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INTRODUCTION 

Crude s h a l e  o i l s  produced by i n  s i t u  combustion r e t o r t i n g  of  Green River o i l  
s h a l e  c o n t a i n  more t h a n  t w i c e  a s  much n i t r o g e n  a s  h i g h - n i t r o g e n  petroleum crudes .  
Because e x i s t i n g  r e f i n c r i e s  would n o t  be a b l e  t o  cope w i t h  t h e  h igh  n i t r o g e n  con- 
t e n t  of  s h a l e  o i l  i f  i t  were a s u b s t a n t i a l  p a r t  o f  t h e  r e f i n e r y  feed ,  t h e  Nat ional  
Pe t ro leum Counci l  (NPC) h a s  sugges ted  (1) t h a t  c rude  s h a l e  o i l  be  upgraded a t  t h e  
r e t o r t i n g  s i t e  by a p r o c e s s  o f  c a t a l y t i c  hydrogenat ion  t o  produce a premium feedstock 
c a l l e d  "syncrude." 

We have a l r e a d y  shown (2 )  t h a t  a premium r e f i n e r y  f e e d s t o c k  can  be produced 
from i n  s i t u  c r u d e  s h a l e  u s i n g  methods sugges ted  by t h e  NPC. We have a l s o  d e t e r -  
mined (3) t h e  nitrogen-compound types  remaining i n  t h e  f i n i s h e d  syncrude s i n c e  i t  
would be  t h e s e  compounds w i t h  which a r e f i n e r  would have t o  d e a l  i f  he used a s i m i -  
l a r  c r u d e  i n  h i s  r e f i n e r y  feed .  

In  t h e  NPC p r o c e s s ,  t h e  c rude  s h a l e  o i l  i s  d i s t i l l e d  t o  produce naphtha ,  l i g h t  
o i l ;  heavy oil, and rcsiduiim. The residuum i s  processed i n  a de layed-coking  u n i t  t o  
produce petroleum coke and a vapor  s t ream. The vapor  stream from t h e  coking  u n i t  
f lows  back t o  t h e  c r u d e  d i s t i l l a t i o n  u n i t  f o r  s e p a r a t i o n  i n t o  v a r i o u s  f r a c t i o n s .  
The naphtha ,  l i g h t  o i l ,  and heavy o i l  are subsequent ly  hydrogenated to remov n i t r o g e n  
and s u l f u r  and t o  reduce  t h e  v i s c o s i t y  and pour  p o i n t  o f  t h e  f i n i s h e d  syncrude. 

One a l t e r n a t e  method of  p r e p a r i n g  syncrude from crude  s h a l e  o i l  would be  t o  
hydrogenate  t h e  t o t a l  c r u d e  s h a l e  o i l  i n  a one-s tep  process .  T h i s  would n o t  only 
r e d u c e  t h e  number o f  p r o c e s s i n g  u n i t s  r e q u i r e d  a t  t h e  r e t o r t i n g  s i t e ,  b u t  could 
r e s u l t  i n  h i g h e r  y i e l d s  o f  l i q u i d  and gaseous products  s i n c e  t h e  coking s t e p  would 
b e  e l i m i n a t e d .  

The purpose of  t h e  p r e s e n t  work w a s  t o  p r e p a r e  a syncrude o f  t o t a l  n i t r o g e n  
c o n t e n t  comparable t o  t h a t  o f  a n  NPC-type syncrude produced e a r l i e r  ( 2 - 3 )  by c a t a -  
l y t i c a l l y  hydrogenat ing  t h e  t o t a l  i n  s i t u  c rude  s h a l e  o i l  i n  one s t e p ,  and t o  d e t e r -  
mine t h e  amounts and t y p e s  of  n i t r o g e n  compounds remaining i n  t h e  f i n i s h e d  syncrude. 
Y i e l d s  o f  products ,  p r o p e r t i e s  of t h e  f i n i s h e d  syncrude,  and amounts and t y p e s  o f  
n i t r o g e n  compounds remain ing  i n  t h e  one-s tep  syncrude a r e  compared wi th  t h o s e  o f  a 
m u l t i s t e p  syncrude prepared  by an NPC-type process .  

PROPERTIES OF I N  SITU CRUDE SHALE OIL 

The crude s h a l e  o i l  used  i n  t h i s  work, t h e  same as t h a t  used i n  our  prev ious  
s t u d i e s  ( 2 - 3 ) ,  w a s  o b t a i n e d  from an i n  s i t u  combust ion r e t o r t i n g  experiment  near  
Rock S p r i n g s ,  Wyo;,, d u r i n g  t h e  l a s t  week o f  t h e  experiment .  It i s  cons idered  t o  be 
a r e p r e s e n t a t i v e  s t e a d y  s ta te"  o i l .  P r o p e r t i e s  o f  t h e  i n  s i t u  c rude  s h a l e  o i l  a r e  
shown i n  t a b l e  1. 

ANALYTICAL METHODS 

Standard  ASTM procedures  were used wherever  p r a c t i c a b l e .  C a t a l y s t  d e p o s i t  per -  
c e n t a g e s  were c a l c u l a t e d  from t h e  w e i g h t s  of  carbon d i o x i d e  c o l l e c t e d  on ascarite 
when t h e  d e p o s i t s  were burned w i t h  a s t ream o f  a i r  passed through t h e  r e a c t o r  a t  
t h e  end o f  a run.  Hydrogen consumption w a s  c a l c u l a t e d  from p r e c i s e  measurements of  
t h e  amount of  hydrogen fed t o  t h e  u n i t  and t h a t  c o l l e c t e d  i n  t h e  product  gas .  
n i t r o g e n  v a l u e s  i n  t h e  o i l s  were determined w i t h  a r e d u c t i v e ,  hydrogen-nickel  
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TABLE 1. - Properties of in situ crude shale oil 

Gravity, O API 
Nitrogen, weight-percent 
Sulfur, weight-percent 
Pour point, F 
Viscosity, SUS at 100" F 
Carbon residue, weight-percent 
Ash, weight-percent 

28.4 
1.41 
0.72 
40 
78 
1.7 
0.06 

pyrolysis tube and an anunonia microcoulometer. 
an oxygen combustion tube and a sulfur dioxide microcoulometer. Samples were water 
washed. Samples for sulfur analysis were also extracted with mercury and filtered. 

Sulfur values were determined with 

Nonaqueous potentiometric titration (4-7) was used to classify the nitrogen 
types into weak-base (pKa + 2 to + 8), very weak-base (pKa - 2 to + 2),  and neutral 
types (nontitratable). Infrared spectrometry (6 -8 )  was used to determine the con- 
centration of pyrrolic N-H type nitrogen (which includes carbazoles). Colorimetry 
(with p-dimethylaminobenzaldehyde) (6, 9-10) was used to determine pyrroles and 
indoles with an unsubstitutedKorp position which are termed here pyrrolic nitro- 
gen (excludes carbazoles). 

EXPERIMENTAL 

The total in situ crude shale oil was hydrogenated over a presulfided, nickel- 
molybdenum catalyst in a fixed-bed, bench-scale unit. The crude oil was mixed with 
5,000 scf of hydrogen per barrel and passed downflow over the catalyst bed at a 
rate of 0.7 weight of oil per weight of catalyst per hour (Wo/Wc/hr). The catalyst 
was contained in a stainless steel reactor. The temperature of the reactor was 
maintained at 815" F by means of a four-zone electric furnace, each zone of which 
was independently controlled. Pressure in the reactor was maintained at 1,500 psig 
by means of a backpressure regulator, and liquid products were collected in a sepa- 
rator maintained at 200 psig. Tail gas from the separator was metered and sampled. 
The hydrogenation was accomplished in a continuous 10-day run. 

Liquid products were drained from the separator after each 24-hour period of 
operation and washed with water to remove amnonia and hydrogen sulfide before a 
sample was taken for analysis. Aliquot portions of the daily liquid products were 
combined to form the finished syncrude. A portion of the syncrude was then frac- 
tionated to obtain a C5 - 175" F light naphtha, a 175"-350" F heavy naphtha, a 
350"-550" F light oil, and a 550' F+ heavy oil. Preparation of the multistep syn- 
crude was described in detail earlier (2) but consists basically of a distillation 
unit, a delayed coker, and three catalytic units for hydrogenations of heavy oil, 
light oil, and naphtha separately. 

RESULTS AND DISCUSSION 

In table 2, the yields of products from hydrogenation of the total in situ crude 
shale oil (one-step) are compared with yields of products from separate hydrogenation 
of various distillate fractions (multistep) (2). The yield of C4+ liquid product was 
104.5 volume-percent for the one-step process and 103 volume-percent for the multi- 
step process. 
step process, but there was a substantial decrease in the yield of heavy oil with a 
corresponding increase in the yields of gas, naphtha, and light oil. Hydrogen con- 
sumption was somewhat higher for the one-step process (1,475 scflbbl versus 1,280 
scf/bbl) as the result of the increased depth of conversion- 

The yield of C5+ liquid product was only slightly higher for the one- 
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TABLE 2 .  - Comparison of product  y i e l d s  from m u l t i s t e p  and 

o n e - s t e p  hydrogenat ion  o f  i n  s i t u  crude s h a l e  o i l  

Mu1 t i s  t e p  One- s t e p  
P r o d u c t ,  p e r c e n t  o f  c r u d e  Weight Volume Weight Volume 

C4+ l i q u i d  product  
C5+ l i q u i d  product  
C5 - 175"  F l i g h t  naphtha  
175"-350" F heavy naphtha  
350"-550" F l i g h t  o i l  
550"-850" F heavy o i l  
Coke ( c a t a l y s t  d e p o s i t )  
Hydrogen 
Methane 
Ethane 
Ethylene  
Propane 
Propylene  
I s o b u t a n e  
Butane 
Butenes 
Ammonia 
Hydrogen s u l f i d e  

93.81 
92.66 

2.34 
19.60 
45.68 
25.04 

1 / 3 . 2 4  
2/-2.19 

0.69 
0.68 
0.03 
0.72 
0.09 
0.26 
0.79 
0.10 
1.57 
0.62 

102.99 
101.24 

2.96 
22.65 
49.45 
26.18 

0.41 
1.20 
0.14 

95.27 
93.42 

2.62 
21.14 
51.44 
18.22 
0.13 

31 -2.53 
1.31 
1.37 

1.41 

0.46 
1.39 

1.69 
0.75 

104.54 
101.67 

3.33 
24.20 
55.03 
19.11 

0.76 
2 . 1 1  

- 1f - 2 /  1,280 s c f / b b l .  
- 31 1 , 4 7 5  scE/bbl. 

M u l t i s t e p  p r o c e s s  i n c l u d e s  a coking ~ t 2 p .  

T a b l e  3 shows t h e  e f f e c t  of o p e r a t i n g  t i m e  on t h e  n i t r o g e n  c o n t e n t s  and g r a v i -  

TABLE 3. - E f f e c t  of  o p e r a t i n g  t ime on n i t r o g e n  c o n t e n t s ,  
d e n i t r i f i c a t i o n  r a t e  c o n s t a n t s  and g r a v i t i e s  
o f  l i q u i d  product  

N i t r o g e n  c o n t e n t  D e n i t r i f i c a t i o n  
Days on of  l i q u i d  p r o d u c t ,  r a t e  c o n s t a n t  G r a v i t y ,  
s t r e a m  P Pm I n  No/Nt(.7) API 

1 51  5.26 44.2 
2 a3  4.79 43.8 
3 148 4.20 43.8 
4 17 7 4.00 43.3 
5 195 3.92 43.2 
6 207 3.86 43.2 
7 238 3.72 43.2 
8 306 3.47 43.1 
9 316 3.44 43.1 

10 338 3.37 43.0 

t i e s  of t h e  l i q u i d  p r o d u c t s .  Under t h e  c o n d i t i o n s  used i n  t h i s  experiment  t h e r e  
was a s i g n i f i c a n t  d e c r e a s e  in t h e  a c t i v i t y  o f  t h e  c a t a l y s t  d u r i n g  t h e  course  of  t h e  
r u n .  T h i s  i n d i c a t e s  t h a t  c r u d e  s h a l e  o i l  could not  be processed under t h e s e  severe  
c o n d i t i o n s  i n  a f ixed-bed u n i t  w i t h o u t  f requent  r e g e n e r a t i o n  of t h e  c a t a l y s t .  

P r o p e r t i e s  of t h e  syncrudes  and t h e i r  v a r i o u s  d i s t i l l a t e  f r a c t i o n s  a r e  shown 
i n  t a b l e  4. S u l f u r  c o n t e n t s  o f  bo th  o f  t h e  syncrudes  d iscussed  was n e a r  t h e  lower 
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TABLE 4. - Compari&n of syncrudes and distillate fractions from 
multistep and one-steD hvdroaenation of in situ crude 
shale oil 

179 

Mu 1 ti s t ep One- s tep 

Syncrude, volume-percent of in situ crude 
Gravity, API 
Nitrogen, ppm 
Sulfur, ppm 

Butanes and butenes, volume-percent of syncrude 
C5-3%" F naphtha, volume-percent of syncrude 

Gravity, APL 
Nitrogen, ppm 
Sulfur, ppm 

102.99 104.50 

250 225 
43.9 44.6 ,, 

5 6 : 

1.7 2.7 
24.8 26.3 
54.7 53.4 
1 83 
8 3 

350"-550" F light oil, volume-percent of syncrude 48.1 52.7 
Gravity, ' API 41.5 38.5 
Nitrogen, ppm 79 200 
Sulfur, ppm 1 5 

550" F+ heavy oil, volume-percent of syncrude 
Gravity, API 
Nitrogen, ppm 
Sulfur, ppm 

25.4 18.3 
35.6 36.2 
935 513 
9 5 

level of experimental uncertainty. 
ppm, the significance of a few parts per million is doubtful because of difficulty 
in removing hydrogen sulfide and colloidal sulfur. The total nitrogen contents of 
the syncrudes were essentially equal; however. there were substantial differences 
in the distribution of nitrogen in the distillate fractions. 

Although sulfur could be detected down to 0.5 

In table 5, the distribution of nitrogen in the two syncrudes and their dis- 
tillates is sham. Although total nitrogen in the two syncrudes is comparable, it 
is seen that the nitrogen in the one-step syncrude occurs in significantly higher 
concentrations in the heavy naphtha and light oil fractions and in lower concentra- 
tion in the heavy oil fraction in comparison with the multistep syncrude. 

In table 6 the nitrogen distributions as percent of total nitrogen in the syn- 
crudes and their distillates is smarized according to basic and neutral types. 
Almost all (86.5 percent) of the nitrogen in the multistep syncrude appears in the 
heavy oil, but for the one-step syncrude only about half (49.7 percent) appears in 
the corresponding distillate. 
percent of the total nitrogen in the syncrude. 
largely carbazole type in either oil. 
large values for N-H type nitrogen and small values for (e or ,6 unsaturated) pyrro- 
lic-type nitrogen. A predominance of carbazole structures was indicated by mass 
spectrometry in the characterization of the multistep heavy oil ( 3 ) ,  but mass spec- 
trometry was not used in characterization of the one-step syncrude. The fate of 
the neutral nitrogen then appears similar in either multistep or one-step process- 
ing; the neutral type concentrating in the heavy oil while other, more readily 
hydrogenated types react. 

The neutral nitrogen in these heavy oils is about 40 
This neutral nitrogen appears to be 

This can be inferrecl from table 5 by the 

As shown in table 6 the amounts of basic nitrogen (weakly basic plus very 
weakly basic nitrogen) relative t o  the total nitrogen is similar for the two syn- 
crudes, but differs markedly for the corresponding distillate fractions in the two 
oils as does the occurrence of primary and secondary amines. In the multistep 

I 
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TABLE 6 .  - Basic and n e u t r a l  nitrop,en d i s t r i b u t i o n  i n  svncrudes  

and t h e i r  f r a c t i o n s  

Ni t rogen ,  p e r c e n t  
o f  t o t a l  i n  syncrude 

T o t a l  Basic  N e u t r a l  IO, 110 a m i n e s l l  

Syncrude?/ 
Sync rud e21 

100 60.0 40.0 
100 64.4 35.6 

Light  naphth&./ 0 0 0 
L i g h t  naphtha21 0 0 0 

Heavy n a p h t h a 1  0 0 0 
Heavy naphtha21 10.6 10.5 0.1 

L i g h t  o i l /  13 .5  13.5 0 
L i g h t  o i l 2 1  39.7 34.9 4.8 

Heavy o i l? /  86.5 42.9 43.6 
Heavy o i l 2 1  49.7 12.9 36.8 

0 
3.5 

0 
0 

0 
2.2 

0 
2.0 

0 
0 

- 11 - 2 1  M u l t i s t e p .  
- 31 One-step. 

syncrude,  t h e  weakly b a s i c  n i t r o g e n  compound t y p e s  were shown t o  be  l a r g e l y  p y r i -  
d i n e s ,  and t h e  v e r y  weakly b a s i c  n i t r o g e n  compound t y p e s  were shown t o  be  l a r g e l y  
p y r r o l e s  and i n d o l e s  by a combinat ion of techniques  i n c l u d i n g  m a s s  spec t romet ry .  
Although mass spec t romet ry  w a s  n o t  used i n  c h a r a c t e r i z a t i o n  of t h e  one-s tep  syn- 
c rude ,  t h e  compound t y p e s  are probably  similar.  

I" and 11" amines inc luded  i n  b a s i c  n i t r o g e n .  

Presence o f  l a r g e  amounts o f  n i t r o g e n  i n  t h e  l i g h t  o i l  and heavy naphtha  of 
t h e  one-step syncrude can  b e  a t t r i b u t e d  t o  hydrocracking  and thermal  c r a c k i n g  r e a c -  
t i o n s  i n  t h e  heavy o i l  and r e s i d u a l  p o r t i o n s  of  t h e  c rude .  Bui ldup of n i t r o g e n  
compounds i n  t h e  l i g h t e r  o i l  p r o d u c t s  from heavy o i l  hydrogenat ion  i n  t h e  m u l t i s t e p  
syncrude  product ion  w a s  observed i n  e a r l i e r  work ( 3 ) .  T h i s  l i g h t e r  o i l  produced 
from t h e  heavy o i l  hydrogenat ion  i s  t h e n  hydrogenated i n  t h e  v a r i o u s  l i g h t e r  o i l  
r e a c t o r s  i n  t h e  m u l t i s t e p  p r o c e s s  (2) .  The b a s i c  types  are r e a d i l y  conver ted  t o  
ammonia a s  found by o t h e r s  (4, 12)  and as evidenced by t h e  r e l a t i v e l y  mi ld  condi -  
t i o n s  r e q u i r e d  t o  reduce  t h e  n i t r o g e n  conten t  i n  t h e  f r a c t i o n s  b o i l i n g  below 550' F 
t o  t h e  low v a l u e s  i n  t a b l e  6 ( 2 ) .  

The occurrence  o f  s m a l l  amounts of pr imary and secondary amines i n  both  t h e  
heavy naphtha and l i g h t  o i l  f r a c t i o n s  from t h e  one-s tep  syncrude is c o n s i s t a n t  w i t h  
t h e  work o f  Brown (11) who found a n i l i n e s  made up n e a r l y  o n e - t h i r d  of t h e  tar b a s e s  
from a r e c y c l e ,  hydrocracked s h a l e - o i l  naphtha.  None o f  t h e s e  amines were found 
i n  t h e  m u l t i s t e p  syncrude product  a l though a n i l i n e s  were i d e n t i f i e d  in i n t e r m e d i a t e  
f r a c t i o n s  ( l i g h t  o i l  products  from t h e  heavy o i l  hydrogenat ion  u n i t ) .  I n  t h e  m u l t i -  
s t e p  process  t h e s e  amines a r e  removed r e a d i l y  i n  t h e  l i g h t e r  o i l  r e a c t o r s  as  p a r t  
of t h e  b a s i c  t y p e s  which were d i s c u s s e d  i n  g e n e r a l  e a r l i e r .  

SUMMARY 

T o t a l  c rude  s h a l e  o i l  produced by underground combustion r e t o r t i n g  was hydro- 
gena ted  i n  one s t e p  o v e r  a nickel-molybdenum c a t a l y s t  a t  a n  o p e r a t i o n  tempera ture  
of  815" F, a n  o p e r a t i n g  p r e s s u r e  o f  1 ,500 p s i g ,  and a space  v e l o c i t y  of  0.7 
W,/Wc/hr. 
one-s tep  syncrude ,  c o n t a i n i n g  225 ppm t o t a l  n i t r o g e n  was a t t a i n e d .  

A high  y i e l d  (104.5 volume-percent)  o f  s y n t h e t i c  c r u d e  o i l ,  c a l l e d  a 
Hydrogen 

'? 
I 

I 



consumption was 1,475 s c f / b b l .  A combinat ion o f  microcoulometry,  nonaqueous poten-  
t i o m e t r i c  t i t r a t i o n ,  c o l o r i m e t r y ,  and i n f r a r e d  spec t roscopy was used t o  de te rmine  
t h e  amounts and t y p e s  of n i t r o g e n  compounds p r e s e n t  i n  t h e  syncrude and i t s  v a r i o u s  
d i s t i l l a t e  f r a c t i o n s .  

L ight  naphtha comprised 3.2 p e r c e n t  o f  t h e  syncrude and conta ined  no n i t r o g e n .  
Heavy naphtha comprised 23 p e r c e n t  o f  t h e  syncrude and c o n t a i n e d  83 ppm n i t r o g e n .  
The l i g h t  o i l  comprised 53 p e r c e n t  o f  t h e  syncrude and c o n t a i n e d  200 ppm n i t r o g e n ,  
and t h e  heavy o i l  comprised 18 p e r c e n t  of t h e  syncrude and conta ined  513 ppm n i t r o -  
gen. 

The n i t r o g e n  compounds i n  t h e  naphtha were shown t o  be  95 p e r c e n t  weak base  
of  which 6 percent  were pr imary  and secondary amine t y p e s ,  4 p e r c e n t  v e r y  weak 
b a s e ,  and 1 p e r c e n t  n e u t r a l  compounds. Ni t rogen  compounds i n  t h e  l i g h t  o i l  were 
shown t o  be  80 percent  weak b a s e  o f  which 5 p e r c e n t  were pr imary and secondary 
amine t y p e s ,  8 p e r c e n t  very  weak base ,  and 12 p e r c e n t  n e u t r a l  compounds. The 
n i t r o g e n  compounds i n  t h e  heavy o i l  were shown t o  be  14 p e r c e n t  weak b a s e ,  12 per -  
c e n t  v e r y  weak b a s e ,  and 74 p e r c e n t  n e u t r a l  compounds. More t h a n  80 p e r c e n t  o f  
t h e  n e u t r a l  compounds were l a r g e l y  c a r b a z o l e  t y p e s .  

The one-s tep  syncrude produced i n  t h i s  work was compared w i t h  a m u l t i s t e p  
syncrude  o f  comparable t o t a l  n i t r o g e n  c o n t e n t  and b a s i c  and n e u t r a l  n i t r o g e n  com- 
pound-type c o n t e n t  produced e a r l i e r  by a p r o c e s s  suggested by t h e  NPC. These syn- 
c r u d e s  conta ined  comparable  amounts o f  n e u t r a l  n i t r o g e n - t y p e  compounds i n  t h e i r  
heavy o i l  f r a c t i o n s .  Basic n i t r o g e n - t y p e  compounds i n  t h e  one-s tep  s y n c r d e  weie  
d i s c r i b u t e d  in much l a r g e r  amounts i n  t h e  l i g h t  o i l  and heavy naphtha f r a c t i o n s  
t h a n  i n  t h e  cor responding  m u l t i s t e p  syncrude  f r a c t i o n s .  There w a s  no n i t r o g e n  i n  
e i t h e r  of  t h e  l i g h t  naphtha f r a c t i o n s .  The d i s t r i b u t i o n  o f  b a s i c  n i t r o g e n  i n t o  t h e  
lower b o i l i n g  syncrude f r a c t i o n s  i s  i n t e r p r e t e d  as a consequence of c r a c k i n g  o f  t h e  
heavy o i l  and r e s i d u a l  p o r t i o n s  o f  t h e  c rude  o i l  s u b j e c t e d  t o  t h e  one-s tep  process .  
The b a s i c  c racking  products  are r e a d i l y  d e n i t r i f i e d  i n  t h e  l i g h t e r  o i l  r e a c t o r s  i n  
t h e  m u l t i s t e p  process .  
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