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Measurements have been made on the  chemical  and phys i ca l  p r o p e r t i e s  
o f  two o i l  shales des ignated as re fe rence  o i l  sha les by t he  Department 
o f  Energy. One o i l  sha le  i s  a  Green R i ve r  Formation, Parachute Creek 
Member, Mahogany Zone Colorado o i l  sha le  from t h e  Exxon Colony mine and 
t he  o t h e r  i s  a  Clegg Creek Member, New Albany sha le  f rom Kentucky. 
M a t e r i a l  balance F i sche r  assays, carbon a r o m a t i c i t i e s ,  thermal 
p rope r t i es ,  and b u l k  m ine ra log i c  p r o p e r t i e s  have been determined f o r  t h e  
o i l  shales.  Kerogen concent ra tes  were prepared f rom b o t h  shales. The 
measured p r o p e r t i e s  of t he  re fe rence  shales a r e  comparable t o  r e s u l t s  
ob ta ined  f rom prev ious  s tud ies  on s i m i l a r  shales.  The western re fe rence  
sha le  has a  low carbon a r o m a t i c i t y ,  h i g h  F i sche r  assay convers ion  t o  
o i l ,  and a  dominant carbonate mineralogy. The eas te rn  re fe rence  shale 
has a  h i g h  carbon a r o m a t i c i t y ,  low F i sche r  assay convers ion  t o  o i l ,  and 
a  dominant s i l i c a t e  mineralogy. 

Chemical and phys i ca l  p rope r t i es ,  i n c l u d i n g  ASTM d i s t i l  l a t i o n s ,  
have been determined f o r  sha le  o i l s  produced f rom the  re fe rence  shales.  
The d i s t i l l a t i o n  da ta  were used i n  c o n j u n c t i o n  w i t h  A P I  c o r r e l a t i o n s  t o  
c a l c u l a t e  a  l a r g e  number of shale o i l  p r o p e r t i e s  .,that a re  r e q u i r e d  f o r  
computer models such as ASPEN. There was poor agreement between measured 
and c a l c u l a t e d  mo lecu la r  we igh ts  f o r  t h e  t o t a l  sha le  o i l  produced f rom 
each shale.  However, measured and c a l c u l a t e d  mo lecu la r  we igh ts  agreed 
reasonably  w e l l  f o r  t r u e  b o i l i n g  p o i n t  d i s t i l l a t e  f r a c t i o n s  i n  t h e  
temperature range o f  204-399°C (400-750°F). S i m i l a r l y ,  measured and 
c a l c u l a t e d  v i s c o s i t i e s  o f  t h e  t o t a l  sha le  o i l s  were i n  disagreement, 
whereas good agreement was ob ta ined  on d i s t i l l a t e  f r a c t i o n s  f o r  a  
b o i l i n g  range up t o  315°C (600°F). Thermal and d i e l e c t r i c  p r o p e r t i e s  
were determined f o r  t he  shales and sha le  o i l s .  The d i e l e c t r i c  
p r o p e r t i e s  o f  t he  re fe rence  shales and sha le  o i l s  decreased w i t h  
i n c r e a s i n g  frequency o f  t h e  a p p l i e d  frequency. 



INTRODUCTION 

I n  1984 t h e  Department o f  Energy (DOE) made an assessment o f  i t s  
o i l  sha le  program based on i n f o r m a t i o n  f rom i n d u s t r y ,  t h e  F o s s i l  Energy 
Research Working Group, a  Na t i ona l  Research Counci l  rev iew o f  s a f e t y  
i s sues  r e l a t e d  t o  s y n t h e t i c  f u e l s  development, a  rev iew o f  a v a i l a b l e  o i l  
sha le  data, and an examinat ion o f  t he  e x i s t i n g  DOE o i l  sha le  program. 
T h i s  l e d  t o  a  r e s t r u c t u r i n g  o f  t h e  DOE o i l  sha le  program. An i n t e g r a l ,  
p a r t  o f  t h e  r e s t r u c t u r e d  program i n v o l v e s  t he  measurement o f  fundamental 
chemical  and phys i ca l  p r o p e r t i e s  o f  re fe rence  o i l  shales. 

The DOE re fe rence  o i l  sha le  program began i n  October 1985, when 
Ter ra  Tek, Inc .  o f  S a l t  Lake City, Utah was awarded a  DOE c o n t r a c t  f o r  
t he  es tab l i shment  and maintenance o f  an o i l  sha le  sample bank. . Work 
sponsored by DOE on o i l  sha les i s  t o  .be conducted on . o i l  sha les i n  t h e  
re ference sha le  program, t h e  i dea  be ing  t h a t  da ta  ob ta i ned  f rom 
d i f f e r e n t  research  programs on t h e  re fe rence  shales w i l l  be more 
c o n s i s t e n t  and more r e a d i l y  c o r r e l a t e d  w i t h  o t h e r  o i l  sha le  data. 

Under t h e  DOE re fe rence  sha le  program, two o i l  sha les per  yea r  w i l l  
be acqu i red  and c h a r a c t e r i z e d  over  a  f i v e - y e a r  pe,riod. A t o t a l  o f  t e n  
o i l  sha les w i  11 be acqui red;  f i v e  ' w i l l  be f rom t h e  western U n i t e d  S ta tes  
deposi ts ,  and f i v e  w i l l  be f rom depos i t s  i n  t h e  eas te rn  Un i t ed  States.  
The shales se lec ted  w i l l  be as r e p r e s e n t a t i v e  as p o s s i b l e  o f  what may 
l i k e l y  be used i n  f u t u r e  o i l  sha le  development. 

Fundamental chemical  and phys i ca l  p r o p e r t i e s  o f  t h e  f i r s t  p a i r  o f  
re fe rence  o i l  sha les have been acquired. The measurements f a l l  i n t o  
t h r e e  general  ca tego r i es :  1) chemical and p h y s i c a l  p r o p e r t i e s  o f  o rgan i c  
mat te r ,  2)  m i  n e r a l o g i c  p rope r t i es ,  and 3 )  chemical  and p h y s i c a l  proper-  
t i e s  o f  shale o i l s  produced f rom t h e  re fe rence  shales.  The r e s u l t s  o f  
these va r i ous  measurements a r e  t h e  s u b j e c t  o f  t h i s  r e p o r t .  

PROPERTIES OF ORGANIC MATTER 

Oil Shale Samples 

The re fe rence  shales were sen t  t o  WRI  f rom Ter ra  Tek d u r i n g  t h e  
- f i r s t  q u a r t e r  o f  FY 87. The western re fe rence  sha le  i s  a  Mahogany zone, 

Parachute Creek Member, Green R i v e r  Format ion o i l  sha le  ob ta ined  f rom 
t h e  Exxon Colony mine l o c a t e d  near  Parachute, Colorado. The eas te rn  
re fe rence  shale i s  a  Clegg Creek member, New Albany sha le  ob ta ined  f rom 
the  Kn ie r iem quarry ,  which i s  l o c a t e d  approx imate ly  16 m i l e s  south o f  
t h e  Ohio r i v e r  a t  L o u i s v i l l e ,  Kentucky. Bo th  o f  t h e  re fe rence  o i l  
sha les  have been descr ibed  i n  d e t a i l  (Owen 1987). 

The o i l  sha le  t h a t  was rece i ved  f rom Te r ra  Tek had a  t o p  s i z e  of 
approx imate ly  3/4 i n .  The m a t e r i a l  was f u r t h e r  reduced i n  s i z e  by 
g r i nd ing ,  and then  r i f f l e d  t o  o b t a i n  r e p r e s e n t a t i v e  sample m a t e r i a l  f o r  
t he  r e s p e c t i v e  p r o p e r t y  measurements tasks. A d d i t i o n a l  sampl e  
p r e p a r a t i o n  o f  t h e  r e p r e s e n t a t i v e  m a t e r i a l  was made, commensurate w i t h  
t he  a n a l y t i c a l  requi rements o f  t h e  tasks. 



H a t e r i  a1 Balance Fi  scher Assay 

Probably the  s i n g l e  most important  p iece o f  i n fo rma t ion  about an 
o i l  shale i s  i t s  p o t e n t i a l  t o  produce o i l  du r i ng  heat ing. The Fischer  
assay (American Soc ie ty  f o r  Tes t ing  and Mater ia ls ,  Method 0-3904-80) i s  
the t r a d i t i o n a l  method f o r  determin ing the o i l  p o t e n t i a l  o f  an o i l  
shale. I n  b r i e f ,  t h e  F ischer  assay cons i s t s  o f  heat ing  a 100-g sample o f  
o i l  shale t o  500°C (932°F) a t  a r a t e  o f  lE°C/min and main ta in ing  t h i s  
temperature f o r  another  40 minutes. The hydrocarbon vapors t h a t  d i  s t i  11 
f rom t h e  sample condense t o  form a .  shale o i l .  This  ma te r i a l  i s  
c o l l e c t e d ,  i t s  volume and weight  recorded, and s p e c i f i c  g r a v i t y  
determined. From these measurements the  o i l  p o t e n t i a l  i s  repo r ted  i 'n 
e i t h e r  weight  percent  o r  ga l l ons  o f  o i l  per t on  o f  shale. I n  a ma te r i a l  
balance F ischer  assay (MBFA) developed by the  Western Research 
I n s t i t u t e ,  t he  elemental composit ions o f  t he  products a re  determined as 
we1 1. 

MBFA r e s u l t s  f o r  t h e  re ference shales are repor ted  i n  Table 1 o f  
Appendix A. Gas composi t ional  data are  g iven i n  Table 2. The conversion 
o f  o rgan ic  mat te r  t o  gas, o i l ,  and res idue products can be determined 
f rom these data (Table 3). The greater  conversion o f  organic carbon t o  
o i l  f o r  t he  western re ference shale i s  c l e a r l y  ev ident  from the  data i n  
Table 3. The d i f f e r e n c e s  i n  conversion o f  organic carbon t o  o i l ,  gas, 
and res idue products are r e l a t e d  t o  the  carbon s t r u c t u r e  o f  t he  o r i g i n a l  
o rgan ic  matter.  

Carbon A romat i c i t y  Measurements 

Modern _ a n a l y t i c a l  techniques make it poss ib le  t o  determine some of 
t he  chemical s t r u c t u r a l  fea tures  of- the kerogen. The most s i g n i f i c a n t  
o f  these are  c ross  p o l a r i z a t i o n  (CP) , magi c-angl e sp inn ing  
(MAS), 13c nuclear  magnetic resonance (NMR) techniques (Mikn is  e t  a1 . 
1379 1, The CP/MAS 13C NMR techniques prov ide  a d i r e c t ,  nondest ruc t ive  
measurement o f  the  organ ic  carbon d i s t r i b u t i o n  i n  o i l  shales. I n  p a r t i c -  
u l  a r  t he  f r a c t i o n s  o f  aromatic and a1 i p h a t i c  carbons can be determined, 
These carbon types represent  t he  major carbon f r a c t i o n s  i n  o i l  shales, 
and t h e i r  r e l a t i v e  amounts l a r g e l y  determine the  conversion behavior of 
o i l  shales. H igh l y  a l i p h a t i c  o i l  shales have h igh  conversions t o  o i l  
(M ikn i s  e t  a l .  1982a) w h i l e  h i g h l y  aromatic o i l  shales produce greater  
res idue  carbon (Mikn is  e t  a l .  1982b). 

S o l i d - s t a t e  13C NMR measurements were made on the  re ference shales, 
and l i q u i d - s t a t e  13C NMR measurements were m d e  on t h e  MBFA shale o i l s  
(Table 4 ) .  The carborl a r o ~ ~ ~ a t i c i t y  values o f  t h e  shales are  compatible 
w i t h  t h e i r  convers ion data i n  Table 3. I n  add i t ion ,  t he  shale o i l  
a r o m a t i c i t y  va lues a re  s i m i l a r  t o  r e s u l t s  o f  prev ious work f o r  s i m i l a r  
shales (Netzel  and M ikn i s  1982; M ikn i s  e t  a l .  1986). 

WR k a s u r e s e n t s  o f  Shale O i l  Carbon Types 

A p r a c t i c a l  procedure was developed (Netzel 1987) and used i n  t h i s  
study whereby t h e  f r a c t i o n  o f  carbon types--pr i  rnary (CH 3 ) ,  secondary 
(CH2), t e r t i a r y  (CHI, and quaternary (C)--can be q u a n t i t a t i v e l y  
determined us ing  DEPT ( D i s t o r t i o n l e s s  Enhancement by P o l a r i z a t i o n  



.Transfer (Bendal l  and Pegg 1983)), and QUAT (Quaternary Only Carbon 
Spectra (Bendal l  e t  a1 . 1982) ) pu l  se sequences. The DEPTIQUAT technique 
i s  p re fe rab le  t o  other  spin-echo techniques because l ess  t ime i s  
requ i red  f o r  data a c q u i s i t i o n  and reduct ion.  

The carbon and hydrogen d i s t r i b u t i o n s  ca l cu la ted  from the  13C DEPT 
and QUAT spectra of the eastern and western shale o i l s  are g iven i n  
Table 5. The normal i zed hydrogen type d i s t r i b u t i o n  data were c a l c u l a t e d  
us ing  the  carbon type d i s t r i b u t i o n  data. The s t r u c t u r a l  parameters 
l i s t e d  i n  Table 6 were ca l cu la ted  from the  DEPT and QUAT spectra, and 
are compared w i t h  data obta ined d i r e c t l y  from convent ional  l H  and 
13C NMR spectra. The agreement between the  two methods i s  very good 
cons ider ing  the  poss ib le  sources o f  e r r o r  i nvo l ved  i n  o b t a i n i n g  
q u a n t i t a t i v e  NMR data. There a re  no t i ceab le  d i f f e rences  i n  the  
quaternary and t e r t i a r y  aromatic carbon d i s t r i b u t i o n s ,  and i n  t he  
secondary a1 i p h a t i c  carbon d i s t r i b u t i o n s  i n  the  two 'shale o i l s .  These 
d i f f e rences  b a s i c a l l y  r e f l e c t  t he  f a c t  t h a t  the  eastern o i l  shale has 
more aromatic carbon than the  western o i l  shale. 

Oxygen Determinat ion by Neutron A c t i v a t i o n  Ana lys is  

Samples o f  raw shale, MBFA. spent shale, and MBFA shale o i l s  were 
sent t o  an ou ts ide  l abo ra to ry  (IRT Corporat ion, San Diego, CA) f o r  
d i r e c t  oxygen determinat ion  by neutron a c t i v a t i o n  ana lys is .  Each 
sample, a long w i t h  an ox en standard, was i r r a d i a t e d  w i t h  14 MeV 
neutrons, and counted f o r  r2N induced a c t i v i t y  on a s i n g l e  pulse-height  
analyzer  us ing a p a i r  o f  5-in. x  5-in. NaI(T1) s c i n t i l l a t i o n  c r y s t a l s .  
The oxygen concent ra t ion  was determined by comparing the i n t e n s i t y  o f  
t he  6.13 MeV gamma-ray photopeak o f  16N i n  t he  sample w i t h  t h a t  o f  the  
oxygen standard. The basic  nuclear  r e a c t i o n  f o r  t he  process 
i s  160(n,p) ' 6 ~ .  

Oxygen determinat ions were made i n  t r i p l i c a t e  f o r  the  raw and spent 
shales except f o r  the  raw eas tern  shale, w h i l e  s i n g l e  samples o f  o i l s  
were analyzed (Table 7 ) .  The repo r ted  values are f o r  t o t a l  oxygen and 
inc luded c o n t r i b u t i o n s  from organic and i no rgan ic  sources. For the raw 
and spent shales, i t  i s  no t  poss ib le  t o  determine the  amount of organic 
oxygen. However, the  oxygen values f o r  t he  shale o i l s  are organic oxygen 
values, and these can be compared w i t h  the values obta ined by 
sub t rac t i ng  the  sum o f  the carbon, hydrogen, su l f u r ,  and n i t r o g e n  weight 
percent  values i n  each o i l  (Table 1 )  from 1008, i.e. us ing  oxygen by 
d i f fe rence.  

There i s  c lose  agreement between the  d i r e c t  and by d i f f e rence  
oxygen values f o r  t he  western re ference shale o i l .  However, t he  agree- 
ment between the  two values f o r  t he  eas tern  shale o i l  i s  no t  as good. 

Kerogen Concentrates 

It i s  d i f f i c u l t  t o  cha rac te r i ze  t h e  organic mat te r  i n  raw shales 
because the bu lk  o f  o i l  shale i s  i no rgan ic  matter.  Even a simple de ter -  
minat ion o f  the  elemental composit ion (carbon, hydrogen, n i t rogen,  
oxygen, and s u l f u r )  i s  compromised by c o n t r i b u t i o n s  from ino rgan ic  
sources o f  these elements. To o b t a i n  the  elemental composit ion of the  



organ ic  matter,  i t  i s  necessary t o  remove the  minera l  matter,  w i thou t  
a l t e r i n g  the composit ion of the kerogen. 

Most kerogen concent ra t ion  schemes i n v o l v e  four steps: removal o f  
bitumen, decomposit ion of carbonate rocks, d e s t r u c t i o n  of s i l i c a t e s ,  and 
d e s t r u c t i o n  o f  p y r i t e s .  It i s  des i rab le  t o  ca r r y  out these steps w i t h  
as l i t t l e  chemical a l t e r a t i o n  o f  t h e  kerogen as possib le.  I f  kerogen 
f u n c t i o n a l  groups are  d r a s t i c a l l y  a l t e r e d  du r ing  concentrat ion,  
subsequent s tud ies  o f  p r o p e r t i e s  w i l l  g i ve  quest ionable r e s u l t s .  - 

The procedures used f o r  t h e  f i r s t  t h ree  stebs are  f a i r l y  
s t r a i g h t f o r w a r d  and are  based on work by Durand and Nicaise (1980) and 
O r r  (1986). P y r i t e  removal r e q u i r e s  d r a s t i c  chemical t reatment  (Or r  
1986). I n  general, p y r i t e  concentrates w i t h  the  organic mat te r  when 
a c i d  d i g e s t i o n  procedures are used t o  concentrate the  organic matter. 

A concen t ra t i on  procedure n o t  i n v o l v i n g  successive a t tack  on 
minera l  species was attempted f o r  purposes o f  compari son w i t h  orthodox 
procedures, I n  t h i s  procedure ( S i s k i n  e t  a l .  1987), kerogen i s  desorbed 
from mineral  sur faces by a  h o t  ammonium s u l f a t e  s o l u t i o n  wh i l e  
carbonates are  decomposed. The desorbed kerogen then i s  concentrated by 
f l o t a t i o n .  

The f i r s t  s tep i n  the  convent ional  concent ra t ion  o f  kerogen i s  
bitumen removal. Two 75-9 a l i q u o t s  o f  each re ference shale were 
separa te ly  e x t r a c t e d  f o r  24 hours i n  a  Soxhlet  e x t r a c t o r  us ing  benzene- 
methanol, 3:2 v/v. A f t e r  24 hours, bitumen was recovered by so l ven t  
evaporat ion, and r e s i d u a l  shale samples were dr ied.  Y i e l d  data f o r  t h i s  
procedure are prov ided i n  Table 8. 

The d r i e d  shale samples from which bitumen had been ex t rac ted  were 
then t r e a t e d  w i t h  hyd roch lo r i c  a c i d  t o  d i sso l ve  carbonates. For each 
sample, two a c i d  t reatments were performed i n  accordance w i t h  t h e  
procedure recommended by Durand and N i  ca ise ( 1980). A f t e r  dry ing,  each 
shale sample was again e x t r a c t e d  w i t h  benzene-methanol (3:2, v /v )  i n  a  
Soxhlet  e x t r a c t o r  f o r  24 hours t o  o b t a i n  r e s i d u a l  so lub le  mater ia ls .  An 
a d d i t i o n a l  1.47% and 0.57% so lub le  m a t e r i a l s  were removed from the  
western and eas te rn  shales, respec t i ve l y .  

Y ie lds  o f  kerogen concentrate are seen t o  be f a i r l y  repeatable fo r  
each shale (Table 9). More ma te r ia l  i s  l o s t  from t h e  Easter r~  shdle by 
HC1 t reatment  than would be p red i c ted  by cons ider ing  how small t he  
amounts o f  minera l  carbonates are  i n  t h i s  shale. 

Resu l ts  f o r  t he  debi  tumenized, decarbonated shales a r e  f a i r l y  
cons is ten t .  The western shales l ose  s i g n i f i c a n t  amounts o f  ma te r i a l  
f rom HC1 e x t r a c t i o n  and bitumen removal. Hence, r e s i d u a l  m a t e r i a l s  ar.e 
r e l a t i v e l y  r i c h  i n  o rgan ic  carbon compared w i t h  the  pa ren t  shale (Tabl-.e.: 
9) .  Minera l  carbon i s  absent, which shows t h a t  t h e  HC1 procedure is.:. , (  ...: 

e f f e c t i v e  f o r  removing carbonate minera l  s. There i s  1 i t t l e  ac id-sol  ub1.e : .;. 1- 
. . 

m a t e r i a l  present i n  the  eastern reference shale so l i t t l e  enrichment of-.:; ;..- ... 

o rgan ic  carbon content  i n  the decarbonated-debitumenized shales - i s . '  . . .. .: ' ... 
, .. 

observed. 



The res idua l  shales t h a t  were t r e a t e d  t o  remove bitumen and mineral 
carbonates were f u r t h e r  t r e a t e d  w i t h  70% h y d r o f l u o r i c  a c i d  (HF) t o  
remove s i l i c a t e s  (Orr  1986). This  procedure i s  dangerous. I t  i s  
s t rong ly  recommended t h a t  on ly  experienced 1 aboratory personnel per form 
t h i s  phase o f  the  kerogen concent ra t ion  procedure. This  procedure 
leaves a res idua l  mater ia l  c o n s i s t i n g  of kerogen, p y r i t e ,  and o ther  
minera ls  inaccess ib le  t o  HF. Y ie lds  o f  kerogen concentrates from the  HF 
t rea tment  o f  t he  re ference shales a re  s'hown i n  Table 9. 

For t h e  western reference shale, the  y i e l d  o f  kerogen and p y r i t e  
correspond we l l  w i t h  the  organ ic  carbon content  and p y r i t e  content  o f  
t h e  o r i g i n a l  shale. The eastern shale i s  known t o  have l a r g e  amounts o f  
p y r i t e .  P y r i t e  and some o ther  minera ls  may have escaped exhaust ive 
r e a c t i o n  w i t h  HF. 

The ammonium s u l f a t e  procedure o f  S i s k i n  e t  a l .  (1987) was used t o  
ob ta in  a kerogen concentrate o f  t h e  western re ference shale. This 
procedure y i e l d e d  f l o a t  and s i  nk f r a c t i o n s ,  bo th  o f  which were analyzed 
(Table 9 ) .  Both f r a c t i o n s  probably conta ined some r e s i d u a l  ammoni um 
s u l f a t e .  The organ ic  carbon was g r e a t l y  concentrated i n t o  the  f l o a t  
f r a c t i o n  by t h i s  procedure. 

The two re ference shales were evaluated f o r  concent ra t ion  o f  
kerogen by two methods. A method u t i l i z i n g  successive t reatments by HC1 
and HF provides good y i e l d s  o f  kerogen from the western reference shale 
and seems t o  be f a i r l y  reproduc ib le .  The method i s  somewhat l e s s  
successful  w i t h  the eastern reference shale, b u t  does remove most non- 
p y r i t i c  minera ls .  The method i s  t ed ious  and dangerous. 

The method o f  S i s k i n  e t  a l .  (1987) i s  quick and safe, b u t  does not  
appear t o  p rov ide  anyth ing bu t  a crude kerogen concentrate. However, 
improvements may be poss ib le  w i t h  t h i s  procedure. I n  p a r t i c u l a r ,  i t  may 
prove t o  be a method o f  p y r i t e  removal f o r  some shales. On the  o ther  
hand, the concentrated kerogen may not  be t r u l y  rep resen ta t i ve  o f  the 
whole kerogen, i .e. ,  there  may have been a f r a c t i o n a t i o n  o f  kerogen 
i t s e l f ,  which does no t  occur i n  the orthodox ac id- t reatment  procedure. 

Thermal Properties 

Heating Values 

Gross heat ing values were determined on the  re ference shales using 
a standard ASTM procedure (D-3286). The r e s u l t s  a re  repo r ted  i n  Table 4. 
Measurements were made on the raw shales and the  spent shales f rom the 
MBFA tes ts .  The heat ing  value f o r  t h e  western shale i s  s l i g h t l y  l e s s  
than t h a t  o f  the eastern shale. This  i s  probably due t o  the  c o n t r i b u t i o n  
from the  endothermic carbonate decomposit ion o f  t he  western shale. The 
heat ing  value o f  the  spent shale i s  g rea ter  f o r  t he  eas tern  shale 
because o f  the  g rea te r  res idue carbon on the  spent shale. Heating values 
f o r  the shale o i l s  were c a l c u l a t e d  us ing  the  Boie equat ion (Ringen e t  
a l .  1979). 



Enthalpy o f  R e t o r t i n q  of O i l  Shale Using a Droppinq Calor imeter  

The o b j e c t  of t h i s  procedure i s  t o  measure the  t o t a l  enthalpy 
r e q u i r e d  t o  heat  o i l  sha le  from ambient temperature, 25°C (77"F), t o  a 
se lec ted  r e t o r t i n g  temperature o f  500°C (932°F). The enthalpy of 
r e t o r t i n g  i s  a f u n c t i o n  o f  ( a )  kerogen bonding energy, ( b )  bitumen 
bonding energy, ( c )  s p e c i f i c  heat  energy o f  t h e  i no rgan ic  phase, ( d )  
s p e c i f i c  heat energy o f  t h e  organ ic  phase (kerogen and bitumen), ( e )  
energy t o  remove bound water, ( f )  energy of r e a c t i o n  o f  organic phase, 
( g )  decomposit ion energy o f  c e r t a i n  carbonates. 

A d e t a i l e d  d i scuss ion  o f  these c o n t r i b u t i o n s  t o  heat o f  r e t o r t i n g  
was r e c e n t l y  pub l ished by Camp (1987). He was ab le  t o  show a good 
c o r r e l a t i o n  between p r e d i c t e d  heat capacitance and ac tua l  heat 
capacitance as , a  f u n c t i o n  o f  temperature. Shaw (1947) nkasured t h e  
r e t o r t i n g  energy as a f u n c t i o n  o f  temperature f o r  a wide range o f  shale 
grades as shale was heated from 25" t o  232°C (77  t o  45U°F). Using a gas 
f l o w  technique, Wise e t  a l .  (1971) measured the  energy o f  r e t o r t i n g  raw 
shales and t h e  heat requ i red  t o  heat spent shales. The te rnpera t~~rc !  
range i n v e s t i g a t e d  by these authors was between 25" and 500°C (77. t o  
932°F). Recent ly  Mraw and Keweshan (1984, 1986) used a b a l l i s t i c  
ca lo r ime te r  a t  500°C (932°F) t o  determine the  heat o f  r e t o r t i n g  o f  shale 
samples separated f rom raw shale us ing  a s i n k - f l o a t  technique. They 
used q u a n t i t i e s  o f  shale i n  the 40-100 mg range. Carley (1975) surveyed 
t h e  l i t e r a t u r e  f o r  heat  o f  r e t o r t i n g  o f  o i l  shale and repo r ted  heats o f  
r e t o r t i n g  f o r  f i v e  d i f f e r e n t  shale r ichnesses over a temperature range 
between 65" and 450°C (149' and 842°F). Carley developed equat ions w i t h  
fou r  constants t h a t  f i t  q u i t e  w e l l  w i t h  data repo r ted  by Shaw. 

Camp (1987) attempted t o  r e l a t e  t h e  c o n t r i b u t i o n  o f  t h e  organic 
p o r t i o n  o f  o i l  shale t o  the  s p e c i f i c  heat o f  r e t o r t i n g  (1 )  t o  the  
hydrogen and carbon content  and (2) t o  t h e  i n d i v i d u a l  minera l  
c o n t r i b u t i o n s .  The common western o i l  shale minera l  s--quartz, dolomite, 
c a l c i t e ,  sodium and potassium feldspars--have s p e c i f i c  heats near 0.24 
c a l / g  which have been shown t o  be approximately the  s p e c i f i c  heat o f  a 
spent shale. The organ ic  and i no rgan ic  c o n t r i b u t i o n s  discussed he re in  
are  f o r  a mean temperature between 25". and 500°C (77" and 932°F). 

Two types o f  conta iners  were used t o  measure the  s p e c i f i c  heat of 
r e t o r t i n g .  I n i t i a l l y  t he  shale samples were conta ined i n  a th in -wa l l ed  
aluminum capsule. Th is  a l lowed f o r  e i t h e r  r e t o r t i n g  i n  a i r  o r  i n  an 
i n e r t  gas atmosphere such as n i t rogen.  I n  a second phase o f  the  work 
t h e  shale sample was conta ined i n  a s t a i n l e s s  s t e e l  screen cy l i nde r .  
A lso  f o r  t h i s  phase a purge tube was connected t o  thq  r e a c t i o n  tube so 
t h e  atmosphere surrounding t h e  sample cou ld  be c o n t r o l l e d  and t h e  
emi t ted  product  gases immediately removed. 

The s p e c i f i c  heat o f  a sample o f  o i l  shale bitumen was determined, 
w i t h  the  b a l l i s t i c  ca lo r ime te r  us ing  a s t a i n l e s s  steel c y l f n d e r  (5 m 
diameter and 80 mn long )  w i t h  the  bottom end c losed and t h e  t o p  
p a r t i a l l y  c losed w i t h  a Tef lon  door. 

The i n i t i a l  temperature was requ i red  f o r  a l l  samples whose s p e c i f i c  
heats o r  heats o f  r e t o r t i n g  were t o  be determined. The i n i t i a l  



temperature f o r  t he  s p e c i f i c  heat data of r e t o r t i n g  was ambient 
temperature. A f t e r  thermal equi  1  i br ium was assured, the  sample was 
dropped i n t o  the  b a l l i s t i c  ca lo r imeter .  The energy absorbed o r  re leased 
i s  detected by a  thermopi le,  ampl i f ied ,  and recorded. A c a l i b r a t i o n  was 
requ i red  t o  c a l c u l a t e  ac tua l  energy changes. Both quar tz  and a1 umi num 
o f  known s p e c i f i c  heats were used f o r  t h i s  purpose. 

The heat requirements f o r  r e t o r t i n g  a  35/48 mesh western and a  
eastern o i l  shale under f l o w i n g  n i t r o g e n  are  g iven i n  Table 10. A 
comparison o f  the  s p e c i f i c  heats fo r  t h e  western re ference shale 
obta ined from t h i s  study w i t h  r e s u l t s  from o ther  s tud ies  i s  given i n  
Table 11. A disagreement was noted f o r  t he  heat o f  r e t o r t i n g  o f  t he  .raw 
western o i l  shale w i t h  data f o r  o ther  western o i l  shales o f  comparable 
organ ic  content  and temperature range. Reported values va r ied  be'tween 
0.32 and 0.37 callg-'C. The value o f .  0.43 cal/g-"C i n  t h i s  r e p o r t  i s  
s l i g h t l y  h igher  than t h e  h ighes t  repo r ted  value. Th is  value and the  
o ther  repo r ted  data were obta ined under a  n i t r o g e n  atmosphere. 

A good c o r r e l a t i o n  between repo r ted  data and these data are noted 
f o r  spent shales. The values between 0.24 and 0.26 callg-'C are i n  the  
reg ion  t y p i c a l  o f  minerals.  Therefore the  d i f f e rences  i n  raw o i l  shale 
data are probably due t o  sample t reatment  o r  o r i g i n  r a t h e r  than 
inst rumentat ion.  

Bound Hater 

Several attempts were made t o  determine the  energy requirement t o  
re lease bound water i n  shale. The experiments were conducted w i t h  a  
d i f f e r e n t i a l  scanning calor imeter- thermal  g rav ime t r i c  analyzer  (DSC-TGA) 
instrument.  The most promis ing experiments were several  se ts  i n  which 
two r i f f l e d  shale samples were used f o r  each experiment. Each 
experiment i nvol  ved heat ing  one shale sample t o  a  subpyro lys i  s  
temperature and then c o o l i n g  i t  back t o  room temperature. Then 
d i f f e r e n t i a l  DSC-TGA data were acqui red us ing  bo th  t h e  heated and 
unheated samples. This  was done t o  determine water l o s s  by 
d i f f e rence .  I n  a l l  cases, the  re lease o f  bound water occurred over a  
wide temperature range and was so small t h a t  it cou ld  n o t  be measured 
w i t h  any reasonable degree of conf l  dence. 

Mineralogic Properties 

Mineralo-gi-c Charac te r i za t i on  .of Reference Shales 

The bu l k  and c l a y  minera logies o f  t he  raw and r e t o r t e d  reference 
shales were determined by X-ray d i f t r a c t i o n  (xKU) .  Since t h i s  technique 
i s  qua1 i t a t i v e  r a t h e r  than q u a n t i t a t i v e ,  peak h e i g h t  data prov ided i n  
t h i s  r e p o r t  should be used as est imates o f  r e l a t i v e  abundance o f  
minera ls  w i t h i n  a  given sample. Minera ls  present  i n  minor amounts may 
be d i f f i c u l t  t o  i d e n t i f y  due t o  minera log ic  complexi ty  o f  o i l  shales and 
t o  the  presence o f  one o r  more dominant minera l  phases. I n  order  t o  
minimize problems r e l a t e d  t o  sample complexity,  slow scans were used t o  
improve accuracy, and mu1 t i  p i e  runs were performed t o  increase 
prec is ion .  



Bulk  samples were ground t o  a -325 mesh (45 microns) and s l u r r y  
mounted w i t h  abso lu te  ethanol  onto g lass s l i d e s  f o r  mounting i n  the  
Sc in tag  PAD V X-ray d i f f r a c t i o n  inst rument .  Samples were scanned a t  a 
r a t e  o f  0.5 degrees 2-theta/minute t o  ob ta in  maximum i n t e n s i t i e s  from 
peaks o f  l e s s  abundant minerals.  Ten rep1 i ca te  determinat ions o f  each 
sample were scanned a t  2 degrees 2-theta/minute t o  check the  
r e p e a t a b i l i t y  o f  t h e  technique. The J o i n t  Committee f o r  Powder 
D i f f r a c t i o n  Standards (JCPDS) value f o r  t he  pr imary peak . f o r  each 
minera l  , and t h e  average and range o f  values obta ined from r e p e t i t i v e  
runs  a re  g iven i n  Tables 12 (western) ,and 13 (eastern) .  To minimize 
e f f e c t s  o f  ins t rument  v a r i a t i o n  and sample preparat ion,,  2- theta values 
were co r rec ted  us ing  t h e  d l 0 1  (100% i n t e n s i t y )  quar tz  peak as an 
i n t e r n a l  re fe rence  (Zen 1956). Remnant d i f f e rences  between ac tua l  and 
t h e o r e t i c a l  peak l o c a t i o n s  may be a t t r i b u t e d  t o  inst rument  e r ro r ,  minute 
sample d i f f e rences ,  and prepara t ion  technique. 

The f i n e  f r a c t i o n  (<2  microns), c o n s i s t i n g  p r i m a r i l y  o f  c l a y  
minera ls ,  was i s o l a t e d  by g rav ime t r i c  separat ion and prepared f o r  XRD 
a n a l y s i s  a f t e r  the method o f  Drever (1973). Three potassium-saturated 
and t h r e e  magnesium-saturated samples were prepared f o r  each shale and 
were scanned from 2 t o  30 degrees 2-theta. Potassium-saturated samples 
were then ashed a t  550°C (1022°F) f o r  one hour and rescanned t o  
determine whether kao l  i n i  t e  and/or c h l o r i t e  were present. Magnesium- 
sa tu ra ted  samples were g l yco la ted  ove rn igh t  and rescanned t o  de tec t  peak 
s h i f t  due t o  expanding c l a y  minerals.  

Q u a n t i t a t i v e  a n a l y s i s  o f  the re ference shales was n o t  successful. 
R e l a t i v e  i n t e n s i t y  r a t i o s  f o r  each i n d i v i d u a l  minera l  compared ' t o  a 
s tandard would need t o  be prepared p r i o r  t o  q u a n t i t a t i v e  XRD ana lys is .  
Because o f  t he  minera log ic  complexi ty  o f  o i l  shales and c a t i o n  
s u b s t i t u t i o n  i n  n a t u r a l  samples, the  use o f  standard minera l  references 
would be d i f f i c u l t ,  and i s o l a t i o n  o'f o i l  shale minera l  phases and 
c a l c u l a t i o n  o f  r e l a t i v e  i . n t e n s i t y  r a t i o s  was beyond the scope o f  t h i s  
p r o j e c t ,  

M ine ra l s  i d e n t i f i e d  i n  western re ference shale, l i s t e d  i n  order of 
decreasing abundance, were 

Minera l  

Quar t z  

Anke r i t e  

C a l c i t e  

Dawsoni t e  

Na-fel dspar 

K- fe l  dspar 

Composi ti on 

S i  O2 

(Ca, Mgo Fe) (CO,), 

CaCO, 

NaA1C03 (OH)2 

NaAl S i  

KA1 S i  308 

(Fe, Mg) C03 



P y r i t e  FeS2 

Aug i t e  Ca(Fe, Mg)Si 206 

P y r r h o t i t e  F e l - x ~  

Ake rman i t e l geh len i t e  Ca2MgSi 207 

P e r i c l a s e  (Mg, Fe)O 

Dawsonite, M g - s i d e r i t e , . a n d  p y r i t e  were p resen t  o n l y  i n  raw western 
re fe rence  shale, whereas aug i te ,  p y r r h o t i t e ,  akerman i te /geh len i te ,  and 
p e r i c l a s e  were m ine ra l s  generated d u r i n g  t h e  F i sche r  assay. 
M i n e r a l o g i c a l  changes caused by r e t o r t i n g  inc luded :  decomposi t ion o f  
carbonates, a1 t e r a t i o n  o f  su l  f i des, and f o rma t i on  o f  ' h i ghe r  temperature 
s i l i c a t e s  and oxides. A more d e t a i l e d  summary o f  m inera l  r e a c t i o n s  
o c c u r r i n g  d u r i n g  t h e  r e t o r t i n g  o f  o i l  sha le  i s  g i ven  by Mason e t  a l .  
(1984). X-ray d i f f r a c t o g r a m s  o f  raw and spent western re fe rence  sha le  
a r e  shown i n  F igures  1-3. 

M i n e r a l s  i d e n t i f i e d  i n  eas te rn  re fe rence  shale, l i s t e d  i n  o rder  o f  
decreas ing abundance, were 

Minera l  

Q u a r t z  

Composit ion 

S i02  

I l l i t e  K-A1-Si -0-H 

Smec t i t e  (Na, Ca)-(A1, Mg)-SI-0 xH20 

P y r i t e  FeS2 

Kaol i n i  t e  A1-Si-0-H 

C h l o r i t e  Mg-Fe-A1 -Si-0-H 

K- fe l  dspar KA1 S i  ,0, 

C a l c i t e  CaCO, 

P y r r h o t i t e  

Aug i t e  

Ake rman i t e l geh len i t e  Ca2MgSi 207/Ca2A1 ( A1 , S i  ) 207 

P y r r h o t i t e ,  aug i te ,  and akerman i te /geh len i te  a r e  m ine ra l s  generated as a  
r e s u l t  o f  inc reased  temperatures and a re  p resen t  o n l y  i n  t h e  spent 
shales.  The major changes observed f rom r e t o r t i n g  were decreased 
r e l a t i v e  amounts of c a l c i t e ,  a l t e r a t i o n  o f  s u l f i d e s ,  and f o rma t i on  of 



h i g h  temperature s i  1  i c a t e s .  Bulk minera l  XRD t r aces  (F igures 4-6) 
demonstrate t h a t  s i l i c a t e  minera ls  are the  dominant minera l  phases i n  
eas te rn  reference shales. Clay minera l  i d e n t i f i c a t i o n  procedures show 
the  presence o f  ill i t e ,  illi te-smect i te  mixed l a y e r  c lay ,  k a o l i n i t e ,  and 
c h l o r i t e .  

I n  c o n t r a s t i n g  and comparing eastern and western re ference shales, 
eas te rn  re ference shales are  dominated by s i l i c a t e  minera ls  e s p e c i a l . 1 ~  
c l a y  minera ls  and quar tz ,  wh i l e  western re ference shales con ta in  both 
carbonate and s i l i c a t e  minera ls  i n  moderate abundances. However, i n  
western re ference shales, c lay  minera ls  c o n s t i t u t e  on ly  a  minor f r a c t i o n  
o f  t h e  t o t a l  m inera l  assemblage. Clay minera ls  conta ined i n  t h e  eastern 
re fe rence  shales a re  abundant and d iverse  i n  type, wh i l e  c lay  minera ls  
i n  western re fe rence  shales were l i m i t e d  i n  abundance and type (on l y  
i 11 i t e  was detected) .  Western reference shale conta ined abunJdr~L 
a n k e r i t e  ( f e r ~ o a n  do lomi tc  i so type ) ,  c a l c i t e ,  Mg-s ider i te ,  and 
dawsonite, w h i l e  c a l c i t e  was the on ly  carbonate minera l  detected i n  ttle 
eas te rn  re ference shale. P a r t i c l e  s izes  f o r  bo th  references shale types 
a r e  very smal l ;  however, on ly  t he  eastern reference shale could be 
considered a  t r u e  shale. Western re ference shale should be considered 
t o  be a  kerogenaceous marlstone. 

Major and l 4 i  nor  Trace Elements 

An understanding o f  the f a t e  o f  major and minor t r a c e  elements 
du r ing  o i l  shale r e t o r t i n g  i s  necessary f o r  t he  development o f  s h o r t  
t e rm (eg. a i r  and water q u a l i t y )  and long term (spent  shale leach ing)  
environmental m i  t i g a t i o n  s t r a t e g i e s .  To e s t a b l i s h  base1 i n e  data on t h e  
d i s t r i b u t i o n  o f  major and minor t r a c e  elements dur ing  o i l  shale 
r e t o r t i n g ,  t he  spent shales and shale o i l s  generated from the  MBFA, 
a long w i t h  the  raw o i l  shales were analyzed f o r  major and minor t race  
elements (Table 14 ) .  Two inst ruments were used f o r  t h i s  purpose: a) a 
Ja r re l l -Ash  1100 Ser ies  i n d u c t i v e l y  coupled plasma (ICP) spectrometer 
equipped w i t h  a  D i g i t a l  PDP M/23 computer and b)  a  Perk in  Elner 5000 
atomic absorp t ion  (AA) spectra photometer equipped w i t h  a  Perk in  Elmer 
500 heated g r a p h i t e  atomizer,  a  Perk in  Elmer AS-40 autosampler, and a  
Pe rk i  n  Elmer 3600 data s t a t i o n .  

EPA qua1 i t y  c o n t r o l  re fe rence s o l u t i o n s  were analyzed a f t e r  a1 1  
ins t rument  c a l  i b r a t i o n s  t o  v e r i f y  t he  accuracy o f  t h e  c a l i b r a t i o n s  and 
t h e  performance o f  t he  inst rument .  Standard Reference M a t e r i a l s  (SRMS) , 
obta ined from the  Nat iona l  Bureau o f  Standards were prepared and 
analyzed w i t h  each batch o f  sample whenever poss ib le  t o  evaluate the  
accuracy o f  t h e  a n a l y t i c a l  procedures being used. 

Three methods o f  sample prepara t ion  were used i n  t h i s  work. A 
l i t h i u m  metaborate f u s i o n  method (Bosshart e t  a l .  1980) was used to .  . 

prepare the raw and spent shale samples f o r  major t r a c e  element 
de terminat ions  by I C P .  An a c i d  d i g e s t i o n  procedure, described by; 
Bosshart e t  a1 . (1980), was used t o  prepare the  s o l i d  samples f o r  minor . 
t r a c e  element de terminat ions  by I C P  o r  AA. The Par r  bomb. combustion:. 
method (Nadkarni 1981) was used f o r  t h e  de terminat ion  o f  the trace:. -. 

elements i n  the  shale o i l s .  



The t r a c e  element da ta  (Table 14) r e a f f i r m  p rev ious  observa t ions  
t h a t  a l l  the  elements o f  i n t e r e s t  remain i n  t h e  spent  shale (see f o r  
example Johnson 1986). D i f f e r e n c e s  i n  t h e  major t r a c e  element da ta  
between t h e  shales s imply  r e f l e c t  t h e i r  d i f f e r e n c e s  i n  mineralogy. For  
example, t he  h i g h  ca l c i um and magnesium va lues  o f  t h e  western sha le  
r e f l e c t  i t s  carbonate mineralogy, w h i l e  h i g h  s i l i c o n  and i r o n  va lues f o r  
t h e  eas te rn  sha le  r e f l e c t  t h e  s i l i c a t e  minera logy  and h i g h  p y r i t e  
con ten ts  o f  these shales. The eas te rn  shales a l s o  have g r e a t e r  
concen t ra t i ons  o f  t h e  minor t r a c e  elements than  t h e  western shales. It 
has been suggested (Leventhal  and K e p f e r l e  1981; Spiewek e t  a l .  1981) 
t h a t  l e a c h i n g  o f  these elements f rom t h e  spent  sha le  o f  a  r e t o r t i n g  
ope ra t i on  would c o n s t i t u t e  a  va luab le  source o f  s t r a t e g i c  metals.  

PROPERTIES OF REFERENCE SHALE OILS 

The chemical and phys i ca l  p r o p e r t i e s  o f  sha le  o i l s  d i f f e r  con- 
s i d e r a b l y  f rom t h e  p r o p e r t i e s  o f  conven t iona l  sources o f  petroleum. I n  
o rder  t o  bes t  u t i l i z e  s y n t h e t i c  f u e l s  d e r i v e d  f rom o i l  shales, i t  i s .  
impo r tan t  t o  c h a r a c t e r i z e  t h e i r  chemical and p h y s i c a l  p r o p e r t i e s .  Shale 
o i l s  u s u a l l y  have a  lower H I C  r a t i o  and h ighe r  heteroatom con ten t  than  
o t h e r  pe t ro leum sources. I n  a d d i t i o n ,  t h e  h i ghe r - t empera tu re  processes 
used t o  generate sha le  l i q u i d s  produce o l e f i n s  as a  r e s u l t  o f  thermal  
c rack ing  o f  t he  kerogen and bitumen. 

Shale o i l s  were produced f rom t h e  re fe rence  shales f o r  use i n  t h i s  
study as descr ibed  by Merr iam e t  a l .  (1987). O i l  was produced f rom b o t h  
t h e  eas te rn  and western re fe rence  shales u s i n g  t h e  Paraho Batch P i l o t  
P lant ,  d e m u l s i f i e d  as descr ibed  by Robertson (19831, a n d  composited. 
Enough o i l  was 'generated f rom each shale t o  o b t a i n  t h e  des i r ed  da ta  f o r  
c h a r a c t e r i z a t i o n .  

Phys i ca l  P r o p e r t i e s  C a l c u l a t i o n s  

C h a r a c t e r i z a t i o n  o f  t he  sha le  o i l s  r e q u i r e s  de te rm in ing  many 
phys i ca l  p r o p e r t i e s .  ASPEN i s  a  computer model t h a t  s imu la tes  va r i ous  
process c o n d i t i o n s  by us ing  feedstock chemical  and p h y s i c a l  p r o p e r t y  
i n fo rma t i on .  ASPEN requi rements were assumed t o  be a  reasonable s e t  o f  
p r o p e r t i e s  f o r  c h a r a c t e r i z a t i o n .  These p r o p e r t i e s  i n c l u d e d  mo lecu la r  
weight,  c r i t i c a l  temperature, c r i t i c a l  pressure, c r i t i c a l  vo1 ume, 
c r i t i c a l  c o m p r e s s i b i l i t y  f a c t o r ,  Benedict-Webb-Rubin o r i e n t a t i o n  
parameter, Watson c h a r a c t e r i z a t i o n  f a c t o r ,  l i q u i d  molar volume, en tha lpy  
o f  vapo r i za t i on ,  i d e a l  gas heat capaci ty ,  i s o b a r i c  l i q u i d  heat  capac i ty ,  
a c e n t r i c  f ac to r ,  f u g a c i t y ,  e n t h a l  py, s o l u b i l i t y  parameter, v i s c o s i t y ,  
su r face  tens ion,  thermal c o n d u c t i v i t y ,  l i q u i d  vapor pressure, b o i l i n g  
po in t s ,  and heat  o f  combustion. The r e s u l t s  o f  these  c a l c u l a t i o n s  a r e  
shown i n  Table 15. The c o r r e l a t i o n  methods used t o  determine these  
p r o p e r t i e s  a re  g i ven  i n  Appendix B. 

The m a j o r i t y  o f  o i  1  phys i ca l  p r o p e r t y  c o r r e l a t i o n s  a v a i l a b l e  today 
have been developed f o r  normal p a r a f f i n i c  crude o i l s .  Shale o i l  proper-  
t i e s  can d i f f e r  g r e a t l y  f rom pe t ro leum p rope r t i es ,  and t he re fo re  t h e  use 
o f  c o r r e l a t i o n s  designed f o r  pe t ro leum may g i v e  erroneous r e s u l t s .  
Comparison o f  some measured p r o p e r t i e s  w i t h  c o r r e l a t i o n  r e s u l t s  can he lp  
determine t he  v a l i d i t y  o f  us i ng  these c o r r e l a t i o n s  f o r  sha le  o i l s .  



Many of t he  c o r r e l a t i o n  procedures r e q u i r e  s p e c i f i c  g r a v i t y  and 
average b o i l i n g  p o i n t s  f o r  i n p u t . '  A t r u e  b o i l i n g  p o i n t  (TBP) 
d i s t i l l a t i o n  (ASTM D-2892) was performed on the  western and eastern 
re fe rence  shale o i l s  (Tables 16 and 17) .  The TBP d i s t i l l a t i o n  was then 
used t o  approximate an ASTM D-86 d i s t i l l a t i o n  (F igures 7 and 8) which 
a l l o w s  the  de te rm ina t i on  o f  the  volumetr ic ,  mean, molal ,  and cubic 
average b o i l i n g  po in t s .  The p r o p e r t i e s  l i s t e d  e a r l i e r  were then 
c a l c u l a t e d  us ing  American Petroleum I n s t i t u t e  (API) and o ther  pub1 i shed 
c o r r e l a t i o n s  (Table 15). 

Measured and c o r r e l a t i o n  determined p r o p e r t i e s  cou ld  then be 
compared. Molecular  weight i s  one proper ty  t h a t  was measured and 
c a l c u l a t e d  by c o r r e l a t i o n .  The average c o r r e l a t i o n  molecular weight f o r  
t h e  w h ~ l e  western re fe rence  shale o i l  was 290 wh i l e  t he  l abo ra to ry  value 
was 380.. The qas tern  o i l  showed s i m i l a r  r e s u l t s  w i t h  a  l abo ra to ry  value 
o f  270 and a  c o r r e l a t i o n  value o f  218. Because t h i s  was n o t  considered 
very good agreement, t h e  molecular weight o f  each TBP d i s t i l l a t i o n  
f r a c t i o n  was a1 SO measured and determined by c o r r e l a t i o n  (Table 18) .  
C o r r e l a t i o n  and l a b o r a t o r y  values f o r  both o i l s  agree reasonably we l l  i n  
the  204-399°C (400-750°F) range bu t  no t  as we l l  a t  bo th  temperature 
extremes (F igures  9  and 10) .  

V i s c o s i t y  i s  another p roper ty  t h a t  was both  measured and 
ca l cu la ted .  The western re ference shale o i l  has a  v i s c o s i t y  o f  53 
cen t i po i se  according t o  the l abo ra to ry  wh i l e  c o r r e l a t i o n  r e s u l t s  show 
18.7 c e n t i p o i s e  a t  38°C (100°F). Eastern re ference shale o i l  has a  
v i  scosi  t y  o f  31.9 c e n t i p o i  se according t o  the  l abo ra to ry  whi l e  
c o r r e l a t i o n  r e s u l t s  show 7.5 c e n t i  poi  se a t  38°C (100°F). Co r re la t i on  
and l abo ra to ry  values f o r  the western reference shale o i l  f r a c t i o n s  show 
good agreement up t o  the  315'C (600°F) b o i l i n g  range (F igure  11). 'Ihe 
eas tern  re ference shale o i  1  f r a c t i o n  v i s c o s i t y  values agree w i t h  
c o r r e l a t i o n  values up t o  the 260°C (500°F) b o i l i n g  range (F igure  12) .  
However, t h e  curves do show s i m i l a r  shapes, and the re fo re  the 
c o r r e l a t i o n  may be mod i f i ed  t o  improve the  agreement. Actual v i s c o s i t y  
values are g iven f o r  bo th  o i l s  i n  Table 19. 

Heats o f  v a p o r i z a t i o n  were c a l c u l a t e d  f o r  bo th  whole o i l s  over a  
range o f  temperatures from the b o i l i n g  p o i n t  t o  the  c r i t i c a l  temperature 
and p l o t t e d  (F igures  13 and 14, Tables 20 and 21).  The thermal 
c o n d u c t i v i t y  c o r r e l a t i o n  a v a i l a b l e  from API i s  merely a  f u n c t i o n  o f  
temperature and does n o t  account f o r  molecular type o r  weight and, 
t he re fo re ,  thermal c o n d u c t i v i t y  was no t  determined. Vapor pressure was 
c a l c u l a t e d  over  a  range o f  temperatures and i s  g iven i n  F igure 15. 

P l o t s  o f  t he  molecular weight  o f  the  f r a c t i o n s  f o r  the two o i l s  
show very minor d i f f e r e n c e s  (F igure  16) wh i l e  p l o t s  o f  H/C r a t i o s  
(F igu re  17) vary g r e a t l y .  Th is  imp l i es  t h a t  t he  o i l s  are d i f f e r e n t ,  b u t  
t h a t  molecular  weight  i s  n o t  a  good i n d i c a t o r  o f  those d i f f e rences .  
Therefore, molecular  weight  would n o t  be a good proper ty  t o  use t o  
determine o t h e r  p r o p e r t i e s  accu ra te l y  which depend upon chemical 
s t r u c t u r e .  However, many o f  the  A P I  c o r r e l a t i o n s  do use molecular 
weight  f o r  e s t i m a t i n g  p rope r t i es .  



Some p r o p e r t i e s  of shale o i l  a re  s i m i l a r  enough t o  those o f  
petroleum f l u i d s  t h a t  the  A P I  standard c o r r e l a t i o n s  work reasonably 
we l l .  However, o ther  shale o i l  p r o p e r t i e s  should be measured t o  
determine which p rope r t i es  do no t  para1 l e l  petroleum f l u i d s .  
Co r re la t i ons  could then be modif ied t o  account f o r  d i f ferences i n  shale 
o i  1, or  new c o r r e l a t i o n s  could be developed. Without phys ica l  
measurements t o  re in fo rce  the  c o r r e l a t i o n  r e s u l t s ,  the  c o r r e l a t i o n s  ,are 
suspect and i t  would be worthwhi le  t o  undertake such measurements t o  
t e s t  t he  c o r r e l a t i o n s  a t  some p o i n t  i n  t he  fu tu re .  

Thermal Conductivity 

Thermal c o n d u c t i v i t y  data were acqui red f o r  bo th  reference shale 
o i l s  as p a r t  o f  t he  i n fo rma t ion  requ i red  f o r  the  ASPEN computer code. 
These measurements were made us ing  . a  standard thermal c o n d u c t i v i t y  
comparator apparatus (Tye 1969). The l abo ra to ry  apparatus conta ined a 
stack o f  t h ree  elements: two Pyrex 7740 re ference standards and the  
t e s t  mater ia l ,  i n c l u d i n g  the containment vessel. Pyrex 7740 was used 
f o r  a standard because i t s  thermal c o n d u c t i v i t y  as a f u n c t i o n  o f  
temperature i s  known. Pyrex 7740 served as the  top  and bottom re ference 
standard wh i l e  t he  t e s t  sample was a l i gned  i n  the  middle. 

For t he  measurement o f  the thermal c o n d u c t i v i t y  o f  l i q u i d s ,  a 
c y l i n d r i c a l  containment vessel was used. The two ends o f  t he  vessel 
were capped by copper d iscs  which were f i t t e d  w i t h  O-rings t o  con ta in  
t h e  1 i qu id .  The 1 i qu id  was added t o  the  top  of the  vessel, and the  top  
cap was i n s t a l l e d  so there  would be no r i s k  o f  i n t r o d u c i n g  any a i r  
bubbles i n t o  the  conta iner .  The two caps were then moved downward t o  be 
even w i t h  the  top  and bottom edges o f  the  cy l i nde r .  Two m a t e r i a l s  were 
used f o r  containment vessels: a c r y l i c  and polycarbonate. F i r s t  a c r y l i c  
was t r i e d .  It was discovered t h a t  t he  i n t e r n a l  pressures i n  the vessel 
a t  e leva ted temperature were s u f f i c i e n t  t o  cause the  a c r y l i c  t o  deform 

' and the  O-r ing seals t o  f a i l  because o f  t he  increased c y l i n d e r  
diameter. The polycarbonate vessel d i d  no t  appear t o  deform; however, 
the h igher  temperatures were avoided. 

The apparatus was c a l i b r a t e d  w i t h  a Pyrex 7740 standard i n  p lace o f  
the  t e s t  sample i n  the  middle o f  the  stack. For l i q u i d  measurements, a 
laboratory-grade ma te r ia l  o f  known c o n d u c t i v i t y  was in t roduced i n  the  

- containment vessel and tested. For t h i s  work, g l yce r ine  was used f o r  
t h e  c a l i b r a t i o n  f l u i d .  

A comment on the  prepara t ion  o f  t he  Western o i l  shale sample i s  i n  
order. Since the room temperature consis tency o f  the g lycer ine-sha le  
sample was ge l - l i ke ,  it was necessary t o  e leva te  t h e  temperature of the  
sample somewhat t o  a l l ow  i t  t o  be poured and handled. This  was done 
q u i c k l y  by heat ing  a small, covered sample i n  a microwave and immediate- 
l y  pour ing the l i q u i d  sample i n t o  the 'containment vessel. The measured 
thermal c o n d u c t i v i t i e s  f o r  t he  two samples are  g iven i n  Table 22. 



F i e l d  I o n i z a t i o n  Mass Spectroscopic Analyses o f  Conposite Eastern and 
Western Reference Shale O i l s  

F i e l d  i o n i z a t i o n  mass spectra were acquired f o r  both the  eastern 
and western shale o i l  composites. F i e l d  i o n i z a t i o n  mass spectrometr ic  
methods employ low i o n i z i n g  p o t e n t i a l s  so tha t ,  if proper l y  tuned, only 
molecular  ions  are  observed i n  the  spectrum. Further,  t he  c o n f i g u r a t i o n  
o f  t h e  spectrometer e m i t t e r  a1 lows r e l a t i v e l y  h igh  molecular weight 
m a t e r i a l s  t o  be vo l  a t i  1 i z e d  i n t o  the  mass spectra1 beam. V o l a t i  1 i z a t i o n  
i s  increased f u r t h e r  and c o n t r o l l e d  b y ' a  temperature program which i s  
a p p l i e d  t o  the  emi t te r .  The r e s u l t i n g  spectrum f o r  a mix ture  i s  essen-. 
t i a l l y  a molecular weight d i s t r i b u t i o n  p l o t .  The data can be manipulated 
t o  g i ve  number average, weight average, or  any o ther  average molecular 
weight  value. Th is  method, l i k e  any method which depends upon vola- 
t i l i t y ,  i s  l i m i t e d  by t h e  p o i n t  a t  which cracking r a t h e r  than vola- 
t i l i z a t i o n  occurs. The crack ing temperature i s  e a s i l y  detected by the  
appearance o f  new lower molecular weight species i n  the  mass spectrum. 

The r~sss spec t ra l  datd f o r  t h e  two reference shale o i l s  a re  shown 
i n  F igures  18 (eas tern  shale o i l )  and 19 (western shale o i l ) .  The data 
show t h a t  the  number average and weight average molecular weights f o r  
t h e  eastern shale o i l  a re  ca l cu la ted  t o  be 330 and 436, based on a 
un i fo rm response o f  t he  mass spectrometer t o  o i l  species. For t h e  
western shale o i l  t he  number and weight averages are 486 and 647. For 
compari son, t h e  vapor phase osmometry molecular weight va1 ues, which are 
number average values, a re  270 AMU and 380 AMU f o r  t h e  eastern and 
western o i  1 s, respec t i ve l y .  

C o q ~ r i s o n s  o f  ASTM D i s t i l l a t i o n  k t h o d s  

The d i s t i l l a t i o n  data fo r  t he  ASTM D-86, D-1160, and D-2892 
d i  s t i  1 l a t i o n s  o f  t he  composite eastern and western shale o i  1 s are given 
i n  Tablcs 23, 16, and 17. The d i s t i l l a t i o n  mSd-point d3.t.s fnr pitch c ~ ~ t  
o f  the  ASTM 0-2892 (True B o i l i n g  P o i n t )  d i s t i l l a t i o n s  were observed t o  
c o r r e l a t e  q u i t e  we l l  w i t h  the  D-86 d i s t i l l a t i o n  end p o i n t  data over the  
temperature range where both t h e  0-2892 and D-86 d i s t i l l a t i o n s  
proceeded. However, t he  eastern shale o i l  began t o  d i s t i l l  a t  
approximately 1 0 0 " ~  ( 2 4 " ~ )  lower by t h e  D-86 method than by the  0-2892 
method. I n  the  cases o f  both eastern and western shale o i l s  by the 0-86 
method, which i s  conducted o n l y  a t  atmospheric pressure, t he  
d i s t i  11 a t i o n s  were te rmi  nated a t  appVOXlmately 650°F (326°C) becduse o f  
cracking.  Somewhat s u r p r i s i n g l y ,  t h e  D-1160 d i s t i l  1 a t i o n  d i d  no t  
c o r r e l a t e  w e l l  w i t h  the  D-2892 method, even though both  of these are 
conducted a t  atmospheric temprrrature t o  about 650°F (326°C) and then 
bo th  are  cont inued under vacuum. For t h e  western shale o i l ,  the  D-1160 
d i s t i l l a t i o n  was genera l l y  the  same p r o f i l e  as t h a t  obta ined from t h e  0- 
2892, b u t  the  D-1160 end p o i n t s  occurred a t  h igher temperatures than d i d  
e i t h e r  t h e  mid- o r  end-point temperatures o f  t h e  0-2892 method f o r  the  
same percent  volumes d i s t i l l e d .  The D-1160 d i s t i l l a t i o n  o f  eastern 
shale o i l  f rom 5% d i s t i l l e d  t o  t h e  c rack ing temperature occurred over 
the  narrow range o f  86°F (16"C), and the  data do not  c o r r e l a t e  w i t h  
e i t h e r  o f  t he  o ther  two methods. 



I n  summary, i t  appears t h a t  t h e  15 t h e o r e t i c a l  p l a t e  ASTM 2892 
(True B o i l i n g  Po in t )  d i s t i l  l a t i o n  i s  r e l a t i v e l y  we l l  dup l i ca ted  by the  
r a p i d  and inexpensive D-86 method f o r  the  atmospheric pressure p o r t i o n  
o f  d i s t i  1  l a t i o n .  For h igher  b o i l i n g  (>650°F(3260C)/atm) mater ia ls ,  the 
r a p i d  D-1160 method does no t  appear t o  c o r r e l a t e  w i t h  the  t r u e  b o i l i n g  
p o i n t  method. 

Chromatographic Separat ion o f  Shale O i l s  

Reference shale o i l s  generated by F ischer  assay were f u r t h e r  
charac ter ized us ing techniques o f  e l u t i o n  chromatography. The separat ion 
scheme i s  shown i n  F igure 20. The asphaltenes are  f i r s t  removed w i t h  
pentane. The petro lenes o f  t h e  crude shale o i l  a re  then passed through 
anion and c a t i o n  r e s i n s  t o  remove s t rong and weak ac ids  and s t rong and 
weak bases which are then recovered from the  res ins.  The ma te r ia l  t h a t  
passes' through the r e s i n s  i s  chromatographed on grade 12 s i l i c a  gel  w i t h  
e l u t i o n  by pentane ( s a t u r a t e s l o l e f i n s ) ,  benzene (aromat ics) ,  and 2 : l  
( v l v )  benzene-methanol ( n e u t r a l  heteroatomic compounds). The 
s a t u r a t e l o l e f i n  f r a c t i o n  i s  then chromatographed on s i l v e r  n i t r a t e  
t r e a t e d  s i l i c a  gel t o  g ive  a  sa tura ted  f r a c t i o n  (pentane) and an o l e f i n  
f r a c t i o n  [1:3 ( v l v )  ; benzene-pentanel. The greates t  d i f f e rences  between 
the two o i l s  appear i n  the  saturate, o l e f i n ,  and aromatic compound 
classes, which p a r a l l e l s  the  d i f f e rences  i n  t he  s t r u c t u r e  o f  the  
o r i g i n a l  kerogen. The r e s u l t s  o f  the  chromatographic separat ions are 
g iven i n  Table 24. 

DIELECTRIC PROPERTIES OF OIL SHALES AND SHALE OILS 

The d i e l e c t r i c  capac i ty  i s  most e a s i l y  de f ined as the  capac i ty  o f  a  
non-conductor ma te r i a l  t o  r e t a i n  imposed e l e c t r i c a l  charge. This  
capac i ty  va r i es  w i t h  temperature and usua l l y  va r i es  w i t h  the  frequency 
o f  the  imposed e l e c t r i c a l  p o t e n t i a l .  Fur ther ,  i t  i s  o f t e n  presented as 
a  constant, the d i e l e c t r i c  constant, which i s  a  r a t i o  o f  the capac i ty  o f  
t h e  ma te r ia l  t o  r e t a i n  imposed charge t o  the  r e t e n t i o n  o f  charge i n  a  
vacuum. Under the i n f l uence  o f  an a1 t e r n a t i n g  e l e c t r i c a l  p o t e n t i a l ,  the  
a b i l i t y  o f  a  ma te r i a l  t o  s to re  charge o f t e n  decreases w i t h  i nc reas ing  
frequency because o f  the i n a b i l i t y  o f  po la r  o r  p o l a r i z e d  molecules t o  
r o t a t e  as fas t  i n  t he  f i e l d  changes, b u t  the  reverse o f  t h i s  phenomena 
may occur a t  resonance frequencies. I n  a d d i t i o n  t o  the  l oss  o f  r e a l  

. s torage capac i ty  under the  i n f l u e n c e  o f  an a l t e r n a t i n g  f i e l d  of  
i nc reas ing  frequency, there  i s  an imaginary p a r t  o f  the  d i e l e c t r i c  
response which i s  most s imply de f ined as the  a t tenua t i on  o f  the  
e l e c t r i c a l  wave, o r  the l o s s  caused by work being performed on the  
m a t e r i a l  by the  a l t e r n a t i n g  f i e l d .  

A vast  amount o f  experimental  data e x i s t s  on o ther  heterogeneous 
ma te r ia l s  such as glasses and polymers. Numerous exp lanat ions  have been 
advanced t o  at tempt t o  f i t  these experimental  data t o  emp i r i ca l  
d i e l e c t r i c  funct ions.  The c l a s s i c  case o f  t he  t h e o r e t i c a l  study of 
d i e l e c t r i c  response i s  t he  s i n g l e  r e l a x a t i o n  t ime  model o f  Debye. The 
o r i g i n a l  Debye model t r e a t s  the ,system as i f  i t  were composed of 
non in te rac t i ng  d ipoles.  The d ipo les  a re  f r e e  t o  r o t a t e  except where 
the re  are  f r i c t i o n a l  torques opposing t h e i r  motion. 



I n  heterogenous m a t e r i a l s  such as glasses, polymers, and o i l  shale 
ma te r i a l s ,  one does n o t  expect the experimental  data t o  f i t  the  simple 
Debye r e l a x a t i o n  t ime  model. It i s  t h e r e f o r e  na tu ra l  t o  attempt t o  
model the  d i e l e c t r i c  response as several  re laxa t i ons ,  each obeying a 
Debye t ype  behavior.  Th i s  type o f  behavior i s  bes t  expla ined by 
Wi l l i ams  and Watts (1970) and l a t e r  by Wi l l iams e t  a l .  (1971). Th is  
form was used i n  l a t e r  work t o  study the  d i e l e c t r i c  response o f  
polyatomic l i q u i d s .  It was shown t h a t  the  general behavior  o f  a 
d i e l e c t r i c  such as o i l  shale e x h i b i t s  a decrease i n  t h e  d i e l e c t r i c  
cons tant  as frequency increases. 

An apparatus was assembled t o  per form d i e l e c t r i c  p roper ty  measure- 
ments. The s o l i d  sample ho lder  i s  a sh ie lded open c i r c u i t  coax ia l  t rans-  
miss ion  l i n e .  The l i q u i d  sample ho lder  i s  an open t ransmiss ion l i n e .  
The outer: conductor o f  t h e  sample ho lder  extends beyond the.  terminated 
i n n e r  conductor. Th i s  in t roduces some d i s c o n t i n u i t y  capacitance which 
i s  accounted f o r  du r ing  c a l i b r a t i o n  and measurements. 

D i e l e c t r i c  measurements o f  capacitance can be performed over a wide 
range o f  f requencies (1-1000 MHz) and a t  e leva ted temperatures (up tu  
300°C (572°F). A computer program was w r i t t e n  which solves t h e  
admittance equat ions us ing  a Newton i n t e r a c t i o n  scheme t o  o b t a i n  the  
d i e l e c t r i c  constants. 

The l i q u i d  sample holder  was used t o  determine the  d i e l e c t r i c  con- 
s t a n t s  of an eas tern  shale o i l  and a western shale o i l .  The l i q u i d  sam- 
p l e  ho lde r  was c a l i b r a t e d  by measuring t h e  d i e l e c t r i c  constant  o f  a i r .  
As can be seen i n  F igures  21 and 22, t he  c a l i b r a t i o n  i s  q u i t e  good. The 
c a l i b r a t i o n  tends t o  be bes t  a t  lower frequencies, reaches a maximum de- 
v i a t i o n  a t  around 500 MHz, and then improves again a t  h igher  
frequencies. 

The l i q u i d  rneaslrrPtwnts o f  t he  eastern shale o i l  are g iven i n  
F igures  23 and 24. The general behavior  i s  a decrease o f  both the  r e a l  
and imaginary p a r t s  o f  the d i e l e c t r i c  constant  as a f u n c t i o n  of 
i nc reas ing  frequency. 

The measurements o f  the l i q u i d  western shale o i l  a re  given i n  
F igures  25 and 26. Again i t  i s  seen t h a t  t he  general behavior i s  a 
decrease o f  b o t h  the  r e a l  and imaginary p a r t s  o f  t h e  d i e l e c t r i c  constant  
as a f u n c t i o n  o f  i n c r e a s i n g  frequency. 

A l l  o f  t h e  measurements show t h e  normal t r e n d  t o  decrease as a 
func t i on  o f  i nc reas ing  frequency. The r e a l  p a r t  o f  the  d i e l e c t r i c  
cons tant  o f  t h e  eas tern  o i l  i s  s l i g h t l y  h igher  than t h e  r e a l  p a r t  o f  t he  
western shale. One reason fo r  t h i s  i s  t h a t  t he  eas tern  shale conta ins  
l e s s  water than t h e  western shale. Also the  imaginary p a r t  o f  t h e  
d i e l e c t r i c  cons tant  of t h e  eas tern  shale o i l  i s  s l i g h t l y  h igher  than 
t h a t  o f  the  western o i l .  This  i s  p r i m a r i l y  because o f  t h e  s l i g h t l y , .  - . 

h i ghe r  water content  i n  t h e  eas tern  o i l .  

The s o l i d  sample holder  reproduces the d i e l e c t r i c  constant  o f  a i r .  
very w e l l  as shown i n  F igures  26 and 27. The measurements on the  s o l i d - ,  
samples o f  western shale show genera l l y  a decrease o f  d i e l e c t r i c  



cons tan t  w i t h  i n c r e a s i n g  frequency. However, t h e  r e a l  p a r t  increases a t  
around 800 MHz. Th i s  inc rease  must be r e l a t e d  t o  a  resonant  f requency 
o f  water  which occurs a t  915 MHz. The s h i f t  o f  t h e  resonant  peaks f rom 
915 MHz i s  caused by t he  b i n d i n g  o f  t he  water molecules t o  the  m a t r i x  
which e f f e c t i v e l y  inc reases  t h e  mass o f  t h e  molecule and changes t he  
resonant  frequency. F i gu res  29-32 show t h e  d i e l e c t r i c  p r o p e r t i e s  o f  two 
western sha le  samples. These d i f f e r  s l i g h t l y  because o f  minor 
d i f fe rences  i n  water con ten t  i n  t h e  two sha le  samples. Al though more 
than  100 a t tempts  were made us ing  a  v a r i e t y  o f  techniques, these 
a t tempts  were n o t  successful  i n  produc ing an eas te rn  sha le  core  sample 
t h a t  cou ld  be used i n  t h e  d i e l e c t r i c  c e l l .  I n  a l l  cases t h e  core  sample 
co l l apsed  d u r i n g  the  c o r i n g  operat ion.  Therefore,  no da ta  a r e  g iven  f o r  
t h e  eas te rn  shale. The h i g h  temperature d i e l e c t r i c  p r o p e r t i e s  o f  t h e  
western re fe rence  sha le  core a r e  g iven  i n  F igu res  33 and 34. 

CONCLUSIONS 

The p r o p e r t i e s  o f  t he  re fe rence  shales a re  comparable t o  t he  pro-  
p e r t i e s  o f  o t h e r  western and eas te rn  o i l  shales. Western o i l  sha les 
f rom the  Green R i ve r  Format ion t y p i c a l l y  have h igh  convers ions t o  o i l  
because of t h e i r  low carbon a r o m a t i c i t i e s  and hydrogen r i chness .  
Eastern o i l  shales have low convers ion  t o  o i l  because o f  t h e i r  h i ghe r  
carbon a r o m a t i c i t y  and low hydrogen content .  

Carbon-conta in ing m ine ra l s  dominate t he  minera logy o f  t he  western 
o i l  sha le  w h i l e  s i l i c a t e s  and c l a y  m ine ra l s  a re  predominant i n  t h e  
eas te rn  re fe rence  shale. These m ine ra l s  a r e  i n d i c a t i v e  o f  t h e  
l a c u s t r i n e  and near shore t o  sha l low marine d e p o s i t i o n a l  environments of 
t h e  western and eas te rn  shales.  

Standard API and o t h e r  pub l i shed  c o r r e l a t i o n s  do n o t  appear t o  be 
adequate f o r  p r e d i c t i n g  p r o p e r t i e s  o f  sha le  o i l s .  Poor agreement was 
ob ta ined  between c a l c u l a t e d  and measured mo lecu la r  weights.  
Consequently, c a l c u l a t e d  p r o p e r t i e s  t h a t  make use o f  molecular  weight  
data, such as s o l u b i l i t y  parameters, would be expected t o  be i n  
disagreement w i t h  measured r e s u l t s .  

I n  genera l ,  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  t h e  re fe rence  o i l  sha les 
and sha le  o i l s  have s i g n i f i c a n t  r e a l  va lues and have much sma l le r  
imag inary  va lues a t  low f requency (1-2 MHz). As expected, t h e  
d i e l e c t r i c  cons tan ts  o f  shales and o i l s  decrease as t h e  frequency o f  t he  
appl  i ed f i e 1  d  increases. 

Thermal p r o p e r t i e s  o f  t h e  re fe rence  o i l  sha les and sha le  o i l s  a re  
i n  r e l a t i v e l y  good agreement w i t h  o t h e r  pub l i shed  values. 

The p r i n c i p a l  i n v e s t i g a t o r s  wish t o  acknowledge t h e  f o l l o w i n g  W R I  
personnel f o r  t h e i r  c o n t r i b u t i o n s :  Verne E. Smith, o v e r a l l  c o o r d i n a t i o n  
and management o f  t h e  p r o j e c t ;  Dav id Goertz, m a t e r i a l  balance F i sche r  
assay; Dr. Dan Netze l ,  l i q u i d  s t a t e  NMR; Dr. Jan Branthaver,  kerogen 
concentrates;  Dr. K e i t h  Ensley and Mark Scott ,  thermal  p r o p e r t i e s ;  Shawn 
Sul 1  i van and Char les Mones, c o r r e l a t i o n  c a l c u l a t i o n s ;  Robert  Bosshart, 
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Table 1. Material  Balance Fischer Assay Results for Reference Shales 

MI nera 1 
Product Specif I c  Carbon C H N S 
Spent Sha l e  w t  % Gal/ton Gravity 5 Ash w t  $ w t  % w t  % wt % w+ % 

Western Reference 

O i l  Shale 

0 1  l 10.24 27.50 - - - 83.2 12.2 1.7 0.7 
Gas 4.60 - - - - 41.4 7 .o - 4.8 
Spent Sha I e 83.50 - - . 78.63 4.9 8 -8 0.2 0.5 1.1 
Water 1.62 3.88 - - - - 11.1 - - 
Raw Shale 100.00 - - 66.90 4.2 18.0 1.9 0.6 1.3 
% Recovery 99.96 - - 98.1 4 97.42 98.8 101.4 89.7 94.1 

Eastern Reference 
Shale 

O i  I 5.67 14.38 - - - 84.5 10.6 1.2 1.6 
Gas 3.16 - - - - 39.5 12.4 - 40.5 
Spent Shale 89.54 - - 87.12 0.22 8.7 0.4 0.9 4.5 
Water 1.20 2.87 - - - - 11.1 - - 
Raw Shale 100.0 - - 78.38 0.25 13.9 1.4 0.4 5.8 
% Recovery 99.57 - - 99.52 78.8 99.7 104.9 114.1 92.6 



Table 2. Material Balance Fischer Assay Gas Analyses 

Weight % 
Component Western Shale Eas te rn  Shale 

Table 3. Organic Carbon Conversion in Reference Shales 

.- . . . . . . % .Conversion 
Produc t  Western Easte rn  

O i  1 
Gas 
Resi  due 



Table 4. Other Properties of Oil Shale and Shale Oil 

P r o p e r t y  Western Eas te rn  

Hea t ing  Value, B t u / l  b 

Raw Shale 
Spent Shale 
Shale o i l a  

Mo lecu la r  Weight - Shale O i l  b 29 5 27 5 

Carbon Aromati c i  t y  
Raw Shale 0.259 0.450 
Shale O i l  .0.236 0.420 

P ro ton  Aromati c i  t y  
Shale O i l  0.043 

a C a l c u l a t e d  f rom t h e  Boie equa t ion ,  
Hg (B tu / l b )  = 151.2 ( C )  + 499.7 ( H I  + 27 ( N )  + 45 (5 )  -47.7 (0 )  

VPO i n  ch l o ro fo rm  



Table 5. Carbon and Hydrogen-Type D i s t r i b u t i o n  f o r  Western and Eastern 
Reference Shale O i  1 s f rom Carbon-13 DEPT Experiments 

Atom % Atom % 
Carbon-Type ,, Hydrogen-Type 
W S O ~  ESO WSO E 

Quaternary (C) 

Aromatic 
O l e f i n i c  
A1 i p h a t i c  

T e r t i a r y  (CHI 

A r o m a t i c  
O l e f i n i c  
A1 i p h a t i c  

Secondary (CH 2 )  

O l e f i n i c  
A1 i p h a t i c  

Primary (CH3) 

A l i p h a t i c  14.5 15.3 25.1 3 2 . 8 '  

a Western re ference shale o i  1 
Eastern reference shale o i l  



Tab le  6. Average S t r u c t u r a l  Parameters o f  Shale 
O i  1 s by Nuclear  Magnet ic  Resonance 

Parameter w SO" E S O ~  

Atomic H/C R a t i o  
Combusti on 
DEPT 

Hydrogen A r o m a t i c i t y  
D i r e c t  
DEPT 

Hydrogen O l e f i  n i c  
D i r e c t  
DEPT 

Hydrogen A1 i p h a t i c  
D i r e c t  
DEPT 

Carbon A r o m a t i c i t y  
D i r e c t  
DEPT 

Carbon O l e f i n i c  (1-a1 kene o n l y )  
D i r e c t  
DEPT 

a Western r e fe rence  sha le  o i l  
Eas te rn  r e fe rence  sha le  o i l  
Not measured 



Table 7 .  Summary of Neutron Activa'tion Analyses for. Oxygen ( ~ t  Z) 

Oxygen w t  % 
Sample Raw Shale Spent Shale Shale O i l  

Western 1 33.9 
2 35.8 
3 35.9 
Avg 35.2 

Eas tern  1 33.6 36.6 1.60, 
2 34.3 36.9 2.10 
3. .,,- 36.5 
Avg 34.0 36.7 

%By d i f f e r e n c e  value 

Table 8. Yields of Bitumen from Reference Shales 

Shale Sampl e Bitumen Yie ld,  w t  % 

Western 1 1.92 

Western 2 1.99 

Eastern 1 0.58 

Eastern r" 0.56 



Table 9. Yields snd E l t a l  Analyses of O i l  Shale Concentrates 

- 

Yield, W t  $ o f  Mineral  C, Tota l  C, H N S 

Sample Shale Treatment S t a r t  I ng Shale w t  % w t  % w t  $ w t .$  w t  $ 
> 

ow 

OE 

1 W 

2W 

1 E 

2E 

1w 

2w 

1 E 

2E 

F loa t  

Sink 

Western 

Eastern 

Western 

Western 

Eastern 

Eastern 

Western 

Western 

Eastern 

Eastern 

Western 

Western 

Raw Shale 

Raw Shale 

HC I 

*I 

HC I 

HC I 

HC I /HF 

HC I /HF 

HC I /HF 

HCI/HF 

NH hSO 4 

"J"4S0 4 

a 
Not measured 



Table 10. Heat of  Retort ing o f  ,Reference Oil Shales a t  500°C 

Enthalpy o f  
R e t o r t i n g  f o r  Enthalpy i n  

475°C Temperature Spec i f i c  Heat 
Change, ca l  /q Un i ts ,  Cal /g-'C 

Western 
Raw 204 
Spent 123 

Eastern 
Paw 17 1 

. Spent 114 

a A r i  thrnet ic mean based on f o u r  determinat ions 



Table 11. Comparison o f  S p e c i f i c  Heat Data f o r  Colorado O i l  Shale 

S p e c i f i c  Heat, ~ a l / ~ - ' c ~  
Th is  Mraw and Wise e t  a1. Cook 

Ma te r ia l  Study Camp (1987) Keweshan (1986) (1970) (1970) 

Raw Shale 0.43 0.38 0.37 0.32 0.35 

Spent Shale 0.26 0.26 N M ~  0.20 0.26 

a For r e t o r t i n g  temperature o f  500°C with sample i n i t i a l l y  a t  25'C 
Not measured 



Table 12. Minerals Determined i n  Yestern Reference Shale by X-Ray   if fraction^ 

Quar tz  Anker i te  C a l c i t e  Davsonite Na-feldspar K-feldspar Mg-s ider i te  P y r i t e  

Raw Western Reference Shale 

JCPDS Value 26.65 30.80 29.40 15.62 27.94 27.68 32.00 33.04 
Mean N M ~  30.76 29.43 15.62 27.96 27.61 32.11 33.00 
Minimum NM 30.76 29 .L8 15.61 27.94 27.58 32.10 33.01 
Maxi mum NM 30.77 29.50 15.64 27.97 27.65 32.14 33.10 

- -- - -- - - -- - - 

Akermani t e 6  
Quar tz  Anker i te  C a l c i t e  Na-feldspar K-feldspar ~ u g i t e ~  p y r r h o t i t e b  geh len i te  11 1 i t e  

Spent Western Reference Shale 

JCPDS 26.65 30.80 29.40 27.94 27.68 29.82 43.65 31.12/ 8.84 
W 
N 31.28 

Mean NM 30.76 29.51 . 27.96 27 -62 29.91 43.52 31.22 8.83 
Minimum NM 30.74 29.49 27.95 27.55 29.84 43.39 . 31.17 8.66 
Maximum NM 30.77 29.52 27.87 27.67 30.00 43.66 31.27 8.93 

Note: 

a Minera ls  a re .  ranked i n  general order o f  decreasing abundance. 
Augl t e .  a k e r m n i  t e l g e h l e n i  te. and p y r r h o t i  t e  formed dur ing  r e t e r t i  ng. 

C 
Not measured 



Table 15. Mlnera ls  Determined I n  Eastern Reference Shale by X-Ray ~ l f  f rac t i ona  

Kaol l n l t e /  
Quartz l l l l t e  Smectlte P y r i t e  Na-feldspar C h l o r i t e  K-feldspar C a l c i t e  

Raw Eastern Reference Shale 

JCPDS Value 26-65 8.84 19.84 33.04 27.94 12.51 27.68 29.40 
&an - - 8.83 19.85 33.05 27.94 12.51 27.75 29.46 
Mln lmm.  -- 8.81 19.82 33.04 27.88 12.47 27.68 29.45 
Max I m m  - - 8.84 19.88 33.06 27.97 12.56 27.79 29.4 7 

Kaol I n l t e /  
Quartz I I I i t e  ~ ~ r r h o t i t e ~  ~ u ~ l t e ~  Na-feldspar Smectlte C h l o r i t e  P y r i t e  K-feldspar ~ k e r m a n l t e ~  

W 
w Spent Eastern Reference Shale 

J T D S  Value 26.65 8.84 43.65 29.82 27.94 19.84 12.51 33.04 27.513 1.12-31.28 
Maa n - - 8.83 43.8 5 29.93 27.93 19.81 12.51, 3 3.04 27.52 3 1.24 
Mln lmum -- 8.82 43.83 29.91 27.88 19.79 12.49 33.02 27.46 31.19 
Max lmun -- 8.84 43.87 29.95 29.95 19.85 12.52 33.08 27.57 31.29 

Note: 

a MI nera 1 s ~ a n k e d  I n  general o rders  o f  decreas I ng abundance. 
Auglte, ekermanlte, and p p r h o t  l t e  a r e  formed d l r l  ng r e t o r t  1 ng. 



Table 14. Major and Minor  Trace Elemental Distributions 

Western Reference Shale Eastern Reference Shale 
Element Raw Spent O i  1 Raw Spent O i  1 

~a j o r a  

6.11 
. 0.86 

(1.5 ppm 6.66 
<400 ppm 2.91 

0.80 
(1.6 pprn 0.03 
(0.8 pprn . 0.04 

0.35 
28.47 
0.38 

(1.6 ppm 0.04 
(0.4 pprn U.U9 

< 23.4 ppm 
(423 pprn 

< 1.8 pprn 
< 8 4  PPm 

a All  values a re  percent  unless shown otherwise. 
A I ~  values a re  ppm. 



Table 15. Physical  P r o p e r t i e s  o f  Reference Shale  O i  1 s  
from C o r r e l a t i o n s  

Physical  Property & Western Reference Eastern Reference 
Cor re l a t ion  Source Shale  Oil Shale Oil 

Molecular Weight 

Adler,  Hall (1985) 
API Tech. Data Book' (1985) 
Kes ler ,  Lee (1976) 
Riazi , Daubert (1980) 
Twu (1984) 
Average 

C r i t i c a l  Temoerature 

API Tech. Data Book (1985) 1519 "R 1 4 9 5 " ~  
Brule,  L i n ,  Lee, S t a r l i n g  (1982) 1496"R 1442"R 
Kes ler ,  Lee (197.6) 1490" R .., 1440" R 
Riazi , Daubert (1980) 147 2" R 139 2" R 
Twu (1984) 15 12" K 1456 " R 
Average 1498"R 1445"R 

C r i t i c a l  Pressure  

Kes ler ,  Lee (1976) 
Ri a z i  , Daubert (1980) 
Twu (1984) 
Average 

C r i t i c a l  Volume 

215 ps i a  
206 p s i a  
229 ps i a  
217 p s i a  

Brule ,  L i n ,  Lee S t a r l i n g  (1982) 0.062132 f t 3 / l b  
Riazi , Daubert (1980) 0.055130 f t 3 / l b  
Twu- (1984) 0.054464 f t 3 / l b  
Average 0.057 242 .f t3 / I  b 

Benedict-Webb-Rubin Or ien ta t ion  Parameter 

Brule,  L i n ,  Lee, S t a r l i n g  (1982) 0.7351 

Criticzl-&~mpressibilitl 

Ideal  Gas Law 

Watson Charac t e r i za t ion  Factor  

API Tech. Data Book (1985) 
Kes ler ,  Lee (1976) 

344 ps ia  
307 p s i a  
365 ps ia  
339 p s i a  



Tab le  15. Phys i ca l  P r o p e r t i e s  o f  Reference Shale O i l s  
f r o m  C o r r e l a t i o n s  (Cont inued) 

P h y s i c a l  P rope r t y  & Western Reference Eastern Reference 
C o r r e l a t i o n  Source Shale O i l  Shale O i l  

P i  t z e r  A c e n t r i c  F a c t o r  

Reid, Prausni  t z ,  Sherwood (1977) 0.81 
Kes le r ,  Lee (1976) 0.83 

L i q u i d  Molar  Volume 
a t  68"F, 1 atm 

R i a z i  , dauber t  ' (1980) 0.016298 f t 3 / l b  0.015556 f t 3 / l b  
A t  Normal B o i l i n g  P o i n t  . 

Reid, Prausni  tz, Sherwood (1977) 0.022773 f t 3 / l b  0.020753 f t 3 / l b  

I d e a l  Gas Heat Capac i ty  
a t  OeF 

R i  a z i  , Daubert  (1980) 88.5 B t u l l  b-mole OF 60.8 Btul lb-mole-OF 

I s o b a r i c  L i q u i d  Heat Capaci ty  
a t  O°F 

API Tech. Data Book (1985) 111.8 Btu l lb-OF 72.3 Rtil/lh-OF 
Kes le r ,  Lee (1976) 85.1 B tu l lb - 'F  52.9 Btu l lb-OF 
Average 98.5 Btu l lb-OF 62.6 Btu l lb-OF 

Entha l  py o f  V a p o r i z a t i o n  
a t  Normal B o i l i n g  P o i n t  

R i a z i  , Daubert  (1980) 
Adler ,  H a l l  (1985) 
Average 

L i q u i d  En tha lpy  
a t  77'F,1 atm 

API Tech. Data Book (1985) 
Kes le r ,  Lee (1976) 
~ v e r a g e  

Fugaci  t y  

25,591 B t u l l  b-mole 22,683 B tu l lb -mo le  
27,450 B t u I l  b-mol e 24,750 R t ~ / l  h-m01 t? 

26,521 B t u l l  b-mole 23,717 B t u l l  b-mol e  

96.5 B t u l l b  
102,O B t u l l b  

99.3 B t u l l b  

80.2 B t u l l b  
00.4 B t u l l b  
84.3 B t u l l b  

API Tech. Data Book (1985) 
a )  a t  77"F, 100 p s i a  5 . 6 2 ~ 1 0 ' ~  p s i a  6.91~10'6 ps ia :  
b)  a t  500°F, 100 p s i a  0.7112 p s i a  5.2 p s i a  
c )  a t  1000°F, 100 p s i a  124.9 p s i a  89.6 p s i a  



Table 15. Physical Properties of Reference Shale O i ls  
from Correlations (Continued) 

Phys ica l  Proper ty  & Western Reference Eastern Reference 
C o r r e l a t i o n  Source Shale O i l  Shale O i  1 

L i q u i d  Vapor Pressure 

A P I  Tech. Data Book (1985) 
a )  100°F 
b) 200 
c) 300 
d) 400 
e)  500 
f )  600 
g )  700 
h) 800 
i )  900 

S o l u b i l i t y  Parameter 

0.00 p s i a  
0 .oo 
0.01 
0.10 
0.79 
3.87 

13.36 
36.13 
82.50 

A P I  Tech Data Book (1985) 8.86 

Dynamic V i s c o s i t y  

A P I  Tech. Data Book (1985) 
a) a t  100°F 
b) a t  210°F 

Kinematic V i scos i t y  

API Tech. Data Book (1985) 
a )  a t  100°F 
b) a t  210°F 

0.00 ps ia  
0 . O 1  
0.11 
0.95 
4.84 

16.89 
45.42 

101.80 
201.66 

Surface Tension 

- API Tech. Data Book (1985) 34.6 Dynes/cm 37.4 Dynes/cm 

Mean Average B o i l i n g  P o i n t  

API Tech. Data Book (1985) 1167 "R 1048 ' R 

Volumetr ic  Average B o i l i n g  P o i n t  

API Tech. Data Book (1985) 1224" R 1126'R 

Mola l  Average B o i l  i ng  Po in t  

API Tech. Data Book (1985) 1128"R 386' R 



Table 15. Physical Properties of Reference Shale Oils 
f r om Correlations (Continued) 

Phys i ca l  Proper ty  & Western Reference Eastern Reference 
C o r r e l a t i o n  Source Shale O i l  Shale O i l  

Cubic Average Boi 1 i n g  P o i n t  

API Tech. Data Book (1985) 

Heat o f  Combustion 

Gross 
Adler ,  H a l l  (1985) 19,200 B t u l l b  18,800 B t u l l  b 
A P I  Tech. Data Book (1985) 18,922 B t u l l  b 18,492 B t u l l b  

Net 
A P I  Tech. Data Book (1985) 17,817 B t u / l  b 17,472 B t u / l b  



Table 16. True Boil ing Point D i s t f l l a t l o n  Data (ASTW 02892) and E l a e n t a l  Analysis 

for Western b f e r e n c e  Shale O i l  D l s t I l l a t e  Fractions and the Whole O i l  

D l s t l  l la t ion API Carbon Hydrogen Nl trogen SU I fur  
Range, O F  Volume% 60/60 w t  % w t  % wt % w t  % 

933 - 965 4.89 14.2 85.2 11.7 2.1 0.9 

965 - 1000 4.87 13.5 85.6 11.5 2.3 0.8 

Bottoms 20.06 8.9 85.9 10.9 2.5 0.8 

Whole Oi l  100 22.8 84.6 12.1 2.0 0.9 



Table 17. True Boiling Point D is t i l la t ion  Data (ASTM 02892)  and 

Elerental Analysis f a  Eastan Reference Shale Oi l  O ls t l l ia te  
Fractions and the Whole 01 1 

D i s t i l l a t i o n  AP I Carbon Hydrogen Nl trogen Su I f u r  

Range, O F  Volume 1 60/60 w t  $ 1 w* 1 w t  1 

Bottoms 22.49 -3.8 85.7 8 04 1.9 2.6 

Whole 01 1 100 13.2 82 .O 10.4 1 40 5.2 

a 
Not measured 



Table 18. Molecular  Weight o f  F r a c t i o n s  o f  Reference 
Shale O i  1 s 

Reference B o i l i n g  Molecular Weight Molecular Weight 
Shale Oi 1 Range, 'F f rom C o r r e l a t i o n  from Laboratory 

Western 
Reference 
Shale O i  1 

I B P  - 405 
405 - 461 
461 - 512 
512 - 573 
573 - 621 
621 - 690 
690 - 725 
725 - 740 
740 - 775 
775 - 800 
800 - 835 
835 - 863 
863 - 896 
896 - 933 
933 - 965 
965 - 1000 
Bottoms 

Eastern 300 - 381 
Reference 381 - 447 
Shale Oil 447 - 464 

464 - 497 
497 - 532 
532 - 567 
567 - 630 
630 - 640 
640 - 650 
650 - 774 
774 - 796 
796 - 038 
838 - 870 
870 - 910 
Bottoms 



Table 19. Viscosities of Fractiyts of Reference Shale O i l s  

Bo i l i ng  Corre la t ion Laboratory Correlation 
Reference Range Vlscosl ty a t  Vlscoslty a t  Viscosity a t  

Shale 011 *F  100°F, cp 1OO8F, cp 210°F, cp 

Western lBP - 405 0.8 

Reference 405 - 461 1.5 2.4 0.7 

Shale 011 461 - 512 2 -2 

512 - 573 3.5 

740 - 775 33 .O 28 .9 5.1 

775 - 800 48.3 6 -2 

800 - 835 80.9 NM 7 -9 

835 - 863 140.3 NM 10.0 

863 - 896 27 2.4 W 13.0 

896 - 933 592.9 NM 17.4 

933 - 965 14A1. NM 24.2 

965 - 1000 3667. NM 32.8 

Eastern 300 - 381 1 .o 2.1 0.5 

Reference 381 - 447 1.6 2.5 0.7 

Shale O i l  447 - 464 2.1 3.0 0.9 

464 - 497 2 a4 3 09 1.1 

497 - 532 2.7 5.1 1.2 

532 - 567 5.1 7.5 1 -8 

567 - 630 7 08 11.5 2.3 

630 - 640 11.4 18.3 2 08 

640 - 650 12.8 17.5 2.9 

650 - 774 37.8 127 .O 4 07 

774 - 796 165.7 211.3 8.5 

796 .$ 838 368.8 409,5 1 1.0 

838 - 870 1064.1 2330. 14.2 

8 7 0 - 9 1 0  15241. 11900. 27.5 

.. . . 

a Not measured f o r  t h l s  f rac t ion  



Table 20. Heats of Vaporization for  the Western Reference Shale 
O i l  Between the Boiling Point and the Cr i t i ca l  
Temperature 

---- 
Temperature, Heat o f  Vapor izat ion,  

" F Btull  b-mole 



Table 21. Heats o f  Vaporization f o r  the  Eastern Reference Shale 
O i l  Between the Boi l ing Point  and the C r i t i c a l  
Temperature 

Temperature, Heat of Vapori zat ion,  
" F Btu/l b-mole 



Table 22. Thermal Conductivities o f  Reference Shale Oils 

Material Thermal Conductivity (W/m-K) 
7~ w r  7 E  

Eastern Oil Shale 0.273; 0.292; 
0. 280a 0.303, 0 .322~ 

Western Oil Shale 0.263 0.289 

a Containment vessel of ac ry l ic  b 
Containment vessel of polycarbon 



Table 23, ASlM D-86 and D-1160 Distillation Data 

Composite Western 
Shale O i l  

D-86 

---1BP OF - - - 5 
- - - lo  
---20 
---30 
---40 
---50 
---60 . 
0--70 
---80 
---go 
---95 
---End P o i n t  
---Recovery, % 
---Residue, Z 
---Loss, % 

0-1 160 ( Vacuum) 

---1BP "F 
- - -5  
- - - lo  
---20 
-0-30 
---40 
---50 
---60 
---70 
---80 
---go 
---95 
---End Po in t  

346 
4 14 
47 2 
58 1 
655, Cracked 

455 
531 
576 
669 
743 
800 
838 
894 
966 

1038, Cracked 

Composite Eastern 
Shale O i l  

D-86 

---1BP OF 
---5 
--- 10 
---20 
---30 
---40 
---50 
---Go 
---70 
---80 
---go 
---95 
---End Po in t  
---Recovery, % 
---Residue, % 
---Loss, % 

D-1160 (Vacuum) 

---1BP 'F 
---lj 

--- 10 
---20 
---XI 
---4U 
---50 
---60 
---7o 
---80 
---go 
---95 
---End Po in t  

crackpui n t  
---Recovery, % 
---Residue. % 
---Loss, % 

209 . 

214 
35 6 
46 2 
540 . 

601 ' 

639 
Cracked 

658 ' 

60.0 . 

39.5 
0.5 

\ 
380 
496 
540 

Cracked 



Table 24. C h r m t o g r a p h l c  h a  ly ses 'of b f  erence Shale O i  l s a  

Neutral  
Strong Strong Weak Weak Hetero- 

Aspha l tenes Ac l ds k s e s  Ac Ids Bases Saturates Olef  ins Aromatics Compounds 

Western 1.4 21.8 19.4 6.6 5.6 14.8 17.5 13.3 1 .o 
Eastern 3.6 26.5 9.4 7.0 7.5 5.7 7 .O 35 .O 1.8 

a 
A l l  values a r e  percent  of t o t a l  s t a r t l n g  material. 



Legend for F igu res  1 - 6: 

CL = c h l o r i t e  
I = i l l i t e  
K = k a o l i n i t e  
S = smect i te  
Q = quar tz  
F = f e l d s p a r s  
C = c a l c i t e  

A = aug i te  
A / G  = akermani te lgehleni  t e  

P = p y r i t e  
PR = p y r r h o t i t e  
MG = Mg-s ider i te  

D = dawsonite 
AN = a n k e r i t e  
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Figure 1. Comparison of X-Ray Diffraction Patterns for Raw and Spent 
Western Reference Shale (See legend on p. 48) 
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Figure 2. X-ray Diffraction Patterns Shc.wCng Clays Present i n  Raw Yestern Reference Shale 
and Changes Produced by Ashing and Glycolating (See legend an p. 48) 
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Figure 3. X-Ray Diffraction Patterns Showing Clays Present i n  Spent Western Reference Shale 
and Changes Produced by Ashing and Glycolating (See legend on p. 48) 
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Figure 4. Comparison of X-Ray Diffraction Patterns for Raw 
and Spent Eastern Reference Shale (See legend on p. 48) 
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Figure 5. FRay Diffraction Patterns Showing Clays Present i n  Raw Eastern Reference Shale 
and Changes Produced by Ashing and Glycolating (See legend on p. 48) 
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Figure 6. X-Ray Diffraction Patterns Showing Clays Present i n  Spent Eastern Reference Shale 
and Changes Produced by Ashing and Glycolating (See legend on p. 48) 
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Figure 7. D is t i l l a t ion  Curves for Western Reference Shale O i l  
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Figure 8. D is t i l l a t ion  Curves f o r  Eastern Reference Shale O i l  



Figure 9. Laboratory and Correlation Molecular Weights for Western 
Reference Shale O i  1 Fractions 
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Figure 10. Laboratory and Correlation Wlecular Ueights for 
Eastern Reference Shale O i  1 Fractions 
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Figure 11. Cornpari son of Laboratory and correlation Viscosities for 
Nestern. Reference Shale O i  1 Fractions 
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Figure 12. Comparison of Laboratory and Correlation Viscosities for  
Eastern Reference Shale O i l  D ist . i l  l a t ion  Fractions 
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Figure 13. Heat o f  vaporization vs. Temperature for Western Reference Shale O i l  
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Figure 14. Heat of  Vaporization vs. Temperature for Eastern Reference Shale O i l  
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Figure 15. Temperature vs. Vapor Pressure for Reference Shale Oils 



Figure 16. Conpari son of Eastern and Yestern Reference hale  O i l  Molecular Yeights 
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Figure 17. Comparison o f  HIC Ratios fo r  Eastern and Western Shale O i l  Fractions 
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Figure 18. F ie ld  Ionization Mass Spectrum and Evaporation vs. 
Temperature for Composite Eastern Shale O i l  
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Figure 19. F ie ld  Ionization Mass Spectrum and Evaporation vs. 
Temperature for  Composite Western Shale O i l  
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Figure 20, Chromatographic Separation Scheme Used 
to Fractionate Shale Oi ls  
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Figure 21. Imaginary Dielectr ic  Response o f  A i r  i n  
the Liquid Sample Cell 
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Figure 22. Real Dielectric Response of  A i r  i n  
the Liquid Sample Cell 
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Figure 23. Real Die lectr ic  Response of  Composite Eastern Shale O i l  
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Figure 24. Pnuginary Dfelectrlc Response o f  
Composite Eastern Shale 011 
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Figure 25. Real Die lectr ic  Response o f  Composite Western Shale O i l  
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Figure 26. Imaginary Dielectric .Response of 
Composite Western Shale O i l  
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Figure 27. Real Die lectr ic  Response of  A i r  i n  
the Sol i d  Shale Sample Gel 1 
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Flgure 28. Imaginary Dielectric Response of Air i n  
the Sol i d  Shale Sample Cell 



Figure 29. Real Dielectric Response o f  Western Shale: 
Sample NuPlber 1 
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Figure 30. . Imaginary Dielectric Response of  Vestern Shale: 
Sample Nuaber 1 
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Figure 31. Real Dielectric Response of  Western Shale: 
Sample Number 2 
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Figure 32. Imaginary Dielectrlc Response o f  Western Shale: 
Sample Number 2 
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Figure 33. Real Dielectric Response of  Western Shale - 
a t  25', 100', and 200'C 
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Figure 34. Imaginary Dielectric Response o f  Western Shale a t .  . 
25', loo', and 200'C 



APPENDIX B. PROCEDURES FOR CALCULATING CHEMICAL AND 
PHYSICAL PROPERTIES OF REFERENCE SHALE O I L S  



Molecular Wei qht  

a)  R iaz i ,  Daubert (1980) 

MW = 4.5673 * 10-5 * T 2.1962 * SG-1.0164 
b 

MW = molecular  weight  

Tb = meanaverage b o i l i n g  po in t ,  O R  

SG = s p e c i f i c  g rav i t y ,  60Fl60F 

b )  Kesler,  Lee (1976) 

MW = molecular weight  

SG = s p e c i f i c  g r a v i t y ,  60F/60F 

Tb = normal bo i  1 i n g  po in t ,  O R  

C) Twu (1984) 

Use F igure  4 o r  i t e r a t i v e  procedure from abst rac t .  

d )  A P I  Technical Data Book (1985) 

Procedure 282.1 

MW = molecular  weight 

T 
b= mean average b o i l i n g  point ,  O R  

SG = s p e c i f i c  g rav i t y ,  60Fl60F 

e) Adler  and Hall 

Use F igure  1 

Critical Tesperature 

a) Riazi ,  Daubert (1980) 

Tc = c r i t i c a l  temperature O R  



Tb = molal  average b o i l i n g  po in t ,  "R 

SG = s p e c i f i c  g rav i t y ,  60Fl60F 

b )  Kesler,  Lee (1976) 

Tc = c r i t i c a l  temperature, O R  

SG = s p e c i f i c  g rav i t y ,  60FI60F 

Tb = no'rmal b o i l i n g  po in t ,  O R  

c )  A P I  Technical  Data Book (1985) 

Use A P I  Procedure 4Dl.l. 

Tc = 186.16 + 1.6667 * Delta' - 0.007127 * De l ta2  

c = c r i t i c a l  temperature, 'F 

De l ta  = s p e c i f i c  g r a v i t y  (60F160F) * (VABP+100) 

VABP = vo lumet r ic  average b o i l i n g  po in t ,  "F 

d)  Twu (1984) 

Use F igure  1 or  i t e r a t i v e  procedure from abs t rac t .  

e )  Brule, Lin,  Lee, S t a r l i n g  (1978) 

Tc. 
= 429.138 + 0.886861 *Tb - 4.596433 * 

*Tb2 - 2.410089 *w3* A P I  * Tb + 1.630489 *lo-'* Tb3 

-1.430628 * * API* * Tb2 

Tc = c r i t i c a l  temperature, "K 

Tb = normal b o i l i n g  po in t ,  OF 

API = s p e c i f i c  g rav i t y ,  OAPI 

Crit icalPressure 

a )  Riazi ,  Daubert (1980) 

= 3.12281 * l o 9  * Tb -2.3125 * sG2.3201 
c 



c = c r i t i c a l  pressure, p s i a  

Tb = mean average b o i l i n g  po in t ,  'R 

SG = s p e c i f i c  g r a v i t y ,  60F/60F 

b)  Kesler,  Lee (1976) 

10"" * 3 
b 

c = c r i t i c a l  pressure, p s i a  

SG = spec1 f i c  g r a v i t y ,  60F160F 

Tb = normal b o i l i n g  point .  'R 

c)  Twu (1984) 

Use F igure  3 o r  i t e r a t i v e  procedure from abst rac t .  

Critical Volume 

a) R iaz i ,  Daubert (1980) 

V c  = c r i t i c a l  volume, f t 3 / l h  

Tb = mean average b o i l i n g  po in t .  OR 

SG = s p e c i f i c  g rav i t y ,  60Fl60F 

) Bvule, Lin, Lee and S t a r l i n g  (1982) 

V c  = c r i t i c a l  volume. f t J / l b  

SG = s p e c i f i c  g rav i t y ,  60F160F 

C )  TWU (1984) 

Use Figure  2 or  i t e r a t i v e  proccdure from abstract.  



C r i t i c a l  Compressibi l  i t y  Fac to r  

a )  Idea l  Gas Law 

Zc = c r i t i c a l  c o m p r e s s i b i l i t y  f a c t o r  

PC = c r i t i c a l  pressure 

R = gas constant  

.Tc = c r i t i c a l  temperature 

vc 
= c r i t i c a l  volume 

Benedict-Webb-Rubin O r i e n t a t i o n  Parameter 

a) Brule, L in ,  Lee, S t a r l i n g  (1982) 

BWR = 333.333 + 151.244* (Tc/Tb) - 519.841* (Tb/Tc) 

+ 38.9063 * (Tb/Tc)4 + 1255.01 * Log (Tb/Tc) 

BWR = Benedict-Webb-Rubin o r i e n t a t i o n  parameter 

Tc = c r i t i c a l  temperature, O R  

Tb = normal b o i l i n g  po in t ,  O R  

Watson Charac te r i za t i on  Factor, 'K' 

a)  A P I  Technical  Data Book (1985) 

Use A P I  F igure  282.1 

b )  Kesler, Lee (1976) 

K = Watson c h a r a c t e r i z a t i o n  f a c t o r  

Tb = normal b o i l i n g  po in t ,  O R  

SG = s p e c i f i c  g rav i t y ,  6OFI6flF 

L i q u i d  U o l a r  Volume 

a)  a t  20°C, 1 atm 

R i a z i  , Daubert (1980) 
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LMV = l i q u i d  molar volume, cm3/g-mole 

Tb = mean average b o i l i n g  po in t ,  O R  

SG = s p e c i f i c  g r a v i t y ,  60Fl60F 

b )  a t  Normal b o i l i n g  p o i n t  

Rei dB Prausni t z ,  Sherwood ( 1977) 

LMV = 0.285 * 1.048 Vc 

LMV = l i q u i d  molar volume, cm3/g-mote 

V c  = c r i t i c a l  volume, cm3/g-mole 

Enthal py nf Vapori za t fon 

a)  R iaz i ,  Daubert (1980) 

v  = heat  o f  vapor iza t ion ,  Btu/ lb-mole 

Tb = mean average b o i l i n g  po in t .  O R  

SG = s p e c i f i c  g r a v i t y  

b)  Adler  and H a l l  (1985) 

Use r i g u r e  1 

A t  va r i ous  temperatures f rom b o i l i n g  p o i n t  t o  c r i t i c a l  temperature us ing  
t h e  method o f  Reid. P rausn i t z  and Sherwood (1977) 212 ( ? ? I .  

AH v  =  AH^^ * Tr * (x+xq)/(Tbrt ( i + x P ) )  

W Y  
= Heat o f  vapo r i za t i on  a t  des i red  temperature, B t u l l  b-mole 

AHVb = Heat o f  vapo r i za t i on  a t  normal b o i l i n g  po in t ,  B tu l lb -mo le  

Tr reduced temperature a t  des i red  temperature (T/T,) 

T = des i red  temperature 

Tc = c r i t i c a l  temperature 

Tb = Mean average b o i l i n g  p o i n t  



I dea l  Gas Heat Capacity a t  O'F 

a)  Riazi,  Daubert (1980) 

C~ 
= 4.0394 * 10-7" T 2.6724, SG'2*363 

b 

C~ 
= i d e a l  gas heat capacity,  B t u l l b  mole O F  

Tb = volumetr ic  average b o i l i n g  point .  O R  

SG = spec i f i c  g rav i t y ,  60Fl60F 

I s o b a r i c  L i q u i d  Heat Capacity a t  O'F 

a) Kesler. Lee (1976) 

Cp = i dea l  gas heat capacity,  B t u l l b  mole O F  

K = Watson charac te r i za t i on  f a c t o r  

T = des i red  temperature, O R  

b )  A P I  ,Technical Data Book (1985) 

Use A P I  Procedure 7D2.2 

P i  t z e r  Acent r ic  Factor  

a) Reid, Prausni tz  and Sherwood (1977) 
- 1 

-Ln PC - 5.92714 + 6.09648"A + 1.28862 LnA - 0.169347*A6 
W = 

- 1  
15.2518'- 15.6875*A - 13.4721 *LnA + 0.43577 A6 

W = P i t z e r  a c e n t r i c  f a c t o r  

Tb = m a n  average b o i l i n g  point .  O K  



Tc = c r i t i c a l  temperature, O K  

P C  = c r i t i c a l  pressure, atm 

b) Kesler, Lee (1976) 

W = -7.904 + 0.1352 * K -0.007465 * K2 + 

W = Pitzer  acentric factor  

K = Watson characterization factor 

T ~ ~ =  r$duced nor.kl b s i  1 ng pstnr, * R / * K  

Fugaci t y  

a )  A P I  Technical Data Book (1985) 

Enthal py 

a )  Kesler, Lee (1976) 

Us ing  equations and figures from Kesler, Lee, the enthalpy can be 
determined. 

b )  A P I  Technical Data Book (1985) 

Use A P I  procedure 784.2 

Sol ubi 1 i t y  Parameter 

a )  A P I  Technical Data Book (1985) 

S = so lubi l i ty  parameter 

AH,,= heat of vaporization a t  Z5'C. cal/g 

R = 1.9872 callg-mole O K  

T - temperature, 25°C + 298.15"K 

MW = molecular weight 

Viscosity 

a )  A P I  Technical Data Book (1985) 



Use A P I  F igure  l lA4 .1  

Sur face  Tension 

a )  API Technica l  Data Book (1985) 

Use API F igu re  10A3.1 

Thermal C o n d u c t i v i t y  

a )  API Technica l  Data Book (1985) 

Use API F igu re  12A3.1 

L i q u i d  Vapor Pressure 

a)  A P I  Technica l  Data Book (1985) 

Use API Procedure 5A. 10 

Mean Average B o i l i n g  P o i n t  

a)  A P I  Technica l  Data Book (1985) 

Use A P I  F i gu re  281.1 

Vo lumet r i c  Averaqe B o i l i n g  P o i n t  

a)  A P I  Technica l  Data Book (1985) 

Use API F igu re  281.1 

h l a l  Average B o i l i n q  P o i n t  

a )  A P I  Technica l  Data Book (1985) 

Use A P I  F i gu re  281.1 

Cubic Average B o i l i n q  P o i n t  

a )  API Technica l  Data Book (1985) 

Use API F igu re  281.1 

Heat sf C o d u s t i o n  

a) API Teehnieal Data Book (1985) 

AP I Procedure 14A1.3 

GHC = 17,672 + 66.6 * API - 0.316 * API* - 0.0014 * AP13 

GHC = gross heat o f  combustion a t  60°F. B t u / l b  



API = API g r a v i t y  

b) Adler and Hall (1985) 

Use F i g u r e  1. 
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