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ABSTRACT 

The kinetics of  the thermal decomposition of  Green River oil shale kerogen have been 
studied by non-isothermal thermogravimetry. Kerogen decomposes to a bitumen interme- 
diate with an activation energy of  62.10 kJ mole-* and.a frequency factor given by ~106 
rain-*. The pyrolytic bitumen decomposes into oil, gas and carbonaceous residue with 
an activation energy of  152.16 kJ mole-* and a frequency factor of  ~10 *4 min-*. The 
weight loss data were analyzed by the direct Arrhenius, Coats--Redfern and Freeman-- 
Carroll techniques. The kinetic parameters derived from the three methods are discussed 
in the light of  previous work on the thermal decomposition kinetics of  oil shale kerogen. 
Factors influencing kinetic data such as sample holder geometry, heating rate and atmo- 
sphere are critically reviewed. The concept of kinetic order is examined in the light of 
existing theory for solid-state decomposition reactions and it is shown that first-order 
kinetics are adequate in explaining the overall trends in the thermal behavior o£ Green 
River oil shales. 

INTRODUCTION 

M u c h  a t t e n t i o n  has  b e e n  f o c u s e d  in r e c e n t  y e a r s  o n  t h e  k i n e t i c s  o f  t h e  
t h e r m a l  d e c o m p o s i t i o n  o f  oi l  sha le  k e r o g e n  ( f o r  a r e v i e w  o f  p r e v i o u s  w o r k  in 
th i s  t o p i c ,  see  ref .  1) .  T h e  m a j o r i t T  o f  t h e s e  ~ d i e s  h a v e  u t i l i z e d  i s o t h e r m a l  
c o n d i t i o n s  f o r  h e a t i n g  t h e  shale  samples .  O n e  d i f f i c u l t y  w i t h  i s o t h e r m a l  t e c h -  
n i q u e s  is t h a t  t h e  t i m e  r e q u i r e d  fo r  t h e  t e s t  s a m p l e s  t o  a t t a i n  t h e  r e a c t i o n  
t e m p e r a t u r e  i n t r o d u c e s  a s ign i f i can t  e r r o r  in t h e  k i n e t i c  d a t a ,  e s p e c i a l l y  a t  
e l e v a t e d  t e m p e r a t u r e s  w h e n  t h e  h e a t - u p  t i m e  b e c o m e s  a s ign i f i can t  f r a c t i o n  
o f  the  to ta l  reac t ion  per iod  [1] .  As Braun and R o t h m a n  [2]  have p o i n t e d  
out ,  a cor rec t ion  factor  may  be i n t roduced  in the  i so thermal  da ta  in favor- 
able cases. The  use o f  large sample  sizes in mos t  o f  t he  earlier k ine t ic  studies 
coupled  wi th  the  ra ther  low thermal  conduc t iv i ty  o f  oil shales, however ,  
results m non-trivial  errors even at low t empera tu res  (300- -400  ° C) whe re  t he  
rate  o f  d e c o m p o s i t i o n  is low. Non- i so thermal  k ine t ic  measu remen t s  [3]  of fer  
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a r e a d y  m e a n s  o f  e ] i m i n a t i n g  t h i s  d i f f i c u l t y .  A f u r t h e r  a d v a n t a g e  o f  t h e  app l i -  
c a t i o n  o f  n o n - i s o t h e r m a l  t e c h n i q u e s  t o  s t u d i e s  o n  oi l  sha les  is t h a t  t h e  t he r -  
m a l  h i s t o r y  p e r h a p s  a p p r o x i m a t e s  m o r e  c l o s e l y  t h e  c o n d i t i o n s  o b t a i n i n g  in  
an active off shale re tor t .  In  spite o f  these  a t t rac t ive  features ,  it appears  t h a t  
t h e  use o f  non- i so thermal  t echn iques  in the  s tudy  o f  oil shale decompos i t i on  
kinet ics  has received on ly  scant  a t t en t ion .  Campbel l  et  al. [4]  emp loy  non-  
l inear least-squares fi t  of  non- i so thermal  t he rmograv ime t ry  (TG) da t a  to  
derive k inet ic  parameters  for  a Colorado oil shale sample.  Herrel l  and Arnold  
[5]  repor t  the  use o f  non- i so thermal  TG for  the  s t udy  o f  Cha t t anooga  shales. 
I n  b o t h  t h e s e  s t u d i e s  t h e  k i n e t i c  d a t a  h a v e  b e e n  i n t e r p r e t e d  in  t e r m s  o f  a 
s ing le - s t ep  d e c o m p o s i t i o n  m e c h a n i s m .  S u c h  a n  i n t e r p r e t a t i o n ,  h o w e v e r ,  
seems to be con t r ad i c to ry  to  the  conclus ions  reached in mos t  o f  the  early 
studies [1] wh ich  indicate  t h a t  the  the rmal  decompos i t i on  of  oil shale 
kerogen proceeds in two consecut ive  steps via a soluble b i t umen  interme- 
diate,  i.e. 

Oil  sha le  k e r o g e n  -~ p y r o l i t i c  b i t u m e n  -~ oi l  + gas + s e m i - c o k e  r e s i d u e  (1)  

i n  v i ew  o f  t h i s  a p p a r e n t  c o n t r a d i c t i o n ,  i t  w a s  d e c i d e d  t o  r e - e x a m i n e  t h e  
k i n e t i c s  o f  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  oi l  sha le  k e r o g e n .  S a m p l e s  o f  
k e r o g e n  c o n c e n t r a t e  f r o m  t h e  G r e e n  R i v e r  f o r m a t i o n  ( f r o m  w h i c h  t h e  
m i n e r a l  m a t t e r  was  l a rge ly  r e m o v e d  b y  ac id  e x t r a c t i o n  [ 6 ] )  w e r e  e m p l o y e d  
in t h i s  s t u d y .  T h e  u s e  o f  sma l l  s a m p l e  sizes a n d  e f f i c i e n t  a t m o s p h e r e  c o n t r o l  
f o r  p r e c l u d i n g  t h e  d e l e t e r i o u s  e f f e c t s  o f  s e l f - g e n e r a t e d  a t m o s p h e r e s  a n d  dif-  
f u s i o n  l imi ta t ions  [1] ,  was par t icu lar ly  relevant  to  the  objectives o f  the  
present  s tudy .  

EXPERIMENTAL 

Samples of Green River oil shale kerogen were obtained from Laramie 
Energy Technology Center, Laramie, WY. The results of chemical analyses 

TABLE 1 
Chemical analysis of  Green River oil shale kerogen samples employed in t h e  present  study 

Carbon content  (wt.%) 

Hydrogen content  (wt.%) 

Nitrogen content  (wt.%) 

Oxygen content  (wt.%) 

Sulfur content  (wt.%) 

Ash content  (wt.%) 

Mineral CO2 content  (wt.%) 
Moisture content  (wt.%) 

6 3 . 3 6  
63.47 

8.46 
8.41 
2.15 
2.01 
9 . 4 6  
9.50 
3 . 1 6  
3.10 

14.73 
14.55 
<0.02 
1.22 
1.20 



255 

on  representa t ive  ba tches  are assembled in Table  1. The  e lementa l  composi-  
t i on  o f  t he  presen t  samples shows good agreement  w i t h  values d e t e r m i n e d  in 
previous  w o r k  [6].  a l though  the  ash c o n t e n t  o f  the  present  samples is some- 
w h a t  higher.  On the  o the r  hand ,  the  sulfur  c o n t e n t  of  t he  present  samples is 
s l ight ly  lower  t h a n  previous  values [6 ] .  

Thermograv imet r ic  analyses  were  pe r fo rmed  on  a D u p o n t  990 Therma l  
Analysis  Sys tem f i t ted  w i th  the  951 TG accessory  *. The  kerogen  samples 
were  spread in a th in  layer  on  the  p l a t i num sample boat .  All exper imen t s  
were  carr ied ou t  in a f lowing a tmosphe re  o f  pre-purif ied N2 gas. The  small 
sample mass (10- -20  rag), the  shal low sample  ho lder  and  adequa te  expo-  
sure o f  the  tes t  samples to  the  amb ien t  iner t  gas s t ream ensured the  absence 
o f  self-generated a tmospheres  and the rma l  gradients  w i th in  the  sample.  Parti- 
cular care was exercised in th is  regard since the  use o f  a sample ho lder  geo- 
me t ry ,  w h e r e b y  the  escape o f p r o d u c t  gases f rom the  decompos ing  sample is 
inh ib i ted ,  results  in ar t i facts  i n t roduced  b y  d i f fus ion- l imi ted  k inet ics  and 
c o n c o m i t a n t l y  spur ious  values for  the  k ine t ic  pa ramete rs  (cf. ref. 1). 

Measurements  were  carried o u t  in the  t empe ra tu r e  range 25- -800°C.  A 
small  we igh t  loss (0.05--1%) occur red  in the  t empe ra tu r e  range 25- -200°C.  
This  ini t ial  we igh t  loss is a t t r i bu t ed  to  the  loss o f  mois tu re  f rom oil shale 
kerogen (cf. Table  1). Kinet ic  analyses  were  res t r ic ted to  t empera tu res  above 
this  t empera tu re  range.  The  f rac t ional  we igh t  loss da ta  above 200°C  were  
the re fore  normal ized  w i th  respect  to  the  ini t ial  we igh t  loss associated w i th  
t he  loss o f  mois tu re  and the re fore  refer  solely to  the  t he rma l  decompos i t i on  
o f  oil shale ke rogen  (vide infra).  

All TG measurement s  were  repl ica ted  and the  we igh t  loss da ta  be low per- 
t a in  to  thos.e averaged f rom dupl ica te  runs.  

K I N E T I C  E X P R E S S I O N S  

The  k ine t ics  of  solid-state decompos i t i on  reac t ions  m a y  be represented  by  
an express ion o f  the  fo rm [7]  

d ~ / d t  = kf(c~) (2) 

where  ~ is the  f rac t ion  reacted  in t ime  t, k is the  ra te  cons tan t ,  and the  func- 
t i on  f(a)  depends  on the  par t icu lar  d e c o m p o s i t i o n  mechan i sm.  The rate  con- 
s t an t  k is re la ted to  the  absolu te  t empe ra tu r e  T b y  the  Arrhenius  expression 

k = A e x p ( - - E / R T )  (3) 

A is the  f r e q u e n c y  factor ,  E is t he  ac t iva t ion  energy  and  R is the  gas con- 
s tant .  Subs t i tu t ing  eqn. (3) in eqn.  (2), we get 

d ~ / d t  = Af(~)  e x p ( - - E ] R T )  (4) 

For  a non- i so thermal  k ine t ic  expe r imen t  wi th  l inear  hea t ing  rate,/~ (=dT/dt) ,  

* R e f e r e n c e  t o  a b r a n d  n a m e  or  p r o d u c t  does  n o t  i m p l y  e n d o r s e m e n t  b y  the  a u t h o r  o r  
b y  t h e  U.S.  D e p a r t m e n t  o f  Ene rgy .  
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t h e  above expression becomes  

de~/dT = A/~ f(~) exp(--E/RT) (5) 

For  a reac t ion  wh ich  may  be represen ted  func t iona l ly  as f ( ~ ) =  ( 1 -  r,)", 
where  n i~ the  reac t ion  order,  t he  above express ion reduces  to  

d~/dT = A/[J exp(--E/RT) (I -- ~)" (6) 

According to eqn.  (6), a p lo t  o f  l n [ ( d a / d T ) / ( 1  - -  a )" ]  vs. 1/T yields a straight 
l ine f rom which  the  k inet ic  parameters  A and E can be ex t rac ted  f rom the  
in te rcep t  and slope, respectively.  It is n o t e d  here  t ha t  t he  concep t  o f  reac- 
t ion  order  and  f r equency  factor  in solid-state k inet ics  assumes a d i f fe ren t  sig- 
nif icance f rom tha t  adop t ed  in h o m o g e n e o u s  reac t ion  kinet ics  (cf. ref. 8). 
Topochemica l  cons idera t ions  restr ict  values o f  n to  0, 1/2,  2 /3  and 1 in solid- 
s tate kinet ics  [9] .  This po in t  seems to  have been  over looked  in previous 
work  on  off shale d e c o m p o s i t i o n  k inet ics  (vide infra).  

A second  equa t ion  o f  relevance to  this w o r k  is t he  integral  m e t h o d  
deve loped  by  Coats and Redfe rn  [9] wh ich  takes  the  fo rm 

inll --(i -- (x)l-'-n? AR (7) 
T~-I- n-)J = In-~--II 2~TI E 

_~T 

for HI values of n except I in which case the following equation applies 

in(1--~ = i n  I - ( 8 )  

Thus a p lo t  of  e i ther  ln[  i l  - -  ( 1 - -  ,~ )* -n} / (T=(1 - -  n)} ] against l I T  or, 
where  n = 1, l n [ - - ( l n . ( 1 - - ~ ) } / T  =] against l I T  should  resul t  in a straight  l ine 
o f  slope E/.R for t he  cor rec t  value o f  n (it has been  shown  [9] t ha t  t he  first 
t e rm in eqns. (7) and (8) remains  sensibly cons tan t  for  mos t  values o f  E). 

The  di f ference-di f ferent ia l  m e t h o d  deve loped  by  F reeman  and  Carroll 
[10]  offers t he  advantage o f  d i rec t ly  y ie ld ing the  value o f  n. Again, start ing 
wi th  eqn.  (6) and  taking logar i thms 

In Z --E/RT = In(d~/dT) -- n In(l -- a) (9) 

where Z = A/~. Differentiating eqn. (9) with respect to d~/dT, ~ and T, we 
get 

dT 
E RT----- ~- d In(da/dT) -- nd In(l -- a) (I0) 

Integration of the above equation yields 

--E/R A(I/T) = A In(da/dT) -- n A In(l -- ~) (Ii) 

Dividing eqn.  ( I I )  by A I n ( l  - -  ~), we get  

--EIR A(IlT) = A in(d~IdT) 
- - n  ( 1 2 )  

Z~ In(l -- ~) A In(l -- ~) 

A p!ot of A(I/T)/A In(l--~) vs. [A In(d~/dT)]/[A In(l--~)] should yield 
a straight l lne according to  e q n .  ( 1 2 )  f rom wh ich  values o f  E a n d  n m a y  b e  
d e t e r m i n e d  f rom the  slope and  in tercept ,  respect ively.  
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ANALYSIS OF EXPERIMENTAL DATA 

Figure i i l lustrates t he  f ract ional  we igh t  loss, a, as a func t i on  o f  t empera-  
tu re  for Green  River oil shale ke rogen  at th ree  d i f fe ren t  hea t ing  rates. The  
s igmoid-shaped convers ion  curves are characterist ic  o f  solid-state decompos i -  
t i o n  reac t ions  [7] .  The  raw TG da ta  were  used to  generate  ~ values at each 
t e m p e r a t u r e  f rom the  fo l lowing equa t ion  

W0 - -  W~ 
" -  W0- Wf (13) 

where  W0 = initial  mass o f  sample,  Wt = mass o f  sample  at t empe ra tu r e  T and 
W~ = final mass remain ing  at t he  end  o f  t he  react ion.  The  to ta l  we igh t  loss 
usually a m o u n t e d  to  50--60%, d e p e n d i n g  on  the  hea t ing  rate. 

The  derivat ive o f  t he  we igh t  loss as a func t ion  o f  t empera tu re ,  d,v/dT, is 
a m o r e  sensitive index  o f  t he  reac t ion  rate. Figure 2 il lustrates typical  DTG 
behavior  for  t he  da ta  shown  in Fig. 1. The sys temat ic  shift  in t he  rate  
m a x i m a  to  lower  t empera tu re s  w i th  increasing hea t ing  rate  is to  be  no ted .  
This shift  arises because  o f  d i f ferences  in the  rate  at wh ich  hea t  is t ransfer red  
to  t h e  test  sample  as t he  hea t ing  rate  is varied. 

Figure 3 is a p lo t  o f  eqn.  (6) for  Green  River oil shale ke rogen  at th ree  dif- 
fe ren t  hea t ing  rates. A value o f  n = 1 was init ial ly assumed for  these  cal- 
culations. Two points may be noted in the results shown in Fig. 3: (a) the 
exper imen ta l  da ta  are in agreement  wi th  a k ine t ic  scheme  involving two  con- 
secutive react ions  as shown  by  two  sets o f  straight lines w i th  differ ing 
slopes at t he  various hea t ing  rates; and  (b) variations in hea t ing  rate do no t  
result  in sys temat ic  changes in t he  gradient  of  t he  straight l ine plots  in Fig. 3. 
The  der ived kinet ic  parameters  the re fo re  are l ikely to  be  insensit ive to  the  
ef f ic iency o f  hea t  t ransfer  b e t w e e n  the  sample and the  ambien t  [11]  and 
thus  m o r e  representa t ive  o f  the  chemica l  process involved. In this regard, 
hea t ing  rate  variat ions are a reliable diagnost ic  cr i te r ion  for t he  eff icacy o f  a 
part icular  non- i so thermal  k ine t ic  analysis m e t h o d  and also a sensitive p robe  
for gleaning i n fo rma t ion  on  mechanis t ic  aspects. 
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Fig. 1. F rac t i ona l  we igh t  loss (a )  as a f u n c t i o n  o f  t e m p e r a t u r e  fo r  G r e e n  River  oil shale 
ke rogen .  Hea t ing  ra te : /x ,  5Oc m i n - 1  o 10°C rain -I  ; o,  20°C rain -1. 
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Fig. 3. Analysis o f  the TG data for Green River oil shale kerogen by the direct Arrhenius 
method  [eqn. (6)] .  Heating rate: A, 5oC min-1 ; o,  10OC rain-l;  o,  20°C rain -1.  
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1 0 3 & ( I / T ) / i ~ n  ( l - a )  IOn/T, K-' 

Fig. 4, Ana l ys i s  o f  the  T G  data fo r  Green  R ive r  o~] sh~]e kerogen b y  the  Freemau- -Car ro ] ]  
m e t h o d  [eqn.  ( 1 2 ) ] .  T h e  data  are s h o w n  for  the  t w o  ex t reme  heat ing  rates e~np]oyed i n  
the present study.  Z~, 5°C min-1 ; e ,  20°C rain -1. 

F i g .  5 .  A n a l y s i s  o f  t h e  T Q  d a t a  f o r  G r e e n  R i v e r  o i l  s h a l e  k e r o g e n  b y  t l~e  C o a t s - - R e d f e r n  
method [eqn. (8)] .  Heating rate: A, 5OC rain-1 ; o, 10°C rain -1 ; ®, 20°C rain -1. 
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TABLE 2 

Kinetic parameters for the non-isothermal decomposi t ion of  Green River oil shale 
kerogen 

Method Heating 
rate 
(°C 
rain -1 ) 

Kinetic parameters * 

E1 E2 A1 A2 n ** 

Direct Arrhenius 
[eqn. (6) and 
Fig. 3 ] 

F r e e m a n - -  
Carroll 
[eqn. (12) and 
Fig. 4 ] 
Coats--Redfern 
[eqn. (8) and 
Fig. 5 ] 

5 82.96 287.71 5 X 104 5.9 X 10 *2 
(3.44) (3.23) *** (1.42) (1.18) 

10 74.75 162.57 2.19 X 104 9.7 X 101° 
(2.85) (2.22) (1.18) (0.82) 

20 108.10 209.50 9.78 x 105 2.88 × 1014 
(3 .06)  (2 .98)  (1 .18)  (1 .06)  

5, 20 138.27 
(0.42) 

5 41.9 117.32 
(0.92) (2.18) 

10 27.40 116.48 
(1.05) (1.59) 

20 37.21 133.24 
(1.76) (2.31) 

1 

* Units o£ E and A are in kJ  mole -I and rain -1, respectively. 
** A kinetic order of unity was assumed for the direct Arrhenius and Coats--Redfern 

methods (see text). 
*** Numbers in parentheses represent standard deviation by least-squares analyses. 

F i g u r e  4 is a p l o t  o f  e q n .  ( 1 2 ) ,  a n d  s h o w s  t h e  d a t a  a t  t h e  t w o  e x t r e m e  
h e a t i n g  r a t e s  e m p l o y e d .  A g a i n ,  t h e  e f f e c t  o f  h e a t i n g  r a t e  is s e e n  t o  b e  negl ig-  
ib le  and the  data for the two heating rates are superimposable. More impor- 
tant ly ,  the  intercept  yields a value close to uni ty ,  confirming the validity o f  
t h e  a b o v e  a s s u m p t i o n  t h a t  n = 1. A n a l y s e s  o f  t h e  T G  d a t a  in  t e r m s  o f  e q n .  
( 1 2 )  w e r e  r e ~ r i c t e d  to  t e m p e r a t u r e s  a b o v e  ca.  4 0 0 ° C  in  v i e w  o f  t h e  inc reas -  
i ng  e r r o r s  i n h e r e n t  in t h i s  m e t h o d  a t  l o w  f r a c t i o n a l  c o n v e r s i o n s  (i .e. ,  l o w  
t e m p e r a t u r e s )  [ 1 2 ] .  T h e  k i n e t i c  d a t a  in  Fig .  4 ,  t h e r e f o r e ,  r e f e r  t o  t h e  h i g h  
t e m p e r a t u r e  s tage  in  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  oi l  sha le  k e r o g e n  (v ide  
in f r a ) .  

H a v i n g  c o n f i r m e d  t h e  v a l i d i t y  o f  d e s c r i b i n g  t h e  d e c o m p o s i t i o n  o f  oi l  sha le  
k e r o g e n  in  t e r m s  o f  f i r s t - o r d e r  k i n e t i c s ,  t h e  ~ vs. T d a t a  w e r e  a n a l y z e d  b y  
e q n .  (8) .  F i g u r e  5 i l l u s t r a t e s  t h e  r e su l t s ,  w i t h  h e a t i n g  r a t e  s h o w n  as t h e  
p a r a m e t r i c  va r iab le .  A g a i n ,  t w o  se ts  o f  s t r a i g h t  l ines  w i t h  d i s t i n c t l y  d i f f e r e n t  
s lope~ are  o b s e r v e d  (cf .  F ig .  3) .  

T a b l e  2 l is ts  t h e  v a l u e s  o f  E a n d  A e x t r a c t e d  b y  l e a s t - s q u a r e s  a n a l y s e s  o f  
t h e  d a t a  s h o w n  in Figs .  3 - -5 .  
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DISCUSSION 

The  presen t  k inet ic  da ta  are cons is ten t  w i th  a d e c o m p o s i t i o n  scheme  
invohdng two  consecut ive  reac t ions  

kl 
Oil shale kerogen  -+ py ro ly t i c  b i t u m e n  
~2 
-+ oil + gas + semi-coke res idue (1) 

The  t e m p e r a t u r e  d e p e n d e n c e  o f  the  ra te  cons tan t s  o f  each o f  t he  reac t ions  
above m a y  be descr ibed b y  the  Arrhen ius  equa t ion  

kl  = AI  e x p ( - - E i / R T )  (3b) 

and 

k:  = A2 exp ( - -E2 /RT)  (3c) 

Values o f  t he  k ine t ic  pa ramete r s  A1, A2, E l  and  E2 ob ta ined  in t he  present  
study are summar i zed  in Table 2. It is seen that E, < E2 and A, << A2. 

We note that in contradiction to the trends observed in the present study, 
previous studies [4,5] on the decomposition kinetics of oil shales by non-iso- 
therm_al TG do not seem to resolve the intermediate step associated with the 
thermal decomposition of kerogen to pyrolytic bitumen. We also conclude, 
on the basis of the results in the present study, that the ability to resolve 
multiple processes hinges on the efficacy of the particular kinetic analysis 
that is employed to extract the reaction parameters and is not an inherent 
difficulty with non-isothermal TG techniques in general. For example, the 
direct Arrhenius method and the Coats--Redfern equation clearly indicate the 
presence of two reactions with distinctly different kinetic parameters (cf. 
Figs. 3 and 5 and Table 2). The Freeman--Carroll method, on the other 
hand, is handicapped at low fractional conversions where extraction of dif- 
ference<lifferentials from the raw TG data is prone to increasing error [12]. 
Application of this technique for the analysis of non-isothermal TG data on 
oil shales would have led, therefore, to incomplete information on the 
pyrolysis mechanism. Non-linear least-squares curve-fit of TG data (cf. the 
method employed by previous authors [4] on Green River oil shale) seems 
to be beset by similar difficulties. 

While two consecutive reaction steps have been clearly identified by the 
present data, it is pertinent to note that additional processes may be readily 
i nco rpo ra t ed  into t he  overall  s cheme  [eqn.  (1)] w i t h o u t  af fec t ing  its general  
apphcabi l i ty .  For  example ,  physical  t r ans fo rma t ions  such as t he  volatiliza- 
t i on  o f  shale oil (cf. ref.  18) and  s o ~ e n i n g  o f  t h e  init ial  ke rogen  to  an 
insoluble  i n t e rmed ia t e  pr ior  to  f o r m a t i o n  o f  b i t u m e n  (cf. ref.  14) have been  
invoked  as d is t inc t  steps in ra ther  e labora te  schemes  p roposed  by  previous  
authors .  These  processes,  however ,  are n o t  e x p e c t e d  to a l ter  t h e  overall  
k inet ics  in a m a r k e d  m a n n e r  as long as the sample holder g e o m e t r y  is such 
that  d i f fus ion l imitat ions do no t  become  rate determining.  

An e x a m i n a t i o n  o f  Table  2 reveals t ha t  t he  Coa t s - -Red fe rn  m e t h o d  yields  
s o m e w h a t  l ower  values fo r  t h e  ac t iva t ion  energy  relat ive to  t he  o t h e r  analysis 
t echn iques  e m p l o y e d  in the  p resen t  s tudy .  The  average of  six values for  
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El,  seven values for E2, and three values for A 1 and A2 in Table 2 respectively 
yield the  following kinetic equations for the  thermal  decomposi t ion o f  oil 
shale kerogen 

kl = 3.3 X 105 exp( - -7445/T)(min  -1) (14) 

and 

k2 = 9.8 X 1013 exp(--18 175 /T) (min  -1) (15) 

Table 3 compares the  present values o f  El ,  E2, A1 and A2 with  those 
reported by  previous authors  for  the thermal  decomposi t ion of  Green River 
oil shales. The discrepancy in the  kinetic parameters reported in the  litera- 
ture on oil shales has been critically reviewed elsewhere [1] .  We note,  how- 
ever, tha t  the  present  data  are in fair agreement with those of Braun and 
Ro thman  [2] who modif ied the earlier kinetic data  o f  Hubbard and Robin- 
son by the inclusion of  an induct ion period. The significantly bet ter  correla- 
t ion of  the  kinetic parameters obtained in the present s tudy with  those in 
r e f .  2 t h a n  w i t h  t h e  c o r r e s p o n d i n g  r e s u l t s  o f  H u b b a r d  a n d  R o b i n s o n  [ 1 5 ]  

(compare Tables 2 and 3) underlines the  diff icul ty with isothermal tech- 
niques ment ioned  in the  in t roductory  paragraphs. 

Finally,  analysis o f  the  present  kinet ic  data  by  the Freeman--Carroll  
method  clearly establishes the  validity o f  representing oil shale decomposi- 
t ion  by first-order kinetics (cf. Fig. 4). In this regard, it may  be noted tha t  
"second-order effects" invoked by previous authors [16,17] appear to have 
limited validity. As ment ioned  before, the  concept  o f  kinetic order in solid- 
state decomposi t ions assumes a significance which is completely different  
from tha t  adopted convent ional ly  in homogeneous reaction kinetics [7,8].  

TAB LE 3 

Comparison o f  present  kinetic data with l i terature values for  Green River oil shale * 

Activat ion energy Frequency  factor  Ref. 
(kJ mole  -1 ) (rain -1 ) 

56.86 (>435°C)  ** 1020 15 
23.26 (<437°C)  109 15 

169.70 (>500°C)  13 
108.31 (500--730°C)  13 

56.82 (<730°C)  13 
44.62 1014 2 

178.70 (400--525°C)  102 2 
217.88 (350--425°C)  1013 4 
239.25 (250- -600°C)  5 

62.10 (>395°C)  3.8 x 106 Present  work *** 
152.16 (<395°C)  9.8 X 10 is Present work  *** 

* Earlier studies  pertain to  Green River oil shale o f  varying organic con t en t  and no t  to  
kerogen concent ra te .  However,  this difference is no t  expec ted  to  af fec t  the  validity o f  the  
compar ison for  the  present  purposes.  

** The  t empera tu re  range for the  kinet ic  parameters  is shown in parentheses.  
*** Values averaged f rom exper iments  at  d i f ferent  heat ing rates (cf. Table 2). 
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The kinet ic  order  in solid-state d e c o m p o s i t i o n  react ions mere ly  describes 
t o p o ch em ic a l  effects at t he  r e a c t a n t / p r o d u c t  in terface  ra ther  t h a n  a "con-  
c e n t r a t i o n "  d e p e n d e n c e  o f  the  rate cons tan t  [18] .  Deta i led  cons idera t ions  
show tha t  only  values o f  n equal  to  0, 1/2, 2 /3  or  I have theore t ica l  justifi- 
ca t ion  [7 ,9] .  

SUMMARY AND CONCLUSIONS 

The  kinet ics  o f  the  the rmal  d e c o m p o s i t i o n  o f  Green River oil shale 
ke rogen  have been  s tudied  by  non- i so thermal  the rmograv ime t ry .  Kerogen  
decomposes  to a b i t u m e n  in t e rmed ia t e  wi th  an act ivat ion energy o f  62.10 
kJ  mole  -I and a f r equency  fac tor  given by "~106 min  -1. The  pyro ly t ic  
b i t u m e n  decomposes  in to  the  final p roduc t s  wi th  an act ivat ion energy of  
152.1G kJ  mole  -1 and a f r equency  factor  of  ~1014 min  -1. 

The  k inet ic  parsmeters  do no t  show a sys temat ic  d e p e n d e n c e  on  hea t ing  
rate. This is compel l ing  p roo f  tha t  t he  der ived parameters  refer  to  d is t inc t  
chemical  processes ra ther  than  to  processes such as p r o d u c t  d i f fus ion f rom 
the  shale matr ix.  A key  feature  o f  t he  present  s tudy is also choice  o f  s8mple 
ho lder  geomet ry  and sample mass wh ich  facil i tates good  a tmosphe re  con t ro l  
and easy escape o f  p roduc t  gases. Kinet ic  da ta  f rom some o f  the  earlier 
studies in the  l i terature are c louded  by  the  above effects  (cf. ref. 1). 

The direct  Arrhenius  m e t h o d  and the  Coa t s - -Redfe rn  m e t h o d  are found  
to  be conven ien t  for  the  analysis o f  t he  present  data. The  Freeman--Carrol l  
m e t h o d  is ra ther  m o r e  t ed ious  and  moreove r  is o f  l i t t le  use in analyzing the  
early stages o f  t he  decompos i t i on .  

Analysis o f  t he  k inet ic  da ta  by the  Freeman--Carro l l  m e t h o d  is shown  to  
conf i rm the  validity of  assuming first-order kinet ics  for t he  the rmal  decom-  
posi t ion of  Green River oil shale. More impor t an t ly ,  second-order  effects  
invoked  by  previous authors  [16 ,17]  are shown  to  be o f  ques t ionab le  valid- 
ity. 

The mult i -s tep na ture  o f  ke rogen  pyrolysis  is clearly seen in the  present  
data, unl ike  iu earlier non- i so the rmal  TG studies.  The  scheme o f  two  conse- 
cutive react ions a d o p t e d  in the  present  s tudy  and in previous w o r k  [13 ,15]  
is shown to have general  applicabil i ty.  
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