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ABSTFXT 

A h igh-per formance  l i q u i d  chromatography (HPLC) method has  been deve loped  f o r  t h e  
s e p a r a t i o n  of o l e f i n ,  s a t u r a t e ,  and a r o m a t i c  hydrocarbons  found i n  h i g h - b o i l i n g  d i s -  
t i l l a t e s  and r e s i d u e s  of s h a l e  o i l  and i n  whole s h a l e  o i l s .  The dual-column chro-  
matographic  system uses  s i l i c a  g e l  i n  one  column and s i l i c a  g e l  c o a t e d  w i t h  s i l v e r  
n i t r a t e  i n  a second column. Sepa ra t ed  f r a c t i o n s  a r e  ana lyzed  by i n f r a r e d  and 
carbon-13 nuc lea r  magnet ic  resonance  spec t romet ry  t o  demons t r a t e  t h e  v a l i d i t y  o f  t h e  
s e p a r a t i o n .  The t ime r e q u i r e d  f o r  a s e p a r a t i o n  i s  a b o u t  two hour s .  The s e p a r a t i o n s  
a r e  r e p r o d u c i b l e ,  and r ecove ry  of  m a t e r i a l  a f t e r  s e p a r a t i o n  i s  g e n e r a l l y  b e t t e r  t han  
90 p e r c e n t .  The o l e f i n ,  s a t u r a t e ,  and a r o m a t i c  f r a c t i o n s  ob ta ined  from a s e p a r a t i o n  
a r e  s u i t a b l e  f o r  f u r t h e r  a n a l y s i s .  

INTRODUCTION 

A s  i n c r e a s e d  amounts o f  s h a l e  o i l  a r e  p rocessed  t o g e t h e r  w i t h  p e t r o l e u m ,  i t  becomes 
i n c r e a s i n g l y  impor t an t  t o  have methods a v a i l a b l e  f o r  t h e  a n a l y s e s  of  s h a l e  o i l .  A 
fundamenta l  d i f f e r e n c e  i n  t h e  composi t ion  o f  s h a l e  o i l  and pe t ro leum i s  t h a t  s h a l e  o i l  
c o n t a i n s  t h r e e  major  hydrocarbon compound t y p e s - - o l e f i n s ,  s a t u r a t e s ,  and a romat i c s - -  
w h i l e  pe t ro leum c o n t a i n s  o n l y  s a t u r a t e s  and a r o m a t i c s .  O l e f i n s ,  because  t h e y  a r e  
hydrogen d e f i c i e n t  and u n s t a b l e ,  cause  problems i n  t h e  p r o c e s s i n g  o f  s h a l e  o i l  t h a t  
a r e  n o t  encountered  i n  t h e  p r o c e s s i n g  o f  pe t ro l eum.  They a r e  a l s o  of s p e c i a l  i n t e r e s t  
because  t h e  amounts,  and pe rhaps  k i n d s ,  o f  o l e f i n s  i n  s h a l e  o i l  a r e  r e l a t e d  t o  t h e  
r e t o r t i n g  c o n d i t i o n s  t h a t  p roduce  t h e  s h a l e  o i l .  Techniques  f o r  t h e  a n a l y s i s  of  
s a t u r a t e s  and a romat i c s  i n  pe t ro leum a r e  w e l l  known; however,  methods f o r  de t e rmin ing  
o l e f i n ,  s a t u r a t e ,  and a romat i c  hydrocarbons  i n  t h e  heavy d i s t i l l a t e  and r e s i d u e  p o r -  
t i o n s  of s h a l e  o i l  a r e  needed. 

Many t echn iques  f o r  t h e  d e t e r m i n a t i o n  of  o l e f i n s ,  s a t u r a t e s ,  and a r o m a t i c s  have been 
r e p o r t e d  i n  t h e  l i t e r a t u r e  (1-11) .  The methods u s u a l l y  invo lve  l i q u i d  chromatography 
w i t h  s i l i c a  g e l  (3,  4 ,  10) o r  l i q u i d  chromatography combined w i t h  chemica l  r e a c t i o n s  
( 1 ,  11, 1 2 ) .  The methods work w e l l  i n  t h e  a n a l y t i c a l  a p p l i c a t i o n s  f o r  which  t h e y  were 
des igned- -p r imar i ly  t h e  d e t e r m i n a t i o n  o f  hydrocarbon types  i n  l i g h t  d i s t i l l a t e s .  
D i f f i c u l t i e s ,  such a s  incompleLe s e p a r a t i o n  o f  compound t y p e s ,  o f t e n  a r i s e  when t h e  
methods a r e  a p p l i e d  t o  t h e  a n a l y s e s  of  h e a v i e r  hydrocarbon f r a c t i o n s .  The purpose  of 
t h e  work d i scussed  i n  t h i s  paper  i s  t o  ex tend  t h e  a n a l y s i s  of  o l e f i n ,  s a t u r a t e ,  and 
a romat i c  hydrocarbons t o  t h e  h i g h - b o i l i n g  d i s t i l l a t e  and r e s i d u e  f r a c t i o n s  of  s h a l e  
o i l .  Seve ra l  requi rements  were e s t a b l i s h e d  f o r  a s a t i s f a c t o r y  a n a l y t i c a l  method: 1 )  
t h e  de t e rmina t ion  should  be f a s t ;  2 )  t h e  r e s u l t s  shou ld  be r e p r o d u c i b l e ;  3)  t h e  sam- 
p l e s  should  have minimum exposure  t o  a i r ,  l i g h t ,  and h e a t ;  and 4 )  t h e  s e p a r a t e d  hydro- 
carbon Lypes should  be chemica l ly  u n a l t e r e d  and t h e r e E o r e  s u i t a b l e  f o r  f u r t h e r  ann ly -  
s e s .  

T h i s  paper  d e s c r i h e s  a dun 1-column h igh-per formance  l i q u i d  chromatogcaphy (tipLC) 
method f o r  t he  s e p a r a t i o n  and d e t e r m i n a t i o n  o f  o l e f i n ,  s a t u r a t e ,  and a r o m a t i c  hydro- 
ca rbons  i n  h i g h - b o i l i n g  d i s t i l l a t e  and r e s i d u e  f r a c t i o n s  of  sli:ile o i l .  The method can 
a l s o  he used t o  separaLe  hydrocnrbon t y p e s  i n  whole s h a l e  o i l s .  The dual-column 
t echn ique  uses s i l i c a  ge l  t o  s e p a r a t e  a r o m a t i c  hydrocarbons  from o l e f i n  and s a t u r a t e  
hydrocarbons  and s i l i c a  g e t  coa ted  w i t h  s i l v e r  n i t r a t e  t o  s e p a r a t e  o l e f i n  from s a t u -  
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r a t e  hydrocarbons .  Cyclohexane i s  used a s  s o l v e n t  f o r  t h e  hydrocarbon samples .  The 
t i m e  r e q u i r e d  f o r  a s e p a r a t i o n  i s  abou t  two hour s .  

EXPERIMENTAL 

Appara tus  

S h a l e  o i l  d i s t i l l a t e s  and r e s i d u e s  were o b t a i n e d  u s i n g  a n  ASCO (Ar thu r  F. Smith Co. )  
2 - i n .  Rota-Film (wiped-wal l )  s t i l l .  Ac ids ,  b a s e s ,  and n e u t r a l  n i t r o g e n  compounds were 
removed from t h e  samples  u s i n g  a g r a v i t y - f l o w  g l a s s  column ( 2 . 5  cm x 90 cm) packed i n  
t h r e e  s e c t i o n s  w i t h  a n i o n  r e s i n ,  c a t i o n  r e s i n ,  and  f e r r i c  c h l o r i d e / A t t a p u l g u s  c l a y .  
The column was wet-packed u s i n g  cyc lohexane .  

Hydrocarbon s e p a r a t i o n s  were made u s i n g  a dual-column sys tem i n  a Waters A s s o c i a t e s  
AGC/CPC-202 l i q u i d  chromatograph  equipped  w i t h  r e f r a c t i v e  index  and  u l t r a v i o l e t  de- 
t e c t i o n  u n i t s .  The f i r s t  column c o n t a i n e d  s i l i c a  g e l ,  and t h e  second column con ta ined  
s i l i c a  g e l  coa ted  w i t h  s i l v e r  n i t r a t e .  Both columns were s t a i n l e s s  s t e e l  (7 .8  mm i . d .  
x 6 1  cm) and  were s u p p l i e d  w i t h  5-micron f r i t t e d  end  f i t t i n g s .  I n f r a r e d  s p e c t r a  were 
reco rded  on  a Perk in-Elmer  model 621 s p e c t r o p h o t o m e t e r ,  and carbon-13  NMR s p e c t r a  were 
o b t a i n e d  u s i n g  a V a r i a n  CFT-20 s p e c t r o m e t e r .  

M a t e r i a l s  

Arnberlyst IRA-904 an ion-exchange  r e s i n  (Rohm and Haas) was used f o r  removal of  a c i d s ,  
and Amberlyst  A-15 ca t ion -exchange  r e s i n  (Rohm and Haas) was used  f o r  removal o f  
b a s e s .  A t t apu lgus  c l a y ,  50 /80  mesh (Engelhard  Mine ra l s  and Chemical Corp . )  coa ted  
w i t h  f e r r i c  c h l o r i d e  (Baker and Adamson) removed n e u t r a l  n i t r o g e n  compounds from t h e  
samples .  The p r e p a r a t i o n  of  r e s i n s  and f e r r i c  c h l o r i d e / A t t a p u l g u s  c l a y  has been  
d e s c r i b e d  (13 ) .  

S i l i c a  g e l  60G (E. Merck) f o r  t h i n - l a y e r  chromatography was used a s  r ece ived  t o  s epa -  
r a t e  a romat i c s  from s a t u r a t e s  and o l e f i n s .  The same s i l i c a  g e l  c o a t e d  w i t h  20 p e r c e n t  
s i l v e r  n i t r a t e  (Baker and Adamson) s e p a r a t e d  s a t u r a t e s  from o l e f i n s .  The s i l v e r  
n i t r a t e - c o a t e d  g e l  was p repa red  by d i s s o l v i n g  t h e  s i l v e r  n i t r a t e  i n  w a t e r ,  mixing t h e  
s o l u t i o n  w i t h  s i l i c a  g e l ,  and removing t h e  w a t e r  on a r o t a r y  e v a p o r a t o r .  The g e l  was 
a c t i v a t e d  a t  1 l O O C  f o r  1 2  h o u r s .  Cyclohexane, benzene ,  and methanol  were commercial 
HPLC-grade s o l v e n t s  f rom v a r i o u s  s u p p l i e r s  and were used  a s  r ece ived .  

S h a l e  O i l  Samples 

The s h a l e  o i l s  used i n  t h i s  s t u d y  were produced by i n  s i t u  and aboveground r e t o r t i n g  
p r o c e s s e s  (14 ) .  The S i t e  9 o i l  was o b t a i n e d  from t h e  Laramie Energy Technology Cen te r  
(LETC) i n  s i t u  expe r imen t  n e a r  Rock S p r i n g s ,  Wyo. The 150- ton  r e t o r t  o i l  i s  from t h e  
LETC s imula t ed  i n  s i t u  150- ton  r e t o r t  n e a r  Laramie ,  Wyo. Paraho  and S u p e r i o r  o i l s  a r e  
from aboveground r e t o r t s  l o c a t e d  a t  Anv i l  P o i n t s ,  C o l o . ,  C leve land ,  Ohio ,  respec-  
t i v e l y .  

D i s t i l l a t i o n  of  S h a l e  O i l s  

Crude s h a l e  o i l s  t h a t  had been  c e n t r i f u g e d  t o  remove p a r t i c u l a t e  m a t t e r  and water  were 
d i s t i l l e d  u s i n g  a wiped-wal l  s t i l l .  The s t i l l  was o p e r a t e d  a t  20 t o r r  t o  remove o i l  
b o i l i n g  below 210'C ( c o r r e c t e d  t o  a tmosphe r i c  p r e s s u r e ) .  D i s t i l l a t e  f r a c t i o n s  b o i l i n g  
from c o r r e c t e d  t e m p e r a t u r e s  of 210 t o  370°C and 370 t o  535'C were o b t a i n e d  a t  lower  
p r e s s u r e s  and i n c r e a s e d  t empera tu res .  The r e s i d u e  was recovered  m a t e r i a l  t h a t  d id  n o t  
d i s t i l l  aL 25OOC ( c o r r e c t e d )  and 0 . 2  t o r r .  The r e s i d u e  was a c t u a l l y  exposed t o  a 
t empera tu re  o f  250'C f o r  o n l y  a tew seconds  s o  t h a t  t he rma l  d e g r a d a t i o n  was minimal.  
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P r e p a r a t i o n  o f  Hydrocarbon Samples 

A sample ( 1  g )  of  d i s t i l l a t e ,  r e s i d u e ,  o r  whole s h a l e  o i l  was d i s s o l v e d  i n  cyc lohexane  
(100 ml) and passed  th rough  a g r a v i t y - f l o w  g l a s s  column c o n t a i n i n g  s u c c e s s i v e  beds  o f  
an ion  ( 8 0  g )  and c a t i o n  ( 8 0  g )  r e s i n s  and f e r r i c  c h l o r i d e /  A t t a p u l g u s  c l a y  (100 9). 
The column was washed w i t h  cyc lohexane  (500 ml) t o  r ecove r  t h e  hydrocarbons .  The 
cyc lohexane  was removed from t h e  hydrocarbons  u s i n g  a r o t a r y  e v a p o r a t o r .  

P r e p a r a t i o n  and Assembly of  HPLC Columns 

A r e s e r v o i r  column was a t t a c h e d  t o  an  empty HPLC column, and b o t h  columns were f i l l e d  
wi th  d r y  s i l i c a  g e l  o r  s i l v e r  n i t r a t e / s i l i c a  g e l  ( abou t  20 9 ) .  Cyclohexane was then  
pumped through t h e  sys tem t o  w e t  and compress t h e  pack ing  m a t e r i a l  i n t o  t h e  HPLC 
column. The r e s e r v o i r  column was t h e n  de tached .  Columns packed u s i n g  t h i s  t echn ique  
con ta ined  15 g o f  g e l  we t t ed  w i t h  Cyclohexane ,  and t h e  g e l  was un i fo rmly  d i s t r i b u t e d  
i n  t h e  column. A f t e r  a s e p a r a t i o n ,  t h e  s i l v e r  n i t r a t e l s i l i c a  g e l  column cou ld  be 
r e a c t i v a t e d  by washing w i t h  cyc lohexane  (100 m l ) .  The s i l i c a  g e l  column was n o t  
r e u s a b l e .  F i g u r e  1 shows t h e  dual-column as sembly ,  chromatograph ,  and d e t e c t o r s .  

Column C a l i b r a t i o n  

Dur ing  r o u t i n e  a n a l y s e s ,  t h e  c u t  p o i n t  f o r  t h e  s e p a r a t i o n  o f  s a t u r a t e s  and o l e f i n s  
from a romat i c s  on  t h e  s i l i c a  column was made a c c o r d i n g  t o  e l u t i o n  volume. The p r o p e r  
e l u t i o n  volume was e s t a b l i s h e d  p r i o r  t o  t h e  s e p a r a t i o n s  by p a s s i n g  samples  th rough  t h e  
s i l i c a  g e l  column and m o n i t o r i n g  t h e  s e p a r a t i o n  w i t h  u l t r a v i o l e t  and r e f r a c t i v e  index  
d e t e c t o r s .  Once t h e  p r o p e r  e l u t i o n  volume had been  e s t a b l i s h e d ,  t h e  d e t e c t o r s  were 
removed from t h e  chromatographic  sys tem.  

S e p a r a t i o n  Procedure  

A r o u t i n e  s e p a r a t i o n  was made i n  t h e  f o l l o w i n g  manner.  A s h a l e  o i l  hydrocarbon sample 
(200 mg), d i s s o l v e d  i n  cyc lohexane  (1 ml), was p l a c e d  on t h e  s i l i c a  g e l  column, and 
cyc lohexane  was pumped th rough  t h e  two columns f o r  40 minutes  a t  a r a t e  o f  1 mlfmin 
and a p r e s s u r e  o f  a b o u t  350 p s i g .  Under t h e s e  e l u t i o n  c o n d i t i o n s  a r o m a t i c s  a r e  re- 
t a i n e d  on column 1, w h i l e  s a t u r a t e s  and  o l e f i n s  p a s s  th rough  t o  column 2 .  Valves  
between t h e  columns and  a second s o l v e n t  r e s e r v o i r  a l lowed  con t inued  pumping cyc lo -  
hexane through t h e  second column where o l e f i n s  and s a t u r a t e s  were s e p a r a t e d .  Sa tu -  
r a t e s  were e l u t e d  w i t h  cyc lohexane  from t h e  s i l v e r  n i t r a t e  column w i t h  con t inued  
pumping f o r  30 minutes  a t  1 ml lmin .  O l e f i n s  were t h e n  e l u t e d  from t h e  s i l v e r  n i t r a t e  
column by pumping benzene lcyc lohexane ,  2 0 / 8 0  p e r c e n t ,  th rough t h e  column f o r  30 min- 
u t e s  a t  1 mllmin. S imul t aneous ly ,  benzene/methanol ,  40 /60  p e r c e n t ,  was pumped through 
t h e  f i r s t  column f o r  60 minu tes  t o  e l u t e  a r o m a t i c s .  The t o t a l  s e p a r a t i o n  t i m e  was 
a b o u t  2 hour s .  

DISCUSSION 

I d e n t i f i c a t i o n  o f  Hydrocarbon Types 

I n f r a r e d  and carbon-13 NEIR s p e c t r o m e t r y  were used  t o  a n a l y z e  t h e  hydrocarbon f r a c t i o n s  
p repa red  by t h e  dual-column ch romatograph ic  sys t em.  The a n a l y s e s  demons t r a t e  t h e  
v a l i d i t y  of  t h e  s e p a r a t i o n s .  Both s p e c t r o m e t r i c  t echn iques  have  s p e c i a l  a n a l y t i c a l  
advan tages  and l i m i t a t i o i l s ;  when used t o g e t h e r  t h e y  p e r m i t  a s a t i s f a c t o r y  a n a l y s i s  of 
t h e  hydrocarbon f r a c t i o n s .  

The f r a c t i o n s  of  s a t u r a t e s ,  o l e f i n s ,  and a r o m a t i c s  were f i r s t  examined u s i n g  i n f r a r e d  
s p e c t r o m e t r y .  Two a b s o r p t i o n  b a n d s - r e r e  used  t o  a n a l y z e  t h e  f r a c t i o n s :  1) t h e  mono- 
o l e f i n  s t r e t c h i n g  band a t  1630 cm to -  i d e n t i f y  o l e f i n s  and 2 )  t h e  a r o m a t i c  r i n g  
carbon-carbon s t r e t c h i n g  band a t  1600 cm t o  i d e n t i f y  a r o m a t i c s .  S a t u r a t e s  have  no 
a b s o r p t i o n  bands i n  t h e  i n f r a r e d  t h a t  d i s t i n g u i s h  t h e m  from o t h e r  hydrocarbon t y p e s .  



An example o f  t h e  u s e  of i n f r a r e d  s p e c t r o m e t r y  i n  a n a l y z i n g  hydrocarbon f r a c t i o n s  
p r e s e n t e d  i n  F igu re  2 ,  which shows t h e  p a r t i a l  i n f r a r e d  spec t rum of  t h e  t o t a l  hydro- 
ca rbons  from a 21O-37O0C d i s t i l l a t e  t o g e t h e r  w i t h  t h e  p a r t i a l  i n f r a r e d  s p e c t r a  of  
s e p a r a t e d  f r a c t i o n s .  I n  F i g u r e  Za, b o t h  mono-olef in  and a r o m a t i c  a b s o r p t i o n  may be 
seen  i n  t h e  spec t rum of  t h e  t o t a l  hydroca rbons .  F i g u r e s  2b ,  Z C ,  and 2d show t h a t  a 
s e p a r a t i o n  of a r o m a t i c s ,  o l e f i n s ,  _a d s a t u r a t e s  has been ach ieved .  Only t r a c e  amounts 
o f  a romat i c s  a b s o r b i n g  a t  1600 cm can  be obse rved  i n  t h e  spec t rum o f  t h e  s a t u r a t e s  
( F i g .  2d) and o l e f i n s  ( F i g .  2 c ) .  O l e f i n s  a r e  obse rved  i n  on ly  t h e  o l e f i n  f r a c t i o n  
(F ig .  2 c ) .  

I n  g e n e r a l ,  i n f r a r e d  s p e c t r o m e t r y  i s  a v e r y  u s e f u l  method f o r  a n a l y z i n g  t h e  hydrocar -  
bon f r a c t i o n s  because  i t  i s  f a s t  and s e n s i t i v e .  I t  d o e s ,  however,  have  l i m i t a t i o n s .  
F i r s t ,  i n  a mix tu re  o f  hydrocarbon t y p e s ,  satu! tes  canno t  he  d i s t i n g u i s h e d  from 
o l e f i n s  o r  a r o m a t i c s ,  Second,  u se  of t h e  1630 cm band does  no t  a l l o w  t h e  d e t e c t i o n  
o f  con juga ted  d i -  and t r i -  o l e f i n s .  T h i r d ,  i n f r a r e d  a n a l y s e s  of  complex mix tu res  of  
o l e f i n s  cannot  be q u a n t i t a t i v e  because  t h e  molar  a b s o r p t i v i t i e s  o f  i n d i v i d u a l  o l e f i n i c  
compounds a r e  q u i t e  v a r i a b l e .  The c o r r e c t  v a l u e  of molar  a b s o r p t i v i t y  t o  u s e  i n  an  
i n f r a r e d  c a l c u l a t i o n  i n v o l v i n g  B e e r ' s  l a w  i s  n o t  known. 

Carbon-13 NNR s p e c t r o m e t r y  was used  t o  complement i n f r a r e d  s p e c t r o m e t r y  i n  t h e  ana ly -  
s e s  o f  s e p a r a t e d  f r a c t i o n s .  These  d a t a  conf i rmed i n f r a r e d  d a t a  and provided  add i -  
t i o n a l  i n fo rma t ion  a b o u t  t he  hydrocarbon t y p e s ,  e s p e c i a l l y  t h e  o l e f i n s .  

F i g u r e  3 shows carbon-13  NMR s p e c t r a  o f  s a t u r a t e s  ( F i g .  3 a ) ,  o l e f i n s  ( F i g .  3 b ) ,  and 
a romat i c s  ( F i g .  3c )  from a 370-535OC hydrocarbon c o n c e n t r a t e .  For  q u a n t i t a t i v e  d e t e r -  
mina t ion  of  o l e f i n s ,  t h e  s p e c t r a l  r e g i o n  o f  i n t e r e s t  i s  between 110 and  140  ppm r e l a -  
t i v e  t o  t e t r a m e t h y l s i l a n e  (TMS). S a t u r a t e s  show no carbon-13 a b s o r p t i o n  i n  t h i s  
r e g i o n .  O l e f i n s  show a b s o r p t i o n  bands between 114 and 138 ppm (15 ,  1 6 ) ;  t h e  p o s i t i o n  
o f  a b s o r p t i o n  is  dependent  upon t h e  t y p e  o f  o l e f i n .  Alpha o l e f i n  hands  a r e  observed  
a t  11'. and 138 ppm, w h i l e  i n t e r n a l  o l e f i n s  have  a b s o r p t i o n  bands between 114 and 138 
ppm. Aromatic ca rbons  a r e  s e e n  a s  a b r o a d ,  symmet r i ca l  a b s o r p t i o n  envelope  c e n t e r e d  
a t  abou t  128 ppm. F i g u r e  3a  shows t h a t ,  i n  t h i s  p a r t i c u l a r  s e p a r a t i o n  run ,  t h e  s a t u -  
r a t e s  c o n t a i n  1 o r  2 p e r c e n t  o f  a n o t h e r  hydrocarbon t y p e ,  p robab ly  a r o m a t i c s .  O l e f i n s  
a r e  observed  o n l y  i n  t h e  o l e f i n  f r a c t i o n ,  n o t  i n  t h e  s a t u r a t e  o r  a r o m a t i c  f r a c t i o n s .  
T race  amounts of  a r o m a t i c s  appea r  t o  b e  i n  t h e  o l e f i n  f r a c t i o n ,  c o n f i r m i n g  t h e  i n f r a -  
r ed  d a t a .  

Carbon-13 NHR is u s e f u l  n o t  o n l y  because  it a i d s  i n  j u d g i n g  t h e  q u a l i t y  o f  s e p a r a t i o n  
t h a t  has  been ach ieved  b u t  a l s o  because  it p r o v i d e s  d e t a i l e d  i n f o r m a t i o n  abou t  molecu- 
l a r  s t r u c t u r e .  For  example ,  i n  an  o l e f i n  m i x t u r e ,  t h e  number of  doub le  bonds of an  
ave rage  o l e f i n  molecule  can  be  c a l c u l a t e d  i f  t h e  a v e r a g e  molecu la r  weight  of t h e  
o l e f i n  mix tu re  i s  known and  i f  t h e  r a t i o  of  a l i p h a t i c / o l e f i n i c  carbons  can  be measured 
by  carbon-13  NNR. However, carbon-13  NMR a l s o  has  l i m i t a t i o n s .  F i r s t ,  i n  a mixture  
o f  hydrocarbons ,  s a t u r a t e s  canno t  be d i s L i n g u i s h e d  from o l e f i n s  and  a r o m a t i c s .  Sec- 
ond ,  o l e f i n s  may n o t  be o b s e r v a b l e  i n  a c o n c e n t r a t e  o f  s a t u r a t e s  o r  a r o m a t i c s  i f  t h e  
amount of o l e f i n s  is lower  t h a n  abou t  3 o r  4 p e r c e n t .  T h i r d ,  w i t h  carbon-13 s p e c t r o -  
met ry  a l o n e ,  i t  may be  d i f f i c u l t  t o  d i s t i n g u i s h  between i n t e r n a l  o l e f i n s  and aroina- 
t i c s ;  i n  such  a c a s e  u l t r a v i o l e t  a n a l y s e s  a r e  u s e f u l .  

I n f r a r e d  and NHR a n a l y s e s  e s t a b l i s h e d  t h a t  s a t u r a t e ,  o l e f i n ,  and a r o m a t i c  compound 
c l a s s e s  were s e p a r a t e d  i n t o  t h r e e  d i s c r e t e  f r a c t i o n s  by t h e  dua l -co lumn sys tem.  Th i s  
a l lowed  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  each  c l a s s  t o  h ) c  iiiilcle g r a v i m e t r i c a l l y .  

S e p a r a t i o n  R e s u l t s  

a .  Hydrocarbons i n  High-Ro i l ing  D i s t i l l a t e s  and Res idues .  - The dual-column method 
was used  t o  s e p a r a t e  hydrocarbons  from t h r e e  d i f f e r e n t  b o i l i n g  r anges  of f o u r  s h a l e  
o i l s .  The r e s u l t s  of  t h e  s e p a r a t i o n s  a r e  shown i n  T a b l e  1. A l l  d a t a  were ob ta ined  
g r a v i m e t r i c a l l y .  D u p l i c a t e  d e t e r m i n a t i o n s  were made t o  show t h e  r e p r o d u c i b i l i t y  t h a t  
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can b e  expec ted  w i t h  t h e  s e p a r a t i o n  t e c h n i q u e .  I n  most c a s e s  t h e  r e p r o d u c i b i l i t y  i s  
s i m i l a r  t o  t h a t  expe r i enced  i n  t h e  s i l i c a  g e l  s e p a r a t i o n  o f  s a t u r a t e  and  a r o m a t i c  
hydrocarbons  i n  pe t ro leum.  The c a u s e  of  t h e  poor r e p r o d u c i b i l i t y  e x p e r i e n c e d  i n  some 
runs  i s  n o t  known. The r ecove ry  o f  s e p a r a t e d  hydrocar,bon types was g e n e r a l l y  b e t t e r  
t han  90 p e r c e n t .  

From a c h a r a c t e r i z a t i o n  p o i n t  of  v iew,  t h e  d a t a  i n  Tab le  1 show some i n t e r e s t i n g  
t r e n d s .  F i r s t ,  d i s t i - l l a t e s  and  r e s i d u e s  from t h e  S i t e  9 i n  s i t u  o i l  and t h e  150- ton  
r e t o r t  o i l  c o n t a i n  s m a l l e r  amounts of  o l e f i n s  and l a r g e r  amounts o f  s a t u r a t e s  t h a n  t h e  
o t h e r  o i l s .  Thus ,  it. a p p e a r s ' t h a t  t h e  S i t e  9 and 150- ton  r e t o r t  o i l s  were produced  
under  m i l d e r  r e t o r t i n g  c o n d i t i o n s  t h a n  t h e  Paraho and S u p e r i o r  o i l s .  Second,  t h e  
d i s t r i b u t i o n s  o f  hydrocarbon compound t y p e s  a s  r e l a t e d  t o  d i s t i l l a t i o n  t e m p e r a t u r e  c a n  
be seen .  For example,  i n  t h e  S i t e  9 o i l ,  t h e  a r o m a t i c s  i n c r e a s e  a s  t h e  d i s t i l l a t i o n  
t empera tu re  i n c r e a s e s .  The o l e f i n s  a r e  c o n s t a n t  i n  t h e  d i s t i l l a t e s  and  i n c r e a s e  i n  
t h e  r e s i d u e .  These changes a r e  a t  t h e  expense  of s a t u r a t e s  which  d e c r e a s e  a s  t h e  
d i s t i l l a t i o n  t empera tu re  i n c r e a s e s .  

b .  Hydrocarbons from Whole S h a l e  O i l s .  - The dual-column method p e r m i t t e d  t h e  f a s t  
d e t e r m i n a t i o n  o f  s a t u r a t e s ,  o l e f i n s ,  and a r o m a t i c s  i n  whole s h a l e  o i l s .  The r e s u l t s  
of  t h e  s e p a r a t i o n s  a r e  shown i n  Tab le  2 .  Both  r e p r o d u c i b i l i t y  and r e c o v e r y  v a l u e s  a r e  
s i m i l a r  t o  those  s e e n  i n  t h e  s e p a r a t i o n  of d i s t i l l a t e s  and r e s i d u e s .  Unknown amounts 
of l i g h t  hydrocarbons  from t h e  whole s h a l e  o i l s  were l o s t  d u r i n g  t h e  so lven t - r emova l  
p rocedure .  

SUMMARY AND CONCLUSIONS 

An HPLC method has been  developed  f o r  t h e  s e p a r a t i o n  o f  s a t u r a t e s ,  o l e f i n s ,  and a r o -  
ma t i c s  i n  h i g h - b o i l i n g  d i s t i l l a t e s  and  r e s i d u e s  of  s h a l e  o i l  and i n  whole s h a l e  o i l s .  
The dual-column chromatographic  sys tem uses s i l i c a  g e l  i n  one  column and s i l i c a  g e l  
coa ted  w i t h  20 p e r c e n t  s i l v e r  n i t r a t e  i n  a second column. The t i m e  r e q u i r e d  f o r  a 
s e p a r a t i o n  is abou t  two hour s .  The s e p a r a t i o n s  a r e  r e p r o d u c i b l e ;  r ecove ry  o f  i i i a t e r i a l  
a f t e r  s e p a r a t i o n  i s  g e n e r a l l y  b e t t e r  t h a n  90 p e r c e n t .  The s a t u r a t e ,  o l e f i n ,  and  
a romat i c  f r a c t i o n s  o b t a i n e d  from a s e p a r a t i o n  a r e  s u i t a b l e  f o r  f u r t h e r  a n a l y s e s .  
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TABLE 1. - Hydrocarbon s e p a r a t i o n  r e s u l t s  of d i s t i l l a t e s  and r e s i d u e s  

W t .  Dercent  of 
t o t a l  hydrocarbon f r a c t i o n  P e r c e n t  

Sample S a t u r a t e  O l e f i n  Aromatic recovery  
150- ton ,  210-370°C d i s t .  64 5 1 9  88 

11 63 7 20 90 

370-535OC d i s t .  6 1  6 29 96 
59 7 34 100 I t  

>535OC r e s i d u e  45 11 43 99 
45 11 38 94 11 

S i t e  9 ,  210-370°C d i s t .  70 5 1 7  92 
72 6 23 101 I t  

370-535OC d i s t .  64 6 24 94 
59 5 29 93 11 

>535OC r e s i d u e  48 8 40 96 
40 10- 47 97 11 

Paraho,  210-370°C d i s t .  25 27 30 82 
36 23 26 85 

370-535OC d i s t .  38 24 34 96 
3 1  23 35 89 

>535OC r e s i d u e  19 10  48 77 
23 13  44 80 

S u p e r i o r ,  210-370°C d i s t .  25 29 30 84  
27 36 28 91  

370-535OC d i s t .  32 2 1  42 95 
32 22 42 96 

>535OC r e s i d u e  27 22 47 96 
31 19 48 98 

I t  

II 

I t  

I t  

I t  

I ,  
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TABLE 2 .  - Hydrocarbon s e p a r a t i o n  r e su l t s  o f  whole s h a l e  o i l s  

W t .  p e r c e n t  of hydrocarbons 
from t o t a l  o i l  Percent  

S h a l e  o i l  sample S a t u r a t e  O l e f i n  Aromatic recovery 
150-ton r e t o r t  53  1 7  2 2  92 

II 40 2 1  2 2  8 3  

S i t e  9 r e t o r t  
I t  

46 1 8  18 82 
55 15 2 0  90 

Paraho r e t o r t  41 27 2 4  92 

Super ior  r e t o r t  4 1  26 32 99 
11  36 31  2 8  95 
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b) AROMATICS 
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d) SATURATES 
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FIGURE 2. Partial  infrared spectra of shale oil 210-370°C 
distillate total hydrocarbon and fractions 
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FIGURE 3. Carbon-13 NMR spectra o f  hydrocarbon fractions 
from Paraho 370-535OC distillate 
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