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ABSTRACT 

C a t a l y t i c  hyd rop rocessed  s h a l e  o i l  j e t  f u e l s  i n  t h e  USA were 
c h a r a c t e r i z e d  and compared w i t h  p e t r o l e u m  j e t  f u e l  t o  demons t ra te  t h e i r  
p o s s i b i l i t y  as a c o n v e n t i o n a l  j e t  f u e l  s u b s t i t u t e .  The s h a l e  o i l s  
( b e o k i n e t i c s ,  O c c i d e n t a l .  Paraho and Tosco 1 1 )  were h y d r o t r e a t e d  i n  a 
U.UbU8m IO by K1.524m l o n g  r e a c t o r  c o n t a i n i n g  Ni/Mo/AlpO catalyst. The 
f r a c t i o n a t e d  hydrogenated s h a l e  o i l s  a t  j e t  f u e l  ranges q120-30U C) Were 
analyzed f o r  c o m p o s i t i o n  and p h y s i c a l  p r o p e r t i e s .  The i n c r e a s i n g  
h y d r o p r o c e s s i n g  s e v e r i t y  p r o p o r t i o n a l l y  decreased n i t r o g e n ,  s u l f u r ,  
o l e f i n s ,  a r o m a t i c s  and i n c r e a s e d  hydrogen c o n t e n t .  The n i t r o g e n  c o n t e n t  
was c o n s i d e r a b l y  h i g h e r  even a t  h i g h  s e v e r i t y  c o n d i t i o n s .  S u l f u r  and 
o l e f i n  c o n t e n t s  were l o w e r  a t  a l l  s e v e r i t i e s .  The h e a t  o f  combus t ion  
and t h e  p h y s i c a l  p r o p e r t i e s .  except  t h e  f r e e z i n g  p o i n t .  were comparable 
t o  p e t r o l e u m  j e t  f u e l s .  The y i e l d s  of  j e t  f u e l s  i n c r e a s e d  
p r o p o r t i o n a l l y  t o  i n c r e a s e d  s e v e r i t y .  The s tudy  showed t h a t  h i g h  
s e v e r i t y  h y d r o p r o c e s s i n g  gave b e t t e r  per formance i n  p r o c e s s i n g  s h a l e  
o i l s  t o  j e t  f u e l s .  

I NTROOUCT I O N  

Shale o i l  j e t  f u e l s  c o n t a i n  c o n s i d e r a b l y  h i g h e r  n i t r o g e n  l e v e l s  
t h a n  p e t r o l e u m  j e t  t u e l s .  These sha le  o i l - d e r i v e d  j e t  f u e l s  cannot  be 
processed i n  a r e f i n e r y  s i m i l a r  t o  t h a t  used t o  o b t a i n  p e t r o l e u m  J e t  
f u e l  because t h e  h i g h  n i t r o g e n  c o n t e n t  c o u l d  p o i s o n  t h e  r e f i n e r y  
c a t a l y s t .  N i t r o g e n  c o n t e n t  g r e a t e r  t h a n  5 ppm decreases f u e l  o i l  
t he rma l  s t a b i l i t y  and i n c r e a s e s  n i t r o g e n  o x i d e  emiss ions  d u r i n g  j e t  f u e l  
combusti  on. 

The p r e s e n t  p rob lem i s  t o  o b t a i n  a n i t r o g e n  l e v e l  f o r  j e t  f u e l  i n  
t h e  range o f  1-5 ppm. High s e v e r l t y  h y d r o d e n i t r i f i c a t i o n  f o r  t h e  
r e d u c t i o n  o f  n i t r o g e n  c o n t e n t  i s  no t  c o s t  e f t e c t i v e .  The c rude  j e t  
f u e l  c u t  can be c h e m i c a l l y  t r e a t e d  t o  l o w e r  t h e  n i t r o g e n  l e v e l  t o  an 
accep tab le  upper  l i m i t .  Hyd rogena t ion  o f  s h a l e  o i l  f r a c t i o n s  a t  l ow  
s e v e r i t y .  p r i o r  t o  one o f  t h e  cnemical  t r e a t m e n t s  [ I ]  ( a c i d  washing, use 
o f  an hydrous a c i d ,  i o n  exchange r e s i n s ,  use o f  s o l v e n t s ,  p e r c o l a t i o n  
ove r  c l a y s  and a c i d  abso rban ts ,  p a r t i a l  o x i d a t i o n )  has been shown t o  
s u b s t a n t i a l l y  l ower  t h e  c o s t  o f  p r o d u c i n g  j e t  f u e l  compared t o  seve re  
c a t a l y t i c  hyd rogena t ion .  Th is  h y d r o g e n a t i o n  o p e r a t i o n  a l s o  reduces t h e  
n i t r o g e n  l e v e l  t o  an a c c e p t a b l e  l e v e l  (1-5 ppm). An i n c r e a s e  o f  
t empera tu re  c21  and p r e s s u r e  [3 ]  p r o p o r t i o n a l l y  i n c r e a s e  t h e  
hyd rop rocess ing  s e v e r i t y ,  which f a c i l i t a t e s  t h e  removal o f  n i t r o g e n ,  
s u l f u r  and oxygen and t h e  a d d i t i o n  o f  hydrogen. 

I n  t h e  p r e s e n t  work, sha le  o i l  h y d r o p r o c e s s i n g  was pe r fo rmed  a t  
low, medium and h i g h  hyd rop rocesss ing  s e v e r i t i e s .  The h y d r o p r o c e s s i n g  
s e v e r i t y  was changed p r i m a r i l y  by v a r y i n g  t h e  tempera tu re .  P r o d u c t i o n  
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O f  sha le  o i l  (Tab le  I )  h y d r o p r o c e s s i n g  and d i s t i l l a t i o n  o f  t h e  
hydroprocessed p r o d u c t  was c a r r i e d  o u t  a t  NASA's Lewis Research C e n t e r  
bench-scale h y d r o p r o c e s s i n g  f a c i l i t y .  The p rocess  f l o w  d iag ram ( F i g u r e  
1 )  shows t h e  J e t  f u e l  p r e p a r a t i o n  f rom c rude  s h a l e  o i l .  

EXPERIMENTAL 

Ue-ashed and de-watered s h a l e  o i l  c o n t a i n i n g  39% hydrocarbons (20% 
alkanes.  ZU2 a romat i cs ,  2 5 %  aromat i c  r e s i n s ,  35% o l e f i n s  and naph thenes )  
and 61X nonhydrocarbons (60% n i t r o g e n  101 s u l f u r  and 302 oxygen 
compounds) was f r a c t i o n a t e d  below 343dC. 
hydrogenated i n  a r e a c t o r  ( l e n g t h  1.524 m and d i a m e t e r  0.0508m) 
c o n t a i n i n g  American cynamide HOS-3A. Ni-Mo/AI2O3) c a t a l y s t  o f  .025cm 
e x t r u s i o n s .  The r e a c t o r  c o n t a i n e d  f o u r  c a t a l y s t  zones between 
n o n - r e a c t i v e  zones o f  A I Z O 3  e x t r u s i o n s  o f  0 . 3  cm d iamete r .  A lumina 
zones equipped w i t h  w a l l  heat-exchangers m a i n t a i n e d  n e a r l y  c o n s t a n t  
r e a c t i o n  tempera tu re .  
f o u r  o u t s i d e  w a l l  e l e c t r i c  h e a t e r s  and t h e  hydrogen p r e h e a t i n g  (300 C )  
was accompl ished by t h e  e l e c t r i c  h e a t e r  a t  r e a c t o r  t op .  The s p j c e 3  
v e l o c i t y  of t h e  s h a l e  o i l  l i q u i d  i n  t h e  r e a c t o r  was 0.99-9-95 m /m hr  
and t h e  hydrogen comsumption was a p p r o x i m a t e l y  280 s t d .  m /m O f  s h a l e  
o i l .  Shale 8 i l  f r a c t i o n s  werq h y d r o t r e a t e d  a t  p6ocess ing  s e v e r i t i e s :  
(A)  h igh=416 C and 1.413 x 10 4pa ( 8 )  medium 382 C and 1.396 x 10 kpa 
(C) low = 354OC and 1.327 x 10 kpa. 
comsumption i n  s h a l e  o i l  a t  d i f f e r e n t  p r o c e s s i n g  s e v e r i t i e s .  The 
hydroprocessed s h a l e  o i l  was f r a c t i o n a t e d  ( b o i l i n g  range = 121-30Ooc) t o  
produce j e t  f u e l .  Throughout  t h e  d i s c u s s i o n ,  T i s  a t e m p e r a t u r e  r a t i o  
i n d i c a t i n g  t h e  s e v e r i t y  o f  t h e  r u n  compared w i t !  h i g h  s e v e r i t y  
T H = ~ .  U-hf yh s e v e r i t y ,  TR=O. 92-medium s e v e r i t y  , TR =0.85-low s e v e r i t y .  

Shale o i  1 f r a c t i o n s  were 

The r e a c t o r ' s  f o u r  c a t a l y s t  zones were h e a t g d  by 

F i g u r e  2 demonstrates hydrogen 

HESULTS AND O I S C U S S I O N S  

Hydroprocessed s n a l e  o i l  j e t  f u e l s  were d i s t i l l e d  (ASTM 0-86)  a t  
d i f f e r e n t  b o i l i n g  ranges ( F i g u r e s  3 ,  4. and 5 ) .  The average b o i l i n g  
range of  t h e  h i g h .  me#i.um and l o w  s e v e r i t y  hydroprocessed s h a l e  o i l  j e t  
f u e l  c u t s  was IbU-1YU L f o r  t h e  10 volume p e r c e n t  d i s t i l l a t e  and 
Zb0-Z7U°C f o r  t h e  YU volume p e r c e n t  d i s t i l l a t e .  Low and medium s e v e r i t y  
j e t  c u t s  have h i g h e r  b o i l i n g  ranges t h a n  h i g h  s e v e r i t y  c u t s  because t h e y  
c o n t a i n  more heavy hydrocarbons and h e t e r o c y c l i c  compounds. The 
d i s t i l l a t i o n  tempera tu res  and t h e  volume p e r c e n t  r e c o v e r y  o f  t h e  s h a l e  
o i l  j e t  f u e l s  a r e  comparable t o  t h o s e  o f  s t a n d a r d  p e t r o l e u m  j e t  f u e l s  
(Tab le  1 1 ) .  
S h e l t o n  C41 who o b t a i n e d  a maximum b o i l i n g  p o i n t  o f  195 c f o r  10 volume 
p e r c e n t  and 255OC f o r  YU volume p e r c e n t  recove ry  o f  a p e t r o l e u m  f u e l .  

The r e s u l t s  c l o s e l y  agree w i t h  t h e  i n v e s t i g a t i o n s  o f  

Table 11:  Petro leum J e t  Fue l  P r o p e r t i e s  
( A S T R  Hethods )  

Hydrogen c o n t e n t ,  wtZ 
A romat i cs  c o n t e n t ,  v o l %  
N i t r o g e n  c o n t e n t  ( t o t a l  1, ppm 
S u l f u r  c o n t e n t  (mercaptan) .  w t %  
S u l f u r  c o n t e n t  ( t o t a l ) ,  w t Z  
Naphthalenes c o n t n t .  v o l %  
O i s t i l l a t i o n  temperature,  OC 

I n i t i a l  b o i l i n g  p o i n t  
10 ( V O I Z )  
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16.00 max 
20 max 

5 max 
U.OU3 max 

0.3 max 
3 max 

204 max 

- - 
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50 (VOIZ) - 
9u (vel%) - 
F i n a l  b 8 i l i n g  p o i n t  300 max 

F l a s h p o i n t ,  C 38 max 
G r a v i t y  ( s p e c i  f i 6, 15/15OC 0.7753 t o  0.8398 

V i s c o s i t y  a t  -20Oc. m2/s 8 x max 
Net hea t  o f  combustion, kJ /kg  ( B t u / l b )  42.800 (18,400) m i n  

F r e e z i n g  p o i n t .  C -40 

N i t r o g e n  c o n t e n t  ( F i g u r e  6 )  i n  a l l  s e v e r i t i e s  i s  h i g h  i n  Tosco I 1  
and low i n  O c c i d e n t a l  j e t  f u e l .  The amounts o f  Yeak Base I and 
non-basic  n i t r o g e n  compounds a r e  v a r i a b l e  i n  d i f f e r e n t  t y p e s  o f  s h a l e  
O i l  j e t  f u e l s .  H i g h  s e v e r i t y  h y d r o t r e a t m e n t  s i g n i f i c a n t l y  decreases [5 ]  
t h e  n i t r o g e n  c o n t e n t  o f  Weak Base I and non-basic  n i t r o g e n  compounds. 
and Weak Base I can be removed more e a s i l y  t h a n  non-basic  n i t r o g e n  
d u r i n g  hyd rop rocess ing .  H igh  s e v e r i t y  O c c i d e n t a l  s h a l e  o i l  c o n t a i n s  t h e  
l o w e s t  amount (0.U3 w tZ )  o f  n i t r o g e n  o f  a l l  s h a l e  o i l  j e t  f u e l s .  T h i s  
amount i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o f  p e t r o l e u m  j e t  f u e l  (1 -5  
ppm). The n i t r o g e n  c o n t e n t  i n  low s e v e r i t y  j e t  f u e l  i s  a lways h i g h e r  
t h a n  t h a t  o f  n i g h  s e v e r i t y  j e t  f u e l .  

Tab le  I 1 1  shows t h e  p r o p e r t i e s  o f  s h a l e  o i l  j e t  f u e l s  and a l s o  
demonstrates t h a t  s u l f u r  removal i s  p r o p o r t i o n a l  t o  s e v e r i t y .  H i g h  
s e v e r i t y  j e t  f u e l s  have t h e  l o w e s t  s u l f u r  c o n t e n t  (0.003 wtZ) .  Even t h e  
s u l f u r  c o n t e n t  i n  l ow  s e v e r i t y  j e t  f u e l s  i s  l o w e r  t h a n  t h a t  o f  p e t r o l e u m  
j e t  f u e l  (U.30 wtZ maximum). 

I n c r e a s e  o f  hydrogen c o n t e n t  (Tab le  111) i n  s h a l e  O i l  j e t  f u e l s  i s  
p r o p o r t i o n a l  t o  t h e  s e v e r i t y  o f  hyd ro t rea tmen t .  S e v e r i t y  i n c r e a s e s  
s a t u r a t i o n  and c r a c k i n g  o f  hydrocarbons,  t h e r e b y  i n c r e a s i n g  t h e  
hydrogen/carbon r a t i o .  l iunberger  r e p o r t e d  [6 ]  t h e  i n c r e a s e  o f  hyd rogen  
c o n t e n t  f rom 11-40 wtZ t o  13.0 w t X .  The hydrogen c o n t e n t  (13-14 w t Z )  i n  
s h a l e  o i l  j e t  f u e l  i s  r e l a t i v e l y  l o w e r  t h a n  t h a t  o f  s t a n d a r d  p e t r o l e u m  
j e t  f ue l ,  wh ich  i s  16 wtZ. A romat i c  c o n t e n t  i n  s h a l e  j e t  f u e l s  
decreases w i t h  s e v e r i t y  because o f  h y d r o c r a c k i n g  process.  The e f f e c t  O f  
s e v e r i t y  on a r o m a t i c  c o n t e n t  i s  t h e  h i g h e s t  f o r  Paraho. w h i l e  O c c i d e n t a l  
shows t h e  l owes t .  The a r o m a t i c  c o n t e n t  i n  s h a l e  o i l  j e t  f u e l s  (excep t  
Paraho) i s  y e n e r a l l y  h i g h e r  t h a n  i n  t h a t  o f  p e t r o l e u m  j e t  f u e l .  w h i c h  i s  
a t  maximum 20% by volume. 

t h a t  o f  p e t r o l e u m  j e t  f u e l  (-4U°F) because s h a l e  j e t  f u e l s  c o n t a i n  
h i g h e r  s a t u r a t i o n  f r a c t i o n s .  p a r t i c u l a r y  h i g h e r  n -a l kanes  [7]. f r e e z i n g  
p o i n t  decreases w i t h  i n c r e a s i n g  s e v e r i t y .  O the r  p h y s i c a l  p r o p e r t i e s  
such as f l a s h  p o i n t ,  v i s c o s i t y ,  and s p e c i f i c  g r a v i t y  o f  t h e  s h a l e  j e t  
f u e l s  decrease (Tab le  111)  w i t h  s e v e r i t y ,  and t h e  va lues  i n  a l l  
s e v e r i t i e s  a r e  w i t h i n  t h e  a c c e p t a b l e  l i m i t  o f  p e t r o l e u m  j e t  f u e l  
s p e c i f i c a t i o n s .  S e v e r i t y  has l i t t l e  e f f e c t  on h e a t i n g  va lues  o f  s h a l e  
J e t  f u e l s  and t h e  va lues  a r e  comparable t o  t h o s e  o f  p e t r o l e u m  j e t  f u e l s .  

CONCLUSION 

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

1. H igh  s e v e r i t y  s h a l e  o i l  j e t  f u e l s  c o n s t i t u t e  t h e  hydrocarbons o f  
more d i f f e r e n t  b o i l i n g  p o i n t s  t h a n  low and medium s e v e r i t y  j e t  
f u e l s -  A romat i c  and heavy hyd roca rbon  c o n t e n t s  i n  low and medium 
s e v e r i t y  a r e  h i g h e r  t h a n  i n  h i g h  s e v e r i t y  j e t  f u e l s .  
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2. I n c r e a s i n g  s e v e r i t y  enhances n i t r o g e n  and su Fur removal. N i t r o g e n  
c o n t e n t  i s  above, w h i l e  s u l f u r  c o n t e n t  i s  much below. t h e  a c c e p t a b l e  

l i m i t  o f  t h a t  o f  p e t r o l e u m  j e t  f u e l .  

3. I n c r e a s i n g  s e v e r i t y  i n c r e a s e s  hydrogen whi l e  i t  decreases a r o m a t i c  
con ten t .  Hydrogen c o n t e n t  i s  a l i t t l e  l o w e r  w h i l e  a r o m a t i c  c o n t e n t  
i s  s l i g h t l y  h i g h e r  t h a n  t h a t  o f  p e t r o l e u m  j e t  f u e l -  

i n c r e a s i n g  s e v e r i t y ,  and t h e  l e v e l s  i n  a l l  s e v e r i t i e s  a r e  w i t h i n  
a c c e p t a b l e  l i m i t s .  The f r e e z i n g  p o i n t  i s  enhanced w i t h  i n c r e a s i n g  
s e v e r i t y  and i s  above t h e  a c c e p t a b l e  l i m i t .  

conc luded  t h a t  h i g h  s e v e r i t y  hyd rop rocessed  Paraho j e t  f u e l  a f t e r  
p r o c e s s i n g  c a n  be c o n s i d e r e d  as an a l t e r n a t i v e  t o  c o n v e n t i o n a l  j e t  
f u e l .  

4. F l a c h  p o i n t ,  v i s c o s i t y ,  and s p e c i f i c  g r a v i t y  decrease w i t h  

5 .  I n c r e a s i n g  s e v e r i t y  enhances y i e l d s  o f  j e t  f u e l s .  I t  can be 

REFERENCES 

(1) Nowacki, P.. O i l  Shale T e c h n i c a l  Data Handbook., Sha le  O i l  
Upgrading.  Noyes Data C o r p o r a t i o n ,  Park Ridge. New Jersey,  193 

( 1981 ) . 
( 2 )  Cot t ingham, P.L., E.R. Whi te  and C.H. F r o s t ,  Hyd rogena t ing  Shale 

O i l  t o  C a t a l y t i c  Re fo rm ing  Stock,  Ind. Eng. Chem.. Vol .  49, No. 4, 
679-684 (1957) .  

(3) F r o s t ,  C.M. and P.L. Cot t ingham, Some E f f e c t s  o f  P ressu re  on t h e  
H y d r o c r a c k i n g  o f  Crude Shale O i l  o v e r  Coba l t -Mo lybda te  C a t a l y s t ,  
BM-PPRI-7835, Hureau o f  Mines (1974) .  

( 4 )  She l ton ,  E.M., A v i a t i o n  
BETC/PPS-79/2 (1979) .  

T u r b i n e  F u e l s ,  U.S. Department o f  Energy. 

( 5 )  Holmes, S.A. and L.F. Thompson, N i t rogen-Type  D i s t r i b u t i o n  i n  
H y d r o t r e a t e d  Shale U i l s :  C o - r e l a t i o n  w i t h  Upgrading Process 
C o n d i t i o n s ,  14 th  O i l  Shale Symposium Proceedings.  Co lo rado  School 
o f  Mines Press. 242-243 (1981). 

( 6 )  Gunbeger, G.A. L o g i s t i c s  Management o f  Paraho Res idua l  Shale O i l .  
Hadian C o r p o r a t i o n ,  Pasadena, CA,  8-20  (1580).  

( 7 )  Newman, S 
and Compos 

A.. Sha le  U i l  Upgrading and R e f i n i n g  J e t  Fue l  F r e e z i n g  
t i o n ,  B u t t e r w o r t h  P u b l i s h e r s ,  Boston. 243 (1983). 

6 6  



Figure  1. Process  Flow Diagram t o  produce S h a l e  Oil J e t  Fuel 
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Figure  2 .  Hydrogen Consumption i n  S h a l e  Oil Hydroprocess ing  
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Figure 3. High seve r i t y  Shale O i l  Je t  Fuel 
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Figure 4. Medium s e v e r i t y  Shale O i l  J e t  Fuel 
D i s t i  11 a t i  on 
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Figure 5. Low severity Shale Oil Je t  Fuel 
Dist i l la t ion 

I .2r 

OParaho 
O f o s c o  I I 
0 Geok inet ics 
A Occidental 

! 
r! 6 9  


