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The l a r g e s t  reserves  of f o s s i l  f x e l s  i n  t h e  United S ta tes  l i e  i n  coal  and o i l  
shale .  Yen (1) has est imated t h e  United S t a t e s  petroleum reserves  from sha le  i n  t h e  
Green River Formation ( loca ted  i n  Colorado, Utah and Wyoming) t o  be some GOO b i l l i o n  
b a r r e l s .  
raw shale .  
commercial amounts upon pyro lys i s .  The major organic  component o f  shale  i s  known as  
'Kerogen' which i s  a high molecular weight macromolecuiar mater ia l  t h a t  i s  insoluble  
i n  most organic  so lvents .  
pera tures  ca .  5OO0C i n  a process  known a s  ' r e t o r t i n g . '  The high temperatures cause 
breakdown of t h e  macromolecular kerogen i n t o  smaller  organic  molecules, producing 
o i l .  

This f i g u r e  i s  based on an o i l  y i e l d  of 25-100 gal lons of  o i l  per  t o n  of 
O i l  sha le  has been broadly defined as any shallow rock y i e l d i n g  o i l  i n  

Shale  o i l  i s  generated when r a w  shale  i s  heated t o  tem- 

The organic  content  of o i l  s h a l e s ,  and t h e  subsequent amount of o i l  produced, 
If it i s  dependent upon t h e  source of t h e  o r i g i n a l  organic precursor  species  ( 2 ) .  

i s  from a t e r r e s t r i a l  source t h e  kerogen formed w i l l  be c lose ly  r e l a t e d  t o  coal  and 
w i l l  y i e l d  very l i t t l e  o i l  upon pyro lys i s .  
t h e  Chattanooga s h a l e s  of t h e  Tennessee-Georgia a r e a  which y i e l d  only about 10 gal- 
lons per t o n  upon pyro lys i s .  If,  however, t h e  kerogen was formed from organic  mat ter  
i n  a marine o r  l a c u s t r i n e  environment, t h e  sha le  w i l l  y i e l d  s u b s t a n t i a l  amounts o f  
o i l .  Shale of t h i s  o r i g i n  i s  t y p i c a l  of t h e  Green River sha les  which may y i e l d  25- 
100 gal lons of  o i l  p e r  ton.  A second source of  organic  substances i n  sha le  a r e  t h e  
bitumens. These a r e  def ined a s  t h e  ex t rac tab le  organic  mater ia l  o r i g i n a l l y  present  
i n  t h e  rock. One-three percent  of t h e  organic  content of  Green River sha le  i s  pre- 
s e n t  as bitumens. Important differences i n  chemical composition e x i s t  between crude 
s h a l e  oils and t y p i c a l  petroleum crudes;  f o r  example i n  t h e  high o l e f i n  content  o f  
middle d i s t i l l a t e s  f o r  t h e  former (30 - 50%) with ni t rogen content i n  t h e  1.8 - 2,.l% 
range,  in  cont ras t  t o  t h e  0.3 - 0.4% range of na tura l  crudes. 

An example of  t h i s  type o f  depos i t  i s  i n  

To d a t e ,  no large sca le  r e t o r t  has been b u i l t  i n  t h e  United S t a t e s ;  t h e  only 
However, with t h e  world 's  dwindling production has been from small p i l o t  p l a n t s .  

petroleum reserves  t h e  prospects  f o r  development of  t h i s  resource now seem favorable. 
Development m u s t  t a k e  place i n  t h e  areas  of mining of  t h e  raw s h a l e ,  production of  
t h e  o i l ,  d isposal  o f  t h e  spent s h a l e ,  and r e f i n i n g  of t h e  crude sha le  o i l .  The de- 
velopment of  new a n a l y t i c a l  techniques t o  charac te r ize  and evaluate  each s t e p  i n  t h e  
production of t h e  o i l  i s  a l s o  needed. In  terms of  r e f i n i n g  operat ions a c a r e f u l  
monitoring of t h e  n i t rogen  and oxygen containing compounds i s  needed. In general .  
sha le  o i l  must be modified by hydro t rea t ing  o r  some o ther  process t o  make it suit- 
ab le  for  re f in ing .  Without d e t a i l e d  charac te r iza t ion  of t h e  hydrocarbons and het- 
erocompounds at  each s t e p  of t h e  process it is not possible  t o  determine the  prob- 
ab le  or ig in  of hydrocarbons i n  t h e  f i n a l  product. 
s t a d p o i n t  monitoring of organic  m d  ino-rganic :omponents i n  both t h e  raw crude and 
t h e  spent s h a l e  i s  v i t a l .  
due t o  the  d i v e r s i t y  o f  compound types and f u n c t i o n a l i t i e s  present .  
UIIFIS I* a ~icoir i o  cieveiop new anaLyticaL techniques which quant i ta te  sha le  o i l  by 
chemical compound c l a s s  and i n  terms of  each compound indiv idua l ly .  

Also, from an environmen593. 

Shale  o i l  a l s o  has p o t e n t i a l  as a petrochemical source 
As a r e s u l t  

L 7 . - - . .  . 

Crude o i l s  genera l ly  comprise four  chemical compound c lasses  : ( i )  asphal tenes  
(hexane inso lubles ) ;  (ii) alkanes/alkenes;  ( i i i )  aromatics;  and ( iv!  po lars  (N-  and 
0-containing compounds. Extensive separatiorl schemes f o r  petroleum have been 
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reported i n  t h e  l i t e r a t u r e  (3 ,4) .  These separat ions general ly  deal  with d i s t i l l a t e  
f rac t ions  which a r e  important t o  product charac te r iza t ion .  The scheme t h a t  is most 
widely employed f o r  t h e  c l a s s  separat ion of crudes i s  the  ASTM Clay-Gel Adsorption 
Chromatographic Method ( 5 ) .  However, the  majori ty  o f  t h e  methods repor ted  f o r  t h e  
ana lys i s  of petroleum a r e  unsa t i s fac tory  for  samples containing o l e f i n i c  unsatura- 
t i o n  or  non-hydrocarbon mater ia l  (N- and 0-containing compounds), and s i n c e  sha le  
o i l  has  a high concentrat ion of both these  c lasses  e i t h e r  modif icat ions o r  e x i s t i n g  
techniques o r  t h e  development of new techniques i s  required.  

Numerous separat ion schemes have been reported i n  t h e  l i t e r a t u r e  f o r  t h e  al- 
kane/alkene, aromatic, and polar  f r a c t i o n s  of shale  o i l  which r e l y  on conventional 
grav i ty  columns packed with s i l i c a  or  alumina or  on solvent /solvent  ex t rac t ions  
but these methods a r e  both time consuming and i n e f f i c i e n t .  An i d e a l  separa t ion  
scheme should have t h e  following proper t ies :  ( i )  it should be rap id  and h ighly  e f f i -  
c i e n t ;  ( i i)  it should require  minimal sample prepara t ion ;  (iii) it should cons is t  
of a minimal number o f  s t e p s ;  and ( i v )  it should be reproducible .  
pressure l i q u i d  chromatography on micropart iculate  bonded s t a t i o n a r y  phases meets 
t h e  c r i t e r i a  noted above. 
ana lys i s  on petroleum d i s t i l l a t e  f r a c t i o n s  by HPLC on 
aromatic f r a c t i o n s  were e l u t e d  with hexane while t h e  polar  f r a c t i o n  was e l u t e d  with 
methylene chlor ide.  Dark e t  al. ( 7 )  employed preparat ive BPLC t o  eva lua te  a hydro- 
t - ez tea  coal  l iquefac t ion  aromatic f r a c t i o n  by r ing  number. In our  s tudy,  sha le  o i l  
from d i f f e r e n t  r e t o r t i n g  processes has heen resolved i n t c  ind iv idua l  chemical com- 
pound c lasses  by KPLC using preparat ive columns packed with 
ii) amino-bonded s t a t i o n a r y  phases. 
fur ther  character ized by high reso lu t ion  gas chromatography and by a n a l y t i c a l  HPLC. 
GC detec t ion  w a s  by ni t rogen s p e c i f i c i t y ,  W absorpt ion 

Experimental 

to ry  Data Control - Constametric I and I1 G pumps and 1601 gradient  former ) ,  with 
preparat ive (20 w) bonded cyano (LC-8) and bonded amino 
(LC-9) (Johns Manville Corp.). W detec t ion  was employed. Gas chromatography w a s  
car r ied  out on Varian Model 3700 and 2760 instruments using fused s i l i c a  o r  g l a s s  
wall-coated c a p i l l a r y  columns. GC-MS was performed on a Hewlett-Packard 5985A 
mass spectrometer system. Shale o i l  samples were obtained from The O i l  Shale  Cor- 
porat ion (TOSCO I1 above ground r e t o r t ) ,  t h e  Paraho pro jec t  and a modified In S i t u  
process (DOE, Laramie, Wyoming). Samples were pre- t rea ted  before  l i q u i d  chromato- 
graphy by d isso lu t ion  i n  hexane, f i l t r a t i o n  of  asphal tenes  and removal o f  hexane 
p r i o r  t o  i n j e c t i o n .  

Prepara t ive  high 

Suantoni e t  al . ( 6 )  performed hydrocarbon group type  
S a t u r a t e  and p-Porasil.  

i )  cyano-bonded and 
Following t.he separa t ions ,  each f r a c t i o n  was 

and mass spectrometry. 

Analyt ical  and prepara t ive  HPLC was car r ied  out with a grad ien t  system (Labora- 

pm) and a n a l y t i c a l  (10 

Results and Discussion 

The chromatographic conhitions f o r  t h e  sha le  o i l  c l a s s  separa t ion  u t i l i z i n g  
the  cyano-bonded LC-8 column have been reported ( 8 ) .  
e lu t ion  was followed by an exponential gradient  t o  100% n-butanol. !Fhe o v e r a l l  
c lass  e l u t i o n  sequence was i )  alkanes/alkenes,  ii) aromatics, and iii) polar  
compounds. 
ane efter e l u t i o n  of  o i l  samples. 

In  general  i s o c r a t i c  hexane 

A 20 pm preparat ive column could be r e a d i l y  re -equi l ibra ted  with hex- 

Gas chromatography of alkaneralkene f r a c t i o n s ,  c a r r i e d  out  on a 25 meter SP- 
2100 200 um bore fused s i l i c a  column (Hewlett Packard), c l e a r l y  exhib i ted  
t e r i s t i c  homologous hydrocarbon s e r i e s  from C 1 o  - C29 ( 8 ) .  
a t  each carbon number sequenced 1-alkenes and n-alkanes, alkene content f o r  MSCO I1 
o i l  being much g r e a t e r  than i n  Paraho o r  In  S i t u  o i l s .  

charac- 
Prominent doublets  seen 

Aromatic f r a c t i o n s  were chromatographed on t h e  same fused s i l i c a  column a n d  
a lso on a g l a s s  Carbowax 20 M w a l l  coated c a p i l l a r y  column ( 8 ) .  Figure 1 shows 
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a comparison of t h e  aromatic  f rac t ion  of TOSCO I1 o i l  from t h e  cyano-bonded column 
with a number of aromatic s tandards ,  obtained on t h e  SP 2100 fused s i l i c a  column 
from which systems of up t o  5 r i n g s  may be eluted.  
d i scern ib le  on t h i s  f r a c t i o n  and a minimum of 95% reso lu t ion  of t h e  aromatic f rac-  
t i o n  i s  apparent. 

N o  alkane/alkene p a t t e r n  is  

Carbowax 20M was t h e  p r e f e r r e d  phase for  t h e  general  charac te r iza t ion  of  t h e  
p o l a r  KPLC f r a c t i o n .  
proves helpful i n  determining t h e  ni t rogen content of t h i s  f rac t ion  and a t y p i c a l  
dual detector  chromatogram i s  shown i n  Figure 2 for Paraho shale  o i l .  The n i t ro-  
gen species  a r e  pr imar i ly  he te rocycl ic  compounds with a maximal concentrat ion i n  
t h e  3-4 r ing a rea ,  a t  a somewhat higher  molecular weight range than TOSCO I1 o r  In  
S i t u .  The ni t rogen content  of t h e  three  o i l s  decreases i n  t h e  order  Paraho > TOSCO 
I1 > In  S i t u ,  a s  shown both by microanalysis and TSD peak envelope a reas .  The In  
S i t u  o i l  has t h e  lowest ni t rogen content of t h e  o i l s ,  a t t r i b u t a b l e  t o  t h e  high de- 
gree of coking losses  present  i n  t h i s  r e t o r t  process. The l a r g e r  shale  blocks hea t  
slowly, causing low e f f e c t i v e  r e t o r t i n g  temperatures and a s  a r e s u l t  extensive 
l i q u i d  phase polymerization occurs .  Since t h e  N-compounds s e l e c t i v e l y  condense 
and polymerize they  a r e  i n  e f f e c t  removed from t h e  o i l .  

A nit rogen s p e c i f i c  non-flame thermionic de tec tor  (TSD) 

I d e n t i f i c a t i o n  of  compounds by GC a lone r e l i e s  on t h e  reso lu t ion  of t h e  columns 
and t h e  a b i l i t y  t o  match r e t e n t i o n  times aga ins t  s tandards.  For f u l l  i d e n t i f i c a t i o n  
and charac te r iza t ion  GC-mass spectrometer in te r fac ing  has great  advantages par t icu-  
l a r l y  i n  a f i e l d  as complex as  petroleum analys is  where it has been heavi ly  used 
( 9  ,lo). To i l l u s t r a t e  t h e  u t i l i t y  of c a p i l l a r y  gas chromatography/mass spectro- 
metry with s e l e c t i v e  i o n  monitoring i n  charac te r iza t ion  of  sha le  o i l  c lasses  re- 
solved by t h e  prepara t ive  HPLC procedures, two t y p i c a l  analyses a re  presented.  
Capi l lary GC was performed on an OV-101 WCOT fused s i l i c a  column (19 meter x 200 
micron i . d . ,  Quadrex), t h e  c a p i l l a r y  being connected d i r e c t l y  t o  t h e  ion source o f  
t h e  mass spectrometer v i a  a Pt/Ir t r a n s f e r  l i n e .  
l e s s  i n j e c t i o n  with 1 ml/minute helium c a r r i e r  gas flow. Mass s p e c t r a l  scans were 
at 70 eV e lec t ron  impact i o n i z a t i o n  vol tage ,  being recorded between 50-350 AMU at 
a scan ra te  of  128.6 M / s e c .  

Sample introduct ion was by s p l i t -  

Shale o i l  aromatic f r a c t i o n s  in  general  show predominantly alkyl s u b s t i t u t e d  
benzenes, naphthalenes,  indans and t e t r a l i n s .  Alkylbenzenes a re  character ized by 
a s e r i e s  of ions  corresponding t o  masses with an empir ical  formula C6H5CnH2,+1 
( 7 7 ,  91, 105, 119,  133, 147,  161 ,  e t c . ) .  
s p e c t r a  correspond t o  t h e  rupture  of t h e  benzyl ic  bond of  t h e  l a r g e s t  a l k y l  group. 
This cleavage produces t h e  c h a r a c t e r i s t i c  C7H7+,tropylium ion  i n  t h e  case of  phe- 
ny la lkyls  or ions of h igher  mass/charge r a t l o s  In  t h e  case of  polyalkylbenzenes. 
Total  ion current  and s p e c i f i c  i o n  de tec t ion  chromatograms a r e  shown i n  Figure 3 
where C 4 ,  C5 and C 6  s u b s t i t u t e d  a l k y l  benzenes a r e  character ized a t  m/e 133, 147 ,  
and 161 respect ively.  
aromatic f r a c t i o n  a re  thiophenes,  which a r e  character ized by a s e r i e s  of  .ions cor- 
responding t o  masses o f  empir ical  formulaC4H3SCnH2 
t o t a l  ion and s e l e c t i v e  ion chromatogram for t h i s  cyass i s  shown i n  Figure 4 .  

The most c h a r a c t e r i s t i c  ions i n  t h e s e  

An important c l a s s  of compounds which co-elute with t h e  

( 8 3 ,  97, lll, 125, e tc .9 .  m e  

The t o t a l  polar HPLC f r a c t i o n  is t o o  complex f o r  d i r e c t  ana lys i s  by G C - E .  The 
polars  are normally f u r t h e r  separated by ion  exchange chromatography o r  acid/base 
ex t rac t ion  which, however p a r t i a l l y  degrades t h e  sample b y ,  f o r  example, polymer- 
i z a t i o n  of t h e  pyr ro les .  Resolution of t h e  polars  i n t o  a c i d i c ,  neut ra l  and bas ic  
f r a c t i o n s  by HPLC has n o t  been reoorted.  
phase shale  o i l  has  been separa ted  i n t o  four  chemical c lasses .  An a n a l y t i c a l  and 
preparat ive amino-bondeL LC-9 c o l m  m r e  washed once with two column v d m e s  of  
l.% phosphoric acid i n  water  and then reequi l ibra ted  t o  hexane. The chromatographic 
conditions were i s o c r a t i c  e l u t i o n  with hexane, a s t e p  gradient  t o  5% a c e t i c  a c i d  i n  

Using a modified amino bnnded nt .nt . innaT 

I 
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hexane followed by an exponent ia l  gradient  t o  100% isopropanol. The o v e r a l l  c l a s s  
e l u t i o n  sequence was i )  alkanes/alkenes/ l - r ing aromatics, ii) polynuclear  aroma- 
t i c s ,  iii) ac id ics /neut ra l  ni t rogen compounds, i v )  bas ic  n i t rogen  compounds. 

Figure 5 shows a chromatogram of  I n  S i t u  s h a l e  o i l  on an a n a l y t i c a l  amino- 
bonded column. 
graphed on a 10 meter SE-30 wide bore (300 micron i . d . )  fused s i l i c a  column ( A - 
obtained by ac id  ex t rac t ion ,  B - obtained by prepara t ive  HPLC. 
chromatograms show t h e  same pa t te rn  except for  some i n i t i a l l y  lower r e l a t i v e  peak 
heights  in  A due t o  evaporation losses .  Above 1 4 O o C  curve A shows much lower r e l a -  
t i v e  amounts of compounds due presumably t o  inef f ic iency  of  a c i d  ex t rac t ion  of t h e  
higher molecular weight b a s i c  ni t rogen compounds. 
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A - Naphthalene 

B - Acenaphthene 
c - Fluorene 

D - Anthracene 

I 1 I I I 1 I 
75 100 125 150 175 200 225 Temp. 'c 

Figure 1. SP 2100 fused s i l i c a  c a p i l l a r y  chromatograms; TOSCO aromatic f r a c t i o n .  

I I I 1 I I I 

Nitrogen Detector  

I I I 
A 

I 
50 75 100 l h 5  150 17; 200 Temp. ' C 

Polar f r a c t i o n  on Carbowax 20M g l a s s  WCOT column. 
Simultaneous flame i o n i z a t i o n  and ni t rogen s p e c i f i c  de tec t ion  of Paraho Figure 2. 
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TOSCO RRORRTIC FRDCTIOH 

CI-RLKYLBEHZEHES 

t4-RLKYLBEHZEHES 

Figure 3 .  Tosco aromatic f r ac t ion ;  t o t a l  ion current  and s e l e c t i v e  ion chromatograms. 
C4, C and C6 a l k y l  benzenes at  m/e 133, 147 and 161. 5 
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n 
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n 

A Acid. extraction 

75 100 125 150 175 Z W  

B Preparative HPLC 

7'5 d o  12'5 i<o 1+5 zbo 
Figure 5. Chromatogram of 4 pl of In S i tu  

shale o i l  ( 5% in n-hexane ) on 10 micron 
IC-9 amino-bonded WLC column. Solvents: 
A - n-hexane; B - 9 ace t ic  acid/n-hexane 
C - isopropanol. 

Figure 6. In  S i tu  shale o i l  bases on a 

A - acid 
10 meter SE 30 fused s i l i c a  column 
( 300 micron i , d .  ) 
extraction; B - preparative HPLC. 

88 


