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Abstract:
This investigation was made to determine the applicability of four catalysts to the hydrogenation of a
650° F.E.P. shale oil coker distillate. Two preliminary studies were made on an 850° F.E.P. coker
distillate to determine the optimum operating conditions.

The catalysts investigated were? (1) Harshaw's molybdenum oxide/ Mo-0203-T-l/8", promoted with
indium, (2) Harshaw's molybdenum oxide promoted with palladium, (3) Peter Spence & Sons', Ltd.,
cobalt molybdate, 5/32 in., graphite base, and (4) Harshaw'S cobalt molybdate, Co-Mo-0201-T-l/8". A
Union" Oil Company cobalt, molybdate catalyst was used in the two preliminary studies. The indium
and palladium promoted catalysts were prepared in the laboratory at Montana State College.

The "investigations were conducted in a bench-scale pilot plant unit. The preliminary runs showed that
an operating pressure of 1000 psig. was more conducive to a successful hydrogenation process
for"shale oil coker distillate than was a pressure of 500 psig. Conditions used in the catalyst studies
were a reactor pressure of 1OOOpsig., a space velocity of 1.0 gms. of oil per gm„ of catalyst per hour,
and the recycle gas rate was 7500 cu. ft. of 65 percent hydrogen, 35 percent methane, per bbl. of oil"
charged. The temperature was raised from 725° F. to 925° F, in increments of 50° F. every 24 hours
during each catalyst study. The average run length for each catalyst was 120 hours of on-stream
operation plus a 24-hour lineout period at the beginning of a series of runs and an eight-hour lineout
period between temperature increments.

The Spence cobalt molybdate catalyst was found to give "better nitrogen and sulfur removal than the
other three catalysts investigated. Palladium molybdate and Harshaw's cobalt molybdate were effective
catalysts, with the palladium giving the indication that it might be used,, effectively at higher
temperatures than the other catalysts. The indium catalyst gave good yields, 92.5 weight percent of the
charge at 875° F., but had poor denitrogenization properties. 
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ABSTRACT

This i n v e s t ig a t io n  was made t o  d e te m ih e  th e  a p p l i c a b i l i t y  o f  fo u r  
c a t a l y s t s " t o  th e  h y d ro g e n a tio n  o f  a 650° F .E .P . s h a le " o i l" c o k e r  d i s t i l 
l a t e .  Two p re lim in a ry  s tu d ie s  were made on an 850° F .E .P . co k e r d i s t i l 
l a t e  t o  d e te rm in e  th e  optimum o p e ra t in g  c o n d i t io n s .

The c a t a l y s t s  in v e s t ig a te d  were"? ( I )  H arshaw t s molybdenum o x id e /  
M o-0203-T -l/8 11, prom oted w ith  ind ium , (2 ) HarshawTs molybdenum' oxide p ro 
m oted w ith  p a l la d iu m ," (3 )  P e te r  Spence & S o n s’, L t d . ,  c o b a l t  m o ly b d a te /
5 /32  i n . , g r a p h ite  b a se ,- and" (4") "Harshawt s c o b a l t  m o ly b d a te , Co-Mo-0201-T- 
1 /8 ” . A U nion"O il Company c o b a lt, m olybdate  c a ta ly s t" w a s  u sed  in  th e  two 
p re l im in a ry  s tu d i e s .  T h e"indium  and p a lla d iu m  prom oted c a t a l y s t s  were p re 
p a red  in  th e  la b o ra to r y  a t  Montana S ta te  C o lle g e .

The in v e s t ig a t io n s  w ere conducted  i n  a b e n c h - s c a l e .p i lo t  p la n t  ,u n i t .  
The p re l im in a ry  fu n s  showed t h a t  an  o p e ra t in g  p re s s u re  o f  1000 p s ig .  was 
more conducive t o  a s u c c e s s fu l  h y d ro g e n a tio n  p ro c e s s  f o r " s h a le  "o il co k er 
d i s t i l l a t e  th a n  was a  p re s s u re  o f "500 p s ig .  C o n d itio n s  u sed  in  th e  c a ta 
l y s t  s tu d ie s  w ere a  r e a c to r  p re s s u re  o f  IO O O p s ig .,  a  space  v e lo c i ty  o f  
1 .0  gras, o f  o i l  p e r  gm„ o f  c a t a l y s t  p e r  h o u r , and th e  r e c y c le  gas f a t e  was 
7500 cu . f t .  o f  6"5 p e rc e n t hyd ro g en , 35 p e rc e n t m ethane, p e r  b b l .  o f o i l " 
c h a rg e d . The "tem peratu re  was f a is e d  from  725° F . t o  925° F , in  in c rem en ts  
o f  50° F . e v e ry  24 ho u fs  d u r in g  each c a t a l y s t  s tu d y . T he"average run  
le n g th  f o r  each  c a t a l y s t  was 120 h o u rs  o f  o n -s tre a m  o p e ra t io n  p lu s  a 24-  
h o u r l in e o u t  p e r io d  a t  th e  b e g in n in g  o f  a s e r i e s  o f  runs >and an e i g h t -  
h o u r l in e o u t  p e r io d  betw een te m p e ra tu re  in c re m e n ts .

The 'Spence c o b a l t  m olybdate  c a t a l y s t  was fo u n d " to  g iv e  " b e t te r  n i t r o 
gen and s u l f u r ,  fem oval th a n  th e  o th e r  th r e e  c a t a l y s t s  i n v e s t i g a t e d . . P a l l a 
dium m olybdate and H arshaw t s c o b a l t  m olybdate  were e f f e c t iv e  c a t a l y s t s ,  
w ith  th e  p a lla d iu m  g iv in g  th e  in d ic a t io n  t h a t  i t  m ight be used,, e f f e c t i v e l y  
a t  h ig h e r  te m p e ra tu re s  th a n  th e  o th e r  c a t a l y s t s .  The indium  c a t a ly s t  gave 
good " y ie ld s ,  9 2 .5  w eigh t p e rc e n t o f  th e  charge  a t  875° F . , b u t had poor 
d e n i t r o g e n iz a t io n  p r o p e r t i e s .
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I  INTRODUCTION

The in v e s t ig a t io n  o f  o i l  s h a le  as  a p o s s ib le  s o u r c e ' o f  com m ercial 

f u e l s  has been  c a r r i e d  on. by th e  Bureau o f  Mines o f  th e  U n ited  S ta te s  

D epartm ent o f  th e  I n t e r i o r  s in c e  abou t 1925. From 1929 u n t i l  1944 

how ever, v e ry  l i t t l e  in v e s t ig a t io n  was conducted  because  o f  th e  ev e r 

in c r e a s in g  su p p ly  o f  p e tro le u m . In  A p r il  o f  1944, th e  S y n th e tic  L iq u id  

F u e ls  Act was p assed  by th e  78 th  C ongress f o r  th e  purpose o f  in v e s t ig a t in g  

p o s s ib le  so u rces  o f  l i q u i d  f u e l s  w ith  which to  supplem ent th o s e  d e r iv e d  

from  p e tro le u m . The p assag e  o f  t h i s  a c t  was prom pted by th e  heavy w artim e 

consum ption o f  f u e l s  which s e e m in g ly 'th re a te n e d  t o  d e p le te  th e  n a t io n 's  

o i l  r e s e r v e s .  I t  was ex ten d ed  when peace  tim e  demands f o r  o i l  and o i l  

p ro d u c ts  su rp a s se d  peak re q u ire m e n ts  o f  W orld War I I .  In  1943 th e  con

sum ption  o f  l i q u i d  f u e l s  was 1 .7  b i l l i o n  b a r r e l s  w h ile  i n  1953 i t  had 

in c re a s e d  to  3 b i l l i o n  b a r r e l s  p e r  y e a r .

I t  i s  t r u e  t h a t  su p p ly  has  managed to  keep pace w ith  t h i s  demand, 

b u t o n ly  th ro u g h  im p o rts  o f  more and m o r e ,o i l .  These im p o rts  approached  

o n e -h a lf  b i l l i o n  b a r r e l s  o f  o i l  in  1953« This f a c t  a lo n e  j u s t i f i e s  th e  

governm en ta l a p p ro p r ia t io n s  t o  th e  B ureau o f Mines so t h a t  new so u rc e s  o f  

f u e l s  may be. opened up to  le s s e n  th e  n a t i o n 's  dependence on o th e r  

c o u n t r ie s  f o r  ;i t s  f u e l s .

O il s h a le  can  be d e f in e d  as  a compact la m in a te d  rock  o f  sed im en ta ry  

o r ig in  w hich c o n ta in s  s o l id  o rg a n ic  m a t te r  c a l le d  " k e ro g e n ," t h a t  w i l l  y i e ld  

o i l  upon d i s t i l l a t i o n .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  word p e tro leu m  

i s  d e r iv e d  from  two L a t in  w ords, p e t r a  and o leum , which mean rock  and o i l ,  

r e s p e c t iv e ly .  Thus p e tro leu m  means "rock  o i l . "  The d e r iv a t io n  o f  t h i s
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word p lu s  th e  f a c t  t h a t  o i l  s h a le  was known t o  e x i s t  and was used  as  e a r ly  

a s  1694 in  England and S c o tla n d  g iv e s  an in d ic a t io n  o f  how lo n g  th e  

knowledge o f  o i l  s h a le  p receded  th e  d is c o v e ry  o f  what i s  now known as  

p e tro leu m .

The o r ig in  o f  o i l  s h a le  i s  b e l ie v e d  to  be q u i te  s im i la r  t o  t h a t  o f  

c o a l .  Beds o f o rg a n ic  m a t te r ,  v e g e ta b le  s p o re s ,  p o l le n ,  a l g a e , s h e l l s  o f  

m in u te  c ru s ta c e a n s ,  e t c . , were d e p o s ite d  a t  th e  bottom  o f la k e s .  U pheaval 

o f  th e  la k e  bottom  fo llo w e d  by e ro s io n  have l a i d  b a re  th e  v a s t  s t r a t i f i e d  

seams o f o i l  s h a le .

The f i e l d s  o f  o i l  s h a le  t h a t  ap p ea r to  be th e  most p ro m isin g  fo r  

com m ercial e x p lo i t a t io n  in  th e  U n ited  S ta t e s  a re  th o se  lo c a te d  in  C olo rado , 

Wyoming, and U tah . This i s  th e  Green R iv e r fo rm a tio n . T his fo rm a tio n  i s  

a p p ro x im a te ly  17 ,000  sq . m i. i n  a re a  o f which 9200 sq . m i. a re  in  Wyoming, 

5200 s q . m i. a re  i n  U tah , and th e  rem a in d er i s  in  C o lo rado . The C olorado 

p o r t io n  o f  th e  fo rm a tio n  has been th e  m ost th o ro u g h ly  in v e s t ig a t e d .  

E s tim a te s  o f  p a r t l y  b lo ck ed  and in f e r r e d  s h a le  f o r  t h i s  a re a  in d ic a te  t h a t  

a 500- f o o t - th i c k  m easu re , a s s a y in g  15 g a l .  p e r  to n ,  c o n ta in s  a p o te n t i a l  

r e s e rv e  o f  494 b i l l i o n  b a r r e l s  o f  s h a le  o i l .  The low er segment of t h i s  

m easu re , c a l le d  th e  Mahogany le d g e ,  i s  up to  90 f e e t  th i c k  and av e ra g es  30 

g a l .  p e r  to n .  This r e p r e s e n ts  an e s t im a te d  r e s e r v e ,  in  p la c e ,  o f  126 

b i l l i o n  b a r r e l s  o f  s h a le  o i l .  In  t h i s  zone a lo n e ,  th e  p o t e n t i a l  sh a le  o i l  

r e s e rv e  i s  about fo u r  tim es  th e  known p e tro leu m  re s e rv e  o f  t h i s  c o u n try . 

D e sp ite  t h i s  l a r g e . r e s e r v e ,  developm ent o f o i l  s h a le  re s o u rc e s  has  n o t been 

o f  com m ercial i n t e r e s t  because  i t  was f e l t  t h a t  o i l  co u ld  n o t be produced  

a s  c h e a p ly  by m ining o i l  s h a le  a s  from  th e  norm al p e tro leu m  crude  so u rces
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and t h a t  th e  p e tro leu m  re s e rv e s  were q u i te  a d e q u a te .

As a  r e s u l t  o f  th e  S y n th e t ic  L iq u id  F u e ls  A ct, th e  B ureau o f Mines was 

en ab led  to  s e t  up a d e m o n s tra tio n  mine a lo n g  w ith  r e t o r t i n g  and r e f in in g  

f a c i l i t i e s  n e a r  th e  sm a ll m ountain  town o f  R i f l e ,  C o lo rado . A lthough t h i s  

v e n tu re  can n o t be c l a s s i f i e d  as  a com m ercial one, many com panies, among 

w hich a r e  some o f  th e  l a r g e r  o i l  com pan ies, have begun t o  e x p re ss  an 

i n t e r e s t  in  th e  p o s s i b i l i t i e s  o f  u t i l i z i n g  o i l  s h a le .  Union O il Company, 

in  p a r t i c u l a r ,  i s  s a id  t o  have made c o n s id e ra b le  p ro g re s s  tow ards 

co m m erc ia liz in g  o i l  s h a le  a s  a f u e l  so u rc e  ( 3 ) .  The B ureau o f  Mines a l s o  

h as  many c o o p e ra tiv e  ag reem en ts  w ith  f irm s  o th e r  th a n  o i l  com panies and w ith  

v a r io u s  c o l le g e s  and u n i v e r s i t i e s ,  among which i s  Montana S ta te  C o lleg e . 

A lthough in d u s try  has been slow  to  see  th e  p o s s i b i l i t i e s  o f o i l  from s h a le ,  

th e  e n g in e e r in g  and c o s t  d a ta  which th e  B ureau o f  Mines h as  o b ta in e d  from 

t h e i r  r e s e a rc h  d u rin g  th e  p a s t  s e v e r a l  y e a r s ,  b o th  a t  R i f le  and a t  th e  s h a le  

o i l  la b o ra to r y  in  L aram ie , loom ing , i s  a v a i la b le  f o r  i t s  u s e .

One o f th e  b ig g e s t  problem s o f th e  Bureau o f  Mines h as  been to  dev e lo p  

a  s a f e ,  econom ical m ethod o f  m ining o i l  s h a le .  In  o rd e r  t o  produce o i l  

from  s h a le  ec o n o m ic a lly , th e  m ining  s te p  has t o  be ex tre m e ly  e f f i c i e n t .

I t  has been  known f o r  y e a rs  t h a t  th e  m in ing  c o s ts  in  s u r f a c e  w orkings a re  

l e s s  th a n  in  underg round  m in es . The aim o f th e  d em o n s tra tio n  m ine, 1

t h e r e f o r e ,  has  been to  l i t e r a l l y  ta k e  a  q u a r ry  underground and adop t as  

many s u r fa c e  m ining  te c h n iq u e s  a s  p r a c t i c a b l e  to  underg round  c o n d i t io n s .

The Bureau o f  Mines has d ev e lo p ed  such a m ethod o f underg round  m in ing , 

c a l l e d  th e  room and p i l l a r  m ethod, and have found t h a t  75 p e rc e n t o f  th e  

o i l  s h a le  co u ld  be s a f e ly  removed le a v in g  th e  o th e r  25 p e rc e n t t o  se rv e



a s  p i l l a r - t y p e  ro o f  s u p p o r ts .  U sing th e  room and p i l l a r  ty p e  m ining 

m ethod, a m on th ly  av erag e  s h a le  p ro d u c tio n  up t o  165 to n s  p e r  m a n -sh if t 

a t  an app rox im ate  c o s t  o f  $ 0 .5 0  p e r  to n  has been a t t a in e d  ( 9 ) .  This 

r e p r e s e n ts  abou t 25 tim e s  th e  p ro d u c tio n  o f th e  av erag e  American c o a l 

m in e r.

Much o f  th e  re s e a rc h  t h a t  has been  conducted  on th e  r e t o r t i n g  o p e r

a t i o n  has been  t o  dev e lo p  a  co n tin u o u s  ty p e  r e t o r t .  When th e  o p e ra t io n  

was f i r s t  begun , a  b a tc h - ty p e  r e t o r t  was u s e d . A c o n tin u o u s  r e to r t i n g  

p r o c e s s , c a l le d  th e  g as-co m b u stio n  p ro c e s s , has  been developed  and has 

ta k e n  th e  p la c e  o f th e  o ld  NTU r e t o r t  a t  th e  d em o n s tra tio n  m ine. In  t h i s  

p ro c e s s ,  th e  o i l  s h a le  i s  r e to r t e d  a s  a downward moving bed h e a te d  by an 

a sc e n d in g  s tream  o f h o t com bustion  g a s e s .  The com bustion  g a se s  a re  

g e n e ra te d  by b u rn in g  re c y c le d  p ro d u c t gas and carbonaceous re s id u e  from 

th e  r e to r t e d  s h a le  d i r e c t l y  in  th e  s h a le  b ed . By c o n t r o l l i n g  th e  r a te  

o f c o o l in g ,  th e  s h a le  o i l  v apo rs  a r e  condensed w ith in  th e  r e t o r t  a s  a 

fo g  o r  m is t  in  th e  gas s tre a m . Thus, s h a le  o i l  i s  removed from  th e  s h a le " 

bed in  a  l i q u id  s t a t e  and can be re c o v e re d  w ith o u t f u r t h e r  c o o lin g  o r  

c o n d e n sa tio n . T h is f a c t  b r in g s  ou t a d i s t i n c t  advan tage f o r  th e  gas 

com bustion  r e t o r t  o v e r  o th e r  r e t o r t s ;  e g . , i t  r e q u ir e s  no w a te r  in  an 

a re a  where w a te r  i s  ex tre m e ly  s c a r c e .

The c ru d e  from  th e  r e t o r t  has been g iv e n  some o f th e  more common 

p e tro leu m  tr e a tm e n ts  such as  co k in g , v is b r e a k in g ,  f r a c t i o n a t i o n ,  th e rm a l 

c ra c k in g , c a t a l y t i c  c ra c k in g ,  h y d ro g e n a tio n , and a c id  t r e a t i n g .  The f u e l s  

o b ta in e d  from th e s e  p ro c e s s e s  a re  c h a r a c te r iz e d  by a  h ig h  gum c o n te n t ,  

h ig h  d eg ree  o f  u n s a tu r a t io h ,  h ig h  s u l f u r  and n it ro g e n  c o n te n t ,  poor c o lo r
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s t a b i l i t y ,  and an o f fe n s iv e  odor s u g g e s tiv e  o f p y r id in e „ A g a s o lin e  and 

d i e s e l  f u e l ,  which were a c t u a l l y  u sed  in  a t r u c k  and a t r a i n ,  have been 

o b ta in e d -b y  th e rm a l c ra c k in g  and s u l f u r i c  a c id  t r e a t i n g ,  b u t th e  y ie ld  

was to o  poo r to  su g g e s t u t i l i z i n g  t h a t  p ro ced u re  f o r  a  com m ercial p ro c e s s .

In  r e c e n t  y e a r s ,  s e v e r a l  p ro c e s se s  in  p e tro leu m  te c h n o lo g y  have been ■ 

d ev eloped  th a t  a r e  o f  i n t e r e s t  in  t h e i r  a p p l ic a t io n  to  sh a le  o i l .  The 

po ly fo rm  p ro c e s s ,  c a t a l y t i c  c ra c k in g , and c a t a l y t i c  h y d ro g e n a tio n  a re  

th r e e  o f  th e  p ro c e s s e s  t h a t  ap p ea r t o  be p ro m is in g . The po lyform  p ro c e s s  

employs th e  p r in c i p l e  o f  c ra c k in g  nap h th a  and h e a v ie r  o i l s  i n  adm ix ture 

w ith  v a ry in g  am ounts o f  cheap , g aseous h yd rocarbons such as  th e  p ropanes 

and b u ta n e s .  C a ta ly t ic  c ra c k in g  i s  a p ro c e s s  f o r  c o n v e r t in g  pe tro leum  

f r a c t i o n s  i n  th e  gas  o i l  b o i l in g  ran g e  in to  g a s o lin e  and o th e r  low er 

b o i l in g  h y d ro ca rb o n s . The two p ro c e s s e s  may be combined t o  form  a  p ro c e s s  

c a l l e d  c a t a l y t i c  p o ly fo rm in g . The e f f e c t s  o f t h i s  p ro c e s s  on sh a le  o i l  

were in v e s t ig a te d  by C re e e liu s  (6 ) .  He d e te rm in ed  t h a t  h ig h e r  y ie ld s  o f  

g a s o l in e  w ere o b ta in a b le  th ro u g h  t h i s  p ro c e s s  th a n  from  th e rm a l c ra c k in g , 

chem ica l t r e a tm e n t ,  e t c . ,  bu t t h a t  th e  q u a l i t y  o f th e  p ro d u c ts  was n o t 

m a te r i a l ly  im proved o v er o th e r  m ethods o f  r e f in in g  s h a le  o i l .  The 

minimum gum c o n te n t ,  i n  p a r t i c u l a r ,  was s t i l l  to o  g r e a t .

I t  has  been su g g e s te d  by v a r io u s  r e s e a r c h e r s  on s h a le  o i l  and th e  

p ro d u c ts  o b ta in e d  t h e r e o f ,  t h a t  th e  k ey  to  t h e i r  i n s t a b i l i t y  m ight be th e  

p re se n c e  o f  n i t r o g e n .  - They f e e l  t h a t  n i t r o g e n  e i t h e r  ta k e s  p a r t  in  o r  

p o s s ib ly  c a ta ly z e s  th e  gum form ing  r e a c t i o n s . The obv ious answ er to  

s o lv in g  such  a  problem  i s  rem oval o f  th e  n i t r o g e n .  The Bureau o f Mines 

and o th e rs  have d em o n stra ted  t h a t  by th e  u se  o f  d e s t r u c t iv e  c a t a l y t i c
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h y d ro g e n a tio n , e g . ,  te m p e ra tu re s  above 850° F . and p re s s u re s  o f  1000 p s ig .  

o r  g r e a t e r  in  th e  p re se n c e  o f  hyd ro g en , b o th  n it ro g e n  and s u l f u r  can  be 

e s s e n t i a l l y  removed from  th e  p ro d u c t.

The f a c t  t h a t  th e  u s u a l  m ethods o f  t r e a t i n g  p e tro leu m  do n o t ap p ea r 

eco n o m ica lly  a p p l ic a b le  t o  th e  r e f in in g ' o f  s h a le  o i l ,  le d  th e  a u th o r  to  

in v e s t ig a t e  th e  p o s s i b i l i t i e s  o f  a m ild  ty p e  c a t a l y t i c  h y d ro g e n a tio n  

p ro c e s s .  The in v e s t ig a t io n  was i n i t i a t e d  by d e te rm in in g  th e  optimum 

o p e ra t in g  c o n d i t io n s .  Once th e s e  c o n d i t io n s  were e s t a b l i s h e d ,  a s tu d y  o f 

th e  e f f e c t s  o f  s e v e r a l  d i f f e r e n t  c a t a l y s t s  on th e  m ild  h y d ro g e n a tio n  o f  

a 650° F .E .P . co k e r d i s t i l l a t e  was m ade. The c a t a l y s t s  u sed  and t h e i r  

p r e p a ra t io n s  a re  d e s c r ib e d  on page 1 7 .
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I I  EQUIPMENT, METHODS, AND MATERIALS 

A EQUIPMENT

A sch em atic  d iag ram  o f th e  u n i t  i s ' shown in  F ig u re  I .  The u n i t  can be 

d iv id e d  in to  two m ain p a r t s :  ( I )  th e  r e a c to r  s e c t io n  and (2 ) th e  re c y c le  gas 

s e c t io n .

The r e a c to r  s e c t io n  c o n s is te d  o f  a  fe e d  sy stem , th e  r e a c to r ,  and th e  

sam p ling  f a c i l i t i e s .  The fe e d  was pumped from  a r e s e r v o i r  th ro u g h  l / S  in .

ID h ig h  p re s s u re  s t a i n l e s s  s t e e l  tu b in g  in to  th e  to p  o f  th e  r e a c to r  by a 

H ills-M cO anna Chem ical P ro p o r tio n in g  Pump. The flo w  r a te  o f  th e  pump was 

a d ju s ta b le  t o  any d e s i r e d  r a t e  up t o  1 .0 2  g a l . /m in .  a t .2900 p s i .

The r e a c to r  .was made from  an 18 in .  le n g th  o f  2^ i n .  sch ed u le  80, 

a u s t e n i t i c ,  s t a i n l e s s  s t e e l  p ip e  and was d es ig n ed  t o  o p e ra te  a t  a m axi

mum p re s s u re  o f 3000 p s i .  w ith  a s a f e ty  f a c t o r  o f  10 . I t  was c lo se d  a t  

each  end by a  s p e c i a l l y  d es ig n ed  sc rew -ty p e  f i t t i n g  which was m achined 

h e re  a t  Montana S ta te  C o lleg e ; how ever, because  o f  d i f f i c u l t y  in  o b ta in 

in g  a  s a t i s f a c t o r y  s e a l ,  b o th  ends were e v e n tu a l ly  w elded p erm anen tly  in  

p la c e .  Three nichrom e h e a t in g  c o i l s ,  each ap p ro x im a te ly  33 f e e t  lo n g , 

were beaded and wrapped around th e  r e a c to r  which had f i r s t  been wrapped 

w ith  a s b e s to s  t a p e .  A nother l a y e r  o f  a s b e s to s  ta p e  covered  th e  c o i l s  to  

p r o te c t  them  a g a in s t  th e  m agnesia mud l a y e r  which p ro v id ed  th e  n e c e s sa ry  

i n s u l a t i o n .  The to p  o f  th e  r e a c to r  was f i t t e d  w ith  th e  n e c e s s a ry  f i t 

t i n g s ,  v a lv e s ,  e t c .  t o  p ro v id e  f o r  fe e d  gas i n l e t ,  o i l  i n l e t ,  o i l  fe e d 

l i n e  b le e d ,  vacuum l i n e  c o n n e c tio n , b lo w o u t-d isk  ex h au st sy stem , and 

th e rm o w e ll. The the rm ow ell was made from  a le n g th  o f i n .  seam less ,
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sc h e d u le  80, s t a i n l e s s  s t e e l  p ip e . I t  f i t t e d  in to  th e  to p  o f  th e  r e a c to r  

and a llo w ed  f o r  th e  lo c a t in g  o f  th r e e  th e rm o co u p les  a t  any  d e s i r e d  p o in t  

a lo n g  th e  v e r t i c a l  a x i s  o f  th e  r e a c t o r .

At th e  bo ttom  o f  th e  r e a c t o r ,  a co n d en se r was co n n ec ted  by means o f  a 

3 /4  i n .  sch ed u le  80 u n io n . Below th e  co n d en ser was f i t t e d  a sam ple r e 

s e r v o i r  which was a s h o r t  le n g th  o f  2 i n .  sch ed u le  80 p ip e  c lo se d  a t  bo th  

ends by caps w elded in  p la c e .  The caps were tap p ed  f o r  l / 2  i n .  p ip e . 

C onnected to  th e  r e s e r v o i r  a s  shown in  F ig u re  I ,  was a Je rg u so n  s ig h t  g la s s  

f o r  l i q u i d  l e v e l  c o n t r o l .  From t h i s  Je rg u so n  th ro u g h  a  v a lv e ,  th e  sam ple 

was drawn o f f  as  d e s i r e d  in  an  800 m l. E rlenm eyer f l a s k . The non -co n - 

d e n sa b le  g a se s  c o n ta in e d  in  th e  sam ple w ere p assed  th ro u g h  a  s e r i e s  o f  

th r e e  c a u s t ic  wash b o t t l e s  and m e te red  th ro u g h  th e  wet t e s t  m e te r  b e fo re  

b e in g  v e n te d .

P re s su re  i n  th e  r e a c to r  was m a in ta in e d  by use o f  a M ason-N eilan a i r -  

to - c l o s e  v a lv e  w hich was c o n t ro l le d  by a F ish e r-W iz a rd  p ro p o r t io n a l  con

t r o l l e r .  The power f o r  h e a t in g  th e  r e a c to r  was fu rn is h e d  by two 260 v o l t ,

3 amp P o w e rs ta ts  and one 130 v o l t ,  7 .5  amp P o w e rs ta t . T em peratures were 

re a d  d i r e c t l y  from a L eeds-N orth rup  in d i c a t in g  p o te n tio m e te r  connec ted  to  

th e  th e rm o c o u p le s , and a d ju s tm e n ts  o f  th e  P o w e rs ta ts  w ere made a c c o rd in g ly .

The r e c y c le  gas s e c t io n  c o n s is te d  o f  a s to ra g e  c y l in d e r ,  com pression  

c y l in d e r ,  fe e d  gas c y l in d e r ,  makeup gas c y l in d e r  w ith  r e g u la to r ,  r o t a 

m e te r s ,  a reco m p ressio n  sy stem , and th e  n e c e s s a ry  v a lv e s ,  f i t t i n g s ,  and 

tu b in g . The su rg e  o r  s to ra g e  c y l in d e r  c o l l e c t e d  th e  g a se s  which had 

p a sse d  th ro u g h  th e  r e a c to r  and s to r e d  them  u n t i l  tim e  to  recom press them 

back t o  th e  fe e d  c y l in d e r .  Recom pression  was accom plished  by pumping o i l



” 12 -

from  th e  o i l  r e s e r v o i r  in d ic a te d  in  F ig u re  I ,  th ro u g h  a P esco  h igh  p r e s s u r e ,  

g e a r - ty p e  pump in to  th e  bo ttom  o f  th e  com pression  c y l in d e r .  The p ip in g  in  

th e  reco m p ressio n  system  was done w ith  l/&  in .  sch ed u le  80 p ip e  and f i t t i n g s .  

-The Pesco pump was c a p a b le  o f  d e l iv e r in g  4 .5  gpm. a t  2800 RPM and 1200 

p s i .  The pump was d i r e c t l y  co u p led  a t  a 3 .2 :1  p u l le y  r a t i o  t o  a Powr- 

K ra f t I  h p . r e p u ls io n - in d u c t io n - ty p e  e l e c t r i c  m o to r. High p re s s u re  

s t a i n l e s s  s t e e l  tu b in g ,  f i t t i n g s ,  and v a lv e s  were u sed  in  th e  re c y c le  

gas  system .

The v a lv e s  w ere Hoke #321 n e e d le  v a lv e s  w ith  b lu n t  s p in d le s .  The 

ro ta m e te rs  w ere Brooks High P re s s u re  I n d ic a t in g  R o tam eters  and were 

equ ipped  w ith  a number o f  d i f f e r e n t  w eigh t f l o a t s  which a f fo rd e d  a 

f a i r l y  w ide ran g e  o f  f lo w  r a t e s . Flow th ro u g h  th e  ro ta m e te rs  was con

t r o l l e d  by two Hoke m e te r in g  v a lv e s .

The r e a c to r  h e a t c o n t ro l  P o w e rs ta ts , p re s s u re  c o n t r o l l e r ,  p re s s u re  

g a g e s , r o ta m e te r s ,  pump s w itc h e s ,  and p r in c i p a l  o p e ra t in g  v a lv e s  were 

m ounted on a p a n e l b o a rd  to  a f f o r d  q u ic k  and e f f i c i e n t  o p e ra t io n  o f th e

u n i t .
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B METHODS

I .  C a ta ly s t  Changeover

In  o rd e r  t o  ch arg e  f r e s h  c a t a l y s t  to  th e  r e a c to r ,  i t  was ta k e n  down 

from  i t s  o p e r a t io n a l  p o s i t i o n  w ith in  th e  u n i t ,  in v e r te d ,  and th e  used 

c a t a l y s t  and th e  alundum b a l l s  were rem oved. The used  c a t a l y s t  was 

sc re e n e d  to  s e p a ra te  i t  from  th e  alundum b a l l s ,  p a r t  o f  which were th e n  

r e p la c e d  in  th e  r e a c to r  t o  se rv e  as  p re h e a t  m edia. O ne-hundred grams 

o f  new c a t a l y s t  was p la c e d  in  th e  r e a c to r  and enough a d d i t io n a l  alundum 

b a l l s  w ere added to  c o m p le te ly  f i l l  i t .  A . c i r c u l a r  w ire  s c r e e n ,  th e  s iz e  

o f  th e  opening th ro u g h  w hich th e  c a t a l y s t  and alundum b a l l s  were added , 

was u sed  to  su p p o rt th e  c o n te n ts  o f  th e  r e a c to r .  The r e a c t o r ,  charged  w ith  

f r e s h  c a t a l y s t ,  c o n ta in e d  a  p re h e a t s e c t io n  o f  abou t t e n  in c h e s ,  a c a t a ly s t  

bed a p p ro x im a te ly  1 .5  in c h es  in  d e p th , and abou t 3 in c h e s  o f  bottom  su p p o rt 

f o r  th e  c a t a l y s t  b ed . A f te r  th e  c a t a l y s t  changeover was com pleted , th e  

r e a c to r  was re p la c e d  w ith in  th e  u n i t ,

2 .  S ta r t - u p

The u n i t  was p la c e d  in to  o p e ra t io n  by a p p ly in g  c u r r e n t  t o  th e  h e a t 

in g  c o i l s .  When th e  te m p e ra tu re  o f  th e  c a t a l y s t  bed reach ed  about 600°

F . ,  th e  r e a c to r  was ev ac u a ted  and th e  r e c y c le  gas flow  was s t a r t e d .  The 

r e a c to r  was th e n  p r e s s u r iz e d  by a d ju s t in g  th e  b a c k - re s s u re ' v a lv e  and th e  

flo w  o f  o i l  was s t a r t e d .  The d e s ir e d  l iq u id - h o u r ly - s p a c e  v e l o c i ty  was s e t  

on th e  H ills-M cGanna pump by tim in g  th e  f lo w  o f o i l  from  a  g rad u a ted  r e s e r 

v o i r  w ith  a s to p  w atch . A f te r  th e  sp ace  v e lo c i ty  was a d ju s te d  t!he r e a c to r  

was a llo w ed  to  l in e o u t  f o r  24 h o u rs  b e fo re  th e  ta k in g  o f d a ta  was begun.

i
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The o i l  in  th e  r e s e r v o i r  was d ra in e d  down to  th e  in d ic a te d  mark on th e  

sam ple Je rg u so n ; th e  fe e d  r e s e r v o i r  was f i l l e d ,  and th e  fe e d  b o t t l e  was 

w eighed in  o rd e r  t h a t  a w eigh t b a la n c e  m ight be ta k e n  a t  th e  end o f th e  

ru n .

3 - R ecycle Gas P ro ced u res

Makeup gas was p re p a re d  h e re  a t  th e  la b o r a to r y  by m e te r in g  th e  de

s i r e d  q u a n t i t i e s  o f  hydrogen  and m ethane th ro u g h  t h e .makeup ro ta m e te r  

in to  th e  com pression  c y l in d e r .  The ro ta m e te r  had been c a l ib r a t e d  w ith  bo th  

g a se s  f o r  t h i s  p u rp o se . The makeup gas ranged  from 65 p e rc e n t hydrogen ,

35 p e rc e n t m ethane to  1 0 0 .p e rc e n t h yd rogen . The d e s ir e d  r e s u l t  was to  

m a in ta in  th e  co m p o sitio n  o f  th e  gas p a s s in g  o v er th e  c a t a l y s t  bed as 

n e a r  65 p e rc e n t hydrogen  a s  p o s s ib le .

A p e r io d ic  check  on th e  co m p o sitio n  o f  th e  re c y c le  gas was made a t  

th e  b e g in n in g  o f  th e  s e r i e s  o f  ru n s  and a t  th e  end o f  each ru n . A sam ple 

o f  th e  r e c y c le  gas was ta k e n  by d is p la c in g  w a te r  in  a tw o -g a llo n , in v e r te d ,  

g la s s  b o t t l e  w ith  gas from  th e  fe e d  gas c y l in d e r .  This gas  was a n a ly zed  

in  th e  lo w -te m p e ra tu re  f r a c t i o n a t io n  u n i t  i n  th e  la b o ra to r y .  This 

a n a ly s i s  i s  d e s c r ib e d  l a t e r  in  t h i s  s e c t io n .

The fe e d  gas which, had p assed  th ro u g h  th e  r e a c to r  was c o l le c te d  in  

th e  su rg e  and com pression  c y l in d e r s .  When th e  p re s s u re  in  th e  feed  

c y l in d e r  had dropped  t o  a p p ro x im a te ly  100 p s ig .  above th e  r e a c to r  

o p e ra t in g  p r e s s u r e , th e  c o l l e c t e d  gas was re tu rn e d  t o  th e  fe e d  c y l in d e r  

by reco m p ressin g  i t .  To accom plish  t h i s ,  th e  com pression  ta n k  was 

i s o l a t e d  from  th e  system  and th e  reco m p ressio n  pump was s t a r t e d .  When 

e q u a l p re s s u re s  w ere re a c h e d , th e  v a lv e  betw een th e  com pression  and feed
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ta n k s  was opened and th e  com pression  c o n tin u e d . When th e  com pression  

c y l in d e r  was co m p le te ly  f i l l e d  w ith  o i l ,  th e  pump was s to p p e d , and th e  

v a lv e  betw een i t  and th e  fe e d  c y l in d e r  was c lo s e d .  The v a lv e  betw een 

th e  com pression  ta n k  and th e  o i l  r e s e r v o i r  was opened, and when th e  

p re s s u re s  in  th e  su rg e  o r  s to ra g e  ta n k  and com pression  ta n k  were eq u a l

i z e d ,  th e  v a lv e  c o n n e c tin g  th e  two was opened. The p re s s u re  i n  th e  two 

c y l in d e r s  was used  to  d r iv e  th e  o i l  back  in to  i t s  r e s e r v o i r ,  th u s  com

p le t in g  th e  reco m p ressio n  c y c le ,

4 o Sam pling th e  P roduct

A sam ple o f  th e  p ro d u c t was ta k e n  ev e ry  e ig h t  h o u rs , t h r e e  sam ples 

making up a  ru n ,.  The e ig h t—hour sam ple was a com posite  o f ' t h e  fo u r  

tw o -h o u r sam ples on which th e  API g r a v i t i e s  were ta k e n . At th e  tim e o f 

sam ple ta k in g ,  th e  sam ple was d ra in e d  down to  th e  in d ic a te d  mark on th e  

sam ple Je rg u so n  and w e ig h e d .' The fe e d  r e s e r v o i r  was f i l l e d ,  and th e  

ch arg e  b o t t l e  was w eighed a l s o .  The sample w eigh t and th e  charg e  w eight 

w ere re c o rd e d  on th e  d a ta  s h e e t  p ro v id in g  a  w eigh t b a la n c e  f o r  th e  ru n .

5 . Shut-down

The u n i t  was s h u t down by s to p p in g  th e  o i l  fe e d  pump and s h u t t in g  o f f  

th e  P o w erS ta ts  t o  th e  r e a c t o r .  R ecycle  gas flo w  was c o n tin u e d  u n t i l  th e  

r e a c to r  was co o led  to  ab o u t 25Q° F . A ll in te rc o n n e c t in g  v a lv e s  to  th e  

r e a c to r  and betw een t h e 'c y l i n d e r s  were c lo se d  a f t e r  th e  gas  flo w  cea se d . 

The a i r  su p p ly  t o  th e  c o n t r o l l e r  was sh u t o f f ,  and th e  p re s s u re  was b le d  

from  th e  l i n e s  le a d in g  to  t h e  b a c k -p re s s u re  v a lv e . Once th e  c o n t ro l  v a lv e  

was in o p e r a t iv e ,  th e  r e a c to r  p re s s u re  was v e n te d , th u s  co m p le tin g  th a t  

s e r i e s  o f  ru n s .
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The a n a ly s e s  perfo rm ed  in  th e  s tu d ie s  w ere n i t r o g e n  and s u l f u r  d e t e r 

m in a tio n s ,  ASTM d i s t i l l a t i o n s ,  and API g r a v i t i e s  on th e  p ro d u c t ; and low - 

te m p e ra tu re  d i s t i l l a t i o n s  to  d e te rm in e  th e  co m p o sitio n  o f  th e  re c y c le  gas 

sam p les .

The n i t r o g e n  c o n te n t  o f  each sam ple was de te rm in ed  by u se  o f  th e  

s ta n d a rd  K je ld a h l a n a ly s i s  f o r  n i t r o g e n  a s  s e t  up by Boyd G u th rie  e t  a l .

( I )  f o r  s h a le  o i l  and i t s  f ra c tio n s .- -  D e te rm in a tio n  o f  th e  s u l f u r  c o n te n t 

o f  each .sam p le  was made by u se  o f  th e  L am p-G ravim etric m ethod, D 90-50T, 

e s ta b l i s h e d  by th e  American S o c ie ty  f o r  T e s tin g  M a te r ia ls  ( 2 ) .  The ASTM 

d i s t i l l a t i o n  p ro c e d u re , D 8 6 -5 4 , was a l s o  ta k e n  from th a t  s o u rc e . D e te r

m in a tio n  o f  th e  s p e c i f i c  g r a v i ty  o f  th e  p ro d u c t was done w ith  a W est- 

f a l l  B a lan ce . C onversion  o f  s p e c i f i c  g r a v i ty  t o  0API was accom plished  

w ith  th e  e q u a t io n ,

0API = 1 4 1 .5 / s . g . -  1 3 1 .5 .

The gas a n a ly s i s  equipm ent c o n s is te d  o f  a w e l l - i n s u la te d  f r a c t i o n a t in g  

column in  w hich c o n d e n sa tio n  o f  th e  low  b o i l in g  c o n s t i tu e n t s  o f  th e  gas 

was accom plished  by th e  u se  o f l i q u i d  n i t r o g e n .  The overhead  d i s t i l l a t e  

was c o l l e c t e d  ,and-.measured . in  "thb""'va:^Bf '- 's ta te ' 'underproduced  ' p r e s s u r e .

U sing t h i s  m ethod, th e  amounts o f  h y d ro g en , m ethane, e th a n e ,  and p ro p an e , 

i f  an y , p re s e n t  i n  th e  sam ple w ere d e te rm in e d .

- 1 6 -
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G MATERIALS

. The m a te r ia l s  u sed  f o r  th e  h y d ro g e n a tio n  s tu d ie s  were a 650° F . and 

an 850° F„ E .P . s h a le  o i l  co k er d i s t i l l a t e ,  hydrogen , m ethane , and v a r io u s  

c a t a l y s t s  0

The Bureau o f  Mines s u p p lie d  th e  co k e r d i s t i l l a t e s ,  th e  p r o p e r t i e s  

o f  which a r e  found  in  T ab le  I 9

The hydrogen  u sed  f o r  th e s e  s tu d ie s  was o b ta in e d  from  th e  Dtiitmore 

Oxygen Company in  S a l t  Lake C ity ,  U tah 9 The m ethane was s u p p lie d  by th e  

M atheson Company o f J o l i e t ,  I l l i n o i s . .  The gas w ith  th e  d e s i r e d  com position  

o f  hydrogen and  m ethane was made up h e re  a t  th e  la b o ra to r y .

The c a t a l y s t s  in v e s t ig a te d  w ere a c o b a lt-m o ly b d a te  m anufac tu red  by 

th e  Harshaw Chem ical Company, a  c o b a lt-m o ly b d a te  made by P e te r  Spence &

Sons, L t d . , and two c a t a l y s t s  made up h e re  a t  th e  la b o ra to r y ;  Harshaw1s 

molybdenum ox ide  c a t a l y s t  prom oted w ith  ( I )  indium  and (2 ) p a lla d iu m .

The code l e t t e r s  and co m p o sitio n s  o f  th e  c a t a l y s t s  may be found in  T a b le .I I 9

The two c a t a l y s t s  p re p a re d  h e re  were made as f o l lo w s :

Nine grams o f  m e ta l l i c  indium  was d is s o lv e d  in  50 c c . o f  c o n c e n tra te d  

n i t r i c  a c id .  The r e s u l t i n g  s o lu t io n  was ev ap o ra ted  t o  ab o u t 10 c c . , and 

enough w a te r  was added to  make th e  volume up to  60 c c , T his s o lu t io n  was 

added t o  100 grams o f  Harshaw M o-0203-T -l/8 11 p e l l e t i z e d  molybdenum oxide 

c a t a l y s t .  T h i r ty - th r e e  c c .  o f th e  n i t r a t e  was ta k e n  up in  th e  f i r s t  

im p re g n a tio n . The c a t a l y s t  was d r ie d  and g iv e n  a second im p reg n a tio n  o f  

17 c c . I t  was a g a in  d r ie d  and th e n  reduced  f o r  e ig h t  hou rs a t  400-450° C. 

in  an  a tm osphere o f  hyd ro g en . I t  was e s tim a te d  th a t  7 .5  grams o f  e le m e n ta l
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indium  was added to  100 grams o f th e  c a t a l y s t  su p p o r t.

An a c id  s o lu t io n  (1 2 ,5  c c . o f  c o n c e n tra te d  n i t r i c  a c id  and 1 7 .5  c c . 

o f  w a te r)  o f  p a lla d iu m  n i t r a t e  (3 .5  gram s) was im pregnated  in  100 grams 

o f  Harshaw- M o-0203-T -l/8 "  molybdenum o x id e  c a t a l y s t .  The prom oted c a ta 

l y s t  was d r ie d  s lo w ly  a t  ab o u t 60° C. i n  a i r ,  and th e n  red u ced  in .  a 

hydrogen  atm osphere a t  3.59° G. f o r  e ig h t  h o u rs . I t  was e s tim a te d  th a t  1 .6  

grams o f  p a lla d iu m  was added to  IQO grams o f  th e  c a t a ly s t  s u p p o r t .

L
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I I I  DISCUSSION OF RESULTS

A fte r  th e  d e s ig n  and c o n s tr u c t io n  work on th e  u n i t  was f in i s h e d ,  a 

s e r i e s  o f  shakedown ru n s  w ere made to  t e s t  i t .  Only a few  m inor c o r

r e c t io n s  were needed to  read y  th e  u n i t  f o r  th e  s t a r t  o f  th e  h y d ro g en a tio n  

s tu d i e s .

A. D e te rm in a tio n  o f  th e  Optimum O p era tin g  C o n d itio n s

The f i r s t  s t u d i e s ,  ru n s  I  th ro u g h  1 0 , were aimed a t  d e te rm in in g  th e  

e f f e c t  o f  te m p e ra tu re  and p re s s u re  on th e  h y d ro g en a tio n  o f  an 850° F .E .P . 

c o k e r d i s t i l l a t e .  Runs were made a t  b o th  $00 p s ig .  and 1000 p s ig .  t o  de

te rm in e  th e  e f f e c t s  o f p re s s u re  on th e  h y d ro g e n a tio n  p ro c e s s .  The r e s u l t s  

o f  th o s e  ru n s  a re  shown in  T ab les I I I  and IV and F ig u re s  2 and 3 .  . The 

c o m p o sitio n s  o f  th e  re c y c le  gas a re  shown in  F ig u res  8 and  9 . The i n i t i a l  

te m p e ra tu re  was 725° F 0 a t  w hich fo u r  tw o -h o u r sam ples w ere c o l le c te d  and 

com posited  a f t e r  API g r a v i t i e s  were ru n  on each on e . The g r a v i t i e s  were 

u sed  a s  a q u ic k  check on th e  a c t i v i t y  o f  th e  c a t a l y s t .  They were p lo t te d  

v e r s u s  o n -s tream  t im e ,  and th e  s lo p e  o f  th e  l i n e  gave an  in d i c a t io n  o f  th e  ■ 

c a t a l y s t  a c t i v i t y .  Three o f  th e  e ig h t-h o u r  com posite sam ples made up a ru n , 

and n i t r o g e n  and s u l f u r  a n a ly s e s  were perfo rm ed  on each sam p le . At th e  end 

o f  each  24 h o u r s , th e  te m p e ra tu re  was in c re a s e d  $0° F . and a n o th e r  run  was 

made. The l a s t  run  was made a t  92$° F . ,  th u s  com p le tin g  t h a t  s tu d y . The 

c a t a l y s t  u sed  was H arshaw t s c o b a l t  m o ly b d a te , C o-M o-0201-T -3/l6 ,t. The 

sp ace  v e lo c i ty  was 1 . 0 , and  th e  r e c y c le  gas r a t e  was 7500 eu . f t . / b b l .  ( 6 $ 

volume p e rc e n t h y d ro g e n ).

I t  was found t h a t  th e  1000 p s ig .  p re s s u re  was more conducive to  n i t r o 
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gen and s u l f u r  rem oval th a n  th e  lo w er p r e s s u r e ,  A t-1000 p s ig .  th e  s u l f u r  

c o n te n t o f  th e  850°  FeEePo co k e r d i s t i l l a t e  was reduced  t o  a  minimum v a lu e  

o f 0 ,087  w eigh t p e r c e n t .  This compared t o  a  minimum s u l f u r  c o n te n t o f 

0 ,3 9  w eigh t p e rc e n t when th e  charge s to c k  was t r e a t e d  a t  500 p s ig .  The 

minimum v a lu e  in  each  ca se  was o b ta in e d  a t  875° F . The minimum n it ro g e n  

c o n te n t f o r  th e  1000 p s ig .  ru n  was 0 .8 5  w eig h t p e rc e n t and o ccu rred  a t  

875° F . ,  w h ile  th e  minimum f o r  th e  500 p s ig .  run  was 1 .683  w eigh t p e rc e n t 

o c c u rr in g  a t  825° F. Over th e  e n t i r e  ran g e  o f  te m p e ra tu re s  in v e s t ig a te d  

th e  1000 p s ig .  s tu d y  gave b e t t e r  r e s u l t s  th a n  d id  th e  s tu d y  a t  500 p s ig .

F ig u re s  2 and 3 i l l u s t r a t e  th e  c o r r e l a t i o n  betw een c a t a l y s t  a c t i v i t y  

and s u l f u r  and n i t r o g e n  c o n te n t f o r  th e  500 p s ig .  and th e  1000 p s ig ,  

s t u d i e s ,  r e s p e c t iv e l y .  They showed d e f i n i t e l y  t h a t  th e  d e n i t ro g e n a tio n  

and d e s u l f u r i z a t i o n  p r o p e r t i e s  o f th e  c a t a l y s t  dropped o f f  as i t  was de

a c t iv a t e d .  For bo th  s tu d ie s  i t  was n o t ic e d  t h a t  th e  a c t i v i t y  l e v e l  o f  th e  

c a t a l y s t  rem ained f a i r l y  c o n s ta n t w ith in  a run  a t  a g iv en  te m p e ra tu re , and 

t h a t  i t  in c re a s e d  w ith  a r i s e  in  te m p e ra tu re  up t o  925° F,. At t h a t  tim e a 

r a p id  d e a c t iv a t io n  o c c u rre d . F ig u re s  8 and 9 show t h a t  d u r in g  th e  925° F. 

ru n  th e  hydrogen c o n te n t  o f  th e  r e c y c le  gas  dropped o f f  r a p id ly .  I t  was 

su sp e c te d  t h a t  t h i s  e f f e c t  was caused  by a g r e a t ly  in c re a s e d  hydrogen 

consum ption  a t  t h a t  h ig h  te m p e ra tu re .  The d ec re a se  in  hydrogen  c o n te n t 

co u ld  p o s s ib ly  have had  a  b e a r in g  on th e  ra p id  d e a c t iv a t io n  o f  th e  c a ta 

l y s t ,  b u t i t  was b e l ie v e d  t h a t  most o f th e  d e a c t iv a t io n  o c c u rre d  as a 

r e s u l t  o f  th e  in c re a s e d  carbon  la y -d o w n 'o n  th e  c a t a l y s t  due t o  in c re a s e d  

c ra c k in g  a t  925° F .

On th e  b a s is  o f  th e  d a ta  o b ta in e d  from  th e  above s tu d i e s ,  i t  was
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eoncluded  th a t  a 1000 p s ig e o p e ra t in g  p re s s u re  was more conducive  to  th e  

s u c c e s s f u l  h y d ro g e n a tio n  o f  a sh a le  o i l  co k e r d i s t i l l a t e  th a n  was a p r e s 

su re  o f  500 p s i g . ,  and t h a t  th e  optimum te m p e ra tu re  ap p ea red  to  be 8750 p .

T h e ..e ffe c ts  t h a t  fo u r  d i f f e r e n t  c a t a l y s t s  had on th e  h y d ro g en a tio n  

o f a 650° F .E .P . sh a le  o i l  c o k e r d i s t i l l a t e  were in v e s t ig a te d  in  an 

e f f o r t  t o  u ncover a s u i t a b l e  c a t a ly s t  w ith  which t o  t r e a t  s h a le  o i l  and 

i t s  f r a c t i o n s .  The c a t a ly s t s  u sed  w ere : ( I )  H arshaw 's molybdenum oxide 

c a t a ly s t  prom oted w ith  indium ,, (2 ) H arshaw 's molybdenum o x id e  c a t a ly s t  

prom oted w ith  p a lla d iu m , (3 ) a g r a p h i te  b ase  c o b a l t  m olybdate  c a t a ly s t  

o b ta in e d  from  P e te r  Spence & Sons, L t d . ,  and (4 ) Harshaw’s c o b a l t  molyb

d a te  c a t a l y s t .

B. H arshaw 's Molybdenum Qxide C a ta ly s t  Promoted w ith  Indium

The s e r i e s  o f runs from  12 th ro u g h  16 w ere made u s in g  th e  indium  

m olybdate  c a t a l y s t .  The ru n s were made on th e  650° F .E .P . coker d i s t i l 

l a t e  u s in g  a  p r e s s u re  o f 1000 p s i g . ,  space  v e lo c i ty  o f  1 . 0 , r e c y c le  gas 

r a t e  o f  7500 cu . f t . / b b l . ,  and te m p e ra tu re s  b eg in n in g  a t  725° F . and go ing  

t o  925° F. by 50° F . in c re a s e s  e v e ry  24 h o u rs .  The p r o p e r t i e s  o f  th e  

charg e  s to c k  a re  shown in  Table I .  R e s u lts  o f th e  runs a r e  shown in  Table 

7 and F ig u re  4 .  The co m p o sitio n  o f  th e  r e c y c le  gas d u rin g  th e  runs i s  

shown in  F ig u re  10 .

In  F ig u re  4 i t  can  be n o tic e d  t h a t  th e  a c t i v i t y  o f th e  c a t a ly s t  in 

c re a se d  w ith  each te m p e ra tu re  in c re a s e  up to  th e  s t a r t  o f  th e  run  a t  

925° F. At t h a t  tim e a  r a p id  d e a c t iv a t io n  o ccu rred  and was due in  p a r t  

t o  th e  h ig h  te m p e ra tu re  e f f e c t  on th e  c a t a l y s t 5 how ever, i n  F ig u re  10 , 

th e  r e c y c le  gas co m p o sitio n  f o r  t h a t  ru n , ru n  1 6 , i s  shown t o  have dropped 

from  abou t 65 p e rc e n t ' hydrogen  to  40 p e rc e n t hydrogen . This was p ro b a b ly
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cau sed  by an in c re a s e  i n  th e  hydrogen consum ption r a t e .  The makeup gas 

a t  th e  tim e was o n ly  a p p ro x im a te ly  65 p e rc e n t hydrogen , s in c e  i t  was n o t 

known t h a t  th e  r a t e  a t  w hich hydrogen was consumed would in c re a s e  th a t  

d r a s t i c a l l y  a t  925° F.

The n i t r o g e n  and s u l f u r  c o n te n ts  o f each  sample a re  a l s o  shown in  

F ig u re  4 .  The low v a lu e  i n  each ' ca se  o c c u rre d  w ith in  th e  875° F. ru n .

T h is  co rre sp o n d s  t o  th e  p o in t  where th e  c a t a l y s t  a c t i v i t y  was th e  h ig h 

e s t .  The b e s t  n i t r o g e n  and s u l f u r  v a lu e s  w ere 0 .8 7  and 0 .172  w eight p e r 

c e n t ,  r e s p e c t iv e ly .  These compare to  1 .6 $  w eigh t p e rc e n t n i t r o g e n  and 

O.63 w eig h t p e rc e n t s u l f u r  i n  th e  charg e  s to c k .  The in d i c a t i o n ,  th e r e 

f o r e ,  would seem to  be t h a t  t h i s  c a t a l y s t  was b e t t e r  f o r  rem oving s u l f u r  

th a n  n i t r o g e n .  The n i t r o g e n  c o n te n t sh o u ld  be reduced  s t i l l  f u r t h e r ,  b u t 

th e  s u l f u r  c o n te n t i s  w e ll w ith in  th e  0 . 2 $ w eigh t p e rc e n t l i m i t  which 

i s  s e t  as  a s ta n d a rd  f o r  p e tro leu m  g a s o l in e s  on th e  m a rk e t.

C. H arshaw t S Molybdenum Oxide C a ta ly s t  Prom oted w ith  P a llad iu m

The s e r i e s  o f ru n s  from  17 th ro u g h  21 were made u s in g  th e  p a llad iu m  

m olybdate  c a t a l y s t .  The s tu d y  was made u s in g  th e  6$0o F .E .P . coker 

d i s t i l l a t e  a s  th e  charg e  s to c k , a r e a c to r  p re s s u re  o f 1000 p s i g . , space 

v e lo c i ty  o f  1 . 0 , a r e c y c le  gas  r a te  o f  7$00 cu . f t . / b b l . ,  and tem per

a tu r e s  b eg in n in g  a t  725° F . and going  to  925° F. by 50° F» in c re a s e s  e v e ry  

24 h o u rs . R e s u lts  o f th e  s tu d y  a re  shown in  Table VI and F ig u re  $.

F ig u re  11 c o n ta in s  th e  r e c y c le  gas c o m p o sitio n  d a te .

The a c t i v i t y  o f  th e  c a t a ly s t  a p p e a rs  t o  have in c re a s e d  w ith  each in 

c re a se  i n  te m p e ra tu re ,  b u t a d e c l in e  was a g a in  n o t ic e a b le  d u rin g  th e  .925° F . 

ru n . A lthough a makeup gas o f 80 p e rc e n t hydrogen  was u sed  d u rin g  th a t
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p e r io d ,  th e  r e c y c le  gas co m p o sitio n  dropped to  abou t 58 p e rc e n t hydrogen . 

T his in d ic a te d  t h a t  th e  hydrogen  was a g a in  b e in g  consumed a t  a  f a s t e r  r a t e  

th a n  i t  was b e in g  added .

W ith t h i s  c a t a l y s t  th e  low v a lu e s  f o r  n i t r o g e n  c o n te n t ,  0 .409  w eigh t 

p e r c e n t ,  and s u l f u r  c o n te n t ,  0 .022  w eigh t p e r c e n t ,  were o b ta in e d  a t  925° F . 

The e f f e c t  t h a t  th e  d e c l in e  i n  c a t a l y s t  a c t i v i t y  had on n i t r o g e n  and s u l f u r  

was n o t a s  n o t ic e a b le  a s ' w ith  th e  indium  c a t a l y s t .  However, a t  t h a t  h ig h  

te m p e ra tu re ,  th e  p ro d u c t y i e ld  had dropped from  90 to  .70 w eigh t p e r 

c e n t o f th e  c h a rg e . At lo w er te m p e ra tu re s ,  825° F . and 875° F . ,  s a t i s f a c t 

o ry  s u l f u r  e l im in a t io n  was accom panied by y ie ld s  o f  g r e a t e r  th a n  90 p e r 

c e n t .  T his would in d i c a te  t h a t  975° F . was a s a t i s f a c t o r y  te m p e ra tu re  a t  

w hich to  o p e r a te .

Both th e  n i t r o g e n  and th e  s u l f u r  d e te rm in a tio n s  in d ic a te  t h a t  th e  

p a lla d iu m  c a t a l y s t  i s  d e f i n i t e l y  s u p e r io r  to  th e  indium  c a t a l y s t .  Even 

a t  th e  low er te m p e ra tu re s ,  725° F . and 775° F . , th e  p a llad iu m  c a t a ly s t  

y ie ld e d  a p ro d u c t w ith  a  h ig h e r  AFI g r a v i ty  and a c o n s id e ra b ly  low er s u l 

f u r  c o n te n t .

D. P e te r  Spence & Sons, L t d . ,  C obalt M olybdate C a ta ly s t

The s tu d y  o f  th e  Spence c o b a l t  m olybdate  c a t a l y s t  was made in  runs 

22 th ro u g h  2 6 . T his c a t a l y s t  was su p p o rte d  on a g r a p h i te - ty p e  base  i n 

s te a d  o f  a lum ina as  was Harshaw 1s c o b a l t  m o ly b d a te . The d a ta  c o l le c te d  

i s  shown in  Table V II and th e  r e s u l t s  a re  p lo t t e d  in  F ig u re  6 . The 

r e c y c le  gas co m p o sitio n  d a ta  i s  c o n ta in e d  in  F ig u re  12 . The charge s to c k  

u sed  was th e  650° F .E .P . c o k e r d i s t i l l a t e .  The r e a c to r  p re s s u re  was
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100 p s ig o  s th e  space v e l o c i ty  was 1 . 0 , th e  re c y c le  gas r a t e  was 7500 

c u . f t . / b b l . ,  and th e  te m p e ra tu re  was s t a r t e d  a t  725° F. and r a i s e d  to  

925° F . by 50° F . in c re a s e s  ev e ry  24 h o u r s . The c a t a l y s t  p e l l e t  d ia m e te r  

was 5 /32  i n .  a s  com pared to  l / 8  i n .  f o r  th e  o th e r  c a t a l y s t s .

The API g r a v i t i e s  o f  th e  sam ples from  th e s e  runs w ere on th e  av e rag e  

abou t 4 °  API h ig h e r  th a n  th e  g r a v i t i e s  on th e  sam ples from  th e  indium  

in v e s t ig a t io n  and w ere somewhat h ig h e r  th a n  th o se  from  th e  p a llad iu m  • 

s tu d y .  This f a c t  was p ro b a b ly  due to  th e  h ig h e r  hydrogen  c o n te n t o f th e  

r e c y c le  g a s .  By com paring F ig u re s  1 0 , 1 1 , and 12 i t  was found th a t  th e  

av e ra g e  hydrogen c o n te n t  o f  th e  re c y c le  gas d u rin g  th e  Spence c a t a ly s t  

s tu d y  was 75 p e rc e n t as  compared to  ab o u t 65 and 70 p e rc e n t f o r  th e  

indium  and p a lla d iu m  s tu d ie s ,  r e s p e c t iv e ly .

The b e s t  p ro d u c t from  t h i s  s tu d y  had a' n i t r o g e n  c o n te n t o f  0 .371 

w eigh t p e rc e n t and a s u l f u r  c o n te n t o f 0 .0 1 8  w eight p e r c e n t . Both lows 

o c c u rre d  d u rin g  th e  875° F . r u n ,  a s  d id  th e  b e s t  v a lu e s  f o r  th e  indium  

and p a lla d iu m  c a t a l y s t  in v e s t i g a t io n s .  Above 875° F. th e  p ro d u c t y ie ld  

d ropped  o ff . t o  ..65 .w eigh t .p e rcen t, .of th e  c h a rg e . At 875° F . th e  y ie ld  

was a b o u t 83 p e r c e n t , and a lth o u g h  th e  y i e ld  o f  th e  indium  c a t a ly s t  was 

b e t t e r ,  9 2 .5  p e r c e n t ,  th e  a b i l i t y  o f th e  Spence c a t a ly s t  t o  d e n i tro g e n iz e  

and d e s u l f u r iz e  seemed to  be b e t t e r .  The p a lla d iu m  c a t a l y s t  a l s o  gave 

b e t t e r  y ie ld s  th a n  d id  th e  Spence c a t a l y s t ,  b u t was n o t a s  e f f i c i e n t  f o r  

rem oving n i t r o g e n  and s u l f u r . P erh ap s th e  d i f f e r e n c e  i n  hydrogen  c o n te n t 

o f  th e  r e c y c le  gas co u ld  have had a b e a r in g  in  th e  perfo rm an ces o f , t h e  

c a t a l y s t .
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E. H arshaw 1s C obalt M olybdate C a ta ly s t

The r e s u l t s  o f  th e  Harshaw c o b a l t  m olybdate s tu d y  a re  g iv e n  in  Table 

VTII and F ig u re  7„ The re c y c le  co m p o sitio n s  f o r  th e se  r u n s ,  2? th rough  3 1 , 

a r e  shown in  F ig u re  13. The ch arg e  s to c k  and th e  c o n d it io n s  were th e  same 

u sed  in  th e  o th e r  s tu d ie s j  e g . ,  650° F .E .P . co k er d i s t i l l a t e ,  1000 p s i g . ,  

space  v e l o c i ty  o f  1 . 0 , r e c y c le  gas r a t e  o f  7500 cu . f t . / b b l . ,  and tem pera

tu r e s  from  725° F . t o  925° F .

As was th e  c a se  w ith  th e  Spence c o b a l t  m o ly b d a te , th e  re c y c le  gas 

co m p o sitio n  was c o n s id e ra b ly  h ig h e r  f o r  t h i s  in v e s t ig a t io n  th a n  th e  de

s i r e d  65 p e rc e n t hyd ro g en , 35 p e rc e n t m ethane . The Bureau o f  Mines 

r e p o r te d  t h a t  r e c y c le  gas  r a t e s  o f  pu re  hydrogen above 3500 c u . f t . / b b l .  

had v e ry  l i t t l e  n o t ic e a b le  e f f e c t  on in c r e a s in g  th e  q u a l i t y  o f  th e  p ro 

d u c t ,  b u t t h a t  below  ab o u t 2000 cu . f t . / b b l .  th e  p ro d u c t q u a l i t y  de

c re a se d  r a p id ly .  I t  i s  q u i te  p o s s ib le  t h a t  a  s im i la r  c o r r e l a t i o n  m ight 

e x i s t  f o r  th e  hydrogen  c o n te n t  o f  th e  re c y c le  g a s ; e g . , in c re a s in g  th e  

p e rc e n t hydrogen  in  th e  gas to  above 65 p e rc e n t may have v e ry  few bene

f i c i a l  e f f e c t s ,  b u t below  t h a t  s ta n d a rd  th e  p ro d u c t q u a l i t y  m ight become 

in c r e a s in g ly  p o o r .

Once a g a in  th e  b e s t  n i t r o g e n  and s u l f u r  rem oval o c c u rre d  a t  875° F.

The low  v a lu e s  w ere 0 .057  w eight p e rc e n t s u l f u r  and 0 .642  w eigh t p e rc e n t 

n i t r o g e n .  C o n s id e rab le  c a t a l y s t  d e a c t iv a t io n  o ccu rred  a t  925° F . , and th e  

p ro d u c t y ie ld  dropped to  a s  low a s  49 w eigh t p e rc e n t o f  th e  c h a rg e . The 

y i e ld  was o n ly  78 w eigh t p e rc e n t a t  875°  F . The Bureau o f  Mines a t  a 

te m p e ra tu re  o f  850° F. u s in g  c o b a l t  m olybdate  and a p re s s u re  o f  1000 p s ig .  

o b ta in e d  y ie ld s  o f  about 92 w eigh t p e r c e n t . The reaso n  f o r  th e  low er
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y ie ld s  i s  n o t known.

Table IX g iv e s  a ta b u la te d  com parison betw een th e  875° F . runs f o r  

each c a t a l y s t  s tu d ie d .

F. ASTM D i s t i l l a t i o n  D ata f o r  th e  875° F . Run f o r  Each C a ta ly s t

Table IX and  F ig u re  14 p re s e n t  th e  d a ta  and r e s u l t s  o f  th e  AST1M 

d i s t i l l a t i o n s  o f  th e  875° F . ru n  f o r  each c a t a l y s t .  This run  was chosen 

b ecause  in  each c a se  875° F , ap p ea red  to  be th e  te m p e ra tu re  a t  which each 

c a t a l y s t  perfo rm ed  b e s t .  The d i s t i l l a t i o n s  were done on a  com posite 

sample f o r  th e  ru n ; e g . ,  th e  th r e e  e ig h t- h o u r  sam ples w ere com posited  

t o  g iv e  a u n ifo rm  sam ple f o r  th e  24 h o u r ru n . The ASTM d i s t i l l a t i o n  

cu rve  f o r  th e  650° F .E .E . c o k e r d i s t i l l a t e  ch arg e  s to c k  i s  a l s o  in c lu d ed  

in  F ig u re  14 . A ll c u rv e s  were c o r r e c te d  to  760 mm. o f  m ercu ry .

The p a lla d iu m  c a t a l y s t  and th e  Spence c o b a l t  m olybdate gave th e  h ig h 

e s t  p e rc e n ta g e s  o f m a te r ia l  b o i l in g  in  th e  g a s o lin e  range  (c o n s id e r in g  th e  

g a s o lin e  b o i l in g  range  t o  be below  400° F , ) .  ■ They y ie ld e d  62 and 60 

volume p e r c e n t ,  r e s p e c t iv e ly .  F o rty -se v e n  volume p e rc e n t o f  th e  875° F. 

sam ple from  th e  indium  s tu d y  was in  th e  g a s o lin e  ra n g e , w h ile  52 volume 

p e rc e n t o f  th e  same sample from  th e  Harshaw c o b a l t  m olybdate i n v e s t i 

g a t io n  b o i le d  below  4 0 0 ° .F . The rem a in d er o f  th e  m a te r ia l  in  each case  

b o i le d  w ith in  th e  b o i l in g  range o f  d i e s e l  f u e l .
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VT SUMMARY

A com parison  o f  th e  875° F 0 ru n s  f o r  each c a t a l y s t  i s  sh o w  in  Table 

IX . The d a ta  from  th o s e  ru n s  was w e ll s u i t e d  a s  a b a s is  on which to  make 

a com parison . The c a t a l y s t  bed te m p e ra tu re  which was supposed t o  be 

875° F . o r  46 8 ° C. v a r ie d  no more th a n  5° C. f o r  any c a t a l y s t .  The hydro

gen c o n te n t  o f th e  r e c y c le  gas was f a i r l y  c o n s ta n t f o r  a l l  fo u r  ru n s ,  n o t 

v a ry in g  more th a n  a  maximum o f  7 p e r c e n t .  The p re s s u re  was c o n s ta n t  a t  

1000 p s i g . ,  and th e  sp ace  v e lo c i ty  was e s s e n t i a l l y  1 .0  a t  a l l  t im e s .

On th e  b a s is  o f  th e  d a ta  o b ta in e d  in  th e  i n v e s t i g a t io n s ,  th e  Spence 

c o b a l t  m olybdate  ap p ea red  to  be th e  b e s t .  I t  gave b e t t e r  n i t r o g e n  and 

s u l f u r  rem oval and y ie ld e d  a p ro d u c t which c o n ta in e d  ab o u t 60 volume p e r 

c e n t o f  m a te r i a l  b o i l in g  in  th e  g a s o lin e  ra n g e . The c h a rg e  s to c k  c o n ta in 

ed 30  volume p e rc e n t g a s o lin e  b o i l in g  range m a te r i a l .  The p ro d u c t y ie ld  

from  th e  Spence c a t a l y s t  was 83 .3  w eig h t p e rc e n t o f  th e  ch a rg e  which was 

b e t t e r  th a n  th e  y i e ld  from  th e  Harshaw c o b a l t  m o ly b d a te , b u t n o t a s  good 

a s  t h a t  o b ta in e d  from  th e  indium  o r  p a lla d iu m  prom oted c a t a l y s t s .

The p a llad iu m  c a t a l y s t  a t  925° F. gave r e s u l t s  which w ere alm ost as  

good a s  th o s e  o b ta in e d  from  th e  Spence c o b a l t  m olybdate a t  875° F . ,  bu t th e  

p ro d u c t y ie ld  was p o o r , abou t 75 w eigh t p e r c e n t .  This was th e  o n ly  c a t a ly s t  

in v e s t ig a t e d  which d id  n o t show a d e c l in e  in  s u l f u r  and n i t r o g e n  rem oving 

p r o p e r t i e s ,  when th e  te m p e ra tu re  was r a i s e d  from  875° F . t o  925° F. I t  i s  

p o s s ib le  t h a t  t h i s  c a t a l y s t  co u ld  be u sed  a t  h ig h e r  te m p e ra tu re s  i f  th e  

y i e ld  co u ld  be enhanced .

The o th e r  two c a t a l y s t s ,  H arshaw 1s c o b a l t  m olybdate and th e  indium  

m o ly b d a te , were l e s s  e f f e c t i v e  th a n  th e  Spence c o b a l t  m olybdate  and th e
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p a lla d iu m  m o ly b d a te . The Harshaw c a t a l y s t  had poor d e n i t r o g e n iz in g  p ro 

p e r t i e s  and g av e ' low p ro d u c t y ie ld s  above 825° F . A more tho ro u g h  i n 

v e s t i g a t i o n  sh o u ld  be conducted  to  d e te rm in e  th e  re a so n s  f o r  th e  d i f 

f e re n c e s  i n  r e s u l t s  o b ta in e d  i n  th e s e  s tu d ie s  ,and th o se  o b ta in e d  by th e  

B ureau o f  M ines. They found Harshaw 1s c o b a l t  m olybdate c a t a l y s t  to  be 

v e ry  e f f e c t i v e .  The indium  c a t a l y s t  gave good p ro d u c t y i e l d s ,  b u t i t  

had p o o r n i t r o g e n  and s u l f u r  rem oving p r o p e r t i e s .

The c r i t i c a l  hydrogen  c o n te n t o f th e  r e c y c le  gas i s  b e l ie v e d  to  i n 

c re a se  w ith  in c re a s e s  in  te m p e ra tu re .  The e f f e c t  was p a r t i c u l a r l y  n o t ic e  

a b le ' a t  925° F . This was p ro b a b ly  due to  in c re a s e d  hydrogen  consum ption 

a t  th e  h ig h e r  te m p e ra tu re s . The o n ly  c o r r e c t iv e  m easure found to  be o f 

v a lu e  was to  u se  a  makeup gas d u rin g  t h a t  p e r io d  o f  in c re a s e d  hydrogen 

consum ption which had an  80 p e rc e n t o r  b e t t e r  hydrogen c o n te n t .  A more 

th o ro u g h  s tu d y  o f  th e  e f f e c t s  o f r e c y c le  gas com po sitio n  sh o u ld  be made 

in  o rd e r  t o  d e te rm in e  t h e i r  b e a r in g  on th e  s h a le  o i l  h y d ro g e n a tio n  p ro 

c e s s .  &

A s tu d y  o f  p h y s ic a l  e f f e c t s  sh o u ld  be; made to  d e te rm in e  th e  e x te n t
\

o f  t h e i r  b e a r in g  on th e  p ro c e s s .  I t  i s  known t h a t  th e  B ureau o f  Mines 

re c e iv e d  c o n s i s t e n t ly  b e t t e r  n i t r o g e n  and s u l f u r  rem oval u s in g  th e  same 

c o n d it io n s  a t  which th e s e  in v e s t ig a t io n s  w ere made. R e a c to r  shape f a c t o r  

a p p e a rs  t o  have r e s u l t e d  in  t h a t  d i f f e r e n c e ;  e g . , th e  B u reau ’s c a t a ly s t  

bed was 35 i n .  lo n g , and th e  r e a c to r  was 1 .5  i n .  in  d ia m e te r .  The 

r e a c to r  u sed  i n  th e s e  s tu d ie s  was 2 .5  i n .  i n  d ia m e te r , and th e  c a t a ly s t

bed  was 1 .5  i n .  t h i c k
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C h a rg e  S to c k • « e o o e o o o e » o o o e c o k e r  d i s t i l l a t e * . . ,,650° F» E«P» 6 5 0 °  F» E .P ,

G r d v i t y . . . o . . . . . . . . . . . . * . . . . .  API a t  60 F . . . . .

V i s c o s i t y ,  S .U . a t  1 3 0 °  F . . . . . . . s e c o n d s . . . . . . . .
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IDENTIFICATION CODE AND COMPOSITION OF CATALYSTS USED

TABLE I I

C a t d l y s t  a n d  C o m p o s it io n I d e n t i f i c a t i o n  Code M a n u f a c tu r e r

C o b a l t  M o ly b d a te  
.9 .5  % M0O3
3 . 0  % CoO
5 .0  % S iO 2 
2 e0  % G r a p h i t e

8 0 .5  % A l2O3

C o -M o -0 2 0 1 -T - l /8 " H a rsh aw  C h e m ic a l Co

C o b a l t  M o ly b d a te  
2 .5  % CoO 

1 4 * 0  % M0O3 
G r a p h i t e  B ase

G r a p h i t e - t y p e  P e l 
l e t s  «, 5/ 32 " d ia m .

P e t e r  S p en ce  & S o n s 
L t d .

M olybdenum  O x id e  *  
16  % MoO3
7 9  #  A l2O3 

5 % S iO 2

M o -0 2 0 3 -T - l /8 " H a rsh aw  C h e m ic a l Co

*  T he in d iu m  a n d  p a l l a d iu m  c a t a l y s t s  w e re  p r e p a r e d  b y  im p r e g n a t in g  
H a rsh a w 1s  M o -0 2 0 3 -T - l /8 " ,  M olybdenum  O x id e  c a t a l y s t 6 .

.
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table h i

OPERATION AND PRODUCT DATA FOR 500 PSIG RUN TO
DETERMINE OPTIMUM OPERATING CONDITIONS

Run No. T em perature 0C 
P re h e a t C a ta ly s t

Y ie ld
Wt. % o f Charge 0API

P roduct 
Wt. % S Wt. % N

I  A 3 8 5 .1 3 8 5 .8 2 8 .1 1 .788

I  B 384 .5 3 8 6 .0 9 7 .8 2 8 .2 0 .497 1 .8 1 0

I  C 3 8 1 .2 3 84 .5 2 8 .4 1 .8 2 0

2 A 417 .3 4 13 .1 29 .5

2 B 415 .7 4 1 3 .2 9 8 .5 29 .7 0 .435 1 .735

2 C 412.5 4 1 2 .9 2 9 .7

3 A 439 .4 4 4 0 .7 3 1 .4

3 B 4 4 1 .2 4 4 1 .2 94 .5 3 1 .4 0 .417 1 .683

3 c 4 4 0 .0 441 .3 3 1 .3

4 A 4 6 8 .2 466 .5 3 2 .2 0 .3 9 0 1 .772

4 B 4 6 6 .0 4 6 8 .1 9 2 .0 3 0 .9 0 .402 1 .800

4 C 460 .2 466 .5 3 0 .6 0.505 1 .897

5 A 4 9 6 .1 496 .3 29 .3 0 .6 0 4 2 .185

5 B 493 .5 4 94 .5 8 6 .8 2 9 .0 0 .852 2 .225

5 C 4 9 5 .6 4 9 8 .2 2 9 .0 0 .7 9 6 2 .245

C a t a ly s t .......... ...U nion O il  Co. C obalt M olybdate , 3 /16"
R e a c to r  P r e s s u r e . . . . 5 0 0  p s ig .
Space V e lo c i ty ............1 .0  g m s ./g m ./h r .
R ecycle  Gas R a t e . . . .7 5 0 0  cu . f t . / b b l .  (65 p e rc e n t hydrogen) 
Charge S to c k ................ 850° F . E .P . Coker D i s t i l l a t e
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OPERATION AND PRODUCT DATA FOR IOOO PSIG RUN TO
DETERMINE OPTIMUM OPERATING CONDITIONS

Run N o. T e m p e ra tu re  °C 
P r e h e a t  C a t a l y s t

Y ie ld
M t. % o f  C h a rg e 0API

P r o d u c t  
W t.  % S W t. % N

6 A 386.2 3 8 5 .9 3 0 .7 0.202 1.662

6 B 3 8 4 .1 3 8 5 .2 9 5 .1 3 0 .5 0 .2 5 3 1 .5 9 0

6 C 3 8 6 .4 3 8 7 .2 9 8 .7 29 .8 0 .308 1.630

7 A 4 1 7 .4 4 1 2 .7 9 9 .9 3 1 .4 0 .1 2 9 1.720

7 B 4 1 5 .7 4 0 8 .9 9 7 .0 32 .0 0.176 1 .5 2 5

7 C 411.6 4 1 4 .1 9 7 .8 3 1 .8 0 .2 0 9 1 .5 1 0

8 A 4 3 5 .7 4 3 7 .9 9 6 .3 3 3 .3 0 .1 8 8 1 .3 7 2

8 B 4 3 9 .8 4 4 0 .4 96.2 3 4 .4 0 .1 0 7 1.242

8 C 4 3 7 .1 4 3 9 .8 8 9 .1 3 3 .6 0 .2 1 4 1 .3 4 0

9 A 4 6 5 .2 4 6 8 .5 90.8 36 .6 0.152 0 .9 6 4

9 B 4 6 9 .5 4 6 4 .8 3 7 .0 0 .1 2 3 0.850

9 C 4 6 7 .4 4 6 5 .6 89 .0 36 .6 0 .0 8 7 1.030

10  A 4 9 3 .2 4 9 4 .6 7 7 .3 36.2 0.112 1 .1 6 5

10  B 4 9 8 .1 4 9 6 .1 7 2 .9 3 2 .7 0 .1 8 9 1 .6 5 1

10  C 4 9 7 .0 5 0 0 .5 76.2 32.2 0.276 1 .6 6 3

C a t a l y s t . . . . . ..............
R e a c to r  P r e s s u r e . . .
S p ace  V e l o c i t y ...........
R e c y c le  Gas R a t e . . .  
C h a rg e  S to c k ................

.U n io n  O i l  C o . C o b a l t  M o ly b d a te ,  3 /1 6 "  

.1000  p s i g .

. 1 .0  g m s . /g m /h r .

.7500  c u .  f t . / b b l .  (65 p e r c e n t  h y d ro g e n )  
.8 5 0 °  F .  E .P .  C o k e r D i s t i l l a t e
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t a b l e  V

O P E R A T IO N  AND PRO D U C T DATA F O R  RU N S U S IN G
IN D IU M  PROM OTED C A T A L Y ST

Run No. T em perature 0C 
P re h e a t C a ta ly s t

Y ie ld
M t. % o f Charge 0API

P roduct 
Wt.  % S Wt. % N

1 2  A 3 8 4 .4 3 8 5 .7 9 8 .5 3 7 .5 0 .4 4 0 1 .3 4 0

12 B 3 8 5 .3 386.8 98 .6 3 7 .6 0 .4 7 8 1 .3 4 5

12 C 3 8 8 .3 388.1 9 9 .5 3 7 .6 0 .4 2 5 1 .3 7 5

13 A 4 1 2 .5 4 1 4 .5 9 9 .0 3 8 .9 0.308 1.256

13 B 4 1 3 .2 4 1 5 .5 98.0 3 9 .2 0.318 1.210

13 C 412.8 4 1 6 .5 9 7 .4 3 9 .1 0 .3 0 4 1.252

U  A 4 3 9 .4 4 4 1 .0 9 7 .0 4 1 .1 0 .2 8 3 1 .0 7 0

1 4  B 4 3 4 .9 4 4 1 .5 9 5 .6 4 1 .3 0 .2 9 4 1 .0 0 4

14  C 4 4 0 .9 4 4 0 .9 9 5 .8 4 1 .2 0 .2 2 7 1 .0 2 3

15 A 4 6 5 .2 4 7 5 .8 4 4 .0 0 .2 1 8 0.870

15 B 4 6 6 .4 468.6 4 2 .7 0 .1 9 5 0 .9 4 0

15 c 466.8 4 7 2 .8 9 2 .5 4 3 .7 0.172 0 .9 2 7

1 6  A 4 8 5 .7 4 9 9 .0 68.0 4 4 .5 0.308 0.870

16  B 4 9 4 .0 4 9 6 .5 7 0 .5 38.8 0 .3 4 2 1.020

1 6  C 488.4 4 9 7 .0 7 1 .1 3 8 .3 0 .1 8 6 1.162

C a t a ly s t .......................... Harshaw * s Molybdenum Oxide Prom oted w ith
Indium

R e a c to r  P r e s s u r e . . . .1 0 0 0  p s ig .
Space V e lo c i ty ........... 1 .0  g m s ./g m ./h r .
R ecycle  Gas R a t e . . . . 7500 cu . f t . / b b l .  (65 p e rc e n t hydrogen) 
C harge S to c k ................ 650° F . E .P . Coker D i s t i l l a t e
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OPERATION AND PRODUCT DATA FOR RUNS USING 
PALLADIUM PROMOTED CATALYST

T A B L E  V I

Run N o. T e m p e ra tu re  °C 
P r e h e a t  C a t a l y s t

Y ie ld
W t.  % o f  C h a rg e 0API

P ro d u c t  
W t.  % S W t.  *  N

17  A 3 8 5 .3 3 8 6 .9 9 7 .5 4 0 .5 0 .5 3 5 1 .2 0 3

17  B 3 8 5 .5 3 8 5 .5 96.2 40 .2 0 .2 8 3 1 .1 9 4

17 C 3 8 5 .1 3 8 6 .3 100.0 40 .0 0 .2 5 1 1 .1 9 4

18  A 4 1 5 .2 4 1 5 .0 86 .6 4 1 .8 0.132 1 .0 0 0

18  B 4 1 3 .0 4 1 1 .9 41 .6 0.961

1 8  C 4 H . 2 4 1 4 .9 9 7 .0 42.2 0 .1 3 4 0.960

19  A 4 3 7 .8 4 3 9 .6 9 7 .6 4 4 .2 0.072 0 .7 9 5

19  B 4 4 5 .2 4 4 1 .3 9 4 .7 44*0 0 .0 8 6 0 .8 0 2

19 C 4 3 9 .0 4 3 6 .8 9 7 .1 4 4 .0 0 .0 8 4 0 .8 0 7

2 0  A 4 6 5 .4 468.1 8 7 .7 4 7 .8 0.061 0 .5 2 7

2 0  B 4 6 9 .0 4 6 3 .3 7 9 .8 4 7 .2 0.588

2 0  C 464.2 464 .O 9 1 .5 4 7 .0 0 .0 4 1 0 .6 5 1

21  A 4 9 4 .2 4 9 2 .3 8 3 .4 48 .8 0 .4 0 9

21  B 4 9 4 .0 4 9 3 .7 7 4 .0 4 9 .2 0.022 0 .5 2 7

2 1  C 4 9 7 .5 4 9 6 .5 7 0 .0 4 7 .0 0.601

C a t a l y s t . .......................... H a rsh aw 1 s  M olybdenum  O x id e  P ro m o te d  w i th
P a l la d iu m

R e a c to r  P r e s s u r e . . . . 1 0 0 0  p s i g .
S p a c e  V e l o c i t y ............. 1 . 0  g m s . / g m . / h r .
R e c y c le  G as R a t e . . . . 7500  c u .  f t . / b b l .  (6 5  p e r c e n t  h y d ro g e n )  
C h a rg e  S to c k .................. 6 5 0 °  F .  E * P , C o k er D i s t i l l a t e
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OPERATION AND PRODUCT DATA FOR RUNS USING

t a b l e  V I I

SPENCE'S COBALT MOLYBDATE CATALYST

Run N o. T e m p e ra tu re  °C Y ie ld P ro d u c t
P r e h e a t C a t a l y s t W t. % o f  C h a rg e  0API W t. % S W t. #  N

22  A 3 9 0 .3 3 8 5 .7 9 6 .7 4 1 .9 1.092

22 B 3 8 7 .3 3 8 7 .6 9 1 .5 42.8 0 .076 1 .0 3 1

22  C 3 8 4 .1 3 8 5 .5 9 7 .7 4 2 .5 1.026

23 A 4 0 9 .8 4 1 3 .5 9 7 .3 4 5 .0 0 .7 5 5

23 B 4 1 4 .7 408.1 9 9 .7 4 4 .1 0.032 0 .7 7 5

23 C 4 1 4 .0 416.8 98.6 4 4 .7 0 .6 8 2

2 4  A 4 3 7 .4 4 4 2 .8 9 3 .5 46.8 0 .5 2 3

2 4  B 4 4 0 .5 4 4 0 .7 9 4 .2 4 6 .4 0 .0 5 4 0 .5 6 9

2 4  C 4 4 0 .8 4 3 9 .1 9 5 .8 4 6 .4 0 .566

25 A 4 6 5 .8 4 6 9 .2 8 6 .5 4 9 .1 0 .3 7 1

25 B 4 6 7 .9 4 7 0 .2 8 0 .8 48.8 0 .0 1 8 0 .4 1 3

25 C 4 6 3 .9 4 6 4 .1 8 2 .6 4 7 .2 0 .5 1 7

2 6  A 5 0 4 .9 4 9 6 .3 65.0 48.2 0 .4 2 7

2 6  B 4 9 7 .2 4 9 2 .6 68.8 4 7 .9 0.022 0.561

2 6  C 4 9 0 .6 4 9 7 .1 7 1 .5 4 7 .7 0 .5 1 1

C a t a l y s t , S o n s , L t d . , C o b a l t  M o ly b d a te
R e a c to r  P r e s s u r e . . . . 1 0 0 0  p s i g .
S p a c e  V e l o c i t y ..............1 . 0  g m s . / g m . / h r .
R e c y c le  Gas R a t e . . . . 7500  c u .  f t . / b b l .  (6 5  p e r c e n t  h y d ro g e n )  
C h a rg e  S t o c k . . . . . . . . 6 5 0 °  F , E .P .  C o k e r D i s t i l l a t e
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OPERATION AMD PRODUCT DATA FOR RUNS USING

TABLE V II I

HARSHAW' S COBALT MOLYBDATE CATALYST

Run N o. T e m p e ra tu re  °C 
P r e h e a t  C a t a l y s t

Y ie ld
W t.  $  o f  C h a rg e 0API

P ro d u c t  
W t.  % S W t. % N

2 ?  A 3 8 1 .9 3 8 7 .3 9 7 .8 4 1 .8 1.300

27  B 3 8 9 .5 3 8 5 .5 9 8 .4 41.6 0 .3 2 7 1.488

27 C 3 8 7 .3 3 8 5 .6 4 1 .4 1 .3 2 5

28  A 406.2 416.0 9 8 .5 4 3 .9 1.070

2 8  B 4 1 4 .7 4 1 0 .5 4 3 .5 0 .1 5 3 1.048

2 8  C 4 1 2 .9 4 1 3 .1 9 7 .2 4 3 .4 1 .0 8 0

2 9  A 4 3 8 .6 4 3 9 .8 9 7 .7 46 .6 0 .7 7 2

29  B 4 3 9 .6 4 4 4 .8 8 4 .9 46 .6 0 .0 7 9 0 .7 7 6

29 C 4 4 2 .6 4 3 9 .6 9 1 .1 46 .2 0 .8 6 3

30  A 4 6 0 .3 4 6 4 .5 8 2 .5 46.8 0 .6 5 9

3 0  B 4 6 5 .0 4 7 3 .1 7 8 .4 48 .0 0 .0 5 7 O.642

30 C 4 6 5 .1 4 7 0 .0 7 8 .1 4 6 .9 0 .7 5 6

31 A 4 8 9 .5 5 1 5 .7 4 9 .0 4 2 .5 0.700

3 1  B 5 0 1 .3 4 9 4 .6 6 1 .9 4 3 .3 0.076 0 .9 1 3

31 C Shut Down

C a t a l y s t ............................ H a rsh aw 1 s  C o b a l t  M o ly b d a te
R e a c to r  P r e s s u r e . . . . 1 0 0 0  p s i g .
S p a c e  V e l o c i t y ............. 1 . 0  g m s . / g m . / h r .
R e c y c le  Gas R a t e . . . . 7500  c u .  f t . / b b l .  (65 p e r c e n t  h y d ro g e n )  
C h a rg e  S to c k ..................65O0 F .  E .P .  C o k e r D i s t i l l a t e
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PROPERTIES OF PRODUCT FROM 875° F RUN FOR EACH CATALYST

TABLE IX

C a t a l y s t  In d iu m  M0O3 P a l l a d iu m  M0O3 S p e n c e 1s 
C o b a l t  M0O3

H a rsh a w 1s 
C o b a l t  M0O3

C a t .  D iam . 1/8" 1/ 8 " 5 /3 2 " 1/ 8 "

A v e . Tem p, o f  
C a t .  Bed 4 7 2 .4 °  C . 4 6 5 .1 °  c . 4 6 7 .8 °  C. 4 6 9 .2 °  C .

A v e . Hg c o n t .  
o f  R e c y c le  Gas 68 % 72  $ 75 # 75 %

Y i e l d ,  w t .  % 
o f  C h a rg e 9 2 .5 86 .3 8 3 .3 7 9 .6

V o l .  % i n  G as
o l i n e  R ange 47 62 60 52

A v e . 0API a t  
2 0 °  C . 4 3 .4 4 7 .3 4 8 .3 4 7 .2

Low S , w t .  % 0.172 0 .0 4 1 0 .0 1 8 0 .0 5 7

Low N, w t .  % 0.870 0 .5 2 7 0 .3 7 1 0 .6 5 9

ASTM D i s t i l l a t i o n

IB P 158°  F . 1 3 0 °  F . 1 3 4 °  F . 1 5 3 °  F .

10 % 270 " 189  " 199 " 228  "

50 " 417  " 3 4 6  " 3 6 4  " 3 91  "

90 " 543 " 538 « 548 » 566 »

EP 625 " 623 " 614 " 640 »

R e c 'r y 98 v o l .  % 98 v o l .  % 96.6  v o l . % 97.6  v o l

S p ace  V e l o c i t y .........................
R e c y c le  G as R a t e .....................
R e a c to r  P r e s s u r e .....................
C h a rg e  S to c k ..............................

,1 .0  g m s . / g m . / h r .
,7500 c u .  f t . / b b l .
,1000 p s i g .
,6 5 0 °  F .  E .P .  C o k e r  D i s t i l l a t e
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F G-2 PRODUCT DATA FOR HYDROGENATION OF 8 5 0  °F EP COKfR DISTILLATE AT 5 0 0  PSIG
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(CORRECTED TO 760 MN OF MERCURY)
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FIG. 14 ASTM DISTILLATION CURVES
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