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INTRODUCTION 

Alkene/alkane r a t i o s  have been used e x t e n s i v e l y  as i n d i c a t o r s  o f  o i l - s h a l e  
r e t o r t i n g  cond i t i ons .  
which r e l a t e s  the ethene/ethane r a t i o  t o  t h e  r e t o r t i n g  temperature. 
coworkers developed r e l a t i o n s h i p s  between ethene/ethane and propene/propane 
r a t i o s  (2),  C7 t o  C12 1-alkene/n-alkane r a t i o s  ( 3 ) ,  and t o t a l  1-,alkene/alkane 
r a t i o s  (4) and the  l o g a r i t h m  o f  the hea t ing  r a t e  du r ing  r e t o r t i n g .  Raley (5) 
developed a r e l a t i o n s h i p  between the  ethene/ethane and propene/propane r a t i o s  and 
the y i e l d  loss i n  t h e  L ivermore combustion r e t o r t s .  
demonstrated the  dependence o f  t he  C p  t o  C alkene/alkane r a t i o s  on t h e  
presence o f  oxygen d u r i n g  r e t o r t i n g .  
ethene/ethane r a t i o  t o  t h e  temperature a t  which shale o i l  c rack ing  occurs. 

The purpose o f  t h e  work repo r ted  here i s  t o  c l a r i f y  t h e  r e a c t i o n  mechanisms 
which determine the observed alkene/alkane r a t i o s  under var ious cond i t i ons .  When 
o i l  shale i s  pyro lyzed e i t h e r  i s o t h e r m a l l y  or nonisothermal ly ,  t h e  hydrocarbon and 
hydrogen, concen t ra t i ons  are a1 1 time-dependent. To determine i f  the alkene-alkane- 
hydrogen system i s  i n  e q u i l i b r i u m ,  we have measured t h e  C 1  t o  C3 hydrocarbons 
and hydrogen as a f u n c t i o n  o f  t ime f o r  o i l  shale heated a t  a constant  r a t e .  We 
have also determined t h e  e f f e c t  o f  an i n e r t  sweep gas on t h e  time-dependent 
ethene/ethane and propene/propane r a t i o s  and t h e  i n t e g r a l  1-alkene/n-alkane r a t i o s  
i n  the o i l .  
equ i l i b r i um.  We i n t e r p r e t  our r e s u l t s  i n  terms o f  a nonequ i l i b r i um f r e e  r a d i c a l  
mechanism proposed by Ra ley  (8 ) .  

Py ro l ys i s  o f  b o t h  kerogen and sha le  o i l  i s  b a s i c a l l y  a process o f  break ing 
l a r g e r  molecules i n t o  sma l le r  molecules. For the alkene-alkane-hydrogen system t o  
be i n  equ i l i b r i um,  t h e  r e a c t i o n s  which l ead  t o  e q u i l i b r i u m  must be f a s t e r  than 
those which produce t h e  sma l le r  molecular  fragments. 
s a t i s f i e d .  t he  ethene/ethane r a t i o  must s a t i s f v  t h e  c o n d i t i o n  

Jacobson, Decora and Cook (1) developed a " r e t o r t i n g  index" 
Campbell and 

Uden and co-workers (6) 

F inaqly ,  Burnham (7)  r e l a t e d  t h e  

We demonstrate t h a t  t he  C Z H ~ - C ~ H ~ - H ~  system i s  not i n  thermal 

For e q u i l i b r i u m  t o  be 

The enthalpy change o f  34 kcal /mole (9 )  f o r  t h e  CpH4 p lus  HE r e a c t i o n  
requ i res  t h a t  t he  ethene/ethane r a t i o  be a f u n c t i o n  o f  temperature w i t h  o t h e r  
cond i t i ons  constant. S ince t h e  e q u i l i b r i u m  express ion has u n i t s  o f  r e c i p r o c a l  
pressure, t h e  ethene/ethane r a t i o  should be p r o p o r t i o n a l  t o  the  amount o f  i n e r t  
d i l u e n t  if the system i s  a t  o r  near e q u i l i b r i u m .  

From a more genera l  v iewpoint ,  an alkene/alkane r a t i o  i s  determined by t h e  
r e l a t i v e  r a t e s  o f  p r o d u c t i o n  o f  t he  alkene and alkane. I n  t h e  p y r o l y s i s  o f  alkane 
mo ie t i es  v i a  a f r e e - r a d i c a l  c rack ing  mechanism, alkenes are formed b y  unimolecular  
decomposition o f  f r e e  r a d i c a l s ,  and alkanes a r e  formed by the  f r e e  r a d i c a l  
a b s t r a c t i n g  a hydrogen from another source. 
decomposition of p r i m a r y  r a d i c a l s  ( i n c l u d i n g  e t h y l ) ,  i.e., 
* 

For example, ethene i s  formed f r o m  the  
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R-C-C. -+ R. + C=C 

C-C. + H. + C=C 
and 

Ethane forms frm e t h y l  by hydrogen abs t rac t i on ,  i.e., 

C-C. + R + C-C + R. 

S im i la r l y ,  propene forms from decomposition o f  secondary f r e e  r a d i c a l s  and p ropy l  
w h i l e  propane forms from p ropy l  by hydrogen abs t rac t i on .  

The f r e e  r a d i c a l  hypothesis leads t o  two i n t e r e s t i n g  p r e d i c t i o n s :  

( a )  
s ince alkene fo rma t ion  i s  a un imolecular  r e a c t i o n  and alkane fo rma t ion  i s  
a b imolecular  reac t i on .  

(b) The alkene/alkane r a t i o s  should depend on r e t o r t i n g  temperature 
because the  a c t i v a t i o n  energies f o r  alkene fo rma t ion  are g rea te r  than t h e  
a c t i v a t i o n  energies f o r  alkane format ion.  

The alkene/alkane r a t i o s  should depend on t o t a l  organic  concen t ra t i on  

Therefore, both t h e  e q u i l i b r i u m  and f r e e - r a d i c a l  hypotheses. p r e d i c t  t h a t  t h e  
ethene/ethane r a t i o  should depend on p y r o l y s i s  temperature and i n e r t  d i l u e n t .  
However, t he  p r e d i c t i o n s  are q u a n t i t a t i v e l y  d i f f e r e n t  and can be tes ted .  

EXPERIMENTAL 

The o i l  shale used i n  these experiments was a 22 g a l / t o n  sample o f  A n v i l  Po in ts  
shale which was ground and sieved t o  c0.84 mn. 
i n  a s ta in less  s t e e l  can which had a porous f r i t  i n  t h e  bottom t o  a l l ow  gas and o i l  
t o  escape. 
programnable furnace. A constant  f low o f  N2 or A r  entered the  system e i t h e r  near 
the  bottom o f  t h e  sample can or through the  top  o f  t he  sample can. The former 
c o n f i g u r a t i o n  caused the r e t o r t i n g  t o  occur under autogenous cond i t i ons  ( a  
se l f -generated atmosphere). 
d i r e c t l y  through the sample. 
chromatograph. HE, N2, and CO were detected by a thermal c o n d u c t i v i t y  gas 
chromatograph. I c e  water and d r y  ice- isopropanol  t r a p s  preceded t h e  chromatographs. 

RESULTS 

A l i q u o t s  from 14 t o  40 g were he ld  

The sample was heated a t  a constant  r a t e  o f  1.0 o r  l.5oC/min i n  a 

The l a t t e r  c o n f i g u r a t i o n  caused t h e  sweep gas t o  pass 
Hydrocarbons were detected by a f lame i o n i z a t i o n  gas 

I 
i 
f 

The r a t e  o f  ethene and ethane evo lu t i on ,  ethene/ethane r a t i o  and hydrogen 
p a r t i a l  pressure ( r e l a t i v e  e v o l u t i o n  r a t e  o f  hydrogen t o  t o t a l  gas) a re  shown i n  
F igu re  1 f o r  o i l  shale heated a t  l.5oC/min under an autogenous atmosphere. The 
ethene/ethane r a t i o  reaches a f i r s t  minimum be fo re  the  peak C2 e v o l u t i o n  r a t e .  
I t  then increases s l i g h t l y  before reaching a second minimum about 540OC. More 
pronounced r e s u l t s  f o r  the propene/propane r a t i o  a t  1°C/min a re  shown i n  F igu re  
2. We are able t o  combine t h e  ethene/ethane r a t i o s  w i t h  the  hydrogen p a r t i a l  
pressures t o  demonstrate t h a t  t he  ethene-H ethane system i s  f a r  from thermal 
e q u i l i b r i u m  under these cond i t i ons  (typica?;y 100 t imes too  much ethene). 

requi red.  
To form an alkane by the  f r e e - r a d i c a l  mechanism, t h e r e  must be a source o f  

r e a c t i v e  hydrogen. 
increase cont inuously  w i t h  temperature. However, t he  composit ions o f  the gas and 
t h e  s o l i d  are con t inuous ly  changing which makes t h e  problem more d i f f i c u l t .  
f i r s t  minimum i n  the ethene/ethane r a t i o  occurs p r i o r  t o  the  maximum i n  o i l  

i 
P 
, 

I Therefore a nonequ i l i b r i um exp lana t ion  o f  t he  observed alkene/alkane r a t i o s  i s  

If t h i s  source i s  constant, t h e  ethene/ethane r a t i o  would 

The 
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e v o l u t i o n  b u t  near the temperature o f  a maximum i n  H S evo lu t i on  (10) .  H2S i s  
a good donor of hydrogen t o  f r e e  r a d i c a l s  (11). Pertaps t h e  second ethene/ethane 
minimum occurs because o f  a new source of r e a c t i v e  hydrogen i n  t h e  char. The 
maximum r a t e  of H2 e v o l u t i o n  f rom secondary char p y r o l y s i s  ( 2 )  occurs a t  about 
t h e  same temperature as t h e  second minimum observed i n  the alkene/alkane r a t i o s .  

increased by t h e  a d d i t i o n  o f  i n e r t  d i l u e n t .  
F igu re  3. The a d d i t i o n  o f  an i n e r t  sweep causes bo th  the  instantaneous values 
above 450% and the  i n t e g r a l  va lues o f  the ethene/ethane r a t i o  t o  increase. The 
i n t e g r a l  value of t h e  ethene/ethane r a t i o  increased f rom 0.21 under autogenous 
cond i t i ons  t o  0.29 i n  the slow sweep experiment and t o  0.33 i n  the  f a s t  sweep 
experiment. A value o f  0.34 f o r  t h e  ethene/ethane r a t i o  i s  obta ined by 
e x t r a p o l a t i n g  the ethene/ethane r a t i o s  o f  t he  two sweep experiments t o  zero sample 
size/sweep r a t e .  

a l so  increase w i t h  t h e  a d d i t i o n  o f  i n e r t  d i l u e n t  as shown i n  F igu re  4. Th i s  e f f e c t  
as w e l l  as the p r e v i o u s l y  demonstrated dependence on hea t ing  r a t e  i s  cons i s ten t  
w i t h  a f r e e - r a d i c a l  mechanism. However, t he  alkene/alkane r a t i o  i n  t h e  presence o f  
a sweep seems t o  show an even-odd dependence f o r  reasons which we do no t  p resen t l y  
understand. 

The f ree - rad i ca l  mechanism a l so  p r e d i c t s  t h a t  t he  ethene/ethane r a t i o  should be 
This e f f e c t  i s  demonstrated i n  

The 1-alkene/n-alkane r a t i o s  i n  t h e  o i l  as measured by c a p i l l a r y  column GC/MS 

DISCUSSION 

The general obse rva t i on  t h a t  temperature and i n e r t  d i l u e n t  a f f e c t  t h e  
ethene/ethane r a t i o  i s  u s e f u l  f o r  c o r r e l a t i n g  var ious data i n  the l i t e r a t u r e .  An 
Arrhenius p l o t  demonstrat ing t h e  dependence o f  t he  ethene/ethane r a t i o  on both 
temperature and sweep gas i s  g iven i n  F igu re  5. 
temperature o f  maximum e v o l u t i o n  r a t e  as the  e f f e c t i v e  temperature o f  r e t o r t i n g  f o r  
t he  nonisothermal experiments (7).  The r a t i o  from a l l  r e t o r t i n g  and c rack ing  
experiments under autogenous c o n d i t i o n s  (o r  n e a r l y  so) can be descr ibed t o  w i t h i n  
20% by a s i n g l e  A r rhen ius  express ion w i t h  an a c t i v a t i o n  energy o f  11 kcal/mole. 
This energy i s  s u b s t a n t i  a l l y  lower than the e tha lpy  o f  the ethane-H2-ethene 
r e a c t i o n  (34 kcal/mole). 

l i e s  s u b s t a n t i a l l y  ( 2  t o  3 t imes)  above t h i s  l i n e .  
o r i g i n a l  i n t e r p r e t a t i o n  o f  Jacobson e t  a1 ( 1 )  t h a t  res idence t ime and ex ten t  o f  
secondary c rack ing  causes t h i s  e f f e c t .  We have p r e v i o u s l y  shown (7 )  t h a t  t he  
ethene/ethane r a t i o  d u r i n g  c r a c k i n g  i s  n o t  a s t rong  f u n c t i o n  o f  res idence t ime  a t  
constant temperature. Instead,  t h e  e f f e c t  i s  most l i k e l y  caused by t h e  steam 
d i l u e n t  as o u t l i n e d  i n  p r e d i c t i o n  (a )  above. To con f i rm  our explanat ion,  we show 
the  ethene/ethane r a t i o  from the  i n f i n i t e  d i l u t i o n  e x t r a p o l a t i o n  o f  our  N2 sweep 
experiments. This p o i n t  shown as a b lack  c i r c l e  i n  F igu re  5 i s  r o u g h l y  cons is ten t  
w i t h  an e x t r a p o l a t i o n  o f  the en t ra ined  s o l i d s  data t o  low temperature. 

an i n d i c a t o r  o f  r e t o r t i n g  cond i t i ons .  The r e t o r t i n g  index o f  Jacobson e t  a1 (1) 
should work we l l  f o r  r e t o r t i n g  under autogenous cond i t i ons  as i n  a Tosco o r  Lu rg i  
Process. 
The case of a combustion r e t o r t  i s  more complicated. For  p a r t i c l e  s i zes  g rea te r  
than about 2 or 3 cent imeters,  r e t o r t i n g  occurs under autogenous cond i t i ons ,  
regard less of sweep, because o f  d i f f u s i o n  l i m i t a t i o n s .  
shale o i l  c rack ing  a l so  occurs a t  t h e  i n t e r f a c e  o f  the combustion and kerogen 
p y r o l y s i s  zones. Th is  produces l o c a l l y  h igh  ethene/ethane r a t i o s  due t o  h igh  
temperatures, i n e r t  d i l u e n t  and perhaps o x i d a t i v e  dehydrogenation. 
ethane r a t i o  a t  the e x i t  depends on the amounts o f  C2's produced by bo th  kerogen 
Py ro l ys i s  and shale o i l  c r a c k i n g  a t  the combust ion-o i l  generat ion i n t e r f a c e  and t h e  
cond i t i ons  e x i s t i n g  a t  b o t h  l oca t i ons .  Low ethene/ethane r a t i o s  produced a t  low 
hea t ing  r a t e s  when i n t r a p a r t i c l e  cok ing occurs can be negated by h igh  r a t i o s  
produced du r ing  o i l  c r a c k i n g  i n  t h e  gas stream. 
r e l a t i o n s h i p  between o i l  d e s t r u c t i o n  i n  a combustion r e t o r t  and the  ethene/ethane 
r a t i o  must be used w i t h  c a u t i o n  when bo th  cok ing and c rack ing  occur. 

I n  making t h i s  p l o t  we used the  

The ethene/ethane r a t i o  f rom t h e  Bureau o f  Mines en t ra ined  s o l i d s  r e t o r t  (12) 
We do not  agree w i t h  t h e  

These f ind ings have c e r t a i n  i m p l i c a t i o n s  f o r  t h e  use o f  ethene/ethane r a t i o s  as 

I t does no t  work i n  a r e t o r t i n g  process where i n e r t  d i l u e n t  i s  added. 

When o i l  combustion occurs, 

The ethene/ 

Therefore, any emp i r i ca l  
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Figure 3 

F igu re  4. 
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F i g u r e  5.  Demonstrat ion o f  the  e f f e c t  o f  temperature and i n e r t  sweep gas on the  
ethene/ethane r a t i o  f rom o i l  sha le  r e t o r t i n g .  The temperature 
dependence of t h e  ethene/ethane r a t i o  can be descr ibed by an a c t i v a t i o n  
energy o f  about  11 kca l /mo le .  
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