
O I L  DEGRADATION DURING O I L  SHALE RETORTING* 

J. H. Raley and R. L. Braun 

Lawrence Livermore Laboratory,  Univers i ty  of C a l i f o r n i a  
Livermore, C a l i f o r n i a  94550 

INTRODUCTION 

The Lawrence Livermore Laboratory is doing r e t o r t i n g  r e s e a r c h  t o  suppor t  t h e  
development of modif ied i n  s i t u  processes  f o r  product ion  o f  o i l  from o i l  s h a l e  such 
as t h a t  descr ibed  by L e w i s  and Rothman (1). Mathematical modeling s t u d i e s  ( 2 , 3 )  
of i n  s i t u  r e t o r t i n g  i n d i c a t e  t h a t  t h e  heat-up time f o r  a s h a l e  p a r t i c l e  can range 
from hours  (combustion r e t o r t i n g )  t o  months (hot  gas  r e t o r t i n g ) .  A r e c e n t  s tudy  
a t  t h i s  Laboratory (4) repor ted  t h e  o i l  y i e l d s  from powdered Colorado s h a l e  
subjec ted  t o  a wide v a r i e t y  of  thermal  h i s t o r i e s .  T h i s  s tudy  demonstrated t h a t  t h e  
o i l  y i e l d  from powdered s h a l e  i s  p r i m a r i l y  determined by t h e  amount of  decomposition 
of t h e  l i b e r a t e d  o i l .  The present  work s u p p l i e s  f u r t h e r  d a t a  i n  suppor t  of  t h i s  
conclusion.  Also,  maximum r a t e s  f o r  t h e  thermal  decomposition of  s h a l e  o i l  a r e  
es t imated  and compared w i t h  p y r o l y s i s  r a t e s  f o r  petroleum f r a c t i o n s .  

EXPERIMENTAL 

Deta i led  d e s c r i p t i o n s  o f  t h e  92 Illtonne (22 g a l / t o n )  s h a l e  sample and of t h e  
r e t o r t i n g  appara tus  and method have been given previous ly  (4) .  
procedure t h e  temperature  of  t h e  powdered (<800 Um; ca .  95 g) s h a l e  was r a i s e d  a t  
1Z0C/rnin (F ischer  assay  schedule)  from ambient t o  t h e  s e l e c t e d  l e v e l  and held 
c o n s t a n t  f o r  a per iod  ranging  from 2 t o  800 h r  ( 3 3  days) .  A t  t h e  end of t h e  
i so thermal  per iod  t h e  temperature  w a s  i n c r e a s e d ,  a g a i n  a t  1Z0C/rnin, t o  500'C and 
f i n a l l y  held t h e r e  f o r  40 min. 
(condensable  a t  0°C) by t h i s  procedure w a s  compared w i t h  t h e  assay v a l u e  obta ined  
by r a i s i n g  t h e  temperature  of an i d e n t i c a l  sample from ambient t o  500'C wi thout  
i n t e r r u p t i o n ,  fol lowed by t h e  f i n a l  40 min per iod .  This  method, t h e n ,  g i v e s  a 
d i r e c t  measure of  t h e  e f f e c t  on y i e l d  of t h e  i so thermal  holding per iod .  I so thermal  
temperatures  covered t h e  range from 150 t o  450°C. 
e v o l u t i o n  from t h e  r e t o r t  a t  65 t o  100 kPa ( 2 / 3  t o  1 atm) r e s u l t e d  only  from t h a t  
generated by t h e  s h a l e  (autogenous atmosphere) .  In t h e  o t h e r  set, a f low of 
n i t r o g e n  a t  1 a t m  w a s  passed through t h e  v e s s e l  dur ing  t h e  e n t i r e  experiment. 

RESULTS 

I n  t h e  r e t o r t i n g  

The weight  f r a c t i o n  of  s h a l e  converted t o  o i l  

I n  one set of  experiments  gas  

The e f f e c t  on  o i l  y i e l d  of i so thermal  hold ing  per iods  of  8 ,  8 0 ,  and 800 h r  
a t  150 t o  45OoC i s  shown in Figure  1 f o r  t h e  autogenous atmosphere experiments .  
Yie lds  r e l a t i v e  t o  assay  p a s s  through minima of 8 1  t o  92% a t  350 t o  400"C, 
depending on t h e  l e n g t h  of t h e  i so thermal  hold ing  per iod .  I n  F i g u r e  2 t h e  l o s s  i n  
o i l  y i e l d  i s  p l o t t e d  a g a i n s t  t h e  amount of  o i l  c o l l e c t e d  dur ing  t h e  i so thermal  
p e r i o d ,  expressed as a f r a c t i o n  of t h e  t o t a l  o i l  c o l l e c t e d  over  t h e  e n t i r e  
experiment. The d i r e c t  r e l a t i o n s h i p  shown between y i e l d  l o s s  and o i l  produced 
d u r i n g  t h e  i s o t h e r m a l  holding per iod  was observed f o r  holding tempera tures  of  
300 t o  375°C. 
temperatures  because of  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  t h e  o i l  produced i so thermal ly  
from t h e  l a r g e  amount formed before  t h e  hold ing  temperature  was a t t a i n e d .  

This  r e l a t i o n s h i p  could n o t  be  followed t o  h i g h e r  hold ing  

*This work w a s  performed under t h e  a u s p i c e s  of  t h e  U.S. Energy Research and 
Development Adminis t ra t ion  under c o n t r a c t  No. W-7405-Eng-48. 
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Addit ion of  n i t r o g e n  f low through t h e  r e t o r t  reduces o r  e l i m i n a t e s  y i e l d  loss .  
F igure  3 i l l u s t r a t e s  t h i s  e f f e c t  i n  terms of  n i t r o g e n  space  v e l o c i t y  o r  sweep r a t e ,  
i .e . ,  r e t o r t  vapor  volumes p e r  min f o r  t h e  g iven  hold ing  temperatures  and per iods.  
The s l o p e s  of  t h e s e  c u r v e s  over  the  0 t o  5 sweep r a t e  range  (A yield/A sweep r a t e )  
are a l s o  d i r e c t l y  r e l a t e d  t o  t h e  q u a n t i t i e s  o f  o i l  produced dur ing  t h e  i so thermal  
per iods  i n  t h e  non-sweep experiments  (Figure 4 ) .  

Both o b s e r v a t i o n s  suppor t  t h e  conclus ion  t h a t  y i e l d  l o s s  from powdered s h a l e  
is due t o  degrada t ion  of  o i l  a f t e r  i t s  release from t h e  s h a l e  and w h i l e  a t  h igh  
temperature  i n  t h e  r e t o r t .  
a n  i so thermal  per iod  reduces  t h e  rate of o i l  and gas  formation.  
f o r c e s  t o  remove o i l  from t h e  r e t o r t  - g a s  e v o l u t i o n  and o i l  v a p o r i z a t i o n  - a r e  
reduced cor respondingly ,  r e s i d e n c e  t imes lengthened and o i l  degrada t ion  increased.  
Therefore ,  a d i r e c t  r e l a t i o n s h i p  between y i e l d  l o s s  and amount of  o i l  formed during 
t h e  i so thermal  p e r i o d  i s  t h e  expected r e s u l t .  S i m i l a r l y ,  t h e  e x t e n t  of reduct ion  
i n  y i e l d  l o s s  by t h e  sweep g a s  should be r e l a t e d  d i r e c t l y  t o  t h e  q u a n t i t y  of extra-  
p a r t i c l e  o i l  t h a t  o therwise  would have a long  r e s i d e n c e  time i n  t h e  r e t o r t  f o r  
degrada t ion  t o  proceed.  A s  noted  e a r l i e r  ( 4 ) ,  t h i s  degrada t ion  produces mainly a 
carbonaceous r e s i d u e  ("char") p l u s  some gas .  

OIL DEGRADATION RATE 

I n t e r r u p t i o n  of a r a p i d  rise i n  s h a l e  temperature  by 
Autogenous dr iving 

The r a t e s  of  o i l  degrada t ion  a t  350 and 375°C can b e  es t imated  from t h e  
y i e l d s  under autogenous atmosphere,  t h e  amounts of  o i l  c o l l e c t e d  dur ing  t h e  
i so thermal  hold ing  t i m e s ,  and t h e  v o l a t i l i t y  of t h e  o i l  produced from t h e  a s s a y  
heat-up schedule .  

The r a t e  of  i s o t h e r m a l  o i l  formation (R ) i s  g iven  by 1 

where k l  i s  t h e  f i r s t  o r d e r  r a t e  cons tan t  f o r  o i l  formation and xo i s  t h e  mass of 
o i l  formed d u r i n g  t h e  i s o t h e r m a l  per iod ,  t f .  To c a l c u l a t e  t h e  rate of o i l  
degrada t ion  (RZ), two regimes c a n  be d i s t i n g u i s h e d  conceptua l ly .  In t h e  f i r s t  
regime, R 1  is r a p i d  a n d  R2 w i l l  b e  e s s e n t i a l l y  c o n s t a n t ,  given by 

R 2 = k y  2 0 '  2) 

where k2 i s  t h e  f i r s t  o r d e r  r a t e  cons tan t  f o r  o i l  degrada t ion  and yo i s  t h e  
c o n s t a n t  mass of o i l  in t h e  r e t o r t .  
decreased t o  t h e  v a l u e  of k2y0, R2 can be  approximated by R1.  

I n  t h e  second regime, which begins  when R 1  has 
That  i s ,  

-k t. R 2 = k x e  l o  1 3) 

L e t  te be t h e  t i m e  a t  which R 
as 

= kZyo. Then from Equat ion 3,  t can be  expressed 1 

The f r a c t i o n  of o i l  degraded dur ing  tf is  then  given by 
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This  approxina t ion  n e g l e c t s  t h e  s m a l l  amount o f  o i l  i n  t h e  r e t o r t  which i s  degraded 
a f t e r  o i l  formation becomes impercept ib le .  I n t e g r a t i o n  o f  Equat ion 5 g ives  

With known v a l u e s  f o r  a ,  k l ,  t f ,  xo,  and yo (der ived  i n  t h e  Appendix), 
Equat ions 4 and 6 can b e  so lved  f o r  te and k2 by a series of approximations.  The 
r e s u l t s  a r e  summarized in Table  1. It should be  noted t h a t  e s t i m a t i o n  of yo from 
s imula ted  d i s t i l l a t i o n  a n a l y s i s  i n v o l v e s  t h e  assumption t h a t  o i l  e x i s t s  in t h e  
r e t o r t  only a s  vapor and spray ,  n o t  a s  a d i s c r e t e  l i q u i d  phase. 
appears  j u s t i f i e d  under condi t ions  of r a p i d  o i l  and gas  genera t ion ,  as i s  t h e  c a s e  
of a Fischer  assay  h e a t i n g  schedule  ( t o  50OoC i n  1 h r ) .  
y i e l d  from t h i s  appara tus  t h a t  permits  downflow escape  of  l i q u i d  o i l  i s  i d e n t i c a l  
wi th  t h a t  from a F i s c h e r  Assay appara tus ,  which a l lows  only  upflow escape  (4) .  
a d i s c r e t e  l i q u i d  phase e x i s t s  and f lows from t h e  r e t o r t  more s lowly than  t h e  s p r a y ,  
t h e  est imated v a l u e  of yo i s  low and t h a t  of k2 correspondingly h igh .  

This  assumption 

Under t h e s e  c o n d i t i o n s ,  

I f  

Table  1: Values f o r  CL, kl, t f ,  te, xo,  yo, and k2 

350°C 375OC 

CL 0.180 0.190 0.162 

k1(1~-5s-1) (5)  0.72 0.76 4 .0  

t f  ( 1 0 ~ 4  28.8 28.8 2.88 

t e ( 1 ~ 5 s )  4.35 4.03 0.818 

x,(g) 7.5936 8.0426 7.6580 

Yo (8) 0.0560 0.0560 0.0532 

k, (10-5s-1) 4.3 5 . 1  22.0 

Using t h e  mean v a l u e  of k2 a t  35OoC, t h e  rate c o n s t a n t  can b e  expressed a s :  

A s  shown i n  Table  2 ,  t h e  v a l u e s  f o r  k2 a t  350 and 375OC a r e  s u b s t a n t i a l l y  

A s  noted above,  t h e  method used t o  e s t i m a t e  k 
h i g h e r  than  t h e  ra te  c o n s t a n t s  f o r  p y r o l y s i s  of kerogen t o  o i l  and f o r  thermal  
c racking  of petroleum f r a c t i o n s .  
g ives  maxima va lues .  On t h e  o t h e r  hand, t h e  h igh  o l e f i n  and heteroatom c o n t e n t s  
of s h a l e  o i l  (8) would be expected t o  impart  thermal  i n s t a b i l i t y ,  e s p e c i a l l y  w i t h  
r e s p e c t  t o  condensat ion o r  polymerizat ion processes .  Such r e a c t i o n s  of  s h a l e  o i l  
have been proposed previous ly  (9)  and have been observed i n  a c losed  v e s s e l  (10 ) .  

2 
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Table 2 :  P y r o l y s i s  Rate Cons tan ts  

k2 a t  350'C k2 a t  375'C Act iva t ion  
energy 

s-l ) s-l) (kcal/mole) 

Shale  O i l  -t G a s  + Char 4.7 
Kerogen + O i l  (5) + G a s  -I- Char 0.74 
Asphal t  (6)  1 . 6  
C a l i f o r n i a  Petroleum (7)  

22.0 49.4 
4.0 54.0 
7.6 49.7 

0 .25  1 . 6  59.2 

0.28 1 . 7  57.5 

- 
a )  M r e p r e s e n t s  t h e  a v e r a g e  molecular  weight  o f  t h e  d i s t i l l e d  f r a c t i o n .  The 

va lue  o f  E f o r  a s s a y  s h a l e  o i l  i n  o u r  experiments  i s  about 330 (see  
Appendix), 

b )  Conversion t o  lower b o i l i n g  products  only.  

c )  Conversion t o  lower  and h igher  b o i l i n g  products .  

CONCLUSIONS 

Further  evidence is  suppl ied  t o  show t h a t  t h e  o i l  y i e l d  from r e t o r t i n g  
powdered Colorado o i l  s h a l e  i s  p r i m a r i l y  determined by t h e  e x t e n t  of decomposition 
of t h e  l i b e r a t e d  o i l .  Yie ld  l o s s e s  occasioned by i n t e r r u p t i n g  a r a p i d  s h a l e  
h e a t i n g  schedule  w i t h  i s o t h e r m a l  hold ing  p e r i o d s  are d i r e c t l y  r e l a t e d  t o  t h e  
amounts of o i l  produced d u r i n g  t h e  holding p e r i o d s .  
r e l a t e d  d i r e c t l y  t o  t h e  i n e r t  gas  f low rates r e q u i r e d  t o  raise t h e  y i e l d s  t o  t h e  
assay  value.  The e s t i m a t e d  maximum f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  thermal 
decomposition of t h e  o i l  t o  char  and gas  i s  g iven  by: k2 = 1.00 x 
O i l  from Colorado s h a l e  a p p a r e n t l y  is more thermal ly  u n s t a b l e  than  v i r g i n  
petroleum f r a c t i o n s .  
o i l  thermal degrada t ion .  

These amounts are a l s o  

e-49,400/RT- 

A d d i t i o n a l  experimental  d a t a  a r e  needed on t h e  r a t e  of  s h a l e  
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APPENDIX 

Values of a, kl, t f ,  xo and yo f o r  Table  1 

The va lues  of a and t f ,  t h e  l a t te r  corresponding t o  8 0 0  o r  8 0  h r ,  were 
r e p o r t e d  e a r l i e r  ( 4 ) .  

With the assumption t h a t  a l l  o i l  degrada t ion  occurs  dur ing  t h e  isothermal  
per iod ,  t f ,  and s i n c e  no o i l  w a s  c o l l e c t e d  i n  t h e  r e c e i v e r  a f t e r  t f ,  

where XA i s  t h e  mass of o i l  ob ta ined  by assay  and x i  is t h e  mass of  o i l  c o l l e c t e d  
b e f o r e  t f .  S i m i l a r l y ,  

where xf is t h e  mass of o i l  c o l l e c t e d  dur ing  tf and x t  i s  t h e  mass o f  o i l  
c o l l e c t e d  dur ing  t h e  e n t i r e  experiment. The mass of o i l  degraded,  Xd, then  is:  

Xd = xo - Xf 

and 

The experimental  v a l u e s  of t h e s e  q u a n t i t i e s  are ( 4 , l l )  given i n  Table  3 .  

Table 3 :  Values of  a and O i l  Masses Col lec ted  

91.8983 
8 .407  
7 .7259 

0 . 1 3 2 3  

7 . 5 9 3 6  

6 .3561 

6 .2238 

0 . 1 8 0  

35OoC 

96 .7522 
8.407 
8 . 1 3 4 0  

0 . 0 9 1 4  

8 .0426 

6 . 6 1 0 0  

6 .5186 

0 . 1 9 0  

375OC 

93.1773 
8.407 
7 .8334 

0 .1754 

7 . 6 5 8 0  

6 . 5 9 4 2  

6 .4188 

0.162 

A s  noted i n  t h e  t e x t ,  t h e  mass of f r e e  o i l  i n  t h e  r e t o r t ,  yo ,  i s  assumed t o  
c o n s i s t  only of vapor and spray .  
from t h e  equi l ibr ium f l a s h  v a p o r i z a t i o n  (EFV) curve  which, i n  t u r n ,  can  be  r e l a t e d  
t o  t h e  molecular  weight d i s t r i b u t i o n .  The EFV curve w a s  cons t ruc ted  ( 1 2 )  from t h e  
gas  chromatographic s imulated d i s t i l l a t i o n  d a t a  ( 1 3 )  f o r  o i l  produced under assay  
condi t ions  (F igure  5 ) .  The molecular  weight  s c a l e  i n  F igure  5 is based on t h e  
r e l a t i o n s h i p  between molecular  weight and b o i l i n g  p o i n t  of n - p a r a f f i n s  c o r r e c t e d  

The f r a c t i o n  of o i l  vaporized can b e  es t imated  
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f o r  the lower v o l a t i l i t y  o f  u n s a t u r a t e d  components. 
t aken  from t h e  r a t i o  of t h e  average  molecular  weight of  t h e  388 M f r a c t i o n  of  
C a l i f o r n i a  petroleum t o  421, t h e  average  molecular  weight of  t h e  s a t u r a t e s  
contained t h e r e i n  ( 7 ) .  

The c o r r e c t i o n  f a c t o r  was 

The mass o f  f r e e  o i l  i n  t h e  r e t o r t  i s  

Y, = mv + ma, 

where % i s  t h e  mass of o i l  vapor i n  t h e  r e t o r t  and m a  i s  t h e  mass of o i l  l i q u i d  
as spray in t h e  r e t o r t .  
r e l a t i o n s h i p s .  F i r s t ,  t h e  number of moles of o i l  vapor  i n  t h e  r e t o r t  i s  

The q u a n t i t i e s  % and m a  a r e  c a l c u l a t e d  by t h e  fo l lowing  

m 
n = -  

Mv ’ 

where Mv i s  t h e  molecular  weight taken from t h e  EFV curve  (F igure  5) a t  t h e  
a p p r o p r i a t e  temperature .  Second, t h e  number of moles o f  co-produced non- 
condensable gas i n  t h e  r e t o r t  i s  

0.22(mv + ma) 

2 1  n =  
g 

This  equat ion i s  based on t h e  exper imenta l ly  determined r a t i o  of  t h e  mass 
product ion r a t e  of non-condensable gas t o  t h a t  of  o i l ,  which i s  0.22, and t h e  gas  
molecular  weight o f  2 1  (11) .  Thi rd ,  t h e  t o t a l  number of  moles o f  o i l  vapor  and 
non-condensable gas  in t h e  r e t o r t  i s  c a l c u l a t e d  f r o m  t h e  i d e a l  g a s  law f o r  t h e  
measured r e t o r t  f r e e  volume of 35.1 cm3: 

35.1 n + n  = 
(22400)  (&) 

F i n a l l y ,  t h e  f r a c t i o n  of  o i l  i n  t h e  vapor  s t a t e ,  taken from t h e  EFV curve ,  i s  

m 
f =v 
v mv + m a  

Combining t h e  above e q u a t i o n s  y i e l d s  t h e  d e s i r e d  express ion  f o r  t h e  mass of  f r e e  
o i l  i n  t h e  r e t o r t :  

Values of yo c a l c u l a t e d  from t h e s e  r e l a t i o n s h i p s  a r e  given i n  Table  1. 

i4.2 
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