l a t e  a t  250°C a t  1 ,000-ps lg  h e l i u m  p r e s s u r e  f o l l o w e d  b y  

benzene/e thano l  e x t r a c t i o n ,  o v e r a l l  c o n v e r s i o n  decreased s u b s t a n t i a l l y .  The 

n e g a t i v e  o i l  y i e l d  l n d f c a t e s  t h a t  c o n s t i t u e n t s  i n  t h e  process  s o l v e n t  s t r o n g l y  

i n t e r a c t e d  w i t h  t h e  t r e a t e d / e ' x t r a c t e d  c o a l  a t  h i g h  tempera tu re  and p r e s s u r e .  

I t  i s  q u i t e  c l e a r  f r o m  t h e s e  d a t a  t h a t  s i m p l e  p r e t r e a t m e n t  o f  c o a l  w i t h  a  

c o a l - d e r j v e d  m i d d l e  d i s t i l l a t e  a t  e l e v a t e d  tempera tu re  w i l l  d e t r i m e n t a l l y  

a f f e c t  c o a l  c o n v e r s i o n .  

C i t r i c  A c i d  E x t r a c t e d  I l l i n o i s  #6 Coal 

A s  p a r t  o f  t h e  s o l v e n t  e x t r a c t i o n  s t u d i e s ,  c o a l  was e x t r a c t e d  w i t h  a  m i l d  a c i d  

t o  l e a c h  c a t i o n s  o u t  o f  t h e  c l a y  components and t o  remove exchangeable sodium 

and c a l c i u m  m e t a l s .  Most o f  t h e  r e l e v a n t  work i n  t h e  l i t e r a t u r e  r e p o r t e d  t h e  

use o f  m i n e r a l  a c i d s  t o  p r e t r e a t  c o a l  anb o b t a i n  p a r t i a l  d e m i n e r a l i z a t i o n .  I n  

t h e  c u r r e n t  expe r lmen t ,  an o r g a n i c  a c i d  ( a , c o n c e n t r a t e d  s o l u t i o n  o f  c i t r l c  

a c i d .  pH -0.5)  was used i n s t e a d  o f  a  m i n e r a l  a c i d  t o  a v o i d  p o s s l b l e  s i d e  

e f f e c t s  i n  t h e  l i q u e f a c t i o n  r e a c t i o n  due t o  t h e  ha logens.  By v i r t u e  o f  i t s  

a d j a c e n t  c a r b o x y l i c  groups,  c l t r i c  a c i d  tends  t o  a c t  as an e f f i c i e n t  

complex ing  agen t  f o r  many m e t a l s ,  and t h e r e b y  serves  t o  e f f l c i e n t i y  c l e a n  up 

t h e  c o a l  s u r f a c e  and e x t r a c t  s o l u b l e  m l n e r a l s  f rom t h e  po res .  Treatment  o f  

I l l i n o i s  #6 c o a l  w i t h  c i t r i c  a c i d  s o l u t i o n  f o l l o w e d  by e x h a u s t i v e  wa te r  

e x t r a c t i o n  succeeded i n  r e d u c i n g  t h e  ash c o n t e n t  by 20-30%. 

The e x t r a c t e d  samples were l l q u e f i e d  w i t h  base l i q u e f a c t i o n  and m o d i f i e d  

s o l v e n t s  t o  d e t e r m i n e  t h e  e f f e c t  of t h i s  p r e t r e a t m e n t  on l i q u e f a c t l o n .  The 

r e s u l t s ,  summarlzed i n  Tab le  42,  show no marked differences between t h e  

p r o d u c t  d i s t r i b u t i o n  o b t a i n e d  by l i q u e f y i n g  b o t h  o r i g i n a l  and c i t r j c  a c i d  

washed c o a l  samples under t h e r m a l  and c a t a l y t l c  c o n d i t i o n s .  



TABLE 42 

Base M o d l f i e d  s o l v e n t  and 
l i q u e f a c t i o n  s o l v e n t  500 ppm Mo c a t a l y s t  

Run number 31 -050 B a s e l  i n e b  33-037 B a s e l  l n e c  

P r e t r e a t m e n t  C i t r i c  a c l d  Raw 111 .  #6 C i t r i c  a c l d  Raw 
e x t r a c t e d  e x t r a c t e d  I 1 1 . # 6  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 7 . 6  8 . 0  6 . 4  6 .7  

1 o i l  1 2 . 4  12 .5  45 .3  45 .4  

.SRC 6 0 . 6  62 .1  38.7 40.1 

I OM 19.4 1 7 . 4  9 . 6  7 . 8  

C o n v e r s i o n  8 0 . 6  82 .6  90 .4  92 .2  

Mass r e c o v e r y  ( w t  %) 90 .6  95 .3  96 .1  94.3 

a ~ e a c t i o n  m i x t u r e :  

Coa 1  3  9 

S o l v e n t  

C a t a l y s t  
6  9 

500-ppm molybdenum based  on  c o a l  ( i f  any )  

R e a c t l o n  conditions: 

T e m p e r a t u r e  425°C 

H2 p r e s s u r e  850 p s l g  c o l d  

T ime 60 m i n  

A g l  t a t i o n  1,000 s t r o k e s  p e r  m l n  

b ~ v c r a g e  o f  r u n  numbers 14 -48  and 18-53 

' ~ u n  numbers 17 -45 .  



OXIDATION OF COAL 

- O x i d i z e d  c o a l s  a r e  g e n e r a l l y  n o t  s u i t a b l e  f o r  . l i q u e f a c t i o n  because  t h e y  a r e  

known t o  p r o d u c e  a  c o n s i d e r a b l e  d e b l t  i n  o v e r a l l  c o n v e r s i o n  compared t o  t h e  

l i q u e f a c t i o n  o f  " f r e s h "  o r  u n o x i d i z e d  c o a l  ( 3 , ,  4 ) .  Oxygen incorporations o f  

s e v e r a l  p e r c e n t  o r  more  f r o m  o x i d a t i o n  i n  a i r  a t  t e m p e r a t u r e s  b e l o w  200°C a r e  

known t o  cause  e x t e n s i v e  d e c r e a s e s  i n  c o a l  c o n v e r s i o n  y l e l d s .  C o n s e q u e n t l y ,  

c o a l  l i q u e f a c t i o n  p r o c e s s  deve lopmen t  g r o u p s  have  been conce rned  w i t h  t h e  

p r o b l e m  and  have  made a  s u b s t a n t i a l  I n v e s t m e n t  i n  ways t o  m i n i m i z e  o r  

e l i m i n a t e  t h e  o x i d a t i o n  o f  c o a l  d u r i n g  r o u t i n e  m i n i n g ,  t r a n s p o r t a t i o n ,  

preparation, and  h a n d l i n g  p r i o r  t o  i t s  l i q u e f a c t l o n .  N a t u r a l - 1 y  w e a t h e r e d  

c o a l s  ( e . g . ,  f r o m  s t o c k p i l i n g )  can  be o x i d l z e d  t o  such  an e x t e n t  t h a t  t h e y  a re  

t y p i c a l l y  e x c l u d e d  as c a n d i d a t e s  f o r  c o a l  l i q u e f a c t l o n .  p r o c e s s i n g .  

On t h e  o t h e r  hand ,  b i t u m i n o u s  c o a l s  t h a t  have  been  s e v e r e l y  w e a t h e r e d  o r  

o x i d i z e d  d o  c o n t a i n  b e n e f i c l a 1  c a r b o x y l  g r o u p s  and o t h e r  i o n - e x c h a n g e  s i t e s  

t h a t  a r e  n o t  f o u n d  n a t u r a l l y .  These i o n - e x c h a n g e  s i t e s  a r e  b e n e f i c i a l  becaus t  

t h e y  can  comp lex  m e t a l s ,  t h u s  a l l o w i n g  c a t a l y s t s  t o  be  d i s p e r s e d  t h r o u g h o u t  

t h e  c o a l .  By m o l e c u l a r l y  d i s p e r s i n g  a  c a t a l y s t  t h r o u g h o u t  t h e  c o a l  s t r u c t u r e  

by i o n  exchange  p r i o r  t o  l i q u e f a c t i o n ,  c a t a l y t i c  e f f e c t  and subsequent  

l i q u e f a c t i o n  y i e l d s  s h o u l d  be i m p r o v e d  c o n s i d e r a b l y .  

Because we we re  i n t e r e s t e d  i n  p e r f o r m i n g  c a t i o n - e x c h a n g e  e x p e r i m e n t s  w i t h  

o x i d i z e d  c o a l ,  we f i r s t  d e s i g n e d  a - s e r l e s  o f  e x p e r i m e n t s  t o  d c t c r m i n c  how m i l l  

o x i d a t i o n  w o u l d  a f f e c t  l i q u e f a c t l o n  unde r  o u r  c o n d l t i o n s .  Hence, I l l I n o i s  #6 

B u r n i n g  S t a r  c o a l  was s u b j e c t e d  t o  t h e  f o l l o w i n g  p r e t r e a t m e n t s :  

Coa l  was o x i d i z e d  i n  a  f l u i d i z e d  bed  r e a c t o r  w i t h  d r y  a i r  a t  

c o n t r o l l e d  t e m p e r a t u r e s  o f  70  and 170°C f o r  1 ,  2, and  5 h r  and w i t h  

. w e t  a i r  a t  170°C f o r  5  h r .  

Coa l  was o x i d i z e d  j n  a  50 :50  ( b y  vo l ume)  s o l u t l o n  o f  d i l u t e  s u l f u r i  

a c l d  ( 0 . 1  N )  and  m e t h a n o l  c o n t a i n i n g  5% h y d r o g e n  p e r o x i d e  as  a n  

oxidizing a g e n t .  



Coal  was o x i d i z e d  i n  0 . 1  N  H2S04 w i t h  5% H202,  

Coal  was o x i d i z e d  w i t h  72% s u l f u r i c  a c i d  a t  a  m i l d  condition o f  1  h r  

a t  0°C and a t  more s e v e r e  c o n d i t i o n s  o f  1  and 18 h r  a t  50°C. 

To d e t e r m i n e  t h e  e x t e n t  o f  oxygen  i n c o r p o r a t i o n ,  t h e  o x i d i z e d  c o a l s  we re  

a n a l y z e d  u s i n g  a  d i r e c t  oxygen  a n a l y z e r  ( C o u l o m e t r i c s ,  I n c . ) .  

T h e r m o g r a v i m e t r l c  a n a l y s i s  was a l s o  used  t o  d e t e r m i n e  t h e  r e l a t i v e  r a t e  o f , -  

o x i d a t i o n  o f  t h e  I l l i n o i s  #6 c o a l  a t  d i f f e r e n t  t e m p e r a t u r e s  p r i o r  t o  s e t t i n g  

t h e  c o n d i t i o n s  i n  t h e  f l u i d j z e d - b e d  o x i d i z e r .  The oxygen  a n a l y s e s  o f  t h e  

t r e a t e d  c o a l s  a r e  summar ized i n  T a b l e  43.  

A s  shown by  t h e  d a t a  i n  T a b l e  43 and t h e  thermograms i n  F i g u r e  5 ,  t e m p e r a t u r e  

d e f i n i t e l y  a f f e c t e d  t h e  r a t e  o f  a i r  o x i d a t i o n ;  i t  p roceeded  much more r a p i d l y  

a t  170°C t h a n  a t  70°C. Hence, t h o s e  samples o x i d i z e d  a t  170°C we re  s e l e c t e d  

' f o r  t h e  l i q u e f a c t i o n  s t u d i e s .  A l s o ,  t h e  l n l t i a l  p e r o x i d e  t r e a t m e n t  ( 5 %  

H202 i n  50/50 me thano l /H2S04 )  was v e r y  effective i n  a d d i n g  oxygen ,  so  

t h e s e  samples we re  l l q u e f i e d ,  as were  t h o s e  o x i d i z e d  i n  72% H2S04 f o r  1  

and 1 8  h r .  

Because we had l e a r n e d  f r o m  o u r  c o a l  g r i n d i n g  e x p e r i m e n t s  ( t o  be  d i s c u s s e d  

b e l o w )  t h a t  o x i d a t i o n  was e x t r e m e l y  d e t r i m e n t a l  t o  o i l  production when 

o r i g i n a l  ( b a s e  l i q u e f a c t i o n )  s o l v e n t  was used.  a l l  t h e  l i q u e f a c t i o n  

e x p e r i m e n t s  i n  t h i s  s e r i e s  we re  r u n  w i t h  m o d i f i e d  s o l v e n t  ( 5 ) .  

The r e s u l t s ,  compared t o  ' t h e  o r l g i n a l  c o a l ,  a r e  summar ized i n  T a b l e  44.  The 

mos t  s l g n l f l c a n t  f i n d i n g  was t h a t  t h e  o i l  y i e l d s  f r o m  l i q u e f a c t i o n  o f  t h e  

a i r - o x i d i z e d  c o a l  we re  u n a f f e c t e d ,  even  t h o u g h  t h e  o x l d i z e d  c o a l s  g a i n e d  2 . 4  

and  3.0% oxygen .  B o t h  Neave l  ( 4 )  and Chang e t  a l .  ( 3 )  i n d i r e c t l y  I m p l y  t h a t  

oxygen  i n c o r p o r a t i o n  beyond a b o u t  2% w i l l  s i g n i f i c a n t l y  r e d u c e  t h e  c o n v e r s i o n  

y i e l d .  T h l s  I s  a p p a r e n t l y  n o t  t h e  case  f o r  o i l  g e n e r a t i o n  when a  m o d i f l e d  

s o l v e n t  i s  used .  Mo reove r .  t h e s e  r e s u l t s  l e a d  t o  t h e  c o n c l u s i o n  t h a t  o x i d i z e d  

c o a l  can  be  s u c c e s s f u l l y  l i q u e f i e d  w i t h o u t  c r e a t i n g  a d e b i t  i n  e i t h e r  o i l s  o r  

. c o n v e r s i o n  by u s i n g  m o d i f  i e d  r a t h e r  t h a n  base  1 i q u e f a c t i o n  s o l v e n t .  



TABLE 43 

OXIDATION OF ILL INOIS #6 BURNING STAR COAL BY VARIOUS METHODS 

% oxyqena- 
0 r Y DAF % ash  % s u l f u r  

Trea tment  c o n d i t i o n  b a s i s  b a s i s  ( d r y )  ( d r y )  . 

None ( o r i g i n a l  c o a l )  11.65 13 .06  10.78 3.92 

F l u i d i z e d  d r y  a i r  

A t  70°C f o r  1  h r  

f o r  2  h r  

f o r  5 h r  

A t  170°C f o r  1  ' h r  

f o r  2 h r  

f o r  5 h r  

F l u i d i z e d  we t  a i r  

a t  170°C f n r  5 h r  

72% H2S04 a t  0°C f o r  1  h r  11.83 - - N A 

A t  5 0 ° C  f o r  1 h r  11 .88  13 .03  8.79 4.79 

A t  50°C f o r  18  h r  14.M 15.34 8 .35  6 .11  

a D i r e c t  d e t e r m i n a t i o n  of  oxygen u s i n g  m o d i f i e d  C o u l o m e t r i c s ,  I n c .  oxygen 

a n a l y z e r .  

NA, n o t  a v a i l a b l e .  



EFFECT OF TEMPERATURE ON THE RATE OF AIR 
OXIDATION OF ILLINOIS #6 COAL AS DETERMINED BY 

THERMOGRAVIMETRIC ANALYSIS 

I 1 t I I 1 I I I I I 1 I I I I J 

0.0 100.0 200.0 300.0 100.0 500.0 600.0 700.0 800.0 

Tlmo (mln) 



TABLE 44 

MODIFIED SOLVENT. LIQUEFACTION OF ILL INOIS  #6 COAL 

PREOXIDIZED UNDER VARIOUS CONDITIONS (LIQUEFACTION CONDITIONS: 

425°C; 1  HR; 850-PSIG H2 COLD CHARGE) 

A i  r - o x i d i  zed 72% H2S04- 
c o a l .  170°C o x i d i z e d  c o a l  H2C 

O r i g i n a l  1 h r ;  1 8 h r ;  o x j d i  
coa 1 1  h r  2  h r  0 "  C 50°C c oa 

Ru i~  I . I ~ .  16-51 1  59 62-56 62-48 fin-7n 60- 

Oxygen i n c o r p o r a t i o n  ( % )  -- 2 .4  3 . 0  0 .1  2.4 5 .  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

i 
Gases 5.7 9 . 1  10 .6  9 . 8  11 .8  10 .  

O i l s  21.4 20 .5  22.8 19.9 4.1 4. 

SRC 46 .0  44 .2  42.7 46.5 42.9 . 43. 

I OM 26.9 26.2 23.9 23.8 41.2 42. 

C o n v e r s i o n  73.1 73 .8  76.1 76 .2  58.8 57. 

Mass r e c o v e r y  ( w t  %) 92.3 92 .6  89 .4  92 .5  91.2 92. 



A plausible i n t e r p r e t a t i o n  of t h i s  unexpected phenomenon c e n t e r s  around t h e  

n a t u r e  o f  t he  he te roa tom i n t e r a c t i o n s  b e t w e e n . t h e  c o a l  and s o l v e n t .  When c o a l  

i s  o x i d i z e d  i n  a i r  a t  c o n d i t i o n s  be low i t s  normal  i g n i t i o n  tempera tu re  

(ambient  t o  <200°C), t h e  i n c o r p o r a t i o n  o f  oxygen proceeds w i t h  t h e  u l t i m a t e  

f o r m a t i o n  of r e l a t i v e l y  s t a b l e  c a r b o n y l  and h y d r o x y l  g roups.  D u r i n g  

l i q u e f a c t i o n ,  t hese  oxygenated groups compete f o r  t h e  d o n a t a b l e  hydrogen 

d u r i n g  t h e  c r i t i c a l  t he rma l  r e a c t i o n  p e r i o d .  They a l s o  i n t e r a c t  w i t h  o t h e r  

c o n s t i t u e n t s  i n  t h e  s o l v e n t  and t h o s e  formed f r o m  t h e r m a l  r e a c t i o n  o f  t h e  

c o a l ,  r e s u l t i n g  i n  u n d e s i r a b l e  s i d e  r e a c t i o n s  l e a d i n g  t o  h l g h  m o l e c u l a r  w e j g h t  

p r o d u c t s  r a t h e r  t h a n  o i l s .  Consequent ly ,  t h e  l ower  o i l  y i e l d  observed when 

o x i d i z e d  c o a l  i s  l i q u e f i e d  w i t h  an o r i g i n a l  c o a l - d e r i v e d  s o l v e n t  can be 

a t t r i b u t e d  t o  t h e s e  i n t e r a c t i o n s  o c c u r r i n g  between t h e  oxygenated s i t e s  i n  t h e  

c o a l  and t h e  he te roa tom c o n s t i t u e n t s  o f  t h e  p rocess  s o l v e n t .  Fur thermore ,  t h e  

h i g h e r  t h e  he te roa tom con ten t ,  o f  t h e  s o l v e n t  o r  t h e  l a r g e r  t h e  e x t e n t  o f  

o x i d a t i o n  o f  t h e  c o a l ,  t h e  g r e a t e r  w i l l  be t h e i r  e f f e c t  upon d e c r e a s i n g  t h e  

c o n v e r s i o n  y i e l d s .  

The use o f  m o d i f i e d  s o l v e n t  ( t r e a t e d  by a d s o r p t i o n  on a  s u b s t r a t e  such as 

s i l i c a  g e l  o r  by r e a c t i o n  w i t h  a c i d  gases such as H C 1 )  was shown e a r l l e r  t o  

s i g n i f i c a n t l y  enhan,ce 011 p r o d u c t i o n .  We have a t t r i b u t e d  t h i s  phenomenon t o  

i n c r e a s e s  i n  t h e  i n h e r e n t  c a t a l y t i c  a c t i v i  t y  due t o  removal  o f  c a t a l y s t  

po i sons  and t o  t h e  r e d u c t l o n  o f  s o l v e n t / c o a l  adduc t  f o r m a t i o n .  Because o f  

o x i d a t i o n  e f f e c t s ,  we d i d  not p r e d i c t  comparable o i l  y i e l d s  f rom m o d i f i e d  

s o l v e n t  and o x i d i z e d  c o a l ,  and unexpec ted l y  found t h a t  l i q u e f a c t i o n  d i d  

produce o p t i m a l  y i e l d s .  T h i s  suggests t h a t  t h e  he te roa tom c o n s t i t u e n t s  i n  t h e  

s o l v e n t  a r e  t h e  "key" '  agents  t h a t  cause t h e  n e g a t i v e  e f f e c t s  when o x i d i z e d  

c o a l  i s  l i q u e f i e d .  When t h e  heteroatoms a r e  removed f rom t h e  s o l v e n t ,  t h e  011 

conversion y i e l d s  a r e  r e s t o r e d .  

I n  c o n t r a s t ,  c o a l  t h a t  was m l l d l y  o x i d i z e d  w l t h  hydrogen p e r o x i d e  ( 5 . 5 %  oxygen 

added) y i e l d e d  d r a s t i c a l l y  l ower  amounts o f  011, and o v e r a l l  c o n v e r s i o n  was 

reduced by a lmos t  2u%, e3en I n  the  presence o f  m o d i f i e d  s o l v e n t .  T h i s  r e s u l t  

i s  indeed c o n s i s t e n t  w i t h  t h a t  observed by o t h e r s  (5, 6 )  u s i n g  o r i g i n a l  

s o l v e n t ,  b u t  i s  somewhat s u r p r i s i n g  because t h e  oxygen up take  f o r  t h e  

p e r o x i d e - o x i d i z e d  c o a l  i s  o n l y  s e v e r a l  percen.t g r e a t e r  t h a n  t h e  a i r - o x i d i z e d  



c o a l .  Hence, one m igh t  assume t h a t  t h e  o x i d a t i o n  mechanism when hydrogen 

p e r o x i d e  I s  used i s  q u i t e  d i f f e r e n t  f r o m  t h a t  o f  a i r  o x i d a t i o n  a t  e l e v a t e d  

. t empera tu re ,  and so t h e  t y p e  o f  s o l v e n t  makes l i t t l e  d i f f e r e n c e .  

O i l  p r o d u c t i o n  was a l s o  d e s t r o y e d  when 72% H2S04 was used t o  p r e o x i d i z e  

t h e  c o a l  a t  50°C f o r  18  h r ,  and c o n v e r s i o n  dropped by 20%. T h i s  i s  a l s o  a  

c o n t r a d i c t i o n ,  s i n c e  l e s s  oxygen was i n c o r p o r a t e d  ( o n l y  2.4%) t h a n  i n  t h e  case 

o f  t h e  a i r - o x i d i z e d  c o a l ,  wh ich  showed no change i n  o i l  y i e l d .  Other  c o a l  

samples were p r e o x i d i z e d  w i t h  72% H2S04 a t  l e s s  severe  conditions o f  o n l y  

1 h r  a t  0°C. A t  t hese  c o n d l t l o n s ,  v e r y  l i t t l e  oxygen was I n c o r p o r a t e d  and 

r e l a t i v e l y  nn rhange i n  t h e  n i l  y i~1r - i  o r  c o n v e r s i o n  was obse i ved  upon 

l i q u e f a c t i o n  compared t o  y i e l d s  w i t h  a i r - o x i d i z e d  c o a l .  

I n  a l l  cases ,  t h e  gas y i e l d s  f rom l i q u e f a c t i o n  o f  o x i d i z e d  c o a l s  were ! 
c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  f rom l i q u e f a c t i o n  o f  t h e  o r i g i n a l  c o a l .  P a r t  o f  

t h e  i n c r e a s e  can be a t t r i b u t e d  t o  an i n c r e a s e  i n  t h e  ca rbon  o x i d e  gases; 

however, t h e r e  was a l s o  an e q u i v a l e n t  i n c r e a s e  i n  t h e  C p  t h r o u g h  C 4  

hydrocarbon gases.  The reasons f o r  t h e  i n c r e a s e  i n  C O X  a r e  obv ious .  b u t  t h e  

source  o f  t h e  i n c r e a s e  i n  l i g h t  hyd roca rbon  gases I s  unknown. 

S ince  t h e  a i r - o x i d i z e d  I l l i n o i s  #6 c o a l s  exhibited r e l a t i v e l y  unchanged 

l i q u e f a c t i o n  b e h a v i o r ,  t h e y  were s e l e c t e d  f o r  most  o f  t h e  ion-exchange t e s t s  

described i n  t h e  n e x t  s ~ c t i o n .  

CATION EXCHANGE OF PREOXIDIZED COAL 

E a r l i e r  work ( 7 )  has shown t h a t  e f f e c t i v e l y  d i s p e r s i n g  a  c a t a l y s t  I n  t h e  c o a l  

l i q u e f a c t i o n  r e a c t i o n  m i x t u r e  marked ly  improves o i l  p r o d u c t i o n .  For  example, 

a d d i t i o n  o f  i r o n  by i m p r e g n a t i o n  u s i n g  aqueous f e r r o u s  s u l f a t e ,  as opposed t o  

d r y - m i x i n g  p y r i t e  o r  powdered FeS04 w i t h  t h c  c o a l ,  s i g n i f i c a n t l y  l n c r c a r u s  

t h e  o i l  y i e l d .  Conce ivab l y ,  t h e r e f o r e ,  t h e  c a t a l y t i c  a c t i v i t y  c o u l d  be 

Improved even f u r t h e r  by m o l e c u l a r l y  dispersing a  c a t a l y s t  j n  t h e  c o a l  

s t r u c t u r e  by i o n  exchange p r i o r  t o  l i q u e f a c t i o n .  



D i s p e r s i o n  o f  a  m e t a l  by i o n  exchange f r o m  aqueous s o l u t i o n  i s  p o s s i b l e  w j t h  

c e r t a i n  c o a l s  t h a t  c o n t a i n  t h e  a p p r o p r i a t e  f u n c t i o n a l  g r o u p s .  Fo r  example,  

l o w - r a n k  c o a l s  t h a t  t y p i c a l l y  c o n t a i n  1 -4  m e q u i v / g  c a r b o x y l  g roups  a r e  r e a d i l y  

amenable t o  , i o n  exchange ( 6 ) .    ow ever, b i t u m i n o u s  c o a l s  n a t u r a l l y  c o n t a i n  

r e l a t i v e l y  few c a r b o x y l  g roups  o r  o t h e r  i on -exchange  s i t e s  t h a t  can  r e a d i . 1 ~  

i o n i z e  a t  i n t e r m e d i a t e  a c i d i t i e s ,  u n l e s s  t h e  c o a l s  have  been s e v e r e l y  

wea the red .  Hence, i n  o r d e r  t o  use  i o n  exchange  as a  method  f o r  d j s p e r s i n g  

c a t a l y s t s  on  b i t u m i n o u s  c o a l ,  one mus t  f i r s t  c h e m i c a l l y  a l t e r  t h e  c o a l  i n  

o r d e r  t o  p r o d u c e  t h e  f u n c t i o n a l  g roups  t h a t  a r e  c a p a b l e  o f  c o m p l e x i n g  m e t a l s .  

T h i s  was a c c o m p l i s h e d  by o x i d i z i n g  I l l i n o i s  #6 c o a l ,  as d e s c r i b e d  i n  t h e  

p r e c e d i n g  s e c t i o n .  

S e l e c t e d  c o a l s  f r o m  t h e  p r e o x i d a t i o n  e x p e r i m e n t s  were  s l u r r i e d  w i t h  d i l u t e  
t 

s a l t  s o l u t i o n s  t o  e f f e c t  i o n  exchange o f  v a r i o u s  c a t i o n s  [ ~ a ~ ~ ,  Na , 
2+ 3+ Fe , Fe ) The i on -exchange  p r o c e d u r e  c o n s i s t e d  o f  s l u r r y i n g  a  sample 

o f  p r e o x i d i z e d  c o a l  i n  a  d i l u t e  s o l u t l o n  o f  t h e  d e s i r e d  s a l t  ( 1 . e . .  f e r r o u s  

s u l f a t e ,  f e r r i c  c h l o r i d e ,  c a l c i u m  a c e t a t e ,  sod ium a c e t a t e ,  o r  sod ium 

h y d r o x i d e ) .  T h i s  was f o l l o w e d  by  f i l t r a t i o n  and e x h a u s t i v e  w a t e r  e x t r a c t i o n  

t o  remove excess  o r  nonadso rbed  s a l t s .  The amount o f  s p e c i f f c  c a t i o n  adso rbed  

o n t o  t h e  c o a l  was t h e n  measured by f o l l o w i n g  a  " back -exchange "  p rvcedur .e  

s i m i l a r  t o  t h e  h y d r o c h l o r i c  a c i d  d i g e s t i o n  s t e p  o f  t h e  ASTM D-2492 ( 8 )  

p r o c e d u r e  used  t o  d e t e r m i n e  p y r i t e .  I n  t h e  back-exchange ,  t h e  

c a t j o n - e x c h a n g e d  c o a l  was f l r s t  t r e a t e d  w i t h  0 .1  N HC1 a' t  s i m i l a r  c o n d i t i o n s  

t o  t h a t  o f  t h e  i o n  exchange .  Then t h e  HC1 e x t r a c t  was c o l l e c t e d  and a n a l y z e d  

f o r  t h e  p r e s e n c e  o f  d e s i r e d  c a t i o n s  removed b y  t h e  a c i d .  

The r e s u l t s  o f  exchange  e x p e r l m e n t s  f o r  I l l i n o i s  #6 c o a l  a r e  summar ized i n  

T a b l e . 4 5  f o r  ca2+  and Nat exchange a t  pH 7, f o r  Na' e x c h a n g e  a t  pH 12 ,  

and f o r  Fe2+ and  Fe3' exchange a t  pH 3 t o  5 .  An a d d i t i o n a l  exchange  

e x p e r i m e n t  w i t h  p e r o x i d e - t r e a t e d  c o a l  was a l s o  c o n d u c t e d  u s i n g  f e r r o u s  s u l f a t e  

i n  w h l c h  t h e  pH o f  t h e  exchange medium was v a r i e d  be tween 2  and  6  u s i n g  a 

s t a n d a r d  p h t h a l a t e  b u f f e r .  However,  n o  a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  e x t e n t  

o f  i o n  exchange was d e t e c t e d  e x c e p t  t h a t  a p p r e c i a b l e  i r o n  p r e c i p i t a t e d  upon  

a d d i t i o n  o f  t h e  c o a l  t o  t h e  pH 6  s o l u t i o n .  



TABLE 45 

CATION EXCHANGE OF P R E O X I D I Z E D  ILL INOIS #6 BURNING STAR COAL 

Exchange s a l t :  
C2H302) 2 

Na(C2H302) NaOH FeC13 F E 

I n i t i a l  pH: 7 7 . 1  12.6 3 t o  5 

% ca2+ % Na' % Na+ % % 

FSM-116: o r i g i n a l  O i l 9  0.05 0.06 0.30 
-- .- a 

Back exchange o f  o r i g i n a l  - - - - 

Air o x i d a t i o n :  5 h r  70°C 0 .26 . 0.04 - - - - 
1 h r  170°C - - - - - - - - 
2 h r  170°C 0.17 0.12 - - - - 
5 h r  170°C 0.17 0.22 0.41 - - 0. 

d - - : Not d e t e r m i n e d .  



he Ca-exchange d a t a  p r e s e n t e d  i n  T a b l e  45 a r e  c o m p l i c a t e d  by  t h e  f a c t  t h a t  

ack -exchange  w i t h  d i l u t e  HC1 d i s s o l v e d  a  p o r t i o n  o f  t h e  c a l c i t e  (CaCO ) 
3 

p r e s e n t  i n  I l l i n o i s  #6 c o a l ,  g i v i n g  r i s e  t o  t h e  o b s e r v e d  0 .19% Ca. B u t  as t h e  

o x i d l z e d  c o a l s  d i d  n o t  show any a p p r e c i a b l e  i n c r e a s e  o v e r  t h e  o r i g i n a l  c o a l ,  

we can  i n f e r  t h a t  r e l a t i v e l y  l i t t l e  o r  n o  Ca exchange  has t a k e n  p l a c e .  

~ a - e x c h a n g e  d a t a  p r e s e n t  a  somewhat d i f f e r e n t  p i c t u r e .  Ve ry  l i t t l e  ~ a +  was 

found  a f t e r  back -exchange  o f  t h e  c o a l s  t r e a t e d  w i t h  sod ium a c e t a t e  and sod ium 

h y d r o x i d e ,  I n d i c a t i n g  t h a t  r e l a t i v e l y  f e w  f u n c t i o n a l  g r o u p s  we re  a v a i l a b l e  f o r  

monova len t  i o n  exchange .  On t h e  o t h e r  hand, t h e  Na a d s o r p t i o n  c a p a c i t y  o f  one 

o x i d i z e d  c o a l  i n c r e a s e d  s l g n i f i c a n t l y ,  f r o m  0.07 t o  0.41% sod ium adso rbed  on  

c o a l .  However,  i n  t e r m s  o f  t h e  a c t u a l  i o n  exchange  c a p a c i t y  ( I E C ) ,  0 .40% Na 

i s  e q u i v a l e n t  t o  o n l y  0 .17 mequ i v / g ,  w h i c h  i s  q u i t e  l o w  f o r  an  i on -exchange  

s u b s t r a t e .  F o r  compa r i son ,  l i g n i t e  o r  s u b b i t u m i n o u s  c o a l s  t y p i c a l l y  y i e l d  

I E C s  o f  1 - 4  mequ i v / g .  A l t h o u g h  t h e r e  i s  a  modes t  c o r r e l a t i o n  be tween t h e  

e x t e n t  o f  sod ium a d s o r p t i o n  and t h e  amount o f  oxygen  i n c o r p o r a t i o n ,  t h e  amount 

o f  sod ium a d s o r p t i o n  r e p r e s e n t s  o n l y  a  v e r y  s m a l l  . f r a c t i o n  o f  t h e  amount o f  

oxygen  i n c o r p o r a t e d .  Hence, we can  assume t h a t  mos t  o f  t h e  i n c o r p o r a t e d  

oxygen  was p r e s e n t  i n  f u n c t i o n a l  g roups  t h a t  we re  o t h e r w i s e  not s u i t a b l e  f o r  

i u r ~  exchange .  

A s  w i t h  c a l c i u m ,  exchange  o f  e i t h e r  f e r r o u s  o r  f e r r i c  c a t i o n s  o n t o  o x i d i z e d  

c o a l s ,  v i a  FeS04 and F e C l j  t r e a t m e n t ,  r e s p e c t i v e l y ,  was n o t  any b e t t e r  

t h a n  exchange o n t o  o r i g i n a l  ( n o n o x i d l z e d )  c o a l .  

I t  I s  e s p e c i a l l y  I m p o r t a n t ,  however ,  t o  p o i n t  o u t  t h a t  a p p r e c i a b l e  i r o n  was 

abso rbed  o n t o  t h e  o r i g i n a l  I l l i n o i s  #6 c o a l  unde r  t h e  c o n d i t j o n s  o f  t h e  

e x p e r i m e n t ,  compared t o  t h e  amount o f  sod ium a b s o r b e d .  N o t e  t h a t  

back -exchange  o f  t h e  o r i g i n a l  c o a l  w i t h  d i l u t e  a c i d  removed o n l y  0 .05% 

a c i d - s o l u b l e  Fe, w h i l e  back-exchange  o f  t h e  F e S 0 4 - t r e a t e d  c o a l  removed 0.30% 

Fe. Whether  o r  n o t  t h e  n e t  d i f f e r e n c e  (0 .25% Fe)  r e p r e s e n t s  an  a c t u a l  qon 

exchange o f  Fe i s  uncertain, a l t h ~ u g h  t h e  modes t  d r o p  i n  pH f r o m  5 .2  t o  4 . 6  

d u r i n g  t h e  e x p e r i m e n t s  l e n d s  c r e d l b i l i t ~  t o  an  i on -exchange  t y p e  o f  

a d s o r p t i o n .  R e g a r d l e s s ,  p r e t r e a t m e n t  by o x i d a t i o n  s h o u l d  p r o d u c e  o p t i m a l  

d i s p e r s i o n  o f  i r o n  o r  o t h e r  m e t a l s  compared t o  o t h e r  methods  o f  a d d i n g  i r o n  a t  

t h e  same l o a d i n g  c a p a c i t y .  



L i q u e f a c t i o n  t e s t s  were  c o n d u c t e d  on a i r - o x i d l z e d  I l l i n o i s  #6 c o a l s  t h a t  had 

been t r e a t e d  w i t h  FeS04. M a d i f i e d  s o l v e n t  was used  exclusively f o r  

l i q u e f a c t i o n ,  because  o r i g i n a l - s o l v e n t  showed r e l a t i v e l y  p o o r  b e h a v i o r  w i t h  

o x i d l z e d  c o a l s .  The r e s u l t s  o f  t h e ' l i q u e f a c t l o n  t e s t s  a r e  summarized i n  

T a b l e  46. 

The a d d i t i o n  o f  o n l y  0.25% Fe t o  t h e  o r i g i n a l  ( u n o x i d i z e d )  c o a l  by  t h e  

exchange p r o c e d u r e  appea red  t o  p r o d u c e  a  f a i r l y  s i g n i f i c a n t  i n c r e a s e  i n  b o t h  

c o n v e r s i o n  (+11 .4%)  and  o i l  p r o d u c t i o n  (+7.9%) ( s e e  T a b l e  4 6 ) .  When t h e  c o a l  

was p r e o x i d i z e d  a t  170°C f o r  1  h r ,  n o  a p p r e c i a b l e  change  was o b s e r v e d  i n  t h e  

l i q u e f a c t i o n  p r o d u c t  d i s t r i b u t i o n  compared t o  l i q u e f a c t l o n  o f  o r i g i n a l  c o a l .  

However.  FeS04 t r e a t m e n t  o f  t h e  o x i d l z e d  c o a l  p r o d u c e d  a  s i g n i f i c a n t  

i n c r e a s e  o f  . n e a r l y  13% i n  t h e  o i l  y i e l d  compared t o  l i q u e f a c t i o n  o f  t h e  . , 

o x i d i z e d  c o a l .  N o n e t h e l e s s ,  t h i s  i n c r e a s e  r e p r e s e n t e d  on l y  a m a r g i n a l  

improvement  o v e r  t h a t  seen when t h e  o r i g i n a l  c o a l  was t r e a t e d  w i t h  FeS04 

w i t h o u t  p r e o x i d a t l o n .  When t h e  c o a l  was p r e o x i d i z e d  f o r  a l o n g e r  p e r i o d  

( i . e . ,  5  h r  a t  170°C, c o r r e s p o n d i n g  t o  an  oxygen  u p t a k e  o f  a b o u t  5%). t h e  

e x t e n t  o f  Fe a d s o r p t i o n  was i n c r e a s e d  o n l y  s l l g h t l y  r e l a t i v e  t o  t h e  o r i g i n a l  

c o a l ,  w h i l e  t h e  liquefaction c o n v e r s i o n  and  o i l  y i e l d s  we re  r educed  t o  t h e  

o r i g i n a l  c o a l  l e v e l .  

These r e s u l t s  c l e a r l y  show t h a t  m i l d  a l r  o x i d a t i o n  o f  I l l i n o i s  #6 c o a l  

p roduces  o n l y  a m i n o r  f r a c t i o n  o f  m e t a l  a d s o r p t i o n  s i t e s  r e l a t i v e  t o  t h e  l a r g e  

amount o f  oxygen  i n c o r p o r a t e d .  Hence, i on -exchange  t r e a t m e n t  o f  o x i d l z e d  c o a l  

w j t h  FeS04 does n o t  p r o d u c e  a  s i g n i f t c a n t  j n c r e a s e  I n  o l l  y i e l d  o v e r  t h a t  

f o u n d  w i t h  FeS04 t r e a t m e n t  o f  o r i g i n a l  c o a l .  N e v e r t h e l e s s ,  t h e  exchange o f  

Fe o n t o  o r i g i n a l  I l l l n o i s  #6 c o a l  does i n d e e d  p r o d u c e  a  s u b s t a n t i a l  i n c r e a s e  

i n  t h e  y i e l d  o f  o i l s  a t  a  r e l a t i v e l y  l o w  l o a d i n g  c a p a c l t y  ( 0 . 2  t o  0.3% on  

c o a l )  when l i q u e f a c t i o n  i s  c o n d u c t e d  i n  t h e  p r e s e n c e  o f  m o d i f i e d  s o l v e n t .  



I 
TABLE 46 

M O D I F I E D  SOLVENT LIQUEFACTION OF A I R - O X I D I Z E D  I L L I N O I S  #6 COAL 

EXCHANGED WITH FERROUS SULFATE (LIQUEFACTION CONDITIONS: 

425°C; 1  HR; 850-PSIG H2 COLD CHARGE1 

O r i g i n a l  c o a l  P r e o x i d l z e d  c o a l  (170°C) 
1  h r  5  h r  

C a t a l y s t  exchange :  None FeSO4 None FeSO4 FeSO4 

% H C 1 - s o l u b l e  Fe 0 .05  0 .30  0 .05  0 .33  0 . 3 8  
d e t e r m i n e d  by  back  
exchange 

L i q u e f a c t i o n  r u n  no .  16-51 52-58 1-59 3-48 3-61 

( P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 5.7 6 . 8  9 .1  7 . 5  10 .3  

O i  1 s, 21.4 29 .3  20.5 3 3 . 3  22 .3  ( 2 2 . 8 ) a  

S  R C 46 .0  48.3 44 .2  40 .4  43 .6  ( 4 4 . 9 ) a  

I OM 26.9 15 .6  26 .2  18 .8  23 .6  ( 2 3 . ~ ) ~ .  

Conversion 73 .0  84 .4  7 3 . 8  81 .1  76 .4  ( 75 .3 ) " "  

Mass r e c o v e r y  ( w t  %) 92 .3  96 .3  92.6 9 2 . 8  9 7 . 8  

a ~ u p l i c a t e  v a l u e s .  



PULVERIZATION OF COAL 

The l i q u e f a c t i o n  p e r f o r m a n c e  o f  I l l i n o i s  #6 B u r n i n g  S t a r  c o a l  p u l v e r i z e d  unde 

v a r i o u s  c o n d i t i o n s ,  i n c l u d i n g  i n  t h e  p r e s e n c e  o f  m o d i f i e d  s o l v e n t ,  was a l s o  

i n v e s t i g a t e d .  When c o a l  i s  comminuted,  t h e  d e c r e a s e  I n  p a r t i c l e  s i z e  

a p p r e c i a b l y  i n c r e a s e s  t h e  amount o f  f r e s h  s u r f a c e  a r e a  c o n t a i n i n g  many h i g h l y  

a c t i v e  s i t e s .  I t  w o u l d  f o l l o w  t h a t  comminu t i on  i s  p r o b a b l y  accompanied by  

r e a c t i o n  o f  t h e  n e w l y  g e n e r a t e d  s u r f a c e  s i t e s  w i t h  s p e c i f i c  m o l e c u l e s  e i t h e r  

c o n t a i n e d  i n  o r  c o n s t i t u t i n g  t h e  medium used  i n  t h e  p u l v e r i z a t i o n  p r o c e s s .  

These i n t e r a c t i o n s  c o u l d ,  i n  t u r n .  s i g n i f i c a n t l y  i n f l u e n c e  t h e  l l q u ' e f a c t i o n  

p e r f o r m a n c e  o f  t h e  p u l v e r i z e d  c o a l .  I n  p a r t i c u l a r ,  i f  c o a l  were  p u l v e r i z e d  i n  

t h e  p r e s e n c e  o f  a hyd rogen -dono r  s o l v e n t ,  t h e r e  wou ld  be  a  h i g h e r  p r o p e n s i t y  

f o r  t h e  n e w l y  g e n e r a t e d  s u r f a c e  s i t e s  t o  i n t e r a c t  w i t h  t h e  s o l v e n t  m o l e c u l e s .  

T h i s  s i t u a t i o n  c o u l d  i n f l u e n c e  t h e  subsequen t  t h e r m a l  l i q u e f a c t i o n  r e a c t i o n  by  

i m p r o v i n g  t h e  t r a n s f e r  o f  h y d r o g e n  f r o m  t h e  s o l v e n t  t o  t h e  c o a l .  F u r t t l e r r ~ ~ u r e ,  

such d e t r i m e n t a l  s i d e  e f f e c t s  as  s u r f a c e  o x i d a t i o n  l e a d i n g  t o  p o o r  conversion 

wou ld  be a p p r e c i a b l y  r e d u c e d  by  p u l v e r i z i n g  c o a l  i n  t h e  p r e s e n c e  o f  s o l v e n t  o r  

under  i n e r - t  c o n d i  t i o n s .  

To d a t e ,  l i t t l e  i n f o r m a t i o n  has been p u b l i s h e d  on  t h e  e f f e c t s  o f  s o l v e n t  

g r l n d i n g  on  subsequen t  l i q u e f a c t i o n ,  as d i s c u s s e d  i n  l i t e r a t u r e  r e v i e w s  

p u b l i s h e d  i n  one o f  o u r  Q u a r t e r l y  R e p o r t s  f o r  t h l s  p r o g r a m  ( 2 ) .  O n l y  Chang e t  

a l .  ( 9 )  d e m o n s t r a t e d  I n  b a t c h  t ub i ng -bomb  e x p e r i m e n t s  t h a t  g r i n d i n g  o f  c o a l  b y  

hand i n  t h e  p r e s e n c e  o f  t e t r a l i n ,  as  opposed t o  d r y  g r i n d i n g  i n  a i r ,  

a p p r e c i a b l y  i m p r o v e d  c o a l  c o n v e r s i o n .  However,  t h e  improvement ,  r a n g i n g  f r o m  

1 0  t o  20%. was based  on  t o t a l  c o n v e r s i o n  t o  c r e o s o l  s o l u b l e s ,  w h i c h  p r o v i d e d  

a b s o l u t e l y  no  i n f o r m a t i o n  a b o u t  e f f e c t  upon d i s t i l l a t e  011 y i e l d s .  

T h e r e f o r e ,  a  s e r i e s  o f  e x p e r i m e n t s  a imed a t  t e s t i n g  t h e  propensity f o r  

I l l i n o i s  #6 B u r n i n g  S t a r  c o a l  t o  be c o n v e r t e d  t o  d i s t i l l a t e  o i l s  a f t e r  h a v i n g  

been p u l v e r i z e d  unde r  v a r i o u s  c o n d i t i o n s  was pe r f o rmed .  The p u l v e r i z a t i o n  

c o n d i t i o n s  a r e  l l s t e d  b e l o w :  

I n e r t  gas  ( h e l l u m  a t  0°C) 

A i r  unde r  s l i g h t l y  e l e v a t e d  t e m p e r a t u r e  and p r e s s u r e  (82"C/120 p s i )  



A l c o h o l  w i t h  and w i t h o u t  t h e  p r e s e n c e  o f  s o l u b l e  molybdenum o c t o a t e  

as c a t a l y s t  

Base l i q u e f a c t i o n  s o l v e n t  a t  l o w  t e m p e r a t u r e  

M o d i f i e d  s o l v e n t  a t  l o w ~ t e m p e r a t u r e  

M o d i f i e d  s o l v e n t  a t  e l e v a t e d  t e m p e r a t u r e  

- Under  h e l i u m  p r e s s u r e  w i t h  and w i t h o u t  molybdenum h e x a c a r b o n y l  

- Under  h y d r o g e n  p r e s s u r e  and M o ( C O ) ~  w . i t h  and w i t h o u t  H2S 

and added Fe compounds 

E t h a n o l ,  w i t h  base  l i q u e f a c t i o n  and  m o d i f i e d  s o l v e n t s ,  w l t h  and 

w i t h o u t  molybdenum o c t o a t e  as c a t a l y s t  

T o l u e n e  c o n t a i n i n g  M o ( C O ) ~  a t  e l e v a t e d  t e m p e r a t u r e  

1 Feeds tock  P r e p a r a t i o n  

A f r e s h  sample o f  I l l i n o i s  #6 c o a l  was o b t a i n e d  d i r e c t l y  f r o m  t h e  B u r n i n g  S t a r  

#2 m ine  by  A i r  P r o d u c t s .  The a s - r e c e i v e d  c l e a n e d  c o a l  ( 2  i n .  x  0 )  was 

s u b j e c t e d  t o  m i l l i n g  t o  g e n e r a t e  a  1 / 4  i n .  x 0 sample f r o m  w h i c h  1 g a l l o n  was 

r e c o v e r e d  f o r  f u r t h e r  p r o c e s s i n g ,  as o u t l i n e d  i n  F i g u r e  6 .  The 1 / 4  i n .  x 0 

c o a l  was c a r e f u l l y  s t a g e  c r u s h e d  i n  a  g e n e r a l  p u r p o s e  m i l l  c o n t a i n e d  I n  a  

n i t r o g e n - f i l l e d  g l o v e  box  t o  o b t a i n  a  s i z e  f r a c t i o n  o f  18  x  100  mesh ( o r  1 mm 

x  150  urn), w h i c h  r e p r e s e n t e d  79.8% o f  t h e  o r i g i n a l  c o a l .  S i n c e  t h e  s p e c i f i c  

o b j e c t i v e  o f  t h i s  p a r t  o f  t h e  p r o g r a m  was t o  s t u d y  t h e  e f f e c t s  o f  g r i n d i n g  t h e  

c o a l ,  t h e  f i n e s  ( - 1 0 0  mesh m a t e r i a l )  we re  n o t  i n c l u d e d  I n  t h e  s t u d y .  The 1 8  x: 

1 0 0  mesh f r a c t i o n  was t h e n  s u b d i v i d e d  b y  representative splitting t o  o b t a i n  

m u l t i p l e  samples c o n t a i n i n g  a b o u t  3 g each  t o  be  used  f o r  t h e  l i q u e f a c t i o n  

experiments. 

G r l n d i n q  E x p e r i m e n t s  

To s i m p l i f y  t h e  g r i n d i n g  method ,  c o a l  o r  c o a l  p l u s  t h e  s o l v e n t  was c h a r g e d  
3 

i n t o  a  50-cm tub i ng -bomb  r e a c t o r  n o r m a l l y  used  f o r  l i q u e f a c t i o n .  The 

w e i g h t s  o f  t h e  c o a l  a n d  s o l v e n t  were  c o n v e n i e n t l y  chosen  t o  be 3 and 6 g ,  

r e s p e c t i v e l y ,  s i n c e  t h i s  was t h e  u s u a l  c h a r g e  f o r  t h e  l i q u e f a c t i o n  t e s t ,  w h i c h  

c o u l d  be r u n  I m m e d i a t e l y  following t h e  g r l n d i n g  s t e p  w i t h o u t  t h e  need t o  make 

sample t r a n s f e r s .  



FIGURE 6 
PREPARATION OF ILLINOIS #6 COAL 

FOR GRINDING EXPERIMENTS 
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I n  o r d e r  t o  g r i n d  t h e  c o a l ,  a  s m a l l  s t e e l  r o d  was p l a c e d  i n s i d e  t h e  

t ub i ng -bomb  r e a c t o r ,  w h i c h  was a g i t a t e d  a t  1 ,000 s t r o k e s  p e r . m i n u t e  u s i n g  t h e  

m i c r o a u t o c l a v e  shaker  assemb l y .  D u r i n g  t h e  g r i n d i n g  p e r i o d ,  w h i c h  was v a r i e d  

be tween 5 ,  . l o ,  and 30 m i n ,  t h e  r e a c t o r  t e m p e r a t u r e  was m a i n t a i n e d  a t  0°C b y  

immers i ng  i t  i n  an i c e  b a t h .  

T a b l e  47 l i s t s  t h e  p a r t i c l e - s i z e  d l s t r i b u t j o n  o b t a i n e d  upon s i e v e  a n a l y s i s  o f  

t h e  c o a l  p u l v e r i z e d  w i t h  one s t e e l  r o d  i n  t h e  p r e s e n c e  o f  b o t h  a i r  ( d r y )  and 

p r o c e s s  s o l v e n t .  When ' p rocess  s o l v e n t  was used  d u r i n g  g r i n d i n g ,  a  n -pen tane  

wash was used  t o  remove t h e  s o l v e n t  f r o m  t h e  c o a l  p . r l o r  t o  t h e  a n a l y s i s .  The 

d a t a  i n  T a b l e  47 c l e a r l y  i n d i c a t e  t h a t  o n l y  1 0  m i n  was needed t o  r e d u c e  t h e  

p a r t i c l e  s i z e  t o  t h e  d e s i r e d  l e v e l  (<200 mesh) when a l r  was used as t h e  

p u l v e r i z a t i o n  medium. However,  as c a n  be seen f r o m  F l g u r e  7 ,  w h i c h  compares 

t h e  r a t e  o f  p u l v e r i z a t i o n  i n  t h e  p r e s e n c e  o f  a i r  and  p r o c e s s  s o l v e n t ,  t h e  

c o n d i t i o n s  were  n o t  s e v e r e  enough t o  a c h i e v e  t h e  d e s i r e d  p a r t i c l e - s i z e  

r e d u c t i o n  when s o l v e n t  was used .  

Hence, a d d i t i o n a l  e x p e r i m e n t s  were  c o n d u c t e d  t o  f i n d  t h e  op t imum c o n d l  t l o n s  

f o r  p u l v e r i z i n g  c o a l  i n  t h e  p r e s e n c e  o f  p r o c e s s  s o l v e n t .  Runs we re  made a t  

s i m i l a r  c o n d i t i o n s  as above ,  e x c e p t  t h a t  two  s t e e l  b a l l s  were  p l a c e d  w i t h i n  

t h e  r e a c t o r  and g r i n d i n g  was a l l o w e d  t o  p r o c e e d  f o r  60  m i n .  The p a r t i c l e - s i z e  

d a t a  a r e  p r e s e n t e d  i n  T a b l e  48 and t h e  r e s u l t s  o f  t h e  s o l v e n t  g r i n d i n g  a r e  ,- 

p l o t t e d  i n  F l g u r e  8. The r a t e  o f  p u l v e r i z a t j o n  was imp roved  s i g n i f i c a n t l y  b y  

u s i n g  two  s t e e l  b a l l s  r a t h e r  t h a n  one s t e e l  r o d ,  and t h e  g o a l  o f  r e d u c i n g  >90% 

o f  t h e  m a t e r i a l  t o  b e l o w  200 mesh was a c h i e v e d .  Hence, a l l  t h e  g r l n d i n g  

e x p e r i m e n t s  we re  r u n  unde r  t h e s e  c o n d i t i o n s  ( t w o  s t e e l  b a l l s  and 1 - h r  g r i n d i n g  

t i m e ) .  The a c t u a l  p a r t i c l e - s i z e  d i s t , r i b u t i o n s  f o r  b o t h  h e l i u m - g r o u n d  c o a l  and 

p r o c e s s  s o l v e n t  g round  c o a l ,  g r a p h i c a l l y  d e p i c t e d  i n  F l g u r e  9, compare 

f a v o r a b l y .  

I n  a d d i t i o n  t o  t h e  above r u n s ,  s e v e r a l  e x p l o r a t o r y  r u n s  we re  made t o  t e s t  t h e  

p u l v e r i z a t i o n  r a t e  i n  t h e  p resence  o f  a l c o h o l  ( a t  t h e  same w e i g h t  r a t i o  used 

f o r  p r o c e s s  s o l v e n t ,  i . e . ,  6 g  o f  s o l v e n t / 3  g  o f  c o a l ) .  However,  t h e  g r i n d i n g  

e f f i c i e n c y  i n  a l c o h o l  was m a r k e d l y  l o w e r  t h a n  n o t e d  w l t h  p r o c e s s  s o l v e n t .  



T A B L E  47 

PRELIMINARY G R I N D I N G  E X P E R I M E N T S  OF 

I L L I N O I S  #6 C O A L  U S I N G  ONE S T E E L   ROD^ 

A i  r Process s o l v e n t  ( 6  g l  

P a r t l c l e  s i z e s  5 10 3  0  5 1' 0  .30 
( w t  %) mi n  mi  n  m i  n  mi  n  m i  n  mi n 

20 x 100 mesh 50.0 1 . 6  1 .G 74.4 48.7 28.7 

100  x 170 mcsh 24.  I 6 . 2  1 .8  1 4 . 3  24.7 29.0 

170 x 3 2 5  mesh 2.1 21.7 2 .8  3 .4  1 1 . 8  4.7 

- 3 2 5  mesh 23 .5  71 .0  90 .8  8 . 0  14 .8  37.4 

d ~ r ? n d i n g  c o n d l t l o n s :  

3  g  ( 2 0  x 100 mesh) I l l i n o i s  #6 c o a l  

0°C b a t h  t e m p e r a t u r e  

50-cm"tbing-bomb r e a c t o r  w i t h  one s t e e l  r o d  (3 /16  i n .  D x 1  i n .  L )  

1.000 s t r o k e s / m i n  a g i t a t i o n  



~ - 

FIGURE 7 
EFFECT OF MEDIUM ON RATE OF GRINDING 

OF ILLINOIS #6 COAL . . 

(3 g OF 20 X 100 MESH COAL; ONE STEEL ROD) 

Wt96, 
-170 
Mesh 

Time (min) 



TABLE 48 

PRELIMINARY GRINDING EXPEHlMENTS OF 

ILL INOIS  #6 COAL USING TWO STEEL B A L L S ~  

A i r ,  He l ium,  Process s o l v e n t  E t h a n o l ,  
P a r t l c l e  s i z e s  5 6 0  3  0  6 0  6 0  9 0  

( w t  %) m i  n  ml  n  mi  n  mi  n  mi  n  m i  n  

20 x 100 mesh 

100  x 1 7 U  mesh 1 0 . 0  3 .2  1 5 .  1  8 .9  7 .1  

170 x 325 r r ~ e s l ~  2 . 7  17 .9  4 .7  9 . 9  6 .7 0.6 , 
325 x 400 mesh 48.0 18.7 50.2 30.1 37.5 14.1 

-400 mesh 35.3 59.9 24.6 49.4 46.8 70.8 

a 
G r l n d i n g  c o n d i t i o n s :  

3 g  ( 2 0  x 100  mesh) I l l i n o i s  #b c o a l  

0°C b a t h  t e m p e r a t u r e  
3 

50-cm tubing-bomb r e a c t o r  

1,000 s t r o k e s / m i n  a g i t a t i o n  

b 
E t h a n o l  g r l n d i n g  was done i n  t h e  p resence  o f  t h r e e  s t e p 1  b a l l s  and 4 g o f  

e t h a n o l  t o  3 g  o f  c o a l .  



FIGURE 8 
GRINDING OF ILLINOIS #6 COAL IN THE 

PRESENCE OF PROCESS SOLVENT 
(3 g OF 20 X 100 MESH COAL; 6 g OF SOLVENT) 
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FIGURE 9 
COMPARISON OF PARTICLE-SIZE DISTRIBUTION OF 

ILLINOIS #6 COAL GROUNlD IN HELIUM AND PROCESS SOLVENT 
(3 g OF 20 X 100 MESH COAL; 60 MIN; 

TWO STEEL BALLS) 
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h e r e f o r e ,  i t  was necessary  t o  go t o  90-min g r i n d i n g  t i m e  w i t h  t h r e e  s t e e l  

a l l s  and o n l y  4  g  of a l c o h o l / 3  g of c o a l  t o  a c h i e v e  a  comparable p a r t i c l e -  

i z e  d i s t r i b u t i o n .  The p a r t i c l e - s i z e  d i s t r i b u t i o n  o b t a i n e d  i s  a l s o  l i s t e d  i n  

he p u l v e r i z e d  c o a l s  were s u b j e c t e d  t o  liquefaction I n  a  tubing-bomb r e a c t o r  

o  e s t a b l i s h  t h e  e f f e c t  o f  p u l v e r i z a t i o n  upon l i q u e f a c t i o n .  When t h e  c o a l  

was p u l v e r i z e d  i n  e i t h e r  a i r  o r  he l i um,  t h e  t u b i n g  bombs were charged w i t h  

3 g  o f  t h e  f r e s h l y  p u l v e r i z e d  c o a l  and 6  g  o f  s o l v e n t  and p r e s s u r i z e d ' w i t h  

L i q u e f a c t i o n  runs  i n  a l l  cases were made a t  425°C f o r  1 h r .  The p r o d u c t  

gases were c o l l e c t e d  and ana lyzed  by gas ch ron~a tog raphy ,  w h i l e  t h e  t o t a l  

p r o d u c t  l i q u i d  was sepa ra ted  by a  s o l v e n t  workup p rocedure  t o  o b t a i n  an o i l  

f r a c t i o n  (n-pentane s o l u b l e ) ,  an SRC f r a c t i o n  (methylene.chloride/methanol 

' s o l u b l e ,  pentane i n s o l u b l e ) ,  and a  r e s i d u e .  

I l l i n o i s  #6 Coal  Ground i n  He l i um ( B a s e l i n e  Runs). I l l i n o i s  #6 c o a l  was 

ground i n  h e l i u m  and then  l i q u e f i e d  a c c o r d i n g  t o  t h e  c o n d i t i o n s  shown i n  

Tab le  49 u s i n g  base 1  i q u e f a c t i o n  s o l v e n t ,  m o d i f i e d  s o l v e n t ,  and m o d i f i e d  

s o 1 v e n t . c o n t a i n i n g  500 ppm o f  molybdenum as molybdenum o c t o a t e .  S o l v e n t  

m o d i f i c a t i o n  s i g n i f i c a n t l y  improved t h e  o i l  y i e l d ,  and t h e  a d d i t i o n  o f  

c a t a l y s t  produced an even l a r g e r  i n c r e a s e  l n  t h e  o i l  y i e l d  f rom t h e  c o a l  ( see  

Tab le  4 9 ) ,  

I l l i n o i s  #6 Coal Ground i n  A i r .  The g r l n d i n g  o f  I l l i n o i s . # 6  c o a l  was 

examined i n  an a i r  env i ronment .  The g r i n d l n g  t u b i n g  bomb was p r e s s u r i z e d  t o  

120 p s i g  w i t h  a i r  and t h e n  hea ted  t o  a  s l i g h t l y  e l e v a t e d  tempera tu re  o f  82°C 

( w h i c h  happens t o  be s i m i l a r  t o  t h a t  used i n  a t y p l c a l  commercia l  gas-swept 

m l l l ) .  A f t e r  l o - ,  40-, and 60-min grinding I n t e r v a l s ,  an a i r  sample was.  

t a k e n  and ana lyzed  by gas chromatography t o  measure t h e  change i n  oxygen 

c o n c e n t r a t i o n .  The r e s u l t s  f r o m  t h i s  experiment a r e  shown i n  F i g u r e  10 where 

t h e  measured l o s s  o f  oxygen has been used t o  c a l c u l a t e  t h e  oxygen 

i n c o r p o r a t i o n  on t h e  c o a l  and p l o t t e d  a g a i n s t  t i m e .  The l i n e a r i t y  o f  t h e  



Run no .  47-63 47-61 
P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 
O i  1  
SRC 
I OM 

C o n v e r s i o n  78 .3  ( 8 2 . 6 )  71 .7  ( 7 3 . 0 )  93.2 ( 9 2 . 2 )  

Mass r e c o v e r y  ( w t  %) 9 4 . 4  96.7 

' p r e t r e a t m e n t :  

3  g  o f  c o a l  ( 2 0  x 100 mesh); 1  h r ;  2 s t e e l  b a l l s ;  2 p s i g  h e l i u m ;  0°C 

L i q u e f a c t i o n :  

425°C; 1  h r ;  3 g o f  c o a l ;  6 g  o f  s o l v e n t ;  850 p s i g  H2 c o l d ;  1.000 

s t r o k e s  p e r  m i n u t e  a g i t a t i o n  

b ~ a t a  i n  p a r e n t h e s e s  r e p r e s e n t  p r e v i o u s  l i q u e f a c t i o n  r u n  made w i t h  a 

r e p r e s e n t a t i v e  sample o f  -200 mesh I l l i n o i s  #6 c o a l .  



FIGURE 10 
GRINDING OF ILLINOIS #6 COAL IN THE PRESENCE OF AIR 

UNDER SLIGHTLY ELEVATED CONDITIONS 
(3 g OF 20 X 100 MESH COAL; 120 PSlG AIR; 180°F; 

TWO STEEL BALLS) 

Yo 
Oxygen 

Incorporation 
(Dry Basis) 

Grinding Time (Min) 



r e l a t i o n s h i p  i s  indeed surprising, b u t  i s  p r o b a b l y  a t t r i b u t e d  t o  t h e  i nc rease  

r e a c t i v e  s u r f a c e  area as t h e  m a t e r i a l  l s  b e i n g  ground f l n e r . w i t h  t i m e .  F i g u r e  

a l s o  shows t h a t  I l l i n o i s  #6 c o a l  has ga ined  1.4% oxygen a f t e r  g r i n d i n g  f o r  1 h  

and I t  i s  t h i s  c o n d i t i o n  t h a t  was used t o  g e n e r a t e  t h e  sample f o r  t h e  l i q u e f a c .  

t e s t s .  

Ihe r e s u l t s  o f  l i q u e f a c t i o n  t e s t i n g  a r e  compared f n  f a b l e  5 0  w i t h  r e s u l t s  f r o m  

h e l i u m  b a s e l i n e  runs  ( T a b l e  4 9 ) .  The most  s t r i k i n g  f e a t u r e  o f  t h e  d a t a  i s  t h e  

n e g a t i v e  impac t  t h a t  a i r - g r i n d i n g  has on b o t h  conversion and o i l  y l e l d s ,  

e s p e c i a l l y  when base l i q u e f a c t i o n  s o l v e n t  i s  used. I n  f a c t ,  t h e  n e g a t i v e  o i l  

y i e l d  ( -3 .9%)  w i t h  base l i q u e f a c t i o n  s o l v e n t  I n d i c a t e s  n o t  o n l y  t h a t  t h e  o i l  y '  

has  d e c l i n e d  d r a m a t i c a l l y ,  b u t  more i m p o i l d i ~ l l y  t h a t  p rocess  s o l v e n t  has been 

i n c o r p o r a t e d  i n t o  h e a v i e r  p r o d u c t s  f rom t h e  l l q u e f a c t l o n ,  as d i scussed  

p r e v i o u s l y .  

When m o d i f i e d  s o l v e n t  and c a t a l y s t  were used t o  l l q u e f y  t h e  a i r - g r o u n d  c o a l ,  

c o n v e r s i o n  and, i n  p a r t i c u l a r ,  t h e  o i l  y i e l d  l n c r e a s e d  s i g n i f l c a n t l y ,  a l t h o u g h  

g r i n d i n g  s t i l l  showed a  n e g a t i v e  e f f e c t  compared t o  t h e  b a s e l i n e  h e l i u m  runs .  

Because ou r  i n t e n t i o n  was t o  maximize t h e  o i l  y i e l d .  a d d i t i o n a l  runs  o f  t h e  
I 

a i r - g r o u n d  c o a l  w i t h  m o d i f l e d  s o l v e n t  b u t  w i t h o u t  c a t a l y s t  were n o t  conducted.  

N e v e r t h e l e s s ,  t h e  c o n v e r s i o n  d e b i t  due t o  o x i d a t i o n  i n  a i r  i s  improved by 6-7% 

when mod i f . i ed  s o l v e n t  and c a t a l y s t  a r e  used i n  l i q u e f a c t i o n .  

One can c e r t a i n l y  p o s t u l a t e  f r o m  t h e s e  d a t a  t h a t  i n t e r a c t i o n  o f  t h e  "oxygenated 

s p e c l e s "  gene ra ted  d u r i n g  a i r - g r l n d l n g  o f  t h e  c o a l  and t h e  he te roa tom c o n s t l t u e  

c o n t a i n e d  I n  t h e  base l l q u e f a c t l o n  s o l v e n t  l eads  t o  r e t r o g r a d e  r e a c t i o n s  d u r i n g  

l l q u e f a c t l o n .  Hence, If the he te rod tom c o n s t l t u e n t s  and/or  t h e  o x i d a t i o n  e f f e c  

were removed f r o m  t h e  system, t h e r e  would be a  s i g n l f l c a n t  l n c r e a s e  I n  o i l  y i e l  

We have observed t h a t  t h e  use o f  a  m o d i f i e d  s o l v e n t  somewhat r e s t o r e s  t h e  

c o n v e r s i o n  and significantly decreases t h e  o i l  d e b i t  due t o  t h e  o x i d a t i o n  

e f f e c t s .  

Fur thermore ,  concerns  abou t  o x i d a t i o n  o f  c o a l  t h a t  have a r l s e n  i n  l i q u e f a c t i o n  

Processes u s i n g  r e c y c l e  s o l v e n t s  may be a l l e v i a t e d  by u s i n g  m o d l f l e d  s o l v e n t .  

u s i n g  m o d i f i e d  s o l v e n t  i n  l i q u e f a c t i o n ,  N2 b l a n k e t i n g  and o t h e r  c o s t l y  h a n d l l n c  

procedures  t o  a v o i d  o x i d a t i o n  c o u l d  be e l i m i n a t e d .  



TABLE 50 

LIQUEFACTION OF I L L I N O I S  #6 COAL 

PULVERIZED IN HOT  AIR^ 

Base l i q u e f a c t i o n  M o d i f i e d  s o l v e n t  + 
s o l v e n t  500 ppm Mo o c t o a t e  

He1 i umb He1 i urnb 
A i  r base1  i n e  A i r  base1  i n e  

52-48 47-63 52-37 57-56 

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

7 . 4  6 . 8  6.5 9 .2  

- 3 . 9  1 3 . 4  26 .9  37.6 
I 

SRC 63 .0  58.1 5 2 . 8  46 .4  

I OM 33 .5  21.7 1 3 . 8  6 .8  

C o n v e r s i o n  66 .5  78 .3  86 .2  93 .2  

Mass r e c o v e r y  ( w t  %) 104 .5  94 .4  98 .1  96 .7  

a ~ r e t  r e a t m e n t  : 

3  g o f  c o a l  ( 2 0  x' 100 mesh) ;  1  h r ;  2 s t e e l  b a l l s ;  1 h r ;  82°C; 120  p s i  a i r  

L i q u e f a c t i o n :  

425°C; 1  h r ;  3  g  o f  c o a l ;  6  g  o f  s o l v e n t ;  850 p s l g  H2 c o l d ;  1 ,000 

s t r o k e s  p e r  m i n u t e  a g l  t a t i o n  

b ~ e l l u m  b a s e l j n e  r u n s  f r o m  T a b l e  49.  



I l l i n o i s  #6 Coal Ground i n  Coa l -Der ived S o l v e n t .  I t  was suggested i n  t h e  

l i t e r a t u r e  t h a t  p u l v e r i z a t i o n  o f  c o a l  i n  t h e  pre'sence o f  s o l v e n t  p r i o r  t o  

l i q u e f a c t i o n  wou ld  p o t e n t i a l l y  improve t h e  c o n v e r s l o n ,  and indeed Chang's da ta  

showed some p o s i t i v e  i n d i c a t i o n s  i n  t h i s  r e g a r d  ( 9 ) .  But  what i s  t h e  e f f e c t  

upon o i l  y i e l d ?  And, how does m o d i f i c a t i o n  o f  t h e  s o l v e n t  a f f e c t  t h e  y i e l d s ?  

To answer t h e s e  q u e s t i o n s ,  t h e  l i q u e f a c t i o n  o f  I l l i n o i s  #6 c o a l  ground i n  

c o a l - d e r i v e d  s o l v e n t s  was s t u d i e d ;  r e s u l t s  a r e  d i scussed  be low.  

G r i n d i n g - a t  Cow Lernpgratgre.  Tab le  51 shows t h e  r e s u l t s  o f  l i q u e f a c t i o n  t e s t s  - 
on c o a l  g round I n  base l i q u e f a c t i o n  and m o d i f i e d  s o l v e n t s .  These d a t a  a r e  

compared t o  t h e  h e l i u m  b a s e l i n e  runs  f r o m  T a b l e  4 9 ,  where t h e  c o a l  was c i m p l y  

ground i n  h e l i u m  and t h e n  l i q u e f i e d  w i t h  t h e  r e s p e c t i v e  s o l v e n t s .  Tab le  51 

r e a d i l y  shows t h a t  q r l n d i n g  i n  t h e  base l i q u e f a c t i o n  s o l v e n t  ha5 s i g n i f i c a n t l y  

reduced o i l  y i e l d ,  w h i l e  t h e  use o f  m o d l f i e d  s o l v e n t  r e s u l t e d  I n  s i m i l a r  i f  

n o t  m a r g i n a l l y  improved o i l  y i e l d s .  

The e f f e c t  on c o n v e r s i o n  was .somewhat d i f f e r e n t .  When c o a l  was preground i n  

he l i um,  c o n v e r s i o n  w i t h  m o d i f i e d  s o l v e n t  was a p p r e c i a b l y  l e s s  t h a n  t h a t  w i t h  

base l i q u e f a c t i o n  s o l v e n t .  T h i s  i s  p resumably  because o f  t h e  poor  so l vency  

power o f  t h e  m o d i f i e d  s o l v e n t  due t o  t h e  absence o f  t h e  N-bases and pheno ls .  

On t h e  o t h e r  hand, when c o a l  was ground i n  t h e  presence o f  s o l v e n t s  p r i o r  t o  

1 i q u e f a c t i o n ,  c o n v e r s i o n  w i t h  m o d i f i e d  s o l v e n t  now becomes comparable t o  t h a t  

o f  base l i q u e f a ' c t l o n  s o l v e n t .  The s u b s t a n t i a l  lowerlng of  c o n v e r s l o n  due t o  

t h e  poor  so l vency  power o f  t h e  m o d i f i e d  s o l v e n t  i s  e l i m i n a t e d  by a l l o w i n g  

s u f f i c i e n t  t i m e  f o r  t h e  s o l v e n t  t o  p e n e t r a t e  t h e  c o a l  d u r i n g  t h e  g r i n d i n g  

s tage .  

I l l i n o j s  #6 c o a l  was a l s o  p u l v e r i z e d  I n  t h e  p resence  o f  a m o d l f l e d  s o l v e n t  

containing 500-ppm molybdenum based on c o a l  added as  molybdenum o c t o a t e :  

Comparison o f  t h e  1 I q u e f a c t l o n  da ta  f rom t h ~ s  r u n  w I t h  t h a t  whcn t h c  c o a l  was 

f i r s t  g round i n  h e l i u m  and t h e n  l l q u e f i e d  w i t h  m o d I f I e d  s o l v e n t  and c a t a l y s t  

shows no a p p r e c i a b l e  difference i n  o i l  y I e l d ,  a l t h o u g h  t h e  y i e l d  i n  b o t h  cases 

i s  10-12% h l g h e r  t han  w i t h o u t  c a t a l y s t .  I n  t h i s  case, t h e  e f f e c t s  due t o  t h e  

g r i n d l n g  a r e  r e l a t i v e l y  i n s i g n i f i c a n t  i n  t h e  p resence  o f  t h e  h i g h l y  a c t i v e  

molybdenum c a t a l y s t .  



TABLE 51 

LIQUEFACTION OF I L L I N O I S  #6 COAL 

PULVERIZED I N  PROCESS SOLVENTS AT o O c a  

M o d i f i e d  s o l v e n t  
Base l i q u e f a c t i o n  . + 500 ppm 

s o l v e n t  M o d i f l e d  s o l v e n t  Mo o c t o a t e  
~ e l i u m ~  ' He1 i urnb  el lumb 
b a s e l i n e  base1  i n e  base1  i n e  

Run no.  49-60 47-63 49-59 57-59 47-61 49-35 57-56 

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 6 . 2  6 .8  6 .4  8 . 0  6 .2  7.1 9 .2  

O i  1  8 . 2  13 .3  27.6 24 .9  24 .1  34 .4  3 7 . 6  

SRC 66 .9  . 58.1 46 .3  4 9 . 6  41 .4  45.7 . 46 .4  

I OM 18 .7  , 21.7 19 .7  17 .5  28 .3  1 2 . 8  6 .8  

C o n v e r s i o n  81 .3  78 .3  80 .3  82 .5  71.7 87 .2  93 .2  

Mass r e c o v e r y  96 .2  94.4 95 .6  97.. 7  96 .7  96 .3  - 
( w t  %) 

3  g o f  c o a l  ( 2 0  x 1 0 0  mesh) ;  1  h r ;  2  s t e e l  b a l l s ;  6  g o f  s o l v e n t ;  0°C 

L l q u e f a c t l o n :  

425'C; 1  h r ;  3  g o f  c o a l ;  6 g o f  s o l v e n t ;  850  p s i g  H2 c o l d ;  1 ,000  s t r o k e s  p e r  

m i n u t e  a g i t a t i o n  

b ~ e l l u r n  b a s e l l n e  r u n s '  f r o m  T a b l e  49 



Grinding-at L l g v a t g d - T g m p e r a t u ~ e .  Seve ra l  expe r imen ts  were conducted t o  - 
de te rm ine  whether  i n c r e a s i n g  t h e  tempera tu re  d u r i n g  s o l v e n t  g r l n d l n g  o f  c o a l  

would more s ' t r o n g l y  i n f l u e n c e  l i q u e f a c t i o n ,  e s p e c i a l l y  i n  t h e  presence o f  a  

c a t a l y s t .  A c c o r d i n g l y ,  I l l i n o i s  # 6 . c o a l  was p u l v e r i z e d  a t  170-250°C i n  t h e  

presence o f  m o d i f i e d  s o l v e n t  under e i t h e r  h e l i u m  o r  hydrogen p ressu res  o f  

800-850 p s i g .  Some o f  t h e  runs  were made w i t h  500-ppm molybdenum c a t a l y s t  

based on c o a l  added as Mo(C06). T h i s  f o rm of Mo was used because i t  would 

decompose a t  e l e v a t e d  t e m p e r a t u r e  and d e p o s j t  Mo m e t a l  t h r o u g h o u t  t h e . c o a 1  

d u r i n g  t h e  g r i n d l n g ,  t h u s  s e r v i n g  as an e f f e c t i v e  way t o  d i s t r i b u t e  t h e  m e t a l  

c a t a l y s t ,  

The r e s u l t s  o f  t h c  v a r i o u s  runs  a r e  repoiled I r l  Tab le  5 2 .  Coal ground I n  

m o d i f i e d  s n l v e n t  a t  170°C under a h e l i u m  p r c s s u r c  o f  000 p r i g  d i d  ( lo t  d p p e a r  

t o  p roduce a  s i g n i f i c a n t  d i f f e r e n c e  I n  e i t h e r  o i l  y i e l d  o r  c o n v e r s i o n  compare( 

t o  t h a t  ground i n  m o d i f i e d  s o l v e n t  a t  0°C under o n l y  a  few pounds per  square  

i n c h  o f  h e l i u m  (compare Tab les  51 and 5 2 ) .  E l e v a t e d  tempera tu res ,  as shown 11 

Tab le  52, r e s u l t e d  i n  27.7% o i l  y i e l d s ;  l o w - t e m p e r a t u r e - t r e a t e d  c o a l  y i e l d e d  

24.9 and 27.6% o i l  I n  d u p l i c a t e  r u n s .  T h e r e f o r e ,  t empera tu re  o f  t h e  

p r e t r e a t m e n t  does n o t  appear t o  be i m p o r t a n t  I f  t h e  t r e a t e d  c o a l  undergoes 

t h e r m a l  l l q u e t a c t i o n .  

When c a t a l y s t  [500 ppm M o ( C O ) ~ ]  w a s  a d d ~ d  t o  t h e  g r i n d l n g  rncdlum ( m o d i f l e d  

s o l v e n t  a t  170°C).  t h e  011 and c o n v e r s i o n  y l e l d s  ( T a b l e  5 2 )  ' increased t o  t h e  

same degree as when c o a l  was ground f i r s t  ) n  m o d i f l e d  s o l v e n t  and molybdenum 

o c t o a t e  a t  0°C ( T a b l e  5 1 ) .  Hence, t h e  e f f e c t  o f  t empera tu re  i n  t h e  s o l v e n t  

g r i n d i n g  s t e p  up t o  a t  l e a s t  170°C does n o t  appear t o  i n f l u e n c e  c o n v e r s i o n  

even i n  t h e  c a t a l y t i c  case.  

Another g r i n d i n g  expe r imen t  was r u n  u s i n g  m o d i f l e d  s o l v e n t  and 500-ppm 

M O ( C O ) ~ ,  b u t  i n  t h i s  case  hydrogen r e p l a c e d  h ~ l i ~ l m  anrl t h e  tempera tu re  ua? 

i nc reased  t o  250°C d u r i n g  g r i n d i n g .  I n  t h i s  r u n  (62 -35 ) .  t h e  o i l  y i e l d  upon 

1 l q u e f a c t i o n  i n c r e a s e d  t o  40.0%. r e p r e s e n t i n g  a 6% improvement ove r  t h e  

p r e v i o u s  r u n  made w i t h  h e l i u m  (#63-41) .  C o n t r a r y  t o  t h e  i n c r e a s e  i n  o i l  

y i e l d ,  c o a l  c o n v e r s i o n  decreased by 5%. 



TABLE 52 

LIQUEFACTION OF I L L I N O I S  #6 COAL PULVERIZED 

AT ELEVATED TEMPERATURES I N  THE PRESENCE OF 

MODIFIED SOLVENT AND MOLYBDENUM  CATALYST^ 

H e l i u m  Hel ' ium H z  No i r o n  0.5% 1  .O% Fe as 
170°C 170°C 250°C added o i l - s o l .  Fe p y r i t e  

ppm Mo as Mo(CO)6 0  500 500 500 500 500 

Run no .  ' 63-71 63-41 62-35 2-42 2-57 2-62 

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

I Gases 8 . 2  7 . 0  8 .4  5.1 6 :  0  5.6 

I O j  1 s 27.7 . 3 4 . 2  4 0 . 0  44.4 45.7 44 .6  

SRC 44.7 47 .6  35 .4  42 .2  41 . 6  42.5 

I OM 19 .4  1 1 . 2  1 6 . 2  8 . 3  5 .7 5 .6  

C o n v e r s i o n  80 .6  88 .8  83 .8  91 - 7  94 .3  94.4 

Mass r e c o v e r y  95.4 9 6 . 8  9 2 . 9  94.. 0  93.4 94 .4  

( w t  %) 

a ~ r e t r e a t m e n t :  
3 g  o f . c o a ' 1  ( 2 0  x 100  mesh) ;  6  g  o f  m o d i f i e d  s o l v e n t ;  t h r e e  s t e e l  b a l l s ;  

2  h r ;  170-250°C; 800 p s i  e x c e p t  where  n o t e d  

Liquefaction: 

425°C. 1 h r ;  850 p s i g  H2 c o l d ;  1 ,000 s t r o k e s  Pe r  m i n u t e  a g ' i t a t l o n  



F i n a l l y ,  t h r e e  r u n s  were conduc ted  under  s l i g h t l y  d i f f e r e n t  c o n d i t i o n s ,  t h a t  

I s ,  g r i n d i n g  was done i n  m o d i f i e d  s o l v e n t  a t  170°C under  8 2 - p s i g  H 
2 

c o n t a i n i n g  1% H2S.  I n  one r u n ,  500 ppm o f  molybdenum c a t a l y s t  was added as 

M O ( C O ) ~ .  I n  t h e  second r u n ,  t h e  c a t a l y s t  was 500 ppm o f  Mo added as 

~ o ( C 0 ) ~  and 0 .5  w t  % Fe based on c o a l  added ,as  an o i l - s o l u b l e  compound 

( a v a i l a b l e  as Fe Chem-A1 f r o m  Mooney Chemical  Co.. To ledo ,  O h i o ) .  The t h i r d  

r u n  was made w l t R  500-ppm M o  added a s  M o ( U U ) ~  p i u s  I% t e  added as f i n e l y  

g round ( -325  mesh) p y r i t e .  The l i q u e f a c t i o n  r e s u l t s  f o r  t h e s e  r u n s  i n  

T a b l e  52 show t h a t  t h e  o i l  y i e l d s  i n c r e a s e d  a n o t h e r  4-5% t o  a round  45%, t h e  

h i g h e s t  y e t  obse rved  i n  t h e  g r i n d i n g  e x p e r i m e n t s .  I t  i s  i n t e r e s t i n g  t o  n o t e  

a l s o  t h a t  t h e  e x t r a  a d d i t i o n  o f  Fe i n  t h e  l a t t e r  two cases p'roduced a b o u t  t h e  

same a i l  y i e l d  as t h a t  obse rved  when o n l y  1125 and M o ( C O ) ~  were added t o  

t h e  g r i n d i n g  s t e p .  

I l l i n o i s  #b Coal  P u l v e r i z e d  i n  E t h a n o l .  S e v e r a l  l i q u e f a c t i o n  runs  were made 

t o  t e s t  t h e  e f f e c t  o f  g r i n d i n g  c o a l  i n  e t h a n o l .  A l t h o u g h  me thano l  i s  a  

p r e f e r a b l e  a l c o h o l  f o r  s w e l l i n g  t h e  c o a l ,  e t h a n o l  was chosen f o r  t h e s e  t e s t s  

because o f  I t s  a b i l i t y  t o  e a s i l y  d i s s o l v e  t h e  o i l - s o l u b l e  molybdenum c a t a l y s t ,  

w h i c h  was n o t  r e a d i l y  s o l u b l e  i n  m e t h a n o l .  

The e x p e r i m e n t a l  c o n d i t i o n s  and r e s u l t s  a r e  r e p o r t e d  i n  T a b l e  53. I n  t h e  

f i r s t  case,  I l l i n o i s  #6 c o a l  was p u l v e r i z e d  i n  t h e  p resence  o f  e t h a n o l ,  a f t e r  

w h i c h  base l l q u e f a c t l o n  s o l v e n t  was added and t h e  e t h a n o l  removed by 

e v a p o r a t i v e  d i s p l a c e m e n t .  The a l c o h o l - g r o u n d  c o a l  c o n t a i n i n g  base  

l i q u e f a c t i o n  s o l v e n t  was t h e n  l i q u e f i e d .  The r e s u l t s  i n  T a b l e  53 show t h a t  

g r i n d i n g  i n  e t h a n o l  under  t h e s e  c o n d i t i o n s  was c l e a r l y  d e t r i m e n t a l  t o  o i l  

p r o d u c t i o n ;  t h e  o i l  y i e l d  was 7-VL l o w e r  t h a n  n o t e d  i n  a  comparab le  r u n  w t t h  

h e l i u m  g round  c o a l .  

I n  a  second e x p e r i m e n t .  I l l i n o l s  #6 c o a l  was pulverized i n  e t h a n o l  as above. 

b u t  was l i q u e f i e d  i n  t h e  p resence  o f  m o d l f l e d  s o l v e n t  t h a t  c o n t a i n e d  500 ppm 

( o n  a  d r y  c o a l  b a s i s )  o f  molybdenum as molybdenum o c t o a t e .  Aga in ,  t h e  

l i q u e f a c t i o n  r e s u l t s  shown i n  T a b l e  53 i n d i c a t e  t h a t ,  even i n  t h e  p resence  o f  

a  c a t a l y s t ,  e t h a n o l  p r e t r e a t m e n t  was c l e a r l y  d e t r i m e n t a l  t o  o l l  y i e l d .  In y e t  

a n o t h e r  e x p e r l m e n t ,  c a t a l y s t  was added t o  t h e  e t h a n o l  p r i o r  t o  g r i n d i n g ,  b u t  

t h e  r e s u l t s  o f  t h e  l l q u e f a c t l o n  were t h e  same as a d d i n g  t h e  c a t a l y s t  t o  t h e  

p rocess  s o l v e n t .  



TABLE 53 

LIQUEFACTION OF I L L I N O I S  #6 COAL . 

PULVERIZED IN  ALCOHOL^ 

Base 
l i a u e f a c t l o n  s o l v e n t  M o d i f i e d  s o l v e n t  

250-ppm 500-ppm 500-!pm Mo 
He l i uma  M O ~  added M O ~  added he1  i uma 

b a s e l i n e  t o  e t h a n o l  t o  s o l v e n t  b a s e l i n e  

53-53 47-63 53-62 53-44 57-56  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

7 .3c  6 .8  8.3' 8 .3 '  9 . 2  

5 . 8  13 .3  21 . O  24 .5  37.6 

62.1 58.1 60.1 51 . 5  46 .4  

I OM 24 .8  21 .7  1 0 . 5  1 5 . 7  6 . 8  

C o n v e r s i o n  75 .2  78 .3  89 .5  84 .3  93 .2  

Mass r e c o v e r y  ( w t  %) 102 .6  94.4 9 1 . 6  88 .3  - 

a , ~ e l l u m ' b a s e l i n e  r u n s  f r o m  T a b l e  50 . 

b ~ s  o c t o a t e  

' ~ o r r e c t e d  f o r  excess  e t h a n e  due t o  r e s t d u a l  e t h a n o l  t n  c o a l s  

( a )  3  g o f  c o a l  ( 2 0  x  1 0 0  mesh) ;  4 g  o f  e t h a n o l ;  1 - 1 / 2  h r ,  t h r e e  s t e e l  b a l l s  

( b )  E v a p o r a t e  e t h a n o l  t o  d r y n e s s  i n  p r e s e n c e  o f  c o a l  s o l v e n t  

L l q u e f a c t l o n :  

425'C; 1  h r ;  6  g o f  s o l v e n t ;  3  g  o f  c o a l ;  850 p s l g  H2 c o l d ;  1 .000  s t r o k e s  

p e r  r n l n u t e  a g l t a t l o n  



I l l l n o i s  #b Coa l  P u l v e r i z e d  i n  T o l u e n e  a t  E l e v a t e d  T e m ~ e r a t u r e .  Expe r imen t s  

we re  c o n d u c t e d  u s i n g  t o l u e n e  as a  g r i n d i n g  v e h l c l e  l n  an a t t e m p t  t o  o b t a i n  a 

u n i f o r m  d i s p e r s i o n  o f  t he .mo l ybdenum c a t a l y s t  and t o  I n v e s t i g a t e  t h e  use  o f  an 

a r o m a t i c  h y d r o c a r b o n  s o l v e n t  o t h e r  t h a n  p r o c e s s  s o l v e n t  f o r  d i s p e r s i n g  t h e  

c a t a l y s t .  T o l u e n e  was chosen  s p e c i f i c a l l y  f o r  i t s  s u i t a b l l i t y  as b o t h  a 

n o n p o l a r  a r o m a t i c  h y d r o c a r b o n  s o l v e n t  and as a  s o l v e n t  f o r  t h e  molybdenum 

c a t a l y s t  added as  M O ( C O ) ~ .  

G r l n d i n g  was e f f e c t e d  by  a d d i n g  3 g  o f  t o l u e n e ,  c o n t a l n l n g  t h e  d i s s o l v e d  

c a t a l y s t ,  t o  t h e  g r j n d l n g  r e a c t o r  and p r e s s u r l z ? n g  w l t h  h e l l u m  t o  850 p s l g .  

The m i x t u r e  was g r o u n d  f o r  2 h r  a t  110°C; t o l u e n e  was t h e n  e v a p o r a t e d  f r o m  t h e  

bomb, m o d i f i e d  s o l v e n t  was added, and t h e  sample was l l q u e f l e d  unde r  s t a n d a r d  I 
The r e s u l t s  o f  t h e s e  l i q u e f a c t i o n  r u n s  a r e  compared l n  T a b l e  5 4  w i t h  t h e  

p r e v i o u s  e x p e r i m e n t ,  i n  w h i c h  m o d i f i e d  s o l v e n t  and c a t a l y s t  were  used  as t h e  

g r i n d i n g  v e h i c l e .  N o t e  t h a t  t o l u e n e  g r i n d i n g  has enhanced t h e  011 y l e l d  by  

a l m o s t  10% o v e r  t h a t  where  o n l y  m o d i f i e d  s o l v e n t  was used .  Even when c a t a l y s t  

c o n c e n t r a t i o n  was r educed  by  o n e - h a l f ,  t h e  o i l  y i e l d  imp roved .  The r e s u l t s  

a r e  c e r t a i n l y  i n  c o n t r a s t  t o  t h e  d e t r i m e n t a l  e f f e c t  t h a t  e t h a n o l  g r l n d l n g  had 

on l j q u e f a c t i o n ,  and one m i g h t  s p e c u l a t e  t h a t  t h e  p o l a r  g r o u p  (-OH) on t h e  

a l c o h o l  was r e s p o n s l b l e .  

COAL BENEFICIATION 

Coa l s  c o n t a i n  a  v a r i e t y  o f  m i n e r a l  s p e c i e s  t h a t  have  d i f f e r e n t  e f f e c t s  on  

l l q u e f a c t l o n .  The r o l e  o f  some s p e c l e s  such  as  s i l i c a t e s ,  I s  p o o r l y  

u n d e r s t o o d .  Q u a r t z ,  f e l d s p a r s ,  and  m i c a s  appea r  t o  be  n e a r l y  l n e r t ;  t h e y  

n e l t h e r  p r o m o t e  n o r  r e t a r d  t h e  l i q u e f a c t i o n  r e a c t i o n s ,  C l a y  m l n e r a l s  d e r i v e d  

f r om  c o a l s ,  p r c d o m l n a n t l y  I l l i t e  and  m l x c d - l a y c r  c l a y s ,  a150 Show l l t t l e  

a b i l i t y  t o  p r o m o t e  c o a l  l i q u e f a c t i o n .  However,  p u r e  k a o l l n i t e  and 

r n o n t m o r i l l o n i t e  have  been shown t o  m a r g i n a l l y  i n c r e a s e  011 y i e l d s  i n  c o a l  

l l q u e f a c t l o n .  



TABLE 54 

LIQUEFACTION OF ILL INOIS  #6 COAL 

. PULVERIZED I N  TOLUENE AT ELEVATED TEMPERATURE (170°C) a  

M o d i f i e d  
To1 uene To1 uene s o l v e n t  

g r i n d i n g /  g r i n d i n g /  g r i n d i n g /  
250-ppm 500-ppm 500-ppm 
Mo( C0) 6  Mo( C0) 6  Mo( C0) 6 

Run no. 6-59 6-54 63-41 

P roduc t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 8 . 2  8 .9  7 .0  

O i l s  36.9 42.2 34 .2  

SRC 42.1  40.2 47.6 

I I OM 12 .8  8.7 11 .2  

Conve rs ion  87 .2  91.3 88 .8  

I Mass r e c o v e r y  ( w t  %) 94 .2  93 .4  96 .8  

a 
P r e t r e a t m e n t :  

( a )  3 g o f  c o a l  ( 2 0  x 100 mesh ) ; . 3  g  o f  t o l uene ;250 -500 -pp rn  M o ( C O ) ~ ;  

t h r e e  s t e e l  b a l l s ;  2  h r ;  170°C; 850 p s l g  He 

( b )  Evapo ra te  t o l u e n e  t o  d r yness  

L j q u e f a c t l o n :  

425°C; 1  h r ;  8 5 0 - p s l g  H2 c o l d ;  6  g  of  m o d l f l e d  s o l v e n t ;  1.000 s t r o k e s  p e r  

m l n u t e  a g l t a t i o n  



On t h e  o t h e r  hand ,  some i n o r g a n i c  components o f  c o a l  a r e  a c t u a l l y  d e t r i m e n t a l  

t o  t h e  l i q u e f a c t i o n  r e a c t i o n .  These I n c l u d e  o r g a n o m e t a l l i c  a l k a l i n e  s p e c i e s  

such as c a l c i u m  and sod ium,  and  a l k a l l n e  o x i d e s  such  as l i m e .  The p resence  o f  

t h e s e  i n o r g a n i c s  may l e a d  t o  o p e r a t ~ i n g  p rob l ems  such  as p r e c i p i t a t e  f o r m a t i o n  

and d e c r e a s e d  c o a l  c o n v e r s i o n  and d i s t i l l a t e  y i e l d .  

I n  c o n t r a s t ,  s e v e r a l  i r o n - b e a r i n g  m i n e r a l s ,  p a r t i c u l a r l y  p y r i t e ,  have  been  

r e p o r t e d  t o  p r o m o t e  c o a l  l i q u e f a c t i o n  r e a c t i o n s .  Hence, t h e i r  r emova l  by  

p h y s i c a l  ( f l o a t / s i n k )  o r  c h e m i c a l  methods w o u l d  be  e x p e c t e d  t o  r e s u l t  i n  p o o r  

l i q u e f a c t i o n  y i e l d s .  

T h e r e f o r e ,  t h e  p a r t q c u l a r  t y p e ,  d l s t r l b u t i o n ,  and amount o f  m l n e r a l  p r e s e n t  i n  

a c o a l  w i l l  h ~ v c  d i f f e r i n g  e f f e c t s  on i o d l  1 1 u ~ e f a c t l o n .  H a F P A  Ilpnn t h e  

p r e c e d i n g  d i s c u s s i o n ,  m i n e r a l s  can  be  g rouped  I n t o  a t  l e a s t  t h r e e  c a t e g o r i e s  

depend ing  on  t h e i r  e f f e c t  on l i q u e f a c t i o n :  

A. M i n e r a l  m a t t e r  t h a t  p romo tes  c o a l  conversion and d l s t l l l a t e  y i e l d s  

( i . e . ,  m e t a l  s p e c i e s ,  p a r t i c u l a r l y  i r o n ) .  
I 
I 

B .  M i n e r a l  m a t t e r  t h a t  i s  i n e r t  o r  has l l t t l e  e f f e c t  on c n a l  

l i q u e f a c t i o n  ( i . e . .  q u a r t z ,  c a r b o n a t e s ,  and c l a y s ) .  

C .  M i n e r a l  m a t t e r  t h a t  i s  d e t r l r n e n t a l  t~ coa l  l l a u e f a c t l o n  (.I  .e . ,  

c a l c i u m  o x i d e s ,  organically a s s o c i a t e d  a l k a l i n e  s p e c i e s ) .  

The g o a l  O f  t h l s  p a r t  o f  t h e  e x p e r i m e n t a l  p r o g r a m  was t o  m a n i p u l a t e  t h e  

proportion o f  t h e s e  m i n e r a l  c l a s s e s  I n  c o a l  and d e t e r m i n e  t h e i r  e f f e c t  on  

liquefaction. The i d e a l  situation w o u l d  b e  t o  e l i m i n a t e  t y p e  C m i n e r a l  

m a t t e r ,  l o w e r  t y p e  B as much as p g s s j b l e ,  and retain nr c o n c e n t r a t e  t y p e  A .  

, To a c h I e v e  t h i s  g o a l ,  Pennsylvania S t a t e  University was s u b c o n t r a c t e d  t o  use  

b e n e f i c i a t i o n  t e c h n o l o g y  t o  t r e a t  c o a l  i n  o r d e r  t o  m a n i p u l a t e  i t s  m l n e r a l  

c o n t e n t .  The e f f e c t  o f  t h e  b e n e f i c i a t i o n  was t h e n  e v a l u a t e d  a t  A i r  P r o d u c t s  

by s t u d y i n g  t h e  n o n c a t a 1 r t S c  and c a t a l y t i c  l i q u e f a c t i o n  b e h a v l o r  o f  t h e  

t r e a t e d  samples .  



B e n e f i c i a t i o n  Exper iments  

I l l i n o i s  # 6  Bu rn ing  S t a r  c o a l  was s u p p l i e d  by t h e  W i l s o n v i l l e  Advanced Coal 

L i q u e f a c t i o n  F a c i l i t y  f o r  most o f  t h e  l i q u e f a c t i o n  t e s t s  d i scussed  e a r l l e r ,  

I n v o l v i n g  generation o f  b a s e l i n e  d a t a  and e v a l u a t i o n  o f  t h e  e f f e c t  o f  s o l v e n t  

m o d i f i c a t i o n  on c o a l  l i q u e f a c t i o n  ( see  t h e  s e c t i o n  on E f f e c t  o f  S o l v e n t  

M o d i f i c a t i o n  on L i q u e f a c t i o n ) .  However, t h i s  sample o f  c o a l  was preground t o  

-150 mesh a t  W l l s o n v l l l e ,  and thus  c o u l d  n o t  be used f o r  t h e  c o a l  

b e n e f i c i a t l o n  expe r lmen ts .  The re fo re ,  ano the r  sample o f  I l l i n o i s  #6 c o a l  was 

f r e s h l y  o b t a i n e d  f r o m  t h e  Bu rn ing  S t a r  #2 mine by Alr Products  and used f o r  

t h e  b e n e f i c i a t l o n  expe r imen ts .  

T h i s  sample was f i r s t  reduced i n  s i z e  t o  -2  I n .  by c r u s h i n g  I t  I n  a  j a w  

c rushe r  a t  Pennsy lvan ia  S t a t e  U n i v e r s i t y .  The - 2 - i n .  m a t e r i a l  was t h e n  

screened a t  10 mesh, p r o d u c i n g  a  2 i n .  by 10 mesh f r a c t i o n  and a  -10 mesh 

f r a c t i o n .  The 2  i n .  by 10  mesh m a t e r i a l  was f r a c t l o n a t e d  f u r t h e r  l n t o  s e v e r a l  

s p e c i f i c  g r a v i t y  f r a c t i o n s  by s e q u e n t i a l l y  p l a c i n g  t h e  e n t i r e  sample i n t o  a  

s e r i e s  o f  c o n t a i n e r s ,  each c o n t a l n l n g  a  h e a v i e r  s p e c l f l c  g r a v i t y  medium than  

t h e  p r e v i o u s  one ( e . g . ,  1 .20 ,  1 .25 ,  1.30,  1.35,  1.60, 1.80, 1.90, and 2 . 0 ) .  

The samples were t h e n  t h o r o u g h l y  r i n s e d  w i t h  n-pentane t o  ensure  comple te  

removal  o f  v a r i o u s  s p e c i f l c  g r a v i t y  s o l v e n t s  used f o r  f r a c t i o n a t i o n .  These 

s p e c i f i c  g r a v i t y  f r a c t i o n s  were c o l l e c t e d .  and ana lyzed  and found t o  c o n t a i n  

ash v a r y i n g  f r o m  3 t o  75% by w e i g h t  ( s e e  T a b l e  55 ) .  The f r a c t i o n s  c o n t a i n i n g  

l e s s  t h a n  20% ash were ana lyzed  I n  d e t a i l  and t e s t e d  f o r  t h e i r  l l q u e f a c t i o n  

b e h a v l o r .  

The -10 mesh f r a c t j o n  was screened f u r t h e r  u s l n g  a  28 mesh screen t o  produce a  

10  mesh by 28 mesh f r a c t i o n  and a  -28 mesh f r a c t i o n .  The 10 mesh by 28 mesh 

f r a c t i o n  was f r a c t l o n a t e d  f u r t h e r  l n t o  v a r t o u s  f r a c t i o n s  c o n t a l n i n g  d l f f e r e n t  

amounts o f  i nd igenous  m i n e r a l  m a t t e r  u s i n g  a  D e l s t e r  Tab le  a t  Pennsy l van ia  

S t a t e  U n l v e r s l t y .  These samples were ana lyzed  and found t o  c o n t a i n  v a r y i n g  

amounts o f  ash.  The f r a c t i o n s  c n n t a l n i n g  l e s s  t h a n  20% ash were ana lyzed  i n  

d e t a i l  and used i n  t h e  l i q u e f a c t i o n  t e s t s .  



TABLE 55 

ANALYSIS O F  VARIOUS BENEFICIATED COAL SAMPLES 

Coal sample 
S i n k  and f l o a t  D e i s t e r  Tab le  

t reateda- t r e a t e d  

1 -. . u ..- 4  .-- 5 6 - -- O r j g i  

Ash ( w t  %) 3.10 4.56 8.22 8.90 9.95 ' 12.89 10.4 

P y r i t i c  s u l f u r  ( w t  %) 0 .36  0.38 0.49 0.40 0 .46  0 .68  1 . O  

I r o n  ( w t  %) 0 .43  0 .62  0 .90  0.84 0.95 1.21 1 . 1  

H/C r a t i o  0 .78  0 .83  0 .80  0.84 0 :79  0 .84  0 . 8  

asample 1  i s  1 .20  x 1 .25  s p e c i f i c  g r a v i t y  f r a c t i o n  o f  c o a l .  

Sample 2  I s  1.25 x 1 .30  s p e c i f i c  g r a v i t y  f r a c t i o n  o f  c o a l .  

Sample 3  i s  1 . 3 0  x 1.35 s p e c i f l c  g r a v i t y  f r a c t i o n  o f  c o a l .  



D e t a i l e d  a n a l y s e s  o f  t h e  o r i g i n a l  c o a l  sample and o f  a l l  t h e  samples g e n e r a t e d  

u s i n g  t h e  s p e c i f i c  g r a v i t y  t e c h n i q u e  and t h e  D e l s t e r  T a b l e  a r e  summar ized i n  

T a b l e  55. These samples c o n t a i n e d  differing amounts o f  ash ,  p y r i t e ,  and  t o t a l  

i r o n ,  b u t  t h e i r  r a t i o s  o f  hyd rogen  t o  c a r b o n  were  v e r y  s l m l l a r ,  I n d i c a t i n g  

t h a t  t h e y  have  s i m i l a r  o r g a n i c  compositions. 

A l l  t h e  b e n e f l c a t e d  c o a l  samples s e l e c t e d  f o r  l l q u e f a c t l o n  t e s t s  u s l n g  b o t h  

base l i q u e f a c t l o n  and m o d i f l e d  s o l v e n t s  we re  g round  and s i e v e d  t o  -150  mesh. 

L i q u e f a c t j o n  o f  B e n e f i c i a t e d  Coal  

S e v e r a l  e x p e r i m e n t s  we re  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  e f f e c t  o f  I n d i g e n o u s  

m i n e r a l  m a t t e r  on l i q u e f a c t i o n  by  compa r i ng  t h e  y l e l d s  f r o m  b e n e f l c i a t e d  and 

n o n b e n e f i c i a t e d  c o a l  f e e d s t o c k s .  Runs we re  c o n d u c t e d  w i t h  and w l t h o u t  

c a t a l y s t  and w i t h  b o t h  base  l i q u e f a c t l o n  and m o d i f i e d  s o l v e n t s .  

1 N o n c a t a l y t i c  L i ~ u e f a c t i o n .  E x p e r i m e n t a l  d a t a  I n  T a b l e  56 show t h a t  b o t h  o i l  

p r o d u c t i o n  and c o a l  c o n v e r s i o n  dec reased  c o n s i d e r a b l y  I n  n o n c a t a l y t l c  

l i q u e f a c t l o n  upon r e m o v i n g  t h e  m i n e r a l  m a t t e r ,  p a r t i c u l a r l y  I r o n - b e a r i n g  

' s p e c i e s  l i k e  p y r i t e ,  f r o m  t h e  c o a l .  These observations were  t r u e  w i t h  b o t h  

base  l l q u e f a c t i o n  s o l v e n t  and  m o d i f i e d  s o l v e n t ,  g e n e r a t e d  by  t r e a t i n g  base  

l i q u e f a c t i o n  s o l v e n t  w i t h  anhyd rous  HC1 f o l l o w e d  by  s i l i c a  g e l .  However.  b o t h  

o I l  production and c o a l  c o n v e r s i o n  we re  h i g h e r  f o r  t h e  b e n e f i c i a t e d  c o a l  

sample c o n t a i n i n g  more a s h  and i r o n  t h a n  t h e  o r i g i n a l  c o a l  sample.  T h I s  

o b s e r v a t i o n ,  once  a g a i n ,  shows t h e  I m p o r t a n c e  o f  m i n e r a l  m a t t e r  I n  c o a l  

l i q u e f a c t i o n .  The p r o d u c t i o n  o f  b o t h  gases  and SRC, however ,  was  n o t  g r e a t l y  

a f f e c t e d  by  r e m o v i n g  t h e  m i n e r a l s .  

O v e r a l l ,  t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  r emova l  o f  m i n e r a l  m a t t e r ,  p a r t l c u l a r l y  

I r o n - b e a r i n g  s p e c i e s ,  j s  e x t r e m e l y  d e t r i m e n t a l  t o  l i q u e f a c t i o n  l n  t h e  absence  

o f  a  c a t a l y s t .  

C a t a l v t l c  L i q u e f a c t i o n .  E x p e r i m e n t a l  r e s u l t s  summar l red  I n  T a b l e  57 show t h a t  

r emova l  o f  m i n e r a l  m a t t e r  d i d  n o t  change e l t h e r  o i l  y i e l d  o r  c o a l  c o n v e r s i o n  

s i g n i f i c a n t l y  d u r i n g  s l u r r y - p h a s e  c a t a l y t i c  l i q u e f a c t l o n  o f  c o a l  i n  t h e  

p r e s e n c e  o f  base  l i q u e f a c t i o n  and m o d i f l e d  s o l v e n t s .  A d d l t l o n a l l y ,  n e l t h e r  



TABLE 56 

NONCATALYTIC LIQUEFACTION O F  ORIGINAL AND BENEFICIATED C O A L  S A M P I - E S ~  

B e n e f i c i a t e d  c o a l  sample no .  
O r i g i n a l  1  2  3  4 5  6  

Ash ( w t  %) 10 .46  3 .10  4 .56  8 . 2 2  8 . 9 0  9 .95  12 .8  

P y r i t i c  s u l f u r  ( w t  %) 1 . 0 9  0 . 3 6  0:38 0.49 0 .40  0 .46  0 .6  

I r o n  (we %) 1  .ll 0.13  0.62 0 . m  0 .84  0 .95  1 . 2  

L i q u e f a c t i o n  p r o d u c t  d i s t r i b u t i o n  

( w t  :/. MAF c o a l  ) 

Base l i q u e f a c t i o n  s o l v e n t  

Gases 1 1 . 7  

0 1  1  29.2 

S R C 35 .8  

I OM 23.3 

C o n v e r s i o n  76 .7  

M o d i f i e d  s o l v e n t  
b  

G a s e s  1 0 . 8  

01 1 33 .8  

SRC 33 .3  

I OM 22 .1  

C o n v e r s i o n  77 .9  

a R e a c t l o n  m i x t u r e :  
Coa 1  3  9  
5 6 l v e n t  3 g 

R e a c t l o n  c o n d i t i o n s :  
T e m p e r a t u r e  440°C 
P r e s s u r e  1 , 2 0 0 - p s l g  H2 c o l d  
T jme 60 m i n  
A y i  t a t i o n  1 , 0 0 0  s t r o k e s  p e r  m l n  

b ~ o l v e n t  g e n e r a t e d  by  t r e a t i n g  base  l i q u e f a c t i o n  s o l v e n t  w i t h  HC1 f o l l o w e d  
by  s i l i c a  g e l .  



TABLE 57 

B e n e f i c i a t e d  c o a l  sample no.  

Ash ( w t  %) 10.46 3.10 4.56 8.22 8.90 9.95 12.89 
P y r i t i c  s u l f u r  ( w t  %) 1.09 0.36 0.38 0.49 0.40 0.46 0.68 
I r o n  ( w t  %) 1  .ll 0.43 0.62 0.90 0.84 0.95 1.21 

L i q u e f a c t i o n  p r o d u c t  d i s t r i b u t i o n  
( w t  % MAF c o a l )  

1 Base l i q u e f a c t i o n  s o l v e n t  
I Gases 9.6 9.9 9.0 - - - - 8.5 11.7 

I 
O i  1  44.9 45.8 45.6 - - - - 43.3 44.5 
SRC 39.2 36.6 38.4 - - - - 37.9 35.2 
I OM 6.3 7.7 7 .O - - - - 10.3 8.6 
Convers ion .  93.7 . 92.3 93.0 - - - - 89.7 . 91.4 

' M o d i f i e d  s o l v e n t  # la  
Gases 8.8 10.0 9.8 7.2 9.7 9.7 10.3 
Oj 1  49.6 44.1 43.0 44.0 50;2 47.5 47.0 
SRC 33.8 37.3 38.6 41.1 34.8 36.2 33.2 
I OM 7.8 8.6 8.6 7.7 5.3 6.6 9.5 
Convers ion  92.2 91.4 91.4 92.3 94.7 93.4 90.5 

M o d i f i e d  s o l v e n t  #2b 
Gases 10.9 8.5 9.5 9.4 11.2 10.6 11.3 
01 1  50.9 53;3 50.9 49.0 49.6 49.1 48.2 
SRC 31.6 30.8 30.3 29.4 32.1 33.3 29.9 
IOM . 6.6 7.4 9.3 12.2 7.1 7:O 10,6 

Convers ion  . 93.4 92.6 90.7 87.8 92.9 93.0 89.4 

aSo lven t  genera ted by  t r e a t i n g  base l i q u e f a c t i o n  s o l v e n t  w l t h  s i l l c a  g e l .  

b ~ o l v e n t  gene ra ted  by t r e a t i n g  base 1  l q u e f a c t i o n  s o l v e n t  w i t h  HC1 f o l  lowed 
by s l l i c a  g e l .  

CReact Ion m i x t u r e :  
Coa 1  3 Y 
S o l v e n t  3 9  
C a t a l y s t  250 ppm o f  molybdenum based on c o a l  

R e a c t l o n  c o n d i t i o n s :  
Temperature 440°C 
Pressu re  1,200-psig H2 c o l d  
Time 60 mln 
Ag i  t a t i o n  1,000 s t r o k e s  p e r  rnin 



V I I .  SCALE-UP STUDIES 

The experimental r e s u l t s  d i scussed  thus  f a r  i n  t h l s  r e p o r t  have i n d i c a t e d  t h a t  

s o l v e n t  m o d i f i c a t i o n  improved o i l  p r o d u c t i o n  I n  b o t h  n o n c a t a l y t l c  and 

c a t a l y t i c  c o a l  l i q u e f a c t i o n .  However, t hese  expe r imen ts  were c a r r l e d  o u t  on a  

smal l  s c a l e  u s i n g  a  t u b i n g  bomb r e a c t o r ,  wh ich  may cause some e x p e r t s  i n  c o a l  

l l q u e f a c t i o n  t o  q u e s t i o n  t h e  v a l i d i t y  o f  t h e  r e s u l t s .  

The re fo re ,  an e x t e n s i v e  e x p e r i m e n t a l  program was under taken  t o  e l i m i n a t e  any 

doubts and answer any q u e s t i o n s  about  t h e  u t i l i t y  o f  s o l v e n t  modification i n  

c o a l  l i q u e f a c t i o n .  The program i n c l u d e d  d e s i g n  and f a b r i c a t i o n  o f  a new 

300-mL semicont inuous r e a c t o r  system. T h i s  u n i t  enab led us t o  s c a l e  up t h e  

r e a c t i o n  system and o b t a i n  more r e l i a b l e ,  mean ing fu l  d a t a .  Predetermined 

amounts o f  s o l v e n t  and c o a l  were mixed and charged t o  t h e  r e a c t o r  system i n  a  

b a t c h  mode. However, a  con t i nuous  f l o w  o f  hydrogen was m a i n t a i n e d  th rough  t h e  

r e a c t o r  t o  ensure  p r o p e r  supp ly  and availability o f  hydrogen f o r  t h e  

r e a c t i o n .  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  system i s  found i n  

Appendix 2 

i I I n  a d d i t i o n ,  t o  de te rm lne  b o t h  t r u e  c o n v e r s i o n  and d i s t i l l a t e  o i l  p r o d u c t i o n ,  

' l l q u e f a c t i o n  p r o d u c t s  f r o m  these  runs  were recove red  and ana lyzed  by vacuum 

d i s t i l l a t i o n  r a t h e r  t h a n  t h e  s e q u e n t i a l  s o l v e n t  s e p a r a t i o n  used p r e v i o u s l y .  

The workup p rocedure  used i s  d e t a i l e d  i n  Appendix 2 .  

PRELIMINARY EXPERIMENTS 

E a r l i e r  i n  t h e  program we showed t h a t  runs  a t  440°C w i t h  a  1 :1  s o l v e n t - t o - c o a l  

r a t i o  ( te rmed h i g h - s e v e r i t y  r e a c t i o n  c o n d i t i o n s  i n  t h i s  r e p o r t )  y i e l d e d  more 

o i l  t h a n  runs  a t  425°C w i t h  a  2:1 s o l v e n t - t o - c o a l  r a t i o  ( l o w - s e v e r i t y  r e a c t i o n  

c o n d i t i o n s ) .  However, t hese  exper iments  were c a r r i e d  o u t  i n  a  tubing-bomb 

r e a c t o r  i n . w h i c h  t h e r e  were no m i x i n g  and h e a t i n g  prob lems.  U n f o r t u n a t e l y ,  

when a u t o c l a v e  runs  were conducted a t  t h e  h i g h - s e v e r i t y  c o n d i t i o n s  (1:1 

s o l v e n t - t o - c o a ' l  r a t l o ,  440°C) s i g n i f  i c a n t  c o k i n g  occu r red .  presumably due t o  

e i t h e r  poo r  m i x i n g  o r  t h e  h i g h  w a l l  t empera tu re  o f  t h e  r e a c t o r .  To improve 

m i x i n g ,  t h e  s o l v e n t - t o - c o a l  r a t i o  was i n c r e a s e d  f r o m  1  : 1  t o  1 .5 :1 .  Once 

a g a i n ,  c o k i n g  was s i g n i f i c a n t  and t h e  o v e r a l l  c o a l  c o n v e r s i o n  w i t h  base 



l i q u e f a c t i o n  s o l v e n t  ( o r i g i n a l  s o l v e n t )  was o n l y  49% a t  440°C ( s e e  T a b l e  5 8 ) .  

The poo r  c o n v e r s i o n  a t  t h i s  p o i n t  was a t t r i b u t e d  t o  t h e  w a l l  t e m p e r a t u r e  o f  

t h e  r e a c t o r ,  w h i c h  had t o  be m a i n t a i n e d  above  440°C i n  o r d e r  t o  a t t a i n  and 

m a i n t a i n  t h e  440°C r e a c t i o n  t e m p e r a t u r e .  

To r e s o l v e  t h i s  p r o b l e m ,  t h e  r e a c t i o n  t e m p e r a t u r e  was l o w e r e d  t o  425°C; o t h e r  

c o n d i t i o n s  we re  k e p t  t h e  same. Coal  c o n v e r s i o n  I n c r e a s e d  t o  a p p r o x i m a t e l y  80% 

( s e e  T a b l e  5 8 ) .  w h i c h  was v e r y  s i m i l a r  t o  t h a t  n o t e d  i n  t h e  t ub i ng -bomb  

r e a c t o r  a t  t h e  same t e m p e r a t u r e .  S i n c e  t h e  c o a l  c o n v e r s i o n  d a t a  matched  w e l l  

w i t h  t h e  t ub i ng -bomb  c o n v e r s i o n  d a t a ,  425°C was s e l e c t e d  a s  t h c  s t a n d a r d  

r e a c t i o n  t e m p e r a t u r e  f o r  t h e  a u t o c l a v e .  The l i q u e f a c t i o n  b e h a v i o r  o f  r a w  

I l l i n o i s  #6 c o a l  wit< t h ~ n  d e t e r m i n e d  i n  t h e  a u t o c l a v e  r e a c t o r  s ys tem w i t h  and 

w l t h o u t  a  c a t a l y s t  and w i t h  b o t h  base  l i q u e f a c t i o n  ( o r i g i n a l )  and m o d i f l e d  

s o l v e n t s .  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  d i s c u s s e d  b e l o w .  

NONCATALYTIC LIQUEFACTION OF I L L I N O I S  #6 COAL WITH ORIGINAL AND MODIFIED SOLVE 

The n o n c a t a l y t i c  l i q u e f a c t i o n  b e h a v i o r  o f  I l l S n o i s  #6 c o a l  was e v a l u a t e d  I n  

t h e  s e m i c o n t i n u o u s  a u t o c l a v e  s y s t e m  u s i n g  a  1 . 5 : 1  s o l v e n t - t o - c o a l  r a t i o ,  425°C 

t e m p e r a t u r e ,  2 ,000  p s l g  t o t a l  p r e s s u r e ,  and 60-min r e a c t i o n  t i m e .  6 0 t h  

o r i g i n a l  ( b a s e  l i q u e f a c t i o n  s o l v e n t )  and m o d i f i e d  s o l v e n t s  were  used i n  t h e  

t e s t s  .' 

Expe r lmen ta ' l  r e s u l t s  summar ized i n  T a b l e  58 show t h a t  t h e  use  o f  m o d i f i e d  

s o l v e n t  r e s u l t e d  i n  s l i g h t l y  h i g h e r  o v e r a l l  conversion t h a n  t h a t  n o t e d  w i t h  

o r l g i n a l  s n l v e n t .  O i l  y i e l d  was a l s o  l r ~ a r . y l r ~ a l l y  h l g h e r .  O l s t i  l l a t e  o i l  y i e l d  

w i t h  m o d i f i e d  s o l v e n t  was v e r y  similar t o  t h a t  n o t e d  i n  t h e  t ub i ng -bomb  

r e a c t o r ,  whereas  w i t h  o r i g i n a l  s o l v e n t  I t  was c o n s i d e r a b l y  h i g h e r  I r l  t h e  

a u t o c l a v e  r e a c t o r  (compare  T a b l e s  58 and 1 7 ) .  T h i s  d i f f e r e n c e  c o u l d  be  

a t t r i b u t e d  t o  t h e  use  o f  a  d i f f e r e n t  wo rkup  p r o c e d u r e  f a r  t h e  p r o d u c t s  

o b t a I n e d  f r o m  t h e  two  r e a c t o r s .  

The p r o d u c t i o n  o f  C,.-C5 gases ,  h e t e r o a t o m l c  gases ,  and w a t e r  was v e r y  

s l m l l a r  w l t h  b o t h  0 r i g j n a l  and  ' m o d i f i e d  s o l v e n t s .  



TABLE 58 

NONCATALYTIC LIQUEFACTION I N  SEMICONTINUOUS AUTOCLAVE REACTOR 

Run no .  GAR-2 GAR-5 GAR-7 

S o l  v e n t  O r i g ' r n a l  
b  

O r i g l n a l  
b ~ o d l f  t e d a  

I ~ b l v e n t / c o a l ~  1 .5 /1  - 1 . 5 / 1  1 .5 /1  

Temp ( O C )  440 425 4 2 5 

I 
. .  . 

P r e s s u r e  ( p s l g )  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

C - C  
1 5  

21 .9  

H2S, C O ,  C02 6 . 3  

Water  3 .0  

D i s t i l l a t e  o i l  . ( 1 6 . 7 )  

SRC 34.5 

1 OM 51 . O  

C o n v e r s i o n  ( w t )  49.0% 

Recovery  ( w t  %) 9 5 . 6  98 .5  99 .2  

a 
S o l v e n t  t r e a t e d  by anhyd rous  h y d r o c h l o r i c  a c l d  f o l l o w e d  by  s i l i c a  g e l .  

b ~ a s e  l ' r q u e f a c t ' r o n  s o l v e n t .  

C I l l j n o i s  #6 c o a l .  



These r e s u l t s  show t h a t  use o f  m o d i f i e d  s o l v e n t  i n  n o n c a t a l y t i c  l l q u e f a c t l o n  

i s  m a r g i n a l l y  b e t t e r  t h a n  u s i n g  o r i g i n a l  s o l v e n t .  T h i s  i s  c o n t r a r y  t o  t h e  

s i g n i f i c a n t  i n c r e a s e  i n  th.e o i l  y i e l d  n o t e d  w i t h  t h e  use o f  m o d i f l e d  s o l v e n t  

compared t o  base  l i q u e f a c t i o n  s o l v e n t  i n  t h e  t u b i n g  bomb r e a c t o r  ( s e e  

Tdb le  1 7 ) .  The reason  f o r  t h i s  d i f f e r e n c e  I s  p r e s e n t l y  unknown. 

CATALYTIC LIQUEFACTION OF ILL INOIS  #6 COAL WITH ORIGINAL AN0 MODIFIED SOLVENTS 

The c a t a l y t i c  l i q u e f a c t i o n  b e h a v i o r  o f  I l l i n o i s  #6 c o a l  was e v a l u a t e d  u s i n g  

500 ppm o f  d l s p e r s e d  molybdenum c a t a l y s t  i n  t h e  f o r m  o f  molybdenum o c t o a t e .  

R e a c t i o n  c o n d i t i o n s  were s i m i l a r  t o  t h o s e  f n  t h e  n o n c a t a l y t i c  l i q u e f a c t i o n  

e x p e r i m e n t s  and, a g a i n ,  b o t h  0 r i g i n a . l  and m o d i f i e d  s o l v e n t s  were used f o r  

l i q u e f a c t i o n .  

W i t h  o r i g i n a l  s o l v e n t ,  a d d i n g  c a t a l y s t  t o  t h e  r e a c t i o n  m i x t u r e  i n c r e a s e d  

t h e  o v e r a l l  c o n v e r s i o n  f r o m  =83 t o  =94%. O i l  p r o d u c t l o n  a l s o  i n c r e a s e d  

f r o m  =21 t o  =25% (compare Tab les  58 and 59 ) .  and h y d r o c a r b o n  gases 

i n c r e a s e d  s u b s t a n t i a l l y .  I n  f a c t ,  mos t  o f  t h e  i n c r e a s e  i n  c o a l  c o n v e r s i d n  

ended up i n  i n c r e a s e d  011 and gases p r o d u c t i o n .  SRC p r o d u c t l o n  i n c r e a s e d  o n l y  

m a r g i n a l l y  w i t h  c a t a l y s t .  

I n  t h e  case  o f  m o d i f i e d  s o l v e n t ,  a d d i n g  c a t a l y s t  a l s o  i n c r e a s e d  o v e r a l l  

c o n v e r s i o n ,  f r o m  736 t o  =93%. However, t h e  I n c r e d s e  i n  011 y i e l d  was 

s f g n i f i c a n t l y  h i g h e r  t h a n  t h a t  n o t e d  w i t h  o r i g i n a l  s o l v e n t  ( s e e  Tab les  58 and 

59) .  due t o  l n c r e a s e d  c o n v e r s i o n  o f  c o a l  and SRC t o  o i l .  C a t a l y s t  a d d i t i o n  

w i t h  o r i g i n a l  s o l v e n t  i n c r e a s e d  b o t h  o i l  and SRC y i e l d ,  whereas a d d i t i o n  o f  

c a t a l y s t  w i t h  m o d i f i e d  s o l v e n t  i n c r e a s e d  b o t h  o v e r a l l  c o n v e r s i o n  and SRC 

c o n v e r s i o n ,  r e s u l t i n g  i n  much h l g h e r  o i l  p r o d u c t i o n  ( s e e  T a b l e  59 ) .  The 

p r o d u c t i o n  o f  gases i n  t h e  p resence  o f  m o d l f l e d  s o l v e n t  was v e r y  s i m i l a r  t o  

t h a t  n o t c d  w i t h  o r i g i n a l  s o l v e n t .  

Compar ison o f  t h e  d a t a  I n  Tab les  22 and 59 shows t h a t  o i l  p r o d u c t i o n  and c o a l  

c o n v e r s l o n  w i t h  base l i q u e f a c t i o n  s o l v e n t  were v e r y  s l m l l a r  i n  b o t h  t h e  

tub lng-bomb and a u t o c l a v e  r e a c t o r s .  However, SRC p r o d u c t l o n  was l o w e r  I n  t h e  

a u t o c l a v e  r e a c t o r  t h a n  t h e  tub ing-bomb r e a c t o r ,  and gas p r o d u c t i o n  was h i g h e r  

i n  t h e  a u t o c l a v e .  



TABLE 59 

CATAI -YTIC LIQUEFACTION IN SEMICONTI'NUOUS A U T O C L A V E  R E A C T O R  

Run no.  

S o l v e n t  

S o l v e n t / c o a l  

Mo c a t a l y s t  (ppm 

based on  c o a l )  

Temp. ("C) 

P r e s s u r e  ( p s i g )  

Tlrne ( m i n )  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

HZS. C O ,  C o 2  

Water  

GAR-1 4  GAR-1 7 

O r i g l n a l  

1  .5 /1  .O 

500 

D l s t i l l a t e  o i l  2 5 . 4  2 3 . 4  

SRC 

I OM 

C o n v e r s i o n  ( w t  %) 

Recovery  ( w t  %) 

' ~ o l v e n t  t r e a t e d  by anhyd rous  hydrochloric a c l d  f o l l o w e d  by  s i  l l c a  g e l .  



W i t h  m o d i f i e d  s o l v e n t  ( T a b l e s  2 2  and 5 9 ) .  o v e r a l l  conversion and SRC 

p r o d u c t i o n  we re  v e r y  s i m i l a r  i n  b o t h  r e a c t o r s .  However. o i l  production was 

c o n s i d e r a b l y  l o w e r  i n  t h e  a u t o c l a v e ,  due  t o  h i g h e r  p r o d u c t i o n  o f  gases - -  

y i e l d s  i n c r e a s e d  by more t h a n  a  f a c t o r  o f  t w o  i n  t h e  a u t o c l a v e .  B e s i d e s  t h e  

d i s c r e p a n c i e s  i n  t h e  m a g n i t u d e  o f  o i l  and gas p r o d u c t i o n ,  o t h e r  v a r i a b l e s  werr 

v e r y  c o n s i s t e n t  i n  b o t h  r e a c t o r s .  

These d i s c r e p a n c i e s  c o u l d  be due t o  t w o  f a c t o r s .  F i r s t ,  l n  t h e  tub ing-bomb 

r e a c t o r ,  w a t e r  p r o d u c e d  i s  a c c o u n t e d  f o r  i n  t h e  o i l  y i e l d  ( s e e  Append i x  1  f o r  

f u r t h e r  i n f o r m a t i o n ) ,  w h e r ~ a ~  w a t e r  i s  a c c o u n t c d  f o r  ~ e p d r d l I ? l y  I n  t h e  

a u t o c l a v e  r e a c t o r .  S e c o n d l y ,  a  h i g h e r  w a l l  t e m p e r a t u r e  (>425"C)  was used  i n  

t h e  a u t o c l a v e  t o  m a i n t a i n  t h e  425°C i e d c t l o n  t e m p e r a t u r e .  The h e a t  enhances 

c r a c k i n g  r e a c t i o n s  i n  t h ~  v i c i n i t y  o f  t h e  w a l l .  r e s u l t . l n y  In h l g h e r  gas 

y i e l d .  However ,  t h e  t r u e  r easons  f o r  t h e  d i s c r e p a n c i e s  a r e  c u r r e n t l y  unknown 

and more wo rk  i s  r e q u i r e d  t o  r e s o l v e  t h e  d i f f e r e n c e s .  

I n  summary. t h e  above  d a t a  c l e a r l y  show t h e  b e n e f i t s  o f  u s i n g  m o d i f i e d  s o l v e n i  

i n  c a t a l y t i c  c o a l  l i q u e f a c t l o n .  S i m i l a r  b e n e f l t s  were  n o t e d  i n  t h e  

t ub i ng -bomb  e x p e r i m e n t s ,  as  discussed e a r l i e r .  B o t h  t ub l ng -bomb  and autoclave 

r e s u l t s  establish beyond  any  d o u b t s  t h e  b e n e f l t s  o f  u s l n q  m o d i f i e d  ~ o l v e n t  i n  

c a t a l y t i c  c o a l  l l q u e f a c t i o n  e x p e r l m e n t s .  

L I Q U E F A C f  I O N  O f  DEEP-CLEANED OR BENEF ICIATED COAL 

E a r l i e r ,  we d i s c u s s e d  t ub i ng -bomb  r e a c t o r  e x p e r i m e n t s  w h i c h  i n d i c a t e d  t h a t  

b e n e f i c i a t l o n  o r  r emova l  o f  m i n e r a l  m a t t e r  was e x t r e m e l y  d e t r i m e n t a l  t o  

n o n c a t a l y t i c  c o a l  l i q u e f a c t i o n .  I n  c o n t r a s t ,  c a t a l y t i c  l i q u e f a c t l o n  

e x p e r i m e n t s  showed no  m a j o r  d i f f e r e n c e s  be tween  t h e  b e h a v i o r  o f  r a w  and 

b e n e f l c i a t e d  c o a l  samp les .  However,  i n  t e r m s  o f  p l a n t  o p e r a t i o n ,  s e v e r a l  

advan tages  o f  u s i n g  bene f  l c i a t e d  c o a l  we re  m e n t i o n e d .  

To f u r t h e r  e v a l u a t e  t h e  e f f e c t s  o f  b e n e f i c i a t j o n ,  a  sample o f  b e n e f l c i a t e d  

I l l i n o i s  #6 c o a l  c o n t a i n i n g  -3% a s h  was chosen  f o r  d e t a i l e d  e v a l u a t i o n  i n  a 

s e m i c o n t i n u o u s  a u t o c l a v e  r e a c t o r .  Runs we re  c o n d u c t e d  w i t h  and w i t h o u t  

c a t a l y s t  and  w i t h  b o t h  o r i g i n a l  and m o d i f i e d  s o l v e n t s .  



N o n c a t a l y t i c  l i q u e f a c t i o n  o f  b e n e f i c i a t e d  c o a l  w i t h  o r l g i n a l  (base 

liquefaction) s o l v e n t  showed c o n s i d e r a b l y  l ower  c o a l  c o n v e r s i o n  than  

l i q u e f a c t i o n  o f  raw c o a l :  57% vs .  82% ( s e e  Tab les  58 and 6 0 ) .  I n  a d d l t l o n  t o  

lower conve rs ion ,  b e n e f i c i a t e d  c o a l  r e s u l t e d  i n  a  n e t  l o s s  i n  o i l  y l e l d .  Bo th  

lower  conve rs ion  and n e g a t i v e  o i l  y i e l d  show t h e  d e t r i m e n t a l  e f f e c t  o f  c o a l  

b e n e f i c i a t l o n  i n  n o n c a t a l y t i c  l i q u e f a c t i o n .  S i m i l a r  r e s u l t s  were r e p o r t e d  

e a r l i e r  i n  t h e  e v a l u a t i o n  o f  b e n e f i c i a t e d  c o a l  samples i n  t h e  tubing-bomb 

r e a c t o r  ( s e e  Tab le  5 6 ) .  

Runs w i t h  m o d i f i e d  s o l v e n t  showed a l m o s t  t h e  same c o n v e r s i o n  no ted  w i t h  

o r i g i n a l  s o l v e n t .  However, use o f  m o d i f i e d  s o l v e n t  r e s u l t e d  i n  a  n e t  

p r o d u c t i o n  o f  o i l ,  compared t o  n e t  l o s s  no ted  w i t h  o r i g i n a l  s o l v e n t  

( T a b l e  6 0 ) .  The p r o d u c t i o n  o f  hydrocarbon gases was a l s o  h i g h e r  w i t h  m o d i f i e d  

s o l v e n t  t h a n  o r i g i n a l  s o l v e n t .  Most i n t e r e s t i n g l y ,  t h e  p r o d u c t i o n  o f  SRC was 

c o n s i d e r a b l y  l ower  w i t h  m o d i f i e d  s o l v e n t .  T h i s  o b s e r v a t i o n  i n d i c a t e s  t h a t  t h e  

use o f  m o d i f i e d  s o l v e n t  enhances t h e  c o n v e r s i o n  o f  SRC, t h e r e b y  I n c r e a s i n g  t h e  

p r o d u c t i o n  o f  hydrocarbon gases and d i s t i l l a t e  o i l .  

C a t a l y t i c  L i q u e f a c t i o n  

I n  t h e  presence o f  o r i g i n a l  s o l v e n t ,  a d d i t i o n  o f  500 ppm o f  molybdenum c a t a -  

l y s t  based on c o a l  increased t h e  o v e r a l l  c o n v e r s i o n  o f  b e n e f i c j a t e d  c o a l  f rom 

57 t o  93% (see  Tab les  60 and 6 1 ) .  O i l  y i e l d  a l s o  Sncreased, f r o m  a  n e t  l o s s  

o f  3% t o  a n e t  production o f  =25%. The p r o d u c t i o n  o f  hydrocarbon gases 

and wa te r  a l s o  I n c r e a s e d  w i t h  t h e  a d d i t i o n  o f  molybdenum, a l t h o u g h  SRC 

p r o d u c t i o n  d l d  n o t  change. I n  f a c t ,  most o f  t h e  I n c r e a s e  I n  c o a l  c o n v e r s i o n  

ended up i n  t h e  fo rm o f  i n c r e a s e d  o i l  y i e l d .  

Liquefaction of  b e n e f i c i a t e d  c o a l  i n  t h e  presence o f  b o t h  m o d i f i e d  s o l v e n t  and 

molybdenum c a t a l y s t  showed s l l g h t l y  h i g h e r  c o a l  conversion t h a n  t h a t  noted 

w l  t h  o r i g i n a l  s o l v e n t ,  and o i  1  p r o d u c t i o n  was s i g n i f i c a n t l y  h i g h e r .  S i m i l a r  

r e s u l t s  were r e p o r t e d  e a r l i e r  i n  t h e  tubing-bomb expe r imen ts  ( see  Tab le  5 7 ) .  

Hydrocarbon gases and SRC p r o d u c t i o n  were s 1  i g h t l y  l ower  t h a n  t h o s e  n o t e d  w i t h  

o r i g l n a l  s o l v e n t .  



TABLE 60 

NONCATALYTIC LIQUEFACTION OF DEEP-CLEANED COAL 

Run n o .  

S o l v e n t  

S . o l v e n t / c o a l  

Temp ( "C )  

P r e s s u r e  ( p s i y )  

Time ( rn in )  

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

C1 -C5 
H2S, CU, C02 

Water  

D i  s t i  1  l a t e  o i  1  

SRC 

I OM 

Conversion ( w t  %) 

GAR-8 

O r i g i n a l  

1 . 5 / 1  

4 2 5 

2.000 

6 0 

Recovery  ( w t  %) 9 7 . 5  99 .3  

a ~ o l v e n t  t r e a t e d  U l t h  anhyd rous  h y d r o c h l o r i c  a c i d  f o l l o w e d  by  s l l i c a  g e l .  



TABLE 61 

CATALYTIC LIQUEFACTION OF DEEP-CLEANED COAL 

Run no.  GAR-1 3 GAR-1 2 

So l  ven t  O r j g l n a l  ~ o d l f i e d ~  

S o l v e n t / c o a l  1  .5/1 1.5/1 

Mo c a t a l y s t  (ppm 500 500 

based on c o a l )  

Temp ( "C)  4 2 5  4 2 5  

P ressu re  ( p s i g )  2,000 2,000 

Time ( m i n )  6 0  6 0  

P roduc t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

C1 -C5 
H2S. C O ,  C02 

Water 

D i s t i l l a t e  o i l  

SRC 

I OM 

Conve rs jon  ( w t  %) 

Recovery ( w t  %) 104.6  98.4 

' s o l v e n t  t r e a t e d  w i t h  anhydrous hydrochloric a c l d  f o l l o w e d  by s i l i c a  g e l .  



I n  summary, u s i n g  m o d i f i e d  s o l v e n t  f o r  t h e  l i q u e f a c t i o n  o f  b e n e f i c i a t e d  c o a l  

r e s u l t s  i n  h i g h e r  o i l  y i e l d  and c o a l  c o n v e r s i o n  t h a n  o r i g i n a l  s o l v e n t .  Howevf 

t h e  o i l  y i e l d  and c o a l  c o n v e r s i o n  n o t e d  w i t h  b e n e f i c i a t e d  c o a l  a r e  v e r y  s i m i l ;  

t o  t h o s e  n o t e d  w i t h  r a w  c o a l ,  i n d i c a t i n g  no  c l e a r  advan tages  o f  c o a l  

b e n e f i c i a t i o n  f o r  l i q u e f a c t i o n .  

The a d v a n t a g e s  o f  c o a l  b e n e f i c i a t i o n ,  however ,  a r e  o b v i o u s  when compared on  a  

same w e i g h t  b a s i s ,  as shown i n  T a b l e  62 .  B e n e f i c l a t e d  c o a l  y l e l d s  more o i l  ar 

n e t  p r o d u c t s  t h a n  raw c o a l .  I n  a d d i t i o n ,  c o a l  b e n e f i c i a t i o n  r educes  t h e  o v e r i  

s o l i d s  ( l i q u e f a c t i o n  r e s i d u e )  l o a d i n g  t o  t h e  s o l i d / l i q u i d  s e p a r a t o r  and t h e r e 1  

imp roves  i t s  e f f i c i e n c y .  R e d u c t i o n  I n  s o l l d s  l o a d j n g  h e l p s  t o  r e d u c e  t h e  10s: 

o f  SRC w i t h  s o l i d s ,  and  t h e r e f o r e  f u r t h e r  increases t h e  p r o d u c t  r e c o v e r y .  I t  

a l s o  i n c r e a s e s  t h e  p l a n t  t h r o u g h p u t  because  t h e  f e e d  b e i n g  p r o c e s s e d  c o n t a i n s  

more o r g a n i c s .  A l l  t h e s e  f e a t u r e s  i n d i c a t e  tne b e n e f j t ~  uT 1 ' 1 q u c f y i n g  

b e n e f i c i a t e d  c o a l  o v e r  raw c o a l .  



TABLE 6 2  

EFFECT OF COAL BENEFICIATION ON CATALYTIC LIQUEFACTION 

B a s i s  o f  Compar ison :  1 0 0  g  o f  d r y  c o a l  

Raw c o a l  
- 

B e n e f i c i a t e d  c o a l  

Ash ( 9 )  

O r g a n i c  m a t e r i a l  ( g )  

P r o d u c t s  ( g )  

HC gases 

O i  1 

SRC 

Ne t  p r o d u c t s a  

Res idue  b 

a ~ e t  p r o d u c t s  c o n s l s t  o f  o i l  and SRC. 

b ~ e s i d u e  c o n s i s t s  o f  a s h  and u n c o n v e r t e d  c o a l .  
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V I I I .  EXPLORATORY STUDIES 

One o f  t h e  g o a l s  o f  t h i s  p rog ram was t o  m a x i m i z e  t h e  p r o d u c t i o n  o f  o i l  f r o m  

c o a l  l i q u e f a c t i o n .  One way t o  i n c r e a s e  o i l s ,  as d l s c u s s e d  e a r l i e r  i n  t h i s  

r e p o r t ,  i s  t o  remove h e t e r o a t o m s  f r o m  t h e  l i q u e f a c t i o n  s o l v e n t .  A n o t h e r  way 

I s  t o  s e l e c t  t h e  r i g h t  c a t a l y s t  o r  c o m b l n a t l o n  o f  c a t a l y s t s  f o r  l i q u e f a c t i o n  

( s e e  t h e  C a t a l y s t  S e l e c t i o n  s e c t i o n ) .  A d d i t i o n a l l y ,  a t  t h e  i n c e p t i o n  o f  t h i s  

p rogram,  we t h o u g h t  t h a t  c o a l  p r e t r e a t m e n t  and b e n e f l c i a t l o n  wou ld  b o t h  

enhance t h e  a c t i v l t y  and  r e a c t i v i t y  o f  c o a l ,  l e a d l n g  t o  enhanced o i l  

p r o d u c t i o n .  Coal  p r e t r e a t m e n t  was n o t  s u c c e s s f u l ,  b u t  c o a l  b e n e f i c i a t i o n  was 

v e r y  p r o m i s i n g ,  as d i s c u s s e d  e a r l i e r  i n  t h e  Coa l  P r e t r e a t m e n t  and 

B e n e f i c l a t i o n  s e c t i o n .  

I n  o r d e r  t o  i n c r e a s e  o i l  p r o d u c t i o n  beyond t h a t  a c h l e v e d  d u r i n g  t h e  

e x p e r i m e n t s  d i s c u s s e d  t h u s  f a r ,  s e v e r a l  e x p l o r a t o r y  e x p e r l m e n t s  were  a l s o  

c o n d u c t e d .  S i n c e  o i l  p r o d u c t i o n  was much h i g h e r  w l t h  m o d i f l e d  s o l v e n t  

( g e n e r a t e d  by  t r e a t i n g  base  l i q u e f a c t l o n  s o l v e n t  w l t h  anhyd rous  HC1 f o l l o w e d  

by  s i l i c a  g e l )  t h a n  w i t h  base  l i q u e f a c t i o n  s o l v e n t ,  mos t  o f  t h e  e x p l o r a t o r y  

s t u d i e s  were  c a r r i e d  o u t  u s l n g  m o d i f i e d  s o l v e n t .  The s t u d i e s  l n c l u d e d  (1)  

f l n d i n g  t h e  op t imum r e a c t i o n  c o n d i t i o n s  f o r  c o a l  l l q u e f a c t l o n ,  ( 2 )  f i n d i n g  t h e  

r i g h t  c a t a l y s t  o r  c o m b i n a t i o n  o f  c a t a l y s t s ,  and ( 3 )  s t u d y i n g  t h e  e f f e c t  o f  

r e c y c l i n g  u n c o n v e r t e d  SRC. The r e s u l t s  o f  t h e s e  s t u d l e s  a r e  d i s c u s s e d  

s e p a r a t e l y  b e l o w .  

OPTIMUM REACTION CONDITIONS 

Mos t  o f  t h e  wo rk  d i s c u s s e d  e a r l i e r  was c a r r l e d  ou t  a t  425°C r e a c t i o n  

t e m p e r a t u r e ,  60 -mln  r e a c t l o n  t i m e ,  8 5 0 - p s l g  I n i t i a l  ( c o l d )  hyd rogen  p r e s s u r e ,  

1 ,000  s t r o k e s  p e r  m l n  a g l t a t i o n ,  and a  2 :1  . s o l v e n t - t o - c o a l  r a t l o .  I n  

a d d i t i o n ,  a  s t a n d a r d  c a t a l y s t  c o n c e n t r a t i o n  o f  500-ppm molybdenum based  o.n 

c o a l  was used ;  t h e  c a t a l y s t  was added as an  o i l - s o l u b l e  compound l l k e  

molybdenum o c t o a t e  I n  o r d e r  t o  achieve t h e  h l g h e s t  d l s p e r s l o n  I n  t h e  r e a c t l o n  

m i x t u r e .  



S i n c e  d i s p e r s e d  molybdenum was more a c t i v e  t h a n  impregnated molybdenum and 

e q u i v a l e n t  t o  i r o n  ( d i s c u s s e d  e a r l i e r  i n  t h e  C a t a l y s t  S e l e c t i o n  s e c t i o n ) ,  we 

dec ided  t o  sea rch  f o r  opt imum r e a c t i o n  c o n d i t i o n s  u s i n g  d i s p e r s e d  molybdenum 

c a t a l y s t .  The r e a c t i o n  v a r i a b l e s  s t u d i e d  i n c l u d e d  r e a c t i o n  tempera tu re ,  

r e s i d e n c e  t i m e ,  i n i t i a l  hydrogen p ressu re ,  s o l v e n t - t o - c o a l  r a t i o ,  and c a t a l y s  

c o n c e n t r a t i o n .  The s e l e c t i o n  o f  t h e  b e s t  c o n d i t i o n s  was based on h l g h e r  o i l  

y i e l d ,  l o w e r  gas y i e l d ,  and h i g h e r  o v e r a l l  c o n v e r s i o n ,  c o n d i t i o n s  t h a t  would 

u n q u e s t i o n a b l y  improve o v e r a l l  p rocess  economics. R e s u l t s  o b t a i n e d  f r o m  thes t  

expe r imen ts  a r e  d e t a i l e d  be low.  

R e a c t i o n  Tempera ture  

The e f f e c t  o f  r e a c t i o n  tempera tu re  was e v a l u a t e d  by i n c r e a s i n g  i t  f r o m  425 t o  

440°C i n  t h e  presence o f  500-ppm molybdenum c a t a l y s t  and m o d i f i e d  s o l v e n t .  

Other  r e a c t i o n  c o n d i t i o n s  were unchanged. A s  Tab le  63 shows, i n c r e a s i n g  t h e  

r e a c t i o n  t e m p e r a t u r e  s i g n i f i c a n t l y  i n c r e a s e d  t h e  gas y i e l d  f r o m  5.9 t o  11.3%. 

However, b o t h  o i l  y i e l d  and c o a l  c o n v e r s i o n  decreased,  i n d i c a t i n g  an onse t  o f  

r e t r o g r e s s i v e  r e a c t l o n  a t  t h e  h i g h e r  t empera tu re .  A l t h o u g h  n o t  i n d i c a t e d  i n  

Tab le  63, f u r t h e r  i n c r e a s i n g  t h e  tempera tu re  t o  450°C r e s u l t e d  i n  an even 

h i g h e r  gas y i e l d  and l o w e r  c o a l  c o n v e r s i o n .  

Seve ra l  reasons can be proposed t o  e x p l a i n  t h i s  onse t  o f  r e t r o g r e s s i v e  

r e a c t i o n  a t  h i g h e r  t empera tu re .  One p o s s i b l l l t y  I s  t h a t  an i n c r e a s e  in 

t empera tu re  i n c r e a s e s  t h e  r a t e  o f  t h e r m a l  s c i s s i o n  o f  c o a l  mo lecu les ,  t hus  

i n c r e a s i n g  t h e  o v e r a l l  need f o r  hydrogen t o  s t a b i l i z e  t h e  f ragmented 

mo lecu les .  If hydrogen i s  n o t  t r a n s f e r r e d  t o  t hese  f ragments q u i c k l y ,  t h e y  

w l l  l recombine t o  f o rm coke.  We know t h a t ,  d u r j n g  c o a l  I l q u e f a c t l o n ,  hydrogen 

i s  f i r s t  t r a n s f e r r e d  f rom t h e  gas phase t o  t h e  l i q u i d  phase b e f o r e  '~ t  i s  

t r a n s f e r r e d  t o  f ragmented mo lecu les .  A l so ,  we know t h a t  c a t a l y s t s  w i l l  

enhance t h e  t r a n s f e r  o f  hydrogen b o t h  f rom t h e  gas phase t o  t h e  l i q u i d  phase 

and f r o m  t h e  l i q u i d  phase t o  f ragmented mo lecu les .  T h e r e f o r e ,  a p p a r e n t l y  t h e  

r a t e  o f  hydrogen t r a n s f e r  f rom t h e  gas phase t o  t h e  l i q u i d  phase, o r  f r om t h e  

l i q u i d  phase t o  t h e  f ragmented m ~ l e ~ ~ l e s ,  Was n o t  f a s t  enough t o  keep up w i t h  

t h e  r a t e  o f  f o r m a t i o n  o f  f ragmented c o a l  mo lecu les  a t  t h e  h i g h e r  t empera tu re .  

T h i s  would r e s u l t  i n  t h e  onse t  o f  r e t r o g r e s s i v e  r e a c t i o n  and l ower  o v e r a l l  

conversion. 



I O M  . 

Conve rs ion  

a  
R e a c t i o n  m i x t u r e :  

Coa 1  3 9  

M o d i f i e d  s o l v e n t  6  g .  ~ .. . 
C a t a l y s t  500-ppm molybdenum based on c o a l  

R e a c t i o n  c o n d i t i o n s :  

Time 60 m i n  

P ressu re  850 p s l g  H2 ( c o l d )  

A g i t a t i o n  1,000 s t r o k e s  p e r  m i n  



the production of gases nor SRC was greatly affected. These results indicate 

that all the negative features noted in noncatalytic llquefaction of 

beneficiated coal were nul1ifi.e.d by the use of slurry catalyst. 

Although the advantages of coal beneficiation are not obvious from our experi- 

mental results, they are if operation of the entlre plant is considered. Coal 

benefication will reduce the overall sollds loadlng to the solid/liquld 

separator and thereby lmprove lts efftclency. Reductlon In solids loading 

will also help in reducing the loss of SRC wlth solids, and wlll therefore 

Increase the product recovery. Removal of mineral matter wlll also reduce 

plant abrasion and it will Increase plant throughput because the feed being 

processed is more organic. All these features lndlrcctly 4ndlcdLe t h e  

benefits of liquefying beneficiated (low mjneral matter content) coal iq t h e  

p~.e ,e l lce  o f  slurry catalyst compared to liquefying noncleaned coal. 



The t r a n s f e r  o f  hyd rogen  f r o m  t h e  l i q u i d  phase  t o  f r a g m e n t e d  m o l e c u l e s  can  be  

a l t e r e d  s i m p l y  b y  c h a n g i n g  t h e  amount o f  t o t a l  hyd rogen  a v a i l a b l e  f o r  d o n a t i o r  

by t h e  s o l v e n t .  T h i s  can  be a c h i e v e d  by c h a n g i n g  t h e  s o l v e n t - t o - c o a l  r a t i o  

used i n  t h e  l i q u e f a c t i o n  r e a c t i o n .  L i k e w i s e ,  t h e  t r a n s f e r  o f  hyd rogen  f r o m  

t h e  gas phase  t o  t h e  l i q u i d  phase  can  be  a l t e r e d  by c h a n g i n g  t h e  hyd rogen  

p a r t i a l  p r e s s u r e  i n  t h e  gas phase,  w h i c h  can  be  done s i m p l y  by  a l t e r i n g  t h e  

i n i t i a l  p r e s s u r e  o f  h y d r o g e n  c h a r g e d  t o  t h e  r e a c t o r .  T h e r e f o r e ,  s e v e r a l  

e x p e r i m e n t s  we re  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  l i m l t i n g  f a c t o r  and a l s o  t o  

e x p l a i n  t h e  r e a s o n s  f o r  t h e  o n s e t  o f  r e t r o g r e s s i v e  r e a c t i o n  a t  h i g h e r  

t e m p e r a t u r e .  

S n l v e n t - t o - C n a l  R a t i n  

The e f f e c t  o f  h y d r o g e n  t r a n s f e r  f r o m  t h e  l i q u i d  phase  t o  f r a g m e n t e d  c o a l  

m o l e c u l e s  was i n v e s t i g a t e d  by  v a r y i n g  t h e  s o l v e n t - t o - c o a l  r a t i o  f r o m  2 :1  t o  

1 : 2 .  R e d u c i n g  t h i s  r a t i o  s h o u l d  change n o t  o n l y  t h e  r a t e  o f  hyd rogen  t r a n s f e r  

b u t  a l s o  t h e  amount  o f  i n i t i a l  hyd rogen  a v a i l a b l e  f o r  t r a n s f e r .  T h e r e f o r e ,  i f  

t h e  l i q u e f a c t i o n  r e a c t i o n  was l i m i t e d  by t h e  t r a n s f e r  o f  hyd rogen  f r o m  t h e  

l i q u i d  phase  t o  f r agmen ted  m o l e c u l e s ,  r e d u c i n g  t h e  s o l v e n t - t o - c o a l  r a t i o  

s h o u l d  enhance  t h e  e x t e n t  o f  r e t r o g r e s s i v e  r e a c t i o n .  However,  t h i s  d i d  n o t  

happen;  r e d u c i n g  t h e  r a t i o  d i d  n o t  cause  any  s i g n i f i c a n t  change i n  

l i q u e f a c t i o n  b e h a v i o r ,  as  e v i d e n c e d  by  t h e  p r o d u c t  d i s t r i b u t i o n  summarized i n  

T a b l c  6 4 .  Hence, t r a n s f e r  o f  hyd rogen  f r o m  t h e  l i q u i d  phase  t o  f r agmen ted  

m o l e c u l e s  was a p p a r e n t l y  n o t  t h e  l i m i t i n g  f a c t o r  i n  c a t a l y t i c  c o a l  

l i q u e f a c t l o n .  

I n i t i a l  Hydrogen  P r e s s u r e  

The e f f e c t  o f  hyd rogen  t r a n s f e r  f r o m  t h e  gas phase t o  t h e  l i q u i d  phase was 

e v a l u a t e d  b y  i n c r e a s i n g  t h e  i n i t i a l  hyd rogen  p r e s s u r e  cha rged  i n t o  t h e  r e a c t o r  

f r o m  850 t o  1 ,200 p s i g  a t  a  s o l v e n t - t o - c o a l  r a t i o  o f  1 : l .  I n c r e a s i n g  t h e  

i n i t l a !  h y d r o g e n  p r e s s u r e  s h o u l d  i n c r e a s e  t h e  e f f e c t i v e  hyd rogen  p a r t i a l  

p r e s s u r e  i n  t h e  r e a c t o r ,  t h e  amount o f  h y d r o g e n  a v a i l a b l e  f o r  t r a n s f e r ,  and 

t h e  r a t e  o f  t r a n s f e r  o f  h y d r o g e n  f r o m  t h e  gas t o  l i q u i d  phase.  T h e r e f o r e ,  i f  



TABLE 64 

E F F E C T  O F  S O L V E N T / C O A L   RATIO^ 

S o l v e n t / c o a l  
2 :1  1  :1 1 : 2  

P r o d u c t  d i s t r j b u t i o n  

( w t  % MAF c o a l )  

Gases 11 .3  11 .7  11.7 

O i  1  39 .5  39 .9  41 .8  

S R C 37 .6  39 .7  35.7 

I OM 1 1 . 6  9 .7  1 0 . 8  

C o n v e r s i o n  8 8 . 4  91 . 3  89 .2  

a  
R e a c t i o n  m i x t u r e :  

Caa 1 3  !3 

S o l  v e n t  M o d i f i e d  

C a f a l y s t  500-ppm Mo based on c o a l  

R e a c t l o n  conditions: 

Tlme 60 m i n  

P r e s s u r e  R50 p q i g  H2 ( c o l d )  

Tempe ra tu re  440°C 

A g l  t a t i o n  1,000 s t r o k e s  p e r  m i n  



t h e  l i q u e f a c t i o n  r e a c t i o n  was l i m i t e d  by t h e  t r a n s f e r  o f  hydrogen f rom t h e  ga 

t o  l i q u i d  phase, t h e  i n c r e a s e  i n  t h e  i n i t i a l  hydrogen p r e s s u r e  shou ld  improve 

c o a l  l i q u e f a c t i o n .  

Indeed,  i n c r e a s i n g  t h e  i n i t i a l  hydrogen p r e s s u r e  f r o m  850 t o  1,200 p s i g  

s i g n i f l c a n t l y  i n c r e a s e d  o i l  y i e l d  ( T a b l e  6 5 ) .  I n  a d d i t i o n ,  i t  i nc reased  c o a l  

c o n v e r s i o n  and s l i g h t l y  reduced t h e  gas y i e l d .  S ince  1 ,200-ps ig  i n i t i a l  

hydrogen p r e s s u r e  would r e s u l t  i n  a p p r o x i m a t e l y  2,000-psig t o t a l  p r e s s u r e  a t  

r e a c t i o n  c o n d i t i o n s ,  no a t t e m p t s  were made t o  f u r t h e r  i n c r e a s e  t h e  i n i t l a l  

3 s u r e .  hydrogcn p r c r r  

The s i g n i f i c a n t  i n c r e a s e  i n  o i l  y i e l d  i n d i c a t e s  t h a t  t h e  c a t a l y t i c  c o a l  

l i q u e f a c t i o n  r e a c t i o n  m i g h t  be more dependent upon t h e  t o t a l  amount o f  

hydrogen a v a i l a b l e  f o r  r e a c t i o n ,  r a t h e r  t h a n  t h e  r a t e  o f  'hydrogen t r a n s f e r .  

However, t h i s  i s  o n l y  c o n j e c t u r e  i n  t h e  absence o f  any e x p e r i m e n t a l  

v e r i f i c a t i o n .  T h i s  p o i n t  c o u l d  be p roven  by u n d e r t a k i n g  a  mass ive  

experimental program. 

C a t a l y s t  C o n c e n t r a t i o n  

The e f f e c t  o f  molybdenum c o n c e n t r a t l o n  was e v a l u a t e d  i n  l i q u e f a c t i o n  t e s t s  

u s i n g  m o d i f i e d  s o l v e n t .  M e t a l  c o n c e n t r a t i o n  was v a r i e d  f rom 0  t o  500 ppm 

based on c o a l .  The d a t a  i n  T a b l e  G G  show t h a t  b o t h  011 p r o d u c t j o n  and c o a l  

c o n v e r s i o n  i n c r e a s e d  s i g n i f i c a n t l y  when molybdenum c o n c e n t r a t i o n  i n c r e a s e d  

f r o m  0  t o  125 and t o  250 ppm. The i n c r e a s e s  i n  b o t h  o i l  y i e l d  and c o a l  

c o n v e r s l o n ,  however, were m a r g i n a l  w i t h  a  f u r t h e r  i n c r e a s e  i n  molybdenum 

c o n c e n t r a t i o n  f r o m  250 t o  500 ppm, i n d i c a t i n g  no r e a l  b e n e f j t  o f  u s i n g  500-ppm 

molybdenum I n  l i q u e f a c t i o n ,  e s p e c i a l l y  s i n c e  a l ower  c o n c e n t r a t i o n  wou ld  

undoub ted l y  enhance t h e  o v e r a l l  p rocess  economics.  The re fo re ,  a  molybdenum 

c o n c e n t r a t l o n  o f  250 ppm based on c o a l  was chosen as t h e  s tanda rd  

c o n c e n t r a t i o n  f o r  e s t a b l i s h i n g  t h e  optimum r e a c t i o n  c o n d i t i o n s .  



TABLE 65 

E F F E C T  O F  INITIAL H Y D R O G E N   PRESSURE^ 

R e a c t i o n  m i x t u r e :  

Coa 1 3 g 

Snlvent. 3 g ( m o d l f f e d  s o l v e n t )  

C a t a l y s t  

R e a c t l o n  conditions: 

Tempe ra tu re  

Tfme 

A g l  t a t l o n  

500-ppm Mo based on  c o a l  

440°C 

60 m l n  

1 ,000  s t r o k e s  pe'r m l  n  



TABLE 66 

E F F E C T  OF C A T A L Y S T   CONCENTRATION^ 

Molybdenum c o n c e n t r a t i o n  
( D D ~  based on c o a l )  

0 125  250 500 

P r o d u c t  d i s t . r i h u t l o n  

( w t  % MAF c o a l )  

Gd3e3  

O i  1 

SRC 

I OM 

C o n v e r s i o n  

a ~ c a c t i o n  r n l x t u r e :  

Coa 1 

S o l v e n t  

R e a c t l o n  c o n d i t i o n s :  

T e m p e r a t u r e  

T jme 

P r e s s u r e  

A g i t a t i o n  

3 9 

3 g ( r n o d j f l e d  s o l v e n t )  

60 m i n  

1,200 p s i g  H2 

1,000 s t r o k e s  p e r  m i n  



Reac t l o n  Time 

The e f f e c t  o f  r e a c t i o n  t i m e  was e v a l u a t e d  i n  l i q u e f a c t i o n  t e s t s  by i n c r e a s i n g  

i t  f r o m  60 t o  120  m i n .  Once a g a i n ,  a  s o l v e n t - t o - c o a l  r a t i o  o f  1:1,  an  i n i t l a l  

hyd rogen  p r e s s u r e  o f  1 ,200  p s i g ,  and molybdenum c o n c e n t r a t i o n  o f  250 ppm based 

on c o a l  were used  as s t a n d a r d  c o n d i t i o n s .  T a b l e  67 shows t h a t  b o t h  o i l  

p r o d u c t i o n  and c o a l  c o n v e r s i o n  dec reased  s l i g h t l y  w i t h  i n c r e a s l n g  r e a c t i o n  

t i m e .  Gas y i e l d ,  however ,  i n c r e a s e d  s l i g h t l y .  O v e r a l l ,  no  r e a l  b e n e f l t s  we re  

n o t e d  by i n c r e a s i n g  t h e  r e a c t l o n  t l m e .  

Surnma r y  

The d e t a l l e d  s t u d y  o f  t h e  e f f e c t  o f  r e a c t i o n  v a r i a b l e s  i n d i c a t e d  t h a t  a  

r e a c t i o n  t e m p e r a t u r e  o f  440°C, r e s i d e n c e  t l m e  o f  6 0  m i n ,  i n i t i a l  h y d r o g e n  

p r e s s u r e  ( c o l d )  o f  1 ,200  p s i g ,  a g i t a t i o n  r a t e  o f  1 ,000  s t r o k e s  p e r  m i n u t e ,  

s o l v e n t - t o - c o a l  r a t i o  o f  1 :1 ,  and a  molybdenum c a t a l y s t  c o n c e n t r a t i o n  o f  250 

ppm based on c o a l  gave  h i g h e r  o i l  y i e l d  and c o n v e r s i o n  t h a n  o t h e r  r e a c t i o n  

c o n d i t i o n s .  I n  f a c t ,  t h e s e  r e a c t l o n  c o n d l t l o n s  we re  used  t o  d e t e r m i n e  t h e  

e f f e c t  o f  s o l v e n t  m o d l f l c a t l o n  on c o a l  l l q u e f a c t i o n  ( s e e  t h e  S o l v e n t  

M o d i f i c a t i o n  s e c t i o n ) ,  and were  c l a s s i f i e d  as  h i g h - s e v e r i t y  r e a c t i n n  

c o n d i t i o n s .  

OPTIMUM CATALYST 

The C a t a l y s t  S e l e c t i o n  s e c t l o n  showed t h a t  molybdenum. n i c k e l ,  and i r o n  

c a t a l y z e  t h e  c o a l  l l q u e f a c t i o n  r e a c t i o n ,  whereas z l n c ,  l e a d ,  copper ;  and 

c o b a l t  we re  d e t r i m e n t a l .  I n  t h e  p r e v i o u s  s e c t l o n ,  we showed t h a t  i n c r e a s l n g  

t h e  molybdenum c o n c e n t r a t l o n  f r o m  125  t o  250 ppm significantly i n c r e a s e d  b o t h  

o i l  p r o d u c t i o n  and c o a l  conversion. However,  f u r t h e r  i n c r e a s e s  i n  

c o n c e n t r a t i o n  t o  500 ppm showed o n l y  m a r g l n a l  Improvements ,  w h i c h  w o u l d  n o t  

j u s t l f y  t h e  a d d i t i o n a l  c o s t  r e q u i r e d  t o  I n c r e a s e  t h e  molybdenum c o n c e n t r a t l o n  

f r o m  250 t o  500 ppm based  on c o a l .  



TABLE 67 

E F F E C T  OF REACTION  TIME^ 

R e a c t i o n  t i m e  ( m i n )  
60 120 

P roduc t  d i s t r i b u t i o n  

( w t  % MAF ~ o d l )  

Gases 

O i  1 

SRC 

I OM 

Conve rs ion  

J 
R e a c t i o n  m i x t u r e :  

Coal 3 9 

S o l v e n t  3 9 

C a t a l y s t  250 ppm Mo based on c o a l  

R e a c t i o n  c o n d i t i o n s :  

Temperature 

P ressu re  

A g i t ~ t i o n  

4 4 0 6 C  

1,200 p s l g  H2 

1,000 ,Lr ukeb per 111jll 



I I n  an  a t t e m p t  t o  f u r t h e r  i n c r e a s e  o i l  p r o d u c t i o n ,  t h e  a c t i v i t i e s  o f  n i c k e l  and 

i r o n  were t e s t e d  w i t h  m o d i f i e d  s o l v e n t  u s i n g  t h e  op t imum r e a c t i o n  c o n d i t i o n s  

j u s t  d e s c r i b e d .  The a c t i v i t y  o f  c a t a l y s t  c o m b i n a t i o n s  was a l s o  t e s t e d ,  and  

t h e  r e s u l t s .  o f  t h e s e  t e s t s  a r e  d e s c r i b e d  b e l o w .  

D i s p e r s e d  M e t a l s  

The c a t a l y t i c  a c t i v i t i e s  o f  molybdenum, n i c k e l ,  and  i r o n  d u r i n g  l i q u e f a c t i o n  

w i t h  m o d i f i e d  s o l v e n t  were  e v a l u a t e d .  S i n c e  molybdenum and n i c k e l  a r e  

e x p e n s i v e  m e t a l s ,  t h e y  were  used a t  a  l o w  . c o n c e n t r a t i o n  o f  250 ppm based  on  

c o a l ,  whereas i n e x p e n s i v e  i r o n  was used  a t  a  c o n c e n t r a t i o n  o f .  0 .  j% ( 5 , 000  ppm) 

based on c o a l .  A l l  t h r e e  m e t a l s  t e s t e d  we re  added i n  t h e  f o r m  o f  o i l - s o l u b l e  

m e t a l  compounds. The r e a c t i o n  c o n d i t i o n s  and s o l v e n t - t o - c o a l  r a t i o  used  i n  

t h e s e  e x p e r i m e n t s  we re  t h o s e  s e l e c t e d  f r o m  o u r  e x p l o r a t o r y  s t u d i e s  ( a s  

d e s c r i b e d  e a r l  i e r )  . 

Da ta  on molybdenum we re  o b t a i n e d  d u r i n g  t h e  e x p l o r a t o r y  s t u d i e s  on r e a c t i o n  

c o n d i t i o n s  and a r e  summarized' i n  T a b l e  68 f o r  easy  r e f e r e n c e .  

I n c r e a s i n g  t h e  n i c k e l  c o n c e n t r a t i o n  f r o m  125  t o  250 pprn d i d  n o t  show any 

d r a m a t i c  imp rovemen t .  I n  a d d l t i o n ,  t h e  use  o f  n i c k e l  a t  b o t h  125 and 250 ppm 

r e s u l t e d  i n  much l e s s  o i l  and c o a l  c o n v e r s l o n  t h a n  molybdenum a t  t h e  same 

c o n c e n t r a t i o n s .  A d d i n g  0.5% I r o n ,  however ,  r e s u l t e d  i n  more o i l s  and h i g h e r  

c o a l  c o n v e r s i o n  t h a n  n o t e d  w i t h  n i c k e l .  I n  f a c t ,  b o t h  o i l  p r o i u c t i o n  and  c o a l  

c o n v e r s i o n  w i t h  i r o n  we re  v e r y  s i m i l a r  t o  t h o s e  n o t e d  w j t h  250-ppm molybdenum 

( ~ P P  T a h l e  hR) .  Rased on t h e s e  d a t a .  i r o n  and molybdenum a r e  e s s e n t i a l l y  

s u i t a b l e  c a t a l y s t s  and s e l e c t i o n  s h o u l d  depend on c o s t .  U s i n g  n i c k e l  r a t h e r  

t h a n  i r o n  o r  molybdenum wou ld  n o t  be  advan tageous .  

Comb ina t l ons  o f  M e t a l s  

S e v e r a l  c a t a l y s t  c o m b i n a t i o n s  were  t e s t e d  t o  e i t h e r  I m p r o v e  o i l  p r o d u c t i o n  o r  

r educe  t h e  o v e r a l l  c o s t  o f  c a t a l y s t  i n  c o a l  l i q u e f a c t i o n .  The d a t a  summar ized 

i n  T a b l e  69 show t h a t  c o m b i n i n g  125-PPm MO with 0 . 5 %  Fe i n c r e a s e d  o i l  

p r o d u c t i o n  and c o a l  c o n v e r s l o n  o v e r  b o t h  125-ppm'Mo and 0.5% Fe when used  

a l o n e .  B o t h  o i l  p r o d u c t i o n  and c o a l  ~ 0 n v e r S I o n  w i t h  t h i s  c o m b i n a t i o n  we re  

s i m i l a r  t o  t h o s e  n o t e d  w i t h  250-ppm Mo, i n d i c a t i n g  t h a t  p a r t  o f  t h e  Mo c o u l d  



TABLE 68 I 

E F F E C T  OF M E T A L  C A T A L Y S T S ~  

C a t a l y s t  
Molybdenum N i c k e l  0.5% 

,125 ppm 250 ppm 125 ppm 250 ppm l r o n  

P r o d u c t  d i s t r i l u t l o n  

( w t  % MAF c o a l )  

6a $e \  9 . 8  10 .  Y 12 .2  1 2 . 2  12 .5  

O i  1  41 .5  50 .9  37.8 34.5 47.5 

S R C 32.9 31 . 6  29 .8  3 5 . 6  31 . 3  

I OM 15 .8  6 .6  20.2 17.7 8.7 

C o n v e r s i o n  84 .2  9 3 . 4  79 .8  8 2 . 3  91 .3 

a R e a c t i o n  m i x t u r e :  

Coa 1 3 g 

M o d i f i e d  s o l v e n t  3  g 

R e a c t l o n  c o n d i t i o n s :  

Tempera tu re  440°C 

Tlme 60 m i n  

P r e s s u r e  1,200 p s l g  H2 

Agl  t a t i o n  1,000 s t r o k e s  p e r  rnin 



TABLE 69 

EFFECT OF CATALYST COMB.INATION 

125-ppm 250-pprn 250-ppm 
125-ppm 0.5% MO + 250 ppm MO + 250-ppm N l  +. . . 1 C a t a l y s t  Mo F  e  0.5% Fe ' Mo 0 . 5 % F e  . N l  0.5% Fe 

P roduc t  distribution 

( w t  % MAF c o a l )  

Gases 9 . 8  12 .5  10 .8  . 10 .9  11 .2  12 .2  10.9 

O i  1  41.5 47.5 50.1 50.9 51.2 34.5 54.4 

I SRC 32.9 31 . 3  32.6 31.6 ' 32 .0  35.6 27.8 

I OM 15 .8  8 .7  6.5 6.6 5 .6  17 .7  6.9 

Conve rs ion  84 .2  91 .3 93 .5  93.4 94.4 82.3 93.1 

a 
R e a c t i o n  m i x t u r e :  

Coal 3  g 

M o d i f i e d  s o l v e n t  3 g 

R e a c t l o n  c o n d l t l o n s :  

Tempera tu re  440°C 

Time 60 m i n  

Pressure  1,200 p s l g  H2 ( C o l d )  ' 

Agitation 1,000 s t r o k e s  p e r  mqn 



be replaced by Fe catalyst without severely affecting the liquefaction 

performance. Interestingly enough, combining 250-ppm Mo and 0.5% Fe only 

marginally improved both oil production and coal conversion over those noted 

with 250-ppm Mo. These data clearly show the economic importance of selecting 

the right amount of catalyst for liquefaction. Like combinations of Fe and 

Mo, a combination of 250-ppm Ni and 0.5% Fe showed considerably higher ojl 

yield and coal conversion than noted from each individually (Table 69). 

One can conclude from the above results that the oil yield and coal conversion 

obtained with 250-ppm Mo are close to the maximum values that can be achieved 

in catalytic coal liquefaction. Minor improvewents in b o t h  oil yield and coal 

conversion, however, can be made by combining two or more metal catalysts. 

The use and selection of the right amount of catalysts individually or in 

combination would greatly depend on economics. 

EFFECT OF SRC RECYCLE I 
In an attempt to increase oil production, we also studied the impact of 

recycling unconverted SRC on coal liquefaction. LSRC recycle, studied 

extensively at the Wilsonville Advanced Coal Liquefaction Facility, was 

reported to significantly improve liquefaction performance of various coals. 

in addition to resolving a number of operational problems. However, no 

determination was  made on the effect of LSRC recycle on either ail y i e l d  ur 

coal conversion. Therefore, several experiments were carried out to 

Investigate the effect of SRC recycle on oil production using both base 

liquefaction and modified solvents in the presence and absence of a catalyst. 

In all the experiments, the amounts of coal and solvent were fixed at 3 g 

each, and the amount of SRC added w a s  v a r l e d .  The results nf t h p s ~  

experiments are discussed below. 

Noncatalytic Liquefaction 

Several experiments were performed to investigate the effect of recycling SRC 

on the liquefaction of Illinois #6 coal using both base liquefaction and 

modified so-lvents; results are summarized in Table 70. With 13% SRC recycle, 

oil yield increased from 29 to 39% and from 34 to 39% in the presence of base 



I C o n v e r s i o n  76.7 71.9 70.5 77.9 76.3 62.1 

I ' ~ e a c t i o n  m i x t u r e :  

Coal. 

~ o i ' v e n t  

R e a c t i o n  c o n d i t i o n s :  

Tempe ra tu re  440°C 

H p r e s s u r e  2 1,200 p s j g  c o a l  

Time 60 m l n  

A g i  t a t i o n  1,000 s t r o k e s  p e r  m i n  



1 1 ) .  However ,  o v e r a l l  c o a l  c o n v e t s l o n  d e c r e a s e d  w i t h  SHC r e c y c l e ,  much more 

so w i t h  base  l i q u e f a c t i o n  s o l v e n t  t h a n  w i t h  m o d i f i e d  s o l v e n t .  I n c r e a s i n g  t h e  

l e v e l  o f  SRC r e c y c l e  t o  50% f u r t h e r  i n c r e a s e d  o i l  y i e l d ,  b u t  t h e  I n c r e a s e  was ( 
c o n s i d e r a b l y  g r e a t e r  w i t h  base  l i q u e f a c t i o n  s o l v e n t  t h a n  w i t h  m o d i f i e d  s o l v e n t  

( T a b l e  70  and  F i g u r e  1 1 ) .  On t h e  o t h e r  hand,  c o a l  c o n v e r s i o n  f u r t h e r  

dec reased  w i t h . a n  i n c r e a s i n g  l e v e l  o f  SRC r e c y c l e ,  d r a m a t i c a l l y  so w i t h  

m o d i f i e d  s o l v e n t .  A p p a r e n t l y ,  a l l  t h e  advan tages  o f  m o d i f y i n g  t h e  s o l v e n t  a r e  

l o s t  by  r e c y c l i n g  t h i s  l a r g e  amount o f  SRC. One c a n  c o n c l u d e  t h a t  s i g n i f i c a n t  

improvement  i n  o i l  y i e l d  i s  a c h i e v a b l e  by  r e c y c l i n g  SRC, b u t  a t  t h e  expense  o f  

o v e r a l l  c o a l  c o n v e r s i o n .  F u r t h e r m o r e .  n o n c a t a l y t i c  l i q u e f a c t i n n  o f  c o a l  w i t h  

S R C  r e c y c l e  may y i e l d  as  much o i l  a s  n o t e d  w i t h  250-ppm molybdenum c a t a l y s t  

w i t h o u t  SRC r e c y c l e ,  b u t  a t  t h e  experlse o f  c o n s l d e r a h l e  l o s s  i n  c o a l  

c o n v e r s i o n .  

C a t a l y t i c  L i q u e f a c t i o n  

S e v e r a l  e x p e r i m e n t s  we re  c a r r i e d  o u t  w i t h  SRC r e c y c l e  I n  t h e  p r e s e n c e  o f  

250-ppm molybdenum based o n  c o a l  t o  s t u d y  t h e  e f f e c t  o f  SRC r e c y c l e  I n  

c a t a l y t i c  c o a l  l i q u e f a c t i o n .  The r e a c t i o n  m l x t u r e  and c o n d i t l a n s  were  a g a i n  

v e r y  s l m i l a r  t o  t h o s e  used  I n  n o n c a t a l y t i c  l l q u e f a c t l o n  e x p e r i m e n t s .  

R e c y c i e  o f  SRC u s l n g  b o t h  base  l l q u e f a c t l o n  and m o d l f l e d  s o l v e n t s  . 
s i g n i f l c a n t l y  i n c r e a s e d  011  y i e l d ,  as  shown I n  T a b l e  71, and F i g u r e  12 .  The 

d i f f e r e n c e  i n  o i l  y i e l d s  o b t a i n e d  was t h e  g r e a t e s t  w l t h o u t  SRC r e c y c l e ,  b u t  

dec reased  c o n s i s t e n t l y  w i t h  an  i n c r e a s e  i n  t h e  l e v e l  o f  SRC r e c y c l e .  However,  

011 y j e l d  o b t a i n e d  w i t h  m o d l f l e d  s o l v e n t  was a l w a y s  h l g h e r  t h a n  t h a t  n o t e d  

w l t h  base  l l q u e f a c t i o n  s o l v e n t .  O v e r a l l  c o a l  conve t s ! on ,  w h i c h  d e c r e a s e d  

d r a m a t l c a l l y  w l t h  SRC r e c y c l e  i n  n o n c a t a l y t i c  l l q u e f a c t i o n ,  d e c r e a s e d  

m a r g i n a l l y  w i t h  SRC r e c y c l e  I n  t h e  p r e s e n c e  n f  a c a t a l y s t  ( s e e  T a b l e  71 and 

F l g u r e  1 2 ) .  T h e r e f o r e ,  t h e  r e c y c l e  o f  SRC i n  t h e  p r e s e n c e  o f  a  c a t a l y s t  

s i g n i f i c a n t l y  i n c r e a s e s  o i l  production w i t h o u t  a  s e v e r e  p e n a l t y  i n  t e r m s  o f  

c o a l  c o n v e r s i o n .  



FIGURE 11 
EFFECT OF SRC RECYCLE ON 

NONCATALYTIC LIQUEFACTION 

BASE LIQUEFACTION SOLVENT 
MODIFIED SOLVENT 

sRC~SOLVENT RATIO 



TABLE 71 

SRC/solvent ratjo 
Base liquefaction solvent Modifled solvent 

Product distributjon 

(wt % MAF coal) 

Gases 10.8 10.5 10.6 10.9 10.8 10.9 10.2 9.3 10.0 1 

Oi 1 44.0 44.7 51.3 59.2 68.8 50.9 55.1 54.7 61.8 6 

SRC 39.8 35.9 30.2 16.5 8.2 31.6 27.8 26.0 18.4 

I OM 5.4 8.9 7.9 13.4 12.2 5.6 6.9 10.0 9.8 1 

Conversion 94.6 91.1 92.1 86.6 87.8 93.4 93.1 90.0 90.2 8 

a ~ e a c  t i on mi xture: 

coa  1 3 g 

Sol vent 3 g 

Catalyst 250 ppm molybdenum based on coal 

Reactlon condltlons: 

Temperature 440°C 

H2 pressure 1,200 psig cold 

T i m ~  60 min 

Agl t a l i o n  I,U00 ~tr o k e s  per fflln 



FIGURE 12 
EFFECT OF SRC RECYCLE ON 

CATALYTIC LIQUEFACTION 

BASE LIQUEFACTION SOLVENT 
A MODIFIED SOLVENT 

SRC!SOLVENT RATIO 

BASE LIQUEFACTION SOLVENT 
A hlODlFlED SOLVENT 

SRCiSOLVENT RATIO 



E f f e c t  o f  C a t a l y s t  C o n c e n t r a t i o n  

. The e f f e c t  o f  molybdenum c o n c e n t r a t i o n  on c o a l  l i q u e f a c t i o n  w i t h  SRC r e c y c l e  

was e v a l u a t e d  w i t h  b o t h  base  l i q u e f a c t i o n  and m o d i f i e d  s o l v e n t s .  The 

e x p e r i m e n t a l  r e s u l t s  summar ized i n  T a b l e  72 show t h a t  i n c r e a s i n g  t h e  

c o n c e n t r a t i o n  o f  molybdenum f r o m  250 t o  500 ppm based on c o a l  i n c r e a s e d  o i l  

y i e l d  w i t h  b o t h  s o l v e n t s .  However,  t h e  i n c r e a s e  was rrluch h i g h e r  w i t h  m o d i f i e  

s o l v e n t .  O v e r a l l  c o a l  c o n v e r s i o n  a l s o  i n c r e a s e d  w i t h  I n c r e a s i n g  c a t a l y s t  

c o n c e n t r a t i o n  u s i n g  b o t h  base  l i q u e f a c t i o n  and m o d l f i e d  s o l v e n t s .  

Compar ison  o f  t h e  d a t a  summar ized i n  T a b l e s  71 and 72 shows t h a t  t h e  o i l  y i e l  

o b t a i n e d  w i t h  250-ppm molybdenum a l o n g  w i t h  r e c y c l e  o f  2 7 %  SRC c a n  be 

i n c r e a s e d  f r o m  -60 t o  -70% w i t h  e i t h e r  s o l v e n t  b y  i n c r e a s i n g  t h e  amount o f  

SRC r e c y c l e  t o  50% o r  b y  i n c r e a s i n g  t h e  c a t a l y s t  c o n c e n t r a t i o n  f r o m  250 t o  5 C  

pprn. I n c r e a s i n g  SRC r e c y c l e  s l i g h t l y  d e c r e a s e s  c o a l  c o n v e r s i o n ,  whereas 

i n c r e a s i n g  c a t a l y s t  c o n c e n t r a t i o n  i n c r e a s e s  c a t a l y s t  c o s t .  Hence, c o s t -  

b e n e f i t  a n a l y s i s  mus t  be  made b e f o r e  one o f  t h e s e  two  o p t i o n s  I s  s e l e c t e d .  

Summa r y 

In summary. we c o n c l u d e  t h a t  SRC r e c y c l e  u n d o u b t e d l y  i n c r e a s e s  031 y i e l d  i n  

n o n c a t a l y t i c  l i q u e f a c t i o n ,  b u t  a t  t h e  expense  o f  o v e r a l l  c o a l  c n n v ~ r s i o n .  I n  
' 

c u n t r a s t .  SRC r e c y c l e  i n  t h e  p r e s e n c e  o f  a c a t a l y s t  I n c r e a s e s  o i l  y i e l d  w h i l c  

m a l n t a l n l n g  t h e  c o a l  c o n v e r s i o n  l e v e l .  Thus,  t h e  advan tages  o f  SRC r e c y c l e  

a r e  a c h i e v a b l e  o n l y  i n  t h e  p r e s e n c e  o f  a c a t a l y s t .  F i n a l l y ,  o u r  g o a l  o f  

h i g h e r  o i l  p r o d u c t i o n  ( c l o s e  t o  70% based on  MAF c o a l )  can  be  a c h i e v e d  e l t h e r  

b y  recycling a  l a r g e  p r o p o r t \ o n  o f  SRC o r  l n c r e a s l n g  the  c o n c e n t r a t i o n  o f  
c a t a l y s t .  E i t h e r  way, a  c o s t - b e n e f i t  analysis must  be made t o  s e l e c t  t h c  b e s t  

r o u t e .  



TABLE 72 

E F F E C T  OF C A T A L Y S T  CONCENTRATION WITH S R C   RECYCLE^ 

Molybdenum c o n c e n t r a t i o n  ( D P ~  based on c o a l )  

Base l l a u e f a c t i o n  s o l v e n t  M o d i f i e d  s o l v e n t  

250 500 250 500 

P r o d u c t  d i s t r i b u t i o n  

( w t  % MAF c o a l )  

Gases 10 .9  1 0 . 1  1 0 . 0  10 .7  

O i  1 59.2 66.7 61 . 8  70.1 

SRC 1 6 . 5  1 7 . 0  1 8 . 4  12 .5  

I OM 1 3 . 4  6 . 2  9 . 8  6.7 

C o n v e r s i o n  

a ~ e a c t i ~ n  m i x t u r e :  

Coa 1 3 g  

s o l  v e n t  3 g  

0.27 SRC/so lven t  

R e a c t i o n  c o n d i t i o n s  

Tempe ra tu re  

H p r e s s u r e  2 
Tlme 

A g i t a t i o n  

440°C 

1,200 p s i g  c o l d  

60 m i n  

1,000 s t r o k e s  p c r  m i n  
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APPENDIX 1  

SOLVENT SEPARATION PROCEDURE 

The purpose o f  t h i s  p r o c e d u r e  i s  t o  p r o v i d e  r a p i d ,  p r e c i s e  f r a c t i o n a t i o n  o f  

t h e  g r o s s  c o a l  c o n v e r s i o n  p r o d u c t  i n t o  t h r e e  s u b f r a c t l o n s  d e f i n e d  by t h e i r  

s o l u b i l i t y .  

O i l s :  pen tane  s o l u b l e s  

SRC: pen tane  i n s o l u b l e / m e t h y l e n e  c h l o r i d e  - methano l  s o l u b l e  

Res idue:  me thy lene  c h l o r i d e  - me thano l  I n s o l u b l e  

T h i s  p r o c e d u r e  was conduc ted  a t  room t e m p e r a t u r e  ( 2 5  2 3°C). under  n i t r o g e n  

gas p r e s s u r e ,  u s i n g  s o l v e n t s  o f  t h e  h i g h e s t  q u a l i t y  a v a i l a b l e .  The sample may 

be l i q u i d ,  s o l i d ,  o r  a  m i x t u r e ,  w i t h  l e s s  t h a n  1% m a t e r i a l  b o l l i n g  be low  

150°C. 

I EQUIPMENT REQUIRED 

I 1 .  Branson Model 350 s o n i c a t o r  w i t h  3 / 4 - I n .  h o r n  

2.  Branson u l t r a s o n i c  b a t h  . , 

3. M i l l i p o r e  142 mrn p r e s s u r e  f i l t e r  w i t h  300-mL c a p a c i t y ,  #XX40-047-00, w i t h  

,142 mm f ~ l t i r ,  5 urn. FSLW-01420 

4 .  Round-bottomed d i s t j l l i n g  f l a s k s  - 500-mL, 250-mL, two each 

5. R o t o e v a p o r a t o r  R ,  F i s h e r  S c l e n t l f l c  #9-548-151 (1979 )  

6. Vacuum pump and t r a p  

7 .  N l t r o g e n  gas ( 0 - 2 0  p s i  a d j u s t a b l e )  p r e s s u r e  f l l t e r  f eed  

N j t r o g e n  gas (0 -20  p s i g  a d j u s t a b l e )  r o t o e v a p o r a t o r  f e e d  

N i t r o g e n  l i q u i d  ( 1 - 2  L )  f r e e z e  sample (dewar )  



8 .  a )  n -Pen tane  Grade o f  s o l v e n t  depends upon u l t i m a t e  

b )  M e t h y l e n e  c h l o r i d e  use  o f  sample s u b f r a c t i o n s  ( P e s t i c i d e ,  

C )  M e t h a n o l  D i s t i l l e d  i n  G l a s s ,  o r  HPLC g r a d e )  

9 .  Fume hood,  150 -200 -c fm  a i r  r a t e  exchan9.e 

10 .  Co .o l ing  w a t e r  o r  h e a t e r  exchange f o r  r o t o e v a p o r a t o r  condense r  

11.  B a l a n c e  t o  r e a d  w e i g h t s  20 .005  o r  b e t t e r ,  w i t h  maximum l o a d  200 g .  

SAFETY FEATURES 

S o l v e n t s  mus t  be  used  o n l y  unde r  t h e  fume hood and t r a n s f e r r e d  f r o m  b o t t l e  t o  

f l a s k  by  hand  pump. P r o t e c t i v e  g l o v e s  and o v e r a l l s  a r e  r e q u i r e d  f o r  

l a b o r a t o r y  w o r k .  C leanup  o f  s p i l l s  on hands can  be c o m p l e t e d  w i t h  Go-Jo, 

w a t e r l e s s  hand  c l e a n e r ,  m i l d  s c r u b b i n g ,  and w a t e r  wash (wa rm) .  A l l  no rma l  

s a f e t y  p r e c a u t i o n s  mus t  be o b s e r v e d  d u r i n g  t h e  e n t i r e  o p e r a t i o n .  

SAMPLE H A N D L I N G  

A l l  t h e  samp le  i n  t h e  t ub i ng -bomb  r e a c t o r  mus t  be k e p t  f r e e  o f  a i r  ( o x y g e n ) ,  

h e a t ,  and l i g h t .  Samples n o t  r e a d y  f o r  s e p a r a t i o n  mus t  be k e p t  at .  4 O C  unde r  a  

b l a n k e t  o f  n i t r o g e n .  The sample  t o  be  a n a l y z e d  i s  r e r ~ ~ v v e d  f r o m  t h e  

r e t r i g e r a t o r  and  i t s  t o p  c a p  unscrewed and m i x e d  w e l l  i n  an  u l t r a s o n i c  b a t h .  

The sample  i s  now r e a d y  f o r  d e t a l l e d  s o l v e n t  s e p a r a t i o n  a n a l y s i s .  

PROCEDURE -- ...- 

The l a b o r a t o r y  equ ipmen t  i s  p r e p a r e d  i n  t h e  f o l l o w i n g  o r d e r :  

( a )  U l t r a s o n i c  u n i t  w i t h  3 / 4 - i n .  h o r n  a d j u s t e d  and  c l e a n e d  w i t h  

m e t h y l e n e  c h l o r i d e .  



( b )  M i l l i p o r e  f l l t e r  p u t  i n  p l a c e  a f t e r  w e i g h i n g  d r y  f i l t e r  e lement .  

Ensure t h a t  a l l  O - r i ngs  f i t  w e l l  w l t h  no l e a k s  ( t e s t  w i t h  n-pentane 

under 10 p s i ) .  Use T e f l o n  t a p e  ( 3 / 4  i n . )  t o  wrap screw f i t t i n g s  and 

s e a l s .  

( c )  Prepare r o t o e v a p o r a t o r - b a t h  tempera tu re  a t  55-60°F f o r  n-pentane;  

n i t r o g e n  f l o w  r a t e  shou ld  j u s t  cause 1 /4-1 /2  I n .  d i m p l e  i n  l l q u i d  o f  

250 mL f l a s k .  

( d )  C o o l i n g  l i q u i d  f o r  r o t o e v a p o r a t o r  condenser shou ld  be 10°C i f  h e a t e r  

exchanger. used -10°C ~ 7 t h  MeOH. 

Step 1 :  Thorough ly  c l e a n  a  1000 mL heavy w a l l  py rex  beaker .  

Step 2: Add 25 mL o f  n-pentane t o  t h e  t u b i n g  bomb r e a c t o r  and m ix  t h e  

c o n t e n t s  u s i n g  an u l t r a s o n i c  b a t h  f o r  5  rnin. Pour t h e  r e a c t o r  

c o n t e n t s  l n t o  t h e  1000 mL beake r .  

S tep 3 :  Repeat s t e p  2  f o u r  t o  f i v e  t imes  u n t i l  t h e  l i q u i d  f rom t h e  r e a c t o r  

i s  c l e a r .  

S tep 4 :  To t h e  m i x t u r e  c o l l e c t e d  i n  t h e  1000-mL beaker  add more n-pentane t o  

b r l n g  t h e  e n t i r e  volume t o  500 mL. S o n i c a t e  t h e  e n t i r e  r n j x t u r e  f o r  

5  min  a t  l e v e l  5 .  

S tep  5 :  A l l o w  m i x t ~ , ~ r e  t o  s e t t l e  (1 -2  m l n ) .  Decant supe rna tan t  i n t o  f i l t e r  

u n i t ,  r e f i l l  beaker  w i t h  n-pentane, and s o n l c a t e  a g a l n  f o r  3-5 m ln .  

A l l o w  decant  l i q u i d  t o  f i l t e r  l n t o  a  500 mL f l a s k  - do n o t  a l l o w  

f l l t e r  t o  d r y  f r o m  t h l s  t i m e  on. 

S tep 6 :  Repeat s t e p  5  t w i c e  f o r  a t o t a l  o f  2000 mL o f  n -pentane.  If c a t c h  

f l a s k  f l l l s ,  t r a n s f e r  t o  r o t o e v a p o r a t o r  and b e g i n  t o  remove 

n-pentane under n l t r o g e n  a t  60°C. T r a n s f e r  t h e  s o l l d s  w i t h  sma l l  

p o r t i o n s  (25-50 mL) o f  pentane.  



Do n o t  d i s c a r d  beake r ;  h o l d  f o r  a d d i t i o n a l  t r a n s f e r  o f  s o l v e n t s  t o  

f i l t e r .  T h i s  ensu res  remova l  o f  t h e  maximum amount o f  m a t e r i a l  and 

reduces  l o s s e s .  

S tep  7 :  F i l t e r  t h e  s o l i d s ,  a d d i n g  n i t r o g e n  p r e s s u r e  ( 5 - 1 0  p s i )  i f  needed. 

Add new pen tane  v i a  o r i g i n a l  beaker  as needed f o r  a  t o t a l  o f  2 L. 

T h i s  amount ean be  r e - c o l l e c t e d  t r o m  t h e  r o t o e v a p o r a t o r  u n l t  d u r i n g  

t h e  c o n t i n u o u s  s o l v e n t  remova l  s t e p s .  

S tep  8: C o n t i n u e  s o l v e n t  f i l t e r i n g  u n t i l  t h e  f i l t r a t e  i s  a  v e r y  11ght  

y e l l o w / g r e e n .  A t  t h e  end o f  pen tane  e x t r a c t i o n ,  w i t h  25 mL o f  

p e n t a n e  i n  t h e  f i l t e r ,  add 100 mL o f  10% me thano l  I n  me thy lene  

c h l o r i d e  and c o n t i n u e  as i n  s t e p  7  f o r  2 .5  L.  The new f i l t r a t e  i s  

c o l l e c t e d  i n  a  new 500-mL f l a s k  ( t a r e ) .  C o n t i n u e  t o  t r a n s f e r  

f i l t r a t e  t o  r o t o v a p o r  w i t h  a  w a t e r b a t h  t e m p e r a t u r e  o f  75°C. 

S tep  9 :  H o l d  a l l  pen tane  s o l u b l e s  c o l l e c t e d  t h r o u g h  s t e p  8 on t h e  

r o t o e v a p o r a t o r  f o r  2 m i n  beyond t h e  p o i n t  when t h e  l a s t  d r o p  o f  

condensed pen tane  i s  I n  t h e  c a t c h  f l a s k .  Remove, c l e a n ,  and d r y  t h e  

o u t s i d e  o f  t h e  f l a s k  c o n t a i n l n q  t h e  o i l s  ( r e d d i s h )  and we igh .  

Record :  

Y i e l d  o f  o i l s :  ------- grams 

Step  1 0 :  Conduct  m e t h y l e n e  c h l o r l d e / m e t h a n o l  e x t r a c t i o n  i n  t h e  same way as 

S teps  7-9.  Remove t h e  me thy lene  c h l o r i d e / m e t h a n o l  s o l u b l e s  f r o m  t h e  

r o t o e v a p o r a t n r  when 10-20 rnL o f  s o l u t i o n  r -e~na lns .  'Then vacuum-dry 

t h e  f l a s k .  Record :  

Y i e l d  o f  SRC: ------- grams 

Step  11 :  Vacuum d r y  t h e  r e s i d u e  r e t a I n e d  on t h e  f l l t e r  pape r .  G e n t l y  remove 

f i l t e r  pape r  w i t h  r e s l d u e  and we igh .  Record :  

Y i e l d  o f  r e s i d u e :  - - - ----  grams 



S t e p  1 2 :  O i l s  A  

SRC B 

Res idue  C 

Gases D ( d e t e r m i n e d  by  gas a n a l y s i s )  

A  + B + C + D = t o t a l  r e c o v e r e d  

O r i g i n a l  mass o f  sample c h a r g e d  = MS 

MS - t o t a l  r e c o v e r e d  = n e t  l o s s  o r  g a i n  

I f  g a i n  o f  w e i g h t  i s  obse rved ,  s o l v e n t  i s  p r e s e n t  i n  oils o r  

o t h e r  f r a c t i o n .  

I f  l o s s  o f  w e i g h t  i s  obse rved ,  o i l s  have  v o l a t i l e  m a t t e r .  

Add n e t  l o s s  t o  mass o f  o i l s  ( A  + n e t  l o s s )  and c a l c u l a t e  o v e r  

t h e  m a t e r i a l  r e c o v e r y .  

Recovered  C o r r e c t e d  % 

R e p o r t :  O i l s  A  A  + n e t  l o s s  

SRC B B 

Res idue  C C '  , 

Gases - D D - 
T o t a  1  Recovered  M  S  100% 

T h i s  d a t a  l s  used t o  c a l c u l a t e  t h e  p r o d u c t  distribution based  on MAF 

c o a l .  
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APPENDIX 2  

AUTOCLAVE OPERATING AND CALCULATION PROCEDURES 

An a u t o c l a v e  sys tem was d e s i g n e d  and assembled  t o  p r o v i d e  a  continuous su 

o f  hyd rogen  t o  t h e  l i q u e f a c t i o n  r e a c t i o n .  The d e t a l l e d  d e s i g n  o f  t h e  

a u t o c l a v e  .is i l l u s t r a t e d  I n  ' f i g u r e  A-1 and d e t a l l e d  s t e p s  . i n v o l v e d  I n  t h e  

o p e r a t i o n  o f  t h e  a u t o c l a v e  and c a l c u l a t i o n s  o f  t h e  r e s u l t s  a r e  d e s c r i b e d  

be l ow .  

OPERATING PROCEDURE 

1 .  Charge t h e  a u t o c l a v e  w i t h  t h e  r e a c t i o n  m i x t u r e  c o n s i s t i n g  o f  40 g  o f  

and 60 g  o f  s o l v e n t .  Fo r  c a t a l y t i c  run 's ,  a  p r e d e t e r m i n e d  amount o f  

c a t a l y s t  i s  a l s o  added.  

2 .  Assemble t h e  a u t o c l a v e  as shown i n  F i g u r e  A - 1 .  

3 .  Leak-check  t h e  e n t i r e  s y s t e m  u s i n g  h e l i u m  s t e p w i s e  t o  2 5 0 0 - p s l g  p r e s s u r e  

a t  room tempe ra tu ' r e .  

1 4 .  I f  t h e  s y s t e m ' i s  l e a k  t i g h t ,  e s t a b l i s h  t h e  f l o w  o f  h e l i u m  t h r o u g h  t h e  

u n i t  t o  p u r g e  t h e  s y s t e m  as w e l l  a s  t o  remove any  a i r  t r a p p e d  i n  t h e  

r e a c t o r  s ys tem.  

5 .  A f t e r  . p ~ . r r g i n g  t h e  s y s t e m  w i t h  h e l i u m ,  t u r n  on t h e  s t i r r e r  o f  t h e  

a u t o c l a v e  and. d l  s c o n t l n u e  f l o w  o f  he1 i um .  

6. Establish t h e  f l o w  o f  hyd rogen  and p u r g e  t h e  s y s t e m  t h o r o u g h l y  w l t h  

h y d r o g e n .  

7 .  Calibrate t h e  sys tem t o  d e t e r m i n e  t h e  vo lume o c c u p l e d  by  gases i n  t h e  

r e a c t o r ,  t r a p ,  g a s ' c o l l e c t i o n ,  gas samp le  v e s s e l s ,  and t r a n s f e r  l i n e s .  

8. I s o l a t e  gas sample v e s s e l ,  gas c o l l e c t i o n  v e s s e l ,  and t r a p  by  c l o s l n g  

s h u t o f f  v a l v e s .  



FIGURE A-1 
SCHEMATIC OF 300-ML AUTOCLAVE REACTOR 

- 
He PR1 HV1 CV1 

- 
H 2 & FR2 HV2 CVZ' 

VENT 

LIST OF MAJOR PARTS FHVO 
PR1 AND PR2 
HV1 TO HV10 
CV1 AND CV2 
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9. P r e s s u r i z e  t h e  r e a c t o r  t o  1 , 0 0 0 - p r i g  w i t h  h y d r o g e n .  

1 0 .  S t a r t  h e a t i n g  t h e  r e a c t o r .  When t h e  t e m p e r a t u r e  i n  t h e  r e a c t o r  r eaches  

250°C, i n c r e a s e  t h e  hyd rogen  p r e s s u r e  t o  2 ,000 p s i g  and i n i t i a t e  t h e  f l o w  

o f  ' h yd rogen  t h r o u g h  t h e  r e a c t o r  t o  e n s u r e  more t h a n  enough a v a i l a b i l i t y  

o f  h y d r o g e n  f o r  t h e  r e a c t i o n .  

11 .  C o l l e c t  t h e  gases I n  t h e  gas c o l l e c t i o n  v e s s e l .  

1 2 .  When t h e  r e a c t i o n  t e m p e r a t u r e  r eaches  t h e  d e s i r e d  v a l u e ,  s e t  t h e  r e a c t i o n  

t i m e  t o  z e r o  and  c a r r y  t h e  r e a c t l o n  f o r  t h e ' d e s i r e d  p e r i o d .  A f t e r  t h e  

d e s i r e d  r e a c t i o n  t i m e ,  t u r n  t h e  h e a t e r s  o f f  and  s t a r t  c o o l i n g  t h e  

r e a c t o r .  I n  a d d i t i o n ,  d i s c o n t i n u e  t h e  f l o w  o f  h y d r o g e n .  

1 3 .  A f t e r  some t i m e ,  t h e  t e m p e r a t u r e  o f  t h e  r e a c t o r  w i l l  a p p r o a c h  room 

t e m p e r a t u r e  and  t h e  p r e s s u r e  I n  t h e  r e a c t o r ,  t r a p ,  and gas c o l l e c t i o n  

v e s s e l  w i l l  e q u i l i b r a t e .  N o t e  t h e  t e m p e r a t u r e  and p r e s s u r e .  

1 4 .  Open a p p r o p r i a t e  v a l v e s  t o  c o l l e c t  gas sample I n  t h e  gas sample  v e s s e l  

f o r  d e t a i l e d  gas a n a l y s i s .  

1 5 .  C o l l e c t  o r g a n i c  m a t e r l a l  condensed i n  t h e  t r a p  and  w e l g h  i t .  

16.  Open t h e  a u t o c l a v e  sys tem and c o l i e c t  a l l  t h e  m a t e r i a l  f o r  f u , r t h e r  

a n a l y s i s .  

17 .  C l e a n  t h e  s y s t e m  t h o r o u g h l y  f o r  n e x t  r u n .  

CALCULATION PROCEDURE 

A number o f  s t e p s  a r e  l n v o l v e d  i n  d e t e r m i n i n g  t h e  p r o d u c t  distribution f r o m  

t h e  300-mL s e m l c o n t i n u o u s  ( c o n t i n u o u s  f l o w  o f  h y d r o g e n  t o  e n s u r e  s u f f i c i e n t  

s u p p l y  o f  h y d r o g e n  f o r  t h e  r e a c t l o n )  a u t o c l a v e  r e a c t o r .  These s t e p s  a r e  

d e s c r i b e d  I n  d e t d l l  b e l o w .  



S t e p  A I 
A f t e r  t h e  r e a c t i o n ,  t h e  f l o w  o f  hyd rogen  i s  s t o p p e d  and t h e  a u t o c l a v e  i s  

c o o l e d  down c l o s e  t o  room t e m p e r a t u r e .  A t  t h i s  t i m e  t h e  f i n a l  t e m p e r a t u r e  and 

p r e s s u r e a r e  n o t e d .  I n  a d d i t i o n ,  a  sample o f  gas I s  t a k e n  f o r  C , - C 5 ,  C O ,  

C02. H2S, NH3, and  H a n a l y s i s .  The vo lume o c c u p i e d  by  gases i s  2 
determined b e f o r e  t h e  r e a c t i o n  by  vo lume c a l  l b r a t i o n .  b now in^ a1  1  t h e s e  

v a l u e s ,  t h e  w e i g h t s  o f  i n d i v l d u a l  components  i n  t h e  gas phase a r e  d e t e r m i n e d .  

The w e i g h t  o f  t o t a l  gases  e x c l u d i n g  hyd rogen  'IS d e t e r m i n e d .  

W e i g h t  o f  gases e x c l u d j n q  H2 = A 

Step  R 

The o r g a n i c  m a t e r i a l  condensed and c o l l e c t e d  i n  t h e  t r a p  I s  d r a l n e d  and 

we ighed .  The sample  i s  t h e n  ' s u b j e c t e d  t o  phase  s e p a r a t l o n  t o  d e t e r m i n e  t h e  

w e i g h t  o f  w a t e r  and  o i l ,  r e s p e c t i v e l y .  

W e i g h t  o f  w a t e r  

W e i g h t  o f  o i l  

1 .  The a u t o c l a v e  i s  opened and a l l  t h e  m a t e r i a l  i n  i t  i s  r e c o v e r e d  i n  a 

1000-mL b e a k e r .  The e n t i r e  u n i t  i s  t h e n  t h o r o u g h l y  c l e a n e d  and washed 

w i t h   ethylene c h l o r i d e .  The e n t i r e  r e a c t i o n  p r o d u c t  a l o n g  w i t h  

~ n e t t ~ y l e n e  c h l o r i d e  '15 t h e n  s o n i c a t e d  and fil t e r e d .  The m a t e r i a l  

r e m a i n i n g  on  t h e  f i l t e r  p a p e r  i s  l i q u e f a c t i o n  r e s i d u e  and i t  I s  

vacuum-d r i ed  and we ighed .  

W e i g h t  o f  l l q u e f a c t l o n  r e s l d u e  = D 

2. The f i l t r a t e  was r o t o e v a p o r a t e d  t o  remove m e t h y l e n e  c h l o r l d e .  The 

c o n c e n t r a t e d  f i l t r a t e  c o n t a l n i n g  p r o d u c t  o i l ,  p r o c e s s  s o l v e n t ,  S R C ,  and 

p a r t  o f  t h e  m e t h y l e n e  c h l o r l d e  i s  s u b j e c t e d  t o  t w o - s t e p  d i s t i l l a t i o n .  



3 .  The f i r s t  s t e p  i n v o l v e s  comple te  removal o f  me thy lene  c h l o r i d e  by 

d i s t i l l i n g  t h e  c o n c e n t r a t e d  f i l t r a t e  under vacuum a t  60°C. P a r t  o f  t h e  

v e r y  l i g h t  o i l  p r o d u c t  i s  l o s t  w i t h  me thy lene  c h l o r i d e  f r a c t i o n ,  b u t  i t  

j s  assumed t o  be n e g l i g i b l e .  

. . 

4 .  A f t e r  t h e  removal o f  methy lene c h l o r i d e ,  t h e  f i l t r a t e  i s  d i s t i l l e d  t o  

r e c o v e r  p r o d u c t  o i l  and process  s o l v e n t .  A  tempera tu re  o f  950°F 

( c o r r e c t e d  tempera tu re )  i s  used as an end p o i n t .  The distillate p r o d u c t  

( o i l )  and d i s t i l l a t e  bot toms (SRC) a r e  then  weighed. 

We igh l  o f  d i s t i l l a t e  o j l  = E 

Weight  o f  SRC = F 

Mass Ba lance 

Feed 
Weight  o f  f eed  c o a l  = X 

Weight o f  f eed  s o l v e n t  = Y 

a T o t a l  f eed  = X + Y  

Product  

T o t a l  gases 

Water = B 

Distillate o i l  = C + E  

S R C  = F 

Residue = D 

T o t  a 1 A + B + ( C + C ) + F t D  

Note:  The c o n t r i b u t i o n  due t o  hydrogen consumpt ion  i s  n e g l e c t e d  i n  t h e  

c a l c u l a t i o n .  

Recovery = [ A  + B + ( C  + E )  + F + 0 1  x 100 
X + Y  

I n  most cases,  t h e  r e c o v e r y  i s  b e t t e r  t h a n  98%. The l o s s e s  a r e  added t o  

t h e  d i s t i l l a t e  o i l  f r a c t i o n  t o  c l o s e  t h e  mass ba lance .  



Product Distribution Calculation 

Requirements : Ash fn the coal = X1 

Moisture i'n the coal = X 2 

Step 1 

Organic material in the coal = X - (XI t X2) 
z OM 

Net products Weiqht 

Total gases A 

Water B - X2 

Distillate oil C + E - Y  

S R C F 
Insoluble organic D - X1 

material (IOM) 

Conversion, % = 100 - wt % IOM 

Wt % MAF coal 

(A/OM) x 100 

[ ( B  - X2)/0M] x 100 

[(C + E - Y/OM] x 100 

(F/OM) x 100 

[(D - X1)/OM] x 100 





( O V E R )  

- 1 9 6 -  

D O E  =arm GC.; i 3 U.S. D E P A R T M E N T  O F  E N E R G Y  
( r ' . :  E ) 
D O E  PR.o.9 

O F F I C E  O F  A S S I S T A N T  G E N E R A L  C O U N S E L  F O R  P A T E N T S  

RECORD OF INVENTION 
T h ~ s  R e c o r d  o! l n v e n t ~ o n  is a n  i m p o r t a n t  legal  d o c u m e n t  a n d  Droper  ca re  i n  i t s  e a r l y  a n d  c o m o l e t e  preoarar lon 

w i l l  save ~ m p o r t a q t  t l m e  a n d  lnconven lence  in t h e  f u t u r e .  T h e  I n s t r u c t i o n s '  on :he back shou ld  oe r e m  c a r e f u l l v  

~ ! o ' c  f l l l t n c  Ir t h e  d ~ t 2  

D O E  Ca$e r.2. 

&. 1nben:or: i .  k a m e l s ) :  

Dixak3r Gara .  Edwin N .  Givens and 

Frank K .  S c h z e i  o'klardt 

2 .  .Title or P O S I : , ~ ~ :  

Principal 2 e s f s r c h  E n a r .  , P 
R & D  S a f e t y  & S p e c i a l  S e r v i c  
Research  A s s o c i a t e .  

3 .  E r n s l o v e ~  n y .  

A i r  P r o d u c t s  & Chemical s  , I n c  . 
4 .  P e r m a n e n t  Adoress:  

P . O .  Box 538, A l l en town ,  PA 18105  
- .  . ,,... ........ ,, 

8 .  T i t l e  o f  1nven:aon ( 1  ' )  : 

"Improved C a t a l y t i c  Coal L i q u e f a c t i o n  P r o c e s s "  

C. D e s c : ~ o : ~ o n  o t  l n v e n t l o n  ( 2 . ) :  The i n v e n t i o n  i s  an  improved c a t a l y t i c  coa l  1  i  q u e f a c t i o n  p r o c e  
which  c o a l  i s  c o n v e r t e d  predominant1  t o  l i g h t  g a s e s  and d i s t i l l a t e  p r o d u c t s .  The K i n ? r o v e d  p r o c e s s  c o n c e p t s  r e q u i r e s  t e removal o f  bo th  b a s i c  n i t w g e n  ar'ld p h e n o l i c  
pounds .fr.or;i t h e  p r o c e s s  s o l v e n t  b e f o r e  r e c y c l i n g  t o  t h e  l i q u e f a c t i o n  r e a c t o r .  I n  a  
i t  r e q u i r e s  r e c y c l i n g  o f  a l m o s t  a l l  t h e  SRC g e n e r a t e d  d u r i n g  t h e  l i q u e f a c t i o n  t o  t h  
l i q u e f a c t i o n  r e a c t o r  t o  promote h i g h e r  l i q u e f a c t i o n  a c t i v i t y .  The key d i s t i n c t i o n s  
b o t h  t h e  removal o f  n i t r oc j en  and p h e n o l i c  m a t e r i a l s  f rom t h e  r e c y c l e  s o l v e n t  and thi  
t i nconve r t ed  S2C t o  t h e  1  i  q u e f a c t i o n  r e a c t o r .  .~,..% - -. ....... . --,--.. 
D. D a t e s  and  Places o f  I n ~ e n t , o n c :  

I. Con:ep:~on D Y  I n v e n t o r  (3.) 1 0  S e ~ t e m h e r  1980  A l l e n t o w n ,  - PA At 

2 .  F i rs t  S k e t c n  or Drawing A t  In W O r k D 0 0 k  Page 

3 .  Firs! W r i t t e n  D e s c r i p t i o n  1 0  $ e ? t .  1980  A t  1 
Idea  S u a g e s t i o n  and  P a t e n t  P l l e n t o * n ,  PA 
,,yt,kpylp ,, u I Page 

d .  D , s C I O s u r e t O O t n e r s  ( e . )  I d p a  S v o q e s t i o n  and P a t e n t  P~=_pposa l :  CG-0004. 1 0  September  1 9 8 0 ,  
A 1 1 e n 1 ~ P A  

a. ......... - 1 9  At - ., 

h - 19 A t  

5 .  C O m ~ l e t i o n  o f  M o d e l  o r  F u l l  S i r e  Dev ice  -. f i t  -.. .- 

G .  PI~,: ier: o r  ~ n ~ r a t i ~ n  01 2 3  ~ e ~ t e m b e r  ,, A] 1 ~n t.nwn , p.4 
C ,  n i i u l l s  u i  I ests a n d  E x t e n t  o f  u s e  o f  I n v e n t ~ o n  ( 5  * )  

The d a t a  show t h a t  c a t a l y t i c  p r o c e s s e s  a r e  
improved by s i m u l t a n e o u s  s o l v e n t  t r e a t m e n t  
and SRC r e c y c l e .  

. - 
G. Pertanent  R e p o r t s  ( 6 ' ) :  

A P C I  I n t e r n a l  R e p i ~ r t  ; 

' I d ea  S u g g e s t i o n  and  P a t e n t  P roposa l  
8GG004, 1G f e ~ r e m b e r  1880 

I. R i g n t s  o f  U . S .  G o v e r n m e n t :  

P ' o d i f i c a t i o n  KO. ?:006 o f  C o n t r a c t  No. 
DE-AC22-82PC50003, "Advanced L!aiver P a t e n t  
C lduhe . "  

K. C 0 n t r a ~ t s  involved: 

A i r  P r o d u c t s  and Chemica l s ,  I n c .  
C o n t r a c t o r  a n d  Aooress  

P.O.  B o x  533 ,  A l l ~ n t n \ . ! n ,  PP, 18105 . - 
L. Sapnature o l  Wstness: D a t e :  S y u ~ d l u r e  0.1 Inven(p !  s) L: D a l e :  

;;- ; ,&,,fi, . / .  ,i . . ,- 
, , ,' 

qyw QJ@- , / ./: - 

. - ,  1 o r  2 P t l e n i  Should be F i l e d  * ,  

F. N a m e s  o f  a l l  Persons Havong k n O w l M g e  01 F a c t s  StateQ undo 

W i l l i a m  C o l l i n s  
S t e v e n  A .  Lindne r  
David I.. Howel 1 s  

W. O t h e r  C l o % l v  R C l n t r d  Punlncal.on$. Pa ien l r ,  4hd Poien: 
A u D l ~ C d t ~ O n i  ( 7 ' ) :  

U.S. 3,321 ,393 U.S. 3,7OO,SR4 
U . A .  3 , 412 ,010  U.S. 3,519,555 

J. L icenses o r  Ass tgnments :  

None 

C o n t r a c t  No . :  

DE-AC22-EZPC50003 
D a t e  

9 /2F  
T y p e  O f  C o n t r a c t :  

~ncl!ssit;ed I ~ e s t r i t t ~  1 C o n f i d e n t i a l  -]-gegret 



O F F I C E  OF ASS 

o r d  o! I n v e n t ~ o n  is a n  i m ~ o r t a n t  legal  d o c u m e n t  a n d  p r o p e r  ca re  i n  i t s  ear l v  a n d  c o m o l e t e  D,eDaral,on 

Conce;t$on a y  I n v e n t o r  ( 3  ' )  

11 F i rs t  S k e t c n  o r  D r a w i n g  A t  In WOrkbOoK 

F i rs t  W r i t t e n  D e s c r i g t i o n  25 !.'?rch 1923 
A t  

A l l en tov /n ,  PA 
In WOrkDOok 

$751 4  

D i s t l o s u r e  t o  o t n e r s  (4  * )  A: 

J. Techn ic21  I d e a / P a t ~ n i S u g g % s t i o n 3 A u g . 1 3 2 3  1 9  ~ t  A l l e n t o w n , ? A  
" L i  quefac; ion o f  Sol v e n t - E x t r a c t e d  .Coal " 

25 March 1983 A1 1 en town,  PA 
Fi rs t  Test  o r  O ~ e r a t # o n  01 I n v e n t i o n  A t  

tsul ts  01 Tests a n 0  E x t e n t  o f  u s e  o f  ~ n v e n : ~ o n  ( 5 ' )  
r e a s e  i n  o i l  y i e l d  and an imp roved  
v e r s i o n  o v e r  l i q u e f a c t i o n  o f  t h e  o r i g i n a l  
1 .  
n 1 n e n 1  * ~ D O " S  ( 6 ' ) :  1  j u n e  9&3 ,  21 

1  November 198 w r i t t e n  d i s c  

F. NdmeS 01 a l l  Persons U a v ~ n p  K n o w l e o g e  o f  F a c t s  S ta t -  U n d e r  0 .  

.no E.: B i l l  C o l l i n s ,  S t e v e  L i n d n e r ,  
F ran  Gough 

*. 0tn.r c l o r t r  ~ e l d t e o  p u ~ ~ i u t o o n s .  p a t m t s .  a n d  ~ a t m t  
A D ~ l i c s t i O n S  ( 7.1: U.  s 4  -089  -638  

e x p e r i m e n t a l  r e s u l t s  was made t o  t h e  
t r a c t  Manaqer o f  DOE. 

a n t s  O f  u.s. Government :  Kod i f i c c  t i  on 140 . MOO6 o f  
t r a c t  No. DE-AC22-83PC50-03 
vanced Waiver  P a t e n t  C lause . "  

U.S. 3,637,639 U:S. 4,272,356 
U.S. 4.388.171 

J .  L icenses  o r  A s r q n m e n t r :  

Nurle 

n t r a c t s  I n # o l v e a :  c o n t r a c t  NO.: 

i r  P roduc t s  and C h e z i c a l s ,  - - I n c .  DE-AC22-82PC50003 9/28/82 
D a t e :  

n t r a c t o t  a n a  A o a r e r r  

. O .  Box 538, A l l e n t o f i n ,  PA 18105 
C o n f i a e n t  

n a t u r e  01 W4tnesr: 

e g. W d L  l?-Y 
I I I 

D a t e :  

t 1/18] 4' 
r a r o e d  o y  [ t  . I :  

l i c a t i o n  For  A P a t e n t  Shou ld  Be F i l e d .  
D d t e :  

28 November 1984 .. 
( O V E R )  



I T h i s  R e c o r d  o! I n v e n t i o n  is a n  i m p o r t a n t  legal d o c u m e n t  a n d  p r o p e r  ca re  i n  i t s  e a r l y  a n d  cornD le te  p:eDaratlon 

w i l l  save I m D o r r a n t  tame a n d  i n c o n v e n ~ e n c e  in t h e  f u t u r e .  T h e  I n s t r u c t ~ o n s '  on t h e  b a c k  s h o u l d  b e  re= c a r e f u i l v  

belo'e fnll.?o *r  :he da;a 

C 3 E  F o r m  GC.; 1 3  U.S.  D E P A R T M E N T  O F  E N E R G Y  . 
( 2 . 1 8  O F F I C E  OF A S S I S T A N T  G E N E R A L  C O U N S E L  F O R  P A T E N T S  
D O E  PK.5.9 

RECORD OF INVENTION 
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Tech.  P r o g r e s s  R e p o r t ,  1  J u l y - 3 0  September  1982, FE-2893-99, 
49-51,  1983 .  



Thas R e c o r c  c! I n v e n t t o n  i s  a n  i m m r t a n l  legal  d o c u m e n t  a n d  p r o o e r  ca re  I n  11s ear l \  a n d  c o m 0 ; e r e  D r e c a r a t ~ o n  I 

D.2E F o r m  G C - 2 ;  3 U.S. DEPARTMENT OF ENERGY * 

( 2 . 7 6 1  
D O E  PR-9-9  

OFFICE O F  ASSISTANT GENERAL COUNSEL FOR PATENTS 

RECORD OF INVENTION 

w i l l  save I m X r t a n l  t l m e  and i n c o n v e n t e n c e  I n  t h e  f u t u r e .  T h e  Instructions' o n  t h e  o a c r  s h o u l d  b e  read c a r e f u l l v  I 

D O E  Case N o .  

b e f o - e  ft!l:-.c tn t h e  b a t a .  I 

IPr inci  pa1 Research Engineer 

A .  inventor: 1 .  N a r n e l s ) :  
Civ!a?zr C'r: z n d  Swzninat5zn Sunder 

2 .  T i t l e  o r  P o s i t i o n :  

Pr inc i  gal Desearch Enoineer 

Base Enhanced Coal L iquefac t ion  Process 
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b e t w s ~ n  t h e  ouinones a n d  bases in  enhancinq,coal  1 iquefact . inn.  T t  i s  believed t 
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