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Introduction 

Development of o i l  sha le  deposi ts  as  sources of f u e l s ,  l u b r i c a n t s ,  
and chemical feedstocks i s  beinq considered as an a l t e r n a t i v e  t o  
present re1 iance on conventional petroleum reserves .  Procedures, 
advantages, and disadvantages f o r  mining/surffcg processinq and f o r  
-- in s i t u  re tor t inq  have been widely discussed. 
crushinq of  the sha le  i s  essent ia l  f o r  e f f i c i e n t  o i l  rqcovery. As a 
r e s u l t  of t e s t s  w i t h  a var ie ty  of  mechanical crushers ,  
t h a t  the effect iveness  of  mechanical crushing i s  l imited by the 
charac te r i s t ics  of  the  sha le .  A slab-forminq tendency allows l a r q e  
pieces t o  pass throuqh many conventional crushers .  The r e s i l i e n c e  
and s l ippery  nature  of the  shale  l i m i t s  the effect iveness  of mechanical 
impact; furthermore, the shale  often adheres to  crusher sur faces .  
-- In  s i t u  re tor t inq  i s  enhanced by f rac tur inq  with explosive charges or 
expansion of ex is t inq  f rac tures  with f lu ids  such as water. Fracturinq 
by explosive charqes i s  f requent ly  l imited t o  the v i c i n i t y  of the 
charqe s ince the explosive shock i s  dissipared by shale  r e s i l i e n c e .  
Ef f ic ien t  f rac tur ing  by aqueous f l u i d s  is  l imited by a tendency f o r  
capi l la ry  adhesion of water i n  the f i s s u r e s  and by ava i lab le  water 
suppl ies  i n  a r id  regions where o i l  shale  deposits of ten occur. 

shales  could circumvent many of the l imi ta t ions  to  mechanical crushing 
as well as reduce o r  e l iminate  capi ta l  and maintenance cos ts  of  crushers .  
O u r  recent  success in commiyuting and desulfur iz ing coal by treatment 
w i t h  l i q u i d  s u l f u r  dioxide, 
be successful i n  f rac tur ing  o i l  sha les .  

Liquid SO2 i s  a remarkably subt le  solvent  with moderate Lewis 
acid propert ies ,  a subs tan t ia l  res i s tance  t o  oxidation and reduction 
when pure, and a propensQty t o  s u p p o r t  a var ie ty  of  ion ic ,  f ree  r a d i c a l ,  
and molecular react ions.  
i t  i s  e a s i l y  l i q u i f i e d  and/or removed a f t e r  react ion;  i t  can be 
eas i ly  manipulated without the need f o r  exot ic  construct ion mater ia l s .  
Furthermore, i t  i s  an inexpensive material which is readi ly  ava i lab le  i n  
l a rqe  quant i t ies  from smelting and foss i l  fuel  comaustion; i f  not  
u t i l i z e d ,  i t  must be disposed of in some s t a b i l i z e d  form a t  considerable 
expense. Thus, the d i r e c t  use of s u l f u r  dioxide could provide an 
a1 te rna t ive  means of c o s t  recovery f o r  pol lut ion abatement technoloqy. 

I n  the  former approach, 

i t  i s  apparent 

Employment o f  chemical comminution techniques f o r  f rac tur inq  o i l  

suqgested t h a t  s imi la r  treatments might 

Since SO2 has a boi l ing point  o f  -lO°C, 
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Here we wish t o  r e p o r t  t he  r e s u l t s  o f  p r e l i m i n a r y  experiments 
i n  which o i l  shales a r e  t r e a t e d  w i t h  l i q u i d  s u l f u r  d iox ide  t o  
e f f e c t  comminution. We are,  p resen t l y ,  unaware o f  any prev ious 
r e p o r t s  o f  such exper iments.  

Experimental 

6 S u l f u r  d iox ide  was d r i e d  and manipulated as descr ibed elsewhere. 
Larger  shale pieces (6-8 cm) were t r e a t e d  d i r e c t l y  i n  a s t a i n l e s s  
s tee l  autoclave r e a c t o r  ( P a r r  model 4641). Smal ler  shale pieces were 
sealed in  f r i t t e d  q l a s s  tubes w i t h  l i q u i d  SO2 (ca. 2 : l  o r  l e s s  S02/shale 
by weight )  t o  f a c i l i t a t e  recovery ofoany e x t r a c t .  S u l f u r  d iox ide  
was d i s t i l l e d  on t o  t h e  shale a t  -78 C; t he  system was then sealed 
and brought up t o  process ing temperature. 
1 7OoC were  used; t h e  1 a t t e r  temperature corresponds t o  s u p e r c r i t i c a l  
cond i t i ons  f o r  SO2. No mechanical a s i t a t i o n  was employed. Upon 
cool inq,  the S O z ,  s h a z ,  and e x t r a c t  were recovered. 
inspected immediately upon recovery and a t  several i n t e r v a l s  the rea f te r .  
S u l f u r  analyses and i n f r a r e d  spect ra o f  t he  shales were performed 
on o r i g i n a l  , processed, and processed/heated samples t o  determine 
res idua l  SO2 content .  I n f r a r e d  spect ra o f  the e x t r a c t s  were a lso 
obtained. 

Resul ts  and Discuss ion 

Temperatures o f  25, 70, and 

The shales were 

Results f o r  samples o f  Green River, Antr im, and Moroccan o i l  shales 
were obta ined i n  these p re l im ina ry  experiments. Extensive f r a c t u r i n g ,  
both along and across laminat ions,  was obsgrved w i t h  a l l  t h ree  shales.  
I n i t i a l  experiments were c a r r i e d  o u t  a t  170 C f o r  3 t o  5 hours; 
subsequent exper iments i n d i c a t e d  t h a t  t he  deqree o f  J rac tu r ing  was 
almost as extens ive when m i l d e r  cond i t i ons  (e.  9. 25 C f o r  1 hour) a re  
used. Some f r a c t u r i n q  was even observed t o  occur  by exposure t o  gaseous 
SO2 alone. With t h e  l a r q e  lumps, laminat ions a re  f r e q u e n t l y  expanded 
t o  1-2 cm; f r a c t u r e s  across laminat ions are l e s s  pronounced b u t  
d i s t i n c t l y  v i s i b l e .  Immediately upon recovery f r o m  the reac to r ,  t he  
samples a r e  so b r i t t l e  as t o  be e a s i l y  broken w i t h  t he  f i nqe rs ;  a f t e r  
standing f o r  a time, the  samples become s l i g h t l y  l e s s  b r i t t l e  b u t  
a l l  f r a c t u r i n g  i s  mainta ined.  Althouqh no q u a n t i t a t i v e  t e s t s  o f  
mechanical p r o p e r t i e s  have been made, i t  appears t h a t  l i t t l e  o f  t h e  
r e s i l i e n c e  and s l i ppe ryness  o f  the o r i g i n a l  shales i s  re ta ined.  
of t h e  processed samples have a s o f t  l us te rous  appearance. 

o i l  shales a re  n o t  obvious. Among the  mechanisms which should be 
considered, however, a re  the  f o l l o w i n g :  1 .  p a r t i a l  conversion o f  
carbonates t o  s u l f i t e s  would d i s r u p t  m i c r o c r y s t a l l i n e  l a t t i c e s  i n  
carbonate r i c h  shales,  2. d isplacement o f  hydroxyl  groups on s i l i c a  
surfaces would d i s r u p t  hydrogen bonding i n  s i l i c e o u s  shales, and 
3. e x t r a c t i o n  o f  p h y s i c a l l y  and chemical ly  bound water  would break 
up i n t e r s t i t i a l  f o rces  i n  bo th  types o f  shale.  

Surfaces 

A t  t h i s  stage, t h e  mechanisms responsib le  f o r  f r a c t u r i n g  o f  these 
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The s u l f u r  content  o f  t h e  shales was increased somewhat by  
Processing i n  l i q u i d  SO ; res idua l  s u l f u r  increases s i g n i f i c a n t l y  
w i t h  the  temperature o f 2 t h e  treatment,  however. For  example, 8 t  
room temperature, res idua l  s u l f u r  increases by  1 2 %  b u t  a t  170 C, 
i t  increases by 5-10%. Such an increase i n  s u l f u r  con ten t  suggests 
t h a t  processinq a t  h i g h e r  temperatures i s  det r imenta l  t o  t h e  shale.  

Upon exposure o f  Green R iver  and An t r im  shales t o  l i q u i d  SO2, a 
y e l l o w  c o l o r  develops i n  the  SO s o l u t i o n  which p rog ress i ve l y  deepens 
t o  a dark brown; a brown res iduz  i s  i s o l a t e d  upon evaporat ion o f  t h e  
SO . Moroccan shale,  on the  o t h e r  hand, produces an oranqe SO s o l u t i o n  
an6 an orange res idue.  
be increased somewhat b y  use o f  h i g h e r  temperatures.  
o f  these residues revea l  t h a t  water, a l i p h a t i c s ,  and carbonyls  a re  
the  predominant species al though a smal l  amount o f  aromat iss 
a l so  obtained. Cross g o l a r i z a t i o n ,  maqic angle sp inn ing  C nmr 
r e s u l t s  f o r  the  s o l i d s  i n d i c a t e  t h a t  t he  carbon content  i n  the  shales 
themselves d i f f e r s  much more than do these e x t r a c t s :  Green R i v e r  
shale organic  carbon i s  predominately a1 i p h a t i c  whereas 
shale carbon i s  ca. 3:l a l i pha t i c /a romat i c  and An t r im  shale carbon 
i s  ca. 1 : l  a l i pha t i c /a romat i c .  
would appear t o  be s e l e c t i v e  f o r  t h e  a l i p h a t i c  components o f  
these shales.  Since t h e  organic  p a r t  o f  these e x t r a c t s  c o n s t i t u t e s  
ca. 2% o f  t he  o r i g i n a l  shales,  i t  i s  presumed t h a t  t hey  rep resen t  
most o f  t h e  bitumen p o r t i o n  o f  t he  shale and t h a t  t h e  kerogen 
s t i l l  remains i n  the  shale i t s e l f .  
be cons is ten t  w i t h  those f o r  e x t r a c t i o n  by more convent ional  so l ven ts .  
Other ma te r ia l s  a re  a l s o  e x t r a c t e d  from t h e  shales by l i q u i d  SO2. 
These ma te r ia l s  a re  found as c o l o r l e s s  o r  l i g h t  brown c r y s t a l s  
deposi ted i n  the f i s s u r e s  and on the  surfaces o f  t h e  shale a f t e r  
the  i s o l a t i o n  procedures. A t  present,  we have n o t  i d e n t i f i e d  these 
c r y s t a l s .  

It appears t h a t  t he  q u a n t i t y  o f  e x t r a c g  can 
I n f r a r e d  spect ra 

a r e  

Moroccan 

Thus, e x t r a c t i o n  by  l i q u i d  SO2 

These observat ions would, thereforg,  

The r e s u l t s  o f  these experiments suggest t h a t  many o f  t h e  l i m i t a t i o n s  
I o f  convent ional  c rush inq  and f r a c t u r i n g  procedures a re  no t  encountered 

here; t he re  are  however o t h e r  l i m i t a t i o n s  t o  be  d e a l t  w i t h .  These 
observat ions are, nevertheless,  s u f f i c i e n t l y  promis ing t o  war ran t  
f u r t h e r  d e t a i l e d  i n v e s t i g a t i o n  i n t o  the  u t i l i t y  o f  comminution w i t h  
l i q u i d  SO f o r  bo th  su r face  and i n  s i t u  process ing o f  o i l  shales.  

repor ted  here, t o  develop an understandinq o f  t h e  mechanisms invo lved ,  
and t o  dev ise means of reducing the  impact o f  present  l i m i t a t i o n s  
t o  p r a c t i c a l  use a re  underway. 
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