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Abstract:
The oily products obtained from the hydrogenation of Savage, Montana lignite were tested to
determine the effects of the reaction variables of temperature, catalyst concentration, and run length on
the physical properties of the products.

It was found that the product properties depended only slightly on the reaction conditions.

The maximum yield of oil is obtained at the most extreme set of variable reaction conditions studied:
475°C, a catalyst concentration equal to 4.0% by weight of the coal treated (moisture and ash free
basis), and a run length of 4 hours. 
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ABSTRACT

The o i l y  p r o d u c ts  o b ta in e d  from  th e  h y d ro g e n a tio n  o f  S a v a g e , Mon­
t a n a  l i g n i t e  w ere  t e s t e d  t o  d e te rm in e  th e  e f f e c t s  o f  t h e  r e a c t i o n  v a r i a b l e s  
o f  t e m p e r a t u r e . c a t a l y s t  c o n c e n t r a t i o n ,  and ru n  l e n g th  on t h e  p h y s ic a l  p r o ­
p e r t i e s  o f  t h e  p r o d u c t s .

I t  was found  t h a t  t h e  p ro d u c t  p r o p e r t i e s  depended  o n ly  s l i g h t l y  on 
t h e  r e a c t i o n  c o n d i t io n s .

The maximum y i e l d  o f  o i l  i s  o b ta in e d  a t  th e  m ost e x tre m e  s e t  o f  
v a r i a b l e  r e a c t i o n  c o n d i t io n s  s t u d i e d :  U75°C , a  c a t a l y s t  c o n c e n t r a t io n  e q u a l  
t o  b.0% by  w e ig h t o f  t h e  c o a l  t r e a t e d  ( m o is tu re  and a sh  f r e e  b a s i s ) ,  and a 
ru n  l e n g th  o f  4 h o u r s .
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I .  INTRODUCTION /

C o a l h y d ro g e n a t io n  t o  p ro d u c e  a  l i q u i d  p ro d u c t  i s '  n o t  a  .new p r o c e s s .  

I n  W orld War I I ,  t h e  Germans used--'a h ig h  t e m p e r a tu r e ,  h ig h  p r e s s u r e  p r o c e s s  

t o  s u p p ly  s y n t h e t i c  f u e l  f o r  t h e  w ar e f f o r t . S in c e  t h a t  t im e  R u s s ia  h as  

done e x te n s iv e  w ork on c o a l  h y d ro g e n a t io n  '( ' I ) ■. 1 ' .

I n  t h e  U n ite d  S t a t e s , w ork h a s  "been d i r e c t e d  to w a rd  p ro d u c in g  b o th  

s y n t h e t i c  f u e l s  and o r g a n ic  c h e m ic a ls  b y  h y d ro g e n a t in g  c o a l .

The m ost n o ta b le  o f  t h i s  w ork a r e  p r o j e c t s  by U nion C a rb id e  C o rp o r­

a t i o n  and C o n s o l id a te d  C oal Company. The U nion C a rb id e  p r o c e s s  s tu d y  h as  

b e e n .c o m p le te d .  The C o n s o l id a te d  C oal p r o j e c t  a t  C r e s a p , W est V i r g in i a  i s  

sp o n s o re d  by  th e  O f f ic e  o f  C oal R e se a rc h  and  i s  d i r e c t e d  to w a rd  c o n v e r t in g  

c o a l  t o  l i q u i d  f u e l s  ( 2 ) .  No r e p o r t  i s  y e t  a v a i l a b l e .

U n t i l  r e c e n t l y , l i t t l e  w ork h a d  b e e n  done on th e  h y d ro g e n a t io n  o f  

c o a ls  from  th e  w e s te r n  U n ite d  S t a t e s .  The F o r t  U nion C oal R eg ion  (F ig u re  l )  

i n  M ontana and a d ja c e n t  s t a t e s  c o n ta in s  an  e s t im a te d  r e s e r v e  o f  H60 b i l l i o n  

to n s  o f  l i g n i t e  and 2h0 b i l l i o n  to n s  o f  s u b -b itu m in o u s  c o a l  ( 3 ) ,  m ark in g  i t  ■ 

a s  th e  U n ite d  S t a t e s '  l a r g e s t  s i n g l e  c o a l  f i e l d .

. I f  a  p r o c e s s  f o r  t h e  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 ts  can  be 

fo u n d  t h a t  w ould  be  e c o n o m ic a l ly  a t t r a c t i v e ,  t h e  c o a l  r e s e r v e s 'o f ■th e - w e s t ­

e rn  U n ite d  S t a t e s  c o u ld  be. t h e  s o u rc e  o f  a  l a r g e  s u p p ly  o f  s y n th e t i c  l i q u i d  

f u e l s  t o  m eet th e  i n c r e a s e d .e n e r g y  demands p r e d i c t e d  f o r  t h e  f u t u r e .  The 

econom ic a t t r a c t i v e n e s s  o f  t h i s •p r o c e s s  w ou ld  depend  u p o n ,th e  q u a n t i ty  o f  

t h e  f u e l  p ro d u c e d  a n d .u p o n .th e  q u a l i t y  o f  th e  f i n i s h e d  p r o d u c t . . .
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I I . .  ' OBJECTIVES OF THE RESEARCH

The o b j e c t iv e  o f  t h e  c o a l  h y d ro g e n a t io n  r e s e a r c h  c u r r e n t l y  b e in g  

c a r r i e d  o u t  a t  M ontana S t a t e  U n iv e r s i ty  i s  t o  h y d ro g e n a te  S a v a g e , M ontana 

■ l i g n i t e  t o  l i q u i d  p r o d u c ts  a t  m o d e ra te  c o n d i t io n s  and e c o n o m ic a l ly  a t t r a c ­

t i v e  c o s t s .

The p r im a ry  o b j e c t iv e  o f  t h i s  r e s e a r c h  was t o  d e te rm in e  th e  q u a l i t y  

o f  t h e  o i l s  p ro d u c e d  by  t h e  h y d ro g e n a t io n  o f  S a v a g e , M ontana l i g n i t e .  The 

change i n  p h y s ic a l  p r o p e r t i e s  o f  t h e  o i l  a s  f u n c t io n s  o f  't h e  v a r i a b l e  . 

h y d ro g e n a t io n  c o n d i t io n s  o f  t e m p e r a tu r e ,  c a t a l y s t  c o n c e n t r a t i o n ,  and ru n  ■ 

l e n g t h  w ere  t o  be  d e te rm in e d . '

S e c o n d a ry  o b j e c t iv e s  w ere  t o  d e te rm in e  r e a c t i o n  c o n d i t io n s  t h a t  

g iv e  optim um  o i l  q u a l i t y  and  t o  d e te rm in e  i f  t h e  p r o d u c ts  c o n ta in e d  th e  

same type- o f. compounds t h a t  h av e  b e e n  r e p o r t e d  i n  th e  p ro d u c ts -  .o f o th e r  

h y d r o g e n a t io n s ,  nam ely  a  h ig h  p e rc e n ta g e  o f  a ro m a tic  h y d ro c a rb o n s .
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I I I .  EQUIPMENT AND PROCEDURES

A. P r o d u c t io n  o f  an  O i l  from  L ig n i t e

L i g n i t e  c o a l  can  be  h y d ro g e n a te d  t o  a  l i q u i d  p r o d u c t  i n  a  s i n ­

g l e - s t a g e  b a tc h  o p e r a t io n  ( k ) . The equ ip m en t u s e d  t o  p e rfo rm  th e  h y d ro g en ­

a t i o n  c o n s i s t s  o f  a  m ain  r e a c t o r  and th e  p e r i p h e r a l  eq u ip m en t n e c e s s a ry  f o r  

i n t r o d u c in g  th e  c o a l  s l u r r y , h y d ro g e n , and c a t a l y s t  t o  t h e  r e a c t o r ,  and 

rem ov ing  and s e p a r a t i n g  th e  r e a c t i o n  p r o d u c t s . ( F ig u re  2 ) .

C oal i s  m ixed  i n  a  20% by  w e ig h t s l u r r y  w i th  a n th r a c e n e  o i l  and 

i s  p r e h e a te d  t o  150°C b e f o r e  b e in g  in t r o d u c e d  i n t o  th e  m ain  r e a c to r .-  The. 

s l u r r y  i s  p r e s s u r e d  t o  t h e  r e a c t o r  and h y d ro g en  i s  added  t o  2500 p s i g .  The 

c a t a l y s t  i s  e l u t r i a t e d  i n t o  t h e  m ain  r e a c t o r  from  a  f l u i d i z e d  b ed  i n  th e  

h y d ro g en  f e e d  l i n e .  The te m p e ra tu re  o f  t h e  r e a c t i o n  m ix tu re s  i s  r a i s e d  t o  

4 2 5 , 4 5 0 , o r  4T5°C'. .

The c a t a l y s t  u s e d  i n  a l l  ru n s  i s  H arshaw  4 4 0 1 -E , w h ich  c o n ta in s  

6% n i c k e l  and  19% tu n g s t e n  on a  s i l i c a - a l u m i n a  s u p p o r t .

A f t e r  a  d e s i r e d  r e a c t i o n  t im e ,  th e  r e a c t i o n ■m ix tu re  i s  p r e s s u r ­

ed  t o  a  c o o l in g  r e a c t o r  w here  th e .g a s e o u s  p r o d u c ts  a re  ta k e n  o f f .  The 

l i q u i d  p r o d u c ts  a r e  s e p a r a te d  from  th e  s o l i d s  ( u n re a c te d  c o a l ,"  a s h ,  and 

c a t a l y s t )  by m eans' o f  a- c e n t r i f u g e .

The o i l y  p r o d u c t  i s  ta k e n  as t h a t  p a r t  o f  th e  t o t a l  l i q u i d  p r o ­

d u c t  t h a t  b o i l s  b e lo w  325°C a t  one a tm o sp h e re  p r e s s u r e . T h i s . :b o i l in g  ra n g e  

(up  t o  325°C) i s  t y p i c a l  o f  d i e s e l  f u e l s .  The l i q u i d  re m a in in g  a f t e r  th e  

o i l y  p r o d u c t  i s  rem oved i s  u sed , as t h e  s l u r r y  b a s e  f o r  t h e  n e x t  c y c le  o f  

h y d r o g e n a t io n s . ■ . ■ :

T h r e e ' c y c le s  o f  .h y d ro g e n a tio n s  w ere  c o n s id e r e d .  ;. The' j .  s e r i e s  

u s e d  a n th ra c e n e  o i l ,  from  w h ich  th e  p o r t i o n  b o i l i n g  b e lo w  325°C h ad  b een



rem o v e d ,. a s  t h e  s l u r r y  medium. A t o t a l  o f  12 ru n s  w ere made, i n  t h i s  s e r i e s .

The' p r o d u c ts  b o i l i n g  be low  32'5°C w ere  rem oved' f o l lo w in g  each  

ru n  and th e  c o m p o s ite  o f  t h e  r e m a in in g ■l i q u i d  was u se d  as t h e  s l u r r y  medium 

f o r  t h e  8 ru n s  o f  th e  K s e r i e s .  The sam e’m ethod ,w as u s e d  t o  g e n e r a te  th e  

s l u r r y  medium f o r  th e  L s e r i e s  from  th e  l i q u i d  p ro d u c t  b o i l i n g  above 325°C 

o b ta in e d  from  th e  K s e r i e s .

T h is  p ro c e d u re  o f  u s in g  th e  l i q u i d s  o f  th e  p r e v io u s  s e r i e s  as 

t h e  s l u r r y  b a s e  was u s e d  i n  an e f f o r t  t o  m in im iz e  th e  e f f e c t s  o f  th e  a n th r a ­

cen e  o i l  on t h e  o i l y  p r o d u c t .

The ru n s  o f  th e  J ,  K , and L s e r i e s  w ere made a t  tw o te m p e r a tu r ­

e s  (U25°C .and  and t h r e e  c a t a l y s t  c o n c e n t r a t io n s  ( 0 , 0 . 8 , and 3 . 6% by

w e ig h t o f  th e  m o is tu re  and a sh  f r e e  c o a l  c h a rg e d  p e r  r u n ) . ( 6 ) The J  s e r i e s  

a l s o  c o n ta in e d  ru n s  a t  U^O0C. The e f f e c t s  o f  t h e s e  f a c t o r s  w ere s tu d ie d  

from  th e  r e s u l t s  o f  th e  ru n s  o f  t h e s e  t h r e e  s e r i e s .  A l l  ru n s  h ad  a  r e a c t i o n  

t im e  o f  4 h o u r s .

F o u r ru n s  from  t h e  0 s e r i e s  w ere  added  t o  t h e  s tu d y  t o  d e te rm in e  

t h e  e f f e c t s  o f  ru n  l e n g t h .  T hese  ru n s  w ere  f o r  I  and 2 h o u rs  and w ere u s e d  

w i th  d a ta  from  th e  K s e r i e s ,  w i th  w h ich  t h e ’ 0 s e r i e s  c o r r e s p o n d s .
:

B . D e te rm in a t io n  o f  P ro d u c t  Q u a l i ty

The q u a l i t y  o f  t h e  l i q u i d  p r o d u c t  was s tu d i e d  as' a  f u n c t io n  o f  

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

r e a c t i o n  t im e  ( ru n  l e n g t h ) .  The e f f e c t  o f  p r e s s u r e  was n o t  s tu d i e d  as i t  i s  

an a c c e p te d  th e o r y  t h a t  i n c r e a s e d  p r e s s u r e  p ro d u c e s  i n c r e a s e d  .'amounts o f  . 

l i q u i d  r e a c t i o n  p r o d u c t .  T h e r e f o r e ,  o n ly  t h e  h ig h e s t  a v a i l a b l e  p r e s s u r e

was u s e d .
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The p r o d u c t  was th o u g h t  o f  a s  a  d i e s e l  f u e l ,  and  as su ch  th e  

p r o p e r  m ethod  o f  e v a lu a t in g  i t  w ould  be  b y  u s in g  th e  s ta n d a r d  l a b o r a to r y  

t e s t s  u s e d  by th e  m a jo r  r e f i n i n g  com panies t o  d e te rm in e  and  s p e c i f y  th e  

q u a l i t y  o f  t h e i r  d i e s e l  f u e l s .

The b a s ic  s p e c i f i c a t i o n s  f o r  d i e s e l  f u e l s  a r e  s e t  by th e  Amer­

i c a n  S o c ie ty  f o r  T e s t in g  and  M a te r ia l s  ( > ) .  The ASTM t e s t s  s p e c i f i c a t i o n s  

(T a b le  I I ) w ere  su p p le m e n te d  w i th  s e v e r a l  o th e r  t e s t s  n o t  s p e c i f i c a l l y  r e ­

q u i r e d  f o r  d i e s e l  f u e l s .

A t o t a l  o f  12 t e s t s  w ere  ru n  on th e  p ro d u c t  s a m p le s . T hese 

t e s t s ,  a lo n g  w i th  t h e i r  ASTM d e s ig n a t io n s  a r e  shown i n  T a b le  I .

The t e s t s  w ere  r u n  i n  t h e  o r d e r  shown i n  T a b le  I . Due t o  th e  

s m a l l  am ounts o f  o i l  p r o d u c t  o b ta in e d  from  th e  ru n s  ( f r e q u e n t ly  l e s s  th a n  

150 g ra m s ) ,  s e p a r a te  sam p les  c o u ld  n o t  be  u s e d  f o r  each  t e s t .  A t e s t  

s e q u e n c e  was s e t  up t h a t  w ou ld  m in im iz e  t h e  i n f lu e n c e  o f  t h e ' t e s t s  i n  th e  

f i r s t  p a r t  o f  t h e  se q u en c e  on- th e  t e s t s  a t  t h e  l a t t e r  p a r t  o f  t h e  s e q u e n c e . 

T e s ts  w h ich  w ou ld  consume o r  change th e  n a tu r e  o f  t h e  m a t e r i a l  w ere p la c e d  

a t  t h e  end o f  t h e  s e q u e n c e , w i th  t h e  e x c e p t io n  o f  th e . t e s t  f o r  R e id  Vapor 

P r e s s u r e  w h ich  can  be e a s i l y  changed  by  any change i n  t h e  m a t e r i a l  and i s  

t o  be  th e  f i r s t  t e s t  ru n  on any sam ple  a c c o rd in g  t o  ASTM p r o c e d u r e s . Where 

th e  v a p o r  p r e s s u r e  t e s t  w ou ld  consume to o  much m a t e r i a l  t o  a l lo w  o th e r  t e s t s  

t o  b e  r u n ,  i t  was o m it te d .

A b r i e f  d e s c r i p t i o n  o f  e a c h  t e s t  p ro ce d u re -  and  t h e  know ledge 

o b ta in e d  from  t h e  t e s t  r e s u l t s  is . r e q u i r e d  f o r •i n t e r p r e t a t i o n  o f  t h e  t e s t  

r e s u l t s  :•

I .  R e f r a c t i v e  In d e x :  The r e f r a c t i v e  In d e x  i s  t h e  r a t i o  o f  t h e ■
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v e l o c i t y  o f  l i g h t  i n  a i r  t o  i t s  v e l o c i t y  i n  t h e  s u b s ta n c e  u n d e r  e x a m in a t io n . 

F o r h y d ro c a rb o n s ,  a  h ig h  r e f r a c t i v e  in d e x  i n d i c a t e s  an a ro m a tic  s u b s ta n c e ,  

w h i le  a  low  r e f r a c t i v e  in d e x  i n d i c a t e s  a  p a r a f f i n i c  s u b s ta n c e  a s  shown b y  

•the in d e c e s  o f  t h r e e  r e f e r e n c e  com pounds: 1 .3 9  f o r  2 , 2 ,4 - t r im e th y l p e n t a n e , 

1 .4 2  f o r  m e th y lc y c lo h e x a n e , and  1 .4 9 . f o r  to lu e n e .

2 . R e id  V apor P r e s s u r e : The R e id  V apor P r e s s u r e  i s  d e f in e d  as th e  

a b s o lu te  v a p o r  p r e s s u r e  o f  a  v o l a t i l e  p e tro le u m  p ro d u c t  a t  IOO0F . The 

v a p o r  p r e s s u r e  i s  .an i n d i c a t i o n  o f  t h e  v o l a t i l i t y  o f  t h e  h y d ro c a rb o n  m ix­

t u r e .  V o l a t i l i t y  i n c r e a s e s  w i th  i n c r e a s i n g  v a p o r  p r e s s u r e .

3- API G r a v i t y : The API G ra v ity  i s  u s e d  by  th e  p e tro le u m  i n d u s t r y

t o  m easu re  t h e  d e n s i t y  o f  c ru d e  o i l s  and  l i q u i d  p e tro le u m , p r o d u c t s . The 

s m a l l  am ounts o f . m a t e r i a l  a v a i l a b l e  d id  n o t  a l lo w  u se  o f  t h e  r e g u l a r  ASTM 

p ro c e d u re  f o r  d e te rm in in g  g r a v i t y  by  m eans o f  h y d ro m e te rs  and c y l i n d e r s .

The d e n s i t i e s  o f  known volum es o f  p ro d u c t  w ere  d e te rm in e d  and c o n v e r te d  

t o  t h e  c o rre s p o n d in g  API g r a v i t y .  A low  API g r a v i t y  i n d i c a t e s  a  h ig h  den ­

s i t y  and  a  h ig h  API g r a v i t y  i n d i c a t e s  a. low  d e n s i t y .

' 4 . F la s h  P o i n t : The f l a s h  p o i n t  i s  t h e  lo w e s t  te m p e ra tu re  a t  w h ich

a p p l i c a t i o n  o f  a  t e s t  f lam e  c a u se s  t h e  v a p o r  above th e  sam p le  t o  i g n i t e .

The sam ple  i s  h e a te d  a t  a  c o n s ta n t  r a t e  u n t i l  t h e  c o m p o s itio n  o f  th e  v ap o r' 

above th e  sam p le  r e a c h e s  t h e  lo w e r  l i m i t  o f  f la m m a b il i ty  a s  d e te rm in e d  by  . ■ 

a p p l i c a t i o n  o f  a  t e s t  f lam e  i n t o  th e  v a p o r  s p a c e .

5 . S a y b o I t  V i s c o s i t y : The S a y b o l t  v i s c o s i t y  is .  m e a su red  as th e

e f f l u x  t im e  i n  se co n d s  o f - 60 ml o f  sam ple  th ro u g h  a  c a l i b r a t e d  o r i f i c e  

u n d e r  s p e c i f i e d  c o n d i t io n s .  The v i s c o s i t y  i n  S a y b o lt  U n iv e r s a l  Seconds 

was .'c o n v e rte d  t o  v i s c o s i t y  i n  c e n t i s t .o k e s .

• ' •  . : - • •  ;

- % . -
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•6 . ASTM D i s t i l l a t i o n : A 1 0 0 .m l sam p le  i s  d i s t i l l e d  u n d e r  con­

d i t i o n s  s p e c i f i e d  b y  t h e  n a tu r e  o f ' t h e  m a t e r i a l .  T e m p era tu re  r e a d in g s ' a re  

t a k e n  a t  s p e c i f i e d  i n t e r v a l s ,  u s u a l l y  volum es o f  c o n d e n sa te  r e c o v e r e d .

T • T o ta l  S u l f u r : A sam ple  o f  t h e  o i l  i s  b u rn e d  i n  a  lam p. The

g a s e s  a r e  c o l l e c t e d  and  t h e  s u l f u r  o x id e s  a r e  a b s o rb e d  and o x id iz e d  t o  

s u l f u r i c  a c id  by h y d ro g en  p e ro x id e  s o l u t i o n .  The s u l f u r  i s  d e te rm in e d  by 

t i t r a t i o n  w i th  sod ium  h y d r o x id e  s o l u t i o n .  The s u l f u r  c o n te n t  o f  th e ' o i l  

g iv e s  an  i n d i c a t i o n  o f  t h e  p o s s i b l e  c o r r o s iv e n e s s  o f  th e  o i l  and i n d i c a t e s  

w hat f u r t h e r  r e f i n i n g  p r o c e s s e s  m ig h t be  r e q u i r e d  t o  remove' t h e  s u l f u r .  -

8 . ,  P o u r P o i n t :. The p o u r  p o i n t  i s  t h e  lo w e s t  te m p e ra tu re  a t  w hich  

an o i l  sam p le  w i l l  f lo w . The sam p le  i s  c o o le d  and in s p e c te d  a t.  r e g u l a r  

. te m p e ra tu re  i n t e r v a l s  f o r  i t s  f lo w  c h a r a c t e r i s t i c s .

9- B rom ine N um ber: The b rom ine  num ber i s  th e  num ber o f  gram s o f

b ro m in e  consum ed b y '100 gram s o f  t h e  sam ple  when r e a c t e d  u n d e r  c e r t a i n  con­

d i t i o n s .  The m a g n itu d e  o f  t h e  b ro m in e  num ber i s  an i n d i c a t i o n  o f  th e  

q u a n t i t y  o f  b rom ine  a c t i v e  c o n s t i t u e n t s ,  n o t  an i d e n t i f i c a t i o n  o f  th e  ■ 

c o n s t i t u e n t s  and s h o u ld  n o t  be  ta k e n  as a  m easu re  o f  th e  o l e f i n i c  u n s a tu r a ­

t i o n  o f  t h e  sa m p le . .•

1 0 . A n i l in e  P o i n t : The a n i l i n e  p o i n t  i s  th e  lo w e s t  te m p e ra tu re  a t '

w h ich  e q u a l  vo lum es o f  a n i l i n e  and sam ple  a r e  m is c ib l e .  The a n i l i n e  p o in t  

g iv e s  an i n d i c a t i o n  o f  t h e  ty p e  o f  compounds' i n  th e  sa m p le .

. 1 1 . A verage  M o le c u la r  W e ig h t: The a v e ra g e  m o le c u la r  w e ig h t o f  th e

■sample was ,d e te rm in e d  w i th  t h e  a id  o f  a  c o r r e l a t i o n  d e v e lo p e d  b y  Rhode's 

E n g in e e r in g  C o r p o r a t io n .  The ASTM m ethod D2502 f o r  d e te rm in in g  th e  a v e ra g e  

m o le c u la r 'w e ig h t  was n o t  u s e d  b e c a u s e  i t  r e q u i r e d  th e  v i s c o s i t y . of; th e

- v  . . “ i
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s am ple a t  210°F  w h ich  i s  above th e  f la s h ,  p o i n t  o f  a l l  t h e  s a m p le s . I t  was 

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

f o l lo w in g  t h a t  f o r  v i s c o s i t y  i n  t h e  t e s t  s e q u e n c e .

12 . C a lc u la te d  C e tan e ' I n d e x : The g e n e r a l  m ethod f o r  r a t i n g  d i e s e l

f u e l s  i s  by th e -  c e ta n e  n u m b er, w h ich  i s  a n a lo g o u s  t o  t h e  m ore f a m i l i a r  

o c ta n e  num ber r a t i n g s  f o r  g a s o l i n e .  The c e ta n e  num ber i s  g e n e r a l l y  d e t e r ­

m ined  b y  d i r e c t  i g n i t i o n . i n  a  t e s t  e n g in e , b u t  when a  t e s t  e n g in e  i s  n o t 

a v a i l a b l e  o r  t h e  sam ple  s i z e  i s  to o  s m a ll  ( b o th  a r e  l i m i t a t i o n s  i n  t h i s  

c a s e ) ,  t h e  c e ta n e  num ber may be  e s t im a te d  from  a  c o r r e l a t i o n  u s in g  th e  

API g r a v i t y  and  th e  m id - b o i l in g  p o in t  o f  t h e  ASTM d i s t i l l a t i o n ,  

t h e  p ro c e d u re  w h ich  was fo l lo w e d .

.T h is  was
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IV . INTERPRETATION OF RESULTS ';-

. The d a t a  o b ta in e d  from  th e  a p p l i c a t i o n  o f  th e  t e s t s  is- p r e s e n te d  

i n  T a b le s  V5 V I5 V I I 5 V I I I 5 and IX .

I n  c a s e s  w here  t h e r e  a p p e a re d  t o  b e  d e f i n i t e  r e l a t i o n s h i p s  be tw een  

t h e  d a t a  and th e  r e a c t i o n  c o n d i t io n s  g ra p h s  w ere  draw n t o  p r e s e n t  th e  de­

p en d en cy  i n  a  c l e a r  m a n n e r . I n  many c a s e s  t h e r e  was no r e l a t i o n s h i p  t h a t  

. c o u ld  be  d e te rm in e d  b e tw een  th e  t e s t  r e s u l t s  and  th e  r e a c t i o n  c o n d i t i o n s .

A, O p e ra tin g  V a r ia b le s

The p r o d u c ts  o b ta in e d  w ere  s u b je c t e d  t o  t h e  12 t e s t s  l i s t e d  above . 

The r e s u l t s  o f  t h e  t e s t s  w ere  s tu d i e d  t o  d e te rm in e  th e  d ep en d en cy  o f  th e  ' 

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

t i o n ,  and  ru n  l e n g t h .  The te m p e r a tu r e s  s t u d i e d  w ere k25°C and  UtJ-^0C ; t h e  

c a t a l y s t  c o n c e n t r a t io n s  w ere  O5 0 ..8 , and 3 .6  w e ig h t p e r c e n t  o f  - th e  m o is tu re  

and  a sh  f r e e  c o a l  c h a rg e d  p e r  r u n ; and t h e  ru n  l e n g th s  w ere  I 5 2', and 4 

h o u r s .

B. R e a c t io n  P ro d u c t

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

ru n  s e r i e s  on t h e  am ount o f  l i q u i d  p ro d u c t  o b ta in e d  a re ' shown i n  F ig u re s  3 

and 4.

T h e re  i s  a  s l i g h t  i n c r e a s e  i n  p r o d u c t  w i th  an i n c r e a s e  i n  c a t a l y s t '  

c o n c e n t r a t io n .

T h e re  i s  an i n c r e a s e  o f  a p p ro x im a te ly  100 gram s o f  p ro d u c t ,  when 

t h e  r e a c t i o n  te m p e ra tu re  i s  r a i s e d  from  425°C t o  475°C - .

T h e re  i s  a  g e n e r a l  d e c re a s e  i n  r e a c t i o n  p r o d u c t  ..as' t h e  h y d ro g e n a ­

t i o n  p ro c e e d s  from  th e  J  s e r i e s  t o  t h e  K s e r i e s  and from  t h e '/K s e r i e s  t o  

t h e  L s e r i e s .  T h is  i n d i c a t e s  t h a t  some of. t h e  p ro d u c t  '.o b ta in e d ' i n  th e  J
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s e r i e s  (an d  p o s s ib l y  t h e  K s e r i e s . )  came from  t h e  a n th ra c e n e  o i l  s l u r r y '  med­

ium .

The r e a c t i o n  p r o d u c t  i n c r e a s e s  w i th  ru n  l e n g th  ( F ig u r e  5 ) .  The 

. p ro d u c t  y i e l d  i n c r e a s e s  m ost r a p i d l y  i n  t h e  e a r l y  s ta g e s  o f  t h e  ru n .

C. R e f r a c t iv e  In d e x

The r e f r a c t i v e  in d e c e s  o f  a l l  t h e  p r o d u c ts  a re  c lo s e  t o  1 .6 .  T h is  

i n d i c a t e s  a  v e ry  a ro m a tic  p r o d u c t , p r o b a b ly  o f  t h e  co n d en sed  r i n g  ty p e .

T h ere  i s  no c o r r e l a t i o n  w ith  ru n  c o n d i t io n s  f o r  t h i s  d a ta .

D. . R e id  V apor P r e s s u r e

The R e id .v a p o r  p r e s s u r e s  o f  t h e  sam p les  a re  a l l  b e lo w  1 .0  p s 'ia .

T h e re  i s  no c o r r e l a t i o n  o f  v a p o r  p r e s s u r e  d a t a  w i th  th e  r e a c t i o n  c o n d i t i o n s :

E . API G ra v ity

T h ere  i s  no c o r r e l a t i o n  o f  API g r a v it y  d a ta  w i th  r e a c t i o n  te m p e ra ­

t u r e  o r  c a t a l y s t ,  c o n c e n t r a t i o n . . H ow ever, t h e r e  i s  a  d e c re a s e  i n  g r a v i t y  

w i th  i n c r e a s e d  ru n  l e n g t h  ( F ig u re  6 ) .  M ost g r a v i t y  m e a s u re m e n ts . a re  b e ­

tw een  '6  and 10 0A P I.

F . F la s h  P o in t  • .

F la s h  p o i n t s  f o r  t h e  sam p les  r a n g e d  from  IOO0F t o  l8 0 ° F ,  w ith  m ost 

above th e  minimums o f  IOO0F f o r  No. I  d i e s e l  and 125°F f o r  No. 2 d i e s e l  s e t  

by  th e  ASTM s t a n d a r d s . . ' : :

G. V i s c o s i ty

The v i s c o s i t y  d a ta ;w a s  c o n v e r te d  from  S a y b o lt  U n iv e r s a l  Seconds t o  

c e n t i s t o k e s . T h e re  was no c o r r e l a t i o n  o f  t h e  v i s c o s i t y  d a t a  w i th  r e a c t i o n  

c o n d i t i o n s .  The v i s c o s i t y  m easurem ent's r a n g e d ■from  2'.86 to ; 5 .'91  c e n t i s t o k -

■ > •'

es
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H. ASTM D i s t i l l a t i o n s  ■

I  . . •
The e f f e c t  o f  i n c r e a s e d  r e a c t i o n  te m p e ra tu re  i s  t o  lo w e r  t h e  d i s ­

t i l l a t i o n  .c u rv e , i n d i c a t i n g  a  lo w e r b o i l i n g  p ro d u c t  i s  p ro d u c e d  a t  th e  

h ig h e r  t e m p e ra tu re  ( F ig u r e s  J -  1 2 ) .

T h e re  i s  no e f f e c t  o f  c a t a l y s t  c o n c e n t r a t io n  on th e  d i s t i l l a t i o n .

The e f f e c t  o f  r e a c t i o n  tim e  i s  t o  r a i s e  t h e  c u rv e  as t h e  r e a c t i o n  

p ro c e e d s  (F ig u r e s  13 and l 4 ) . A h ig h e r  b o i l i n g  p ro d u c t ,  i s  p ro d u c e d  as th e  

r e a c t i o n  p ro c e e d s

The 90% d i s t i l l a t i o n  te m p e ra tu re s  a r e  above th e  maximum a llo w a b le  ' 

o f  5509F f o r  No. I  d i e s e l ,  b u t  a r e  w i th in  t h e  l i m i t s  o f  5ItO0F and 6 IiO0F f o r  

No. 2 d i e s e l .

I . ' T o t a l .S u l f u r

The t o t a l  s u l f u r  a n a ly s i s  i s  b e lo w  0.1% by w e ig h t f o r  26 o f  th e  30 

s a m p le s . T h is  com pares f a v o r a b le  w i th  t h e  0.5%. minimum a llo w e d  f o r  No. l '  

d i e s e l  and 0.7% a llo w e d  f o r  No. 2 d i e s e l .  T h ere  i s  no c o r r e l a t i o n  o f  th e  

t o t a l  s u l f u r  (wt%) w i th  any o f  t h e  r e a c t i o n  c o n d i t i o n s .

■ J . '.  Pour- P o in t  ■ • -

The p o u r  p o i n t s  w ere  a l l  d e te rm in e d  t o  be  below  -20°C  ( - 4 ° F ) .  A l l '

sam p les  s t i l l  f lo w ed  e a s i l y  when c o o le d  t o  -2 0 °C . ■ .

K. B rom ine Number

T h e re  was no c o r r e l a t i o n  o f  t h e  b ro m in e  num bers, w h ic h ' ran g ed 'fro m .. 

1 1 .6  t o  3 5 -4 ,  w i th  th e . r e a c t i o n  c o n d i t io n s .  T h ere  a re  some b rom ine  a c t i v e  ■' 

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

' L. A n i l in e  P o in t

■ The a n i l i n e  .p o in ts ' f o r ' a l l  o f  t h e  sam p les  w ere  b e lo w  - IO 0C- ClU0F)'.



I

•The f r e e z in g  p o i n t  o f  p u re  a n i l i n e  i s  - 6 . 2 QC, i n d i c a t i n g  t h a t  t h e  p ro d u c ts  

a r e ■v e ry  a ro m a tic  b e c a u s e  t h e  a n i l i n e  does n o t  c r y s t a l l i z e -  o u t when c o o le d  

b e lo w  i t s  f r e e z in g  p o i n t .

M. A verage  M o le c u la r  W eight

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

from  lU3 t o  1 6 7 .

T h e re  i s  a  s l i g h t  i n c r e a s e  i n  a v e ra g e  m o le c u la r  w e ig h t w i th  i n c r e a s ­

ed  c a t a l y s t  c o n c e n t r a t io n  ( F ig u r e s  1 5 , l 6 , and  1 7 ) .

As th e  r e a c t i o n  te m p e ra tu re  i s  i n c r e a s e d ,  t h e r e  i s  a  d e c re a s e  in

t h e  a v e ra g e  m o le c u la r  w e ig h t o f  th e  p ro d u c t  ( F ig u r e s  1 5 , l 6 , and 1 7 ) .  T h is  
I . "

a g re e s  w i th  t h e  d a ta  o f  t h e  ASTM d i s t i l l a t i o n s .

F ig u re  18 shows t h a t  t h e r e  i s  an i n c r e a s e  i n  a v e ra g e  m o le c u la r  

w e ig h t f o r  i n c r e a s e d  ru n  l e n g t h .

W.' C a lc u la te d  C e ta n e  In d e x

The c e ta n e  in d e x  o f  e a ch  p ro d u c t  was c a l c u l a t e d  from  th e 'A P I  g r a v i t y  

and  t h e  m id - b o i l in g  p o i n t  o f  t h e  ASTM d i s t i l l a t i o n .  .

The c e ta n e  in d e c e s  w ere  n e g a t iv e  f o r  a l l  b u t  one sam p le  (L -N T -L -5) .  

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

The c e ta n e  r a t i n g s  a r e  be low  t h e  minimums s e t  by  t h e  ASTM s ta n d a r d s  

o f  bO f o r  No. I  and No. 2 d i e s e l  f u e l s • a n d '30  f o r  No. k d i e s e l  f u e l .

—1 2—



V. SUMMARY M D 'CONCLUSIONS

a) - I n c r e a s i n g  t h e  r e a c t i o n  'te m p e ra tu re  i n c r e a s e s - t h e  amount o f  
’ . - \  ' '

° i l y  p r o d u c t  t h a t  i s  p ro d u c e d . A t ' th e  h ig h e r  t e m p e r a tu r e , a  l i g h t e r  p r o -
" ,  . . .

d u c t  i s  p ro d u c e d .

h ) I n c r e a s i n g  th e  c a t a l y s t  c o n c e n t r a t io n  in c r e a s e s  t h e  y i e l d  o f  

o i l y  p r o d u c t . A h ig h  c a t a l y s t  c o n c e n t r a t io n  p ro d u c e s  a  h e a v ie r  p r o d u c t . .

c ) I n c r e a s i n g  th e  ru n  l e n g th  p ro d u c e s  more p ro d u c t  i n  t h e  d i e s e l  

f u e l  ra n g e  and p ro d u c e s  a  h e a v ie r  p r o d u c t .

d) C a ta ly s t  c o n c e n t r a t io n  a p p e a rs  t o  have  l e s s  e f f e c t  on th e  p r o ­

d u c t  q u a l i t y  th a n  does r e a c t i o n  te m p e ra tu re  o r  ru n  l e n g th .

e) T h ere  i s  no d e t e c t a b l e  e f f e c t  on p ro d u c t  q u a l i t y  due t o  th e  

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

( J 5 K , and L) seem t o  be o f  n e a r l y  t h e  same q u a l i t y .  The am ount o f  o i l y  

p ro d u c t  o b ta in e d  d e c re a s e s  as  t h e  h y d ro g e n a t io n  c y c le s  p ro c e e d .

f )  The p r o d u c ts  a r e  h ig h ly  a ro m a t ic .  T h is  i s  n o t  d e s i r a b l e  fo r  

d i e s e l ' f u e l s .

g) The a v e ra g e  o i l  p ro d u c e d  by  h y d ro g e n a t io n  o f  S a v a g e , M ontana

l i g n i t e  h as  t h e  p h y s i c a l  p r o p e r t i e s  sh o w n -in  T a b le  I  b e lo w . T hese  can  be 

com pared w i th  a  t y p i c a l  No. I  d i e s e l  f u e l  p ro d u c e d  by C o n t in e n ta l  O il  Com­

pany  a t  B i l l i n g s , M ontana. ■. .



TABLE I. Average Physical Properties of Reaction Products
H y d ro g e n a tio n Conoco
P ro d u c t  O il Ho. I  D ie s e l

R e f r a c t iv e  In d e x  ' 1 .6 0 1 .4 8

R e id  V apor P r e s s u r e  ( p s i ) 0 .5 -

API G r a v i ty • 9 .5 4 i

F la s h  P o in t  ( 0F) 132 142 ‘ '

V ix c o s i ty  ( c s t ) 3 .8 2 .0

T o ta l  S u l f u r 0 .0 6 o .o 4

P o u r P o in t  ( 0F) b e lo w  -4 -5 5

B rom ine Number 22 -

A n i l in e  P o in t  ( 0F) b e lo w  I 4 • 142

A verage  M o le c u la r  W eight 152

Cetane Index -4.4 48



RECOMMENDATIONSV I.

T h e re  a p p e a rs  t o  be  l i t t l e  d i f f e r e n c e  i n  th e  q u a l i t y  o f  t h e  o i l y  

p r o d u c ts  o b ta in e d  a t '  v a r io u s  s e t s  o f  r e a c t i o n  c o n d it io n s : .;  ' T h e r e f o r e , th e  

r e a c t i o n  c o n d i t io n s  s h o u ld  be  ch o sen  t o  p ro d u c e  th e  maximum y i e l d  o f  o i l y  

p r o d u c t .  T hese  w ould  be a  te m p e ra tu re  o f  475°C , a  c a t a l y s t  c o n c e n t r a t io n  

o f  4.0% by w e ig h t o f  t h e  m o is tu re  and a sh  f r e e  c o a l ,  and ru n  l e n g th  o f  4 

h o u r s .

As th e  c a t a l y s t  c o n c e n t r a t io n  I s  t h e  r e a c t i o n  f a c t o r  t h a t  h a s  .the  

l e a s t  in f lu e n c e  on th e  r e a c t i o n  p r o d u c t , o th e r  c a t a l y s t s  c o u ld  be s tu d i e d  

i n  an e f f o r t , t o  d e v e lo p  one t h a t  w ou ld  p ro d u c e  a  p ro d u c t  m ore s u i t a b l e  f o r

d i e s e l  f u e l .



VII. APPENDIX
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TABLE X I. ASTM T e s t  P ro c e d u re s

T e s t ASTM.
D e s ig n a t io n .

M a te r ia l .  
R e q u ire d  (m l)

M a te r ia l  
Consumed (m l)

R e f r a c t i v e  In d e x D 1218 . ■ 2 2

R eid  V apor P r e s s u r e D 323 . 30 30

API G ra v ity • None . 15 ■ o ■

F la s h  P o in t D 93. 70 0

S a y b o l t  V i s c o s i t y D 88 70 ' 0

ASTM D i s t i l l a t i o n D 86 100 •. 0

T o ta l  S u l f u r - ' D 1266 '.  5 5.

P o u r P o in t D &7 5 0

B rom ine Number D 1158 I .... I

A n i l in e  P o in t D 1012 5 5

A verage  M o le c u la r  W eight None 0 0

C a lc u la te d  C e tane  In d e x D 976 0 0



TABLE III Limiting ASTM Requirements for Diesel Fuel Oils (5 )

G rade o f  D ie s e l  F u e l  O i l F la s h  
P o in t  
( 0F) '

P o u r 
P o in t  ■ 
( 0F)

90% .
D i s t i l l a t i o n
T e m p era tu re
( 0F)

V is c o s i ty  
a t  IOO0F 
( c s t )

S u l f u r  
% by  
W eight

C etane
Number

Min Max Min Max Min Max Max- Min

No. I  -  D . 100 a - 550 1 .4 '2 .5 ' 0 .5 40

Q
I

OJO 125 a 540 64o 2 .0 4 .3 0 .7 4o

No. 4 -  D 130 a - - 5.8 26 .4 2 .0 30

Pour point determined by operating conditions of usea.



t
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TABLE IV . Runs and R e a c tio n  C o n d itio n s . • ' • ..  -•

Run C a ta ly s t
Number C o n c e n t ra t io n

Cwt % o f  MAF 
C oal)

P r e s s u r e
Cps;ig)

T e m p era tu re Run L eng th  
( h o u r s )

L -N T -J -I 3 .5 6 2500 . ’ 425 ' 4
L -N T -J-2 3 .4 c 2500 475 4
L -N T -J-3 0 . T6 2500 425 4
L -N T -J-4 '0 . t6 2500 475 4
L -N T -J -5 3 .8 0 2500 450 •4
L-NT —J — 6 0 .0 0 ' 2500 425 4
L-N T -J-T 0 .0 0  ' 2500 450 . 4
L -N T -J-8 0 .0 0 2500 475 4
L—NT—J —9 .0 .6 0 2500 450 4
L -N T -J-10 0 .6 8 2500 475 4
L - N T - J - I l 3 .8 8 2500. 475 4
L -N T -J-1 2 0 .T 2 2500 450 4

L-N T-K -I 0 .6 8 2500 425 4
L-NT-K-2 3 .7 2 2500 475 4
L-NT-K-3 0 .6 4 2500 450 4
L-NT-K-4 3 .6 4 2500 425 4
L-NT-K-5 0 .6 8 2500 475 4
L-NT-K-6 0 .0 0 2500 425 4
L-NT-K-8 0 .0 0 2500 475 4

L -N T -L -I • 0 .0 0 2500 475 4
L-N T-L-2 0 .6 0 2500 425 4
L-N T-L-3 3 .4 8 2500 475 4
L-N T-L-4 0 .6 0 - 2500 450 4
L -N T -L -5 3 .6 8 2500 . 425 4
L-NT-L- 6 0 .7 2 2500 475 ’ 4
L-NT-L-T 0 .0 0 2500 • 425 4

L-N T-0-2 3 .7 6 2500 475 2
L-N T-0-5 o .6 4 2500 425 2
L-NT-O-T 0 .6 0 . 2500 425 1
L-NT-0-8A 3 .9 2 2500 475 1



TABLE V.
Run Number • P ro d u c t  

■ (g ra m s )

Test Results for J Series Products

R e id  • ' R e f r a c t i v e  G ra v ity
V apor In d e x  ( 0A P I)
P r e s s u r e  
( p s i a )

F la s h
P o in t
(°F )

V i s c o s i ty
( c s t )

L -N T -J -I 1 8 6 .9 0 . 1+0 ' 1 .-59L8 7 . Lo 5 .3 2
L -N T -J-2 315-2 0.1+5 1 .5 9 8 0 8 .7 5 ■ 105 3 .1 7
L -N T -J -3 . 1 7 0 .9  ' 0.1+5 1 .5 9 4 1 8 .2 0 160 L.9L
L -JIT -J-L 2 5 5 .8 0 .8 0 . 1 .6 0 1 6 8 .3 0 . 115 3 .2 9
L-NT- J - 5 3 0 1 .7 0 .2 5 1 .5 8 9 3 1 0 .0 0 100 '• L.00
L—NT—J —6 1 3 3 .8  . 0.1+5 • 1.5941+ 8 .5 0 150 L .88
L-N T -J-T 2 1 6 .0 0 . 1+0 1 .6 0 1 3 7 .5 0 150 ' 3 .7 5
L -N T -J- 8 2L 7 .3 0 .6 0 1 .6 0 9 3 6 .2 5 125 3 .L 7  ■
.L -N T -J-9 2 5 1 .1 0 .6 0 I .6 0 8 6 6 .1 0 ■ 155 ■ L.09
L -N T -J-10 2 8 7 .5 0.1+5 1 .6 0 5 8 6 .5 0  - 125 2 .8 6 .
L - N T - J - I l 3 4 2 .3 0 .8 5 1 .5 9 9 6 8 .8 0 130 2 .8 9
L-NT-J r-12 ' 2 L i . 2 0 .6 5 1 .6 0 3 0 6 .9 0  . 155 L .09 -
Run Number T o ta l P o u r Brom ine A n i l in e A verage C a lc u la te d

; S u l f u r P o in t Number P o in t M o le c u la r C e tan e  ■
(wt%) ( ° c ) ( ° c ) W eight In d e x

L -N T -J -I 0 .0 5 1 b e lo w  -20°C 3L .9 b e lo w  - IO 0C ' 167 - 2 3 .5
L -N T -J-2 0.07L b e lo w  -20°C 2 2 .5 b e lo w  - IO 0C 151 - L .7
L -N T -J-3 0 .0 8 7 b e lo w  -20°C 1 7 .7 b e lo w  - IO 0C 158 -L .3
L -N T -J-L 0 .1 2 5 b e lo w  -20°C 2 0 .8 b e lo w  - IO 0C- . . 1L8 ' —6 . L
L -N T -J -5 0 .072 b e lo w  -20°C 1 1 .6 b e lo w  - IO 0C • 150 - 3 .9
L-NT- J - 5 "  0.08L b e lo w  -20°C 3 5 .L b e lo w  - IO 0C ■ 150 - L .8
L -N T -J -7 '. 0 .1 9 1  ' • b e lo w  - 20*0 1 0 .2 b e lo w  - IO 0C . 152 —6 . 6
L -N T -J- 8 ■ 0 .1 0 8  . b e lo w  -20°C 1 7 .0 b e lo w  - IO 0C 1L9 - 7 - 9
L-NT-J-9" -■ ' be low  -20°C. 2 3 .0 . b e low  - IO 0C 15L - 7 .3
L -N T -J -1 0 ' ' - b e lo w  -20°C 2 6 .1 - b e lo w  - IO 0C 1L6 - 1 0 .0
L - N T -J - I l 0 .0 2 8 below  -20°C 2 0 . L b e lo w  - IO 0C 1L3 - 6 .1
L-N Tr-J-IS / 0 . 0 3 3 b e lo w  - 20? / 2 0 .2 b e lo w  =IO0C 1L8 - 6 .1



TABLE VI. Test Results for K Series Products.

Run Wumtier P ro d u c t  
(g ra m s)

. R e id  -
V apor. 
P r e s s u r e  
( p s i a )

R e f r a c t i v e  G rav ity -
In d e x  ( 0API)

F la s h
P o in t

V i s c o s i ty
( c s t )

L-N T-K -I 1 2 9 .5 0 .3 5 . 1 .6 0 0 4 6.75- 190. 5 .8 5
L-NT-K-2 . 2 7 2 .4 0 .3 5 1 .5 9 9 2 6 .7 5 180 4 .0 2
L-NT-K-3 1 7 6 .6 0 .5 0 1 .5 9 2 9 8 .3 0 160 5 .8 2
L-NT-K-H ' - 1 2 9 .5 0 .4 5 1 .5 8 3 2 . 9 .4 0 , 145 4 .7 8
L -N T -K -5 ' 2 2 1 .0 0 .45- ’ 1 .5 9 8 8 8 .1 0 100 3 .2 9
L-NT-K-6 -, 8 4 .0 - 1 .5 9 5 6 7 .9 0 160 -4 .9 7
L-NT-K- 8  ' . 1 78 .9 - 0 .7 0  ' 1 .5 9 8 6 8 .4 5 . '120 5 -1 3  .

Run Number T o ta l P o u r B rom ine A n i l in e  ‘ A verage C a lc u la te d  ■
S u l f u r '. P o in t Number P o in t M o le c u la r C e tan e
(wt%) ( ° c ) ( ° c ) W eight In d e x

L-N T-K -I ■ •; 0 .0 2 7 . b e lo w  - 200C • 2 0 .1 b e lo w  - IO 0C 166 ■ - 2 4 .2
L-NT-K-2 . 0 .0 5 6 ■'b e lo w  -20°C 2 4 .8 b e lo w  --IO0C 155 - 8 .6
L-NT-K-3 ' . 0 .0 5 7 ■ be low  -20°C 2 3 .8 b e lo w  - IO 0C . • 151 . - 6 .8
L-NT-K-4 0 .0 3 3 b e lo w  -20°C 1 9 .5 b e lo w  .-IO0C 157 ‘ - 1 - 7
L -N T -K -5 ' • 0 .0 2 2  . b e lo w  -20°C ' 2 7 .2 b e lo w  - IO 0C 149 - 6 .8
Lt-NT-̂ K- 6  . 0 ,0 4 3 b e lo w  -20°C 1 9 .9 b e lo w ’ - IO 0C 153 ' - 4 - 7
L-NT-K-8 . 0 .0 3 8 b e lo w  -20°C 2 1 .4 b e lo w  - IO 0C i4 4  . - 8 . 0 .



TABLE VII. Test Results for L Series Products
Run Number P ro d u c t  

( g ra m s)
R e id  
V apor 

' P r e s s u r e  
( p s i a )  .

R e f r a c t i v e  G ravity-
In d e x  ( 0API)

F l a s h .
P o in t
.(0F)

V is c o s i ty
( c s t )

L -N T -L -I '1 7 2 .9 1 .5 9 8 7 8 .4 5 130 3 .0 5
,L-NT-L-2 . 8 6 .5 - 1 .5 8 8 8 9 .8 5  ' 135 4 .3 4
L-N T-L-3 2 3 8 .8  . - 1 .5 9 6 5 8 .4 5 120 2 .9 8
L -N T -L -t - 1UU.5 - 1 .5 8 7 1 - ,10 .30  . 135 . 3 .7 8
L-N T-L-5. ' . I - 1 .5 8 8 2 9 .6 0 150 - 5 .0 7  .
L-NT-L-6 ' 1 7 5 .3 - 1 .5 8 9 2 1 0 .3 0 120 . 3 .05 '
L-NT-L-T 8 8 .0 — 1 .5 9 1 2 9 .2 0 . . 135 4 .6 3

Run Number T o ta l  . P o u r Brom ine A n i l in e A verage C a lc u la te d
S u l f u r P o in t Number P o in t M o le c u la r C e ta n e .
.(wt%) .. ( ° c ) ( ° c ) W eight - In d ex

L -N T -L -I ■ 0 .0 1 9 b e lo w  - l 8°G • 1 7 .7 b e lo w  - IO 0C '146 - 7 .4
L-N T-L-2 ■' ■ 0 . 066- ■ b e lo w  - l 8°C 1 8 .4 ■ be low  - IO 0C 153 - 3 .1
L-N T-L-3 ■ . 0 .0 7 0 ■ b e lo w  - l 8°C 1 9 . 0 . be low  -TO0C . 150 ' - 7 .7
L-NT-L-Ii- 0 .0 5 1 b e lo w  -18°C 2 3 .0 below  - IO c5C 147 - 4 .7
L-N T-L-5 ' - 0 .0 3 9 b e lo w  - 1 8-°C 2 7 .9 below  - IO 0C 162' +0 * I
L-NT-L-6 0 .0 6 8 b e lo w  - l 8°C 2 7 .6 below  - IO 0C l4 8  ' - 4 .8
L-NT-L-T 0 .0 3 8 b e lo w  - l 8°C 2 7 .0 below  - IO 0C - 156 ' - - 3 .1



TABLE VIII. Test Results for 0 Series Products
Run Number- P ro d u c t  

(g ra m s)
Reid. 
V apor 
P r e s s u r e  

- ( p s i a )

R e f r a c t iv e
In d e x

G ra v ity  
' ( 0A PI) -

F la s h
P o in t
( 0F)

V i s c o s i ty  ' 
( c s t )

L -N T -0-2 ' 2 6 7 . 0 6 . 7 5 145 4 .3 8
L-N T-0-5 8 0 . 7 - — 7 .8 0 165 5 .9 1
L -N T -0-7 3 8 . 5 — — 8 . 3 0 175 —

L-NT-0-8A 1 3 8 .4 — — 8 . 9 5 i4 o 4 .2 8

Run Number T o ta l  ■ 
S u l f u r  

■ ("Wt%)

P o u r
P o in t
( ° c )

B rom ine 
N um ber'

A n i l in e
P o in t
( ° c )

A verage
M o le c u la r
W eight

C a lc u la te d
C etane
In d e x

L-N T-0-2 0 .0 7 0 below . -20°C 1 4 .4 b e lo w  - IO 0C 155 —3 • 6
L-N T-0-5 O.O.85 • b e lo w  -20°C 1 9 . 9 below  - IO 0C 157 - 3 . 6
L -N T -0-7 . 0 . 2 5 3 b e lo w  —20°C 3 3 . 2 b e lo w  —10°C - __

L-NT-0-8A . 0 . 0 2 7 . b e lo w  -20°C 2 5 .1 b e lo w  - IO 0C 147 - 7 .3



TABLE IX. ASTM Distillation Data
% Recovered

ASTM IBP 5 ■ 10 20 ' 30 4o 50 60 70 80 90 95 EP

J - I 331 392 414 449 478 . 506 . 530 548 561 587 6 l8 636 636 •
2 ■ 170 301 . 360 400 431 463 484 506 534 564 585 . 636

• 3 180 347 '380 422 451 ' 469 '4 9 4 510 536 562 616 . 628 634
4- . - - 291 34? 390 . 425 . 449 475 496 520 546 ' 606 6 l4
5 - 297' -354 394 427 . 459 ■ 475 514 532 550 573 587 612
6 - 329 355 400 433 - 459 486 506 528 552 571 597 589
7 170 327.: 368 4o6 435 463 486 572 536 55# 583 632
8 ' 254 - 348 4oo 433 459 488 508 532 556 626 644
9 190 398 - 376 4io 44l ■ 469 496 518 540 566 597 64o

. 10 170 - 276 346 390 421 437 470 496 526 558 587 - 636
11 ■ - 246 331 384 4io 443 471 494 518 542 . 568 585 628 .' .
12 170 ■ 291 366 402 437 469 496 522 538 556 583 599 ' - 630 '"'.-

K -I 190 368 402 443 480 518 532 560 573 587 607 623 644 - -
: 2 170- 376 398 421 443 465 475 510 532 560 583 /6 1 8 -

3 190 341 374 400 429 459 471 506 528 550 ■ 573 .579 .6 0 9
I) ' 170 ' 317 366 402 44i 476 502 518 540 558 585 6o4 • 618  -
5 170 304 358 398 425 449 474 496 522 554 589 626 •

’ 6 170 331 368 402 435 465 -196 522 . 540 560 577 581 593
8 - 305 ' 346 384 4io ■ 43.5 459 482 504 542 . 573 — 618 :

L -I 170 305 352 386 4io 437 463 484 514 552 587 626 :
2 190' 301 368 396 427 457 484 506 534 552 585 597 610
3 - 307 348 386 415 ' 443 4 6 l  ■ 506 - 528 ' 552 573 ' 630 - '
4 196 298 356 388 412 437 465 490 - 512 ; . 540 560 583 620

■ 5 ±96 333 378 425 4 6 l 490 514 534 550 . .564 591 612 632
. 6 186 .319 ' 358 394 . 419 443 463 488 512 536 568 593 624
■■ T -  ' 196 344 382 4.08 43.7 473 492 516 534 554 ■ 587" 598 6o4 .' '
0 - t2 .210 340 - 378 ' 423 465 494 520 54o 556 58,3 606 664 '

7  .
' 179 ■ 348 378 406' 44l 475 .- 506 542 556 575 589 .599 605

: ■ 8a 1 9 0 . 317 'Co C
A

 
I

O

O
J 

I 
COCO ' 406 433 459 490 532 , 5 6 0 - — _ 6 o o  -
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Figure I . The Fort Union Coal Region in Montana and Adjacent States. 
Also shows other coal areas in Montana. (3)
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Figure 2. Scncmatic Diagram cf Hydrogenation System.
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F i g u r e  3 . E f f e c t  o f  C a t a l y s t  C o n c e n t r a t i o n  on R e a c t i o n  P ro d u c t  
a t  425°C.
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a t  47 5 °C
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F i g u r e  5- E f f e c t  o f  Run L eng th  on R e a c t io n  P r o d u c t
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F i g u r e  6 . E f f e c t  o f  Run L e n g th  on API G r a v i ty  o f  R e a c t io n  
P r o d u c t . '
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P e r  Cent D i s t i l l e d

Figure 7• ASTM D is t i l l a t io n s  fo r  J S e r ie s  Products at 0 C ata ly st
C oncentration .
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Figure 8. ASTM D is t i l l a t io n s  fo r  J S e r ie s  Products a t 3 .6  \rt%
C a ta ly st C oncen tration .
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Figure 9. ASTM D is t i l l a t io n s  fo r  K S e r ie s  Products a t 0 C ata ly st
C en tra tio n .
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Figure 10. ASTM D is t i l l a t io n s ,  fo r  K S e r ie s  Products a t 3 .6  wt%
C a ta ly st C oncentration .
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Figure 11. ASTM D is t i l l a t io n s ,  fo r  L S e r ie s  Products at 0 C ata ly st
C oncentration .



T
em

pe
ra

tu
re

 
(c

F)

-3 6 -

P e r  Cent D i s t i l l e d

Figure 12. ASTM D is t i l l a t io n s  fo r  L S e r ie s  Products at 3 .6  wt%
C a ta ly st C oncentration .
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Figure 13. Effect of Run Length on ASTM Distillations of
Reaction Products
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Figure l4. E ffe c t  o f  Run Length on ASTM D i s t i ] la t io n  o f
R eaction  P roducts.



A
ve

ra
ge

 M
ol

ec
ul

ar
 W

ei
gh

t

-39-

150 I

I_____
0 .8  1 .6  2 . U 3 .2  4 .0

C a t a l y s t  C o n c e n t r a t i o n  (wt% o f  MAF C oal)

Figure 15. Effects of Temperature and Catalyst Concentration on
Average Molecular Weight of Reaction Products for J

. Series Runs.
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Figure l6 .  E f fe c ts  o f  Temperature and C a ta ly st C oncentration  on
Average M olecular Weight o f  R eaction  Products fo r  K
S e r ie s  Runs.
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Figure 17. E f fe c t s  o f  Temperature and C ata ly st C oncentration  on
Average M olecular Weight o f  R eaction  Products for  L
S e r ie s  Runs.
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