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S W R Y  

Progressive e x t r a c t i o n  of c o a l  wi th  pyridine f o r  d i f f e r e n t  per iods of time has 

Alkylbenzenes and phenols predominate 
s h a m ,  by mass s p e c t r a l  and o t h e r  analyses ,  t h a t  c e r t a i n  types of const i tuents  a r e  
prominent i n  the  e a r l y  s t a g e s  of ex t rac t ion .  
i n  the f i r s t  e x t r a c t ;  polynuclear  aromatics a r e  found t o  be ex t rac ted  later.  The 
order  of e x t r a c t i o n  is  important i n  t h e  mechanism of e x t r a c t i o n  of coals .  

INTRODUCTION 

Solvent e x t r a c t i o n  of coal  has been used f o r  many years  i n  studying t h e  cons t i -  ! 
t u t i o n  of coa l .  With pyr id ine ,  one of the  b e s t  coal  so lvents ,  an appreciable f rac-  
t i o n  of the  o r i g i n a l  can be ex t rac ted  from high  v o l a t i l e  and medium v o l a t i l e  b i -  
t m i n o u s  coa ls .  For these  coa ls  the e x t r a c t  is considered f a i r l y  representat ive 
of t h e  whole coa l ,  and experiments c a r r i e d  out  on t h e  e x t r a c t s  a r e  therefore  reason- ’ 
ably representa t ive  of  the whole coal .  The pyridine e x t r a c t  i t s e l f  i s  generally 
considered t o  y i e l d  but  l i t t l e  more i n f o r y t i o n  than does the parent  coal; i t  is 
q u a l i t a t i v e l y  q u i t e  similar t o  t h e  coa1. l  
t r a c t a b l e  sample than t h e  coa l  and makes poss ib le  f u r t h e r  processing i n  solut ion.  
And, as f h u n  before ,  t h e r e  are q u a n t i t a t i v e  d i f f e r e n c e s  between e x t r a c t  and 
residue.- The p r i n c i p a l  p r a c t i c e  in  solvent  e x t r a c t i o n  is  exhaustive ex t rac t ion  
V I  LIE sruupie i n  o r d e r  co obcain tne n ighes t  y i e l d  poss ib le .  
c lose ly  a t  t h e  e f f e c t  of t i m e  of e x t r a c t i o n  on the  y i e l d  of extract . -  

But the e x t r a c t  does present  a more 

- e  _.~. Dryden31fas looked 

1) 

I n  ex t rac t ing  coa ls  under var ious condi t ions f o r  mass spectrometr ic  invest iga-  
t i o n s ,  quest ions a r o s e  concerning a poss ib le  order  of components coming out of the  
coal. Are a l l  chemical e n t i t i e s  ex t rac ted  simultaneously? A r e  the  following p a i r s  
ex t rac ted  together  o r  i n  succession: A l i p h a t i c s  and aromatics ,  alkylbenzenes and 
alkylnaphthalenes,  c y c l i c  hydrocarbons and he terocycl ics ,  a c i d s  and bases ,  e tc .?  
Dormans and van K r e v e l e d j  found t h a t  molecula weights  of t h e  f r a c t i o n s  increase 
with increasing e x t r a c t i o n  t i m e ;  van KreveledT has used such e x t r a c t i o n  da ta  and 
polymer theory t o  f i n d  the i n t e r e s t i n g  r e s u l t  t h a t  the e x t r a c t a b i l i t y  of coal  sol- 
vents  can be ca lcu la ted .  

e x t r a c t i o n s ,  a method introduced by Rybicka,- 67 has been c a r r i e d  out ;  the  compari- 
son of  in f ra red  s p e c t r a  by Brow& is c i t e d  above. W e  have inves t iga ted  possible  
e f f e c t s  of e x t r a c t i o n  t i m e  on composition of  t h e  e x t r a c t s  by u t i l i z i n g  pro ress ive  

t h a t  only one so lvent  is used and e x t r a c t i o n  times a r e  var ied from a few minutes 
t o  many hours. 
Previously w e  have shown t h a t  low ionizing vol tage mass s p e c t r a  of coal  e x t r a c t s  
can determine q u a n t i t a t i v e l y  fami l ies  of  
t h a t  are v o l a t i l e  a t  300° C i n  a vacuum.z9 Prel iminary experiments on the  ex- 
t r a c t i o n  process quick ly  showed t h a t  a f t e r  many minutes of e x t r a c t i o n  there  was no 
longer  any d i f f e r e n c e ,  d e t e c t a b l e  by mass spectrometry, i n  t h e  compositions of the  
e x t r a c t s .  
i l l u s t r a t e d  b e s t  i f  samples were co l lec ted  a f t e r  5 minutes, a f t e r  30 minutes, and 
a f t e r  many hours of e x t r a c t i o n .  

[I 

r 

To our knowledge no d e t a i l e d  charac te r iz  t i o n  of the  products from successive 

e x t r a c t i o n ,  which d i f f e r s  from t h e  successive e x t r a c t i o n  method of R y b i c k d  i? i n  

Mass spectrometry was used  as t h e  p r i n c i p a l  t o o l  of  invest igat ion.  

e r i v a t i v e s  of var ious aromatic nuclei  

It  w a s  concluded t h a t  t h e  e f f e c t s  of progressive e x t r a c t i o n  would be 

I 



EXPERIMENTAL PROCEDURE 

The procedure f o r  progressive e x t r a c t i o n  w a s :  One gram of P i t t sburgh  coal  of 
< 200 mesh was combined with 2 cc  of  pyridine.  
f o r  5 minutes, a f t e r  which time the  sample w a s  opened and the  s o l u t i o n  immediately 
f i l t e r e d  t o  remove t h e  e x t r a c t  and solvent  from f u r t h e r  contact  wi th  t h e  coa l .  
The e x t r a c t  so lu t ion  was immediately centr i fuged i n  order  t o  remove t h e  e x t r a c t  
from any minute amounts of coa l  remaining. The coal  thus  separated from the  ex- 
t r a c t i o n  process w a s  subjected t o  a f u r t h e r  e x t r a c t i o n  with a new sample of added 
pyridine and the e x t r a c t i o n  was c a r r i e d  out  f o r  30 minutes. A t  the  end of 30 
minutes the i s o l a t i o n  of the  e x t r a c t  was repeated a s  before. The process w a s  then 
c a r r i e d  out again a f t e r  17 hours of e x t r a c t i o n  and an e x t r a c t  was aga in  separated.  

The mixture was shaken mechanically 

The mass spectrometer was a Consolidated Electrodynamics Corp. 21-103C with a 
heated i n l e t  system fabr ica ted  i n  our labora tory  and usua l ly  operated f o r  t h i s  
work a t  290" C. Data on aromatics were obtained from low-ionizing vol tage spec t ra .  

The mater ia l  analyzed by t h e  mass spectrometer i s  t h a t  m a t e r i a l  t h a t  is  s u f f i -  
c i e n t l y  v o l a t i l e  t o  be observable. The remainder of each e x t r a c t  is  unknown. The 
s igni f icance  of the d a t a  obtained l i e s  i n  the comparison of fami l ies  of aroplatics 
observed f o r  the var ious e x t r a c t s .  Comparison of weight-average molecular weights 
with those published is not  meaningful. It was determined t h a t  90 percent  of the  
material v o l a t i l i z e d  a t  300' C from Pi t tsburgh coal  is  removed from coal  by pyr i -  
d ine  ex t rac t ion .  For t h i s  reason i t  is believed t h a t  the mass s p e c t r a  of pyridine 
e x t r a c t s  a r e  representa t ive  of t h e  e x t r a c t  and of he coal. Good r e p r o d u c i b i l i t y  
of mass spec t ra  of e x t r a c t s  has been establ ished.-  7F 

RESULTS AND DISCUSSION OF RESULTS 

Mass Spectra. The mass s p e c t r a l  analyses  and t h e  amounts of e x t r a c t  obtained 
i n  terms of percent of t h e  o r i g i n a l  coal  are indicated i n  t a b l e  1. Resul ts  of the  
mass s p e c t r a l  analyses  i n d i c a t e  t h e  following: (1) One- and 2-r ing aromatics  pre-  
dominate i n  the  5-minute e x t r a c t ;  higher  aromatics predominate wi th  longer  ex t rac-  
t i o n  times. 
would be present  i n  t h i s  e x t r a c t . g /  
naphthaleneswere much g r e a t e r  f o r  the  5-minute e x t r a c t  than f o r  t h e  o ther  two ex- 
t r a c t s .  
minute e x t r a c t  a r e  a l l  less than those i n  the  longer-time e x t r a c t s .  (4)  The l a r g -  
es t  components found i n  the  5-minute e x t r a c t  a r e  4-ring, c a t a -  and peri-condensed 
aromatics;  the 30-minute and 17-hour e x t r a c t s  show components up through 6 r ings  
peri-condensed. 
of  3-r ing and smaller aromatics;  t h e  17-hour e x t r a c t  contains  s l i g h t l y  g r e a t e r  
amounts of 4-r ing and l a r g e r  components. 
QHg, C7H8, CgH10, e t c . )  t h e  d i s t r i b u t i o n  maximizes a t  the lowest molecular weight 
f o r  the  5-minute e x t r a c t .  This  i s  observed f o r  benzenoids and phenols. Maxima f o r  
t h e  o ther  two e x t r a c t s  occur a t  higher  molecular weights. 

This is expected on the  b a s i s  t h a t  lower molecular weight mater ia l s  
( 2 )  Percentages of benzenes, phenols, and 

(3) Yields of phenanthrenes-anthracenes and higher  aromatics  i n  t h e  5- 

(5) The 301ninute e x t r a c t  contains  s l i g h t l y  higher  concentrat ions 

( 6 )  Within a family of aromatics  (e.g., 

The l a r g e r  concentrat ion of phenols i n  t h e  i n i t i a l  51ninute e x t r a c t  i s  a s i g -  
n i f i c a n t  f inding.  
important f a c t o r  i n  coal  e x t r a c t i o n .  
i n  s o l u b i l i t y  parameters,6, f o r  coa ls  and so lvents  a r e  apparent ly  of g r e a t  import- 
ance i n  the e x t r a c t a b i l i t y  of coal  solvents ;  h acknmle  ged t h a t  chemical pro- 
p e r t i e s  a r e  a l s o  l i k e l y  t o  b e  very important.>j Drydexd and Halleux and Tschamlerl' 
have shown t h a t  t h e  a v a i l a b i l i t y  of f r e e  e l e c t r o n  p a i r s  i n  hvdrogen bonding sol- 
vents  such a s  pyridine is  important i n  i n t e r a c t i o n s  with a c i d i c  m a t e r i a l s .  

It is  a d i r e c t  ind ica t ion  t h a t  the  b a s i c i t y  of pyr id ine  i s  an 
Van Krevelen has  shown t h a t  t h e  d i f fe rences  

\ 



The beginning of t h e  pyridine e x t r a c t i o n  process may be the  "unlocking" of I- 

t h e  coal  s t r u c t u r e  through d i s s o l u t i o n  of phenol ic  s t r u c t u r e s ,  which are apparently ?- 
hydrogen bonded ( i n f r a r e d  s p e c t r a  of coa ls  i n d i c a t e  only hydrogen bonded OH, no '- 
f r e e  OH). Hpwever, it has  not  been es tab l i shed  whether the  "unlocking" process 
a c t u a l l y  involves the  breaking of hydrogen bonded s t r u c t u r e s .  t' 

Infrared Spectra .  The spec t ra  of e x t r a c t s  and res idues  were compared. As 
described by Brown, t h e r e  are no q u a l i t a t i v e  d i f f e r e n c e s ,  but  t h e r e  a r e  semi- 
q u a n t i  a t i v e  i n d i c a t i o n s  of changes i n  inf ra red  absorpt ion wi th  ex ten t  of extrac-  
tion.&? Q u a n t i t a t i v e  f fe rences  a r e  appreciable  as we found on comparing spectra  
of e x t r a c t s  and c o a l s . j f  On t h e  quest ion of "unlocking" of  hydrogen bonded s t ruc-  
t u r e s  i n  coal  t h e  i n f r a r e d  spectrum of the  5-minute e x t r a c t  ind ica tes  a s l i g h t l y  
higher  absorpt ion a t  1260 cm-l. This absorpt ion is a t t r i b u t a b l e  t o  phenolic s t ruc-  
t u r e s ,  so a s l i g h t l y  g r e a t e r  concentrat ion of phenolic s t r u c t u r e s  i s  indicated for  
t h e  i n i t i a l ,  5-minute e x t r a c t .  This r e s u l t  is a t  least  some corroborat ion f o r  the 
mass s p e c t r a l  i n d i c a t i o n  of a higher  phenol concentrat ion i n  the  5-minute ex t rac t .  
The OH s t r e t c h i n g  band at  3300 an-1 is not  a r e l i a b l e  ind ica t ion  of phenolics i n  
coa l .  

Al ipha t ic  CH absorp t ion  i n  res idues  and e x t r a c t s  a r e  compared i n  table  2 .  
The residue from t h e  30-minute e x t r a c t  shows an absorbance decrease of 46 percent 
r e l a t i v e  t o  the e x t r a c t .  Also it  is i n t e r e s t i n g  t o  note  t h a t  t h e  h ighes t  a l i p h a t i c  
C-H concentrat ion occurs  i n  t h e  30-minute e x t r a c t ;  the  a l i p h a t i c  C-H content of 
t h e  5-minute e x t r a c t  is somewhat lower. 

The GI content  of  t h e  res idues  are a l l  smaller  than t h e  corresponding ex t rac ts .  
Also, res idues show decreas ing  C-H contents  with increase  i n  e x t r a c t i o n ,  whic 
expected i n  view of t h e  g r e a t e r  (31 absorpt ion bands found i n  the extracts.- 1 27 is 

A l l  absorp t ion  bands in the resid~es are  slightly veakei 61-11.i iess weii-ae- 
f ined  than the corresponding bands i n  the e x t r a c t s .  The spectrum of a coal is 
m o s t  influenced by t h e  sharper  absorpt ion spec t ra  of t h e  e x t r a c t  which a r e  
a t t r i b u t a b l e  to components high i n  hydrogen, both aromatic  and sa tura ted .  

f Aliphatic/Aromatic Rat ios .  Determination of the  a l ipha t ic /a romat ic  r a t i o s  of 
t h e  various e x t r a c t s  were attempted by comparison of  t o t a l  ion iza t ion  from mass 
s p e c t r a  a t  low and h igh  ion iz ing  voltage. This  comparison indicated t h a t  the 
5-minute e x t r a c t  was s l i g h t l y  lmer i n  a l i p h a t i c  content .  This  r e s u l t  w a s  con- 
s idered  dubious, but  t h e  inf ra red  r e s u l t  apparent ly  confirms i t  as the  a l i p h a t i c  
CH content of t h e  5-minute e x t r a c t  is indeed s l i g h t l y  lower than t h a t  of the 30- 
minute e x t r a c t  ( t a b l e  2) .  
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f Table 1.- Frac t ions  from the progress ive  e x t r a c t i o n  o 
Pi t t sburgh  seam (hvab) coa l  wi th  p y r i d i n s  

Ext rac t ion  t i m e ,  hours 
Ex t rac t ,  weight percent of coa l  

0.08 0.5 17  
2.4 4.6 12.3 

Aromatic compound types ,  
including 

a l k y l  de r iva t ives  Weight percent  

Mass s p e c t r a l  analyses:b/  

Benzenes 
Phenols 
Dihydr i c  and/ o r  alkoxyphenol s 

Naphthalenes 

Indans 
Indanols 

, Indenes; naphthols 

Acenaphthenes 
Acenaphthylenes; f luorenes 
Anthracenes; phenanthrenes 
Naphthalenes, phenyl subs t i t u t ed  

4- r ing ,  cata-condensed 
O-ring, peri-condensed 
3- r ing ,  phenyl subs t i t u t ed  

5- r ing ,  cata-condensed 
5- r ing ,  peri-condensed 
6- r ing ,  peri-condensed 

29.2 
10.8 

25.4 

1.8 

6.0 
10.8 
3.0 
5 -5 

2.5 ' 

4.5 
.5 

1.9 
3 .1  

.5 

13.5 
1.1 
1.5 
2.2 

6.6 
6.8 

10.6 
7.8 

1.9 
3.2 

.5 

12 .2  
.7  

1.0 
2.1 

6.2 
6.4 
9.9 
7.6 

7.9 8.6 
11.2 11.9 

7.2 7.9 

8.0 8.9 
7.0 7.6 
3.1 3.4 

a/ One.of two complete runs. 
- b/ Compounds containing N ,  S, and non-phenolic 0 a r e  probably a l s o  present .  

Table 2.-  Inf ra red  spec t r a  of coa l  e x t r a c t s .  Absorbance va lues  
a t  2920 crn-l, a l i p h a t i c  C-H absorp t ion  band 

Ext rac t ion  time, hours Absorbance a t  2920 
Ext rac t  Res idue 

0.08 .22 .15 

0.5 .26 .14 

17.0 .16 .ll 



References , 

\(. 1. Brown, J. K. I n f r a r e d  Spectra  of Solvent Ext rac ts .  Fuel, v. 38, 1959, 
pp. 55-63. 

2. Fr iede l ,  R. A. 1 n f r a r e d . h  Coal S t r u c t u r e  Research. Ch. i n  "Applied Infra-  
red Spectroscopy," ed. D. N. Kendall, Reinhold Publ. Co., New York, u 

pp. 312-343. 

3. Dryden, I.G.C. Nature of S p e c i f i c  Solvents  f o r  Bituminous Coals. 
Nature, v. 166, 1950, pp. 561-562. 

v. 11, 1951, pp. 28-42. 
- . The Apparent S o l u b i l i t y  of Col lo ida l  Materials. Far. SOC. Disc., 

4. Dormans, H.N.M., and D. W .  van Krevelen. Chemical S t r u c t u r e  and Propert ies  
of Coal. 
Ext rac ts .  Fue l ,  v. 39 ,  1960, p. 273. 

XXVII-Composition and Molecular Weight Dis t r ibu t ion  of Coal 

5. Van Krevelen, D. W. Chemical S t r u c t u r e  and P r o p e r t i e s  of Coal. XXVIII-Coal 
Cons t i tu t ion  and Solvent Ext rac t ion .  Fuel ,  v. 44, 1965, pp. 229-241. 

6. Rybicka, S. M. The Solvent Ext rac t ion  of a L w  Rank V i t r a i n .  Fuel, v. 38, 
1959, pp. 45-54. i 

7. Sharkey, A.  G., J. L. Shul tz ,  and R. A. Fr iede l .  Comparison of the  Mass 
Spectra  of E x t r a c t s  and Vacuum Pyrolys is  Products from Coal. Fuel, 
v. 40,  1961, pp. 423-426. 

From Coal. Fue l ,  v. 41, 1962, pp. 359-371. 
- . Appl ica t ion  of Lov-ionizing Voltage Mass Spectrometry t o  O i l s  Derived 

8. Halleux, A., and H. Tschamler. Ext rac t ion  Experiments on Coal with Various 
Pyridine Bases. Fuel, v. 38,  1959, pp. 291-293. 

c, 



125 

cal P r o p e r t i e s  oi Green RLver 
henna1 Treatment 

P. R. T i s o t  

Laramie Petroleum Research Center  
Bureau of Mines,  U.S. Department of t h e  I n t e r i o r  

Laramie,  Wyoming 

INTRODUCTION 

O i l  s h a l e ,  a major p o t e n t i a l  source  of bo th  l i q u i d  f u e l s  and chemica ls ,  i s  a 
s t r a t i f i e d  o r  varved,  h i g h l y  c o n s o l i d a t e d ,  and n e a r l y  impervious organic- inorganic  
complex. 
s t i t i a l  pores  of t h e  v a r v e ' s  m i n e r a l  mat r ix .  
o s i t i o n  c o n s i s t s  of two laminae,  one of which is  r i c h e r  i n  organic  matter than  the  
o t h e r .  Bradley (1) r e p o r t s  t h a t  t h e  t h i c k n e s s  of  t h e  varves  d i f f e r s  c o n s i d e r a b l y ,  
0.014 m i l l i m e t e r s  i n  t h e  r i c h e s t  o i l  s h a l e  t o  9.8 m i l l i m e t e r s  i n  the  f i n e - g r a i n e d  
sands tone ,  and t h a t  t h e  ave rage  t h i c k n e s s  of t h e  v a r v e s ,  weighted a c c o r d i n g  t o  t h e  
q u a n t i t y  of each type of rock i n  t h e  format ion ,  i s  about  0.18 m i l l i m e t e r s .  The pro-  
p o r t i o n  of o rganic  t o  m i n e r a l  m a t t e r  i s  not  uniform throughout  t h e  formation;  but  
t h e  composi t ion of each phase i s  r e l a t i v e l y  uniform. 
between varves  may be g r a d u a l  o r  i t  may be q u i t e  abrupt .  When numerous laminae of 
comparable organic  c o n t e n t  occur  t o g e t h e r ,  they  form l a y e r s  o r  beds of o i l  s h a l e s ,  
t h e i r  t h i c k n e s s  depends on t h e  number of t i m e s  t h e s e  comparable laminae reoccur .  
Large v a r i a t i o n s  i n  organic  c o n t e n t  f r e q u e n t l y  occur  between con t iguous  beds o r  
t h o s e  near  t o  each o t h e r .  Within the  Mahogany Zone (5 ) ,  f o r  example, t h e r e  e x i s t s  
1 - f o o t  beds which vary  i n  o i l  y i e l d  from about  6 t o  77 g a l l o n s  of o i l  p e r  ton  a s  
shown i n  f i g u r e  1. The Mahogany Marker i n  t h i s  zone i s  a bed of a n a l c i t i z e d  t u f f  
approx ima te ly  6- inches  t h i c k  and i t  is  used a s  a r e f e r e n c e  bed f o r  c o r r e l a t i n g  o i l  
s h a l e s  from d i f f e r e n t  l o c a t i o n s .  
o r g a n i c  m a t t e r  a r e  r e l a t e d .  In s e v e r a l  i n s t a n c e s  beds of comparable o i l  y i e l d  o r  
o r g a n i c  c o n t e n t  occur  numerous t imes ,  each a t  a d i f f e r e n t  depth  w i t h i n  t h e  formation.  

The p r a c t i c a l l y  i n s o l u b l e  organic  m a t t e r  i s  d i s t r i b u t e d  w i t h i n  t h e  i n t e r -  
Each v a r v e  r e p r e s e n t i n g  s e a s o n a l  dep- 

The changes i n  organic  m a t t e r  

F igure  1 a l s o  shows how o i l  y i e l d  and weight-percent  

Because t h e  organic  matter i s  n o t  uniformly d i s t r i b u t e d ,  t h e  Green River forma- 
t i o n ,  i n  e f f e c t ,  encompasses many o i l - s h a l e  beds.  Each of t h e s e  o i l - s h a l e  beds i s  
c h a r a c t e r i z e d  with i t s  i n h e r e n t  r a t i o  of o r g a n i c  t o  i n o r g a n i c  matter, p h y s i c a l  s t r u c -  
t u r e ,  and p h y s i c a l  p r o p e r t i e s .  The complexi ty  of t h e  o i l  s h a l e s  w i t h i n  these  beds 
w i l l  impose d i f f i c u l t  Opera t iOMl  ,engineer ing  problems i n  s h a l e - o i l  p roduc t ion  by 
e i t h e r  i n  s i t u  or o t h e r  r e t o r t i n g  o r  conve r s ion  methods.  
and chemical  n a t u r e  of o i l  s h a l e s  and of t h e i r  r e a c t i o n  i n  a p y r o l y t i c  environment 
should h e l p  t o  r e s o l v e  t h e s e  problems. 

Knowledge of t h e  p h y s i c a l  

Research i s  being d i r e c t e d  toward t h e  s tudy  of the  p h y s i c a l  n a t u r e  and behavior  
i n  a thermal  environment of t h e  complex o r g a n i c - i n o r g a n i c  system. Some c h a r a c t e r i s -  
t i c s  o f  the  o i l  s h a l e ' s  p h y s i c a l  s t r u c t u r e  have been e v a l u a t e d  by T i s o t  and Murphy 
( 6 , 7 , 8 )  on a 28.6- and a 75.0-gal lon-per- ton o i l  s h a l e .  These i n c l u d e  p a r t i c l e  s i z e  
and p a r t i c l e - s i z e  d i s t r i b u t i o n  of  t h e  minera l  c o n s t i t u e n t s ;  s u r f a c e  a r e a ,  pore s t r u c -  
t u r e ,  and pore volume of t h e  raw o i l  s h a l e s  and of t h e i r  r e s p e c t i v e  minera l  m a t r i c e s ;  
and a n  e s t i m a t e  of  the  amount of o r g a n i c  m a t t e r  bonded e i t h e r  c h e m i c a l l y  o r  p h y s i c a l l y  
t o  t h e  minera l  phase. 

The p r e s e n t  s t u d y  e v a l u a t e s  changes i n  p h y s i c a l  p r o p e r t i e s  and a , l t e r a t i o n s  i n  
s t r u c t u r e  which occur  when o i l  s h a l e s  of w ide ly  d i f f e r e n t  organic  c o n t e n t  a r e  heated 
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under  c o n t r o l l e d  c o n d i t i o n s  t o  950°F. and t o  1,500"F. i n  a s t r e s s - f r e e  environment. 
A s t r e s s - f r e e  environment was s e l e c t e d  because i t  was envis ioned  t h a t  mass f r a g -  
menta t ion  t o  induce  p e r m e a b i l i t y  i n  o i l  s h a l e  would l i k e l y  r e s u l t  i n  a fragmented 
mass wi th  a h igh  percentage  of s t r e s s - f r e e  s u r f a c e s .  
which assayed  from 1 t o  about  60 g a l l o n s  of o i l  p e r  ton. 
y i e l d  approximates  t h e  o i l  s h a l e s  i n  t h e  Mahogany Zone. 
a t e d  were compressive s t r e n g t h ,  p o r o s i t y ,  p e r m e a b i l i t y ,  b u l k  d e n s i t y ,  weight  loss ,  
and s t r u c t u r a l  alteration. 

Seven o i l  s h a l e s  w e r e  s e l e c t e d  
T h i s  wide spectrum of o i l  

P h y s i c a l  p r o p e r t i e s  eva lu-  

EXPERIMENTAL 

P r e p a r a t i o n  of Samples 

Seven o i l  s h a l e s  were s e l e c t e d  from t h e  Bureau of  Mines exper imenta l  mine near  
R i f l e ,  Colorado. T h e i r  F i s c h e r  a s s a y s ,  t o  t h e  n e a r e s t  one-half  g a l l o n ,  were 1.0,  
6.5, 13 .5 ,  25.0, 30.0, 39.5, and 58.5 g a l l o n s  p e r  ton .  Each sample, 2- inches t h i c k ,  
was c a r e f u l l y  s e l e c t e d  t o  ensure  t h a t  i t  was e s s e n t i a l l y  homogenous wi th  r e s p e c t  t o  
d i s t r i b u t i o n  of both t h e  o r g a n i c  and m i n e r a l  phases  and t h a t  no induced f r a c t u r e s  o r  
s t r u c t u r a l  f a u l t s  were observed a t  12X m a g n i f i c a t i o n .  Small  c o r e s ,  3 /4- inch  d iameter  
by l -1 /4- inch  long and 3 /4- inch  d i a m e t e r  by l -1 /2- inch  long,  were prepared  from each 
o i l  s h a l e .  Some c o r e s  were c u t  w i t h  t h e i r  axes  p e r p e n d i c u l a r  t o  t h e  o i l - s h a l e ' s  
bedding p l a n e  and o t h e r s  w i t h  t h e i r  a x e s  p a r a l l e l  t o  t h e  bedding p lane .  Cores  were 
prepared  i n  s u f f i c i e n t  number t o  provide  f o u r  t o  s i x  samples  f o r  each  p h y s i c a l  
measurement determined on b o t h  t h e  r a w  o i l  s h a l e s  and t h e i r  r e s p e c t i v e  m i n e r a l  
m a t r i c e s  fo l lowing  thermal  t r e a t m e n t .  

Removal of Organic  Matter  

Ten t o  1 5  o i l - s h a l e  c o r e s ,  d r i e d  a t  220"F., c o o l e d ,  weighed, and covered wi th  a 
p o r c e l a i n  d i s h ,  were p laced  i n  an e l e c t r i c  m u f f l e  a t  room tempera ture  wi th  a thermo- 
couple  placed n e a r  t h e  c e n t e r  of t h e  group. The tempera ture  was r a i s e d  i n  50-degree 
increments  e v e r y  2 h o u r s  t o  700°F. where d e g r a d a t i o n  of  t h e  o r g a n i c  matter became 
a p p r e c i a b l e .  Four hours  l a t e r  t h e  tempera ture  was r a i s e d  t o  750°F. and maintained 
f o r  12  hours .  Degradat ion of t h e  organic  m a t t e r  appeared complete;  however, wi th  
most o i l  s h a l e s  t h e  c o r e s  under  t h e s e  c o n d i t i o n s  w e r e  e n c r u s t e d  w i t h  carbonaceous 
matter. With t h e  c o v e r  removed h e a t i n g  w a s  cont inued  by i n c r e a s i n g  t h e  tempera ture  
i n  50-degree increments  every  2 hours  t o  950°F. 
3 hours .  Carbonaceous matter t h a t  remained a f t e r  p y r o l y s i s  was o x i d i z e d  and com- 
p l e t e l y  removed throughout  t h e  o i l - s h a l e  c o r e s  wi thout  s i g n i f i c a n t  loss  of minera l  
c a r b o n a t e s .  According t o  Jukkola  and o t h e r s  (2) t h e  dolomi te  i n  o i l  s h a l e  begins  t o  
decompose somewhat below 1,050'F. while t h e  c a l c i t e  b e g i n s  t o  decompose from 1,150" 
t o  1 ,200"F.  

T h i s  tempera ture  w a s  main ta ined  f o r  

The thermal  t r e a t m e n t  a t  950°F. r e s u l t e d  i n  o r g a n i c - f r e e  c o r e s .  

Decomposition of  Minera l  Carbonates  

Some o r g a n i c - f r e e  c o r e s  were r e t u r n e d  t o  t h e  e l e c t r i c  m u f f l e  t o  t h e r m a l l y  decom- 
pose t h e  m i n e r a l  c a r b o n a t e s .  They were hea ted  t o  1 ,000"F.  i n  approximate ly  6 hours  
and then  f u r t h e r  hea ted  i n  100-degree increments  e v e r y  3 hours  t o  1,500'F and main- 
t a i n e d  a t  t h i s  tempera ture  f o r  3 hours .  T h i s  t r e a t m e n t  conver ted  t h e  m i n e r a l  
c a r b o n a t e s  in t h e  o r g a n i c - f r e e  c o r e s  t o  t h e i r  r e s p e c t i v e  m i n e r a l  ox ides .  Fus ion  
among t h e  minera l  p a r t i c l e s  was n o t  e v i d e n t .  

Chemical Removal of Carbonates  

The minera l  c a r b o n a t e s  were c h e m i c a l l y  removed from some of t h e  o r g a n i c - f r e e  
c o r e s  of  the  1.0-, 6.5-, and 13 .5-ga l lon-per - ton  o i l  s h a l e s  h e a t e d  t o  950'F. In 
t h e s e  o i l  s h a l e s  i n o r g a n i c  cementa t ion  between t h e  m i n e r a l  p a r t i c l e s  a f t e r  removing 
t h e  o r g a n i c  matter was s u f f i c i e n t  t o  prevent  s i g n i f i c a n t  s t r u c t u r a l  breakdown of t h e  
m i n e r a l  m a t r i c e s .  The o r g a n i c - f r e e  c o r e s  were c o n t a c t e d  wi th  d i l u t e  m i n e r a l  a c i d  

I 
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u n t i l  t h e  'mineral  c a r b o n a t e s  were comple t e ly  removed. Pe rmeab i l i t y ,  p o r o s i t y ,  and 
weight loss were compared w i t h  those  o f  t h e  c o r e s  t h a t  had t h e  m i n e r a l  ca rbona te s  
decomposed a t  1,500"F. 

P h y s i c a l  P rope r ty  Measurements 

Compressive S t r e n g t h  

Compressive s t r e n g t h ,  i n  pounds p e r  squa re  inch ,  was determined i n  accordance 
w i t h  ASTM Des igna t ion :  C170-50. O i l - s h a l e  c o r e s  3/4- inch diameter  by 1-1/2-inch 
long were used f o r  t h i s  t e s t .  Using a Tinus Olsedd h y d r a u l i c  compression tester,  
f o r c e  w a s  a p p l i e d  t o  t h e  c o r e  a t  a uniform r a t e  u n t i l  s t r u c t u r a l  f a i l u r e  occurred.  

Bulk Volume 

Bulk volume i n  c u b i c  c e n t i m e t e r s  was determined by mercury displacement  i n  a 
U-type pychnometer c a l i b r a t e d  t o  g i v e  d i r e c t  r e a d i n g s  (4).  P r i o r  t o  measuring bulk 
volume, t he  s u r f a c e  roughness  l e f t  by t h e  co re  d r i l l  was removed t o  ensu re  mercury 
c o n t a c t  with t h e  c o r e ' s  s u r f a c e .  

Gas P e r m e a b i l i t y  

P e r m e a b i l i t y  was measured a c r o s s  t h e  c o r e  w i t h  a gas  permeameter acco rd ing  to 
the  method of K l inkenbe rg  (3) u s i n g  he l ium a t  a p r e s s u r e  of  3 atmospheres f o r  1 
minute .  

P o r o s i t y  

Sand-grain volume o f  t h e  c o r e ,  i n  cub ic  c e n t i m e t e r s ,  was measured wi th  a Boyle 's-  
l a w  type po ros ime te r .  The c o r e ' s  p o r o s i t y  w a s  c a l c u l a t e d  from bulk-volume and sand- 
grain-volume d a t a .  

Y RESULTS AND DISCUSSION 

S t r u c t u r a l  A l t e r a t i o n s  

S t r u c t u r a l  a l t e r a t i o n s  i n c u r r e d  by t h e  seven o i l  s h a l e s  hea ted  t o  950" and 1,500' 
i n  a s t r e s s - f r e e  environment  are  i l l u s t r a t e d  i n  f i g u r e  2. F igu re  2-A shows t h e  raw 
o i l  s h a l e s ,  f i g u r e s  2-B and 2-C t h e  o i l  s h a l e s  h e a t e d  t o  950°F., and f i g u r e s  2-D and 
2-E t h o s e  heated t o  1,500"F. 

The mine ra l  m a t r i c e s  from t h e  two low-yis ld  o i l  s h a l e s  d i d  n o t  undergo no t i ce -  
a b l e  s t r u c t u r a l  breakdown a t  e i t h e r  t empera tu re .  
f r a c t u r e s ,  and t h e y  ma in ta ined  d imens iona l  s t a b i l i t y  and a high degree  of i no rgan ic  
cementat ion between b o t h  t h e  i n d i v i d u a l  m i n e r a l  p a r t i c l e s  and between laminae. 

They were c h a r a c t e r i z e d  as f r e e  o f  

S t r u c t u r a l  breakdown o f  t h e  m i n e r a l  phase began i n  o i l  s h a l e s  of  r e l a t i v e l y  low 
organ ic  c o n t e n t .  
a t  400°F. i n  t he  13 .5 -ga l lon -pe r - ton  o i l  s h a l e ,  a temperature  much below t h a t  neces- 
s a r y  f o r  r ap id  d e g r a d a t i o n ,  800" t o  900"F., of t h e  o rgan ic  matter. A t  950°F. some 
f r a c t u r e s ,  a l l  p a r a l l e l  t o  t he  bedding p l a n e ,  completely severed the co res .  These 
were c l e a n  s e p a r a t i o n s  between laminae i n d i c a t i n g  t h a t  t h e  mine ra l  p a r t i c l e s  c o n s t i -  
t u t i n g  each lamina were more h i g h l y  cemented t o  each o t h e r  than they  were t o  t h e  
m i n e r a l  p a r t i c l e s  of a d j a c e n t  laminae.  Some of  t h e  mine ra l  laminae were less than 
100 microns t h i c k .  I n  some s e c t i o n s  of  t h e  o r g a n i c - f r e e  c o r e s ,  s u c c e s s i v e  laminae 
cou ld  be cleaved by a p p l i c a t i o n  of p r e s s u r e  pe rpend icu la r  t o  the bedding plane.  

- 1/ Reference 

A few minute f r a c t u r e s ,  pa ra l l e l  t o  the  bedding p l ane ,  were observedl 

t o  s p e c i f i c  nakes o r  models o f  equipment is  made t o  f a F i l i t a t e  under- 
s t a n d i n g  and does  n o t  imply endorsement of such brands by t h e  Bureau of Mines. 
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FIGURE 2. - St ruc tu ra l  a l t e r a t i o n s  of o i l  shales i n  a thermally 
control led and s t r e s s - f r e e  environment. A, Raw o i l  
shales;  B-C, O i l  shales  heated t o  950°F; D-E, O i l  
shales heated t o  1,500'F. 
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However, t he  m i n e r a l  matrix was s t i l l  cons ide red  as be ing  h i g h l y  conso l ida t ed ,  and 
no ev idence  o f  f r i a b l e  m a t e r i a l  w a s  observed.  

The c o r e s  from the  25 .0 -ga l lon -pe r - ton .o i1  s h a l e  developed a few small f r a c t u r e s ,  
. p a r a l l e l  t o  t h e  bedding p l ane  a t  400" t o  450°F. Apparen t ly  i n o r g a n i c  cementat ion 

ibetween some laminae was i n s u f f i c i e n t  t o  overcome i n t e r n a l  f o r c e s  probably due t o  
' , r e l i e f  of i n t e r n a l  stress, swe l l ing ,  o r  p r e s s u r e  c r e a t e d  by low-molecular-weight 
'ma te r i a l s  vapor i z ing .  \: A t  400'F. a p l e a s a n t  odor w a s  no ted  , i n d i c a t i n g  escape of 

o r g a n i c  compounds. W i t h  temperature  rise, t o  abou t  700"F., t h e  e x i s t i n g  f r a c t u r e s  
' 

en la rged  and a d d i t i o n a l  ones developed,  i n c l u d i n g  some minute  f r a c t u r e s  perpendiculaE 
t o  the  bedding p l ane .  Low-tem- 
p e r a t u r e  f r a c t u r i n g  pe rmi t t ed  a c c e s s  by gases  t o  the c o r e ' s  i n t e r i o r  p r i o r  t o  pyrol-  
y s i s .  The o r g a n i c - f r e e  c o r e s  con ta ined  some f r i a b l e  segments i n d i c a t i n g  t h a t  
d i s i n t e g r a t i o n  o f  t h e  m i n e r a l  phase had begun. Decomposition of  t h e  mine ra l  carbon- 
a t e s  a t  1,500-F. d i d  n o t  s i g n i f i c a n t l y  change t h e  outward appearance of t h e  co res  . 
from t h a t  a t  950°F. though t h e  loss i n  weight amounted t o  21.2 pe rcen t .  

No e x t e n s i v e  new f r a c t u r e s  developed above 700°F. 

Behavior of t h e  30.0-gal lon-per- ton o i l  s h a l e  w a s  q u i t e  similar t o  the preceed- 
i n g  o i l  s h a l e  under co r re spond ing  thermal  c o n d i t i o n s .  
be,dding p l ane  were observed a t  350°F. 
l a r g e r  and more numerous i n c l u d i n g  some small f r a c t u r e s  p e r p e n d i c u l a r  t o  the  bedding 
plane.  E s s e n t i a l l y  a l l  f r a c t u r e s  occurred b e f o r e  any a p p r e c i a b l e  p y r o l y s i s  of the 
o r g a n i c  matter. D i s i n t e g r a t i o n  o f  t h e  c o r e s  was more e x t e n s i v e  than  t h e  ones from 
t h e  p rev ious  o i l  s h a l e s  a long  wi th  a g r e a t e r  amount of f r i a b l e  material. The e x t e n t  
of  f r a c t u r i n g  d i d  n o t  n o t i c e a b l y  change i n  h e a t i n g  t h e  c o r e s  from 950" t o  1,500"F. 

F r a c t u r e s  p a r a l l e l  t o  t h e  
A s  t empera tu re  inc reased  the  f r a c t u r e s  became ' 

Many f r a c t u r e s ,  predominant ly  p a r a l l e l  t o  t h e  bedding p l ane ,  were noted a t  350" ' 
t o  450°F. i n  t h e  39.5- and 58.5-gal lon-per- ton o i l  s h a l e s .  The r i c h e s t  o i l  sha l e  as 
noted i n  f i g u r e  2 a l s o  e x h i b i t e d  e x t e n s i v e  swe l l ing .  
Some o i l  s h a l e s  y i e l d i n g  less t h a n  58.5 g a l l o n s  p e r  t o n  w i l l  a l s o  show cons ide rab ie  
s w e l l i n g  i f  hea t ed  r a p i d l y .  
i c a l  s t r e n g t h  r e s u l t e d  a t  p r e r e t o r t i n g  t empera tu res .  
cementat ion e x i s t e d  between t h e  mine ra l  p a r t i c l e s  of  t h e s e  o i l  s h a l e s .  Among many 
o f  t h e  mine ra l  p a r t i c l e s  i n o r g a n i c  cementat ion may have been comple t e ly  absen t  as  
t h e s e  mine ra l  p a r t i c l e s  l i k e l y  were encapsu la t ed  by o rgan ic  matter. The carbonaceoue 
mat te r  t h a t  remained a f t e r  r e t o r t i n g  served as  a bonding a g e n t  f o r  many of t he  f i n e  
m i n e r a l  p a r t i c l e s  and i t  a l s o  imparted some mechanical  s t r e n g t h  t o  t h e  mineral  matri :  
However, a f t e r  t h e  carbonaceous m a t t e r  w a s  removed by o x i d a t i o n ,  t he  remaining miner- 
phase was h i g h l y  f r i a b l e .  

T h i s  occur red  below 700'F. 

Because of f r a c t u r i n g  and s w e l l i n g  g r e a t  l o s s  of mechan- 
A low. l e v e l  of  i no rgan ic  

r 

The combinat ion of f r a c t u r i n g  and s w e i i i n g  char: occu r s  as pra icca~ iLng  t C G = r " -  

Frac tu r , i ng  and s w e l l i n g  p rov ide  e a s y  a c c e s s  f o r  h o t  gases  to t h e  i n t e r i o r  of 

(1) Obstruf 

, t u r e s  should be an  asset  i n  o i l  p roduc t ion  from a n  i n  s i t u  fragmented mass of O i l  

( s h a l e .  
a n  o i l - s h a l e  f ragment ,  a more e f f i c i e n t  method f o r  h e a t  t r a n s f e r  t h a n  conduction. 
Conversely,  f r a c t u r i n g  and s w e l l i n g  appea r  t o  have u n d e s i r a b l e  f e a t u r e s :  
t i o n  o r  b lock ing  of  t h e  i n i t i a l  induced p e r m e a b i l i t y  of a f r a c t u r e d  o i l - s h a l e  mass, 
(2) i n s u f f i c i e n t  mechanical  s t r e n g t h  i n  t h e  o r g a n i c - f r e e  m i n e r a l  matrix from r i c h  
o i l  s h a l e s  to  s u s t a i n  h igh  overburden p r e s s u r e s ,  (3) f i l t e r i n g  a c t i o n  of the  Porous 
o r g a n i c - f r e e  mineral m a t r i x  t o  moving s o l i d  p a r t i c l e s  could a d v e r s e l y  e f f e c t  Perme- 
a b i l i t y ,  and ( 4 )  en t r a inmen t  of t he  f i n e  s o l i d  p a r t i c l e s  i n  t h e  o i l .  

'I 

Weight Loss 

Weight Loss  a t  950°F. 

The l o s s  i n  weight  of each o i l  s h a l e  a f t e r  h e a t i n g  t o  950'F. as  a func t ion  of 
i t s  o i l  y i e l d  is shown i n  f i g u r e  3. These l o s s e s  were due mainly t o  v o l a t i l i z a t i o n  
of o rgan ic  matter and subsequent  o x i d a t i o n  of t he  carbonaceous m a t t e r , t h a t  remained 
a f t e r  p y r o l y s i s .  From F i s c h e r  a s s a y  a n a l y s e s ,  i n  g a l l o n s  of o i l  p e r  t on ,  the weight 
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OIL YIELD, ga l lons  per i o n  IF ischer  assay) 

FIGURE 3.-Weight Loss in  O i l  Shales Heated to 950°F. 
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l o s s  f o r  o i l  s h a l e s  from t h e  Green River format ion  may be determined from t h e  graph 
o r  c a l c u l a t e d  by t h e  least  s q u a r e  e q u a t i o n  

Y = 0.95 + 0.58X 5 0.90 

w i t h  a n  e r r o r  of  estimate o f  0.90 weight  p e r c e n t  a t  the 95 p e r c e n t  conf idence  l e v e l .  
I( 

Weight Loss a t  1,500"F. 

Weight l o s s  o f  e a c h  o i l  s h a l e  a f t e r  h e a t i n g  t o  1,500"F. is presented  i n  t a b l e  11 
For  purpose of  comparison t h e  weight  loss  a t  950°F. i s  inc luded .  A t  1,500"F. t h e  

TABLE 1. - Weight l o s s  i n  o i l  s h a l e s  hea ted  t o  950" and 1,500'F. 

1' 
O i l  y i e l d ,  Weight p e r c e n t  l o s s  Weight percent  loss ,  

g a l l t o n  a t  1,500'F. a t  950°F. 

1.0 
6 . 5  

13.5 
25.0 
30.0 
39.5 
58.5 

9.39 
18.78 
20.28 
37.39 
33.56 
43.92 
45.62 

1.85 
4.83 
8.11 

15.64' 
17.81 
24.03 
34.93 

weight  loss  i s  a t t r i b u t e d  main ly  t o  t h e  l o s s  of  t h e  organic  m a t t e r  combined with the  
l o s s  r e s u l t i n g  from c o n v e r t i n g  t h e  m i n e r a l  c a r b o n a t e s  t o  t h e i r  o x i d e s .  A s  noted i n  
C i i r  Labit., t h e  weignt  i o s s  a c  i , 500rF .  in oii shaies exceeding  13.5 g a l l o n s  of o i l  
per  t o n  r e p r e s e n t e d  a h i g h  percentage  of each o i l  s h a l e ' s  i n i t i a l  weight .  The weight 
loss a t  ,1,500"F. d i d  n o t  p l o t . a s  a s t r a i g h t  l i n e  because t h e r e  w a s  no d i r e c t  c o r r e l a  
t i o n  i n  t h e s e  o i l  s h a l e s  between t h e  c o n t e n t  o f  o r g a n i c  matter and t h a t  of the miner- 
c a r b o n a t e s .  E 

P o r o s i t y  

P o r o s i t y  of Raw O i l  S h a l e s  

Measured p o r o s i t i e s  of  t h e  raw o i l  s h a l e s  are  shown i n  f i g u r e  4. A s  noted,  t h e  
-..- *.,- J L - - . Y  U L L - I ~ Y  ,tau a p p ~ c c ~ a v ~ e  iiLi.i.21 p r u s i t y .  - Assuming t h a t  che  weighi: 
l o s s  a f t e r  h e a t i n g  t o  950°F. was due t o  organic  matter, t h e  volume t h a t  t h i s  amount' 
o f  organic  matter would occupy w a s  c a l c u l a t e d  from i t s  s p e c i f i c  d e n s i t y .  
t h i s  volume from t h e  t o t a l  p o r o s i t y  measured a t  950°F. i n d i c a t e d  t h a t  e s s e n t i a l l y  a l '  
o f  t h e  i n t e r n a l  p o r o s i t y  i n  each of t h e s e  two o i l  s h a l e s  w a s  a c c e s s i b l e  through 
i n t e r c o n n e c t i n g  pores .  

c ...- 1 -..-.. i 1 A -2 1 -L- 1 - -. L - _1 - ..l - 1 . 1  - 

Deducting 

I n  o i l  s h a l e s  y i e l d i n g  over  13.5 g a l l o n s  of o i l  p e r  t o n  the  p o r o s i t i e s  were low, 
less t h a n  0.03 p e r c e n t .  P r e v i o u s  work (6) on two o i l  s h a l e s  h a s  shown t h e  absence 
o f  s i g n i f i c a n t  micropore  volume even though t h e y  were f i n e l y  d i v i d e d ,  44- t o  7 7 -  
microns ,  t o  permi t  exposure  of i n t e r n a l  pores .  Except  f o r  t h e  two low-yield o i l  
s h a l e s ,  n a t u r a l - o c c u r r i n g  p o r o s i t i e s  i n  t h e  raw o i l  s h a l e s  are  n e g l i g i b l e  and thus  
do n o t  a f f o r d  a c c e s s i b i l i t y  t o  gases .  
s h a l e  format ion  where f r a c t u r e s ,  f a u l t s ,  o r  o t h e r  s t r u c t u r a l  d e f e c t s  occur .  

, 
P o r o s i t y  may e x i s t  t o  some degree  i n  the O i l -  

- P o r o s i t y  A f t e r  Heat ing  t o  950°F. 

I n c r e a s e  i n  p o r o s i t y  f o r  each  o i l  s h a l e  h e a t e d  t o  950°F. is  shown i n  f i g u r e  5 -  
The p o r o s i t i e s  are p l o t t e d  as  a f u n c t i o n  of bo th  o i l  y i e l d  and weight  bercent  organic '  

# 
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matter. 
bu lk  volume r e p r e s e n t e d  e s s e n t i a l l y  t h e  volumes occupied by t h e  o r g a n i c  matter. 
t h e  f i r s t  t h r e e  o i l  s h a l e s  s t r u c t u r a l  breakdown of t h e  c o r e s  was i n s i g n i f i c a n t  and 
t h e  p o r o s i t i e s  are  those  of  i n t a c t  porous s t r u c t u r e s .  
s h a l e s  t h i s  i s  n o t  t h e  c a s e  because  s t r u c t u r a l  breakdown and d i s a g g r e g a t i o n  became s o  
e x t e n s i v e ,  e s p e c i a l l y  i n  t h e  r i c h e r  o i l  s h a l e s ,  t h a t  t h e  m i n e r a l  matrices no longer  
remained i n t a c t .  

These p o r o s i t i e s  which v a r i e d  from 3 t o  6 1  volume percent  of t h e  o i l  s h a l e s '  
I n  

However, i n  t h e  remaining o i l  
I 

I 
I From a n  o i l  s h a l e ' s  o i l  y i e l d  o r  weight  p e r c e n t  organic  mat te r ,  i t s  p o r o s i t y  

may be read from t h e  graph.  Based on o i l  y i e l d ,  p o r o s i t y  may be c a l c u l a t e d  from the  
least  s q u a r e  e q u a t i o n  

Y = 3.70 + 1.02X 2 3.74 

, 
x 

w i t h  an e r r o r  of estimate of 3.74 p e r c e n t  p o r o s i t y  a t  the  95 p e r c e n t  conf idence  l i m i t .  

P o r o s i t y  of Acid-Leached Cores 

I The p o r o s i t i e s  of  t h e  o r g a n i c - f r e e  c o r e s  from t h e  1.0-, 6.5-, and 13 .5-ga l lon-  
per - ton  o i l  s h a l e s  were g r e a t l y  i n c r e a s e d  a f t e r  chemica l ly  removing t h e  m i n e r a l  carbon- 
a t e s .  The r e s p e c t i v e  p o r o s i t i e s  were 13.36, 14.70, and 19.09 p r i o r  t o  l e a c h i n g ,  and 
they  i n c r e a s e d  t o  30.50, 39.39, and 42.90 p e r c e n t  a f t e r  l e a c h i n g .  Even a f te r  t h e s e  
h igh  i n c r e a s e s  i n  p o r o s i t y  t h e i r  gas  p e n n e a b i l i t i e s  p e r p e n d i c u l a r  t o  t h e  o i l  s h a l e ' s  
bedding p l a n e  were l e s s  than  3 m i l l i d a r c i e s .  The r e s p e c t i v e  weight  l o s s e s  p r i o r  t o  
a c i d  l e a c h i n g  were 1.85, 4 .83,  and 8.11, and they  i n c r e a s e d  t o  24.65, 36.52, and 
38.10 p e r c e n t  a f t e r  l e a c h i n g .  A f t e r  a c i d  l e a c h i n g  t h e  m i n e r a l  m a t r i c e s  from t h e  
f i r s t  two o i l  s h a l e s  s t i l l  r e t a i n e d  t h e i r  geometr ic  c o n f i g u r a t i o n  and c o n s i d e r a b l e  
mechanical  s t r e n g t h .  T h i s  i n d i c a t e d  t h a t  o t h e r  i n o r g a n i c  compounds b e s i d e s  t h e  c a r -  
bonates  c o n t r i b u t e d  t o  cementa t ion  between m i n e r a l  p a r t i c l e s  and between laminae. 
I n  the 13.5-ga l lon-per - ton  o i l  s h a l e ,  a c i d  l e a c h i n g  gr:atly d iminished  t h e  degree  of 
cementa t ion  between laminae. I n  many i n s t a n c e s  complete  s e p a r a t i o n  of i n d i v i d u a l  
t h i n  m i n e r a l  laminae occurred ;  however, t h e  m i n e r a l  p a r t i c l e s  c o n s t i t u t i n g  each 
lamina were not  c o n s i d e r e d  f r i a b l e .  

7> P o r o s i t y  Due t o  Thermal Decomposition of M i n e r a l  Carbonates  

Thermal decomposi t ion of t h e  m i n e r a l  c a r b o n a t e s  a t  1,500"F. r e s u l t e d  i n  a n  
i n c r e a s e  i n  p o r o s i t y  as  shown i n  f i g u r e  6. The amount of m i n e r a l  c a r b o n a t e s  i n  t h e  
raw o i l  s h a l e s  was determined by wet chemica l  a n a l y s i s .  A s  noted from t h e  graph a n  
a p p r e c i a b l e  i n c r e a s e  i n  p o r o s i t y  r e s u l t e d  a f t e r  decomposing t h e  m i n e r a l  carbonates .  
From t h e  minera l  c a r b o n a t e  c o n t e n t  of a n  o i l  s h a l e ,  t h e  i n c r e a s e  i n  i t s  p o r o s i t y  over  
t h a t  a t  950°F. may be read  from t h e  graph o r  c a l c u l a t e d  by t h e  l e a s t , s q u a r e  e q u a t i o n  ~ 

11 

I Y = 2 . 2 1  + 0.65X 5 1.20 

' with  a n  e r r o r  of e s t i m a t e  of 1.20 p e r c e n t  p o r o s i t y  a t  the  95 p e r c e n t  conf idence  l i m i t .  

P o r o s i t y  A f t e r  Heat ing  t o  1,500"F. 

T o t a l  i n c r e a s e  i n  p o r o s i t y  a f t e r  h e a t i n g  t h e  o i l  s h a l e s  t o  1,500'F. a r e  shown 
The i n c r e a s e s  i n  p o r o s i t y  v a r i e d  from 2.82 t o  70.54 p e r c e n t  of  t h e i r  i n  f i g u r e  7 .  

i n i t i a l  bu lk  volumes. 
spaces  r e p r e s e n t e d  by t h e  loss of t h e  o r g a n i c  m a t t e r  and t h e  decomposi t ion of t h e  
minera l  c a r b o n a t e s .  
from t h e  graph o r  c a l c u l a t e d  from the  l ea s t  s q u a r e  e q u a t i o n  

These p o r o s i t l e s  c o n s t i t u t e  e s s e n t i a l l y  t h e  combined void  
J 

From weight  l o s s  a t  1,50O0F., t h e  r e s u l t i n g  p o r o s i t y  may be read 

Y = - 0.35 + 1 . 4 9 ~  2 4.88 

w i t h  a n  e r r o r  of e s t i m a t e  of  4.88 p e r c e n t  p o r o s i t y  a t  t h e  95 p e r c e n t  conf idence  I l e v e l .  



FIGURE 4 -Ycasuroble Porosily in Smoll Oil-Shale Cores  
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FIGURE 5.-Porns1ly a l  011 Shales After Thcrmol Tirol- 
men1 a1 950.F Based on 011 Yield and 
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Compressive S t r e n g t h  

I 

I 

s 

Compressive s t r e n g t h s  of  t h e  seven o i l  shales and of t h e i r  r e s p e c t i v e  m i n e r a l  
m a t r i c e s  hea ted  t o  950" and t o  1,500"F. are  shown i n  f i g u r e  8. 
a r e  shown f o r  t h e  c o r e s  c u t  w i t h  t h e i r  a x e s  p e r p e n d i c u l a r  and those  w i t h  t h e i r  a x e s  
p a r a l l e l  t o  t h e  o i l  s h a l e ' s  bedding  p l a n e s .  Each p o i n t  on t h e  graph r e p r e s e n t s  t h e  
average  compressive s t r e n g t h  of f o u r  t o  s i x  samples .  

Compressive s t r e n g t h s  

Compressive S t r e n g t h  of Raw O i l  S h a l e s  

The r a w  o i l  s h a l e s  had h i g h  compressive s t r e n g t h s  both p e r p e n d i c u l a r  and p a r a l l e l  
t o  t h e  bedding p l a n e .  They v a r i e d  from 9,000 t o  31,000 and 9,000 t o  28,400 pounds 
p e r  s q u a r e  inch  i n  t h e  r e s p e c t i v e  p l a n e s .  These v a l u e s  were much h i g h e r  than  expected 
However, t h e  d i f f e r e n c e  between t h e  two p l a n e s  i n  any one o i l  s h a l e  was smaller than  
expec ted .  The g r e a t e s t  d i f f e r e n c e  between p l a n e s  was 3,200 pounds p e r  s q u a r e  inch  
i n  t h e  13 .5-ga l lon-per - ton  o i l  s h a l e .  Two of t h e  o i l  s h a l e s  e x h i b i t e d  h i g h e r  com- 
p r e s s i v e  s t r e n g t h  p a r a l l e l  t o  t h e  bedding p l a n e  which was a l s o  n o t  expec ted .  

A p p l i c a t i o n  of  f o r c e  a t  a uni form rate  on t h e  o i l  s h a l e s  y i e l d i n g  l e s s  t h a n  30 
g a l l o n s  of o i l  per  ton  r e s u l t e d  i n  cor responding  uniform p r e s s u r e  r ise  wi thout  appar -  
e n t  y i e l d  u n t i l  s t r u c t u r a l  f a i l u r e  occurred .  T h i s  w a s  accompanied by c o n s i d e r a b l e  
s h a t t e r i n g  and n o i s e .  I n  c o n t r a s t ,  p r e s s u r e  r i se  i n  t h e  o t h e r  o i l  s h a l e s  was n o t  
uniform throughout  t h e  tes t .  It became p r o g r e s s i v e l y  s lower  a t  t h e  h i g h e r  p r e s s u r e s  
and comple te ly  s topped f o r  some t ime p r i o r  t o  t h e  c o r e ' s  s t r u c t u r a l  f a i l u r e .  T h i s  
was i n d i c a t i v e  of  compression o r  p l a s t i c  deformat ion .  Most of t h e s e  c o r e s  f a i l e d  
wi thout  s h a t t e r i n g  o r  s i g n i f i c a n t  n o i s e .  

Compressive S t r e n g t h  A f t e r  Heat ing  to  950°F. 

The m i n e r a l  m a t r i c e s  of t h e  t h r e e  low-yie ld  o i l  s h a l e s  hea ted  t o  950°F. r e t a i n e d  
h igh  compressive s t r e n g t h  i n  b o t h  p l a n e s .  
p e r  s q u a r e  inch  i n  t h e  p e r p e n d i c u l a r  p lane  and 6,200 t o  26,200 pounds p e r  s q u a r e .  
i n c h  i n  t h e  p a r a l l e l  p lane .  T h i s  i n d i c a t e d  t h a t  a h i g h  d e g r e e  o f  i n o r g a n i c  cemen- 
t a t i o n  e x i s t e d  between both t h e  m i n e r a l  p a r t i c l e s  compr is ing  each lamina and between 
a d j a c e n t  laminae.  With i n c r e a s e  i n  o r g a n i c  m a t t e r  t h e  compressive s t r e n g t h  of t h e  J 
r e s p e c t i v e  o r g a n i c - f r e e  m i n e r a l  m a t r i c e s  d e c r e a s e s  and i t  becomes v e r y  low i n  those  
from r i c h  o i l  s h a l e s .  A s  noted i n  f i g u r e  8 ,  t h e  compressive s t r e n g t h  of t h e  m i n e r a l  
m a t r i x  from t h e  58 .5-ga l lon-per - ton  o i l  s h a l e  was o n l y  20 pounds p e r  s q u a r e  i n c h  i n  
both p l a n e s .  

They v a r i e d  from 13,300 t o  .28,000 pounds 

Compressive S t r e n g t h  A f t e r  Heat ing  t o  1,500"F. 

A f t e r  thermal ly  decomposing t h e  m i n e r a l  c a r b o n a t e s  a t  1,50O0F., t h e  t h r e e  low- 
They v a r i e d  from 10,500 y i e l d  o i l  s h a l e s  s t i l l  r e t a i n e d  h i g h  compressive s t r e n g t h .  

t o  15,000.pounds p e r  s q u a r e  i n c h  i n  t h e  p e r p e n d i c u l a r  p l a n e  and 3,700 t o  14,900 i n  
t h e  p a r a l l e l  p lane .  
i n d i c a t e d  t h a t  t h e  i n o r g a n i c  .cementing m a t e r i a l  which bonded both t h e  m i n e r a l  par-  
t i c l e s  w i t h i c  each lamina and between laminae w a s  n o t  g r e a t l y  e f f e c t e d  a t  t h i s  t e m -  
p e r a t u r e .  Except f o r  t h e  two r i c h e s t  o i l  s h a l e s ,  compress ive  s t r e n g t h s  w e r e  lower 
a t  1 ,500"  than a t  950°F. S l l g h t  f u s i o n  may have o c c u r r e d  i n  t h e  m i n e r a l  m a t r i c e s  
from t h e s e  two o i l  s h a l e s .  ' 

The h i g h  compressive s t r e n g t h  r e t a i n e d  by t h e s e  m i n e r a l  m a t r i c e s  

Gas P e r m e a b i l i t y  

Gas p e r m e a b i l i t i e s  a r e  p r e s e n t e d  i n  t a b l e  2 f o r  t h e  t h r e e  low-yie ld  o i l  s h a l e s  
and fo r  t h e i r  r e s p e c t i v e  m i n e r a l  matrices h e a t e d  t o  950" and 1,'500"F. i n c l u d i n g  t h e  
m i n e r a l  m a t r i c e s  t h a t  were a c i d  leached a f t e r  h e a t i n g  t o  950'F. 
e i t h e r  p e r p e n d i c u l a r  o r  p a r a l l e l  t o  the  bedding p l a n e s ,  was n o t  d e t e c t e d  i n  any o f  
t h e  seven  raw o i l  s h a l e s  a t  a p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  c o r e s  qf 3 a tmospheres  

P e r m e a b i l i t y ,  
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TABLE 2. - Gas p e r m e a b i l i t i e s  of raw and t r e a t e d  o i l  s h a l e s l l  

O i l  s h a l e  
O i l  y i e l d ,  Heated t o  Heated t o  Heated t o  950°F. 

g a l / t o n  P lane  Raw 950 "F . 1,500"F. and a c i d  leached 

1.0 A- 21 0 0 .10  0.36 0 . 3 3  
E21 0 0.10 0.56 0 . 5 9  

6 . 5  A 0 0 .10  ' 0 . 2 1  , ( _  0 . 3 9  
B 0 0 . 1 0  0 . 6 5  1.48 

1 3 . 5  A 0 0.10 4 . 5 3  2.82 
B 0 0 . 6 2  8 . 0 2  

- 11 Uni ts  i n  m i l l i d a r c i e s .  
- 2 1  P e r p e n d i c u l a r  t o  t h e  bedding p l a n e .  
- 3 1  P a r a l l e l  t o  t h e  bedding p l a n e .  

o f  hel ium f o r  1 minute. Unless  f r a c t u r e s ,  f a u l t s ,  o r  o t h e r  s t r u c t u r a l  d e f e c t s  a r e  
p r e s e n t ,  o i l  s h a l e  c o n s t i t u t e s  a h i g h l y  impervious system. 

Gas p e r m e a b i l i t y  was low i n  both  p lanes  of t h e  m i n e r a l  m a t r i c e s  f rom t h e  t h r e e  
low-yield o i l  s h a l e s  hea ted  t o  950' and 1,500"F.  The h i g h e s t  p e r m e a b i l i t y  measured 
was 8.02 m i l l i d a r c i e s .  This  w a s  i n  the  m i n e r a l  m a t r i x  from t h e  1 3 . 5 - g a l l o n - p e r - t o n  
o i l  s h a l e  cored p a r a l l e l  t o  t h e  bedding p l a n e  and hea ted  t o  1 ,500"F.  
may have c o n t r i b u t e d  t o  i t s  p e r m e a b i l i t y .  

Minute f r a c t u r e s  

Though p o r o s i t y  had more than  doubled a f t e r  a c i d  l e a c h i n g  t h e  m i n e r a l  m a t r i c e s  
from t h e  t h r e e  low-yield o i l  s h a l e s  hea ted  a t  950"F., p e r m e a b i l i t y  w a s  n o t  g r e a t l y  
i n c r e a s e d .  I n  f a c t ,  a n  i n c r e a s e  i n  p o r o s i t y  from 19.09 t o  42.90 p e r c e n t  i n  t h e  13 .5-  
g a l l o n - p e r - t o n  o i l  s h a l e  decreased  i t s  P e r m e a b i l i t y  from 4 .52  t o  2.82 m i l l i d a r c i e s .  
T h i s  may be a t t r i b u t e d  t o  a c i d - i n s o l u b l e  p a r t i c l e s  s e t  f r e e  d u r i n g  a c i d  leaching .  
These f r e e  p a r t i c l e s ,  i n  t u r n ,  could b lock  i n t e r c o n n e c t i n g  pores  under  gas  p r e s s u r e .  

S t r u c t u r a l  breakdown o f  t h e  minera l  m a t r i c e s  i n . a l . 1  o i l  s h a l e s  t h a t  exceeded 
1 3 . 5  g a l l o n s  of o i l  p e r  ton precluded p e r m e a b i l i t y  measurements. E x t e n s i v e  s t r u c -  
t u r a l  breakdown t h a t  o c c u r s  i n  many o i l  s h a l e s  a t  p r e r e t o r t i n g  t e m p e r a t u r e s  should 
be an asset  i n  t h a t  h o t  gases  a r e  permi t ted  a c c e s s  t o  t h e  i n t e r i o r  o f  o i l - s h a l e  
f ragments .  

Bulk Dens i ty  

The'bu1,k d e n s i t i e s  of t h e  seven o i l  s h a l e s  and o f  t h e i r  m i n e r a l  m a t r i c e s  hea ted  
t o  950' and 1,500"F.  a re ' shown i n  f i g u r e  9 .  
1.757 i n  t h e ' r a w  o i l s h a l e s ,  2:277 t o  1 . 1 4 2  i n  t h e  minera l  m a t r i c e s  hea ted  t o  950"F., 
and 2.078 t o  0 .972 i n  those~heated~to~l,500GF. 

B u l k  d e n s i t i e s  v a r i e d  f rom'2 .396  t o  

. .  
' ' CONCLUSIONS 

.. . , 

T h i s  s t u d y , e x t e n d s  o u r  knowledge of changes i n  p h y s i c a l  p r o p e r t i e s  t h a t  occur  
among o i 1 ; ' s h a l e s  of d i f f e r e n t  o r g a n i c  c o n t e n t  a f t e r  c o n t r o l l e d  h e a t i n g  t o  950" and 
1,500'F. i n  a s t r e s s - f r e e  environment .  The p h y s i c a l  p r o p e r t i e s  e v a l u a t e d ,  compres- 
s i v e  s t r e n g t h ,  p o r o s i t y ,  p e r m e a b i l i t y ,  weight  l o s s ,  b u l k  d e n s i t y ,  and s t r u c t u r a l  
deformat ion ,  a r e  s i g n i f i c a n t  t o  process ing .  
p r o p e r t i e s  r e s u l t  p r i n c i p a l l y  from the o i l  s h a l e s '  d i f f e r e n t  o r g a n i c  c o n t e n t s .  With 
i n c r e a s e  i n  o r g a n i c  c o n t e n t ,  the  i n o r g a n i c  cementat ion between m i n e r a l  p a r t i c l e s  
d e c r e a s e s  y i e l d i n g  o r g a n i c - f r e e  minera l  m a t r i c e s  o f  s i g n i f i c a n t l y  d i f f e r e n t  p h y s i c a l  

The wide d i f f e r e n c e s  i n  many of t h e s e  

I 
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p r o p e r t i e s  and s t r u c t u r a l  d e f o r m t i o n .  
s h a l e - o i l  Product ion;  however, on t h e  c o n t r a r y  t h e  same changes seem t o  have undes i r -  
a b l e  f e a t u r e s  which w i l l  p robab ly  impose d i f f i c u l t  e n g i n e e r i n g  problems on a n  i n  s i t u  
o p e r a t i o n .  

Some p h y s i c a l  changes appea r  t o  be a s s e t s  i n  

1 

. The d a t a  p re sen ted  s e r v e  a s  g u i d e l i n e s  p e r m i t t i n g  a more knowledgeable a p p r a i s a l  
of eng inee r ing  problems a s s o c i a t e d  w i t h  i n  s i t u  p r o c e s s i n g  and p e r m i t t i n g  a b e t t e r  
concept  of phys i ca l  and chemical  changes t h a t  occu r  i n  a mass of fragmented o i l  s h a l e  
a s  i t  i s  r e t o r t e d .  

' 

The obse rva t ions  from t h i s  i n v e s t i g a t i o n  a r e  based on s m a l l  samples  of o i l  s h a l e .  
A d d i t i o n a l  i n fo rma t ion ,  more n e a r l y  r e p r e s e n t a t i v e  of a c t u a l  f i e l d  c o n d i t i o n s ,  would 
be d e s i r a b l e  t o  supplement t h e s e  f i n d i n g s  and t h u s  e s t a b l i s h  more r e a l i s t i c  concepts .  
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MEMBERSHIP IN THE DIVISION OF FUEL CHEMISTRY 

The Fuel Chemistry Division of the American Chemical Society is an internation- 
ally recognized forum for scientists, engineers and technical economists con- 
cerned w i t h  the conversion of fuels to energy, chemicals, or other forms of fuel. 
Its-interests center on the chemical problems, but definitely include the 
engineering and economic aspects as well. 

Any chemist, chemical engineer, geologist, technical economist, or other 
scientists concerned with either the conventional fossil fuels, or the new high- 
energy fuels--whether he be in government, industry or independent professional 
organiLations--would benefit greatly from participation in the program of the 
Fuel Chemistry Division. 

The Fuel Chemistry Division offers at least two annual programs of symposia and 
general papers, extending over several days, usually at National Meetings of the 
American Chemical Society. These include the results of research, development, 
and analysis in the many fields relating to fuels which are so vital in today's 
energy-dependent economy. 
papers of their own, or participate in discussions with experts in their field. 
Most important, the Fuel Chemistry Division provides a permanent record of all of 
this material in the form of complete preprints. 

Starting in September 1959, the biennial Fuel Cell Symposia of the Division have 
been the most important technical meetings for chemists and chemical engineers 
active in this field. These symposia have all been published in book form. The 
recent landmark symposium on Advanced Propellant Chemistry is to be published in 
book form a lso .  Further, the Division is strengthening its coverage of areas of 
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Members of the Division have the opportunity to present 

~ 
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In addition to receiving several volumes of preprints, each year, as well as 
regular news of Division activities, benefits of membership include: 
subscriptioh rates for "F'uel'l and "Combustion and Flame," (2) Reduced rates for 
volumes in the "Advances in Chemistry Series" based on Division symposia, and 
(3) The receipt card sent in acknowledgment of Division dues is good for $1.00 
toward a complete set of abstracts of all papers presented at each of the National 
Meetings. 

To join the Fuel Chemistry Division as a regular member, one must also be or 
herme R m m h s r  of the A m e r i c a n  Chemical Society. Those not eligible for ACS 
membership because they are not practicing scientists, engineers or technical 
economists in areas related to chemistry, can become Division Affiliates. They 
receive all benefits of a regular member except that they cannot vote, hold Office 
or present other than invited papers. Affiliate membership is of particular value 
to those in the infornational and library sciences who must maintain awareness of 
the fuel area. 
the United States are invited also to become Division Affiliates. 

Membership in the Fuel Chemistry Division costs only $4 per year, or $U for three 
years, in addition to ACS membership. 
j o i n i n g  ACS, is $10 per'year. 

(1) Reduced 

Non ACS scientists active in the fuel area and living outside of 

The cost for a Division Affiliate, Without 
For firther informtion, write to: 

Dr. Frank Rusinko, Jr., Secretary-Treasurer 
ACS Division of Fuel Chemistry 
c/o Speer Carbon Company 
St. ~ a r y s ,  Pennsylvania 15857 
Telephone: 814-834-2801 
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RECENT FUEL DIVISION SYMPOSIA 

Symposium on Gas Generation 
General Papers 

Symposium on Chemical Phenomena in Plasmas 
Symposium on Kinetics and Mechanisms of 
High Temperature Reactions 

Symposium on Pyrolysis and Carbonization of Coal 
Symposium on Mineral Matter in Coal 

Symposium on Advanced Propellant Chemist* 

Symposium on Fuel and Energy Economics 
General Papers 

Symposium on Hydrocarbon-Air Fuel Cells* 

Symposium on Coatings Based on Bituminous 
Materials 

General Papers 

Symposium on Fossil Fuels and Environmental 

Joint with the Division of Water, Air, and 
Pollution 

Waste Chemistry 

Symposium on Pyrolysis Reactions of Fossil Fuels 
Joint with the Division of Petroleum Chemistry 

* To be published by Advances in Chemistry. 
Published by Academic Press, Inc. 

PROJECTED PROGRAMS 

osium on Chemical Reactions in Electrical Discharges 
int with Division of Physical Chemistry 

ium on Electrochemical Reactions in Solution 

t with Divisions of Physical Chemistry and Analytical 
emistry and in cooperation with Electrochemical Society 
st Yeager, Chairman 

sium on Detonations and 3eactions in Shock Waves 
nt vith Division of Physical Chemistry 
W. Van Dolah, Chairman 

osium on Advances in Spectrometry of Fuels and 
lated Materials 
int with Division of Analytical Chemistry 

osium on Fuel Cell Technology 

(Tentative; may be Spring 1968) 

hberal Papers 
Zhing WeNier, Program Chairman 

Presented At 
Philadelphia, Pa. 
April, 1964 

Philadelphia, Pa. 
April, 1964 

Chicago, Illinois 
August, 1964 

Detroit, Michigan 
April, 1965 

April, 1965 
Detroit, Michigan 

Atlantic City, N. J. 
September, 1965 

Atlantic City, N. J. 
September , 1965 

Pittsburgh, Pa. 
March, 1966 

Pittsburgh, Pa. 
March, 1966 

Miami Beach, Fla. 
April, 1967 

Miami Beach, Fla. 
April, 1967 

Chicago, Illinois 
September, 1967 

Chicago, Illinois I 

September, 1967 

Chicago , Illinois 
September , 1967 

Chicago, Illinois 
SepTember , 1967 

Chicago, Illinois 
September, 1967 
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