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I n t r o d u c t i o n  

S h a l e  o i l s  and s h a l e  o i l  d i s t i l l a t e s  c a n  c o n t a i n  h i  h c o n c e n t r a t i o n s  
o f  a r s e n i c  s p r e a d  t h r o u g h o u t  t h e i r  b o i l i n g  r a n g e s  (I?. A r s e n i c  h a s  
been shown t o  r a p i d l y  and permanent ly  d e a c t i v a t e  commercial hydro- 
t r e a t i n g  c a t a l y s t s .  Even where h y d r o t r e a t i n g  is n o t  r e q u i r e d ,  
a r s e n i c  removal may b e  d e s i r a b l e .  

The Nature  of A r s e n i c  i n  S h a l e  O i l  

T a b l e  1 shows t h e  a r s e n i c  d i s t r i b u t i o n  i n  a r a w  s h a l e  o i l .  The g a s  
o i l  f r a c t i o n  c o n t a i n s  t h e  h i g h e s t  a v e r a g e  arsenic  c o n c e n t r a t i o n ,  
a b o u t  52 ppm. A s u b s t a n t i a l  a r s e n i c  peak o c c u r s  i n  t h e  204-260°C 
(400-500°F) b o i l i n g  range .  Fol lowing  t h i s  peak,  t h e  a r s e n i c  con- 
c e n t r a t i o n  d e c r e a s e s .  A s i g n i f i c a n t  a r s e n i c  l e v e l  i s  o b s e r v e d  i n  
t h e  residuum. 

T a b l e  1 

A r s e n i c  D i s t r i b u t i o n  i n  S h a l e  O i l  

F r a c t i o n  A r s e n i c  C o n t e n t  
B o i l i n g  Range Volume P e r c e n t  ppm 

IBP-204OC ( IBP-400°F) 1 8  1 0  
204-482OC (400-9OO0F) 58 52 

482OC (900°F) and 
h e a v i e r  

24  38 

The d i s t r i b u t i o n  o f  t h e  a r s e n i c  t h r o u g h o u t  t h e  b o i l i n g  r a n g e  
i m p l i e s  t h e  p r e s e n c e  o f  o r g a n i c  a r s e n i c  compounds. Other  work 
r e p o r t e d  i n  t h e  l i t e r a t u r e  c o n f i r m s  t h a t  o r g a n i c  a r s e n i c  compounds 
c a n  be p r e s e n t  i n  hydrocarbon f r a c t i o n s  formed by t h e  thermal  
decomposi t ion of  n a t u r a l l y  occu  r i n g  o r g a n i c  s o l i d s  i n c l u d i n g  
European brown coal ( I t I The p y r o l y s i s  of t h i s  coal 
y i e l d s  a tar  which has a v e r y  h i g h  a r s e n i c  c o n t e n t .  Some o f  t h e  
a r s e n i c - c o n t a i n i n g  compounds have been shown t o  be  o r g a n i c  i n  
n a t u r e .  W e  a l s o  have  d a t a  which s u g g e s t  t h a t  i n o r g a n i c  a r s e n i c  
compounds are p r e s e n t .  

Many o r g a n i c  a r s e n i c  compounds are known t o  be u n s t a b l e .  Thus 
it is p o s s i b l e  under  c e r t a i n  c o n d i t i o n s  t h a t  s h a l e  o i l  samples ,  
i n c l u d i n g  d i s t i l l a t e s ,  may lose a s i g n i f i c a n t  amount o f  t h e i r  
a r s e n i c  c o n t e n t .  Care must be  t a k e n  n o t  o n l y  i n  sampling b u t  a l s o  
i n  s t o r a g e  and h a n d l i n g  t o  m a i n t a i n  r e p r e s e n t a t i v e  f e e d s t o c k s .  
O v e r  a long  p e r i o d  of working w i t h  s h a l e  o i l  d i s t i l l a t e s  i n  t h e  
development of  t h e  A t l a n t i c  R i c h f i e l d  A r s e n i c  Removal and Hydro- 
t r e a t i n g  P r o c e s s ,  w e  have  e s t a b l i s h e d  many t e c h n i q u e s  n e c e s s a r y  t o  
e n s u r e  t h a t  t h e  a r s e n i c  compounds remain r e p r e s e n t a t i v e  of  t h o s e  
i n  the  commercial f e e d s t o c k .  

7 f .  
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The E f f e c t  o f  Arsenic  on  H y d r o t r e a t i n g  C a t a l y s t s  

F i g u r e  1 shows t h e  e f f e c t  o f  a r s e n i c  i n  s h a l e  o i l  on  one commercial 
nickel-molybdenum h y d r o t r e a t i n g  c a t a l y s t .  A s h a l e  g a s  o i l  w a s  
passed  over  t h e  c a t a l  st a t  1 . 5  weight  ho r l y  space  v e l o c i t y ,  

I n i t i a l l y  t h e  a r s e n i c  w a s  t o t a l l y  removed from t h e  o i l  by  depos i -  
t i o n  on t h e  nickel-molybdenum c a t a l y s t .  When t h e  a r s e n i c  l e v e l  on  
t h e  c a t a l y s t  reached  7 weight  p e r c e n t ,  t h e  a r s e n i c  level of  t h e  
e f f l u e n t  o i l  i n c r e a s e d  r a p i d l y .  

The h y d r o d e n i t r o g e n a t i o n  (HDN)  a c t i v i t y  of  t h e  nickel-molybdenum 
c a t a l y s t  used i n  t h i s  test  c h a r g i n g  u n t r e a t e d  s h a l e  g a s  o i l  is  
p l o t t e d  i n  F i g u r e  2 .  The HDN a c t i v i t y  r a p i d l y  d e c l i n e d  t o  a p o i n t  
where about  1 0 0 0  grams o f  o i l  had been t r e a t e d  p e r  gram o f  c a t a l y s t .  
A t  t h i s  p o i n t ,  which c o r r e s p o n d s  t o  t h e  p o i n t  where a r s e n i c  began 
t o  appear  i n  t h e  e f f l u e n t  o i l ,  t h e  ra te  o f  c a t a l y s t  a c t i v i t y  
d e c l i n e  became less s e v e r e .  A r s e n i c  d e p o s i t i o n  appeared  t o  b e  a 
major ' f a c t o r  i n  t h e  c a t a l y s t  d e a c t i v a t i o n .  T h i s  h y p o t h e s i s  w a s  
confirmed by a n  a d d i t i o n a l  tes t  o f  a f r e s h  sample o f  n i c k e l -  
molybdenum c a t a l y s t  a t  t h e  same c o n d i t i o n s  b u t  c h a r g i n g  s h a l e  g a s  
o i l  w i t h  t h e  a r s e n i c  removed. The HDN a c t i v i t y ,  a l s o  shown i n  
F i g u r e  2 ,  d e c l i n e d  much less r a p i d l y  t h a n  w a s  t h e  case when t h e  
a r s e n i c - c o n t a i n i n g  r a w  s h a l e  g a s  oil w a s  t r e a t e d .  

2 0 0 0  p s i g ,  282OC (720 B F ) ,  and 1 0 1 4  m3H2/m9 ( 6 0 0 0  s c f  H ~ / b b l ) .  

A r s e n i c  Removal from S h a l e  O i l  D i s t i l l a t e s  

Three a l t e r n a t i v e s  w e r e  a p p a r e n t  f o r  s h a l e  o i l  h y d r o t r e a t i n g .  
F i r s t ,  one c o u l d  a t t e m p t  t o  d e v e l o p  a h y d r o t r e a t i n g  c a t a l y s t  which 
would be r e s i s t a n t  to  a r s e n i c  poisoning .  Our work i n d i c a t e d  t h a t  
e x i s t i n g  c a t a l y s t s  w i t h  s u f f i c i e n t  d e n i t r o g e n a t i o r i  a c t i v i t y  would 
be  poisoned by a r s e n i c  due t o  i t s  s t r o n g  a f f i n i t y  f o r  m e t a l s .  A 
second p o s s i b i l i t y  would be  t o  remove t h e  a r s e n i c  d e p o s i t s  from 
t h e  c a t a l y s t  d u r i n g  r e g e n e r a t i o n .  Once a g a i n  o u r  d a t a ,  l a t e r  con- 
f i rmed i n  tests by o t h e r  companies, showed t h a t  s t a n d a r d  r e g e n e r a -  
t i o n  procedures  w e r e  i n e f f e c t i v e  i n  r e s t o r i n g  HDN a c t i v i t y  t o  an 
a c c e p t a b l e  l e v e l .  A t h i r d  a l t e r n a t i v e  would b e  t o  d e v e l o p  a new 
p r o c e s s  t o  remove a r s e n i c  from t h e  o i l .  I n  o u r  p r e l i m i n a r y  s t u d i e s ,  
we determined t h a t  t h i s  t h i r d  a l t e r n a t i v e  w a s  by f a r  t h e  m o s t  
promising.  

Many d i f f e r e n t  a r s e n i c  removal p r o c e s s  c a n d i d a t e s  were s t u d i e d ,  
and s u f f i c i e n t  d a t a  w e r e  developed t o  p e r m i t  u s  t o  make p r e l i m i n a r y  
d e s i g n  and economic comparisons o f  t h e  p r o c e s s e s .  The l i t e r a t u r e  
c o n t a i n s  a number of  p a t e n t s  f o r  removal o f  a r s e n i c  i n  t h e  p a r t s  
p e r  b i l l i o n  r a n g e  from naphthas  i n  o r d e r  t o  p r o t e c t  v e r y  s e n s i t i v e  
re forming  c a t a l y s t s .  U n f o r t u n a t e l y ,  such removal p r o c e s s e s  a re  appar-  
e n t l y  n o t  a p p l i c a b l e  t o  s h a l e  o i l s  w i t h  a r s e n i c  c o n c e n t r a t i o n s  
of  50 t o  60 p a r t s  p e r  m i l l i o n .  As a consequence,  a number of  new 
p r o c e s s  i d e a s  w e r e  developed.  Two p r o c e s s e s ,  c a u s t i c  washing and 
f ixed-bed guard r e a c t o r ,  emerged from t h e  p r e l i m i n a r y  e v a l u a t i o n  
as  s i g n i f i c a n t l y  s u p e r i o r  t o  t h e  o t h e r s  and w e r e  s e l e c t e d  f o r  
f u r t h e r  s tudy .  

A cont inuous  bench-sca le  a p p a r a t u s  w a s  c o n s t r u c t e d  f o r  exper iments  
on  c a u s t i c  washing o f  s h a l e  g a s  o i l  f r a c t i o n s .  A s  shown by t h e  
f low diagram i n  F i g u r e  3 ,  c a u s t i c  s o l u t i o n  and o i l  w e r e  pumped 
from s t o r a g e  t a n k s  i n t o  a s t i r r e d  reactor main ta ined  a t  d e s i r e d  
c o n d i t i o n s  o f  t e m p e r a t u r e  and p r e s s u r e .  I n  t h e  reactor a chemica l  
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r e a c t i o n  o c c u r r e d  which r e s u l t e d  i n  t h e  format ion  o f  a r s e n i c  
compounds which w e r e  s o l u b l e  i n  t h e  c a u s t i c  phase.  The reactor 
e f f l u e n t  t h e n  f lowed i n t o  a set t ler  where t h e  two phases  w e r e  
p e r m i t t e d  to  c o a l e s c e  and be  withdrawn through s e p a r a t e  l i n e s .  To 
s i m u l a t e  commercial o p e r a t i o n ,  a p o r t i o n  o f  t h e  e f f l u e n t  c a u s t i c  
s o l u t i o n  was r e c y c l e d  back t o  t h e  f e e d  t a n k .  From a n a l y s e s  o f  t h e  
i n d i v i d u a l  e f f l u e n t  p h a s e s ,  p r o c e s s  c o n d i t i o n s  were evolved.  T h i s  
system was found t o  be e f f e c t i v e  fo r  a r s e n i c  removal. Commercial 
d e s i g n  parameters  w e r e  o b t a i n e d  from p r o c e s s  v a r i a b l e  s t u d i e s ,  and 
economics w e r e  e v a l u a t e d .  

F i g u r e  4 shows t h e  f l o w  d iagram f o r  t h e  exper imenta l  guard bed 
a p p a r a t u s .  Hydrogen and o i l  w e r e  f e d  a t  p r e s c r i b e d  rates i n t o  a 
packed r e a c t o r  m a i n t a i n e d  a t  a p p r o p r i a t e  c o n d i t i o n s  o f  t e m p e r a t u r e  
and p r e s s u r e .  The hydrogen-o i l  m i x t u r e  passed  down o v e r  t h e  
c a t a l y s t  bed and e x i t e d  from t h e  bottom o f  t h e  reactor ,  a t  which 
p o i n t  t h e  g a s  and l i q u i d  p h a s e s  w e r e  s e p a r a t e d .  

Using t h e  d a t a  o b t a i n e d  from t h e  two bench-sca le  u n i t s ,  w e  p repared  
p r e l i m i n a r y  commercial d e s i g n s  and c a l c u l a t e d  compara t ive  economics 
f o r  b o t h  p r o c e s s e s .  Other  f a c t o r s  such as  p r o c e s s  o p e r a b i l i t y  and 
envi ronmenta l  e f f e c t s  w e r e  a lso cons idered .  Based on o u r  s t u d i e s ,  
t h e  guard bed p r o c e s s  w a s  u l t i m a t e l y  found t o  b e  s u p e r i o r  t o  c a u s t i c  
washing i n  a l l  t h r e e  r e s p e c t s .  

The development o f  the  guard  bed a r s e n i c  removal p r o c e s s  w a s  compli- 
c a t e d  by t h e  u n c o n v e n t i o n a l  n a t u r e  o f  t h e  s h a l e  o i l  and of  t h e  
guard  bed c a t a l y s t s  found t o  be  m o s t  e f f e c t i v e .  For  example, e a r l y  
c a t a l y s t s  t e s t e d ,  which w e r e  i n e x p e n s i v e  and commercial ly  a v a i l a b l e ,  
performed s a t i s f a c t o r i l y  i n  t h e  p r o c e s s  v a r i a b l e  s t u d i e s  r u n  t o  
measure t h e  e f f e c t s  o f  changing  t e m p e r a t u r e  and space v e l o c i t y .  
H o w e v e r ,  i n  extended c a t a l y s t  a g i n g  r u n s ,  problems were encountered  
w i t h  c a t a l y s t  s t r e n g t h .  A s e a r c h  f o r  a s u i t a b l e  rep lacement  cata- 
l y s t  w a s  i n i t i a t e d ,  and a c o n s i d e r a b l e  e f f o r t  w a s  made t o  t e s t  
commercial c a t a l y s t s  from a l a r g e  number o f  d i f f e r e n t  manufac turers  
and i n  s e v e r a l  d i f f e r e n t  s i z e s  and p h y s i c a l  c o n f i g u r a t i o n s .  Some 
o f  t h e  c a n d i d a t e s  d i d  e x h i b i t  performance which w a s  s u p e r i o r  t o  
t h a t  f o r  t h e  o r i g i n a l  c a t a l y s t ,  b u t  even t h e  b e s t  c a t a l y s t s  d i d  
n o t  m e e t  o u r  s p e c i f i c a t i o n s .  E v e n t u a l l y  a s t r o n g ,  e f f e c t i v e  guard 
bed m a t e r i a l  was deve loped  which w a s  r e s i s t a n t  t o  s h a l e  o i l  f o u l i n g  
and which w i l l  remove a h i g h  p e r c e n t a g e  o f  a r s e n i c  from s h a l e  o i l  
d i s t i l l a t e s  even a t  h i g h  l e v e l s  of a r s e n i c  l o a d i n g .  The e x c e l l e n t  
e f f e c t i v e n e s s  f o r  a r s e n i c  removal p r o v i d e s  s u b s t a n t i a l  economic 
b e n e f i t s .  The u s e  o f  competing mater ia ls  would r e s u l t  i n  much 
l a r g e r  and c o s t l i e r  p r o c e s s i n g  equipment o r  a p r o h i b i t i v e l y  h i g h  
turnaround f requency  t o  renew t h e  guard  bed material .  T h i s  guard  
bed m a t e r i a l ,  deve loped  i n  a j o i n t  e f f o r t  w i t h  a l a r g e  c a t a l y s t  
manufacture  u s i n g  commerc ia l ly  p r o j e c t a b l e  t e c h n i q u e s ,  h a s  been 
used t o  demonst ra te  t h i s  a r s e n i c  removal p r o c e s s  f o r  o v e r  1 0 0 0  
h o u r s  c h a r g i n g  s h a l e  g a s  o i l s  a t  commercial p r o c e s s  c o n d i t i o n s .  
The a r s e n i c  removal d e a r s e n a t i o n  r e s u l t s  of t h i s  demonst ra t ion  
r u n  are shown i n  F i g u r e  5. 

T h i s  p r o c e s s  o p e r a t e s  over a wide r a n g e  o f  p r e s s u r e s ,  hydrogen 
p a r t i a l  p r e s s u r e s  and t e m p e r a t u r e s .  I t  can  p r o c e s s  s h a l e  g a s  o i l  
a t  h i g h  e f f i c i e n c y  a t  r e q u i r e d  h y d r o t r e a t i n g  c o n d i t i o n s  f o r  s h a l e  
o i l .  
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P i l o t  P l a n t  D e n i t r o g e n a t i o n  S t u d i e s  

Experimental  

Hydrodeni t rogenat ion  s t u d i e s  w e r e  performed i n  a bench scale 
cont inuous  down-flow packed bed p i l o t  p l a n t  u n i t .  Over 6 0 , 0 0 0  
r e a c t o r  hours  o f  s h a l e  o i l  p r o c e s s i n g  were completed i n  o u r  s t u d i e s .  
S h a l e  o i l  and hydrogen f lowed through t h e  packed bed and t h e n  through 
a h igh  p r e s s u r e  w a t e r  s c r u b b e r  f o r  removal o f  by-product ammonia 
and hydrogen s u l f i d e  g a s e s .  The l a t te r  s t a g e  a v o i d s  p i l o t  p l a n t  
o p e r a t i n g  problems due t o  ammonium s u l f i d e  format ion .  Gaseous and 
l i q u i d  productswere  t h e n  s e p a r a t e d ,  metered ,  and ana lyzed  t o  p e r m i t  
t h e  d e t e r m i n a t i o n  o f  y i e l d s  and weight  ba lances .  

S h a l e  o i l  f e e d s t o c k s  c o n t a i n i n g  b o t h  l o w  and h igh  a r s e n i c  levels  
w e r e  s t u d i e d  so t h a t  t h e  e f f e c t  on HDN o f  t h e  a r s e n i c  removal  
co-process  c o u l d  be  de te rmined .  S h a l e  g a s  o i l  and naphtha f r a c -  
t i o n s  w e r e  t r e a t e d  s e p a r a t e l y  s i n c e  p r e l i m i n a r y  i n v e s t i g a t i o n  
showed t h i s  t o  be most economical f o r  commercial a p p l i c a t i o n s .  The 
g a s  o i l  work i s  d i s c u s s e d  h e r e .  

C a t a l y s t  Screening  

The d e n i t r o g e n a t i o n  c a t a l y s t  a c t i v i t y  and s t a b i l i t y  w e r e  shown to 
have a major impact  on t h e  cost  e f f e c t i v e n e s s  o f  t h e  s h a l e  
upgrading d e s i g n  because  r e a c t o r  i n v e s t m e n t  i s  a major p a r t  o f  the 
t o t a l  p l a n t  inves tment .  To a s s u r e  t h e  s e l e c t i o n  o f  t h e  b e s t  a v a i l -  
a b l e  c a t a l y s t ,  e x t e n s i v e  comparison t e s t i n g  w a s  done. As e x p e c t e d ,  
nickel-molybdenum c a t a l y s t s  w e r e  b e t t e r  f o r  HDN t h a n  c o b a l t -  
molybdenum c a t a l y s t s .  The c a t a l y s t  chosen was found t o  have a 
10-20 p e r c e n t  h i g h e r  volume a c t i v i t y  on  s h a l e  o i l  t h a n  t h e  b e s t  
compet i tors .  

Deni t rogenat ion  

An exper imenta l  program w a s  conducted t o  de termine  t h e  optimum 
r a n g e  o f  p r o c e s s i n g  c o n d i t i o n s  f o r  a c h i e v i n g  t h e  d e s i r e d  l o w  pro- 
d u c t  n i t r o g e n  l e v e l .  P r o c e s s  c o n d i t i o n s  s t u d i e d  cover  a r a n g e  o f  
temperatures,371-454OC (70O-85O0F), and space  v e l o c i t i e s ,  0.5-2.0 
( h o u r s ) - l ,  a t  a reactor p r e s s u r e  found t o  p r o v i d e  a n  a c c e p t a b l e  
a g i n g  rate.  A p y r o l y s i s  s h a l e  g a s  o i l  produced by a r e to r t  
o p e r a t i o n  was t e s t e d  a l o n g  w i t h  a g a s  o i l  from t h e  coking  o f  t h e  
bot toms f r a c t i o n  o f  t h e  p y r o l y s i s  o i l .  A p y r o l y s i s - c o k e r  s h a l e  
g a s  o i l  b lend  w i t h  l o w  a r s e n i c  c o n t e n t  w a s  used f o r  m o s t  o f  t h e  
s t u d i e s ,  b u t  h i g h  a r s e n i c  c o n t e n t  p y r o l y s i s - c o k e r  b l e n d s  and coker  
o n l y  were a l s o  used t o  e s t a b l i s h  a f e e d s t o c k  e f f e c t .  

Deni t rogenat ion  d a t a  from t h e s e  t e s t s  were used t o  develop  a n  HDN 
c o r r e l a t i o n  based on f i r s t  o r d e r  k i n e t i c s :  

I n  N f / N p  = ( K t , i b T * A  1) 

= n i t r o g e n  c o n t e n t  o f  p r o d u c t ,  ppm 
NKpt,i = a p p a r e n t  rate c o n s t a n t  a t  t e m p e r a t u r e  

where Nf  = n i t r o g e n  c o n t e n t  o f  f e e d s t o c k ,  ppm 

t and w i t h  f e e d  i 
= space  t i m e  1 , where WHSV, t h e  weight  

h o u r l y  space  v e l o c i t y ,  is d e f i n e d  as t h e  
weight  o f  f e e d  p e r  hour  p e r  weight  o f  c a t a l y s t  

(m 

4 = c a t a l y s t  re la t ive  a c t i v i t y  
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F i r s t  o r d e r  k i n e t i c s  g i v e s  a r e a s o n a b l e  f i t  t o  t HDN d a t a .  T h i s  

t h e  d e n i t r o g e n a t i o n  o f  v a r i o u s  materials. Apparent  ra te  c o n s t a n t s  
c a l c u l a t e d  from e q u a t i o n  1) are p l o t t e d  i n  Arrhenius  form i n  
F i g u r e  6 showing a n  a p p a r e n t  a c t i v a t i o n  energy  o f  2 6 . 9  Kcal/gm mole. 
The h igher  a r s e n i c  l e v e l  f e e d s ,  b o t h  p y r o l y s i s - c o k e r  b l e n d  and 
s t r a i g h t  c o k e r ,  showed s i g n i f i c a n t  HDN a c t i v i t y  losses (5-10 per -  
c e n t  f o r  t h e  b lend  and 35 p e r c e n t  f o r  t h e  c o k e r  a l o n e ) .  F i g u r e  7 
shows t h e  a c t u a l  d e n i t r o g e n a t i o n  d a t a  p l o t t e d  i n  t h e  form p r e d i c t e d  
by e q u a t i o n  1) .  Good agreement between t h e  d a t a  and t h e  f i r s t  
o r d e r  k i n e t i c  form i s  i n d i c a t e d .  

i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  of  McI lvr ied  ($7 and o t h e r s  f o r  

Hydrogen Consumption 

The hydrogen consumption,  c a l c u l a t e d  from m a t e r i a l  b a l a n c e  o n  
hydrogen c o n t e n t  o f  f e e d  and product  streams, i s  shown a s  a func-  
t i o n  o f  n i t r o g e n  removal i n  F i g u r e  8 .  Feeds w i t h  h i g h e r  hydrogen 
c o n t e n t s  tend  t o  consume less hydrogen by a n  amount approximate ly  
e q u a l  t o  t h e  d i f f e r e n c e  i n  hydrogen c o n t e n t s  o f  t h e  f e e d s .  The 
r a n g e  o f  hydrogen consumption observed  f o r  t h e s e  s h a l e  o i l  HDN 
t e s t s ,  254-304 m3/m3 (1500-1800 s c f / b )  , approach  t h e  consumptions 
o b t a i n e d  i n  c o n v e n t i o n a l  hydrocracking  o p e r a t i o n s .  

Aging S t u d i e s  

A number of  c a t a l y s t  a g i n g  r u n s  w e r e  made d u r i n g  t h e  p r o c e s s  
development. One of  t h e s e  w a s  a p i l o t  p l a n t  g a s  o i l  a g i n g  r u n  
s e t  up t o  s i m u l a t e  t h e  p r o d u c t i o n  of a l o w  n i t r o g e n  l e v e l  (750 ppm) 
p r o d u c t  from a f e e d  o i l  c o n t a i n i n g  21,500 ppm n i t r o g e n .  S t a r t - o f -  
c y c l e  p r o c e s s  c o n d i t i o n  needed t o  a c h i e v e  t h i s  low g a s  o i l  n i t r o g e n  
l e v e l  w a s  377OC (7lOOF). 

During t h e  90-day a g i n g  r u n ,  t h e  t e m p e r a t u r e  w a s  r a i s e d  7OC (13OF) 
t o  main ta in  d e n i t r o g e n a t i o n .  A f t e r  90 d a y s  t h e  t e m p e r a t u r e  was 
r a i s e d  t o  399OC (750°F), and o p e r a t e d  f o r  a n o t h e r  30 days .  Only 
3 l 0 C  tempera ture  increase w a s  r e q u i r e d  t o  m a i n t a i n  d e n i t r o g e n a t i o n  
as shown i n  F i g u r e  9.  These r e s u l t s  show t h a t  a 1 y e a r  c y c l e  o r  
g r e a t e r  i s  feasible f o r  s h a l e  o i l  upgrading.  

Reactor Modelinq 

I n  o r d e r  t o  s c r e e n  v a r i o u s  reactor d e s i g n s  f o r  a g i v e n  a p p l i c a t i o n ,  
a reactor model which s i m u l a t e s  t h e  i m p o r t a n t  d e s i g n  v a r i a b l e s  was 
developed.  Such a model must p r e d i c t  t h e  r e q u i r e d  c a t a l y s t  quan- 
t i t y ,  and p r e d i c t  y i e l d s  f o r  each r e a c t o r  tempera ture ,  p r e s s u r e ,  
and hydrogen r a t e  chosen.  

F o r  s h a l e  o i l  h y d r o t r e a t i n g ,  t h e  reactor model must a l s o  t a k e  in to  
a c c o u n t  t h e  e f f e c t  o f  a r s e n i c  s i n c e  a r s e n i c  i s  a s t r o n g  c a t a l y s t  
po ison .  Even w i t h  a guard bed,  a r s e n i c  is d e p o s i t e d  c o n t i n u a l l y  
throughout  t h e  c y c l e  and t o  compensate f o r  i t s  poisoning  e f f e c t  
t empera ture  must be r a i s e d  t o  m a i n t a i n  HDN a c t i v i t y .  Because o f  
t h e  h i g h l y  exothermic  r e a c t i o n ,  many hydrogen quench p o i n t s ,  such  
as  shown i n  F i g u r e  1 0 ,  o r  o t h e r  means o f  h e a t  removal ,  are r e q u i r e d  
t o  c o n t r o l  reactor t e m p e r a t u r e .  As t h e  c a t a l y s t  a c t i v i t y  d e c l i n e s ,  
b o t h  due t o  a r s e n i c  and t i m e  on stream, c o n v e r s i o n  i n  each  c a t a l y s t  
bed changes. The lower c o n v e r s i o n  g i v e s  less h e a t  release and ,  
t h e r e f o r e ,  bed t e m p e r a t u r e  must b e  i n c r e a s e d  t o  m a i n t a i n  c a t a l y s t  
a c t i v i t y .  T h i s  i n  t u r n  g r e a t l y  changes  t h e  r e q u i r e d  hydrogen 
quench a f t e r  e a c h  c a t a l y s t  bed as  t h e  c y c l e  p r o g r e s s e s .  
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The v a r i a t i o n s  are s u b s t a n t i a l ,  a s  i l l u s t r a t e d  i n  F i g u r e  11. 
S i n c e  hydrogen quench ra te  v a r i e s  s i g n i f i c a n t l y  w i t h  t i m e  on 
stream, t h e  quench system must be des igned  t o  h a n d l e  a wide r a n g e  
of  f lows .  Most c o n v e n t i o n a l  h y d r o t r e a t e r s  would b e  u n a b l e  t o  
handle  t h e  quench ra te  v a r i a t i o n  a l o n g  w i t h  t h e  h i g h  h e a t  release 
f o r  s h a l e  o i l  p r o c e s s i n g .  F l e x i b i l i t y  must a l s o  b e  provided  so 
t h e  r e a c t o r  i n l e t  t empera ture  can  be r a i s e d .  The model e n a b l e s  
t h e  d e s i g n e r  t o  a c c u r a t e l y  t a k e  t h e s e  e f f e c t s  i n t o  a c c o u n t  f o r  a n  
optimum d e s i g n .  

The complexi ty  i n  modeling arises when a t t e m p t i n g  t o  s i m u l t a n e o u s l y  
t a k e  i n t o  a c c o u n t  t h e  e f f e c t  on  convers ion  of  t e m p e r a t u r e ,  WHSV 
p e r  bed and a r s e n i c ,  when t h e  amount of a r s e n i c  laydown i t s e l f  i s  
a f u n c t i o n  of  WHSV and tempera ture .  The a c t u a l  system is f u r t h e r  
compl ica ted  i n  t h a t  t h e  c a t a l y s t  a g e s  w i t h  t i m e  on  s t r e a m  as  w e l l ,  
even i f  no a r sen ic  w e r e  p r e s e n t .  

For  each c a t a l y s t  bed t h e  model does  t h e  f o l l o w i n g :  

o C a l c u l a t e s  t h e  s e v e r i t y  and convers ion .  

o P r e d i c t s  y i e l d s  i n c l u d i n g  H 2  consumption needed t o  
estimate t h e  exothermic  h e a t  of r e a c t i o n .  

o Performs h e a t  b a l a n c e s  t o  p r e d i c t  o u t l e t  t e m p e r a t u r e  
and quench ra tes .  

o P r e d i c t s  HDS, HDN,  hydrocracking ,  a r o m a t i c  s a t u r a t i o n ,  
and o l e f i n  s a t u r a t i o n .  

o P r e d i c t s  c a t a l y s t  a c t i v i t y  as  a f u n c t i o n  of a r s e n i c  
and t i m e  on stream. 

Design S t u d i e s  

With such a model, t h e  o v e r a l l  s h a l e  upgrading p r o c e s s  can  be  
opt imized .  S i n c e  a r s e n i c  removal and HDN are h i g h l y  i n t e r d e p e n d e n t ,  
t h e  r e a c t o r  d e s i g n  needs  t o  b e  s t u d i e d  i n  o r d e r  t o  minimize o v e r a l l  
p r o c e s s i n g  c o s t s .  

One use  o f  t h e  model i s  t o  de te rmine  t h e  optimum c o n d i t i o n s  f o r  
a r s e n i c  removal s i n c e  any a r s e n i c  l e a k a g e  d i r e c t l y  a f f e c t s  t h e  
r e q u i r e d  s e v e r i t y  and c y c l e  l i f e  f o r  HDN. As t h e  a r s e n i c  removal 
i s  i n c r e a s e d  v i a  i n c r e a s e d  guard r e a c t o r  s i z e ,  c a p i t a l  costs 
i n c r e a s e  b u t  c a t a l y s t  usage d e c r e a s e s .  The optimum d e s i g n  f o r  HDN 
c a n  be  found u s i n g  t h e  model. Condi t ions  are chosen so a r s e n i c  
removal and coke d e p o s i t i o n  are ba lanced  t o  minimize costs. 

The model h a s  been used f o r  two commercial d e s i g n s ,  one f o r  Colony 
Development O p e r a t i o n ,  a j o i n t  v e n t u r e  o f  which A t l a n t i c  R i c h f i e l d  
i s  t h e  o p e r a t o r ,  and a n o t h e r  f o r  a c l i e n t  o f  t h i s  s h a l e  o i l  hydro- 
t r e a t i n g  technology.  
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FIGURE 3 
CONTINUOUS CAUSTIC SODA WASH APPARATUS (WITH RECYCLE) 
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FIGURE 4 

FLOW DIAGRAM FOR EXPERIMENTAL GUARD BED SYSTEM 
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FIGURE 9 
CATALYST AGING STUDY 
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FIGURE 10 
SHALE OIL UPGRADING 
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