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U t i l i z a t i o n  of o i l  s h a l e  as a f u e l  i s  a two-fold problem f o r  high temperature 
chemistry: cont ro l led  p y r o l y s i s  of organic  m a t e r i a l ,  and high temperature 
sublimation-decomposition r e a c t i o n s  of inorganic  res idues .  Because s h a l e  d i f f e r s  
from petroleum, i n  t h a t  n a t u r e ' s  decomposition of t h e  organic  mat ter  "kerogen" is  
incomplete, a v a s t  technology of  the  (e.g., p ressure ,  steam, a i r ,  and 
temperature) f o r  the d e s t r u c t i v e  d i s t i l l a t i o n  of kerogen has  evolved. Rea l iza t ion  
of  t h e  d i s p o s a l  problem a s s o c i a t e d  wi th  t h e  inorganic  res idues  h a s  a l s o  been t h e  
impetus f o r  numerable t e c h n i c a l  s tud ies '  s 4  concerned with t h e  e f f e c t i v e  use of 
inorganic  s i l i c a t e s ,  carbonates ,  s u l f a t e s ,  phosphides, e t c .  found t o  be present  i n  
t h e  sha le .  

High temperature m a s s  spectrometry has  been e f f e c t i v g l y  used f o r  bo th  hydro- 
carbon s tudies5y6 and numerous inorggnic  vapor iza t ion  s t u d i e s .  * While t h e  
technique provides d i r e c t  d e t e c t i o n  without  condensation o r  poss ib le  in te rmedia te  
r e a c t i o n s  of t h e  v o l a t i l i z e d  spec ies ,  i t  is usua l ly  l i m i t e d  by t h e  medium mass 
r e s o l u t i o n  of the  spectrometers  and complex introduced mixtures  which do not  
permit  unambiguous i d e n t i f i c a t i o n  of s p e c i f i c  hydrocarbons present .  Nevertheless ,  
q u a l i t a t i v e  and semi-quant i ta t ive  estimates regarding the types of organic  compounds 
evolved can be  made because v a r i o u s  f u n c t i o n a l  rou s of organic  compounds lead  t o  
c h a r a c t e r i s t i c  common i o n s  i n  the mass  spectra.'^^*^^ This technique has  recent ly  
been appl ied  t o  a s imi la r  problem of compounds found t o  be present  i n  gredominantly 
inorganic  m a t e r i a l s  such a s  t e k t i t e s ,  meteor i tes  and n a t u r a l  g lasses .  

Experimental 

Samples (approx. 0.1 g )  of Colorado o i l  s h a l e  w e r e  vaporized from tantalum 
Knudsen cells (with boron n i t r i d e  and high p u r i t y  alumina c r u c i b l e  l i n e r s )  i n t o  
both  a Bendix, model 14-2068, t ime-of-f l ight  mass spectrometer and a 60° magnetic 
s e c t o r  f i e l d  instrument. 
approximately 70OoC; h igher  temperatures were obtained by e l e c t r o n  bombardment of 
t h e  cells. 
t h e  base of t h e  c e l l .  A movable beam-defining sl i t  "shut ter" ,  loca ted  between the 
furnace and i o n  source reg ions  of the  spectrometer ,  permit ted d i f f e r e n t i a t i o n  of 
molecular  spec ies  a r i s i n g  i n  the r e a c t o r  from r e s i d u a l  background gases i n  the  
instrument .  
p ressures  of -1 x 
a t  s e l e c t e d  t i m e  i n t e r v a l s  w i t h  s t r i p  c h a r t  recorders  during t h e  hea t ing  cycle  
per iod .  
f l i g h t  instrument insured  t h a t  s i g n i f i c a n t  changes due t o  t h e  evolu t ion  of trapped 
gases  would n o t  go unobserved. 

The c r u c i b l e s  w e r e  r e s i s t i v e l y  heated t o  temperatures of 

Temperatures were measured with a Pt-Pt-10% Rh thermocouple peened i n t o  

Ions w e r e  monitored a t  20 and 40 e V  and t h e  s p e c t r a  scanned a t  
t o r r  i n  t h e  i o n  source  region.  Mass s p e c t r a  w e r e  monitored 

Continual o s c i l l o g r a p h i c  d isp lay  of the  s p e c t r a  provided by t h e  time-of- 

Resul t s  and Discussion 

Ions up t o  -400 amu were monitored between room temperature and 125OOC. Neutral 
molecular  progeni tors  of  these ions  have been assigned on the  b a s i s  of mass-to-charge 
r a t i o s ,  common fragment i o n s ,  Y Y l o  i s o t o p i c  abundance, s h u t t e r  p r o f i l e s  , and appear- 
ance p o t e n t i a l s .  

t h r e e  d i s t i n c t  regions of v o l a t i l i t y :  
s m a l l  amounts of hydrocarbons are evolved, (2) 35O:45O0C where l a r g e  q u a n t i t i e s  of 
organic  material a r e  be ing  r e l e a s e d  and (3) above 45OoC f o r  which inorganic  species  

Over t h e  temperature range inves t iga ted ,  t h e  observed mass s p e c t r a  suggest 
(1) room temperature t o  -35OoC, where only 



are general ly  the  most s i g n i f i c a n t .  The mass s p e c t r a  reproduced i n  f i g u r e s  2-4 
are typica l  of these  t h r e e  ca tegor ies ;  a background (room temperature) spectrum i n  
f i g u r e  1 may be used f o r  comparison. 
energy and have some ions t h a t  were of f - sca le  with the  s e n s i t i v i t y  used. 

A l l  four  s p e c t r a  were taken a t  20 e V  e lec t ron  

Temperature range 25-35OoC 

res idua l  peaks r e s u l t i n g  pr imari ly  from pump f l u i d s ,  a i r  l eaks ,  and condensation 
of var ious gases. 
instrument. Nearly a l l  ions a t t r i b u t e d  t o  pumping f l u i d s  (31, 108, 135, 169, 198- 
204) become smaller  with heat ing a s  can be  observed by comparison with f i g u r e  2 .  
The scan a t  16OoC ( f i g u r e  2) shows some s i g n i f i c a n t  changes i n  the  hydrocarbon 
"envelopes t t6~  l o  which correspond t o  d i f f e r e n t  numbers of carbon atoms i n  t h e  frag- 
ment ions.  
t h a t  those with d i f f e r e n t  l e v e l s  of unsaturat ion o r  func t iona l  groups frequent ly  
g ive  d i f f e r e n t  c h a r a c t e r i s t i c  ions ,  t h e  change between f i g u r e s  1 and 2 i s  ind ica t ive  
of a change i n  the  hydrocarbon spec ies  present .  
(m/e 78, 92, 106, 111, 159) with t h e  s h u t t e r  indicated they a r o s e  from t h e  sample; 
thus a t  temperatures below 2OO0C, p r i n c i p a l  ions of  aromatic ( m / e  78, benzene; 92, 
toluene; 106, xylene) o r  hetero-aromatic (78, 92, 106 pyr idyl ;  111, thiophenes) 
molecules are released from t h e  shale .  A t  -2OOOC an increase  of ions c h a r a c t e r i s t i c  
t o  those of a lkanes,  alkene and alkynes suggest t h a t  a l a r g e  v a r i e t y  of hydrocarbons 
are beginning t o  be released from t h e  sample. 

Temperature range 350-450°C 
A 

spectrum taken a t  4OO0C ( f i g u r e  3) shows t h e  l a r g e  c h a r a c t e r i s t i c  hydrocarbon 
envelopes observed. I n  general ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  evidence f o r  ni t rogen 
o r  oxygen containing organics. A numbeF of thiophenes but not  mercaptans seem t o  
be present .  In  addi t ion  t o  t h e  organics ,  H2S (m/e 34), COS (m/e 60) ,  and H20 a lso  
showed l a r g e  s h u t t e r a b l e  increases .  
disappeared a t  lower temperatures and more quickly than did t h e  hydrocarbons. 
the  temperature w a s  increased i n  t h i s  range, a d i s t i n c t  trend towards g r e a t e r  
unsaturat ion was observed; a t  35OoC, alkane common ions were t h e  l a r g e s t  i n  the 
s p e c t r a  but  by 4OO0C, alkene ions were l a r g e r  than the alkane fragmqnts. 

Room temperature s p e c t r a  obtained with mass spectrometers have c h a r a c t e r i s t i c  

Figure 1 shows such a spectrum obtained on t h e  magnetic s e c t o r  

Since comparison of numerous s p e c t r a  of organic  Compounds ind ica tes  

Monitoring s e v e r a l  of these  ions 

Ion i n t e n s i t i e s  f o r  most organic s p e c i e s  increased by a f a c t o r  of 10. 

These sulfur-containing spec ies  eventual ly  
As 

Temperature range 45O-125O0C 
Most hydrocarbons have been v o l a t i l i z e d  a t  these  temperatures. A s i g n i f i c a n t  

f e a t u r e  between 500-700°C is the  
corresponding decrease i n  t h e  Cop -ion i n t e n s i t y .  These molecules probably result  
from thermal decomposition of carbonates present  i n  t h e  s h a l e  matrix. 
r e l a t i v e  i n t e n s i t i e s  of m / e  15-18 suggest t h a t  s m a l l  amounts of ammonia were being 
evolved from t h e  sample; evidence f o r  release of t h i s  by-product of o i l  s h a l e  is  
general ly  missing from most of t h i s  s e r i e s  of mass spectra .  
(m/e 23) and Pp' (m/e 62) were observed as s igni f icant$  highly s h u t t e r a b l e  ions 
i n  t h e  spectrum; a t  s l i g h t l y  higher  temperatures, S i 0 2  
and Al' ( m / e  27) were i d e n t i f i e d  as w e l l .  

became black i n  co lor ;  a res idue  of sha le  heated t o  125OoC changed t o  a dark,  glassy 
bead. 

I n  genera l ,  t h e  r e s u l t s  obtained i n  these  s t u d i e s  agree with those  found i n  
previous o i l  s h a l e  technology. 
processing has been found t o  be 32OoC. Greater  unsa tura t ion  of t h e  hydrocarbons 
with increasing temperature agrees with previous experimental work. 
approximate 1% sulfur has been observed as thiophenes and H2S but  no t  as mercaptans. 
In  agreement with t h e  small t h e o r e t i c a l  y i e l d  of n i t rogen  from Colorado o i l  sha le ,  
only small amounts of nitrogen-containing spec ies  can b e  i d e n t i f i e d  i n  these  
experiments. 

radual  increase  i n  t h e  CO' ion i n t e n s i t y  with a 

A t  -55OoC, 

rg 

A t  - lOOO°C, Na+ 

(m/e 60), Mg+ (m/e 24) 

Sample res idue  of o i l  s h a l e  heated t o  7OO0C re ta ined  t h e i r  o r i g i n a l  shape but 

The most favorable  temperature f o r  hydrocarbon 

The 
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