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Abstract:
An investigation was conducted to determine the effect of several process variables on the
hydrotreating of crude gas-combustion shale oil and shale oil coker distillate. A bench-scale,
continuous-flow, fixed-bed, catalytic process unit was utilized.

The effect of temperature and space velocity on three charge stocks was evaluated under the following
conditions: temperature — 775°F to 875°F; space velocity — 0.25 to 1.0 grams of oil per gram of
catalyst per hour; pressure — 1000 psi; gas flow rate — 7500 SCF/bbl; catalyst — 100 grams of l/l6-in.
Harshaw cobalt molybdate pellets. It was found that the nitrogen content of the effluent oil decreased
with increases in temperature and with decreases in space velocity regardless of the charge stock used.

The efficacy of recycling effluent oil for further treating was evaluated by treating a hydrogenated
nominal 650°F E.P. coker distillate under the following conditions: temperature — 825°F; space
velocity — 1.0 to 0.25 g/g/hr; pressure — 1000 psi; gas flow rate — 7500 SCF/bbl; catalyst — 100
grams of l/l6-in, Harshaw cobalt molybdate pellets. It was found that recycling of effluent to effect
nitrogen removal became less efficient than a single equivalent contact time treatment as the space
velocity of the recycle treatment approaches 1.0 g/g/hr.

An attempt was made to evaluate the hydrotreating characteristics of crude gas-combustion shale oil. It
was found that, under the conditions used, coking preceded hydrogenation, and therefore, the material
being hydrotreated was actually a crude form of coker distillate having indeterminate characteristics.
Changes in preheater design might remedy this situation and enable the treating of true crude shale oil.

Seven new catalysts were evaluated as hydrodenitrogenation catalysts at both mild and severe
conditions by processing a nominal 750°F E.P. shale oil coker distillate at two sets of conditions. The
first, or mild, treatment involved the following conditions: temperature — 825°F; space velocity— 1.0
g/g/hr; pressure — 1000 psi; gas flow rate — 2500 SCF/bbl. In the second, or more severe, set of
conditions, the temperature was raised to 950°F and the gas flow rate to 4000 SCF/bbl. It was found
that an HF-activated cobalt molybdate supplied by Esso Research and Engineering Company was the
most efficient denitrogenation catalyst.

An investigation was made of data from various denitrogenation studies to determine the order of the
hydrodenitrogenation reaction.

The results indicate that the controlling reaction involved is of the first order. 
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ABSTRACT

An in v e s t ig a t io n  was conducted to  determ ine th e  e f f e c t  o f s e v e ra l 
p ro c e ss  v a r ia b le s  on th e  h y d ro tre a tin g  o f crude gas-com bustion sh a le  o i l  
and sh a le  o i l  coker d i s t i l l a t e .  A b e n c h -sc a le , con tin u o u s-flo w , f ix e d -  
bed,: c a ta ly t i c  p ro cess  u n i t  was u t i l i z e d .

The e f f e c t  o f tem p era tu re  and space v e lo c i ty  on th re e  charge s tocks 
was ev a lu a te d  under th e  fo llo w in g  c o n d itio n s : tem p era tu re  — 775°F to  
S75°F; space v e lo c i ty  — 0.25 to  1 .0  grams o f o i l  p e r  gram of c a ta ly s t  
p e r  hour; p re s su re  — 1000 p s i ';  gas flow  r a te  — 7500 SCF/bbl; c a ta ly s t  
— 100 grams of l / l 6 - i n .  Harshaw c o b a lt m olybdate p e l l e t s .  I t  was found 
th a t  th e  n itro g e n  co n ten t of th e  e f f lu e n t  o i l  decreased  w ith  in c re a s e s  in  
tem p era tu re  and w ith  d ec rea se s  in  space v e lo c i ty  re g a rd le s s  of th e  charge 
s to ck  u sed .

The e f f ic a c y  of re c y c lin g  e f f lu e n t  o i l  f o r  f u r th e r  t r e a t i n g  was 
ev a lu a ted  by t r e a t i n g  a hydrogenated nom inal 650°F E .P . coker d i s t i l l a t e  
under th e  fo llo w in g  c o n d itio n s : tem p era tu re  — 8250F 5 space v e lo c i ty  —
1 .0  to  0 .25  g /g /h r ;  p re s su re  — 1000 p s i;-  gas flow  r a te  — 7500 SCF/bbl; 
c a ta ly s t  — 100 grams of l / l 6 - i n ,  Harshaw c o b a lt m olybdate p e l l e t s .  I t  
was found th a t  re c y c lin g  of e f f lu e n t  to  e f f e c t  n itro g e n  rem oval became 
l e s s  e f f i c i e n t  th an  a s in g le  e q u iv a len t c o n ta c t tim e tre a tm e n t as  th e  
space v e lo c i ty  of th e  re c y c le  tre a tm e n t approaches 1 .0  g /g /h r .

An a ttem p t was made to  e v a lu a te  th e  h y d ro tre a tin g  c h a r a c te r i s t i c s  of 
crude gas-com bustion sh a le  o i l  ̂ I t  was found t h a t ,  under th e  co n d itio n s  . 
u sed , coking preceded hyd rogenation , and th e r e f o r e ,  th e  m a te r ia l  being 
h y d ro tre a te d  was a c tu a l ly  a crude form  of coker d i s t i l l a t e  having in ­
d e te rm in a te  c h a r a c t e r i s t i c s . Changes in  p re h e a te r  desig n  m ight remedy 
t h i s  s i tu a t io n  and enab le  th e  t r e a t in g  o f t r u e  crude sh a le  o i l .

Seven new c a ta ly s t s  were ev a lu a ted  a s  h y d ro d en itro g en a tio n  c a ta ly s ts  
a t  bo th  m ild  and severe  co n d itio n s  by p ro cess in g  a nom inal 750°F E .P . 
sh a le  o i l  coker d i s t i l l a t e  a t  two s e ts  of c o n d itio n s . The f i r s t ,  o r m ild , 
tre a tm e n t in v o lv ed  th e  fo llo w in g  c o n d itio n s : tem p era tu re  — 825°F; space 
v e l o c i t y '— 1 .0  g /g /h r ;  p re ssu re  — 1000 p s i ;  gas flow  r a te  — 2500, 
SCF/bbl. In  th e  second, o r  more sev e re , s e t  of c o n d itio n s , th e  tem per­
a tu re  was r a is e d  to  950°F and th e  gas flow  r a te  to  4000 SCF/bbl. I t  was 
found th a t  an H F -ac tiv a ted  c o b a lt m olybdate su pp lied  by Esso Research and 
E ng ineering  Company was th e  most e f f i c i e n t  d e n itro g e n a tio n  c a ta ly s t .

An in v e s t ig a t io n  was made o f d a ta  from v a rio u s  d e n itro g e n a tio n  
s tu d ie s  to  determ ine th e  o rd e r of th e  h y d ro d en itro g en a tio n  r e a c t io n .
The r e s u l t s  i n d i c a t e . t h a t  th e  c o n tro l l in g  re a c t io n  in v o lv ed  i s  of th e  
f i r s t  o rd e r .
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I  INTRODUCTION

"The U nited S ta te s  i s  running  sh o rt of p e tro le u m ,11 These words have 

echoed th rough  th e  co u n try  f o r  tw enty  y e a rs  o r  more, and have caused con­

c e rn , n o t on ly  in  th e  petro leum  in d u s try ,  bu t withiti. th e  g e n e ra l populace 

a s  w e ll .  These concerns have been coun tered  by th e  f a c t  th a t  new 

petro leum  re s e rv e s  have been d isco v ered  a s  r a p id ly  as  th e  o ld  ones have
I

been used  up, and a t  th e  p re se n t tim e th e  known petro leum  re s e rv e s  in  t h i s  

cou n try  should s u f f ic e  f o r  tw en ty  o r tw e n ty -f iv e  y e a rs  a t  p re se n t r a te s  of 

consum ption. N e v e rth e le s s , th e  tim e i s  approaching when th e  r a t e  of 

consumption w i l l  exceed th a t  of d isco v e ry , and we w i l l  th en  be faced  w ith  

th e  p ro sp e c t of tu rn in g  to  fo re ig n  sou rces  o f petro leum  o r  o f developing 

o th e r  sources o f hydrocarbon f u e l s .  Our p re se n t r a te  o f d isco v e ry  i s  

be ing  m ain ta ined  on ly  by d r i l l i n g  to  g re a t  d ep th s , and by d r i l l i n g  in  

d i f f i c u l t l y  a c c e s s ib le  a re a s  such a s  th e  tid e w a te r  a re a s ,  and th e  tim e 

w i l l  come when d r i l l s  can go no deep er, and r ig s  can be lo c a te d  no f u r th e r  

from la n d . We a r e ,  a t  p re s e n t ,  n e t im p o rte rs  of petro leum , and in  th e  

fu tu r e  we s h a l l  come to  im port more and more crude petro leum  to  s a t i s f y  

' our demands. R e f in e r s ,  th e r e f o r e ,  a re  sea rch in g  f o r  new m a te r ia ls  from 

which to  produce l iq u id  hydrocarbon m a te r ia ls .  I t  i s  t r u e  t h a t  th e  com­

m e rc ia l iz a t io n  of atom ic power w i l l  r e l ie v e  some of th e  demand fo r  f u e l ,  

b u t th e  in c re a se d  use o f petro leum  f o r  o th e r  pu rposes, e . g , , petrochem­

i c a l s ,  n eg a te s  th e  p o s s i b i l i t y  th a t  our petro leum  demands w i l l  decrease  

in  th e  f u tu r e .

The Congress of th e  U nited  S ta te s  has recognized  th e  im portance of
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developing  new sou rces  of hydrocarbon m a te r ia ls ,  and in  1944 enacted  in to  

law th e  S y n th e tic  L iqu id  F u e ls  A ct, which p ro v id es  f o r  re s e a rc h  in to  and 

development of new sources o f l iq u id  hydrocarbons, such a s  c o a l, o i l  

sh a le , and a g r i c u l tu r a l  p ro d u c ts . The Bureau of Mines, under th e  

a u sp ic e s  o f t h i s  a c t ,  has accom plished a la rg e  amount o f in v e s t ig a t io n  

dealing- w ith  th e  m ining of s h a le , and th e  reco v ery  and p ro cess in g  of" th e  

o rg an ic  m a te r ia l  p re se n t to  y ie ld  l iq u id  f u e l s .

The re se rv e s  o f hydrocarbon m a te r ia l  con ta in ed  in  o i l  sh a le  a re  

trem endous, and th e  a c tu a l  p ro d u c tio n  of l iq u id  f u e ls  from sh a le  a n te ­

d a te s  th e  p ro d u c tio n  from o rd in a ry  petroleum  by about tw enty  y e a rs . How­

e v e r , th e  sh a le  o i l  in d u s try  could n o t su rv iv e  th e  co m p etitio n  fo llo w in g  

th e  d isco v e ry  of pe tro leum , and on ly  a  sm all number of sh a le  recovery  

o p e ra tio n s  in  fo re ig n  c o u n tr ie s  were in  e x is te n c e  a t  th e  beg inn ing  of 

World War I I .  ( I ) .

The la r g e s t  known re s e rv e  o f o i l  sh a le  in  th e  U nited S ta te s  l i e s  

under th e  Green R iver p la te a u  in  C olorado, Wyoming and U tah, and c o n ta in s  

an e s tim ated  500 b i l l i o n  b a r r e ls  o f crude sh a le  o i l ,  an amount g re a te r  

th an  th e  known and proven petro leum  re se rv e s  of th e  coun try . The bu lk  of 

t h i s  d e p o s it  i s  lo c a ted ' under th e  P icance Creek b a s in , in  n o rth e rn  

C olorado. T h is s e c tio n  o f th e  d e p o s it covers an a rea  o f 1000 square 

m ile s , averages 500 f e e t  in  th ic k n e s s , and co n ta in s  re s e rv e s  estim ated  a t  

350 b i l l i o n  b a r r e ls  of m a te ria l,. The low er 80 to  100 f e e t  of t h i s  d e p o s it 

i s  known a s  th e  Mahogany Ledge, and th e  sh a le  in  t h i s  fo rm atio n  assay s  30 

g a llo n s  o f hydrocarbon m a te r ia l  p e r  to n ,  more th an  tw ice  t h a t  o f th e  r e s t
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of th e  d e p o s i t . The re se rv e s  in  th e  Mahogany Ledge a lone  a re  e stim ated  

a t  100 b i l l i o n  b a r r e l s .

The p ro d u c tio n  of l iq u id  f u e l  from o i l  sh a le  in v o lv es  some problems 

unique in  th e  -petroleum  in d u s try . S ince th e  Mahogany Ledge l i e s  deep 

under th e  e a r t h 's  s u r fa c e , th e  sh a le  must be mined u sin g  hard rock  te c h ­

n iq u e s . A lso , th e  hydrocarbons p re se n t in  th e  rock a re  found in  th e  form 

of a sem iso lid  m a te r ia l  known a s  kerogen , and a t  p re se n t th e  on ly  s a t i s ­

f a c to r y  method o f e x tra c t in g  t h i s  m a te r ia l  in v o lv es  r e to r t i n g  of th e  

s h a le . The Bureau o f Mines and o th e r  independent o rg a n iz a tio n s  have i n ­

v e s t ig a te d  problem s invo lved  in  th e  m ining of sh a le , reco v ery  of th e  o i l ,  

and development of econom ical r e f in in g  te ch n iq u es  a p p lic a b le  to  th e  o i l .  

M ining. The Bureau, u s in g  a new m ining tech n iq u e  known as  th e  room-and- 

p i l l a r  method, has been ab le  to  mine th e  sh a le  and d e l iv e r  i t  to  p ro cess­

in g  p la n ts  f o r  a d i r e c t  c o s t of 32 c e n ts  p e r to n  o f sh a le  (1 3 ). In  t h i s  

method of m ining , rooms 60 f e e t  square and 70 f e e t  h igh  a re  cu t out of 

th e  sh a le , le av in g  25 p e rc en t of th e  o r ig in a l  m a te r ia l  a s  support f o r  th e  

r o o f . The broken sh a le  i s  th en  hau led  out o f th e  mine and sen t to  

c ru sh in g  and reco v ery  f a c i l i t i e s .

R ecovery. The hydrocarbon m a te r ia l  i s  recovered  from th e  rock  by h e a tin g  

in  a r e t o r t .  The B u reau 's  f i r s t  r e t o r t ,  known as  th e  NTU r e t o r t ,  was a 

b a tc h - ty p e  o p e ra tio n . P rese n t r e t o r t s ,  as  developed by th e  Bureau and by 

th e  Union O il Company, a re  co n tin u o u s. In  th e se  r e t o r t s  th e  sh a le  i s  

passed  downward c o u n te rc u rre n t to  a r i s in g  stream  of ho t combustion gases 

formed by burn ing  re c y c le d  o f f -g a s e s  and carbonaceous m a te r ia l  con ta ined
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in  th e  spen t s h a le . The o rg an ic  m a te r ia l  i s  d riv en  o f f  by th e  h e a t th u s  

su p p lie d , and th e  r a t e  of combustion i s  so re g u la te d  th a t  th e  vapors a re  

condensed w ith in  th e  r e t o r t , th e re b y  n eg a tin g  th e . need f o r  condensing 

w a te r .

P r o p e r t i e s . The crude sh a le  o i l  recovered  from th e  r e t o r t s  i s  a heavy, 

b la ck  m a te r ia l  having a g ra v i ty  o f 21° API and a pour p o in t o f about 90°F. 

I t  i s  d is s im i la r  to  norm al petro leum  in  t h a t  i t  c o n ta in s  many o le f in s  and 

a h igh  p ercen tag e  of non-hydrocarbon" m a te r ia l .  The p a r a f f in s  and o le f in s  

a re  of a s t r a ig h t- c h a in  n a tu re ,  and th e re fo re  th e  g a so lin e  produced from 

th e  crude sh a le  o i l  has a low octane  r a t in g .  The crude co n ta in s  t a r  a c id s  

such a s  p heno l, th e  e r e s o ls ,  and x y le n o ls ,  and t a r  b ases  in  th e  form of 

s u b s t i tu te d  p y r id in e s and q u in o lin e s . S u lfu r  i s  p re se n t in  th e  form of 

s u b s t i tu te d  th io p h e n e s . N itrogen  compounds com prise approx im ate ly  43 

p e rc en t by w eight o f th e  c ru d e .

U n trea ted  crude sh a le  o i l  and th e  d i s t i l l a t e s  produced therefrom  a re  

r a th e r  u n s a t i s f a c to r y  f u e l s . As m entioned, th e y  have h ig h  s u l fu r  .and 

n itro g e n  co n ten ts  and a h igh  percen tag e  o f uns a tu ra te d  m a te r ia l .  They 

a re  o d o r ife ro u s , c o r ro s iv e , and u n s ta b le  in  reg a rd  to  c o lo r  in  co n tac t 

w ith  a i r .  The s u l fu r  compounds p re se n t cause c o rro s io n , add to  th e  gum- 

form ing tendency  o f th e  m a te r ia l ,  and produce an obnoxious exhaust upon 

com bustion. The uns a tu ra te d  m a te r ia ls  a re  e a s i ly  o x id ized  to  form gums, 

and t h i s  o x id a tio n  i s  a c c e le ra te d  by th e  n itro g e n  compounds p re sen t (9 ) . 

A lso , s u lfu r  and n itro g e n  a re  d e tr im e n ta l to  v a rio u s  c a ta ly s t s  now used 

in  r e f in in g  p ro c e sse s , 'and i t  i s  now g e n e ra l ly  accep ted  th a t  c a ta ly t ic  

p ro ccesse s  a re  n e ce ssa ry  to  produce econom ically  h ig h -q u a l i ty  f u e l s .
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e s p e c ia l ly  g a so lin e . For th e se  rea so n s , i t  becomes obvious th a t  some 

tre a tm e n t o r  tre a tm e n ts  must be evolved to  produce a m a te r ia l  v a lu ab le  to  

r e f in e r s  as  raw f u e l  m a te r ia l .

R e f in in g . Many known pe tro leum  re f in in g  p ro cesses  have been in v e s t ig a te d  

f o r  a p p l i c a b i l i ty  in  th e  p ro d u c tio n  of f u e ls  from sh ale  o i l .  Among th e se  

a re  v is -b re a k in g , d i s t i l l a t i o n ,  th e rm al c ra ck in g , c a ta ly t i c  c rack in g , 

v a r io u s  chem ical tre a tm e n ts ,  so lv en t e x t r a c t io n ,  and h y d ro tre a tin g . A lso,

s in ce  th e  crude sh a le  o i l  has a r a th e r  h igh  carbon-hydrogen r a t io  as
/

compared to  norm al pe tro leum , th e  p o s s i b i l i t y  of su b je c tin g  th e  crude to  

a delayed  re c y c le  coking to  low er t h i s  r a t i o ,  fo llow ed by d i s t i l l a t i o n  of 

th e  vapors th u s  produced p r io r  to  r e f in in g ,  has been in v e s t ig a te d .

Since n itro g e n  compounds' com prise 43 p e rc en t o f th e  crude m a te r ia l ,  

and s in ce  a comparable s i tu a t io n  p robab ly  e x is t s  f o r  s u l f u r , i t  becomes 

obvious t h a t  on ly  s u l fu r  and n i tro g e n , and no t t h e i r  compounds, may be 

removed from th e  crude i f  i t  i s  to  be u t i l i z e d  in  f u e l  p ro d u c tio n . ‘ ,

F u r th e r , s in ce  th e  uns a tu r a te s  p re se n t cause gum fo rm atio n , i t  would be 

d e s ir a b le  to  s t a b i l i z e  th e  m a te r ia l  b e fo re  p ro cess in g  t o  produce f u e l s .

I t  would seem, from th e  reaso n s s ta te d  above, th a t  hydro trea tm en t 

would accom plish most of th e  d e s ire d  r e s u l t s .  The Bureau of Mines has 

in v e s t ig a te d  c a ta ly t i c  hydro trea tm en t o f naphthas and gas o i l s  produced 

from NTU c ru d es , and has succeeded in  producing a g a so lin e  co n ta in in g  

about 0 ,1  p e rc en t n i t ro g e n . This g a so lin e  was s ta b le ,  bu t had a ve ry  low 

octane  r a t i n g .

S ince th e  p ro d u c tio n  o f fu e ls  from sh a le  o i l  i s  of i n t e r e s t  to  many- 

la rg e  o i l  com panies, th e  Esso Research and Engineering  Company has spon-
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sored  a p ro je c t  a t  Montana S ta te  C ollege to  develop an econom ical hydro-

t r e a t i n g  p ro cess  which w i l l  produce a s ta b le  m a te r ia l  having a low

n itro g e n  and s u lfu r  c o n te n t , s u i ta b le  f o r  re f in in g  by co n v en tio n a l methods

to  produce l iq u id  f u e l s  such a s  g a so lin e  and d ie s e ls .  King (2) re p o rte d  :

an in v e s t ig a t io n  of th e  a c t io n  of fo u r  c a ta ly s t s  on coker d i s t i l l a t e ,  and

Holecek (3) re p o rte d  on th e  e f f e c t  of v a ry in g  re c y c le  gas com position

upon h yd ro trea tm en t of coker d i s t i l l a t e .  T his paper i s  in ten d ed  to  re p o r t

f u r th e r  in v e s t ig a t io n s  of th e  e f f e c t  of p ro cess  v a r ia b le s ,  in c lu d in g  |

tem p era tu re  and space v e lo c i ty ,  a s tudy  of seven new c a ta ly s t s ,  and an

in v e s t ig a t io n  o f s e v e ra l  b a tch -ty p e  tre a tm e n ts  o f sh a le  o i l  coker

d i s t i l l a t e .

I I  EQUIPMENT j

A. Flow S h e e t. In  th e  c o n tin u a tio n  o f in v e s t ig a t io n  of hydro- Il

g en a tio n  p ro c e sse s , a co n tin u o u s-flo w , f ix e d -b e d , c a ta ly t ic  p ro cess  u n i t ,  

a s  p re v io u s ly  b u i l t  and i n s t a l l e d ,  (3 ) ,  was u t i l i z e d .  In  a d d it io n , 

an o th e r r e a c to r ,  d i f f e r in g  in  c o n f ig u ra tio n  from th e  f i r s t  in  th a t  i t  had 

a lo n g , narrow  c a ta ly s t  bed , was b u i l t  and u t i l i z e d  in  co n ju n ctio n  w ith 

th e  rem ainder of th e  o r ig in a l  u n i t .  The c a ta ly s t  bed o f th e  o r ig in a l  

r e a c to r  had a r a t i o  of le n g th  to  d iam eter of l e s s  th an  u n i ty ,  w hile in

th e  second re a c to r  t h i s  r a t i o  was in c re a se d  to  approx im ate ly  7 :1 . I
■ I

A b lo ck  flow  diagram  of th e  p ro cess  u n i t  i s  shown in  F ig , I ,  and a ^

d e ta i le d  flow  sh ee t o f th e  o r ig in a l  u n i t  i s  shown in  F ig . 2 . In  th e  

o r ig in a l  u n i t ,  o i l  from th e  o i l  fe ed  r e s e r v o i r  was pumped to  th e  top  of 

th e  r e a c to r ,  whence i t  flow ed downward over a p re -h e a t s e c tio n  co n ta in in g



- 1 0 -

alun&um b a l l s  and th en ce  th rough  a c a ta ly s t  bed. I t  th en  flowed th rough  

a condenser to  a c a p a c ity  ta n k  and s ig h t g la s s  and f i n a l l y  to  a re c e iv e r  

a t  a tm ospheric  p re s s u re . The t r e a t i n g  gas flow ed from a fe e d  ta n k  th rough  

a need le  v a lve  a n d 'ro ta m e te r  to  th e  to p  o f th e  r e a c to r ,  th en ce  down 

th rough  th e  r e a c to r  and out th rough  th e  p re ssu re  c o n tro l v a lve  to  a 

s to ra g e  ta n k . I f  re c y c le  of th e  fe e d  gas was n o t d e s ire d , i t  was vented  

to  th e  atm osphere from th e  p re s su re  c o n tro l  v a lv e . I f  re c y c le  was d e s ired , 

th e  gas was allow ed to  flo w  from th e  s to ra g e  tan k  to  a com pression ta n k , 

from which i t  was d isp la c e d  w ith  o i l  and fo rce d  in to  th e  fe e d  ta n k . Upon 

i n s t a l l a t i o n  of th e  new r e a c to r ,  th e  s ig h t g la s s  was e lim in a te d  from th e  

u n i t  and th e  condenser was shortened  in  an e f f o r t  to  reduce holdup of 

p ro cessed  o i l  w ith in  th e  u n i t .

During th e  course  of th e  ex p erim en ta tio n , i t  became d e s ira b le  to  use
J

crude sh a le  o i l  as  th e  charge s to ck  to  th e  u n i t ,  r a th e r  th an  coker 

d i s t i l l a t e .  S ince crude sh a le  o i l  has a h igh  pour p o in t , (+ 90°F),. and 

c o n ta in s  some s o l id s ,  a  hea ted  s to rag e  re s e rv o i r  was i n s t a l l e d  in  th e  

u n i t  in  co n ju n c tio n  w ith  a f i l t e r .  The crude was p laced  in  th e  r e s e rv o i r ,  

and from th e re  was pumped th rough h ea ted  p ip in g  to  th e  f i l t e r ,  from whence 

i t  flow ed to  th e  fe e d  r e s e rv o i r  p re v io u s ly  d e sc rib e d .

S ev e ra l b a tch - ty p e  tre a tm e n ts  o f sh a le  o i l  coker d i s t i l l a t e  were 

c a r r ie d  out a s  p a r t  of t h i s  p r o je c t .  In  th e  study o f th e se  tre a tm e n ts , 

a bomb ap p a ra tu s  b u i l t  by th e  P a rr  In s tru m en t Company was u t i l i z e d  in  

o rd e r t h a t  th e  r e a c t io n s  m ight be c a r r ie d  out a t  e le v a te d  tem p era tu res  

and p re s s u re s . This bomb was of th e  rock in g  ty p e , and po ssessed  p ro v i­

s io n s  f o r  p re s s u r iz in g  w ith  p ro cess  gas b e fo re  o r du rin g  th e  course of
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th e  tre a tm e n t.

B. S p e c if ic a t io n s .

O rig in a l R eac to r: The r e a c to r  was made from an 1 8 - in . len g th  of

2 ^ - i n . , schedule 80, a u s te n i t i c  s t a in le s s  s t e e l  p ip e . End b locks were 

machined from 18-8 s ta in le s s  s t e e l .  Maximum o p e ra tin g  p re s su re  f o r  th e  

r e a c to r  was 3000 p s ig . Three n i chrome h e a tin g  c o i ls  were wound on th e  

r e a c to r .  The to p  and bottom  c o i l s  were 3 3 - f t  long and th e  m iddle c o i l  

was 2 8 - f t  lo n g . These ceram ic-bead s tru n g  c o i l s  were f i r s t  wrapped over 

a la y e r  of a sb e s to s  ta p e ,  th en  covered w ith  a second la y e r  of a sb e s to s  

ta p e ,  and f i n a l l y  in s u la te d  w ith  about one in ch  of 8$ p e rc en t m agnesia.

A, 1 - i n . ,  schedule 80, 18-8 s ta in le s s  s t e e l  p ip e  was used  a s  a therm ow ell 

in  th e  r e a c to r .  ■

New R eac to r: The r e a c to r  was made from a, 3 0 - in . le n g th  of nominal

1 - i n  ̂ GD, seam less, Type 18-8 s ta in le s s  s t e e l  p ip e . C losure  was ob ta ined  

w ith  two Vogt 6000-lb  flan g ed  u n ions. The r e a c to r  was wrapped w ith  th r e e  

3 3 - f t  long  n i chrome h e a tin g  c o i l s  in  th e  manner p re v io u s ly  d e sc r ib e d , and 

f i n a l  in s u la t io n  was accom plished by e n c lo s in g  th e  r e a c to r  and h e a te rs  

in  a s e c tio n  of formed m agnesia p ipe  in s u la t io n .  A 3 / l 6 - i n .  le n g th  of 

s ta in le s s  s t e e l  tu b in g  was u t i l i z e d  a s  a therm ow ell by p la c in g  an Ermeto 

tu b in g  union a t  th e  to p  of th e  r e a c to r .

O il Feed R ese rv o ir: The o i l  fe e d  r e s e r v o i r  was made from a 2 - i n , , '

schedule 40, b la c k - iro n  p ip e  2 1 -in . lo n g . I t  was wound w ith  a 1 0 -f t  

n i chrome h e a tin g  c o i l  and lagged w ith  i n .  of 85 p e rcen t m agnesia, A 

50-c c  b u re t te  was a tta c h e d  th rough  a s id e  arm to  in d ic a te  o i l  le v e l  in

th e  r e s e r v o i r .
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g a llo n  o i l  can . I t  was wound w ith  a 3 3 - f t  long  n i chrome h e a tin g  c o i l  and 

lagged  w ith  ^ - i n .  of 85 p e rcen t m agnesia. When crude sh a le  o i l  was used 

a s  charge s to c k , i t  was s to re d  in  t h i s  r e s e rv o i r  and k ep t a t  flow ing 

tem p era tu re  by means o f th e  h e a te r .  The o i l  was t r a n s f e r r e d  from th e  

r e s e r v o i r  by means o f a sm all g ea r pump to  a f i l t e r  and th en ce  to  th e  

fe e d  r e s e rv o i r .

Sediment Bowl: A s tan d a rd  au tom ob ile -type  sedim ent bowl.

Crude F i l t e r :  A s tan d a rd  au tom ob ile -type  o i l  f i l t e r .

Condenser: A 1 6 - in . le n g th  of -g - in ., schedule 80, b la c k - iro n  p ipe

surrounded by a 2 - i n . ,  schedule 40, b la c k - iro n  p ipe  a c t in g  a s  a w ater 

j a c k e t .

S ig h t G lasses: E ig h t- in c h  Jerguson s ig h t  g la s s e s  w ith  i - i n .

s tan d a rd  p ip e  ta p s ;

C apac ity  Tank: A 2 - i n . ,  schedule 160, b la c k - iro n  p ip e , 9& i n .  lo n g .
i

P re ssu re  C o n tro l V alve: An a i r - t o - c lo s e ,  g - i n . , M ason-Nielan

diaphragm  v a lv e .

P re ssu re  C o n tro lle r :  A re v e rs e -a c t in g  F isher-W izard  p re ssu re

c o n t r o l le r  w ith  9, 5000-psi Bourdon tu b e .

Rotameters.: Brooks armored ro ta m e te rs  w ith  3 /3 2 - in . b a l l s .

A u to tran sfo rm ers : Two-hundred-twenty v . P o w ers ta ts ,

Recompression Pump: A Pesco #051012-020 gear pump ra te d  a t  4«5

gal/m in  a t  2800 rpm and 1200 p s i .  P re ssu re  l im i t  f o r  continuous oper­

a t io n  i s  1200 p s i .

O i l  S to ra g e  R e s e r v o i r :  The s to r a g e  r e s e r v o i r  was made from  a  5 -
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Gas C y lin d e rs : H arrisb u rg  S te e l  C orpo ra tion  C y lin d e rs , two

1320-cu  i n . , and one 2640-cu in .  c a p a c ity .

Compression O il R ese rv o ir: Two 5 -g a l o i l  cans.

High P ressu re  P ip in g : Schedule 80 b la c k - i r o n .

High P ressu re  P ipe F i t t i n g s :  Henry Vogt 3000 p s i  f o r g e d .s te e l .

Low P ressu re  P ip in g : Schedule 40 b la c k - i ro n .

High P ressu re  Tubing: Type 304 SS, l / 8 - i n .  OD, 0 .0 2 0 - in , w a ll.

Low P re ssu re  Tubing: Copper, % -in. OD.

High P ressu re  V alves: Hoke SS b lu n t- s p in d le  need le  v a lv e s .

M etering V alves: Hoke b rass-b o d y , 2 0 -tu rn ^ to -p p en  n eed le  v a lv es

Gas M eter: P re c is io n  S c ie n t i f ic  20-cu f t  Wet T est M eter.

Gages: M arsha ll 2000 p s i .

Therm ocouples: Three iro n -c o n s ta n ta n .

Tem perature I n d ic a to r :  A Leeds and N orthrup 1 8 -p o in t in d ic a t in g

p o te n tio m e te r .

R upture D isk: A B lack , S iv a l l s , and Bryson 2250 p s i  d is k .

S crubbers: O n e - l i te r  Erlenm eyer f l a s k s .
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I I I  TESTS, PROCEDURES, AND MATERIALS

A. T es ts

N itrogen  a n a ly se s : A ll n e ce ssa ry  n itro g e n  a n a ly se s  were perform ed

by a m odified  K je ld ah l method a s  d e sc rib e d  in  A n a ly tic a l C hem istry (4)■ 

O il samples were washed tw ice  w ith  an eq u al volume of d i s t i l l e d  w ater 

and d r ie d  w ith  OaClg b e fo re  being  an a ly zed .

B. P rocedures

R eac to r assem bly: The r e a c to r  was p laced  in  an in v e r te d  p o s it io n

and j^ -in . alundum b a l l s  were in s e r te d  u n t i l  th ey  a t t a in e d  a p re ­

determ ined le v e l .  At t h i s  p o in t th e  d e s ire d  charge o f c a ta ly s t  was in ­

s e r te d ,  and th e  r e a c to r  was th en  com pletely  f i l l e d  w ith  more alundum 

b a l l s .  A c i r c l e t  of s t a in le s s  s t e e l  sc reen  was th en  wedged in tp  th e  

union  a t  th e  bottom  of th e  r e a c to r  to  keep th e  charge i n  p la ce  when th e  

r e a c to r  was r ig h te d ,  th e  r e a c to r  was p laced  in  p o s i t io n  w ith in  th e  u n i t ,  

and a l l  n e ce ssa ry  con n ec tio n s  were made. Using th e  o r ig in a l  r e a c to r ,  

therm ocouples were th e n  in s e r te d  to  read  tem p era tu res  in  th e  c e n te rs  of • 

th e  f i r s t  and second p re h e a t s e c tio n s  and th e  c a ta ly s t  bed. In  th e  new 

r e a c to r ,  therm ocouples were perm anently  p laced  to  in d ic a te  th e  tem per­

a tu re  a t  th e  m iddle of th e  p reh ea t s e c tio n  and th e  su rfa ce  of th e  c a ta ly s t  

bed. A, t h i r d  therm ocouple was welded to  th e  o u ts id e  of th e  re a c to r  in  

such manner as  to  in d ic a te  th e  tem p era tu re  a t  th e  bottom  of th e  c a ta ly s t  

bed.

S ta r t -u p :  With th e  r e a c to r  in  p la c e , th e  u n i t  was f i r s t  evacuated

back to  th e  feed  ro tam e te r and th en  p re s su r iz e d  w ith  hydrogen and te s t e d  

f o r  le a k s . The h e a tin g  c o i l s  were th en  en erg ized , and th e  r e a c to r  was
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h e a t ed to  o p e ra tin g  tem p era tu re  over an approxim ate tw o-hour p e r io d .

Gas flo w  was begun when in t e r n a l  tem p era tu res  reached about 400°C, and 

o i l  flow  was begun when th e  tem p era tu res  reached 440°C.

O peration : A ll in t e r n a l  tem p era tu res  were m ain ta ined  a t  440°C by-

means of th e  au to tra n sfo rm e rs  supply ing  power to  th e  v a rio u s  h e a te r  

c o i l s .  Space v e lo c i ty  was m ain ta ined  by m easuring th e  vo lu m etric  o i l  

flo w  r a te  and a d ju s t in g  th e  o i l  fe ed  pump' s tro k e  acc o rd in g ly . Samples 

were drawn as  d e s ire d  from th e  re c e iv e r  a t  th e  bottom  of th e  c a p a c ity  

ta n k , weighed and b o t t l e d .  At t h i s  tim e , when u sin g  coker d i s t i l l a t e  

fe e d  s to ck , th e  feed  r e s e rv o i r  was f i l l e d  and th e  charge b o t t l e  weighed, 

th e  amount of o i l  charged du ring  a sample p e rio d  being  determ ined by 

d if f e r e n c e s  in  w e ig h t.o f  th e  charge b o t t l e .  When crude sh a le  o i l  was 

used a s  fe e d , th e  r e s e r v o i r  was f i l l e d ,  a f t e r  sam pling, by pumping th e  

m a te r ia l  from th e  s to ra g e  r e s e rv o i r  to  th e  feed  r e s e r v o i r ,  th e  amount 

charged being  determ ined  by th e  d if fe re n c e  in  r e s e r v o i r  le v e l s  b e fo re  

and a f t e r  f i l l i n g .  Gas feed  was m ain ta ined  a t  a p redeterm ined  r a te  by 

means of th e  feed  ro ta m e te r . Gas was g e n e ra lly  fe d  from  bo th  th e  feed  

c y lin d e r  and from  a commercial c y lin d e r  connected in  s e r ie s  w ith  i t .

Pure hydrogen was psed as  p ro cess  gas w ith o u t r e c y c lin g . The recompres­

s io n  system  was used to  e f f e c t  more com plete exhaustion  of commercial 

hydrogen c y lin d e rs ,  s in ce  o p e ra tin g  c o n d itio n s  made t h e i r  d i r e c t  use 

im p ossib le  below 1 0 0 0 -p s i. In  p r a c t ic e ,  commercial c y lin d e rs  were used 

d i r e c t l y  u n t i l  t h e i r  i n t e r n a l  p re s su re  f e l l  t.o approx im ate ly  1 1 0 0 -p s i. 

They were th en  connected to  th e  recom pression, system and exhausted  to  

approx im ate ly  500- p s i ,
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was s topped , th e  h e a te rs  were tu rn e d  o f f ,  and gas flow  was con tinued  f o r

an hour o r more, th en  shu t o f f . ̂ <

G. M a te ria ls

The charge s to ck s  used in  t h i s  re se a rc h  were a nom inal 650°F E .P . 

and a nom inal 750°F E .P . coker d i s t i l l a t e  produced by re c y c le  delayed 

coking of gas-com bustion crude sh a le  o i l ,  and f u l l - r a n g e  gas-com bustion 

crude sh a le  o i l .  These s to ck s  were su p p lied  by th e  U. S. Bureau of Mines 

dem onstra tion  p la n t  a t  R i f le ,  Colorado. L abora to ry  s p e c if ic a t io n s  f o r  

th e s e  s to ck s  a re  given in  Table I .

Hydrogen' gas was su p p lied  by th e  Whitmore Oxygen Company of 

S a l t  Lake C ity , U tah.

C a ta ly s ts  were su p p lied  by th e  Harshaw Chemical Company, th e  P e te r  

Spence Company, and th e  Esso Research and E ngineering  Company. 

S p e c if ic a t io n s  of th e  v a rio u s  c a ta ly s t s  used a re  given in  Table I I I .

The alundum b a l l s  used f o r  p re h e a t and c a ta ly s t  support were % -in. 

spheres and l / S - i n .  rod s e c tio n s  su p p lied  by th e  Norton Company.

S hu t-dow n: When sh u t-d o w n  was d e s i r e d ,  t h e  o i l  f lo w  t o  t h e  r e a c t o r
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IV SAMPLE CALCULATIONS

Y ield ; (ESO SA-B)

Grams o i l  charged 848.0
Grams o i l  p roduct 810.3
Grams lo s s  37 .7

Y ie ld : 810 .3 /8 4 8 .0  = 95-6$

Space v e lo c i ty :  (ESO 84-B)

Grams o i l  charged 848.0
Charge p e r io d , hours 8 .0
Grams c a ta ly s t  100.0

Space v e lo c i ty :  848 .0 /1 0 0 .0  x  8 .0  = 1 .061 g /g /h r .

V EXPERIMENTAL DESIGN

A. E f fe c t of v a r io u s  o p e ra tin g  v a r ia b le s  on n itro g e n , co n ten t of 

e f f lu e n t  o i l ;

L in eo u t: Follow ing u n i t  s ta r tu p  o r changes in  o p e ra tin g  c o n d itio n s

d u rin g  o p e ra tio n s , a c e r ta in  amount o f tim e  was n e ce ssa ry  to  a llo w  th e  

u n i t  to  e s ta b l i s h  uniform  r a te s  o f n itro g e n  rem oval. For th e  purposes of 

t h i s  p ap er, t h i s  tim e la g  w i l l  be r e f e r r e d  to  a s  1lin e o u t  t im e 1. P rev ious 

d a ta  has in d ic a te d  th a t  t h i s  tim e la g  should be approx im ate ly  24 hours 

fo llo w in g  s ta r tu p  and 12 hours fo llo w in g  changes in  o p e ra tin g  co n d itio n s  

du ring  o p e ra tio n s .

Tem perature: To e v a lu a te  th e  e f f e c t  of re a c t io n  tem p era tu re  on

n itro g e n  con ten t of th e  e f f lu e n t  o i l ,  runs ESO 55-65 were executed in  th e  

fo llo w in g  manner: The re a c to r  was charged and l in e d  out a t  a  tem pera tu re

of 775°F and a space v e lo c i ty  of 1 .0 . Follow ing l in e o u t , a  sample was 

ta k e n , and th e  space v e lo c i ty  was a l t e r e d  to  0 .5 . Follow ing l in e o u t a t
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t h i s  space v e lo c i ty ,  a n o th e r sample was ta k e n , and space v e lo c i ty  was 

ag a in  a l t e r e d ,  t h i s  tim e to  0 .2 5 . L ineout tim e was ag ain  a llow ed, and a 

sample ta k e n . Follow ing t h i s  sequence of o p e ra tio n s  a t  775°F, o p e ra tin g  

co n d itio n s  were changed to  825°F and a space v e lo c i ty  o f 1 .0 . The u n i t  

was allow ed to  l in e  o u t and samples were tak en  a s  no ted  aboye a t  space 

v e lo c i t i e s  of 1 .0 , 0 .5 0 , and 0.25• The re a c to r  tem p era tu re  was ra is e d  to  

875°F and a n o th e r s e r ie s  o f th r e e  samples were taken  a t  th e  d e s ire d  space 

v e lo c i t i e s .  The c a ta ly s t  used du rin g  th e se  runs was 100-grams of Harshaw 

0 2 0 1 -T - l / l6 - in . c o b a lt m olybdate, th e  charge stock  was 750°F E .P . coker 

d i s t i l l a t e ,  and th e  gas r a t e  was 7500 SCF/bbl.

Space v e lo c i ty :  The e f f e c t  o f space v e lo c i ty  on n itro g e n  removal

e f f ic ie n c y  was ev a lu a ted  in  term s of a l l  th re e  s tan d a rd  charge s tocks by 

ex ecu tin g  ru n s  ESO 50-52, 58-60, and 72-73. The method of e v a lu a tio n  

used  in  runs 58-60 has been d e sc r ib e d . Runs ESO 50-52 were made u sing  

650°F E .P . coker d i s t i l l a t e  a s  charge s to ck , and th e  r e a c to r  was o p era ted  

a t  s u b s ta n t ia l ly  c o n stan t space v e lo c i ty  f o r  th e  d u ra tio n  o f each run . 

Space v e lo c i t i e s  o f 1 .0  and 0 .25 were in v e s t ig a te d .  Runs ESO 72-73 were 

executed  u s in g  approx im ate ly  th e  same scheme of o p e ra tio n , th e  charge 

s to ck  be ing  crude sh a le  o i l .  During a l l  o f th e se  ru n s , th e  c a ta ly s t  used 

was 100 grams o f Harshaw 0 2 0 1 -T - l / l6 - in . c o b a lt m olybdate, th e  tem per­

a tu re  was 825°F, and th e  gas r a te  was 7500 SCF/bbl.

To e v a lu a te  th e  e f f ic ie n c y  of re p ro c ess in g  e f f lu e n t  o i l  to  e f fe c t  

f u r th e r  n itro g e n  rem oval, ru n s  ESO 66-68 were made under th e  same condi­

t io n s  as  th o se  p re v a il in g  f o r  runs ESO 52-52. The on ly  d if fe re n c e  was in  

charge s to c k s . Runs 66-68 were made u s in g  hydrogenated 650°F E .P . coker



d i s t i l l a t e  from th e  p ro cess  u n i t . This m a te r ia l  had o r ig in a l ly  been p ro ­

cessed  a t  a space v e lo c i ty  of approx im ate ly  1.0 '.

P ro cessin g  of c ru d e : During th e  course  o f t h i s  ex p erim en ta tio n , i t

became d e s ir a b le  to  e v a lu a te  th e  p ro cess in g  c h a r a c te r i s t i c s  of gas-com­

b u s tio n  crude sh a le  o i l .  Runs ESO 72-78 were executed f o r  t h i s  purpose. 

A ttem pts were made to  in v e s t ig a te  th e  e f f e c t s  of tem p era tu re  and space 

v e lo c i ty  upon e f f ic ie n c y  o f n itro g e n  rem oval, and two long runs were 

executed  in  an e f f o r t  to  a s c e r ta in  th e  e f f e c t  of running  tim e upon 

c a ta ly s t  a c t i v i t y .  In  ’th e  m ain, th e se  runs were d isa p p o in tin g  because of 

d i f f i c u l t i e s  in v o lv ed  in  m a in ta in in g  o p e ra tin g  v a r ia b le s  a t  s p e c if ie d  

le v e l s  du rin g  th e  course  of a run .

D u p lica tio n  of r e s u l t s :  During th e  course  of t h i s  re s e a rc h , th e

q u es tio n  a ro se  a s  to  w hether o r  n o t adequate  d u p lic a tio n  o f r e s u l t s  be- 

bween id e n t i c a l  runs was b e in g  a t ta in e d .  F ig u re  10 shows th e  r e s u l t s  

o b ta in ed  in  two id e n t i c a l  ru n s , ESO 49 and 50, and an o th e r ru n , ESO 41, 

which d i f f e r e d  from th e se  on ly  in  th e  s iz e  of c a ta ly s t  p e l l e t s  used .

S ince v is u a l  exam ination o f d a ta  suggested  th a t  c o r r e la t io n  between 

id e n t i c a l  runs was on ly  f a i r ,  i t  was decided  to  b u ild  a new re a c to r  in  an 

a ttem p t to  o b ta in  b e t t e r  d u p lic a tio n  of r e s u l t s ,  The o r ig in a l  re a c to r  

invo lved  use of a c a ta ly s t  bed approx im ate ly  l | - i n .  th ic k  and 2 |- i n .  in  

d iam e te r, n e g le c tin g  th e  space occupied by th e  therm ow ell, th u s  g iv ing  th e  

c a ta ly s t  bed a r a t i o  of le n g th  to  d iam eter of l e s s  th a n  u n i ty .  Since 

th e re  i s  an in v e rse  r e la t io n s h ip  between th e  magnitude o f t h i s  r a t io  and 

th e  amount of channeling  which may occur th rough  th e  bed , and sin ce  chan­

n e lin g  can r a d ic a l ly  a l t e r  th e  e f f e c t  o f t h i s  type  of c a t a ly t i c  p ro cess ,
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a new re a c to r  was b u i l t  having a c a ta ly s t  ,bed approx im ate ly  seven in ch es  

long  and one in ch  in  d iam eter in  an a ttem p t to  minimize th e  e f f e c t  of 

channeling  th rough  th e  c a ta ly s t  bed. A lso , th e  therm ow ell o f th e  new 

re a c to r  was extended on ly  th rough  th e  upper su rface  of th e  c a ta ly s t  bed 

in  th e  hope th a t  channeling  would be f u r th e r  m inim ized, Follow ing in ­

s t a l l a t i o n  of th e  new r e a c to r ,  runs ESO 86 and 8? were executed  under

id e n t i c a l  c o n d itio n s  to  determ ine w hether o r n o t th e  new re a c to r  enabled
; )  . .

b e t t e r  d u p lic a tio n  of r e s u l t s  th an  d id  th e  o ld  one. V isu a l exam ination 

o f d a ta  from th e se  ru n s  suggested  th a t  d u p lic a tio n  was s a t i s f a c to r y .  I t  

was a lso  found by examining d a ta  from ru n s  ESO 85 and 86 th a t  th e  most 

e f f i c i e n t  n itro g e n  removal was accom plished when th e  tem p era tu re  of th e  

c a ta ly s t  bed was b rought to  825°F b e fo re  th e  o i l  was s t a r t e d  th rough  th e  

u n i t .  In  run ESO 85, o i l  was s ta r te d  th rough  a t  about 795°F» w hile in  - 

run ESO 86 i t  was s ta r te d  th rough  a t  825°E.

C a ta ly s ts :  Follow ing i n s t a l l a t i o n  and t e s t i n g  of th e  lo n g - c a ta ly s t -

bed r e a c to r ,  e ig h t c a ta ly s t s  were t e s t e d  f o r  e f f ic ie n c y  a s  compared to  

th e  Harshaw c o b a lt m olybdate c a ta ly s t  which had been u t i l i z e d  up to  th a t  

p o in t .  T h is was done in  an a ttem p t to  i s o l a t e  a c a ta ly s t  which would 

e f f e c t  r e l a t i v e l y  com plete d e n itro g e n a tio n  a t  reaso n ab le  space v e lo c i t i e s .  

The s p e c i f ic a t io n s  o f th e  c a ta ly s t s  t e s t e d  a re  given in  Table I I I .  A 

c o b a lt m olybdate c a ta ly s t  produced by th e  P e te r  Spence Company was 

s e le c te d  a s  a s tan d a rd  o f comparison on th e  b a s is  of p rev io u s  experim ent­

a t io n  (3 ) ,  and a l l  o th e r  c a ta ly s t s  were compared to  i t  f o r  e f f ic ie n c y  of 

n itro g e n  rem oval under two s e ts  "of o p e ra tin g  c o n d itio n s . These condi­

t io n s  a re  summarized in  /Table I I I . To e v a lu a te  th e se  c a ta ly s t s ,  runs
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w ith  th e  d e s ire d  c a ta ly s t  and s ta r te d  up under th e  f i r s t  s e t  of condi­

t i o n s .  Samples were tak en  a t  in t e r v a l s  of 2 , 4 , 6, 8, 12, 20, and 28 

h o u rs . The u n i t  was th e n  changed to  th e  second s e t  o f o p e ra tin g  condi­

t io n s  and samples were tak en  a t  l ik e  i n t e r v a l s .  The charge s to ck  during  

a l l  runs was 750°F E .P . coker d i s t i l l a t e .

B. E f fe c t of v a rio u s  chem ical tre a tm e n ts  on n itro g e n  co n ten t of 

sh a le  o i l  coker d i s t i l l a t e .

C a u s tic : To e v a lu a te  th e  e f f e c t  o f ho t c a u s t ic  b a th  tre a tm e n t on

coker d i s t i l l a t e ,  ru n s  ESO 80-81 were executed in  th e  fo llo w in g  manner: 

The P a rr  bomb re a c tio n  ap p a ra tu s  was charged w ith  100 grams of o i l  and 

100 grams of anhydrous c a u s t ic .  The a p p a ra tu s  was th en  h ea ted  to  8250F, 

and o p e ra ted  f o r  p e rio d s  of 2-g- and 9 hou rs, r e s p e c t iv e ly .  In  an a ttem p t 

to  e f f e c t  d e n itro g e n a t io n . The a p p a ra tu s  was th en  coo led , th e  charge 

removed and d ecan ted , and p ro p e r a n a ly se s  perform ed.

T e t r a l i n : To e v a lu a te  th e  e f f e c t  of t e t r a l i n  tre a tm e n t on coker

d i s t i l l a t e ,  run ESO 98 was executed  in  th e  fo llo w in g  manner: The P a rr

bomb re a c tio n  ap p a ra tu s  was charged w ith  100 cc of 750°F E .P . coker 

d i s t i l l a t e  and 100 cc o f t e t r a l i n ,  o r  te tra h y d ro n a p h th a le n e . The ap p ar­

a tu s  was th e n  s e a le d , p re s su r iz e d  w ith  hydrogen gas to  500 p s i ,  and - 

op era ted  f o r  a p e rio d  of fo u r  hours a t  a tem pera tu re  o f 870°F in  an 

a ttem p t to  e f f e c t  d e n itro g e n a t io n . The a p p a ra tu s  was th e n  cooled and th e  

charge removed and an a lyzed . The maximum p re s su re  a t ta in e d  du ring  th e  

o p e ra tio n  was 1500 p s i .

ESO 8 9 -9 7  w ere  e x e c u te d  i n  t h e  f o l lo w in g  m anner: The r e a c t o r  was c h a rg e d
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VI DISCUSSION OF RESULTS

A. Tem perature and Space V e lo c ity

N itrogen  an a ly se s  f o r  runs ESO 55-65 in d ic a te  th a t  th e  e f f ic ie n c y  of 

n itro g e n  rem oval in c re a s e s  w ith  tem pera tu re  a t  a l l  of th e  space v e lo c­

i t i e s  under c o n s id e ra tio n . These r e s u l t s  a re  in d ic a te d  g ra p h ic a l ly  in  

F ig . 3• F ig . 5j based on d a ta  o b ta ined  from runs ESO 50-52, 55-65, and 

72- 73, in d ic a te s  t h a t  t h i s  s i tu a t io n  i s  t r u e  f o r  both  crude sh ale  o i l  and 

sh a le  o i l  coker d i s t i l l a t e s .  S ince on ly  a sm all amount o f d a ta  were 

a v a i la b le ,  th e  r e la t io n s h ip  between tem p era tu re  and n itro g e n  co n ten t of 

th e  e f f lu e n t  o i l  was assumed to  be l in e a r  over th e  range co n sid e red , and, 

where n e ce ssa ry , th e  re g re s s io n  l in e s  were o b ta in ed  by th e  method of 

l e a s t  sq u a res . V a r ia tio n s  from th e  l in e s  a re  assumed to  be due to  

f lu c tu a t io n s  in  o p e ra tin g  c o n d itio n s , e . g . , space v e lo c i ty .  I t  may be 

n o ted  th a t  y ie ld s  v a ry  in v e r s e ly  w ith  o p e ra tin g  tem p era tu res  and d i r e c t ly  

w ith  space v e lo c i ty ,  (F ig . 4 and Table I l) - .  Hence, a t  an o p e ra tin g  temp­

e ra tu re  of .875°F and a space v e lo c i ty  of 0 .2 5 , y ie ld s  may be on ly  about 

65 p e rc en t o f charge , w hile  a t  low er o p e ra tin g  tem p era tu res  and a space 

v e lo c i ty  of 1 .0  y ie ld s  te n d  to  approach 100 p e rcen t of ch arge . Changes 

in  space v e lo c i ty  seem to  e x e r t o n ly  a  sm all e f f e c t  when 650°F E .P . coker 

d i s t i l l a t e  i s  p ro cessed , w h ile  a la r g e r  e f f e c t  i s  e x e rted  when 75O0F E .P . 

coker d i s t i l l a t e  o r crude sh a le  o i l  a re  p ro cessed .

B. R ecycling  of e f f lu e n t

Runs ESO 50-52 and 66-68 were made under id e n t i c a l  o p e ra tin g  condi­

t io n s  in  an e f f o r t  to  determ ine th e  e f f e c t  of re c y c lin g  e f f lu e n t  o i l  to
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th e  p ro cess  u n i t  to  e f f e c t  fu r th e r ; n itro g e n  rem oval, The charge stock  

used  in  runs ESG 50-52 was a nom inal 650°F E .P . coker d i s t i l l a t e ,  w hile  

t h a t  used in  ru n s  ESO 66-68 was nom inal 650°F E .P . coker d i s t i l l a t e  which 

had been hydrogenated once a t  a space v e lo c i ty  o f 1 ,0 . I f  m a te r ia ls  were 

to  be p rocessed  tw ic e , bo th  tim es a t  space v e lo c i t i e s  o f 1 .0 , arid i f  th e  

e f f e c t s  o f re p ro c e ss in g  and s in g le -p a s s in g  were e q u iv a le n t, th e  e f f lu e n t  

m a te r ia l  from th e  second p ass  should have a n itro g e n  co n ten t eq u iv a len t 

to  th a t-  of m a te r ia l  which had been p ro cessed  once a t  a space v e lo c i ty  of 

0 .5 ,  a l l  o th e r  o p e ra tin g  c o n d itio n s  being  th e  same. The r e s u l t s  of th e se  

ru n s  in d ic a te  th a t  t h i s  i s  n o t t r u e . As shown in  F ig . 6, a  s in g le  t r e a t ­

ment a t  a space v e lo c i ty  o f 0 .5  w i l l  leav e  le s s  n itro g e n  in  th e  e f f lu e n t  

(0 .19  p e rc e n t)  th an  w i l l  two tre a tm e n ts  a t  a space v e lo c i ty  o f 1 .0  (0 .22  

p e rc e n t) .  However, one tre a tm e n t a t  a space v e lo c i ty  o f 0 .33  w i l l  leav e  

more n itro g e n  in  th e  e f f lu e n t  (0 .16  p e rc en t)  th an  w i l l  two tre a tm e n ts  a t  

space v e lo c i t i e s  o f 1 .0  and 0 . 50, r e s p e c t iv e ly ,  (0 .06  p e rc e n t) ,  and in  

bo th  schemes of p ro cess in g  th e  o i l  has e q u iv a len t re s id en c e  tim es in  

c o n tac t w ith  th e  c a ta ly s t .  S ince t h i s  i s  c o n tra ry  to  re a so n in g , f u r th e r  

s tudy  o f t h i s  problem would be most d e s i r a b le .

C. P ro cessin g  of crude sh a le  o i l

Two long ru n s  (ES0 ?2 and 74) were made to  determ ine th e  o p e ra tin g  

c h a r a c te r i s t i c s  o f gas-com bustion crude sh a le  o i l .  Both ru n s  were made 

a t  th e  same tem p era tu re  (825°F) bu t a t  d i f f e r e n t  space v e lo c i t i e s .  I t  

was found t h a t ,  in  bo th  c a se s , th e  r e a c to r  became s o l id ly  plugged w ith  

coke a f t e r  app ro x im ate ly  15,000 grams of m a te r ia l  had been p ro cessed , and 

in  both  case s  coking occu rred  in  th e  p re h e a t s e c tio n  of th e  re a c to r  and
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n o t in  th e  c a ta ly s t  bed. S ince coking of th e  crude sh ale  o i l  occurred  

p r io r  to  i t s  passage th rough  th e  c a ta ly s t  bed, th e  m a te r ia l  a c tu a l ly  

passed  over th e  c a ta ly s t  was, in  e f f e c t ,  a crude form of coker d i s t i l l a t e  

w ith  in d e f in i t e  c h a r a c t e r i s t i c s .  I t  would, th e re fo re ,  seem d e s ira b le  

e i th e r  to  coke th e  crude sh a le  o i l  under c o n tro lle d  c o n d itio n s  p r io r  to  

h y d ro tre a tin g  o r  to  d ev ise  some method whereby th e  crude cou ld  be heated  

to  re a c t io n  tem pera tu re  w ith o u t r e s u l ta n t  coking . The f i r s t  has been 

accom plished by th e  Bureau of Mines in  th e  p ro d u c tio n  of coker d i s t i l ­

l a t e s .  The l a s t  m ight p o s s ib ly  be accom plished by changes in  p re h e a te r  

d e s ig n .

D. C a ta ly s ts

The s tudy  o f seven new c a ta ly s ts  o ffe re d  as  d e n itro g e n a tio n  c a ta ly s ts  

produced on ly  one which was a more e f f i c i e n t  n itro g e n  remover than  was 

th e  s tan d a rd  Spence c o b a lt m olybdate c a ta ly s t .  This one was an HF- 

a c t iv a te d  c o b a lt m olybdate, and a t  th e  second s e t  o f o p e ra tin g  co n d itio n s  

(tem p era tu re  -  950°F, gas r a te  -  4000 SCF/bbl) i t  produced an e f f lu e n t  

c o n ta in in g  about 0 .20  p e rc en t n i tro g e n , whereas th e  s tan d a rd  c a ta ly s t  

produced an e f f lu e n t  having a n itro g e n  c o n ten t of about 0 .5 4  p e rc e n t.

The perform ances o f a l l  c a ta ly s ts  s tu d ie d  a re  ta b u la te d  in  F ig . 7.

The d e f in i t io n  of c a ta ly s t  a c t i v i t y  i s  something of a problem . For 

th e  purposes o f t h i s  p ap er, i t  s h a l l  be d e fin ed  as th e  r a t i o  of th e  

n itro g e n  co n ta in ed  in  th e  e f f lu e n t  o i l  from th e  s tan d ard  c a ta ly s t  to  th e  

n itro g e n  co n ten t of th e  e f f lu e n t  o i l  from th e  c a ta ly s t  under co n sid e r­

a t io n .  Thus, th e  a c t i v i t y  o f th e  s tan d a rd  c a ta ly s t  i s  100 p e rc e n t, w hile  

th e  a c t i v i t y  o f th e  HF- a c t iv a te d  c o b a lt m olybdate i s  27Q p e rc en t a t  th e
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second s e t  of o p e ra tin g  c o n d itio n s . Approximate a c t i v i t i e s  f p r  a l l  

c a ta ly s t s  s tu d ie d  a re  l i s te d ,  in.'Tables I I I ,

E„ N itrogen  p r o f i l e  of h y d ro tre a te d  m a te r ia l

A sample o f hydrogenated 65Q°F,E.P, coker d i s t i l l a t e  was f r a c t io n ­

a te d  to  produce c u ts  qf 30 , 30 , 20 , and 20 volume p e rcen t o f th e  m a te r ia l .  

N itro g en  a n a ly se s  were th e n  perform ed qn each of th e  c u ts  to  determ ine 

w hether th e  low ^ho iling  o r .h ig h -b o il in g  m a te r ia ls  p re se n t co n ta in ed  th e  

r e s id u a l  n i t r o g e n . F ig , 8 p re s e n ts - th e  r e s u l t s  o f t h i s  in v e s t ig a t io n .

I t  may be n o ted  th a t  th e  lo w -b o ilin g  m a te r ia ls  co n ta in  alm ost no n itro g e n , 

(0 .02  p e rc e n t) ,  w h ile  th e  h ig h ^ b o ile rs  co n ta in  a h igh  percen tag e  of 

n itro g e n  (0 .33  p e rc e n t) ,  Thus, i t  m ight be p o s s ib le  to  produce a low- 

n i tro g e n  g a so lin e  from s h a l e ,q i l  coker d i s t i l l a t e  w ithou t n e a r ly  complete 

d e n itro g e n a tio n  of a l l  th e  m a te r ia l ,

F . R eaction  o rd e r .

A f i r s t - o r d e r  re a c t io n  i s  one in ' which th e  r a te  of re a c t io n  i s  found 

to  b e  d i r e c t l y  p ro p o r t io n a l  b° th e  c o n c e n tra tio n  of th e  re a c tin g  substance. 

Thus, th e  s i tu a t io n  i s  d e sc rib e d  m ath em atica lly  a s  fo llo w s s

-  dA = kA -
d t

w here:

A = c o n c e n tra tio n  qf r e a c ta n t  a t  tim e t  

k = re a c t io n  p ro p o r t io n a l i ty  co n stan t

t  = tim e
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The in te g ra te d  form of t h i s '  equation  i s :
A A

In  9 = In  0 = k t  .
—  " A ^

w here:

Aq = c o n ce n tra tio n  of Mg a t  t im e .t  = o

x- = A0 -  .A = amount of Mg (p e rcen t) removed 
up to  tim e t .

I t  th e re fo re  becomes obvious t h a t  ̂ fo p  a f i ^ s t - o r d e r  r e a c t io n ,  a s t r a ig h t

l in e  i s  produced when th e  lo g a rith m  of th e  c o n ce n tra tio n  i s  p lo t te d

a g a in s t  tim e . Data from runs BSO 55-65 were ev a lu a ted  in  an a ttem p t

d isc o v e r  th e  o rd e r of th e  d e n itro g e n a tio n  re a c tio n  in v o lv ed  in  t h i s

re s e a rc h . A graph was made in  which tim e was p lo t te d  v e rsu s  th e  lo g arith m

of c o n c e n tra tio n , a s  ex p ressed  by th e  r e la t io n s h ip  In  /'Q = k t .
Ap - x

Time was d e fin ed  as  th e  r e c ip ro c a l  of space v e lo c i ty .  F ig . 9

shows th e  r e s u l t s ,  of t h i s  e v a lu a tio n  a t  each of th re e  o p e ra tin g  tem per­

a tu r e s ,  and th ep e  p lo t s  in d ic a te  th a t  th e  o v e ra l l  d e n itro g e n a tio n  re a c t io n  

i s  of th e  f i r s t  o rd e r over th e  tem p era tu re  range co n sid ered  in  t h i s  

ex p e rim en ta tio n . I t  i s  p robab le  th a t  more th an  one r e a c t io n  i s  invo lved  

in  th e  d e n itro g e n a tio n  of sh a le  o i l ,  b u t th e  one which determ ines th e  r a te  

of r e a c t io n ,  th a t  i s ,  fh e  slow est one, i s  p robab ly  of th e  f i r s t  o rd e r.

G. Batch re a c t io n s

The c a u s tic  and t e t r a ln n  tre a tm e n ts  o f sh a le  o i l  coker d i s t i l l a t e  a t  

e le v a te d  te m p e ra tu res  and p re s su re s  produced l i t t l e  d e n itro g e n a tio n . The 

r e s u l t s  of th e se  tre a tm e n ts  a re  in d ic a te d  ,in Table IV, and show th a t  fh e  

n itro g e n  co n ten t of th e  coker d i s t i l l a t e  ■■ was on ly  reduced from 1.90 p e r - ­

cen t b e fo re  tre a tm e n t to  1 .60  p e rcen t a f t e r  tre a tm e n t in  b o th  case s .



- 2 7 -

H I  SUMMARY

The minimum re a c tio n  tem pera tu re  used in  t h i s  re s e a rc h  to  a ttem pt 

th e  d e n itro g e n a tio n  o f sh a le  o i l  and sh a le  o i l  coker d i s t i l l a t e s  was 

775°F , and any in c re a s e s  above th a t  f ig u r e  ten d  to  d ecrease  th e  n itro g e n  

co n ten t o f th e  e f f lu e n t  o i l ,  re g a rd le s s  o f th e  charge s to ck  used . In ­

c re a se s  in  tem p era tu re  w i l l  a lso  ten d  to  decrease  y ie ld s .

The n itro g e n  co n ten t of th e  e f f lu e n t  o i l  ten d s  to  decrease  w ith  

d ecrea se s  in  space v e lo c i ty ,  re g a rd le s s  o f th e  charge stock  used .

N itrogen  may be alm ost t o t a l l y  removed a t  v e ry  low space v e lo c i t i e s ,  b u t 

th e  y ie ld  te n d s  to  decrease  a s  th e  space v e lo c i ty  i s  low ered.

P ro cessin g  o f crude sh a le  o i l  under th e  p reh ea t c o n d itio n s  s e t  f o r th  

in  t h i s  p aper i s  n o t recommended, s in ce  coking occurs in  th e  re a c to r  

p re h e a t s e c t io n . The r e s u l t  was th a t  a crude form of coker d i s t i l l a t e  1 

w ith  in d e te rm in a te  p ro p e r t ie s  was a c tu a l ly  passed  over th e  c a ta ly s t  bed.

Of th e  group of c a ta ly s t s  s tu d ie d , th e  H F -ac tiv a ted  c o b a lt m olybdate 

app ears  to  be th e  most e f f i c i e n t  f o r  h y d ro d en itro g en a tio n  o f shale  o i l  

coker d i s t i l l a t e s .  T h iS' c a ta ly s t  i s  n o t a v a ila b le  com m ercially . The 

Spence c o b a lt m olybdate was th e  n e x t-b e s t  c a t a l y s t .

A lthough s e v e ra l r e a c t io n s  a re  p ro b ab ly  invo lved  in  th e  c a ta ly t ic  

h y d ro d en itro g en a tio n  o f sh a le  o i l ,  th e  c o n tro l l in g  re a c t io n  appears to  be 

f i r s t - o r d e r  in  n a tu r e .

Treatm ent o f sh a le  o i l  coker d i s t i l l a t e  w ith  c a u s tic  o r  t e t r a l i n  a t  

e le v a te d  tem p e ra tu res  and p re s su re s  in  an a ttem p t to  e f f e c t  d e n itro ^  

g en a tio n  was n o t e f f e c t iv e .
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TABLE I

CHARGE STOCK PROPERTIES ( £  )

P ro p e rty

G rav ity
V is c o s ity , SHU. at" 130 F .
Carbon R esidue , Ramsbottom
S u lfu r
N itrogen
ASTM D i s t i l l a t i o n ,  D-15S 

IBP "
$$ a t  

10 
20 
30 
40 
50 
60 
70 
80 
90 
95

' E .P .
Recovery

Crude
Shale

O il

0API a t  60°F. 21.0
sec . 90. +

Wt. p e rcen t 1 .3
Wt. p e rc en t 0 .77
Wt. p e rcen t 2 .07

0F.' 370

517
577

699

V ol. p e rcen t

Charge Stock
750UF. E .P . 650°F. E .P .

Coker Coker
D i s t i l l a t e D i s t i l l a t e

2$.6 35 .4
46 31

0 .9 8 0.62
0 .61 O.63
1.90 1.65

257 161
362 253
425 297
484 354
529 396
571 432
612 464
647 - 492
682 522
716 554
742 591
754 616
754 672
-97 98

V



TABLE LI

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample

No.
Time—Hours 
from S ta rtu p

P r h t . 
0C.

C a ta ly s t
0C.

V e lo c ity  Gas Flow  ̂ Charge
g /g /h r .  R ate SCF/bbl. Stock

Y ield
Percen t

P e rcen t Ng 
in  E ff lu e n t

Al-A 12-16 440 440 1.025 96;7 0.727
B 16-20 438 438 1.054 95.5 0 .796

■ C 20-24 441 444 1.030
650

96.1 0 .741
D 24-28 441 440 1.015 7500 96.8 0.803
E 28-32 449 434 ' 1.038 Coker 96.8 0.839
F 32-36 443 437 1.079 D is t i l l a t e 93.1 0.718
G 36-40 441 441 '1 .0 5 1 96.7 0 .686

A 6-A 5- 9 447 438 0.260 82 .0 0.180
B 9-13 441 440 0.270 9 1 .G 0.154
c : 13-17 439 437 0.232 82 .0 0 .152
D 17-21 439 440 0.217

650
86 .0 0.110

E- 21-25 444 439 0.175 7500 94.0 0.112
F 25-29 442 438 0.245 Coker 84.0 0.102
G 29-33 443 441 0.242 D i s t i l l a t e 81.0 0.094
H 33-37 441 438 0.245 86.0 0.100
I 37-41 436 443 0.-237 87.0 0 .111
J 41-45 438 441 0.227 86.0 0.090
E 45-49 439 440 0.217 80.0 0.100
L 49-53 435 439 — 0.096

47—A 0 - 4 431 460 ■......... 650 ---— 0.338
B 4 - 6 443 454 1.072 7500 Coker 97.0 0 .210
C 6- 8 444 441 1.362 D is t i l l a t e 81.0 0.280
D 8-10 437 426 1.424 71 .0 0.363

-E
C

-



TABLE L I ( c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample

No.
Time—Hours 
from  S ta r tu p

P r h t . 
0C. •

C a ta ly s t
° c .

V elo c ity
g /g /h r .

Gas Flow Charge
R ate SCF/b b l .  Stock

Y ield
P ercen t

P ercen t Np 
in  E fflu e n t

AS-A 2 - 6 430 476 0.995 89.6 0.538
B 6-10 420 446 1.000 88.8 0.757
C 10-14 417 ' 440 0.968 92.6 0.811
D 14-18 410 438 0.986 93.2 0.859
E 18-22 410 443 1.002 7500 650 94.3 0.842
F 22-26 420 441 0.974 Coker 89.7 0.828
G 26-30 413 444 0.986 D i s t i l l a t e 94.2 0.811
H 30-34 415 435 0.985 94.3 0.818
I 34-38 414 439 1.005 93.1 0.882
J 34-42- 424 448 1.028 91.8 0.785
K 42-46 422 442 0.918 96.6 0.869
L 46-50 421 441 —--- - — 0.895

49-A 4 - S 442 441 0.990 0.187
B 8-12 441 439 0.980 78 .2 0.206
C 12-16 439 440 0.986 77.3 0.206
D 16-20 441 441 — 78.1 0.194
E 20-24 438 440 0.991 7500 650 78 .4 0.215
F 24-28 439 438 0.920 Coker 84 .8 0.224
G 28-32 445 443 0.887 D is t i l l a t e 83 .0 0.234
H 32-36 442 439 0.899 85.5 0.238
I 36-40 440 439 0.849 83.9 0.257
J 40-44 437 439 1.000 85 .7 0.227

50-A 2 -  6 446 442 0.960 93.2 0.257
B 6-10 444 440 0.980 91.6 0.233
C 10-14 443 441 0.960 93.4 0.249
D 14-18 441 437 0.948 94.0 0.240



TABLE I I  ( c o n t in u e d )

Sample
No.

OPERATING CONDITIONS 

Temperature
Time—H ours_ P r h t . C a ta ly s t
from S ta r tu p  °C . 0C.

AND PRODUCT DATA ON SHALE OIL TREATING 

Space
V e lo c ity  Gas Flow Charge Y ield

g /g /h r .  Rate SCF/bbl. Stock P ercen t
P ercen t Np 
in  E fflu e n t

50-E 18-22 437 442 1.028 7500 650 88.6 0.234
F 22-26 440 440 0.995 Coker 94.2 -0.279
G 26-30 442 440 1.041 D i s t i l l a t e 88 .1 0.269
H 30-34 447 439 0.976 92.0 0.292
I 34-38 443 441 0.970 95.2 0.299
J 38-42 440 441 — — — 94 .4 0.330
K 42—46 436 440 1.029 94.2 0.313
L . 46-50 437 439 1.006 86 .9 0.326

51-A 3 - H 452 442 0.292 65.7 0.516
B 11-19 453 439 0.263 81.9 0.151
C 19-27 438 441 0.275 70 .4 0.136
D 27-35 ' 448 441 0.251 8 0 .6 0.182
E 35-43 441 440 0.232 83.3 0.097

,F 43-51 437 441 0.161 82 .4 0.069
G 51-59 440 440 0.236 88.3 0.120
H 59-6? 440 441 0.310 73 .6 0,219
I 67-75 440 441 0.314 7500 650 89 .8 0.221
J 75-83 440 440 0.277 Coker 85 .1 0.165
K 83-91 441 441 0.312 - D is t i l l a t e 8 3 .2 0.153
L 91-99 438 440 0.319 81 .8 O.148
M 99-108 440 441 0.300 85 .1 0,163
N 108-115 440 440 0.359 85.3 0.154
0 115-123 438 442 0.298 89 .1 0.188
P 123-131 442 442 0.319 77 .6 0.173
Q 131-139 441 440 0.321 —

E 139-147 438 441 0.322 79 .0 0.151



TABLE I I  ( c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample
No.

Time—Hours 
from S ta r tu p

P r h t .
° c .

C a ta ly s t
0C.

V e lo c ity
2/% /hr.

Gas Flow Charge
Rate SCF/bbl. Stock

Y ield
P ercen t

P ercen t Ng 
in  E ff lu e n t

55 3-1 409 412 1.148 1.129
56 31-46 408 413 0.496 — 0.786
57 46-63 413 413 0.271 — 0.535
58 63-83 441 438 0.956 — 0.674
59 83-96 432 440 0.700 7500 750 90.0 0.690
60 96-115 441 440 0.241 Coker 83.9 0.279
61 115-130 465 466 1.060 D i s t i l l a t e 78.6 0.960
62 130-143 467 467 0.509 75.9 0.657
63 143-164 460 470 0.244 64.3 0.446
64 164-174 470 470 0 .201 65.1- 0.252
65 174-190 440 440 0.284 88.9 0.412
66 222-254 442 442 0.982 90.2 0.222
67 254-254 444 440 0.438 7500 650 88.5 0.041
68 278-278 444 439 0.316 Coker 92.5 0.041

• D i s t i l l a t e
Hydrogen-

a te d
72-A 36 440 440 0.513 78 .8 0.874

B 44 440 440 0.616 73 .1 0.816
C 70 440 440 0.129 90.0 O.663
D 79 440 440 0.237 90.0 0.563

, E 92 440 440 0.084 78.5 0.510
F 100 440 440 0.591 — 0.868
G 108 440 440 0.195 —--- 0.727
H 116 440 440 0.198 69.5 0.680
I 124 440 440 0.349 83 .0 0.850
J 132 440 440 0.240 79 .4 1.031
K 140 440 440 , 0.120 69.6 0.689
L 148 440 440 0.090 — 0.465



TABLE I I  ( c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample
No.

Time—Hours 
from S ta r tu p

P r h t . 
0C.

C a ta ly s t
0C.

V e lo c ity
g /g /h r .

Gas Flow 
Rate SCF/bbl.

Charge
Stock

Y ield
P ercen t

P ercen t ] 
in  E fflm

72-M 164 440 440 0.105 7500 Crude 66.7
N 172 440 440 0.096 Shale 65.6 0.465
O 180 440 440 0.105 O il 64.0 0.455
P 188 440 440 0.126 63.3 0.470
Q 196 440 440 . 0 .091 — 0.470
R 204 440 440 0.087 — — 0.470
S 220 440 440 0.108 66.3 0.477
T 236 440 440 0.119 ' 64.4 0.467
U 2$2 440 440 0.096 68.5 0.467
V 268 440 440 0.170 67.8 0.534
V 284 440 440 0.086 — — — 0.519
X 300 440 440 —— — 67.6 ———
Y 316 440 440 0.091 0.401
Z 332 440 440 — 68.8 0.713
AA 348 440 440 0.231 — — — 0.830
BB 364 440 * 440 0.103 — 0.859
CC 380 440 440 0.06? 7500 Crude 0.425
DD 396 440 440 0.079 Shale 0.425
EE 412 440 440 0.130 O il — — — 0.737
FE 492 440 440 0.114 — — 0.191
GG $03 440 440" 0.337 — - - - - 0.437

74-A 246 440 440 0.211 80.0
B 254 440 440 0.173 80.0
C 260 440 440 0.186 80.0 — ■MUM

D 26? 440 440 0.203 80.0 0.650
E 273 440 440 0.206 80.0 0.698
F 279 440 440 0.232 80.0 — ——

G 282 440 440 0.189 80.0



TABLE LI (c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample Time—Hours P r h t . C a ta ly s t V e lo c ity  Gas Flow Charge Y ield  P ercen t N2
No. from S ta r tu p  0C. 0C. g /g /h r .  Rate SC F/bbl. Stock P ercen t in  E ff lu e n t

74-H 288 440 440 0.242 85.0 0.800
I 294 440 440 0.249 2500 Crude 85.0 0.958
J 300 440 440 0.314 Shale 84.0 ™—
K 312 440 440 0.184 O il 84 .0
L 326 440 440 0.205 84.0 0 .651

' M 326 440 440 0.205 82.0 0 .651
N 342 440 440 0.202 82.0 ———
0 352 440 440 0.215 82.0 ———
P 358 440 440 0.198 82 .0 ———
Q 375 440 440 0.102 87.0 — ——
R 383 440 440 0.130 87 .0 ———
S 391 440 440. 0.213 87 .0 ———
T 349 440 440 0.186 87 .0 ———
U 407 440 440 - 0.174 87 .0 „ ———
V 415 440 440 0.171 87 .0 ---—
¥ 423 440 440 0.218 87.0 ———
X 431 440 440 0.191 87.0 ———
Y- 439 440 440 0.156 87 .0 —

Z 447 440 440 a .  179 87 .0

85-A ‘ 17 . 440 440 1.017 750 87.5 0.802
B 25 440 440 1.017 - Coker 87.5 0.945
C 34 440 440 ' 1.017 7500 D i s t i l l a t e 87.5 0.960
D 42 440 440 1.017 87.5 0.980
E 49 440 440 1.017 87.5 —

86-A 2 440 440 1.045 95.0 0.749
B 4 440 440- 1.045 95.0 0.807
C 6 440 440 1.045 95.0 0.678
D 8 440 440 1.045 750 95.0 0.807
E 12 440 440 1.045 7500' Coker 95.0 0.707
F 20 440 440 1.045 D is t i l l a t e 95.0  . 0 .826



TABLE I I  ( c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample
No.

Time—Hours 
from S ta r tu p

P r h t .
° c .

C a ta ly s t V e lo c ity  
0C. g /g /h r .

Gas Flow Charge
R ate SCF/bbl, Stock

Y ield
P ercen t

P ercen t Ng 
in  E ff lu e n t

86-G 28 440 440 1.045 95.0 0 .870
H 36 440 440 1.045 95.0 0.922
I 44 440 440 1.045 95.0 0 .928
J 52 440 440 1.045 95.0 0.941

87-A 2 440 440 0.987 96.7 0 .598
B 4- 440 440 0.987 750 96.7 0.617
C 6 440 440 0.98? 7500 "Coker 96.7 0.618
D 8 440 440 0.987 D is t i l l a t e 96.7 0.689
E 12 440 440 0.987 96.7 0.702
F 19 4-40 440 Q.987 96.7 0.713
G 24 440 440 0.987 - 96.7 0 .819

88-A 2 440 440 1.010 0.798
■ B 4 440 440 1.010 — 1 0.843

C 6 -440 440 1.010 — — 0.785
D 8 440 440 1.010 2500 750 —---------- 0.809
E 12 440 440 1.010 Coker — — — 0.863
F 20 440 440 1.010 D i s t i l l a t e — — —- 0.871
G 28 440 440 1.010 — ™ 0.885

8 9-1-A 2 440 440 1.030 2500 98.4 1.008
B 4 440 440 1.030 2500 98.4 0.856
C 6 440 440 1.030 2500 98.4 0.762
D 8 440 440 1.030 2500 98.4 0.742
E 12 440 440 1.030 2500 98.4 0.748
F 20 440 440 1.030 2500 750 98.4 0.791
G 24 440 44O 1.030 2500 Coker 98.4 0.825

D i s t i l l a t e



TABLE LI (c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT- DATA ON SHALE OIL TREATING

Tem perature Space
Sample
No.

Time—Hours 
from S ta r tu p

P r h t . 
°C.

C a ta ly s t
0C.

V e lo c ity
g /g /h r .

Gas Flow Charge
Rate SCF/bbl. Stock

Y ield
P ercen t

P ercen t Np 
in  E fflu e n t

89-H -A 29 510 $10 1.017 4000 81.3 0.32$
B 31 510 $10 1.017 4000 81.3 < 0.$01
C 33 510 $10 1.017 4000 81.3 0.6$6
D 35 510 $10 1.017 4000 81.3 0.523
E 39 510 $10 1.017 4000 81.3 0 .536
F 47 510 $10 1.017 4000 81.3 —

91-I-A 2 440 440 1.040 2$00 96.7 1.100
B 4 440 ' 440 1.040 2$00 96.7 , 1 .019
C 6 440 440 1.040 2$00 96.7 1.020
D 8 440 440 1.040 2$00 750 96.7 1.118
E 12 440 440 1.040 2$00 ' Coker 96.7 1.080
F 20 440 440 1.040 2$00 D i s t i l l a t e 96.7 1.170
G 26 440 440 1.040 2$00 96.7 —

II-A 32 510 $10 1.0$0 4000 90 .0 1.074
B 34 510 $10 1.0$0 4000 750 90.0 0.864
C 36 510 $10 1.0$0 4000 Coker 90.0. 1.123
D 38 510 $10 1.0$0 4000 D is t i l l a t e 90.0 0.698
E 42 $10 $10 1.0$0 4000 90 .0 0.673
F 50 $10 $10 1.0$0 4000 90.0 0.670

92-I-A 2 440 440 0.960 2$00 96.1 0.551
B 4 440 440 0.960 2$00 . 96.1 0.578
C 6 440 440 0.960 2$00 9 6 .1 ,- 0.500
D 8 440 440 0.960 2$00 96.1 0.536
E 12 440 440 0.960 2$00 96.1 0.578
F 20 440 ' 440 0.960 2$00 96.1 0.583
G 28 440 440 0.960 2$00 750 96.1 0.670

Coker D is t .
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TABLE Xl ( c o n t in u e d )

OPERATING CONDITIONS 'AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample

No.
Time—Hours 
from S ta rtu p

P r h t . 
0C.

C a ta ly s t
°C.

V e lo c ity
g /g /h r .

Gas Flow Charge
R ate SCF/bbl. - Stock

Y ield
P ercen t

P ercen t No 
in  E ff lu e n t

92-II-A 33 • 510 510 0.975 4000 750 80 .0 0.104
B 35 510 510 0.975 4000 . Coker 80 .0 0.147
C 37 510 510 . 0 .975 4000 D is t i l l a t e 80 .0 0.203
D 39 510 510 0.975 4000 80 .0 0.181
E 43 510 510 0.975 4000 80 .0 0.206
F 51 510 510 0.975 4000 80.0 0.210
G 59 510 510 0.975 4000 80.0 0.198

93-I-A 2 -440 440 1.000 2500 95.0 0.576
B ■ 4 440 440 1.000 2500 95.0 0.863
C 6 440 440 1.000 2500 95.0 0.994
D "8 440 440 1.000 2500 95.0 1.038
E 12 440 440 1.000 2500 750 95.0 1.238
F 20 440 440 1.000 2500 Coker 95.0 1.413
G 25 440 440 1.000 2500 D i s t i l l a t e 95.0 1.528

II-A 33 510 510 1.020 4000 85 .0 1 .538
B 35 510 510 1.020 4000 85 .0 1.747

94-1-A 2 440 440 1.010 2500 92.0 1.629
B 4 440 440 1 .010 2500 92.0 — —

C 6 440 440 1.010 2500 92.0 1.723
D 8 440 440 1.010 2500 92.0
E 12 440 440 1.010 2500 92.0 — —

F - 20 440 440 1.010 2500 650 92.0 1.645
. II-A 24 510 510 0.980 4000 Coker 87.0 1.128

B 26 510 ‘ 510 0.980 4000 D i s t i l l a t e  87 .0 ———
C 28 510 510 0.980 4000 87 .0 1.297
D 30 510 510 0.980 4000 87 .0 — — —

E 34 510 510 0.980 4000 87 .0 1.441

-O
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-



TABLE I I  ( c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Tem perature Space
Sample
No.

Time—Hours 
from S ta r tu p

P r h t . -  
0C.

C a ta ly s t
0C.

V e lo c ity
g /g /h r .

Gas Flow 
Rate SCF/bbl

Charge
Stock

Y ield
Perceni

95-1-4 2 ' 440 440 0.990 2500 99.0
B 4 ‘ 440 440 0.990 2500 99.0
C 6 440 440 0.990 2500 99.0
D 8 440 440 0.990 2500 99.0
E 12 440 440 0 .990 2500 99.0
F 20 440 440 0.990 2500 99.0
G 28 440 440 0.990 2500 650 99.0

II-A 39 510 510 1.010 4000 Coker 85 .0
B 41 510 510 1.010 4000 D i s t i l l a t e 85 .0
C 43 510 510 1.010 4000 85 .0
D 45 510 510 1.010 4000 85 .0
E 49 510 510 1.010 4000 85 .0
F 57 510 510 1.010 4000 85 .0

96-1-A 2 440 440 1.000 2500 96.0
B 4 440 440 1.000 2500 96.0
C 6 440 440 1.000 2500 96.0
D 8 440 440 , 1.000 2500 96.0
E 12 440 440 1.000 2500 96.0
F 20 440 440 1.000 2500 96.0

II-A 27 510 510 1.000 . 4000 650 85 .0
B 29 510 510 1.000 4000 Coker 85.0
C 31 510 510 1.000 4000 D is t i l l a t e 85 .0
D 33 510. 510 1.000 4000 85 .0
E 37 510 510 1.000 4000 85.0
F 45 510 510 1.000 4000 85 .0

P ercen t No 
in  E fflu e n t

1.136

1.212

1.350
1.380
1.474
1.058
1.039
1.419

1.011
1.071 '

1.155

1.376

1.510

1.090

1.322

1.420 
1.483

-T
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TABLE I I  ( c o n t in u e d )

OPERATING CONDITIONS AND PRODUCT DATA ON SHALE OIL TREATING

Sample
No.

Time—Hours 
from S ta rtu p

Tem perature 
P r h t . C a ta ly s t

0C. °C .

Space
V e lo c ity

g /g /h r .
Gas Flow 

Rate SCF/bbl.
Charge
Stock

Y ield
P ercen t

P ercen t Ng 
in  E fflu en t

97-1-A 2 440 440 0.990 2500
\

95.0 1.120
B k 440 440 0.990 ' 2500 95.0
C 6 440 440 0.990 2500 95 .0 1.108
D 8 440 440 0.990 2500 95.0 ■ 1
E 12 440 440 0.990 2500 95.0 .1.196
F . 20 440 440 0.990 2500 650 86.0 1.230

II-A 23 510 510 1.000 . 4000 Coker 86 .0 0.547
B 25 510 510 1.000 4000 D i s t i l l a t e 86 .0 - . I , . .

C 27 510 510 1.000 ■ 4000 86 .0 0.579
D 29 510 510 1.000 4000 86 .0 i 1
E 33' 510 510 1.000 4000 86 .0 0.652
F 41 510 '510 1.000 4000 86 .0 0.752
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TABLE I I I  

CATALTSTi ACTIVITY

Run No. C a ta ly s t A c tiv i ty  a t  
#1 Op. C ondition

#

A c tiv i ty  a t  
#2 Op. C ondition

#

ESO 89 Spence c o b a lt  molyb­
d a te , 5/ 32- i n .  p e l l e t s ■ 100 100

ESO 91 L arge-pore co b a lt 
molybdate

71 82

ESO 92 H F -ac tiv a ted  c o b a lt 
m olybdate

130 270

ESO 93 Molybdenum s u lf id e 59

ESO 95 P latinum  (Type 1000) 59 51

ESO 96 MoOo d e p o sited  on DA-I 
c rack ing  c a ta ly s t .
13 .5#  -  86 .5# .

50 37

ESO 97 O ron ite  hydroform ing 
c a ta ly s t

66 ' 75

O perating  V a riab le C ondition  #1 C ondition  # 2

Tem perature °F .
Space v e lo c i ty  g /g /h r .
Gas re c y c le  SCF/bbl.
Charge s to ck  coker '

825
1 .0

2500
750 E .P .

950 
1 .0  

4000 '
750 E.P

d i s t i l l a t e
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TABLE IV

RESULTS OF BATCH TREATMENTS OF SHALE OIL

Treatm ent
P ro p e rty C au stic T e tr a l in

Ng in  e f f lu e n t ,  % 1 ,66 1 .80

Charge s to c k , coker d i s t i l l a t e 750 E .P . 750 ;

Ng in  charge s to c k , % 1 .90 ' 1 .90

Tem perature, °C . 450 450
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F igure  3 . N itrogen  Removal a s  a F unction  of Temperature and Space V e lo c ity . 
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F igure 4 . Y ield  as  a F unction  of Space V e lo c ity  and Charge S tock . Tem perature, 825°F.
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Figxire 6. N itrogen  Removal as a Function of Space V e lo c ity  and E ff lu e n t R ecycle. 
Tem perature, 825°F.
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F igu re  8 . N itrogen P r o f i le  as  a Function  of P ercen t of M a te r ia l D is t i l l e d .  
S tock , hydrogenated 650°F E .P . coker d i s t i l l a t e .



5 - |

\ 0 . 5

LN C O N C E N T R A T I O N

F igure  9 . R eaction  fime as  a F unction  of th e  Logarithm  of th e  
C oncen tra tion  of N itrogen  in  th e  E f f lu e n t .

iVTro
I

i



119227

1.0

I- 0.8 - 
z
Ui3_l
U-
U-
Ui

E 0.6 -
z
UJ
CS
O
cr
K
Z 0 . 4  -

H
Z
Ui
O
CK
Ui

0-2 -

E S O  5 0  

E S O  4 9

VlV)
I

0.0

Note: ESO 49 and 50 -  l /1 6 - in .  CoMo p e l l e t s  
ESO 41 -  l / 8 - i n .  CoMo p e l l e t s

JQ 2 0  3 0  4 0

HOURS  ON S T R E A M

5 0 6 0

F igure  10. N itrogen  Removal as  a Function of Time f o r  Runs 
Made Under I d e n t ic a l  C o n d itio n s .



3 762 1001 4777 4

M19oc
c o p .2 119227
McKee, A. F .

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

»«N**’6C

FEB # 6  M TNi'Ai'ff:

I /
yO ' ^

V ,

_ p

11922/


