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ABSTRACT

Coal h y d r o g e n a t i o n  em ploy ing  a  h y d ro g en  donor  s o l v e n t  

( t e t r a h y d r o n a p h t h a l e n e )  was s t u d i e d  i n  a  300 cc b a t c h  

r e a c t o r  a t  380°C and 2000 p s i g .  The c a t a l y t i c  e f f e c t  o f  

c o a l - d e r i v e d  p y r i t e  i n  t h e  p r e s e n c e  and a b s e n c e  o f  added  

g a s  p h a s e  h y d ro g en  s u l f i d e  was i n v e s t i g a t e d  a t  r e s i d e n c e  

t i m e s  o f  t e n  and s i x t y  m i n u t e s .

P y r i t e  was found  t o  be  an e f f e c t i v e  c o a l  h y d r o g e n a t i o n  

c a t a l y s t .  The a d d i t i o n  o f  h y d rog en  s u l f i d e ,  when p y r i t e  

was p r e s e n t ,  had  no e f f e c t  a t  t h e  t e n  m in u te  r e s i d e n c e  t im e  

b u t  had  a s i g n i f i c a n t  e f f e c t  a t  t h e  s i x t y  m in u te  r e s i d e n c e  

t im e  by i n c r e a s i n g  t h e  c o n v e r s i o n .  Hydrogen s u l f i d e  a p p e a r ­

ed t o  be r e s p o n s i b l e  f o r  m a i n t a i n i n g  a  c a t a l y t i c a l l y  a c t i v e  

form o f  p y r i t e  ( m e t a l  s u l f i d e ) .  A minimum amount o f  hy d ro g en  

s u l f i d e  was n e c e s s a r y  t o  m a i n t a i n  t h e  a c t i v e  c a t a l y t i c  form 

w h ic h ,  i f  e x c e e d e d ,  had  no e f f e c t  on c o a l  c o n v e r s i o n .

Hydrogen s u l f i d e  was a l s o  shown t o  be an e f f e c t i v e  

c a t a l y t i c  a g e n t  f o r  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 .  Homogeneous 

and h e t e r o g e n e o u s  c a t a l y t i c  m echanism s have  b een  p r o p o s e d  to  

e x p l a i n  t h e  c a t a l y t i c  e f f e c t  o f  h y d ro g e n  s u l f i d e .
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INTRODUCTION

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

a d d i t i o n  o f  h y d ro g en  t o  t h e  c o a l  s t r u c t u r e .  At h i g h  

t e m p e r a t u r e s  ( g r e a t e r  t h a n  350°C) and h i g h  p r e s s u r e s  

( g r e a t e r  t h a n  1000 p s i ) ,  t h e  c o a l  f r a g m e n t s  fo rm in g  f r e e  

r a d i c a l s .  I n  t h e  p r e s e n c e  o f  a hy d ro g en  donor  s o l v e n t ,  

h y d ro g en  i s  a b s t r a c t e d  from t h e  donor  s o l v e n t  s t a b i l i z i n g  

t h e  f r e e  r a d i c a l  and a d d in g  hy d ro g en  t o  t h e  c o a l .  The 

donor  s o l v e n t ,  now i n  an h y d r o g e n - p o o r  s t a t e ,  m ust  be  

r e p l e n i s h e d  i n  o r d e r  t o  m a i n t a i n  h y d ro g e n  t r a n s f e r  

a c t i v i t y .

Hydrogen t r a n s f e r  r e a c t i o n s  can  be  c a t a l y z e d .  The 

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

c o a l  t o  l i q u i d  p r o d u c t s  h a s  l e d  some i n v e s t i g a t o r s  t o  l o o k  

a t  t h e  c a t a l y t i c  e f f e c t  o f  c o a l  m i n e r a l  m a t t e r .  The 

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

and i n e x p e n s i v e  s o u r c e  o f  c a t a l y s t s  f o r  c o a l  l i q u e f a c t i o n  

and h y d r o d e s u l f u r i z a t i o n  r e a c t i o n s .  I f  m i n e r a l s  which  a r e  

i n h e r e n t  i n  " a s  mined"  c o a l  do a c t  a s  h y d r o g e n a t i o n  

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

p r o c e s s i n g  schem es  may be a b l e  t o  be  o p t i m i z e d  by a d d i t i o n  

o r  rem o v a l  o f  c e r t a i n  c o a l  m i n e r a l  m a t t e r  c o n s t i t u e n t s .  I t  

i s  a l s o  i m p o r t a n t  t o  d i s c o v e r  w h e th e r  o r  n o t  c o a l  m i n e r a l  

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

i s  e x p e n s i v e .  C o a l s  w i t h  a  h i g h  m i n e r a l  m a t t e r  c o n t e n t  

a l s o  i n c r e a s e  a b r a s i v e  wear  on m a c h in e r y ,  i n v o l v e  h i g h e r  

m a t e r i a l  t h r o u g h p u t s ,  p o i s o n  added  h y d r o p r o c e s s i n g  

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

H y d r o g e n a t io n  c a t a l y s t s  h ave  b e e n ,  t r a d i t i o n a l l y ,  

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

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

t h e  m e t a l  b u t  t h e  m e t a l  s u l f i d e .

The o b j e c t i v e  o f  t h i s  s t u d y  was t o  d e t e r m i n e  t h e  

c a t a l y t i c  e f f e c t  o f  c o a l - d e r i v e d  p y r i t e  i n  t h e  p r e s e n c e  and 

a b s e n c e  o f  added  g a s  p h a s e  h yd ro g en  s u l f i d e .  The a b i l i t y  o f  

h y d ro gen  s u l f i d e  t o  m a i n t a i n  a  c a t a l y t i c a l l y  a c t i v e  form o f  

p y r i t e  ( m e ta l  s u l f i d e )  was i n v e s t i g a t e d  i n  t h i s  s t u d y ,  a s  

was t h e  c a t a l y t i c  e f f e c t  o f  h y d ro gen  s u l f i d e  a c t i n g  i n  t h e  

a b s e n c e  o f  p y r i t e .
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H i s t o r i c a l  Background

T h ree  f u n d a m e n ta l  d e v e lo p m e n t s  were  n e c e s s a r y  t o  make 

d i r e c t  h y d r o g e n a t i o n  o f  c o a l  a  com m erc ia l  r e a l i t y  (Dona th  

and H o e r in g ,  1977):

1) I n  1910, ammonia s y n t h e s i s  i n t r o d u c e d  h i g h  

p r e s s u r e  and h i g h  t e m p e r a t u r e  t o  t h e  c h e m ic a l  

i n d u s t r y .

2) I n  1913, F. B e r g i u s  showed t h a t  c o a l  c o u ld  

be l i q u e f i e d  by a d d in g  h y d ro g e n  a t  h i g h  

p r e s s u r e  and h i g h  t e m p e r a t u r e .

3) In 1923; M. P ie r  found s e l e c t i v e  h y d ro g en a tio n  

h y d ro cra ck in g  c a t a l y s t s  th a t  were r e s i s t a n t  to  

s u l f u r .

I n  1920*3, t h e  I .  G. F a rb e n  Company d e v e lo p e d  t h e  

t w o - s t a g e  B e r g i u s  p r o c e s s .  The f i r s t  s t a g e  ( l i q u i d - p h a s e )  

h y d r o g e n a t e d  a  c o a l / o i l  s l u r r y  t o  a  m id d le  o i l  ( a p p r o x i m a t e l y  

3 2 3 ° C end p o i n t )  i n  t h e  p r e s e n c e  o f  a  d i s p o s a b l e  c a t a l y s t .

The m id d l e  o i l  was t h e n  h y d r o g e n a t e d  o v e r  a  f i x e d  bed 

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

g a s o l i n e .

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

a t  473-489°C and 3300-4300  p s i .  The h y d r o g e n a t i o n  c a t a l y s t  

was i r o n  o x i d e .  I r o n  o x i d e  commonly r e f e r r e d  t o  a s  r e d  

mud, l u x m a s s e ,  o r  b a y e rm a s s e  was mixed i n t o  t h e  c o a l  s l u r r y
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i n  amounts  o f  2 t o  5% b a s e d  on t h e  c o a l  and d i s c a r d e d  

a f t e r  one p a s s  t h r o u g h  t h e  r e a c t o r *

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

c o n d u c t e d  i n  a s i m i l a r  manner b u t  w i t h  p r e s s u r e s  i n  t h e  

r a n g e  o f  5000-10000  p s i .  Depending  on t h e  p r e s s u r e  e i t h e r  

NH^C1-promoted t i n  o x a l a t e  o r  i r o n  o x i d e  was u s e d  a s  

c a t a l y s t *  T a b le  1 shows t y p i c a l  y i e l d s  o f  p r o d u c t s  p r o d u c e d  

i n  l i q u i d - p h a s e  B e r g u i s  h y d r o g e n a t i o n  ( B e r k o w i t z ,  1979)•

The f i r s t  co m m erc ia l  p l a n t  u s i n g  t h e  t w o - s t a g e  B e r g i u s  

p r o c e s s  was b u i l t  i n  1927 a t  t h e  Leuna  works  i n  C e n t r a l  

Germany. T h ro u g h p u t  was 100 ,000  m e t r i c  t o n s  p e r  y e a r  

p r o d u c i n g  2500 b a r r e l s  p e r  day o f  g a s o l i n e  (Lowry, 1945)•

The P o t t - B r o c h e  p r o c e s s  y i e l d e d  an a s h - f r e e  e x t r a c t  by 

m i l d  h y d r o g e n a t i o n  o f  c o a l .  The p r o c e s s  was c o m m e r c i a l ly  

e x p l o i t e d  i n  a 125 t o n  p e r  day p l a n t  a t  Welheim, Germany, 

b e tw ee n  1938 and 1944 ( B e r k o w i t z ,  1979)•  The P o t t - B r o c h e  

p r o c e s s  was n o t  i m p o r t a n t  w i t h  r e s p e c t  t o  c a t a l y s i s  b u t  

l a i d  t h e  f o u n d a t i o n  f o r  t h e  d e v e lo p m e n t  o f  t h e  S o l v e n t  

R e f i n e d  Coal  (SRC) p r o c e s s .

The SRC I  p r o c e s s  was d e s i g n e d  t o  p r o d u c e  a  s u b s t a n t i ­

a l l y  s u l f u r  and m i n e r a l  m a t t e r  f r e e  b o i l e r  f u e l  from c o a l  

by m i l d  h y d r o g e n a t i o n .  The SRC I I  p r o c e s s  grew o u t  o f  

SRC I  t e c h n o l o g y  b u t  p r o d u c e d  l i q u i d  p r o d u c t s  n o t  s o l i d  

f u e l s .  The SRC I I  p r o c e s s  u s e s  a p o r t i o n  o f  t h e  p r o d u c t
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T a b le  1

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

F e e d s t o c k

Raw c o a l

S l u r r y i n g  o i l

P r o d u c t s

M id d le  o i l s
( b . p ,  l e s s  t h a n  325 C)

Heavy d i s t i l l a t e  o i l s

Heavy c e n t r i f u g e  o i l s

Heavy c o k e r  o i l s

H ydrocarbon  g a s s e s

L i g n i t e  B i tu m in o u s  c o a l

100.0  100 .0

5 1 . 4  132 .5

2 1 .5  5 2 . 4

3 3 .6  6 6 .7

4 2 .9  9 6 .6

10.9  12.8

10.5  2 0 .5

a  ; a l l  q u a n t i t i e s  i n  t o n s

b w i t h  52% m o i s t u r e ;  h y d r o g e n a t e d  a t  30 MPa 

c w i t h  8.5% m o i s t u r e ;  h y d r o g e n a t e d  a t  70 MPa
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s l u r r y  f o r  s l u r r y i n g  f r e s h  c o a l .  M i n e r a l  m a t t e r  i n  t h e  

p r o d u c t  s l u r r y  i s  t h u s  r e c y c l e d .  The u s e  o f  t h i s  r e c y c l e  

s t r e a m  i n c r e a s e s  c o n v e r s i o n  o f  c o a l  t o  l o w e r  m o l e c u l a r  

w e ig h t  p r o d u c t s .  Vacuum b o t to m s  ( t y p i c a l l y  a b o u t  30% 

m i n e r a l  m a t t e r )  a r e  g a s i f i e d  w i th  oxygen t o  p r o d u c e  

h y d r o g e n .

E a r l y  s t u d i e s  o f  t h e  SRC I I  p r o c e s s  i n d i c a t e d  t h a t  

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

t o w a r d s  t h e  d i s s o l u t i o n  o f  c o a l  (W r ig h t  and S e v e r s o n ,

1 97 2 ) .  T h i s ,  c o u p le d  w i t h  t h e  German e x p e r i e n c e  o f  i r o n  

a d d i t i o n  p r o v i d e s  t h e  g e n e r a l  b a c k g ro u n d  f o r  t h e  s t u d i e s  

d e s c r i b e d  i n  t h i s  t h e s i s .
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LITERATURE SURVEY

C o n v e r s io n  o f  c o a l  t o  l i q u i d  p r o d u c t s  ( b e n z e n e  

s o l u b l e s )  o c c u r s  e i t h e r  by a d d i t i o n  o f  h yd ro g en  to  t h e  c o a l  

s t r u c t u r e ,  o r  by c a r b o n  r e j e c t i o n .  P y r o l y s i s  o f  c o a l  

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

o f  h i g h l y  r e a c t i v e  f r e e  r a d i c a l s .  A c c o rd in g  t o  N eave l

(1 9 7 5 ) 9  i n  t h e  a b s e n c e  o f  a  hy d ro g en  donor  s p e c i e s ,  t h e s e  

f r e e  r a d i c a l s  combine  w i t h  s u r r o u n d i n g  m o l e c u l e s  t o  form 

h i g h  m o l e c u l a r  w e ig h t  s u b s t a n c e s  which  a r e  n o t  b e n ze n e  

s o l u b l e .  A l t e r n a t i v e l y ,  i n  t h e  p r e s e n c e  o f  a  h yd rog en  

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

and s t a b i l i z e s  t h e s e  p r i m a r y  f r e e  r a d i c a l s .  The p r o d u c t s  

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

b en ze n e  s o l u b l e .

Guin e t  a l .  (1978)  h ave  s u g g e s t e d  t h a t  t h e  r a t e  

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

o f  h y d ro g e n  t o  an a p p r o p r i a t e  donor  s o l v e n t  ( r e - h y d r o g e n a ­

t i o n ) .  E x p e r i m e n t a l  e v id e n c e  i n  s u p p o r t  o f  t h i s  h y p o t h e s i s  

i s  p r e s e n t e d  i n  t a b l e  2 where  p r e h y d r o g e n a t e d  c r e o s o t e  o i l  

was shown to  i n c r e a s e  c o n v e r s i o n  s i g n i f i c a n t l y  o v e r  t h a t  o f  

u n t r e a t e d  s o l v e n t .  T h i s  t r e n d  was found  t o  o c c u r  b o t h  i n  

n i t r o g e n  and h y d ro g e n  a tm o s p h e r e s  w h i l e  c o n v e r s i o n  was 

g r e a t e r  i n  a  h y d ro g e n  a tm o s p h e r e .

R u e th e r  (1977)  exam ined  t h e  e f f e c t  o f  c a t a l y s t
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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 ,  m ea su re d  a s  a  f u n c t i o n  

o f  o r g a n i c  b e n ze n e  s o l u b l e s ,  on a  B r u c e t o n  mine c o a l  i n  

h y d ro g e n  and n i t r o g e n  a tm o s p h e r e s .  The c a t a l y s t  u s e d  was 

s i l i c a  p ro m o te d  c o b a l t -m o ly b d en u m  on a lu m in a  s u p p o r t .  I n  

a  n i t r o g e n  a tm o s p h e r e  t h e  c a t a l y s t  d i d  n o t  a i d  i n  t h e  

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

w i t h  t h e  u s e  o f  c a t a l y s t  i n  a  h y d rog en  a tm o s p h e r e .  I n  

a d d i t i o n ,  m o l e c u l a r  h y d ro g en  c o n su m p t io n  i n  t h e  a b s e n c e  o f  

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

su m p t io n  i n  t h e  p r e s e n c e  o f  c a t a l y s t  was s i g n i f i c a n t .  He 

c o n c l u d e d  t h a t  two t y p e s  o f  r e a c t i o n s  were  o c c u r r i n g .  The 

f i r s t  c l a s s  o f  r e a c t i o n  i n v o l v e d  m o l e c u l a r  h y d ro g en  and was 

h e t e r o g e n e o u s l y  c a t a l y z e d .  The s e co n d  c l a s s  o f  r e a c t i o n  

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

u n c a t a l y z e d .

A ro u g h  r e a c t i o n  scheme f o r  t h e  h y d r o g e n a t i o n  o f  c o a l

was p r e s e n t e d  by G a te s  (1979)  and i s  shown i n  f i g u r e  1.

F r e e  r a d i c a l  f r a g m e n t s  from c o a l  formed by p y r o l y s i s

a b s t r a c t  h y d ro g e n  from a  h y d ro g en  donor  s p e c i e s  r e p r e s e n t e d

i n  t h i s  scheme by t e t r a l i n .  The hy d ro g en  d o n o r ,  now i n  a

h y d r o g e n - p o o r  s t a t e  i s  r a p i d l y  t r a n s p o r t e d  t o  t h e  c a t a l y s t

s u r f a c e .  The a c t i v e  form o f  t h e  c a t a l y s t  i s  a  m e t a l  s u l f i d e .

The h y d ro g e n  donor  s o l v e n t  i s  r e p l e n i s h e d  on t h e  c a t a l y s t

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

s o l v e n t ,  now i n  a  h y d r o g e n - r i c h  s t a t e ,  s h u t t l e s  b a ck  t o
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F i g u r e  1. S c h e m a t ic  r e p r e s e n t a t i o n  o f  t h e  r e a c t i o n  c y c l e s  
o f  c o a l  l i q u e f a c t i o n / h y d r o g e n a t i o n  ( G a t e s ,  1979)•
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t h e  c o a l .

Guin e t  a l .  (1978)  s t u d i e d  t h e  t r a n s f e r  o f  hy d ro g en  

from n a p h t a l e n e  t o  t e t r a l i n  u s i n g  c o a l  m i n e r a l s  a s  

c a t a l y s t s .  P y r i t e ,  r e d u c e d  p y r i t e ,  and SRC r e s i d u e  were 

found  t o  c a t a l y z e  h y d ro g e n  t r a n s f e r  a s  shown i n  t a b l e  3*

A Co-Mo-A1 c a t a l y s t  was t h e  m ost  e f f e c t i v e  c a t a l y s t  f o l l o w ­

ed by p y r i t e .

S in c e  c e r t a i n  com ponen ts  o f  c o a l  m i n e r a l  m a t t e r  h ave  

been  found  t o  c a t a l y z e  h y d ro g e n  t r a n s f e r  r e a c t i o n s ,  t h e i r  

p o s s i b l e  u s e  a s  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 a c t i o n s  i s  

w o r th  c o n s i d e r a t i o n .

The te rm  " m i n e r a l  m a t t e r "  r e f e r s  t o  a l l  fo rm s o f  

i n o r g a n i c  m a t e r i a l  a s s o c i a t e d  w i t h  c o a l .  The m a jo r  con­

s t i t u e n t s  o f  c o a l  m i n e r a l  m a t t e r  a r e  g i v e n  i n  t a b l e  4#

E x p e r i e n c e  shows t h a t  o v e r  95% o f  t h e  m i n e r a l  m a t t e r  

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

s u l f i d e s ,  and s i l i c a  ( B e r k o w i t z ,  1979)•  The r e m a in d e r  o f  

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

K, Na, T i ,  and by c h l o r i d e s ,  s u l f a t e s ,  and p h o s p h a t e s .

E v id e n c e  t h a t  c o a l  m i n e r a l s  c a t a l y z 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  h a s  been  d e m o n s t r a t e d  by M u kh e r jee  and Chowdhury

( 1 9 7 6 ) .  They f r a c t i o n a t e d  a  N o r th  Assam c o a l  by g r a v i t y  

s e p a r a t i o n  and c h e m ic a l  d e - a s h i n g .  The p a r e n t  c o a l ,  

g r a v i t y  f r a c t i o n s ,  and t h e  c h e m i c a l l y  d e - a sh e d  sam ple  were
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T a b le  3

C a t a l y t i c  h y d r o g e n a t i o n  o f  n a p h t h a l e n e  
by c o a l  m i n e r a l s  (G u in ,  1978) .

T e tra l in  to  
t lodecane  

peak height  
R eact ion  ratio hy gas  

Initial t ime, ch rom atogr aph y
C ata lyst__________ a tm o s p h e r e _____ non_________ ( X 1(C)

N o n e 14.7 psig air 10 0.0
N o n e 1200 psig H j 00 0.0
C o - M o - A l  (5%) 1200 psig  H j 10 100.0
1’yrite (f)0"-.) 1200 psig H.) 00 10.0
R e d u ced  pyrite 1200 psig Hg 00 4.0

(00"..)
S R C  residue 1200 psig H.» 00 4.0

0 Original sa m p le ,  10 wt % n a p h th a le n e  in dodeeane;  t e m p e r ­
ature,  410  °C.
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T a b le  4

Types  o f  M i n e r a l s  Found i n  Coal 
( H e g a r t y ,  1978)

I .  A l u m i n o s i l i c a t e s

K a o l i n i t e :  ( (OHjgSi^AIO^Q)

A common t y p e  o f  c l a y  which i s  an a c i d  
a lu m in o  s i l i c a t e

M u s c o v i t e :  Alumino t y p e  s i l i c a  s u b s t a n c e

I l l i t e :  ( ( O H ) ^  ( S iG A I g iA l^ z Q )

M o n t m o r i l l i n i t e

I I .  S u l p h i d e s  

P y r i t e : A c u b ic  s t r u c t u r e  o f  FeS^ i n  which i r o n  a tom s 
a r e  o c t a h e d r a l l y  s u r r o u n d e d  by f i v e  s u l f u r  a tom s

P y r r h o t i t e :  A r e d u c e d  form o f  p y r i t e  w i t h  s t o i c h i o m e t r y  
o f  FeS

I I I .  C a r b o n a t e s  

A n s e r i t e :  

C a l c i t e :  

D o lo m i te :

A m i x t u r e  o f  CaMg(C0^)2 and CaFe^CO^)^

A c r y s t a l l i n e  form o f  CaCO?

A d o u b le  s a l t  w i t h  e q u a l  m o la r  q u a n t i t i e s  o f  
CoCO? and MgCO?

S i d e r i t e :  A c r y s t a l l i n e  form o f  FeCO?

IV. Q u a r tz : A c r y s t a l l i n e  form o f  SiO-
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h y d r o g e n a t e d  i n  t h e  a b s e n c e  o f  any c a t a l y s t  o r  p a s t i n g

o i l .  C o n v e r s io n  was b a s e d  on c o a l  c o n v e r t e d  t o  benze n e  

s o l u b l e  p r o d u c t s .  C o n v e r s io n  i n c r e a s e d  from 22.5% t o  

a p p r o x i m a t e l y  84% w i t h  i n c r e a s i n g  m i n e r a l  m a t t e r  c o n t e n t  a s  

shown i n  f i g u r e  2 ,  Maximum c o n v e r s i o n  was a t t a i n e d  a t  

57#5 grams o f  m i n e r a l  m a t t e r  p e r  100 grams o f  o r g a n i c  

m a t t e r .  F u r t h e r  i n c r e a s e s  i n  m i n e r a l  m a t t e r  c o n t e n t  o n l y  

had  a  d i l u e n t  e f f e c t .  C o n v e r s io n  a l s o  i n c r e a s e d  i n  t h e  

p r e s e n c e  o f  e i t h e r  i r o n ,  t i t a n i u m ,  o r  k a o l i n i t e  ( s e e  f i g u r e  

5 ) •  P y r i t e  and p y r i t e  i n  t h e  p r e s e n c e  o f  o r g a n i c  s u l f u r  

was shown t o  be c a t a l y t i c a l l y  a c t i v e  a s  shown i n  f i g u r e  4» 

T h e re  was no c l e a r  r e l a t i o n s h i p  be tw een  c o n v e r s i o n  and 

o r g a n i c  s u l f u r  i n  t h e  a b s e n c e  o f  p y r i t e .  The r e s u l t s  

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

a l y t i c a l l y  a c t i v e  form o f  i r o n  s u l f i d e .  T h e re  was a l s o  

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

t o  a  f r a c t i o n  r i c h  i n  n o n - p y r i t e  i r o n  c o u l d  i n c r e a s e  con­

v e r s i o n  l e v e l s .  F o r  t h i s  r e a s o n ,  t h e y  c o n s i d e r e d  t h e  

t o t a l  i r o n  p r e s e n t  t o  be  a c a t a l y t i c  a g e n t .

W rig h t  and S e v e r s o n  ( 1 9 7 2 ) ,  u s i n g  t h e  m id d le  f r a c t i o n  

o f  raw a n t h r a c e n e  o i l  a s  s o l v e n t ,  washed c o a l  i n s o l u b l e s  

from a b i t u m i n o u s  c o a l  i n  a  c o n t i n u o u s  f lo w  d i s s o l v e r  t u b e  

a t  4 2 5 ° C and 1000 p s i g  o f  h y d r o g e n .  They found  t h a t  

a n t h r a c e n e  r e a c t e d  w i t h  h y d ro g e n  i n  an amount p r o p o r t i o n a l
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F i g u r e  2# R e l a t i o n  be tw een  m i n e r a l  
m a t t e r  c o n t e n t  and c o n v e r s i o n  (M ukher jee  
and Chowdhury, 1976)•
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F i g u r e  3* R e l a t i o n  be tw een  i r o n  and 
t i t a n i u m  c o n t e n t s  i n  a sh  and c o n v e r s i o n  
(M u k he r jee  and Chov/dhury, 1976) .
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F i g u r e  4* V a r i a t i o n  o f  c o n v e r s i o n  
w i t h  d i f f e r e n t  fo rm s o f  s u l f u r  (M ukher jee  
and Chowdhury,  1976) .
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t o  t h e  c o n c e n t r a t i o n  o f  c o a l  m i n e r a l s .  They c o n j e c t u r e d  

t h a t  FeS was t h e  a c t i v e  c a t a l y s t ,  s i n c e  i t  was t h e  most  

a b u n d a n t  form o f  i r o n  u n d e r  t h e i r  r e a c t i o n  c o n d i t i o n s  and 

t h e  c a t a l y t i c  e f f e c t s  o f  i r o n  had been  w e l l  documented  i n  

t h e  l i t e r a t u r e  ( R a p o p o r t ,  1955; W e l l e r ,  1956; Kawa e t  a l . , 

I960;  Kawa and H i t e s h u e ,  1963)•

T a r r e r  e t  a l .  (1976)  s t u d i e d  t h e  e f f e c t s  o f  c o a l  

m i n e r a l s  and t h e  h y d r o g e n a t i o n  and h y d r o d e s u l f u r i z a t i o n  o f  

c r e o s o t e  o i l .  A b a t c h  a u t o c l a v e  r e a c t o r  w i t h  t o t a l  p r e s s u r e  

a s  a  ro u gh  i n d i c a t o r  o f  r e a c t i o n  r a t e  was u s e d .  T h e i r  r e s u l t s  

a r e  p r e s e n t e d  i n  f i g u r e  5 • The u p p e r  and lo w e r  c u r v e s  show 

e x t r e m e s  w i t h  no c a t a l y s t  and a  com m erc ia l  Co-Mo-A1 c a t a l y s t  

r e s p e c t i v e l y .  P y r i t e  and SRC r e s i d u e  were found  t o  c a t a l y z e  

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

m i n e r a l s .  I t  was i n t e r e s t i n g  to  n o t e  t h a t  -80+150  mesh 

p y r i t e  e x h i b i t e d  l o w e r  c a t a l y t i c  a c t i v i t y  t h a n  - 3 2 5  mesh 

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

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

may l i m i t  t h e  e f f e c t i v e n e s s  o f  c e r t a i n  c o a l  m i n e r a l s  a s  

c a t a l y s t s ) .  H y d r o d e s u l f u r i z a t i o n  a c t i v i t y  was i n  g e n e r a l  

a g re e m e n t  w i th  t h e  c a t a l y t i c  a c t i v i t y  s e q u e n c e  w i t n e s s e d  

by t h e  t o t a l  p r e s s u r e  d a t a  w i t h  two e x c e p t i o n s .  P y r i t e ,  

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

p o o r  c a t a l y s t  f o r  h y d r o d e s u l f u r i z a t i o n  ( s e e  f i g u r e  6 ) .
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I r o n  which  showed l i t t l e  h y d r o g e n a t i o n  a c t i v i t y  was an 

e x c e l l e n t  c a t a l y s t  f o r  s u l f u r  removal#  I r o n  a p p e a r s  t o  

r e a c t  w i t h  any H^S p r o d u c e d  t o  form s u l f i d e s .  The p o o r  

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

r e l a t e d  t o  i t s  r e a c t i o n  w i t h  h yd ro g en  t o  form H^S and i t s  

r e d u c t i o n  to  Fe^Sg d u r i n g  h y d r o g e n a t i o n .

The work o f  Guin e t  a l .  (1978)  s u p p o r t s  t h e  work o f  

T a r r e r  e t  a l .  ( 1 9 7 6 ) .  I r o n  was found  t o  be  a  s c a v a n g e r  o f  

HpS and c e r t a i n  c o a l  m i n e r a l s ,  p a r t i c u l a r l y  i r o n  compounds,  

were  found  t o  have  h y d r o g e n a t i o n  a c t i v i t y .

Guin e t  a l .  (1980)  s t u d i e d  b e n z o t h i o p h e n e  h y d ro g e n -  

o l y s i s  u s i n g  p y r i t e  a s  a  c a t a l y s t .  T h i s  sy s te m  was c o n s i d ­

e r e d  t o  be  r e p r e s e n t a t i v e  o f  a  c o a l  m i n e r a l / c o a l  l i q u i d s  

component  r e a c t i o n .  B e n z o th io p h e n e  i n  dodecane  was r e ­

a c t e d  i n  a  t u b i n g  bomb r e a c t o r  a t  c o a l  l i q u i f a c t i o n  con­

d i t i o n s .  C o n v e r s io n  o f  b e n z o t h i o p h e n e  t o  e t h y l b e n z e n e  was 

m ea su re d  by g a s  c h r o m a to g r a p h y .  P y r i t e  was found  t o  be 

most  e f f e c t i v e  i n  c a t a l y z i n g  h y d r o g e n a t i o n  o f  t h e  t h i o p h e n i c  

r i n g .

G r a n o f f  and Thomas (1977)  worked t o w a r d s  t h e  e s t a b l i s h m e n t  

o f  a  p r e d i c t i v e  c o r r e l a t i o n  b e tw een  m i n e r a l  m a t t e r  c o n t e n t  

and l i q u i d  p r o d u c t  - c o m p o s i t io n .  C r e o s o t e  o i l  was t h e  

s o l v e n t  v e h i c l e  employed .  S e v e r a l  h i g h  r a n k  b i tu m u n o u s  

c o a l s  w i t h  m i n e r a l  m a t t e r  c o n t e n t s  v a r y i n g  from 5% t o  21%
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were  exam ined .  The c o a l s  had  s i m i l a r  p é t r o g r a p h i e  c h a r ­

a c t e r i s t i c s  and m ost  were  v i t r i n i t e  r i c h  ( g r e a t e r  t h a n  

85%)• C o a ls  w i t h  t h e  h i g h e s t  m i n e r a l  c o n t e n t s  e x p e r i e n c e d  

t h e  h i g h e s t  c o n v e r s i o n s  and were t h e  most  a c t i v e  w i t h  

r e s p e c t  t o  o r g a n i c  s u l f u r  r e m o v a l .  G r a n o f f  and T r a e g e r  

(1978)  p r e p a r e d  s a m p le s  w i t h  v a r y i n g  m i n e r a l  c o n t e n t s  by 

g r a v i t y  s e p a r a t i o n .  The s t u d y  was c o n d u c t e d  i n  a  one l i t e r  

b a t c h  a u t o c l a v e  a t  a  p r e s s u r e  o f  1000 p s i g  h y d r o g e n ,  a  r e ­

a c t i o n  t e m p e r a t u r e  o f  405°C, and a r e s i d e n c e  t im e  o f  30 

m i n u t e s .  F i g u r e  ? shows t h a t  i n c r e a s i n g  m i n e r a l  m a t t e r  

c o n t e n t  i n c r e a s e s  c o n v e r s i o n  o f  c o a l  t o  b e n ze n e  s o l u b l e s .  

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

i n g  m i n e r a l  m a t t e r  c o n t e n t  w h i l e  a s p h a l t e n e s  were  v i r t u a l l y  

u n a f f e c t e d .  C o n v e r s io n  t o  p e n t a n e  s o l u b l e  o i l  i n c r e a s e d  

l i n e a r l y  w i t h  m i n e r a l  m a t t e r  c o n t e n t .

Lee e t  a l .  (1977)  d i d  a  c o m p a r a t i v e  s t u d y  o f  t h e  r a t e s  

o f  h y d r o g e n a t i o n  and h y d r o d e s u l f u r i z a t i o n  o f  c o a l / o i l  

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

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

be a more e f f e c t i v e  h y d r o d e s u l f u r i z a t i o n  c a t a l y s t  t h a n  e i t h e r  

p y r i t e  o r  r e d u c e d  p y r i t e .

Guin e t  a l .  (1979)  r e a c t e d  d e m i n e r a l i z e d  c o a l s  i n  t h e  

p r e s e n c e  o f  added  m i n e r a l s  i n  a  t u b i n g  bomb r e a c t o r  w i th  

e i t h e r  t e t r a l i n  o r  l i g h t  r e c y c l e  o i l  a s  s o l v e n t .  The
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e f f e c t  o f  c o a l  m i n e r a l s  on t h e  r e p l e n i s h m e n t  o f  t h e  

h y d ro g en  donor  s o l v e n t  was exam ined .  C o a ls  c o n t a i n i n g  

m i n e r a l  m a t t e r  were more e f f e c t i v e  i n  s o l v e n t  r e h y d r o ­

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

p y r i t e ,  i n  p a r t i c u l a r ,  showed s i g n i f i c a n t  c a t a l y t i c  

a c t i v i t y  f o r  b o t h  h y d r o g e n a t i o n  and d e h y d r o g e n a t i o n  o f  t h e  

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

t h e  i n i t i a l  h y d ro g en  p a r t i a l  p r e s s u r e .

H e g a r ty  (1978)  s t u d i e d  t h e  e f f e c t s  o f  m i n e r a l  m a t t e r  

a d d i t i o n  t o  a  h i g h  v o l a t i l e  A b i t u m i n o u s  c o a l .  The 

c o m p o s i t i o n  o f  t h e  added  m i n e r a l  m a t t e r  was 16. 18% q u a r t z ,  

3 6 . 25% p y r i t e ,  3 *05% gypsum, 24 . 28% k a o l i n ,  and 20 . 23% 

i l l i t e .  R e a c t i o n  was c a r r i e d  o u t  i n  a one l i t e r  b a t c h  

r e a c t o r  a t  4 0 0 ° C u s i n g  a s o l v e n t  m i x t u r e  o f  t e t r a l i n ,  

1 - m e t h y l n a p t h a l e n e ,  and n a p t h a l e n e .  M i n e r a l  m a t t e r  was 

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

a c t i o n s  and 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  o f  c o a l  b o t h  

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

Garg and G ivens  (1982)  m ea su re d  t h e  h y d r o g e n a t i o n  o f

a SRC I I  s o l v e n t  u s i n g  a  p y r i t e  c a t a l y s t  i n  t h e  p r e s e n c e

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

r e m a in e d  c o n s t a n t  i n  t h e  p r e s e n c e  o f  p y r i t e  w h e r e a s  t h e

o i l  f r a c t i o n  l o s t  h y d ro g en  i n  t h e  a b s e n c e  o f  p y r i t e .

A d d i t i o n  o f  p y r i t e  t o  E lk h o r n  n o .  3 c o a l  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  a n d . t h e  y i e l d s  o f  h y d r o c a r b o n  g a s e s ,  c a rb o n
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m onox ide ,  c a rb o n  d i o x i d e ,  h y d ro g en  s u l f i d e ,  and ammonia*

O i l  y i e l d  i n c r e a s e d  from 27 t o  41%, a s p h a l t e n e s  d e c r e a s e d  

from 15 t o  11%, and p r e a s p h a l t e n es  d e c r e a s e d  from 30 t o  

24%* S i m i l a r  r e s u l t s  were  o b t a i n e d  w i t h  a  K en tu ck y  n o .  9 

c o a l*

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

h y d r o g e n ,  p y r i t e  r e a c t s  t o  form p y r r h o t i t e  (Fe-  wherei - x ,
x i s  b e tw een  ) and 0*125)  and h y d rog en  s u l f i d e .  B i c k e t  

e t  a l .  (1980)  have  m ea su re d  t h e  r a t e  o f  d e c o m p o s i t i o n  o f  

p y r i t e  to  h y d ro g en  s u l f i d e  i n  h y d ro g en  and n i t r o g e n  a tm os­

p h e r e s .  The r a t e  o f  d e c o m p o s i t i o n  u n d e r  n i t r o g e n  a tm o sp h e re  

was an o r d e r  o f  m a g n i tu d e  lo w e r  t h a n  w i th  hy d ro g en  g a s  u s i n g  

a  SRC I I  heav y  d i s t i l l a t e  a s  s o l v e n t .

R i c h a r d s o n  (1971)  h a s  s t u d i e d  t h e  t h e r m o - m a g n e t i c  

p r o p e r t i e s  o f  c o a l  c h a r .  The c h a r  was g e n e r a t e d  from a 

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

and a  donor  s o l v e n t  a t  400°C. The c o a l  c o n t a i n e d  a p p ro x ­

i m a t e l y  14% p y r i t e .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  

showed t h a t  t h e  i r o n  p r e s e n t  i n  t h e  c h a r  was a  m i x t u r e  o f  

Fe^Sg and FeSg w i t h  t h e  e x a c t  c o m p o s i t i o n  d e p e n d in g  on t h e  

p r o c e s s  c o n d i t i o n s .

E a to n  (1981)  c o n d u c t e d  a  d i s p o s a b l e  a d d i t i v e  s c r e e n i n g  

s t u d y  i n  a  300 cc b a t c h  a u t o c l a v e  r e a c t o r  a t  3 8 0 ° C i n  a 

t e t r a l i n  s o l v e n t .  A low a s h ,  low s u l f u r  C o lo rad o  c o a l  was
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u s e d  i n  o r d e r  t o  d e c r e a s e  any c a t a l y t i c  e f f e c t s  due t o  

i n h e r e n t  m i n e r a l  m a t t e r .  R e s id e n c e  t i m e s  o f  10 and 60 

m i n u t e s  were exam ined .  The e f f e c t s  o f  p y r i t e ,  p y r r h o t i t e ,  

a  p y r i t e /  p y r r h o t i t e  m i x t u r e ,  t e c h n i c a l  g r a d e  FeS, and 

molybdenum o r e  on c o n v e r s i o n  a r e  shown i n  f i g u r e  8 f o r  

b o t h  r e s i d e n c e  t i m e s .  O v e r a l l  c o n v e r s i o n ,  o i l ,  and 

p r e a s p h a l t e n e  y i e l d s  i n c r e a s e d  w i th  r e s i d e n c e  t i m e .  The 

e f f e c t  o f  r e s i d e n c e  t im e  on a s p h a l t e n e y i e l d s  was n o t  a s  

p r o n o u n c e d .  Of t h e  a d d i t i v e s  t e s t e d ,  FeS^ and t h e  

FeS^ /Fe  m i x t u r e  showed a s i g n i f i c a n t  i n c r e a s e  i n  t h e  

o v e r a l l  c o n v e r s i o n  a t  a  r e s i d e n c e  t im e  o f  60 m in u t e s  and 

o n ly  FeS^ had  a  s u b s t a n t i a l  e f f e c t  on c o n v e r s i o n  a t  10 

m i n u t e s .  The e f f e c t  o f  t h e  a d d i t i v e s  on p r o d u c t  d i s t r i ­

b u t i o n  i s  shown i n  f i g u r e s  9 t h r o u g h  11, P y r i t e  gave  t h e  

most  p ro n o u n c e d  e f f e c t s ,  P y r r h o t i t e  a p p e a r e d  n o t  t o  be 

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

s i o n ,  When d i b e n z o t h i o p h e n e  was p r e s e n t  w i t h  p y r r h o t i t e  

(Fe 9 -5S ) , an i n c r e a s e  i n  c o n v e r s i o n  o v e r  t h a t  o f  Fe 

a l o n e  was w i t n e s s e d .  The r e s u l t s  i n d i c a t e d  t h a t  a 

s y n e r g i s t i c  e f f e c t  e x i s t s  be tw een  t h e  t o t a l  s u l f u r  c o n t e n t  

o f  t h e  r e a c t i o n  m i x t u r e  and 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  

s u l f i d e  a d d i t i v e s .

I n  o r d e r  t o  a t t a i n  a g r e a t e r  u n d e r s t a n d i n g  o f  t h e  r o l e  

o f  p y r i t e  i n  c o a l  l i q u e f a c t i o n ,  Montano and G r a n o f f  (1979)  

c a r r i e d  o u t  a  s e r i e s  o f  b a t c h  a u t o c l a v e  e x p e r i m e n t s  w i t h
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s e v e r a l  c o a l s  ( I l l i n o i s  n o .  6 ,  K en tucky  no .  9 / 1 4 ,  and 

West V i r g i n i a )  a t  425°C. The s o l v e n t  u s e d  was a  SRC I I  

heavy  d i s t i l l a t e .  They d i s c o v e r e d  a  r e c t i l i n e a r  c o r r e l a ­

t i o n  be tw een  t h e  e x t e n t  o f  c o a l  c o n v e r s i o n  t o  e i t h e r  

b e n ze n e  o f  t e t r a h y d r o f u r a n  (THF) s o l u b l e s  and t h e  a tom ic  

p e r c e n t  i r o n  i n  t h e  l i q u e f a c t i o n  r e s i d u e s  ( s e e  f i g u r e  12 ) .  

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

w i t h  a  p y r r h o t i t e  h a v i n g  a lo w e r  a to m ic  p e r c e n t  i r o n .  When 

t h e  West V i r g i n i a  c o a l  was doped w i t h  f i v e  w e ig h t  p e r c e n t  

p y r i t e  ( b a s e d  on c o a l ) ,  t h e  c o n v e r s i o n  t o  b e n z e n e  and THF 

s o l u b l e s  i n c r e a s e d .  The r e s u l t 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 e d  a  p y r r h o t i t e  w i t h  a  l o w e r  a tom ic  p e r c e n t  i r o n  

t h a n  t h e  r e s i d u e  from West V i r g i n i a  c o a l  w i t h o u t  added 

p y r i t e .  A r e c t i l i n e a r  c o r r e l a t i o n  b e tw een  s u l f u r  c o n t e n t  

o f  t h e  f e e d  c o a l  and t h e  e x t e n t  o f  c o n v e r s i o n  was a l s o  

o b s e r v e d .  They s p e c u l a t e d  t h a t  t h e  s u l f u r  o f  t h e  f e e d  

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

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

t h e  c o n v e r s i o n .

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

d u r i n g  c o a l  l i q u e f a c t i o n  was made by Montano e t  a l .  ( 1 9 8 1 ) .  

M ossbauer  m ea su re m e n ts  were  t a k e n  i n  a  r e a c t o r  d e s i g n e d  

s p e c i f i c a l l y  f o r  i n - s i t u  m e a s u r e m e n ts .  SRC I I  heavy  

d i s t i l l a t e  was t h e  s o l v e n t  u s e d .  F a c t o r s  c o n t r o l l i n g  t h e
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Z  90

WV ♦ FeS,

W V

8 047 8 447 6
F e in py  r i h o  1 1 t c  I * / . )

F i g u r e  12. C o n v e r s io n  t o  • THF and 
0 b e n z e n e  s o l u b l e s  a s  a  f u n c t i o n  o f  
t h e  a to m ic  p e r c e n t  i r o n  i n  t h e  p y r r h o t i t e  
(Montano and G r a n o f f ,  1980)•
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s t o i c h i o m e t r y  o f  t h e  p y r r h o t i t e  p ro d u c e d  from t h e  decom­

p o s i t i o n  o f  FeS-, were  t e m p e r a t u r e  and t h e  and H^S 

p a r t i a l  p r e s s u r e s .  The a to m ic  p e r c e n t  i r o n  d e c r e a s e d  a s  

t h e  HgS p a r t i a l  p r e s s u r e  i n c r e a s e d .  A r e l a t i v e l y  good 

c o r r e l a t i o n  be tw een  t h e  t o t a l  s u l f u r  c o n t e n t  o f  I l l i n o i s  

n o .  6 ,  K en tucky  n o .  9 / 1 4  and West V i r g i n i a  c o a l s  and t h e  

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

found  ( f i g u r e  1 3 ) .  As t h e  t o t a l  s u l f u r  c o n t e n t  o f  t h e  

c o a l  i n c r e a s e d  t h e  a to m ic  p e r c e n t  i r o n  d e c r e a s e d .

I n  a n o t h e r  s t u d y ,  Montano e t  a l .  (1981a)  showed t h a t  

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

a tm o s p h e r e  i s  d e p e n d e n t  on p a r t i c l e  s i z e .  S m a l l e r  p a r t i c l e  

s i z e s  i n c r e a s e d  t h e  t r a n s f o r m a t i o n  o f  p y r i t e  t o  p y r r h o t i t e .  

T h i s  was an e x p e c t e d  r e s u l t  a s  s m a l l e r  p a r t i c l e  s i z e s  r e s u l t  

i n  g r e a t e r  e x t e r n a l  s u r f a c e  a r e a s  and s h o r t e r  d i f f u s i o n a l  

p a t h s .

Moroni and F i s c h e r  (1980)  summarized  t h e  r e s u l t s  o f  

r e s e a r c h  i n t o  t h e  c a t a l y t i c  e f f e c t s  o f  p y r i t e  a s  f o l l o w s :

1) p y r i t e s  and p y r r h o t i t e s  a r e  a c t i v e  and 

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

o f  c o a l

2) p y r i t e  o r  p y r r h o t i t e  a d d i t i o n  im p r o v e s  c o a l  

c o n v e r s i o n  a s  w e l l  a s  p r o d u c t  s e l e c t i v i t y  

( i . e .  a  3 wt % p y r i t e  a d d i t i o n  i n c r e a s e s
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F i g u r e  13» Atomic %Fe i n  F e 1 - x S
v e r s u s  t o t a l  amount o f  s u l f u r .  
The l i n e  i s  t h e  b e s t  f i t  t o  t h e  
d a t a  w i t h  r = 0 . 8  (Montano e t  a l . ,  
1981).
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c o a l  c o n v e r s i o n  t o  b e n ze n e  s o l u b l e s  e q u i v a l e n t  

t o  a 25°C o p e r a t i n g  t e m p e r a t u r e  i n c r e a s e )

3) p y r i t e s  from v a r i o u s  c o a l s  may p r o v i d e  d i f f e r e n t  

l e v e l s  o f  c a t a l y t i c  a c t i v i t y  b a s e d  on m o r p h o l o g i c a l  

d i f f e r e n c e s  o f  t h e  p y r i t e s  a n d / o r ’ r e l a t e d  t o  

d i f f e r e n c e s  i n  t h e  i n h e r e n t  s u r f a c e  a r e a s  o f  t h e  

p y r i t e s

4) p y r i t e s  from m i n e r a l  d e p o s i t s  show i n  g e n e r a l  

l o w e r  c a t a l y t i c  a c t i v i t y  t h a n  c o a l - e x t r a c t e d  

p y r i t e s
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EXPERIMENTAL

The o b j e c t i v e  o f  t h i s  s t u d y  was t o  d e t e r m i n e  t h e  

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

t h e  p r e s e n c e  and a b s e n c e  o f  added  h y d ro g en  s u l f i d e .  T h i s  

s e c t i o n  d e s c r i b e s  t h e  e x p e r i m e n t a l  d e s i g n  and o p e r a t i n g  

c o n d i t i o n s  u s e d  t o  a c c o m p l i s h  t h i s  o b j e c t i v e .

E x p e r i m e n t a l  D e s i g n

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

and h y d ro g e n  s u l f i d e ,  a l l  c o n fo u n d in g  f a c t o r s  had  t o  be 

m in im iz e d .  O p e r a t i n g  c o n d i t i o n s  were  t h u s  f i x e d  so a s  t o  

e n a b l e  r e a d y  e v a l u a t i o n  o f  any c a t a l y t i c  e f f e c t .

I n i t i a l l y ,  b a s e  r u n s  ( i . e .  a b s e n s e  o f  added  p y r i t e  

a n d / o r  h y d ro g e n  s u l f i d e )  were  made a t  e ach  o f  t h e  r e s i d e n c e  

t i m e s  s t u d i e d  u n t i l  t h e  n o n - c a t a l y t i c  r e s u l t s  were  

r e p r o d u c e d .  Base  r u n s  were a l s o  p e r f o r m e d  a f t e r  r u n s  u s i n g  

p y r i t e .  These  l a t t e r  r u n s  gave  an i n d i c a t i o n  o f  any memory 

e f f e c t  due t o  t h e  p r e s e n c e  o f  p y r i t e  i n  a  p r e v i o u s  r u n .

I n  o r d e r  t o  more a c c u r a t e l y  d e f i n e  t h e  r e s i d e n c e  t im e  

and t o  e l i m i n a t e  any c o n f o u n d i n g  e f f e c t s  due t o  h e a t  u p ,  

c o a l  s l u r r i e d  w i t h  s o l v e n t  was i n j e c t e d  i n t o  a  p r e h e a t e d  

r e a c t o r  w i t h  h i g h  p r e s s u r e  h y d r o g e n .  P y r i t e ,  when p r e s e n t ,  

was i n j e c t e d  i n  t h e  same m an n e r .

Guin e t  a l .  (1976)  have  shown t h a t  m in im a l  c o a l
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d i s s o l u t i o n  o c c u r s  b e lo w  330°C and t h a t  th erm a l  

d e s t r u c t i o n  o f  s o l v e n t  m o le c u le s  o c c u r s  above 4 2 3 ° C#

A te m p e r a tu r e  o f  380°C was ch o se n  f o r  t h i s  s tu d y  a s  a 

com prom ise te m p e r a tu r e  w here t h e  r a t e  o f  r e a c t i o n  was 

s u f f i c i e n t l y  h ig h  so a s  to  p e r m it  s u b s t a n t i a l  th erm a l  

c o a l  c o n v e r s i o n ,  b u t  n o t  so  h ig h  a s  to  mask c a t a l y t i c  

e f f e c t s  due to  added H^S a n d /o r  p y r i t e .

The h yd rogen  t r a n s f e r  v e h i c l e  u se d  i n  t h i s  s tu d y  was 

t e t r a l i n  ( 1 , 2 , 3 , 4 - t e t r a h y d r o n a p h t h a l e n e ) . T e t r a l i n  i n  

e x c e s s  o f  t h a t  r e q u ir e d  f o r  t h e  c o m p le te  c o n v e r s io n  o f  

c o a l  was u s e d .  T h is  e l i m i n a t e d  any donor s o l v e n t  

s t a r v a t i o n  w hich m ig h t  h a v e  o c c u r r e d  w hich  i n  tu r n  e f f e c t s  

t h e  r a t e  o f  h y d r o g e n a t io n .  To s t a r t  a ru n , t e t r a l i n  i n  

t h e  r e a c t o r  was p r e h e a t e d  t o  410°C . Upon c o a l  s l u r r y  

i n j e c t i o n ,  t h e  d e s i r e d  r e a c t i o n  te m p e r a tu r e  o f  3 8 0 ° C 

was r e a l i z e d  im m e d ia t e ly .  To a c c o m p l is h  th e  above c r i t e r i a ,  

180 grams o f  t e t r a l i n  was u s e d  p er  20 grams o f  c o a l ,  w i th  

140 grams o f  t e t r a l i n  p r e h e a t e d  i n  t h e  r e a c t o r  and t h e  

r e m a in in g  20 g c o a l / 40 g t e t r a l i n  s l u r r y  i n j e c t e d  i n t o  t h e  

p r e h e a t e d  t e t r a l i n .

A c o a l / p y r i t e  r a t i o  o f  10:1 ( w e ig h t  r a t i o )  was 

em p loyed . T h is  r a t i o  i n s u r e d  t h a t  t h e r e  would be a d e q u a te  

am ounts o f  p y r i t e  w h i l e  e l i m i n a t i n g  any d i l u e n t  e f f e c t s  

due t o  m ass t r a n s f e r  l i m i t a t i o n s .
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R e a c t i o n  p r e s s u r e  was s e t  a t  2000 p s i g  i n  o r d e r  t o  

m in im iz e  coke  and g a s  p r o d u c t i o n .  I n j e c t i o n  o f  c o a l  s l u r r y  

w i t h  1700-1900 p s i g  o f  h y d ro g en  a s s u r e d  an i n i t i a l  r e a c t i o n  

p r e s s u r e  o f  a p p r o x i m a t e l y  2000 p s i g .  Hydrogen s u l f i d e  

i n i t i a l  p a r t i a l  p r e s s u r e  was b a s e d  on i d e a l  g a s  law  

c a l c u l a t i o n s  ( s e e  a p p e n d i x  f o r  c a l c u l a t i o n s ) .  H^S 

i n i t i a l  p a r t i a l  p r e s s u r e s  o f  2 ,  5$ and 10% were u s e d ,  

b a s e d  on an i n i t i a l  s t a r t i n g  p r e s s u r e  o f  400 p s i g  b e f o r e  

h e a t  up ( t o t a l  " c o l d ” p r e s s u r e ) . Hydrogen s u l f i d e  was 

s u p p l i e d  from a  g a s  m i x t u r e  o f  10% H ^/9O %  H^, a s  

c e r t i f i e d  by t h e  g a s  s u p p l i e r  (M a th e s o n ) .

R e s i d e n c e  t i m e s  o f  10 and 60 m i n u t e s  were  exam ined .  

R e s i d e n c e  t i m e s  l e s s  t h a n  10 m i n u t e s  were n o t  c o n s i d e r e d  

due t o  p r o b le m s  i n  o b t a i n i n g  r e p r o d u c i b l e  r e s u l t s .

S h a l a b i  (1977)  h a s  shown t h a t  o v e r a l l  c o n v e r s i o n  i s  n o t  

s i g n i f i c a n t l y  changed  a f t e r  60 m i n u t e s .

A summary o f  t h e  o p e r a t i n g  c o n d i t i o n s  i s  g i v e n  i n  

t a b l e  5 •
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T a b le  5 

FIXED OPERATING CONDITIONS

F ix e d  O p era t in g :  V a r i a b l e s E x p l a n a t i o n

T e m p e r a tu r e  = 380°C 1* Minimal  c o a l  d i s s o l u t i o n  
be low  350°C.

2.  S o l v e n t  t h e r m a l  d e s t r u c t i o n  
above Zf25°C*

3# A l lows m in im al  b u t  n e c e s s a r y  
t h e r m a l  e f f e c t s  on t h e  r a t e  
o f  h y d r o g e n a t i o n .

P r e s s u r e  = 2000 p s i g M in im ize  coke f o r m a t i o n  and 
g a s  p r o d u c t i o n .

S o l v e n t  ( T e t r a l i n )  = 
180 grams

1. I n  e x c e s s  o f  t h e o r e t i c a l  
amount r e q u i r e d  f o r  c o m p le te  
c o n v e r s i o n  o f  c o a l .

2.  I n s u r e s  a d e q u a te  m ix in g .
3 .  I n s u r e s  m in im a l  t e m p e r a t u r e  

d rop a f t e r  s l u r r y  i n j e c t i o n .

Coal = 20 grams Allows m u l t i p l e  a n a l y s e s  on 
one p r o d u c t  sam p le .

S l u r r y  = 2:1  s o l v e n t  
t o  c o a l ,  r a t i o

Al lows s l u r r y  t o  be e a s i l y  
i n j e c t e d .

10:1 c o a l  t o  a d d i t i v e  
r a t i o

I n s u r e s  a d e q u a t e  am ounts  o f  
a d d i t i v e  w i t h o u t  c a u s i n g  
mass t r a n s f e r  l i m i t a t i o n s .
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EXPERIMENTAL APPARATUS

The b a t c h  a u t o c l a v e  sy s tem  u s e d  i n  t h i s  s t u d y  i s  

shown i n  f i g u r e  IZf. The sy s te m  h a s  t h e  f o l l o w i n g  s p e c i a l  

f e a t u r e s :

1) a l l o w s  r a p i d  h e a t  up o f  s o l v e n t

2) a b i l i t y  t o  i n j e c t  c o a l  and c o a l / a d d i t i v e  s l u r r y

3) r a p i d  q u e n c h in g  o f  r e a c t i o n  m i x t u r e

4) i s o t h e r m a l  o p e r a t i o n

3) h i g h  p r e s s u r e  o p e r a t i o n

The r e a c t o r  was a  300 cc m a g n e d r iv e  b a t c h  a u t o c l a v e  

r e a c t o r  s u p p l i e d  by A u t o c l a v e  E n g i n e e r s .  A v a r i a b l e  sp eed  

s t i r r e r  o p e r a t e d  a t  1300 rpm e x te n d e d  i n t o  t h e  316 s t a i n l e s s  

s t e e l  r e a c t o r .  The s t i r r i n g  a s se m b ly  c o n s i s t e d  o f  a  1 -4n 

d i a m e t e r  i m p e l l e r  and  b a f f l e .  The r e a c t o r  a l s o  c o n t a i n e d  a 

t h e r m o w e l l  and c o o l i n g  c o i l s .

The h e a t  s o u r c e  was a  j a c k e t - t y p e  h e a t e r  s u p p l i e d  by 

A u t o c l a v e  E n g i n e e r s .  The h e a t e r  was p l a c e d  on a  l a b  j a c k  

and  c o u ld  be  r a i s e d  and lo w e r e d  from t h e  r e a c t o r  u s i n g  a 

hand  c r a n k .  A t y p e  J  ( i r o n  c o n s t a n t a n )  t h e r m o c o u p le  was 

u s e d  t o  m o n i t o r  t h e  r e a c t o r  t e m p e r a t u r e .  A L e e d s  and 

N o r t h r u p  E le c t r o m a x  I I I  t e m p e r a t u r e  c o n t r o l l e r  m a i n t a i n e d  

i s o t h e r m a l  o p e r a t i o n .  The t e m p e r a t u r e  p r o f i l e  was r e c o r d e d  

on a  Honeywell  E l e c t r o n i k  I I I  c h a r t  r e c o r d e r .

The g a s  d e l i v e r y  sy s te m  was d e s i g n e d  so t h a t  t h e
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r e a c t o r  c o u ld  be p r e s s u r e  t e s t e d  w i t h  h e l iu m .  I t  was 

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

t h e  r e a c t o r  w i th  h i g h  p r e s s u r e  h y d ro g en  and t h u s  p r e s s u r i z e  

t h e  r e a c t o r .  The i n j e c t i o n  v e s s e l  c o u ld  be e v a c u a t e d  p r i o r  

to  i n j e c t i o n  w i t h  h yd ro g en  o r  p u r g e d  w i t h  h e l iu m .  A g a s  

sam ple  c o u ld  be t a k e n  upon c o m p l e t i o n  o f  r e a c t i o n  and t h e  

r e m a i n i n g  g a s  v e n t e d  t o  t h e  a tm o s p h e r e  a f t e r  p a s s i n g  

t h r o u g h  a  k n o c k - o u t  p o t .  Hydrogen s u l f i d e  ( i n  hy d ro g en )  

c o u ld  be a d m i t t e d  d i r e c t l y  i n t o  t h e  r e a c t o r  by a  s e p a r a t e  

g a s  f e e d  sy s te m .

The g a s  d e l i v e r y  sys tem  c o n s i s t e d  o f  a  h e l iu m  c y l i n d e r ,  

a  h y d ro g en  c y l i n d e r  and a 10% H^S i n  h y d ro g en  c y l i n d e r  w i t h  

a s s o c i a t e d  p r e s s u r e  r e g u l a t o r s ,  p r e s s u r e  g a u g e s ,  a  r u p t u r e  

d i s k ,  and v a l v e s .  The h e l iu m  and h y d ro g en  p r e s s u r e  r e g u l a t o r s  

were c o n n e c t e d  d i r e c t l y  to  t h e  c y l i n d e r s  and were r a t e d  a t  

5000 p s i g .  The p r e s s u r e  r e g u l a t o r  sy s te m  f o r  t h e  H-S 

c y l i n d e r  was a  m e t e r i n g  v a l v e  u s e d  i n  c o n j u n c t i o n  w i th  a 

p r e s s u r e  gau g e .  The r e a c t o r  p r e s s u r e  was m o n i t o r e d  

e x t e r n a l l y  w i t h  a  V i a t r a n ,  model  122E, t r a n s d u c e r  and a 

V i a t r a n ,  model 1109, d i g i t a l  p r e s s u r e  gaug e .  An A s h c r o f t  

Maxi s a f e  p r e s s u r e  gauge  was p o s i t i o n e d  be tw een  t h e  r e a c t o r  

and v a l v e  1 t o  a i d  t h e  o p e r a t o r  i n  t h e  d e t e r m i n a t i o n  o f  t h e  

t im e  a t  which i n j e c t i o n  o c c u r r e d .  The r u p t u r e  d i s k  was 

d e s i g n e d  t o  f a i l  a t  5400 p s i g  a t  650OF. A l l  v a l v e s  and
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t u b i n g  were 316 s t a i n l e s s  s t e e l .

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

i n j e c t i n g  t h e  s l u r r y  i n t o  t h e  r e a c t o r  c o n t a i n i n g  p r e h e a t e d  

s o l v e n t .  The r e a c t i o n  was quenched r a p i d l y  by l o w e r i n g  

t h e  h e a t e r  from t h e  r e a c t o r  and c o o l i n g  w i t h  a  h i g h  sp e ed  

f o r c e d  c o n v e c t i o n  f a n .  A t y p i c a l  t i m e / t e m p e r a t u r e  p r o f i l e  

i s  shown i n  f i g u r e  13.

M a t e r i a l s

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

f e e d s t o c k  p r e p a r a t i o n  o f  t h e  c o a l ,  p y r i t e ,  and t e t r a l i n  

u s e d  i n  t h i s  s t u d y .  S p e c i a l  p r o p e r t i e s  o f  t h e  f e e d s t o c k  

m a t e r i a l  which made t h e i r  c h o i c e  a s  a f e e d s t o c k  d e s i r a b l e  

a r e  a l s o  d i s c u s s e d .

Coal

Coal u s e d  f o r  t h i s  s t u d y  was o r i g i n a l l y  o b t a i n e d  from 

t h e  Energy Mine n e a r  Yampa, C o lo r a d o .  The c o a l  i s  a h i g h  

v o l a t i l e  C b i t u m i n o u s  c o a l  from t h e  Wadge seam. The 

p r o x i m a t e ,  u l t i m a t e ,  a sh  and s u l f u r  a n a l y s i s  o f  t h i s  c o a l  

a r e  g iv e n  i n  t a b l e  6 and were  p e r f o r m e d  by t h e  C o lo rado  

Schoo l  o f  Mines R e s e a r c h  I n s t i t u t e  (CSMRI).

The low a sh  c o n t e n t  o f  t h e  Energy  Mine c o a l  a s  w e l l  

a s  i t s  low s u l f u r  and p y r i t i c  s u l f u r  c o n t e n t s  made t h i s  

c o a l  p a r t i c u l a r l y  d e s i r a b l e  f o r  t h i s  s t u d y .  The low a sh
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T a b le  6

P r o x i m a t e ,  U l t i m a t e ,  and  Ash A n a l y s i s

As Received (%) Dry Basis (
Proximate Analysis

Moisture
Ash
Volatile 
Fixed Carbon

Ultimate Analysis
Carbon
Hydrogen
Nitrogen
Sulfur
Oxygen
Ash

Ash Analysis
Si0 2

A I 2O3
Fe 2 0 3
Ti 0 2

P 2 O 5
CaO
M g O
Na2 0
K 2 0
S O  3

5.82
5.64

36.9
51.6
99.96

69.0 
5.34 
1 . 66 
0. 53 

17.83 
5.64 

K T Ï Ï 7 W

47
32
3
1
1
6
1

1
6
30
05
74
48
48

0.14
0.47
4.64

9TF7ÏÏÏÏ

5.99
39.2
54.8
99.99

73.3
4.98 
1.76 
0.56

13.41
5.99

1Û0.  do
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v a l u e  ( e s p e c i a l l y  i r o n  p y r i t e )  e f f e c t i v e l y  e l i m i n a t e d  any 

c a t a l y t i c  e f f e c t  i n h e r e n t  i n  t h e  m i n e r a l  m a t t e r  o f  t h e  

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

s u l f u r  i n  t h e  form o f  g a s  p h a s e  h y d rog en  s u l f i d e .  The 

i n h e r e n t l y  low s u l f u r  c o n t e n t  o f  t h i s  c o a l  e f f e c t i v e l y  

e l i m i n a t e d  any e f f e c t s  due t o  t h e  p r e s e n c e  o f  s u l f u r  t h a t  

was n o t  added  a s  p y r i t e  o r  H^S.

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

c o a l  by F lu o -X -S p ec  A n a l y t i c a l  L a b o r a t o r y .  T h i s  a n a l y s i s  

was i n t e n d e d  t o  g i v e  an a p p r o x i m a t e  c o n c e n t r a t i o n  o f  

e l e m e n t s  w i th  a to m ic  number 22 and h i g h e r .  The t e c h n i q u e  

employed g i v e s  r e s u l t s  t h a t  a r e  q u a l i t a t i v e / s e m i - q u a n t i t a ­

t i v e ,  and a r e  shown f o r  t h i s  c o a l  i n  t a b l e  ? .  These  v a l u e s  

s h o u l d  be c o n s i d e r e d  t o  be  v e r y  rou g h  e s t i m a t e s .  The 

t e c h n i q u e  does  g i v e  a  good i n d i c a t i o n  o f  t h o s e  e l e m e n t s  

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

Coors  S p e c t r o - C h e m i c a l  L a b o r a t o r y  d e t e r m i n e d  t h e  

s u r f a c e  a r e a  o f  t h e  c o a l .  I t  was found  t o  be 10.9  m / g  

by t h e  BET g a s  a d s o r p t i o n  m ethod .

A sam ple  o f  t h e  Energy  Mine c o a l  was low t e m p e r a t u r e  

a s h e d  (LTA) by M a r t i n  M a r i e t a .  The LTA sam ple  was sub­

j e c t e d  t o  x - r a y  d i f f r a c t i o n  a n a l y s i s  by CSMRI i n  o r d e r  

t o  i d e n t i f y  t h e  m i n e r a l s  p r e s e n t .  The LTA a n a l y s i s  i s  

p r e s e n t e d  i n  A ppendix  E. K a o l i n i t e  and q u a r t z  were  

i d e n t i f i e d .  The r e m a i n d e r  o f  t h e  m a t e r i a l  was amorphous
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T a b le  7

X - ra y  f l o u r e s c e n c e  d a t a

SAM PLE: Coal

C o p p e r 0 . 0 0 7 I ro n 1 . 1 T -a n th a n u m

S ilv e r C o h a l t C e r iu m

G o ld N ir l r e l P ra s e o d y m iu m

Z in c 0 . 0 1 5 C e s iu m N e o d y m iu m

C a d m iu m R u b id iu m S a m a r iu m

M e r n i r y B a r iu m 0 . 0 1 4 E u ro p iu m

G a l l iu m S t ro n t iu m 0 . 0 2 2 G a d o l in iu m

I n d iu m T i t a n iu m 0 . 0 9 7 T e r b iu m

T h a l l i u m Z ir c o n iu m D y s p ro s iu m

G e r m a n iu m H a f n iu m H o lm iu m

T in T h o r iu m E rb iu m

L ead 0 . 0 0 6 V a n a d iu m T h u l i u m

A rs e n ir 0 . 0 0 2 C o lu m b iu m Y  t te r h iu m

A n tim o n y T a n ta lu m L u te t iu m

B is m u th C h r o m iu m Y t t r iu m 0 . 0 0 2

S e le n iu m M o ly b d e n u m

T e l lu r iu m T u n g s te n

B ro m in e U r a n iu m

I o d in e Manganese .... 0 . 0 0 6

The values above are estimated elemental concentrations in :
xxxx  per cent ________parts per million ________ grams per liter

No check was made for elements with atomic numbers less than 22.
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and o f  unknown c o m p o s i t i o n .  F u r t h e r  p r o p e r t i e s  o f  a  c o a l  

t y p i c a l  t o  t h i s  l o c a t i o n  (E n e rg y  Mine n e a r  Yampa, C o l o r a d o ) ,  

a s  t a b u l a t e d  by Penn S t a t e ,  a r e  shown i n  Append ix  B,

The c o a l  was o r g i n a l l y  wet  g r o u n d ,  f i l t e r e d  w i t h  a  

Buchner  f u n n e l ,  and  a i r  d r i e d .  I t  was t h e n  s c r e e n e d  t o  

- 2 0 0  mesh on a  Sweeco s c r e e n .  The c o a l  was p a s s e d  t h r o u g h  

a  r i f f l e r  t o  e n s u r e  a  u n i f o r m  m i x t u r e .  The c o a l  was s t o r e d  

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

P y r i t e

A h i g h  p y r i t e  c o a l  s u p p l i e d  by t h e  P i t t s b u r g h  and 

Midway Coal  M in in g  Co. was o b t a i n e d  from t h e  C o l o n i a l  Mine 

n e a r  M a d i s o n v i l l e ,  K e n tu c k y .  The c o a l  was g ro u n d  and 

p y r i t e  was s e p a r a t e d  from t h e  c o a l  on a  s h a k e r  t a b l e .

P y r i t e  was u l t i m a t e l y  g ro u n d  t o  - 2 0 0  mesh.  The p y r i t e  was 

a n a l y z e d  f o r  p u r i t y  u s i n g  x - r a y  d i f f r a c t i o n  and M ossbauer  

s p e c t r o s c o p y  ( s e e  Append ix  C ) ,  T hese  r e s u l t s  i n d i c a t e  

t h a t  b e tw ee n  1 and 20% o f  t h e  c o a l  d e r i v e d  p y r i t e  may be  

m a r c a r s i t e .  The C oors  S p e c t r o - C h e m i c a l  L a b o r a t o r y  d e t e r m i n ­

ed t h e  s u r f a c e  a r e a  o f  t h e  p y r i t e  t o  be  1 .9  m^/g  by  t h e  BET 

g a s  a d s o r p t i o n  m ethod .

T e t r a l i n

T e t r a l i n  was o b t a i n e d  from Union C a r b id e  C o r p o r a t i o n .  

P u r i t y  was a p p r o x i m a t e l y  98%.
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ANALYTICAL PROCEDURES

T h i s  s e c t i o n  d e s c r i b e s  t h e  l i q u i d  p r o d u c t  and  g a s  

a n a l y s i s  t h a t  were  p e r f o r m e d .  R e s u l t s  from t h e  l i q u i d  

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

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

o f  p o s s i b l e  r e a c t i o n  m ech an ism s .

Gas A n a l y s i s

P r o d u c t  g a s  s a m p le s  were  a n a l y z e d  u s i n g  a  model 111H 

C a r l e  R e f i n e r y  Gas A n a l y z e r  i n  c o n j u n c t i o n  w i t h  a  model 

3390A H e w l e t t - p a c k a r d  i n t e g r a t o r .  C a l i b r a t i o n  o f  t h e  g a s  

c h ro m a to g r a p h  i n v o l v e d  d e t e r m i n a t i o n  o f  a v e r a g e  r e s p o n s e  

f a c t o r s  f o r  p u r e  com ponen ts  r e l a t i v e  t o  m ethane  and an 

a v e r a g e  r e t e n t i o n  t im e  f o r  e ach  com ponen t .  T a b le  8 summar­

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

The g a s  c h ro m a to g r a p h  sy s te m  i s  shown i n  f i g u r e  16.

To a n a l y z e  a  g a s  s a m p le ,  a  sam ple  c y l i n d e r  c o n t a i n i n g  t h e  

g a s  t o  be  a n a l y z e d  was a t t a c h e d  t o  t h e  e v a c u a t e d  g a s  

c h ro m a to g r a p h  s y s t e m .  The g a s  sam ple  was a d m i t t e d  t o  t h e  

c h ro m a to g r a p h  t h r o u g h  a  m e t e r i n g  v a l v e  u n t i l  a  p r e s s u r e  o f  

40 i n c h e s  o f  m e rc u ry  was r e a c h e d .  The s t a r t  b u t t o n s  on t h e  

c h ro m a to g r a p h  and p reprogram m ed i n t e g r a t o r  were  p u sh e d  

s i m u l t a n e o u s l y .  When t h e  g a s  c h ro m a to g r a p h  c y c l e  was 

c o m p l e t e ,  t h e  i n t e g r a t o r  p r o d u c e d  a  p r i n t o u t  o f  t h e
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T a b le  8

Gas Chrom atograph  C a l i b r a t i o n  R e s u l t s

Gas
A v e r a g e
R e t e n t i o n  T i m e

A v e r a g e  R e l a t i v e  
R e s p o n s e  F a c t o r

H y d r o g e n 8 7 .6 7 9 .0241

B u t a n e 1 .03 0 .3 6 6 9

B u t a n e 1.07 0 .6 0 4 7

I s o - P r o p a n e 0 . 4 8 0 .4 5 0 7

H y d r o g e n  S u l f i d e 2 .1 9 0 . 8 0 8 3

P r o p a n e 0 . 3 4 0 .3 1 6 0

Carbon D i o x i d e 1 .02 0 .7931

E t h e n e 1 .03 0 .7 2 0 3

E t h a n e 1.08 0 .6 7 6 4

M e t h a n e 4 . 0 3 1 .0000

C a r b o n  M o n o x i d e 2 . 0 3 0 .8 8 0 7
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4
S'.

RUN « 3 JAN/15/81 16 61 13
ID 36-- 1 -1 5 -8 1

NORM
RT AREA '*VPE CALI AMOUNT

4 15 1.7852E+67 SHB 1R 96 405
5.51 113066 TPP 2R 0.046
6.19 25063 TPB ?R 0 009

22 21 4952406 Be 7R 1.546
24.11 271330 Be 9R 0.A65
27 90 1406606 VB 10R 0.739
29 36 2308400 bb hr 1.203

TOTAL AREA= 2 .61?9E ^  
MUL FACTOR= 1.0000E>ee

F ig u re  17* Gas c h ro m a to g ra p h  
i n t e g r a t o r  p r i n t o u t .
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c a l c u l a t e d  peak  a r e a s  and g a s  c o m p o s i t io n s *  A sam ple  

p r i n t o u t  i s  p r e s e n t e d  i n  f i g u r e  17*

L iq u id  A n a l y s i s

one hundred p e r c e n t  o f  t h e  l i q u i d  p r o d u c t s  were  

a n a ly z e d  u s i n g  a s e l e c t i v e  s o l v e n t  f r a c t i o n a t i o n  (SSF)  

scheme t o  d e te r m in e  t h e  am ounts o f  o i l ,  a s p h a l t e n e ,  

p r e a s p h a l t e n e ,  and t h e  o v e r a l l  c o n v e r s i o n .  The SSF 

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

i t y  c h a r a c t e r i s t i c s  th ro u g h  s u c c e s s i v e  e x t r a c t i o n s  w ith  

t h r e e  d i f f e r e n t  s o l v e n t s :  p e n t a n e ,  t o l u e n e ,  and t e t r a -

h y d r o fu r a n  (THF). An o u t l i n e  o f  t h e  SSF scheme i s  p r e ­

s e n t e d  i n  f i g u r e  18.

L iq u id  p r o d u c t  from t h e  r e a c t o r  was p la c e d  i n  a Waring  

b l e n d e r .  The l i q u i d  p r o d u c t  was th e n  b le n d e d  and p i p e t e d  

i n t o  e i g h t  c e n t r i f u g e  t u b e s  su ch  t h a t  e i g h t  eq u a l and 

r e p r e s e n t a t i v e  l i q u i d  p r o d u c t  sa m p le s  were o b t a in e d .  The 

w e ig h t  o f  each  o f  t h e  e i g h t  sa m p le s  was d e te r m in e d  and 

150 m i l l i l i t e r s  ( m l . )  o f  p e n ta n e  were added t o  each  sa m p le .  

The s a m p le s  w ere th e n  s o n i c a t e d  f o r  5 m in u te s  and c e n t r i f u g e d  

f o r  10 m in u te s  t o  e x t r a c t  t h e  p e n ta n e  s o l u b l e  o i l s .  The 

l i q u i d  was d e c a n te d  and t h e  p r o c e s s  r e p e a t e d  t w i c e  more 

w ith  100 m l.  o f  p e n t a n e .  A f t e r  c o m p le t io n  o f  t h e  p e n ta n e  

w a sh es  t h e  sa m p le s  w ere d r ie d  a t  room te m p e r a tu r e  and 

w e ig h e d .
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A f t e r  t h e  p e n ta n e  w a s h e s ,  t h e  sa m p les  w ere washed  

w ith  t o lu e n e  to  e x t r a c t  t h e  t o l u e n e  s o l u b l e  a s p h a l t e n e s .

The sa m p les  were f i r s t  w ashed w ith  200 m l. o f  t o l u e n e ,  

s o n i c a t e d ,  and th e n  c e n t r i f u g e d  a s  f o r  p e n t a n e .  The 

p r o c e s s  was r e p e a t e d  t h r e e  more t im e s  w ith  150 m l. t o l u e n e .  

The t o lu e n e  i n s o l u b l e s  w ere th e n  d r ie d  i n  an oven  s e t  a t  

100°C and t h e  sa m p les  th e n  w e ig h e d .

The t o lu e n e  w a sh es  were f o l lo w e d  by a s e t  o f  

t e t r a h y d r o f u r a n  (THF) w ash es  to  e x t r a c t  t h e  THF s o l u b l e  

p r e a s p h a l t e n e s .  The sa m p le s  were washed t h r e e  t im e s  w ith  

150 m l. THF, s o n i c a t e d ,  and c e n t r i f u g e d .  The sa m p les  were  

d r ie d  a t  100°C and th e n  w e ig h e d .

Seven  o f  t h e  e i g h t  T H F - in s o lu b le s  were a sh e d  i n  a 

m u f f l e  fu r n a c e  a t  750°C f o r  a minimum o f  two h o u r s .  The 

e i g h t h  sam ple was r e t a i n e d  f o r  p o s s i b l e  f u t u r e  a n a l y s i s  

r e l a t i n g  to  e l e m e n t a l  a n a l y s i s ,  s u l f u r  d e t e r m in a t io n ,  and 

M ossbauer a n a l y s i s .

A RotoVap was used, t o  s t r i p  th e  s o l v e n t s  from th e  

p e n t a n e ,  t o l u e n e ,  and THF s o l u b l e  f r a c t i o n s .  A f t e r  rem oval  

o f  t h e  p e n ta n e  from t h e  p e n ta n e  s o l u b l e s ,  t h e  r e m a in in g  

l i q u i d  o i l s  w ere c o l l e c t e d  i n t o  a sam ple v i a l  and s a v e d .

The t o lu e n e  s o l u b l e s  w ere s t r i p p e d  o f  a l l  b u t  a s m a l l  

amount o f  t o l u e n e .  T h is  l i q u i d  was th e n  p o u red  i n t o  a s e t  

o f  fo u r  c e n t r i f u g e  t u b e s  w h ich  were th e n  f i l l e d  w i th  p e n t a n e .
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The c e n t r i f u g e  t u b e s  were c e n t r i f u g e d  f o r  5 m i n u t e s  and t h e  

l i q u i d  d e c a n t e d .  The s o l i d  o b t a i n e d  which c o n t a i n e d  t h e  

a s p h a l t e n e s  was a l l o w e d  t o  a i r  d r y .  The a s p h a l t e n e s  were 

t h e n  c o l l e c t e d  i n t o  a  sam ple  v i a l  and  s t o r e d .

The THF s o l u b l e s  were  h a n d le d  i n  a  s i m i l a r  manner  t o  

t h e  t o l u e n e  s o l u b l e s .  The THF s o l u b l e s  were  d e f i n e d  t o  be 

p r e a s p h a l t e n e s .
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DATA ANALYSIS

The d ev e lo p m e n t  o f  t h e  m ethods u se d  to  c a l c u l a t e  

p r o d u c t  y i e l d s  a r e  d i s c u s s e d  i n  t h i s  s e c t i o n .  Mass and 

a sh  b a la n c e  c a l c u l a t i o n  m ethods a r e  a l s o  p r e s e n t e d .  A 

s t a t i s t i c a l  a n a l y s i s  was n o t  p erform ed  a s  t h i s  i s  an 

e x p lo r a t o r y  s tu d y  g e a r e d  to w a rd s  i d e n t i f y i n g  g e n e r a l  t r e n d s .

Mass and Ash B a la n c e s

In  t h i s  s tu d y  a 100% p r o d u c t  work-up was d on e . I t  

was n e c e s s a r y  to  a c c o u n t  f o r  a l l  m a t e r i a l  e n t e r i n g  and 

l e a v i n g  t h e  sy s te m  to  e n su r e  r e p r e s e n t a t i v e  sa m p le s .

F i g u r e  19 i s  a r e p r e s e n t a t i o n  o f  t h e  s t r e a m s  a c c o u n te d  f o r  

i n  t h e  m ass  and a s h  b a l a n c e s .

The amount o f  m a t e r i a l  ch a rg ed  to  th e  b e a k er  i n  f i g u r e  

was known. A f t e r  t h e  s l u r r y  was ch a rg ed  to  t h e  i n j e c t i o n  

v e s s e l ,  t h e  w e ig h t  o f  t h e  m a t e r i a l  r e m a in in g  i n  t h e  b e a k er  

was d e te r m in e d .  T h is  m a t e r i a l  was th e n  washed w ith  a c e t o n e  

and d r ie d  a t  100°C. T h is  p r o c e d u r e  removed any t e t r a l i n  

from th e  u n ch a rg ed  s l u r r y .  In  t h i s  manner t h e  q u a n t i t y  o f  

c o a l  and t e t r a l i n  ch a rg ed  to  t h e  i n j e c t i o n  v e s s e l  c o u ld  

be d e te r m in e d .  The same p r o c e d u r e  was a p p l i e d  to  th e  

i n j e c t i o n  v e s s e l  t o  d e te r m in e  th e  am ounts o f  c o a l  and 

t e t r a l i n  i n j e c t e d  i n t o  t h e  r e a c t o r .  When p y r i t e  was p r e s e n t  

i t  was n e c e s s a r y  to  d e te r m in e  th e  ash  c o n t e n t  o f  t h e
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u n c h a r g e d  s l u r r y  i n  a d d i t i o n  t o  t h e  above  p r o c e d u r e .  S in c e  

t h e  a s h  c o n t e n t  o f  t h e  c o a l  and p y r i t e  were  known, a  sy s te m  

o f  two e q u a t i o n s  and two unknowns were  a r r i v e d  a t  which 

c o u ld  be s o l v e d  f o r  t h e  amounts  o f  c o a l  and p y r i t e  which 

were  c h a r g e d  t o  b o t h  t h e  i n j e c t i o n  v e s s e l  and t h e  r e a c t o r  

( s e e  A ppendix  D f o r  c a l c u l a t i o n  p r o c e d u r e ) .

A f t e r  t h e  r e a c t i o n  was c o m p le t e d ,  t h e  r e a c t o r  c o n t e n t s  

were p l a c e d  i n  a b l e n d e r .  The p u r p o s e  o f  t h e  b l e n d e r  was 

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

m a t e r i a l  r e m a i n i n g  i n  t h e  r e a c t o r  was washed w i t h  a c e t o n e  

t o  d e t e r m i n e  t h e  amount  o f  s o l i d s  p r e s e n t .  The w e ig h t  o f  

t h e  r e a c t o r  wash sam ple  was u s e d  i n  t h e  d e t e r m i n a t i o n  o f  

t h e  a sh  b a l a n c e  and t h e  c a l c u l a t i o n  o f  an a sh  s e g r e g a t i o n  

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

The r e s u l t s  o f  t h e  a s h  and mass b a l a n c e s  a r e  shown i n  

t a b l e  9 • The m ass  b a l a n c e s  r a n g e d  from a  low o f  9 2 % to  a 

h i g h  o f  9 7 %. The a sh  b a l a n c e s  r a n g e d  from a  low o f  t o  

a  h ig h  o f  100%. T h i s  r a n g e  o f  v a l u e s  and t h e  r e a s o n  t h e y  

a r e  l e s s  t h a n  100% i s  p r i m a r l y  due t o  t h e  i n a b i l i t y  to  

r e c o v e r  a l l  o f  t h e  s o l i d s  from t h e  r e a c t o r .

C a l c u l a t i o n  o f  P r o d u c t  Y i e l d s

Two m eth o ds  o f  c a l c u l a t i o n  were u s e d .  One o f  t h e s e  

m e th od s  (ATE) u s e d  c o a l - d e r i v e d  a sh  a s  a  n o n - r e a c t i v e  t i e  

e le m e n t  t o  c a l c u l a t e  t h e  amounts  o f  u n r e a c t e d  c o a l ,
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T a b le  9 

Mass and Ash B a la n c e s

Mass Ash
Run jj R e s id e n c e  Time A d d i t iv e  Balance(% ) B a la n c e (%)

R2 10 none 9 4 .8 0 9 2 .6 9
R7 10 none 9 6 .6 1 9 6 . 8 3
R8 10 none 9 6 .8 6 9 2 .9 7
RIO 10 none 9 6 .1 7 9 9 .6 3
R19 10 none 95 .71 9 5 .4 5
R4 60 none 9 6 .4 3 8 9 .4 6
R6 60 none 9 6 .6 9 89.81
R9 60 none 9 5 .6 0 8 7 .4 2
R15 60 none 9 5 .0 3 9 5 .5 7
R26 60 none 9 6 .3 7 101.28
R28 60 none 96 .51 99 .11
R16 10 p y r i t e 9 2 .2 3 91 .91
R42 10 p y r i t e 9 6 .0 9 8 9 .6 3
R43 10 p y r i t e 9 4 .3 9 9 1 .5 9
R40 10 2% HgS 9 6 . 6 5 9 5 .4 0
R^O 10 5% 96.61 9 1 .3 0
R29 10 10% H^S 9 5 .7 0 9 7 .0 5
R36 10 p y r i t e / 2% H^S 9 6 .4 0 91.51
R32 10 p y r i t e / 5% H2S 9 6 .4 8 9 2 .8 9
R27 10 p y r i t e / 10% H^S 9 5 .8 9 8 5 .1 3
R14 60 p y r i t e 93 .41 8 7 .9 9
R1 1 60 2% H^S 9 2 .6 5 9 4 .5 5
R^l 60 5% H^S 9 5 .2 6 8 9 .4 9
R41 60 10% H^S 9 4 .6 9 8 8 .1 2
R^8 60 p y r i t e / 2% H^S 9 1 .5 8 8 7 .1 6

R34 60 p y r i t e / 9% H^S 9 2 .9 0 9 0 .9 3
R2^ 60 p y r i t e / 10% H^S 9 3 .4 9 9 1 .8 7
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p r e a s p h a l t e n e s ,  a s p h a l t e n e s ,  and o i l  i n  t h e  p r o d u c t s .  T h i s  

m ethod  was v e r y  s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  a sh  c o n t e n t  

o f  t h e  p r o d u c t  s a m p le s  o r  even  s m a l l  v a r i a t i o n s  i n  t h e  a sh  

v a l u e  o f  t h e  p a r e n t  c o a l .  F o r  t h e s e  r e a s o n s  and b e c a u s e  o f  

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

a l t e r n a t e  m ethod ,  t h e  c o n s t a n t  w e ig h t  r a t i o  (CWR) m ethod ,  

was c o n s i d e r e d  to  g i v e  more r e l i a b l e  r e s u l t s .  Only r e s u l t s  

from t h e  CWR c a l c u l a t i o n s  a r e  p r e s e n t e d  i n  t h e  main body o f  

t h i s  t h e s i s  w h i l e  t h e  ATE r e s u l t s  have  been  i n c l u d e d  i n  t h e  

A ppend ix .  T h i s  s e c t i o n  d e s c r i b e s  b o t h  c a l c u l a t i o n  m e th o d s .

For  each  ru n  e i g h t  e q u a l  r e p r e s e n t a t i v e  p r o d u c t  s a m p le s  

were g e n e r a t e d .  The sam ple  w e i g h t s  and t h e  w e i g h t s  o f  t h e  

p e n t a n e  i n s o l u b l e s  ( P I ) ,  t o l u e n e  i n s o l u b l e s  ( T I ) ,  and 

t e t r a h y d r o f u r a n  i n s o l u b l e s  (THFI) were  d e t e r m i n e d  f o r  each  

i n d i v i d u a l  s a m p le .  The w e i g h t s  f o r  each  o f  t h e s e  f r a c t i o n s  

were  summed o v e r  a l l  s a m p le s  t o  g i v e  g ra n d  t o t a l s  i n  each  

c a t e g o r y .  In  t h e  f o l l o w i n g  d i s c u s s i o n ,  P I ,  T I ,  and THFI 

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

Ash T ie  E lem ent  Method (ATE)

The f o l l o w i n g  a s s u m p t i o n s  were made i n  c a l c u l a t i o n s  

u s i n g  t h e  ATE m ethod:

1) u n i f o r m  and r e p r e s e n t a t i v e  sa m p le s

2) c o a l - d e r i v e d  a sh  r e m a in e d  u nchanged

3) a s h  was n o t  c a r r i e d  o v e r  w i th  SSF s o l u b l e s
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The c a l c u l a t i o n  o f  b a s e  r u n s  i n v o l v e d  t h e  f o l l o w i n g  

d e f i n i t i o n s :

ASH = (,% a sh  i n  T H F I ) /100

PASH = (% p a r e n t  c o a l  a s h ) / 100

U s in g  t h e  above d e f i n i t i o n s  i t  i s  p o s s i b l e  t o  d e v e lo p  t h e  

. f o l l o w i n g  e q u a t io n s :

WT. ASH = ASH * THFI

WT. ASH____________ PASH
WT. MAF COAL “ 1 -  PASH

% UNREACTED _ ( 1-ASH) * THFI ,  /WT. ASH , ,  inn
COAL (%UC) -  WT. ASH ^WT. MAF COAL; u

% PREASPHALTENES _ (TI -  THFI1 * / WT. ASH s ,  lnn
(% PASP) "" WT. ASH ''WT. MAF COAL’' luu

% ASPHALTENES _ (P I  -  T I ) * / WT. ASH . * inn
(% ASP) "" WT. ASH '•WT. MAF COAL'' luu

^ (%LOAG) GAS = 100 -  % UC -  % PASP -  % ASP

% CONVERSION = 100 -  % UC

In  t h e  above e x p r e s s i o n s  MAF c o a l  r e f e r s  t o  m o is t u r e  and 

a s h - f r e e  c o a l .

In  t h e  p r e s e n c e  o f  hyd rogen  s u l f i d e  t h e  above  

c a l c u l a t i o n s  w ere n o t  e f f e c t e d .  I f  p y r i t e  was p r e s e n t
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t h o u g h ,  m o d i f i c a t i o n s  were  n e c e s s a r y .  The w e ig h t  o f  a sh  

(WT. ASH) i n  t h e  above  e x p r e s s i o n s  was g e n e r a t e d  from 

u n r e a c t e d  c o a l  i n  t h e  T H F - i n s o l u b l e s .  When p y r i t e  was 

p r e s e n t  t h e  t o t a l  amount o f  a s h  (ASH^,) i n c l u d e d  n o t  o n l y  

c o a l - d e r i v e d  a s h  (ASHç) b u t  a l s o  a sh  g e n e r a t e d  from t h e  

added  p y r i t e .  I t  was t h u s  n e c e s s a r y  t o  d e t e r m i n e  t h e  

amount o f  c o a l - d e r i v e d  a s h .  The f o l l o w i n g  e x p r e s s i o n s  

e n a b l e d  t h i s  q u a n t i t y  t o  be  c a l c u l a t e d :

WT. ADD ASH _ WT. CAT * HOFC
WT. COAL ASH ™ WT. COAL PASH

IN REACTOR

WT. ASHr  = (WT. ASHm) * (__________ 1_________)
1 + WT. ADD ASH 

WT. COAL ASH

The te rm  WT. CAT r e p r e s e n t e d  t h e  w e ig h t  o f  c a t a l y s t  i n  t h e  

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

o f  t h e  ru n  r e a c t e d  a c c o r d i n g  t o  t h e  r e a c t i o n :

FeS2 + 2H2 -> FeS + 2H2 S

The i n i t i a l  w e ig h t  o f  p y r i t e  c h a r g e d  t o  t h e  r e a c t o r  was 

t h u s  d i f f e r e n t  from t h e  w e ig h t  o f  c a t a l y s t  a t  c o m p l e t i o n  o f  

t h e  r u n  due t o  c h e m ic a l  r e a c t i o n  o f  p y r i t e .  The c o m p o s i t i o n  

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

by M o ssbauer  S p e c t r o s c o p y  ( s e e  f i g u r e  2 0 ) .  The w e ig h t  o f  

c a t a l y s t  was a b l e  t o  be  c a l c u l a t e d  from t h e  i r o n / s u l f u r
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1000

0.902
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BR14

1 ^ v v t-v a  r^r^S
V

F e . 8 9 S: 69%
FeS2 : 31%

F i g u r e  20 .  M o ssbauer  a n a l y s i s  o f  ru n  14.
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c o m p o s i t i o n a l  i n f o r m a t i o n  d e t e r m i n e d  by t h e  M ossbauer  

a n a l y s i s .

HOFC i s  t h e  h i g h e s t  o x i d e  c o r r e c t i o n  f a c t o r .  The 

c a t a l y s t  r e p r e s e n t e d  by WT. CAT was assumed t o  form i t s  

h i g h e s t  o x i d e ,  Fe^O^, upon a s h i n g .  HOFC was t h e  v a l u e  

which  to o k  i n t o  a c c o u n t  t h e  w e ig h t  ch ange  e x h i b i t e d  by t h e  

c a t a l y s t  i n  fo rm in g  t h e  h i g h e s t  o x i d e  ( i . e .  t h e  t h e o r e t i c a l  

p e r c e n t  a sh  o f  t h e  c a t a l y s t ) .

The amount o f  o r g a n i c  m a t e r i a l  i n  t h e  T H F - i n s o l u b l e s  

was c a l c u l a t e d  by s u b t r a c t i n g  t h e  t o t a l  w e ig h t  o f  a sh  from 

t h e  t o t a l  w e ig h t  o f  T H F - i n s o l u b l e s .  T h i s  number was t h e n  

c o r r e c t e d  f o r  t h e  w e ig h t  change  e x h i b i t e d  by t h e  c a t a l y s t  

upon a s h i n g .  The r e s u l t i n g  r e l a t i o n  was:

THFI ORGANICS (THFIO) = THFI ( 1-ASH)-(WT. CAT)* ( 1-HOFC)

The f o l l o w i n g  r e v i s e d  e x p r e s s i o n s  were  u s e d  i n  t h e  

c a l c u l a t i o n  o f  r u n s  i n  which  p y r i t e  was added :

% uc = i § 7  *  ̂w t !"m a f "coaiP * 100

% PASP = * < f H E r c ô Â L >  * 100

% ASP = CIsH~c ^  * Æ  MXF COAl )  * 100
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% OAG = 100 -  % UC -  % PASP -  % ASP

% CONVERSION = 100 -  % UC

C o n sta n t  W eight R a t io  Method (CWR)

The f o l l o w i n g  a s s u m p t io n s  were made when u s i n g  t h e  

CWR c a l c u l a t i o n  p r o c e d u r e :

1) u n ifo rm  and r e p r e s e n t a t i v e  sa m p les

2) c o n s t a n t  p e r c e n t  o f  c o a l  + c o a l  p r o d u c t s  i n  t h e  

r e a c t o r

The CWR method was b a se d  on t h e  r a t i o  o f  t h e  w e ig h t  

o f  c o a l  f e d  to  t h e  r e a c t o r  to  t h e  w e ig h t  o f  t o t a l  m a t e r i a l  

( c o a l  + p y r i t e  + t e t r a l i n )  f e d  to  t h e  r e a c t o r .  T h is  r a t i o  

was assum ed to  be c o n s t a n t  th r o u g h o u t  t h e  e x p e r im e n ta l  

run and i n  t h e  p r o d u c t  s a m p le s .  The f o l l o w i n g  e x p r e s s i o n s  

w ere u se d  to  c a l c u l a t e  t h e  v a r i o u s  p r o d u c t  y i e l d s  f o r  a  

sys tem  i n  w hich  p y r i t e  was p r e s e n t :

CS = " r e a c t o r *  > *

CATS = <g  r e a c t o r )  > *

% 0IL = %  V  W -  p ash! * 100 

% ASP = e s  -  PASH) * 100
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% PASP = CS^*^*(''Ï~*-~PASH) * 100 

%UC = 100 -  % ASP -  % PASP

% CONVERSION = 100 -  % UC

The term CS r e p r e s e n t e d  t h e  grams o f  c o a l  p r e s e n t  i n  th e  

p r o d u c t  sa m p les  w h i le  th e  term CATS r e p r e s e n t e d  t h e  grams 

o f  p y r i t e  p r e s e n t  i n  th e  p r o d u c t  s a m p le s .  The r e a c t i o n  o f  

p y r i t e  and t h e  accom panying  w e ig h t  ch an ge  were n o t  c o n s id e r e d  

h e r e .  L i t t l e  e r r o r  i s  in t r o d u c e d  th ou gh  a s  t h e  w e ig h t  

change was n o t  s i g n i f i c a n t .

M o d i f i c a t i o n  o f  t h e  above e q u a t io n s  f o r  th e  c a l c u l a t i o n  

o f  b a s e  ru n s  and H^S a d d i t i v e  ru n s  i s  a c c o m p lis h e d  by 

e l i m i n a t i n g  t h e  CATS term .

Ash S e g r e g a t io n  C o r r e c t io n  F a c to r

A d d i t io n a l  m o d i f i c a t i o n s  to  b o th  c a l c u l a t i o n  m ethods  

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

w ith  added p y r i t e .  S o l i d s  s e t t l e d  o u t  and ad h ered  t o  th e  

r e a c t o r  w a l l s .  The r e a c t o r  wash sa m p les  t h u s  had a 

d i s p r o p o r t i o n a t e l y  h ig h  p e r c e n t a g e  o f  a sh  compared t o  th e  

p r o d u c t  sa m p le s .  A c o r r e c t i o n  f a c t o r  was u se d  to  a c c o u n t  

f o r  t h e  a sh  s e g r e g a t i o n  b etw een  th e  r e a c t o r  wash sam ple  

and t h e  p r o d u c t  s a m p le s .

The ash  s e g r e g a t i o n  c o r r e c t i o n  f a c t o r  f o r  t h e  ATE
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method was c a l c u l a t e d  a s  f o l l o w s :

% o f  t o t a l  THFI THFI * (1 — ASH)
°  = s a m p l e s 8 p r o d u c t  = (THFI * ( l  -  ASH) + EW * ( 1 -  RtV ASH))

» _ % o f  t o t a l  a s h ___________THFI * ASH _______
i n  p r o d u c t  s a m p le s  “ THFI * ASH + RW * (RW ASH)

f f = O/A = a sh  s e g r e g a t i o n  c o r r e c t i o n  f a c t o r  f o r  ATE method

RW r e p r e s e n t e d  t h e  w e ig h t  o f  t h e  r e a c t o r  wash sam ple  and 

RW ASH i s  t h e  % a sh  o f  RW d i v i d e d  by 100.

The 11 f 1 u c o r r e c t i o n  f a c t o r  was i n c o r p o r a t e d  i n t o  t h e  

ATE c a l c u l a t i o n s  by m u l t i p l y i n g  i t  by t h e  ASH^ t e r m .  I n  

t h i s  way t h e  a s h  g e n e r a t e d  from t h e  u n r e a c t e d  c o a l  i n  t h e  

T H F - i n s o l u b l e s  c o u ld  be  c o r r e c t e d  f o r  a s h  s e g r e g a t i o n  which 

o c c u r r e d  upon t r a n s f e r i n g  t h e  p r o d u c t  s a m p le s  from t h e  

r e a c t o r .

The c o r r e c t i o n  f a c t o r  f o r  t h e  CWR m ethod  was a r r i v e d  

a t  a s  f o l l o w s :

M = % o f  t o t a l  m ass  = gm p r o d u c t  sam ple
i n  p r o d u c t  s a m p le s  t o t a l  mass  c h a r g e d  t o

r e a c t o r

A = % o f  t o t a l  a s h  = _________ THFI * ASH________
i n  p r o d u c t  s a m p le s  THFI * ASH + RW * (RW ASH)

f 1 m ass  = A/M = a sh  s e g r e g a t i o n  c o r r e c t i o n  f a c t o r
f o r  CWR method
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The " f  mass'’ c o r r e c t i o n  f a c t o r  was i n c o r p o r a t e d  

i n t o  t h e  CWR c a l c u l a t i o n s  by m u l t i p l y i n g  i t  by t h e  CATS 

term .  T h i s  a l l o w e d  t h e  assumed amount o f  p y r i t e  i n  t h e  

p e n t a n e  i n s o l u b l e s  to  be c o r r e c t e d  f o r  t h e  o c c u r r e n c e  o f  

ash  s e g r e g a t i o n .
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DISCUSSION OF RESULTS

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

p r e s e n t e d  i n  t h i s  s e c t i o n .  E x p e r i m e n t a l  d a t a  t h a t  h a v e  b e e n  

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

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

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

a c c o u n t  f o r  t h e  o b s e r v e d  r e s u l t s  a r e  p r o p o s e d .

E x c l u d e d  D a t a

D a t a  f r o m  c e r t a i n  e x p e r i m e n t a l  r u n s  w e r e  e x c l u d e d  f o r  

v a r i o u s  r e a s o n s  a s  s h o w n  i n  t a b l e  1 0  •

P r o c e s s i n g  E r r o r s

F l u c t u a t i o n s  i n  r e a c t i o n  t e m p e r a t u r e  w e r e  t h e  g r e a t e s t  

s o u r c e  o f  e r r o r .  S h a l a b i  ( 1 9 7 7 )  h a s  d o c u m e n t e d  t h e  s t r o n g  

e f f e c t s  o f  t e m p e r a t u r e  o n  c o a l  c o n v e r s i o n .  U p o n  s l u r r y  

i n j e c t i o n ,  t h e  r e a c t i o n  t e m p e r a t u r e  w a s  a p p r o x i m a t e l y  2 5 ° C 

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

w i t h i n  9 ° C  o f  t h e  d e s i r e d  r e a c t i o n  t e m p e r a t u r e  w a s  a l m o s t  

i m m e d i a t e .  T h e  t e m p e r a t u r e  o s c i l l a t e d  a b o u t  t h e  s e t  p o i n t  

w i t h  a n  a m p l i t u d e  o f  - 9 ° C  a n d  a  p e r i o d  o f  6 i  m i n u t e s .  T h e  

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

r e s p e c t  t o  t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  h e a t e r  a n d  t h e  

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

t h e  r e a c t o r .



T-2620 71

T able 10

E x c l u d e d  E x p e r i m e n t a l  R u n s

R u n
N o .

R e s i d e n c  e  
T i m e A d d i t i v e R e a s o n  f o r  E x c l u d i n g  D a t a

E l 10 n o n e P r o d u c t  s l u r r y  c o n t a m i n a t e d  
w i t h  a c e t o n e .

R3 6 0 n o n e O v e r a l l  c o n v e r s i o n  w a s  2 0 %  
b e l o w  c o m p a r i b l e  r u n s .

R3 10 n o n e P e n t a n e  w a s h e s  w e r e  n o t  
p e r f o r m e d #

R 1 2 10 2% M a s s  r e c o v e r y  w a s  l e s s  t h a n
83%.

R 2 1 6 0 10 % H ^ S

R13 6 0 p y r i t e T H F  w a s  u s e d  i n  p l a c e  o f  
t o l u e n e

R18 6 0 n o n e M a t e r i a l  c o u l d  n o t  b e  i n j e c t '  
d u e  t o  a  p l u g  i n  a  l i n e .

R24 6 0 1 0 %  H ^ S / p y r i t e

R39 10 n o n e

R 2 0 10 p y r i t e T e m p e r a t u r e  c o n t r o l l e r  n o t  
p r o p e r l y  c a l i b r a t e d  r e s u l t i n g  
i n  a  t e m p e r a t u r e  2 3  C l o w

R33 10 n o n e E v i d e n c e  o f  a  m e m o r y  e f f e c t

R35 10 n o n e

R37 10 n o n e
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P r e s s u r e  v a r i a t i o n s  w e r e  a n o t h e r  s o u r c e  o f  e r r o r .

T h e  d e s i r e d  r e a c t i o n  p r e s s u r e  w a s  2 0 0 0  p s i g .  D u e  t o  t h e  

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

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

a s  t e n  p e r c e n t .  T h e  e f f e c t  o f  t h e s e  p r e s s u r e  v a r i a t i o n s  

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

b a s e  r u n s  ( n o  a d d i t i v e )  e x p e r i e n c e d  s i m i l a r  p r e s s u r e  

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

T a r r e r  e t  a l .  ( 1 9 7 6 )  d i s c o v e r e d  t h a t  c a t a l y s t  f r o m  

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

r u n s .  T o  a v o i d  t h i s  m e m o r y  e f f e c t ,  b a s e  r u n s  w e r e  m a d e  

a f t e r  r u n s  u s i n g  p y r i t e  a s  a  c a t a l y s t .

E f f e c t  o f  R e s i d e n c e  T i m e

A n  i n c r e a s e  i n  r e s i d e n c e  t i m e  f r o m  1 0  t o  6 0  m i n u t e s  

i n c r e a s e d  t h e  c o n v e r s i o n  f r o m  3 1 . 6 h %  t o  6 4 * 8 1 %  f o r  t h e  b a s e  

r u n s  ( n o  a d d i t i v e s ) .  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  r e s i d e n c e  t i m e  f o r  t h e  a d d i t i v e  r u n s .  A n  i n c r e a s e  i n  

c o n v e r s i o n  w i t h  t i m e  o f  1 9 * 3 6 %  o c c u r r e d  w i t h  2% H - S ,

2 6 . 2 1 %  w i t h  3% H ^ S ,  2 9 * 6 3 %  w i t h  10 %  H ^ S ,  1 6 . 7 1 %  w i t h  p y r i t e ,  

3 0 . 9 6 %  w i t h  t h e  p y r i t e / 2% m i x t u r e ,  2 7 * 5 3 %  w i t h  t h e

p y r i t e / 5% m i x t u r e ,  a n d  2 7 * 0 3 %  w i t h  t h e  p y r i t e / 10% H ^ S

m i x t u r e .  T a b l e  11 l i s t s  t h e  t o t a l  c o n v e r s i o n s  ( t o  T H F -  

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

21.
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O i l ,  a s p h a l t e n e ,  a n d  p r e a s p h a l t e n e  y i e l d s  a l s o  

i n c r e a s e d  a s  t h e  r e s i d e n c e  t i m e  w a s  i n c r e a s e d  a s  s h o w n  

i n  t a b l e s  1 2 ,  1 3 ,  a n d  1 4 .  F i g u r e s  2 2 ,  2 3 ,  a n d  2 4  r e ­

p r e s e n t  t h e  p r o d u c t  y i e l d s  g r a p h i c a l l y *

T h e  a b o v e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  

o b t a i n e d  b y  E a t o n  ( 1 9 8 1 ) ,  S h a l a b i  ( 1 9 7 7 ) ,  a n d  H e g a r t y  ( 1 9 7 8 ) .

E f f e c t  o f  A d d i t i v e s

H y d r o g e n  s u l f i d e ,  i n  t h e  a b s e n c e  o f  a n y  a d d e d  p y r i t 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  a t  b o t h  1 0  a n d  6 0  m i n u t e  

r e s i d e n c e  t i m e s .  T h e  m a g n i t u d e  o f  t h e  i n c r e a s e  w a s  a b o u t  

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

c o n c e n t r a t i o n s  e x c e p t  f o r  t h e  6 0  m i n u t e  r e s i d e n c e  t i m e  

i n v o l v i n g  2% H ^ S  a d d i t i o n ,  w h e r e  a  m u c h  s m a l l e r  i n c r e a s e  

w a s  o b s e r v e d  ( s e e  f i g u r e  2 1 ) .

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

H ^ S .  A s l i g h t  i n c r e a s e  i n  o i l  y i e l d s  w a s  o b s e r v e d  a t  a  

r e s i d e n c e  t i m e  o f  6 0  m i n u t e s  a n d  H ^ S  c o n c e n t r a t i o n  o f  3  

a n d  1 0  p e r c e n t  ( s e e  f i g u r e  2 2 ) .

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

t h e  r a n g e  o f  H ^ S  c o n c e n t r a t i o n s  e m p l o y e d  a t  a  r e s i d e n c e  

t i m e  o f  1 0  m i n u t e s .  A  s m a l l e r  i n c r e a s e  w a s  n o t e d  f o r  t h e  

6 0  m i n u t e  r e s i d e n c e  t i m e  e x c e p t  f o r  t h e  2% H ^ S  c o n c e n t r a ­

t i o n ,  w h e r e  n o  i n c r e a s e  w a s  o b s e r v e d  ( s e e  f i g u r e  2 3 ) •

A s i g n i f i c a n t  i n c r e a s e  i n  t h e  p r e a s p h a l t e n e  f r a c t i o n
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T able 11

O v e r a l l  C o n v e r s i o n *
( % ,  m a f  b a s i s )

R e s i d e n c e  T i m e  ( m i n . )

1 0 6 0

B a s e  R u n 3 1 . 6 4 6 4 * 8 1

2% H ^ S 4 8 . 2 7 6 7 . 6 3

5% 5 2 . 8 7 7 9 . 0 8

1 0 %  H ^ S 4 9 . 6 4 7 9 . 2 7

F e S ^ 5 1 . 2 1 6 7 . 9 2

F e S 2 / 2 %  H g S 5 2 . 9 8 8 3 . 9 4

F e S y ^ b  H ^ S 5 5 . 7 5 8 3 . 2 8

F e s y i 0 %  H y 5 0 . 0 5 7 7 . 0 8

^ M e a s u r e d  a s  T H F - s o l u b l e s
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T a b l e  1 2

O i l  Y i e l d s  
( % ,  m a f  b a s i s )

R e s i d e n c e  T i m e ( m i n . )

1 0 6 0

B a s e  R u n 1 6 . 5 0 2 5

2% 1 4 . 0 3 2 5

5% H ^ S 1 7 . 7 3 2 9

1 0 %  H ^ S 1 4 . 3 7 2 9 ,

F e S ^ 2 2 . 0 1 2 5 ,

F e s y a #  H ^ S 1 8 . 5 5 3 2 ,

F e S y 5 %  H ^ S 2 0 . 5 3 3 2 ,

F e S y  10 %  H g S 2 0 . 5 6 3 2 ,

4 9

0 4

95

4 3

8 2

3 6

3 1

6 5
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B a se  Bun

2/a 11 g  B

5% H2 S 

10% H2S 

FeS2

F eS g /Z ^  Hg'S 

Fe,S2/5% H2S 

FeS2/10%  H2 S

78

T able 13

A s p h a l t e n e  Y i e l d s  
(%, maf b a s i s )

R e s i d e n c e  Time ( m i n . )

10 60

8 .0 7 17 .2 2

12 .94 17.57

12.61 2 0 .6 7

13 .7 2 2 0 .8 2

11.49 19 .15

12.06 19 .65

1 3 .22 2 2 .5 3

12.68 2 1 .2 4
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T ab le  14

PREASPHALTENE YIELDS
( % ,  m a f  b a s i s )

R e s i d e n c e  T i m e  ( m i n , )

1 0 6 0

B a s e  R u n 7 . 0 7 22 .  11

2% H p S

ou 2 5 .0 2

5% H ^ S 2 2 . 5 3 2 8 . 4 7

10% H g S 2 1 . 5 5 29.01

F e S ^ 1 7 . 7 1 2 2 .9 6

F e S g / Z ^  H ^ S 2 2 .3 6 3 1 . 9 3

F e S g / ^ / a  H ^ S 22.01 2 8 . 4 4

F e S _ / 1 0 %  H p S 1 6 . 8 7 2 3 . 1 9
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was s e e n  a t  t h e  10 m in u te  r e s i d e n c e  t i m e .  The m agn itu d e  o f  

t h e  i n c r e a s e  was t h e  same f o r  a l l  H^S c o n c e n t r a t i o n s .  A 

s m a l l e r  i n c r e a s e  was o b s e r v e d  a t  t h e  60 m in u te  r e s i d e n c e  

t im e  and a p p ea red  t o  i n c r e a s e  a s  t h e  H^S c o n c e n t r a t i o n  

i n c r e a s e d  ( s e e  f i g u r e  2 4 ) .  Due t o  e r r o r s  i n  t h e  s y s t e m ,  

t h e  t r e n d  o b s e r v e d  w i t h  H^S c o n c e n t r a t i o n s  may n o t  be  

s i g n i f i c a n t .

The a d d i t i o n  o f  p y r i t e  t o  c o a l  s i g n i f i c a n t l y  i n c r e a s e s  

t h e  o v e r a l l  c o n v e r s i o n  a t  a 10 m in u te  r e s i d e n c e  t i m e .  A 

s m a l l e r  i n c r e a s e  i n  c o n v e r s i o n  i s  o b s e r v e d  a t  a 60 m in u te  

r e s i d e n c e  t im e  ( s e e  f i g u r e  2 1 ) .  O i l  y i e l d s  a r e  i n c r e a s e d  

by a d d in g  p y r i t e  f o r  a 10 m in u te  r e s i d e n c e  t i m e ,  however  

t h e r e  was no i n c r e a s e  i n  o i l  y i e l d s  i n d i c a t e d  a t  a 60 

m in u te  r e s i d e n c e  t im e  ( s e e  f i g u r e  2 2 ) .  S l i g h t  i n c r e a s e s  

i n  a s p h a l t e n e  y i e l d s  were o b s e r v e d  a t  b o th  r e s i d e n c e  t i m e s  

( s e e  f i g u r e  2 3 ) •  There was a s i g n i f i c a n t  i n c r e a s e  i n  

p r e a s p h a l t e n e  y i e l d s  i n  t h e  p r e s e n c e  o f  p y r i t e  a t  10 

m in u t e s  and l i t t l e  o r  no e f f e c t  on t h e  p r e a s p h a l t e n e  f r a c ­

t i o n  a t  60 m in u t e s  ( s e e  f i g u r e  2 4 ) •

In t h e  p r e s e n c e  o f  H^S and p y r i t e  t h e r e  were no d i s ­

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

10 m in u te  r e s i d e n c e  t i m e .  I n c r e a s i n g  t h e  r e s i d e n c e  t im e  

t o  60 m i n u t e 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 i l  y i e l d s  and 

t h u s  t h e  c o n v e r s i o n  ( s e e  f i g u r e s  21 and 2 2 ) .  A s p h a l t e n e
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y i e l d s  were n o t  g r e a t l y  e f f e c t e d  o v e r  t h a t  o f  p y r i t e  a l o n e .  

A s l i g h t  i n c r e a s e  a t  H^S c o n c e n t r a t i o n s  o f  5 and 10 p e r c e n t  

was o b s e r v e d  ( s e e  f i g u r e  23) • P r e a s p h a l t e n e  y i e l d s  i n c r e a s ­

ed f o r  HpS c o n c e n t r a t i o n s  o f  2 and 3 p e r c e n t .  An i n c r e a s e  

i n  p r e a s p h a l t e n e  y i e l d s  was n o t  o b s e r v e d  a t  a  10% H^S con­

c e n t r a t i o n .  The p r e a s p h a l t e n e  f r a c t i o n  d e c l i n e d  w i th  i n ­

c r e a s i n g  HgS c o n c e n t r a t i o n  i n  t h e  p r e s e n c e  o f  p y r i t e ,  

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

( s e e  f i g u r e  2 4 ) .

M ossbauer  s p e c t r o c o p y  was u se d  t o  m o n i t o r  t h e  c o n v e r ­

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

m e t r y  o f  t h e  p y r r h o t i t e  t h a t  was formed d u r i n g  r e a c t i o n .

The a p p l i c a t i o n  o f  ^ F e  M o ssbauer  s p e c t r o s c o p y  t o  d e t e r m i n e  

p y r i t i c  and t o t a l  i r o n  c o n c e n t r a t i o n s  i n  c o a l  h a s  been  

e x p l o r e d  by W i l l i a m s o n  e t  a l .  ( 1 9 8 1 ) .  Due t o  t h e  com­

p l e x i t y  o f  t h e  M ossbauer  s p e c t r a  t h a t  were  o b t a i n e d .  The 

a c c u r a c y  o f  t h e  num bers  o b t a i n e d  were i n  q u e s t i o n .  How­

e v e r ,  t h e  g e n e r a l  t r e n d s  t h a t  were found  were a c c u r a t e .

P y r r h o t i t e  was made from p y r i t e  i n  ru n  17. M ossbauer  

a n a l y s i s  showed t h e  p y r r h o t i t e  t o  be 97% Fe ^ qS and 3%

FeSp ( s e e  A ppendix  C).  T h i s  p y r r h o t i t e  was u s e d  t o  d e t e r ­

mine a  f - v a l u e  by c o o l i n g  t h e  sample  t o  l i q u i d  n i t r o g e n  

t e m p e r a t u r e s  and c o m p a r in g  t h e  s p e c t r a  a t  room t e m p e r a t u r e  

and l i q u i d  n i t r o g e n  t e m p e r a t u r e .  The f - v a l u e  f o r
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p y r r h o t i t e  was found  t o  be  0 . 3 2 .  A f - v a l u e  o f  0 . 3 3  was 

u s e d  f o r  p y r i t e .

The f o l l o w i n g  t r e n d s  were o b s e r v e d  w i t h  M ossbauer  

s p e c t r o s c o p y  a s  shown i n  t a b l e  13 »

1) The p y r r h o t i t e  f r a c t i o n  d e c r e a s e d  w i t h  

i n c r e a s i n g  H^S c o n t e n t .

2) The p y r r h o t i t e  f r a c t i o n  was a lw ay s  l a r g e r  

f o r  60 m in u te  v e r s u s  10 m in u te  r e s i d e n c e  

t im e .

3) S t o i c h i o m e t r y  o f  t h e  p y r r h o t i t e  (Fe S) 

v a r i e d  w i t h  H^S c o n t e n t .  As t h e  H^S 

c o n t e n t  i n c r e a s e d ,  x d e c r e a s e d .

I t  was a l s o  a p p a r e n t  from o b s e r v i n g  t h e  M ossbauer  

s p e c t r a  t h a t  t h e  n o n - m a g n e t i c  p h a s e  was n o t  p u r e  p y r i t e  a s  

h a s  been  assumed i n  t h e  c a l c u l a t i o n s .  The p u r i t y  i s  

u n c e r t a i n .  The n o n - m a g n e t i c  p h a s e  may be  amorphous Fe^S^.

Hydrogen s u l f i d e  was shown t o  e f f e c t  c o a l  c o n v e r s i o n  

a s  was p y r i t e .  P y r i t e  i n  t h e  p r e s e n c e  o f  H^S was an 

e f f e c t i v e  c a t a l y s t  a t  a r e s i d e n c e  t im e  o f  60 m i n u t e s  b u t  

HpS had no c o n t r i b u t o r y  e f f e c t  a t  a 10 m in u te  r e s i d e n c e  

t im e  i n  t h i s  sy s te m .

As shown by M o ssbauer  s p e c t r o s c o p y  t h e  s t o i c h i o m e t r y  

o f  t h e  p y r r h o t i t e  i s  a f u n c t i o n  o f  t h e  H-S c o n t e n t .  I t  

may be  t h a t  p y r i t e  i s  a b l e  t o  be  m a i n t a i n e d  i n  i t s  a c t i v e
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s u l f i d e  c a t a l y t i c  form a t  a  r e s i d e n c e  t im e  o f  10 m i n u t e s  

and t h e r e f o r e ,  a d d i t i o n  o f  H^S i s  u n n e c e s s a r y .  I n c r e a s i n g  

t h e  r e s i d e n c e  t im e  t o  60 m i n u t e s ,  a s  shown by M ossbauer  

a n a l y s i s ,  i n c r e a s e d  t h e  p y r r h o t i t e  f r a c t i o n .  The 

p y r r h o t i t e  f r a c t i o n  d e c r e a s e d  w i th  i n c r e a s i n g  H^S c o n t e n t .  

T h e r e f o r e ,  t h e  p r e s e n c e  o f  H^S was i n s t r u m e n t a l  i n  main­

t a i n i n g  an a c t i v e  s u l f i d e  form. A minimum amount o f  H^S 

was n e c e s s a r y  t o  m a i n t a i n  t h e  c a t a l y s t  i n  i t s  most a c t i v e  

form . I n  t h e  c a s e  o f  t h e  p y r i t e  r u n s  w i th  H^S a d d i t i o n  a t  

a  10 m in u te  r e s i d e n c e  t i m e ,  t h i s  minimum amount  - v/as met 

and e x c e e d e d  f o r  t h e  e n t i r e  r a n g e  o f  H^S c o n c e n t r a t i o n s  

t e s t e d .

T h ere  a r e  s e v e r a l  p o s s i b l e  mechanisms by which H^S may 

c a t a l y z e  h y d ro g en  t r a n s f e r  r e a c t i o n s .  The f i r s t  o f  t h e s e  

i s  by m a i n t e n a n c e  o f  an a c t i v e  s u l f i d e  c a t a l y s t  and h a s  

been  d i s c u s s e d  i n  r e l a t i o n  t o  p y r i t e  which i s  a  known 

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

s u l f i d e  may a l s o  r e a c t  w i t h  n o n - p y r i t i c  i r o n  t o  form an 

a c t i v e  s u l f i d e  c a t a l y s t .  The Energy Mine c o a l  u s e d  i n  t h i s  

s t u d y  had  an a p p r o x i m a t e  t o t a l  i r o n  c o n t e n t  o f  0 . 13%* 

A p p r o x im a te ly  t w o - t h i r d s  o f  t h e  t o t a l  i r o n  was n o n - p y r i t i c  

i r o n  and o n e - t h i r d  p y r i t e  i r o n .  See Appendix  D f o r  t h e  

c a l c u l a t i o n  o f  t h e s e  v a l u e s  which a r e  b a s e d  on t h e  a sh  

a n a l y s i s  and s u l f u r  a n a l y s i s .
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R eb ic k  (1981)  s t u d i e d  t h e  homogeneous c a t a l y t i c  p a r ­

t i c i p a t i o n  by HpS i n  a  q u a r t z  f low  r e a c t o r  a t  500°C* 

P y r o l y s i s  o f  n - h e x a d e c a n e  was c o n d u c t e d  i n  t h e  p r e s e n c e  o f  

0 - 0 . 6  a tm. H^S. Hydrogen s u l f i d e  had  t h r e e  main e f f e c t s  on 

t h e  p y r o l y s i s  a s  compared  w i t h  a n i t r o g e n  a tm o s p h e r e :

1) S e l e c t i v i t y  t o  m e th a n e ,  e t h a n e ,  and 

e t h y l e n e  was d e c r e a s e d .

2) B u tan e  and h i g h e r  p a r a f f i n s  a p p e a r e d  

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

3) H-S i n c r e a s e d  t h e  o v e r a l l  r a t e  o f  

h e x a d e c a n e  d i s a p p e a r a n c e .

S u l f u r  compounds were n o t  a b l e  t o  be d e t e c t e d  i n  t h e  l i q u i d  

p r o d u c t s  s u g g e s t i n g  t h a t  n o n c a t a l y t i c  p a r t i c i p a t i o n  o f  H^S 

was u n l i k e l y .

The e f f e c t  o f  H^S on t h e  p y r o l y s i s  o f  n - h e x a d e c a n e  

was e x p l a i n e d  by t h e  f o l l o w i n g  mechanism:

i n i t i a t i o n

Ci6%34 -  + %j ' d  + j  = 16)

p r o p a g a t i o n

-  a l p h a - o l e f i n  + ( d e c o m p o s i t i o n )

Rn e -  R1n * (n  g r e a t e r  t h a n  6)

Rn" + -  R^H + HS" ( l a )



T2620 88

R V  + H2 S  "  RHH + H S * (1 b )

HS* + G1^H

t e r m i n a t i o n

HS* + Rj_ -  p r o d u c t s (3 )

where  R « i s  a  p r i m a r y  r a d i c a l  and Rf n * i s  a  s e c o n d a r y  

r a d i c a l .  R e a c t i o n s  1 and 2 ,  i n  e f f e c t ,  c a t a l y z e  t h e  

h yd ro g en  t r a n s f e r  r e a c t i o n .  A c c o rd in g  t o  t h e  p r o p o s e d  

m echanism, i f  t h e  h y d ro g e n  t r a n s f e r  s t e p  i s  r a t e  l i m i t i n g ,  

t h e  i n t r o d u c t i o n  o f  H^S s h o u l d  i n c r e a s e  t h e  c r a c k i n g  r a t e .  

T h i s  was t h e  c a s e  a s  shown i n  f i g u r e  25* T h e re  was a  h a l f ­

o r d e r  d ep en d ence  on H^S c o n c e n t r a t i o n  and a  f i r s t  o r d e r  

d e p en d en ce  on n - h e x a d e c a n e .  The n o n - l i n e a r i t y  o f  t h e  

r e l a t i o n  i n  f i g u r e  25 was c o n s i s t e n t  w i t h  t h e  v iew  t h a t  

u n c a t a l y z e d  and c a t a l y z e d  mechanisms a r e  n o t  a d d i t i v e  b u t  

t h e  l a t t e r  r e p l a c e s  t h e  f o rm e r  a s  t h e  H^S c o n c e n t r a t i o n  

i n c r e a s e s .

Drawing a  p a r a l l e l  b e tw ee n  n - h e x a d e c a n e  p y r o l y s i s  and 

c o a l  p y r o l y s i s  i n d i c a t e s  t h a t  homogeneous c a t a l y s i s  by 

h y d ro g en  s u l f i d e  i s  i n d e e d  p o s s i b l e  and can p r o d u c e  s i g n i ­

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

F r e e  r a d i c a l s  formed by p y r o l y s i s  o f  c o a l  c o u l d  i n t e r a c t  

w i t h  H^S i n  t h e  f o l l o w i n g  manner:
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F i g u r e  25# H a l f - o r d e r  d ep en dence  o f  H^S 
on t h e  r a t e  o f  d e c o m p o s i t i o n  o f  n - h e x a d e c a n e
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R -j — Rp — R i * + R^*

R ^  + H2S -  R-j -  H + HS*

HS* + R-j — R2 “ R-j — R2 #

HS* + R1* -  R1SH

where  R̂  -  R^ i s  a  c o a l  m a c r o m o le c u le ,  A s i m i l a r  r e a c t o r  

s e q u e n c e  c o u ld  be  w r i t t e n  f o r  f r e e  r a d i c a l  R2 *, T h i s

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

f a c t i o n  p r o d u c t s  c o u ld  i n c r e a s e ,  A s m a l l ,  p e r h a p s  i n ­

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

a s p h a l t e n e ,  and p r e a s p h a l t e n e  f r a c t i o n s  was o b s e r v e d ,  A 

f a c t o r  o f  two o r  t h r e e  i n c r e a s e  i n  s u l f u r  c o n t e n t  v/as 

o b s e r v e d  i n  t h e  T H F - i n s o l u b l e  ( i n s o l u b l e  o r g a n i c  m a t t e r  

p l u s  m i n e r a l  m a t t e r )  f r a c t i o n .
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CONCLUSIONS

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

1) P y r i t e  was an e f f e c t i v e  c o a l  h y d r o g e n a t i o n  

c a t a l y s t .

2) Hydrogen s u l f i d e  en h anced  t h e  o v e r a l l  

c o n v e r s i o n  i n  t h e  p r e s e n c e  o f  p y r i t e  a t  a 

60 m in u te  r e s i d e n c e  t im e  b u t  n o t  f o r  10 

m i n u t e s .

3) Hydrogen s u l f i d e  c a t a l y z e s  c o a l  c o n v e r s i o n .

4) Hydrogen s u l f i d e  may c a t a l y z e  hy d ro gen  

t r a n s f e r  r e a c t i o n s  by homogeneous a n d / o r  

h e t e r o g e n e o u s  m echan ism s .
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.RECOMMENDATIONS

1) C o n t in u e  t h e  d i s p o s a b l e  a d d i t i v e  s c r e e n i n g  s t u d y  w i th  

t h e  p r o c e d u r e  d e v e l o p e d  by E a ton  ( 1 9 8 1 ) .  P o s s i b l e  

a d d i t i v e s  t o  be  s t u d i e d  a r e  p y r i t e  w i t h  t i n  added  and 

p y r r h o t i t e s .

2) S tud y  t h e  e f f e c t  o f  i m p r e g n a t i n g  p y r i t e  i n s t e a d  o f  

m e c h a n i c a l l y  m ix in g  p y r i t e  w i th  t h e  c o a l .  P o s s i b l e  

m e th o ds  o f  i m p r e g n a t i o n  a r e  b a l l  m i l l i n g  o f  a  c o a l / p y r i t e  

m i x t u r e ,  s o l v e n t  d e p o s i t i o n ,  p e r h a p s  w i th  w a t e r  o r  

a n o t h e r  s o l v e n t ,  and v a p o r - p h a s e  d e p o s i t i o n  o f  p y r i t e .

The i d e a  b e h in d  i m p r e g n a t i n g  w i th  p y r i t e  i s  t o  i n c r e a s e  

t h e  s u r f a c e  a r e a  o f  t h e  p y r i t e .

3) T ex t  p r o m i s i n g  a d d i t i v e s  u s i n g  a c o n t i n u o u s  f low  r e a c t o r .

4) I n v e s t i g a t e  t h e  k i n e t i c s  o f  m a r c a r s i t e  v e r s u s  p y r i t e  

c a t a l y s i s  a s  t h e  p y r i t e  u s e d  i n  t h i s  s t u d y  may have  a s  

much a s  20% m a r c a r s i t e .

3) F o l lo w  up on t h e  p o s s i b i l i t y  o f  u s i n g  H^S a s  a  homogen­

e ous  c a t a l y s t .
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RUN NUMBER: R2

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m i n .

19*38 gm
1630  p s i g  

2013  p s i g

A d d i t i v e :  none

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S a m p le s  (gm)
T o t a l  W eigh t o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS

P r o d u c t
% O i l
% A s p h a l t e n e 
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas:

Component

183*67
15 .16
13.99
13 .1 5
6 .7 3
5 .41

M ethod

H.
M ole % 

100 .0

ATE

7 .0 8
7 .6 4
5 .4 2

2 0 .1 4

P r o d u c t  Gas: 
Component

H.

'2
2

CO.
CH
CO

4

CWR

15.89
6 .9 6
4 .9 3

2 7 .7 9

Mole %

98.806 
.6 8 0  
. 145 
.3 4 7
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RUN NUMBER: RZf

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in . 
19 .22  gm 
1850 p s i g  
1950 p s i g

A d d i t i v e : none

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am ples  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e ra g e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS

18 5 .2 4
1 3 .6 2

10 .89
7 .1 7

12.46
5 .3 8

M ethod
P r o d u c t

% O i l
A s p h a l t e n e%

% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component 
H.,

Mole % 
1 00 .0

ATE
18 .95
17 .39
2 3 .6 9
6 0 .0 3

P r o d u c t  Gas: 
Component

H2
CO^

CWR
26.82
15.81
2 1 .5 4
6 4 .1 7

CH
CO

4

Mole % 
9 7 .7 8 3  

.9 2 3  

.5 9 9
• 616
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RUN NUMBER; R6

CONDITIONS: 
R e s id e n c e  Time 
C oal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in . 
18 .86  gm 
1640 p s i g  
2094 p s i g

A d d i t i v e :  none

PRODUCT ANALYSIS
T o t a l - H e i g h t  o f  S am ples  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v erag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS

P r o d u c t

183 .89
13 .70
10.81
7 .1 8

12 .1 3
5 .4 0

Method

% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas:

Component M ole % 

100 .0

ATE
15 .9 2

1 8 .9 4
2 3 .7 9
5 8 .6 5

P r o d u c t  Gas: 
Component

H2
CO^

CH4
CO

CWR
24.28
17.18

2 1 .5 7
6 3 .0 3

Mole % 

97.602 

1.002 

.6 7 5

• 646



T -2620 100

RUN NUMBER: R?

CONDITIONS: 
R e s id e n c e  Time 
Coal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 min. 
17 .0?  gm

1575 p s i g  
1868 p s i g

A d d i t iv e :  none

PRODUCT ANALYSIS
T o t a l  W eight o f  Sam ples (gm)
T o ta l  W eight o f  P en tan e  I n s o l u b l e s  (gm)
T o ta l  W eight o f  T o lu en e  I n s o l u b l e s  (gm)
T o ta l  W eight o f  THF I n s o l u b l e s  (gm)
A verage % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a ren t  Coal

CALCULATED YIELDS 

P rod u ct
% O i l
% A s p h a lte n e  
% P r e a s p h a l t e n e  
% C o n v er s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

H„

181.50
13 .36
12 .07
1 0 .7 5
7 .4 0
5 .4 5

Method

Mole % 

100 .0

ATE
10 .37
9 .2 0
9 .4 2

2 8 .9 9

P rod u ct Gas: 
Component

H2
ecu

CH4
CO

CWR
17.62
8 .5 0
8 .7 0

34 .81

Mole % 

9 8 .7 2 9  

.6 5 9  

.  163 

• 406
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RUM NUMBER; R8

CONDITIONS: 
R e s id e n c e  Time 
C oal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in , 

18 .9 4  gm 
1629 p s i g  
2000 p s i g

A d d i t i v e :  none

PRODUCT ANALYSIS
T o t a l  W eight o f  S a m p les  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  THF I n s o l u b l e s  (gm)
A v e r a g e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

H.

18 7 .63
15 .2 3
13 .67
12.28

7 .31
5 .4 8

Method

M ole % 

100.0

ATE

7 .5 3

10 .07
8 .9 7

26.56

P r o d u c t  Gas: 
Component

H2
C0„

CH4
CO

CWR
16.98

9 .1 0
8.11

3 4 .1 9

M ole % 

9 8 .5 6 2  

.7 7 9  

.1 8 2  

.4 5 5
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RUN NUMBER: R9
CONDITIONS:
R e s id e n c e  Time : 60 min#
Coal I n j e c t e d  : 2 0 .1 4  gm
I n j e c t i o n  P r e s s u r e :  1645 p s i g
Maximum P r e s s u r e  : 2189 p s i g

PRODUCT ANALYSIS
T o ta l  W eight o f  Sam ples (gm)
T o ta l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o ta l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o ta l  W eight o f  THF I n s o l u b l e s  (gm)
A verage  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  Coal

A d d i t iv e :  none

CALCULATED YIELDS 

P ro d u c t
% O i l
% A s p h a l te n e  
% P r e a s p h a l t e n e  
% C o n v e rs io n

ATE
17.11
18 .4 4
2 4 .7 0
6 0 .2 5

188 .07
14 .08
1 1 . 1 6

7 .2 2
1 2 .5 2

5 .3 9

Method
CWR

2 7 .2 4
1 6 .33
21.88
6 5 .4 4

GAS ANALYSIS: Not Available
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RUN NUMBER: RIO

CONDITIONS:

R e s id e n c e  Time 
Coal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

PRODUCT ANALYSIS

10 m in . 
18 .6 ?  gm 
1910 p s i g  
2100 p s i g

A d d i t i v e :  none

T o ta l  W eight o f  Sam ples (gm)
T o ta l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o ta l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o ta l  W eight o f  THF I n s o l u b l e s  (gm)
A verage  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  Coal

CALCULATED YIELDS 

P r o d u c t
% O i l
0/% A s p h a l te n e  
% P r e a s p h a l t e n e  
% C o n v e rs io n

188 .56
14 .96
13 .4 5
12 .17

7 .5 5
5 .5 0

Method
ATE
1 1 . 1 6

9 .5 5
8 .1 0  

28.82

CWR
16.42
9 .0 2
7 .6 5

3 3 .0 9

GAS ANALYSIS: Not A v a ila b le



T -2620 104

RUN NUMBER; R11

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in . 
18 .87  gm
1653 p s i g  
1840 p s i g

A d d i t i v e :

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS

P r o d u c t

177 .04
13.10
10 .2 3

6 .21
14 .72
5 .5 3

M ethod

% O i l
% A s p h a l t e n e
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component Mole %
H2

H^S
C0 _

^ 2 %
CH
CO

4

ATE
2 2 .3 5
18 .16
25.86
6 6 .3 7

P r o d u c t  Gas: 
Component

H2
C3H8
HpS
COp

C2%6
CH
CO

4

CWR
2 5 .0 4
17 .57
25.02
6 7 .6 3

Mole % 
9 6 .5 0 3  

• 161 
.281  

1 .497  
. 105 
.8 3 9  
.6 7 4
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RUN NUMBER; R14

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in .

19 .3 3  gm
1700 p s i g  
1940 p s i g

A d d i t i v e :  p y r i t e

P y r i t e  I n j e c t e d :  1 .66  gm

PRODUCT ANALYSIS
T o t a l  W eight o f  S am p les  (gm)
T o t a l  W eight o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASK i n  P a r e n t  C oa l

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas:

Component

189 .17
15.01
11 .79
7 .9 3

2 1 .0 3
5 .5 3

M ethod

M ole % 
100 .0

ATE

7 .5 6
2 2 .7 3
2 7 .2 4

5 7 .5 4

P r o d u c t  Gas: 
Component 

H2
h2s

CO.
CH
CO

4

CWR

25.61
19 .20
2 3 .0 2
67.82

Mole %

9 8 .5 1 7
.0 4 6
.6 7 8
.3 7 4
.3 2 8
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RUN NUMBER: R15

CONDITIONS: 
R e s id e n c e  Time 
C oal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in ,  

19*97 gm 
1650 p s i g  
1850 p s i g

A d d i t i v e :  none

PRODUCT ANALYSIS
.T o ta l  W eight o f  S a m p les  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  THF I n s o l u b l e s  (gm)
A v e r a g e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas:

Component

1 8 8 .2 2
14*30
11.28
7*79

12 .6 5
5 .41

M ethod

M ole %
100 .0

ATE
2 2 .9 3
17 .48
2 0 .2 0
60 .61

P r o d u c t  Gas: 
Component

Ho

CWR
2 5 .2 3
17.00
19 .6 4
6 1 .8 6

CO.
CH
CO

4

M ole % 
9 8 .8 5 6  

.571 

.2 7 9  

.2 5 0
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RUN NUMBER: R16

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in . 
17*96 gm 
1700 p s i g  
1850 p s i g

A d d i t i v e :  p y r i t e  
P y r i t e  I n j e c t e d : 1.51 gm

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am ples  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component
H„

1 81 .74
15*70
12.21

10 .55
12.00

5*55

M ethod

M ole %
100 .0

ATE
-4 * 6 7
1 2 .8 5
16 .0 2
2 4 .1 8

P r o d u c t  Gas: 
Component 

H2 
H2s

CWR
2 5 .8 4

9 .6 4
12 .0 3
47 .51

CO.
CH
CO

4

Mole % 
99*454 

.0 5 2  
*556 
• 066 
.121
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RUN NUMBER: R19

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in . 
18 .72  gm
1700 p s i g  

1875 p s i g

A d d i t i v e :  none

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component
H„

18 8 .05
15 .06
10 .50
9 .7 5
6 .9 8
5 .5 2

M ethod
ATE

8.51
7 .5 0
6 .4 4

2 2 .0 6

M ole % 
100 .0

P r o d u c t  Gas: 
Component 

H2

c o ?
CH,
CO

cvm
15.61

6 .7 6
5 .9 6

2 8 .3 3

Mole %
9 9 .5 0

.3 2 9
.0 4 4
.121
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RUN NUMBER: R25
CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in. 
18 .90  gm
1900 p s i g  
21?0 p s i g

A d d i t i v e :  p y r i t e / 10% H^S
P y r i t e  I n j e c t e d :  1 .58  gm

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS

P r o d u c t
% O i l

185*78
15 .40
9 .9 5  
6 .1 4

26.82  
5 .5 7

M ethod

A s p h a l t e n e%
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

H2
h2s

M ole % 
9 5 .9 4 8

4 .0 4 4

ATE CWR
17.06 5 2 .4 0

2 4 .4 9 21.51
2 6 .7 4 2 5 .2 7
6 8 .2 9 7 6 .9 8

P r o d u c t  Gas:
Conroonent Mole %

H2 9 2 .1 1 8
h2 s 5 .5 5 4
C02 2 .2 0 4

C2H6 .1 8 2

chA 1 .542
CO • 546
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RUN NUMBER; R26

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in . 
19*63 gm 
1900 p s i g  
2250 p s i g

A d d i t i v e :  none

PRODUCT ANALYSIS
T o t a l  W eight o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  THF I n s o l u b l e s  (gm)
A v e ra g e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component
Ho

M ole % 
100 .0

191*06
13 .98
10 .86
6 .4 0

13*00
3 .1 4

M ethod
ATE
2 6 .3 8  
17.60
2 3 .1 3
69 .31

P r o d u c t  Gas: 
Component 

Ho

CWR
26.82
17 .35
2 3 .0 3
6 9 .4 2

Mole % 
9 6 .1 2 7
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RUN NUITSSR: R27

CONDITIONS: 
R e s id e n c e  Time 
C o a l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in . 
18 .76  gm 
1900 p s i g  
2150 p s i g

A d d i t i v e :  p y r i t e / 10% H^S
P y r i t e  I n j e c t e d :  1 .69  gm

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e ra g e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l

190 .78
15 .86
13 .7 4
1 0 .9 2
14.69
5 .8 0

M ethod

A s p h a l t e n e%
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

H2 '
H2 s

Mole % 

96 .621  
3 .3 7 4

ATE
- 9 . 3 0
16 .25
2 1 .6 2
2 8 .5 8

P r o d u c t  Gas: 
Component

H2
H^S
COg
CH. .4
CO

CWR
2 0 .1 9
12 .7 3
16 .9 3
4 9 .8 5

Mole %

9 5 .1 1 4
2 .8 9 5
1.176

.341

.4 1 0
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RUN NUMBER; R28

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in . 
19*62 gm
1900 p s i g  
2070 p s i g

A d d i t i v e :  none

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v erag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l

A s p h a l t e n e%
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component 
H„

189*97
14*73
11.29
7 .2 3

14*14
5 .5 2

M ethod
ATE
2 1 .7 0

19 .6 5
2 3 .1 9
64*54

CWR
2 2 .5 7

19 .4 5
2 2 .9 5
64*97

M ole % 
100 .0

P r o d u c t  Gas:
Component Mole %

H2 9 6 .7 0 6
c o 2 1 .576

C2H6 .1 0 7

CH4 .8 3 9
CO .6 9 2
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RUN NUMBER: R29
CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in . 
19.31 gm 
1900 p s i g  
2130 p s i g

A d d i t i v e : 10% H^S

PRODUCT ANALYSIS
T o t a l  W eight o f  S am p les  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e

187 .72
13 .90
1 3 .3 2
9 .7 8

10 .06
3 .6 7

M ethod

% C o n v e r s io n

CAS ANALYSIS
I n i t i a l  Gas:

ATE ,
8 .9 2

1 4 .3 3
2 2 .8 4
4 6 .2 9

P r o d u c t  Gas:

CWR
14.37
13 .72
2 1 .3 3
4 9 .6 4

Comnonent M ole % Comnonent Mole %
H2 9 6 .7 9 0 H2 9 5 .0 6 8
h2 s 3 .2 0 4 h2s 2 .8 0 3

C02 1.286

ch4 .3 4 2
CO .441
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RUN NUMBER; R30

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in , 
1 9 .3 3  gm 
1900 p s i g  
2230 p s i g

A d d i t i v e : 5% H?S

PRODUCT ANALYSIS
T o t a l  W eight o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e ra g e  % ASH i n  THF I n s o l u b l e s  *
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS 

P r o d u c t
% O i l

189 .92
15 .36
13 .16
9 .2 3
9 .8 9
5 .4 7

M ethod

A s p h a l t e n e%
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Comnonent

H2
h2 s

M ole %

9 8 .3 2 4
1 .672

ATE
8 .4 8

1 3 .9 4
2 4 ,8 9
47 .31

P r o d u c t  Gas: 
Comnonent 

H2
h2s

CWR

17 .7 3
12.61
2 2 .5 3
5 2 .8 7

CO.
CH
CO

4

Mole % 

9 6 .1 2 5  
1 .786  
1.291 

.3 3 3  

.4 0 0
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RUN NUMBER: R31

CONDITIONS: 
R e s id e n c e  Time 
C oal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in .  
19*38 gm 
1900 p s i g  
2260 p s i g

A d d i t i v e :

PRODUCT ANALYSIS
T o t a l  W eight o f  S a m p les  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  THF I n s o l u b l e s  (gm)
A v e r a g e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l

18 6 .25  
13*05 
9*50 
4* 61 

1 9 .2 2  

5 .5 9

M ethod

A s p h a l t e n e%
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Comnonent 
H2 
H2 S

M ole % 

97 .69 1  
2 .3 0 4

ATS
18 .79
2 3 .7 0
3 2 .6 5  
7 5 .1 4

P r o d u c t  Gas: 
Component

H2
H^S
CO2
C2
CH
CO

4

CWR

2 9 .9 5
2 0 .6 7
2 8 .4 7
7 9 .0 8

M ole %

9 4 .9 8 7
1.108
1.900

.1 6 3
1 .1 9 0

.5 8 3
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RUN NUMBER: R32

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in . 
18 .49  gm 
1900 p s i g  
2240 p s i g

A d d i t i v e :  p y r i t e / 3% H^S
P y r i t e  I n j e c t e d :  1 .62  gm

PRODUCT ANALYSIS
T o t a l  W eight o f  S am p les  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e 
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

H2
H^S

190.16
1 5 .6 5
1 3 .4 4
9 .7 6

16 .27
5 .0 2

M ethod

Mole %

9 7 .5 9 7
2 .3 9 8

ATE 
.3 8  

15 .66  
2 6 .0 7
4 2 . 10

P r o d u c t  Gas: 
Component

H2
H^S

CWR
20.30
13 .27
22 .0 9
5 5 .6 6

CO.
CH
CO

4

Mole % 
9 6 .6 1 5  

.9 5 5  
1.382 

.4 3 9  

.5 3 9
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RUN .NUMBER: R34

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in .

18 .77
1900 p s i g  
2345 p s i g

A d d i t i v e :  p y r i t e / 3% H2 S
P y r i t e  I n j e c t e d :  1.61 gm

PRODUCT ANALYSIS
T o t a l  W eight o f  S am p les  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

H2
h2 s

184 .2 4
13.39
9 .7 3
5.11

3 1 .5 5
5 .3 7

M ethod

M ole %

ATE
10.47
27.82
3 5 .1 2
73 .41

P r o d u c t  Gas: 
Component

CWR
32.08  
2 2 .6 0

2 8 .5 3
83 .21

Mole %

9 7 .4 2 5 H2 9 4 .9 3 8
2.571 H^S .781

c o 2 1.909

%

CO0-

c h 4 1 .407
CO .7 2 5
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RUN NUMBER; R36

CONDITIONS: 
R e s id e n c e  Time 
C oal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in .  
1 8 .2 6  gm 
1800 p s i g  

2210 p s i g

A d d i t i v e :  p y r i t e / 2% H^S
P y r i t e  I n j e c t e d :  1 .6 0  gm

PRODUCT ANALYSIS
T o t a l  W eight o f  S a m p les  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  THF I n s o l u b l e s  (gm)
A v era g e  % ASH i n  THF I n s o l u b l e s
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS

190 .90
1 5 .77
13 .79
10 .12
1 5 .8 3

5 .4 0

M ethod
P r o d u c t

% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

H2
h2s

M ole % 

9 8 .9 8 5  
1 .0 1 4

ATE
- 2 . 8 3
1 4 .37  
2 6 .6 4
38.18

P r o d u c t  Gas: 
Component

H2
h2 s

CWR
18.29
12.10
2 2 .4 3
52.82

CO;
CH
CO

4

M ole % 
9 6 .9 8 7  

.8 5 4  
1 .29 3  

.3 5 2  

.4 9 8
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RUN NUMBER: R38

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

'60 m in . 
18 .79  gm 
1800 p s i g  
2190 p s i g

A d d i t i v e :  p y r i t e / 2% U^S 
P y r i t e  I n j e c t e d :  1 .60  gm

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am p les  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component 
H2
h2 s

ATE
8 .0 1  

2 4 .8  a 

4 0 .3 4
7 3 .1 7

181.32
1 3 .2 3
10 .08
4 .9 6

3 1 .3 6
5 .4 0

M ethod
CWR

3 2 .1 4
19.71
3 2 .0 3
8 3 .8 7

P r o d u c t  Gas:
Mole % Component Mole %

9 9 .2 1 9 H2 9 4 .4 5 4
.7 8 0 H^S .4 9 0

CO2 2 .5 1 6

C2% .2 2 2

ch4 1.526
CO .7 2 0
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RUN NUMBER: R/fO

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in .  
1 9 .3 9  gm 

1800 p s i g  
2200 p s i g

A d d i t i v e : 2% H2 S

PRODUCT ANALYSIS
T o t a l  W eight o f  S am p les  (gm)
T o t a l  W eight o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eight o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component 
H2
h2s

18 9 .9 2
16.01
13 .7 5
1 0 .0 3
9 .9 7
5 .4 0

M ethod
ATE
14 .27
12.91
2 1 .2 5
4 8 .4 3

CWB
14 .0 3
1 2 .9 4
2 1 .3 0
4 8 .2 7

P r o d u c t  Gas:
Mole % Component Mole %
9 8 .9 3 3 H2 9 7 .0 7 5

1 .0 6 3 h 2 s .5 1 9
C02 1 .385
ch4 • 386
CO .5 7 5
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RUN NUMBER; RZfl

CONDITIONS: 
R e s id e n c e  Time 
C oal I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

60 m in . 
19.41 gm 
1800 p s i g  
2250 p s i g

A d d i t i v e : 10# H^S

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am ples  (gm)
T o t a l  W eigh t o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oa l

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Comnonent

185 .17
1 3 .0 4
9 .4 8
4 .5 2

2 0 .4 3
5 .4 4

M ethod

Mole %

ATE
2 3 .1 2
22.00
3 0 .6 5
7 7 .7 7

P r o d u c t  Gas: 
Component

CWR
2 9 .4 3
2 0 .8 2
29.01
7 9 .2 7

Mole %

H2 9 3 .7 9 5 H2 93 .761
h2 s 6 .1 8 7 h2s 1 .879

C02 2 .1 4 7

C2H6 .1 8 6

c \ . . CD

CO .4 8 9
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RUN NUMBER: R42

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in . 

19*19 gm
1800 p s i g  
2270 p s i g

A d d i t i v e :  p y r i t e
P y r i t e  I n j e c t e d :  1 .5 8  gm

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am ples  (gm)
T o t a l  W eight o f  P e n ta n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS 

P r o d u c t
% O i l
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas: 

Component

Ho

189.50
16.01
13 .90
9 .9 9

16.11
5 .4 0

M ethod

M ole % 

1 0 0 .0

ATE 
- . 5 1

14 .73

2 7 .2 9
41 .51

P r o d u c t  Gas: 
Component 

■ H.

CWR
2 0 .2 7
12 .38

2 2 .9 5
5 5 .6 0

2
[2 ;

CO.
H 2 S

CH

CO
4

M ole % 
9 7 .3 8 6  

.2 1 5  
1.388 

.4 0 3  

.5 7 2
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RUN NUMBER: ^ 3

CONDITIONS: 
R e s id e n c e  Time 
C oa l I n j e c t e d  
I n j e c t i o n  P r e s s u r e  
Maximum P r e s s u r e

10 m in . 
18 .68  gm 
1800 p s i g  
2183 p s i g

A d d i t i v e :  p y r i t e
P y r i t e  I n j e c t e d :  1 .67  gm

PRODUCT ANALYSIS
T o t a l  W eigh t o f  S am ples  (gm)
T o t a l  W eigh t o f  P e n t a n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  T o lu e n e  I n s o l u b l e s  (gm)
T o t a l  W eigh t o f  THF I n s o l u b l e s  (gm)
A v e rag e  % ASH i n  THF I n s o l u b l e s  
% ASH i n  P a r e n t  C oal

CALCULATED YIELDS

P ro d u ct
% O il
% A s p h a l t e n e  
% P r e a s p h a l t e n e  
% C o n v e r s io n

GAS ANALYSIS
I n i t i a l  Gas:

Component Mole %
H^ 1 0 0 . 0

189.31
15 .9 4
13 .83
10 .80

13 .27
3 .2 4

M ethod
ATE

1.98

14 .69
2 1 .4 3
38.10

CWR
19.39
12.31
18.26
30.16

P r o d u c t  Gas: 
Component 

H2
h2s

CO.
CH
CO

4

Mole % 
9 7 .5 4 8  

.2 3 9  
1 .349  

.3 1 4  

.4 7 8
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APPENDIX B 

PENN STATE COAL DATA BANK INFORMATION
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** PFNN STATE COAL DATA BASE **
* * * * * * * * * * * * * * *  

** PSOC-233 ** 
** PAGE ] **
* * * * * * * * * * * * * * *

REPORTED RANK

* * * * * * * * * * * * * * * * * *  

*  *

* SAMPLE HISTORY *
*  *  
* * * * * * * * * * * * * * * * * *

PENN STATE NUMBER PSOC-233

COLLECTED BY 
COLLECTION DATE 
COLLECTOR'S NUMBER

PENNSYLVANIA STATE UNIVERSITY 
9/25/71 

233

SAMPLE TYPE
OTHER SAMPLE INFORMATION 
SAMPLE RESERVE

CHANNEL WHOLE SEAM 
BRIGHT COAL

SEAM NAME
ALTERNATE SEAM NAME

WADGE

TOTAL SEAM THICKNESS 
THICKNESS OF SEAM SAMPLED 
PORTION RECOVERED IN CORE 
DIAMETER OF CORE

8 FT. 7 IN.

* * * * * * * * * * * * * * * * * * *  

*  *

* SAMPLE LOCATION *
*  *  
* * * * * * * * * * * * * * * * * * *

COUNTRY 
STATE 
COUNTY 
TOWNSHIP 
NEAREST TOWN

U.S.A.
COLORADO
ROUTT

ENERGY

COAL PROVINCE 
COAL REGION 
COAL FIELD

ROCKY MOUNTAIN 
GREEN RIVER

MAP REFERENCE: LATITUDE 40D 29M 00S
LONGITUDE 106D 50M 00S
QUADRANGELE
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SPAM NAME 
APPARENT RANK

** PENN STATE COAL DATA BASE **

WADGE
HIGH VOLATILE C BITUMINOUS (HVCB)

* * * * * * * * * * * * * * * * * * * * * * * *  

*  *

* GEOLOGIC INFORMATION *
*  *

* * * * * * * * * * * * * * * * * * * * * * * *

* * * * * * * * * * * * * * *  

** PSOC-233 ** 
** PAGE 2 **
* * * * * * * * * * * * * * *

COUNTRY U.S.A.
STATE COLORADO

SYSTFM (AGE) 
SERIES 
GROUP 
FORMATION

UPPER CRETACEOUS

MESA VERDE 
WILLIAMS FORK

OVERBURDEN LITHOLOGY 
FLOOR LITHOLOGY

* * * * * * * * * * * * * * * * * * * * * * * * * * *  

*  *

* SEAM STRATA INFORMATION *
*  *
***************************

THICKNESS LITHOTYPE

******************** 
*  *

* MINE INFORMATION ** *
********************

MINE NAME 
MINING METHOD 
MINE RESERVES 
MINE PRODUCTION 
MINE LIFE EXPECTANCY 
OVERBURDEN THICKNESS

ENERGY
STRIP

769 THOUSAND TONS/YEAR
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** PENN STATE COAL DATA BASE **

SEAM NAME 
APPARENT RANK

WADGE
HIGH VOLATILE BITUMINOUS (HVCB) 

******************* 
* *
* CHFMICAL DATA 1 ** * 
*******************

PROXIMATE ANALYSIS AS REC'D DRY

(GROSS BTU/LB)

% MOISTURE 7.54
% ASH 8.40 9.09
% VOLATILE MATTER 35.61 38.51
% FIXED CARBON 48.45 52.40

CALORIFIC VALUE DRY AS

DAE

42.36
57.64

MOIST.

DMMF

41.80
58.20

EQUTL.
MOIST.

*************** 
** PS00-233 ** 
** PAGE 3 *****************

COUNTRY U.S.A.
STATE COLORADO

DMMF DMMF
(PARR) (PARR-G) (DIR MM)

41.46
58.54

MM-FREE,DIRECT 
MM-CONTAINING 
MM-FREE (PARR) 
MM-FREE (MOD.P)
BEST MM FREE
NET CV, DMMF BTU/LB
ASH-FREE

12372 11439
13733 12591
13790 12617

12617
13276
13609

MOTT-SPOONER DIFFERENCE = 2 1 ,

ASSOCIATED ANALYSES DRY

% EQUILIBRIUM MOISTURE 
% TOTAL SULFUR 0.51

MMF

*********************
* *
* RANK CALCULATIONS *
*  *

*********************
APPARENT RANK (AS REC'D MOIST) HIGH VOLATILE C BITUMINOUS (HVCB)
ASTM RANK (EQUTL. MOIST.)
REFLECTANCE RANK CATEGORY HIGH VOLATILE B BITUMINOUS (HVBV)
INTERNATIONAL RANK 

AS REC'D MOIST.
EQUIL. MOIST.

REPORTED RANK
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** PFNN STATE COAL DATA BASF **

SRAM NAME 
APPARENT RANK

WADGE
HIGH VOLATILE BITUMINOUS (HVCB) 

******************* 
* *
* CHEMICAL DATA 2 ** * 
*******************

*************** 
** PSOC-233 ** 
** PAGE 4 **
* * * * * * * * * * * * * * *

COUNTRY U.S.A.
STATE COLORADO

ULTIMATE ANALYSIS AS REC'D DRY DAF DMMF(PARR)

(10.10 %MM)
% ASH 8.40 9.09
% CARBON 65.03 70.33 77.36 78.23
% HYDROGEN 4.60* 4.98 5.48 5.54
% NITROGEN 1.6] 1.74 .1.91 1.94
% SULFUR 0.47 0.51 0.56
% CHLORINE 0.0] 0.01 0.02 0.02
% OXYGEN(DIFF) 12.33* 13.34 14.67 14.28

SULFUR FORMS % PYRITIC % SULFATIC % ORGANIC % TOTAL

DRY 0.08 0.01 0.42 0.51
DAE 0.09 0.01 0.46 0.56
OPTICAL

ELEMENTAL ANALYSIS DRY DMMF(MOD.P) DMMF(DIR.)

% CARBON 70.20
(10.32%MM) 

78.28
( %MM)

% HYDROGEN 4.86 5.42
% NITROGEN 1.74 1.94
% ORGANIC SULFUR 0.42 0.47
% OXYGEN(DIFF) 12.46 13.88
% CHLORINE 0.0] 0.02
% MINERAL MATTER 10.32 

(INCLUDES 0.15 % FES2)

ATOM RATIOS (DMMF) PARR MOD.PAR DIRECT

ATOMIC H/C 0.850 0.832
ATOMIC O/C 0.137 0.148

MISC. CHEMICAL DATA DRY OF' DMMF COAL OF DMMF OXYGEN

% 0  AS COOH
% 0 AS OH 4.90 5.46 39.32
% S AS 504,IN ASH 
% CARBONATE AS C02 
% CHLORINE 0.03

INFRA-RED ANALYSIS 

(*)-EXCLUDES MOISTURE
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SEAM NAME 
APPAREOT RANK

* PENN STATE COAL DATA BASE *

WADGE
HIGH VOLATILE C BITUMINOUS (HVCB)******************* 

*  *

* CHFMICAL DATA 3 ** * 
*******************

* * * * * * * * * * * * * * *  

** PSOC-233 ** 
** PAGE 5 **
* * * * * * * * * * * * * * *

COUNTRY U.S.A.
STATE COLORADO

% MOISTURE IN COAL = 9.00 AT
% HIGH TEMPERATURE ASH = 9.67

550 DEGREES C

TRACE ELEMENT PPM PPM
ANALYSIS HTA TOTAL COAL

AG < 1 0
B
BA 4400 425
BE 5 0
BI < 20 2
CE < 300 30
CO < 20 2
CR 44 4
cu 130 33
GA 34 3
GE < 25 2
LA 70 7
LI
MN 77 7
MO
NI < 25 2
NB < 20 2
PB 80 8
RB
SC 12 1
SN 70 7
SR 3300 319
TH
U
V 54 5
Y 36 3
YB < 5 0
ZN . 340 14
ZR 23 0 20

MAJOR ELEMENT OXIDE % ELEMENT % 
ANALYSIS OF HTA OF TOTAL

DRY COAL

SI02 51.70 2.34
AL203 24.50 1.25
TT02 0.70 0.04
FE203 2.63 0.38
MOO 3.20 0.07
CA0 4.55 0.31
NA20 0.97 0.07
K20 0.72 0.06
P205 1.40 0.06
S03 4.60 0.38

VOLATILES PPM TOTAL COAL

AS
BR
CD
CL
F
HG
SB
SE
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SEAM NAME 
APPARENT RANK

** PENN STATE COAL DATA BASE **

WADGE
HIGH VOLATILE C BITUMINOUS (HVCB)

* * * * * * * * * * * * * * * * * * * * * *  

* *
* MINERALOGICAL DATA ** * 
**********************

*************** 
** PSOC-233 ** 
** PAGE 6 **
* * * * * * * * * * * * * * *

COUNTRY U.S.A.
STATE COLORADO

TOTAL MINERAL MATTER

% MM-PARR
% MM-MODIFIED PARR 
% MM-KMC 
% MM-DJRECT 
% MM-BEST AVAILABLE 
VOL % MM-PARR

10.30
10.32

10.32
5.14

MINERAL COMPOSITION

% LOW TEMPERATURE ASH (MCL) = 31.43 % LOW TEMPERATURE ASH (O’GORMAN) =
(ALL DATA DETERMINED ON 65X100 

MESH SIZE FRACTION)
% OF LTA % OF LTA

QUARTZ 15 KAOLINITE
PYRITE 0 ILLITE
CALCITE 0 MUSCOVITE
GYPSUM 5 CHLORITE
KAOLINITE 30 MONTMORILLONITE
MONT + ILL + MLC 0 MIXED CLAYS
MONT + ILL 0 CALCITE
MONT + MLC 0 ARAGONITE
ILLITE + MLC 0 DOLOMITE
MONTMORILLONITE 35 ANKERITE
ILLITE 0 SIDERITE
MIXED LAYER CLAYS 0 QUARTZ
FELDSPAR 5 GYPSUM
MINOR FE SULFATES 0 PYRITE

JAROSTTF.
HEMATITE
RUTILE
THENARDITE
PLAGIOCLASE
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SFAM NAME 
APPARENT RANK

** PENN STATE COAL DATA BASE **

WADGE
HIGH VOLATILE C BITUMINOUS (HVCB)********************* 

* *
* PETROGRAPHIC DATA ** * 
*********************

i * * * * * * * * * * * * * * *

< ** PSOC-233 **
** PAGE 7 **
* * * * * * * * * * * * * * *

COUNTRY U.S.A.
STATE COLORADO

MACERAL COMPOSITION

DRY DMMF DRY
VOLUME % VOLUME % WEIGHT %

VITRINITE (CALC.) 84.2 88.8 79.9
INERTINITE 6.2 6.5 6.4
LIPTINITE 4.5 4.7 3.6
MINERAL MATTER 5.1 10.1

VTTRINOTDS
VITRINITE 72.4 76.3 68.7
PSFUDOVTTRTNITE 11.9 12.5 11.2
FUSINITF 3.4 3.6 3.6
SEMI-FUSTNITE 1.5 1.6 1.5
MACRINTTE 0.7 0.7 0.7
MICRTNITE 0.6 0.6 0.6
SCLEROTINITE 0.0 0.0 0.0
SPORINITE 2.5 2.6 2.0
CUTINITE 
EXINITE (ANAL)

0.0 0.0 0.0

RESTNITE 2.0 2.1 1.6
FXU LATINITE 0.0 0.0 0.0
FLUORINITE 0.0 0.0 0.0
BITUMINITE 0.0 0.0 0.0
ALGINITE 0.0 0.0 0.0
LI PTODETRINITE 
MINERAL MATTER(ANAL) 
INERTINITE 
LIPTINITE

0.0 0.0 0.0

REFLECTANCE DATA (%,IN OIL)

VI TRINITE
PSFUDOVITRINLTE
V7TRINOIDS

HIGH LOW RANGE

0.76 0.47 0.29
0.72 0.54 0.18

0.00

MEAN MAX STAND.DEV.

0.63
0.63
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SEAM NAME 
APPARENT RANK

** PENN STATE COAL DATA BASE **

WADGE
HIGH VOLATILE C BITUMINOUS (HVCB)

*************** 
** PSOC-233 ** 
** PAGE 8 *****************

COUNTRY U.S.A.
STATE COLORADO

********************* 
* *
* PETROGRAPHIC DATA *
* CONTINUED ** * 
*********************

% VTTRINOJD 
REFLECTANCE HALF-TYPE

VOLUME
PERCENT

% VTTRINOJD 
REFLECTANCE V-TYPE

VOLUME
PERCENT

0.40— 0.44 VHT 0.425 1.29
0.45-0.49 VHT 0.475 1.29 0.50-0.59 V4 2.58
0.50-0.54 VHT 0.525 14.20
0.55-0.59 VHT 0.575 14.20 0.50-0.59 V5 28.40
0.60-0.64 VHT 0.625 30.62
0.65— 0.69 VHT 0.675 30.62 0.60-0.69 V6 61.24
0.70-0.74 VHT 0.725 3.88
0.75-0.79 VHT 0.775 3.88 0.70-0.79 V7 7.76
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***************
** PFNN STATE COAL DATA BASF ** ** PSOC-233 ** 

** PAGE 9 *****************
SEAM NAME WADGE
APPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB)

COUNTRY U.S.A. 
STATE COLORADO

***********************
* *
* PHYSICAL PROPERTIES ** *

* * * * * * * * * * * * * * * * * * * * * * *

HARDGROVE GRJNDABILITY 
VICKER'S MICROHARDNESS

40.7
31.3

FREE SWELLING INDEX 
GRAY KING COAL TYPE

SURFACE AREA 
(DETERMINED WITH NITROGEN) 

SURFACE AREA 
(DETERMINED WITH CARBON) 
DIOXIDE

DENSITY 
(DETERMINED WITH HELIUM) 

DENSITY 
(DETERMINED WITH MERCURY) 

DENSITY (DETERMINED WITH WATER)

SPECIFIC GRAVITY

MICROPORE VOLUME 
MACROPORE VOLUME 
TOTAL PORE VOLUME 
PORE SIZE DISTRIBUTION

GIESELER PLASTICITY DATA

MAXIMUM FLUIDITY 
MAXIMUM FLUIDITY TEMPERATURE 
INITIAL SOFTENING TEMPERATURE 
SOLIDIFICATION TEMPERATURE 
FLUID TEMPERATURE RANGE 
PLASTCMETER TYPE

ASH FUSION ANALYSIS (DEGREES F) REDUCING OXIDIZING

INITIAL DEFORMATION TFMPERATURE 
SOFTENING TEMPERATURE 
HEMISPHERE TEMPERATURE 
FLUID TEMPERATURE
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SRAM NAME 
APPARENT RANK

ANALYSIS

A.R. MOIST 
EQUTL. MOIST. 
PROXIMATE 
ULTIMATE 
SULFUR FORMS 
ESI
PLAS IOMETER 
DIRECT MM 
GRAY-KING

** PENN STATE COAL DATA BASE **

WADGE
HIGH VOLATILE C BITUMINOUS (HVCB) 

* * * * * * * * * * * * * * * *

*  *

* ANALYSIS LOG *
*  *  
* * * * * * * * * * * * * * * *

PERFORMED BY

COUNTRY
STATE

* * * * * * * * * * * * * * *  

** PSOC-233 ** 
** PAGE 30 **
* * * * * * * * * * * * * * *

U.S.A.
COLORADO

DATA

4/ 4/72 COMMERCIAL TESTING & ENGINEERING

4/ 4/72 COMMERCIAL TESTING & ENGINEERING
4/ 4/72 COMMERCIAL TESTING & ENGINEERING
4/ 4/72 COMMERCIAL TESTING & ENGINEERING

* * * * * * * * * * * * * * * * * * * *  

* * 
* PERFORMANCE DATA *

PREPARATION DATA YIELD ASH
* * * * * * * * * * * * * * * * * * * *

SULFUR VITRINITE LIPTINITE 
(HUMINITE)

INERTINITE

1.35 FLOAT
3.35 X 3.45 
3.45 X 1.55 
1.55 X 1.65 
1.65 X SINK

GASIFICATION DATA (MAX REACTIVITY OF 3000 DEGREES C, 40 X 3 00 MESH COAL CHARS) 
TEMPERATURE (DEGREES C) PRESSURE (AIM) REACTIVITY

AIR
C02
H

CARBONIZATION DATA

TOTAL REACTIVE MACERAL MATERIAL (USS)
TOTAL REACTIVE MACERAL MATERIAL (BETH)
TOTAL INERT MATERIAL
RFPOTIVE INERT MATERIAL
BALANCE INDEX
STRENGTH INDEX
PREDICTED STABILITY
PREDICTED MICUM 40
MEASURED STABILITY
MEASURED MICUM 40
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APPENDIX C 

MOSSBAUER ANALYSIS
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Fraction of Fe as:
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0.943
BR17

1.000

0.910
480.

channel number
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1.000

0.902

1.000

0.818

1.000

0.943

1.000

0.850

BR14

V z x A  / X / X v

BR14 ASM
n \  r

BR16

■ ^ ' w v a  r v v *

BR16 ASM

]. 120. 240.
CHANNEL NUMBER

360. 480.

F i g u r e  28 . C om parison  o f  T H F - I n s o lu b le s  
and Ash.
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8 1 %  F e ^ 9 0 0 S

A

2 6 %  F e S 2 

74% Fee694S

*wx

R36 2H2S

% #«*

R32 5H2S

5 0 %  FeS-, 
7 0 %  F e e 8 9 1 S
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/

4 1 %  F e S 2 
5 9 %  F e ^ g g j S
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0.883

1.000

0.884

1.000

0.885

60MIN RUNS R38 2H2S '
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R25 1OH2S

%  WVX A-/
: f  /< w

60. 120. 180. 240.
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F ig u r e  30 . E f f e c t  o f  H^S C o n c e n t r a t i o n
on Fe S S t o i c h i o m e t r y
a t  a 60 M inu te  R e s id e n c e  Time
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APPENDIX D

CALCULATIONS
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S lu r r y  C a l c u l a t i o n s  
( i n  p r e s e n c e  o f  p y r i t e )

s l u r r y  = t e t r a l i n  + c o a l  + p y r i t e  

known i n f o r m a t i o n :

XB = grams u n ch a rg ed  s l u r r y  from b ea k er

AXB = grams c o a l  + p y r i t e  ( a c e t o n e  wash o f  XB)

AXB ASH = % AXB ASH

XI = grams u n ch a rg ed  s l u r r y  from i n j e c t i o n  v e s s e l  

AXI = grams c o a l  + p y r i t e  ( a c e t o n e  wash o f  XI)

AXI ASH = % AXI ASH 

PASH = % p a r e n t  c o a l  ash  

ADD ASH = % p y r i t e  ash

now f o r  b e a k e r :

t o t a l  gram s ash  = (AXB ASH) * AXB

= (AXB ASH) * ( c o a l  + p y r i t e )

or  s i n c e  t h e  ash  i s  g e n e r a t e d  from c o a l  and p y r i t e ,

t o t a l  grams ash  = (PASH) * c o a l  + (ADD ASH) * p y r i t e

T h is  r e d u c e s  to  two e q u a t io n s  and two unknowns w hich  can be

s o l v e d  f o r  th e  amount o f  c o a l  and p y r i t e  n o t  ch a rg ed  to  t h e

i n j e c t i o n  v e s s e l .  Thus,



T-2620 143

c o a l  l o s t  -  AXB * (AXB ASH -  ADD ASH) 
c o a l  l o s t  -  ( pa sh  -  ADD ASH)

p y r i t e  l o s t  = AXB -  c o a l  l o s t

t e t r a l i n  l o s t  = XB -  AXB

now f o r  i n j e c t i o n  v e s s e l :

by a s i m i l a r  d e v e lo p m e n t ,

_ AXI * (AXI ASH -  ADD ASH)
c o a l  l o o t ------------- fpIsH  “  ÂDDASH)

p y r i t e  l o s t  = AXI -  c o a l  l o s t  

t e t r a l i n  l o s t  -  XI -  AXI
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CALCULATION OF INITIAL PERCENTAGES

H^S g a s  b o t t l e :  10.19% H^S i n

t o t a l  i n i t i a l  p r e s s u r e  = 400 p s i g

HpS i n i t i a l  p a r t i a l  p r e s s u r e s  u s e d :  8 0 ,  200 , 400 p s i g

T h e r e f o r e ,  a s su m in g  i d e a l  g a s s e s :

a  400 p s i g  H2 S ^ 0  * 10 .19  = 10.19%

@ 200 p s i g  H2S # 0  * 10 .19  = 5.095% H2S

@ 80 p s i g  H2 S t0 0  * 10 .19  = 2.038% H2 S
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IRON IN COAL

C oal a s h  c o n t a i n s  3» 50% Fe^O^

% c o a l  a sh  = 5*64%

B a s i s :  1 g c o a l  
t h u s :

( .0 3 3 0 )  * ( .0 5 6 4 )  = .0 0 1 8 6  g Fe^O?

( .0 0 1 8 6  g Fe-O?) * ( 5 5 .8 5  g Fe) * (2  mole Fe) * (m ole  F e r 0?)
^ (m ole  F e ) (m ole Fe^O?) ( 159 .70  ‘g Fe^O^^

= .0 0 1 3 0  g Fe o r  .13% Fe

P y r i t i c  S u l f u r  = .05% 
t h u s ,

( .0 0 0 5  g p y r i t i c  s u l f u r )  * (m ole S) * (m ole  Fe) * ( 5 5 .8 5  2 Fe)
( 3 2 . Oé g Fe) (2  m ole S) (m ole  Fe)

= . 0 0 0 4 4  g  p y r i t e  i r o n

= . 0 0 0 4 4 /.0 0 1 3 0  = 33.5%  p y r i t e

r e s u l t :
t o t a l  i r o n  . 13%
p y r i t i c  i r o n  33*5%
n o n - p y r i t i c  i r o n  66.5%
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APPENDIX S

LOIV TEMPERATURE 

ASH ANALYSIS
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LTA A n a l y s i s

Coal Ash

Mineral (or M ater ia l)  

K a o l in i t e  

Quartz

U n id e n t i f ie d
(C r y s ta l l in e )

Amorphous

Composition

Al2Si205(0H)4

SiCL

E s t . Amount 
(Wt %)

20-30

10-15

<5

Remainder


