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ABSTRACT 

The k i n e t i c s  of t h e  thermal decomposition of Moroccan o i l  s h a l e  have been 
s tud ied  by isothermal and non-isothermal thermogravimetry. 
c a r r i e r  gas flow r a t e  and hea t ing  r a t e  on kerogen decomposition have been 
examined. 
been analyzed by the  Coats-Redfern technique while t he  i so thermal  TG da t a  have 
been co r re l a t ed  by using t h e  i n t e g r a l  method of k i n e t i c  a n a l y s i s .  A j o i n t  u s e  
of isothermal and non-isothermal TG measurements have shown t h a t  t h e  o i l  s h a l e  
decomposition involves two ccnsecut ive  r eac t ions  with bitumen a s  an intermedi- 
a t e  product. 
energy of 40 kJ/mole while the  py ro ly t i c  bitumen decomposes i n t o  products with 
an  a c t i v a t i o n  energy of 60 kT/mole. 
parameters,  v i z . ,  a c t i v a t i o n  energy and r e a c t i o n  order  (n = 1)  e t c . ,  obtained 
under both isothermal and non-isothermal cond i t ions  s u b s t a n t i a t e s  the  v a l i d i t y  
of t he  f i r s t  order r a t e  equat ion .  The f a c t  t h a t  t h e  k i n e t i c  parameters remain 
unchanged with v a r i a t i o n s  i n  hea t ing  r a t e  (K/min) i n d i c a t e s  t h a t  these  parame- 
t e r s  a r e  probably i n s e n s i t i v e  t o  t h e  e f f i c i e n c y  of hea t  t r a n s f e r  between t h e  
sample and surroundings.  However, t h e  low a c t i v a t i o n  energy f o r  bitumen 
decomposition i n d i c a t e s  c e r t a i n  m a s s  t r a n s f e r  l i m i t a t i o n s  such a s  d i f f u s i o n  of 
organic  matter through the  minera l  carbonate mat r ix .  

The e f f e c t s  of 

The weight-loss d a t a  obtained under non-isothermal condi t ions  have 

Kerogen decomposition i n t o  bitumen proceeds with an a c t i v a t i o n  

A c l o s e  agreement between t h e  k i n e t i c  
’\ 

’ 
\ 

INTRODUCTION 

Morocco has moderate depos i t s  of o i l  sha l e  which can  be explo i ted  using 
American processing technology. To da te ,  U. S .  p rocesses  a r e  based on the  
thermal treatment of t h e  sha le  t o  decompose kerogen i n t o  the  des i r ed  o i l  pro-  
duct.  The key s t e p  i n  the  thermal treatment is the  py ro lys i s  s t age  and 
involves  the  k i n e t i c  rate of kerogen decomposition and the  corresponding 
formation of o i l .  Because o i l  sha l e s  have d i f f e r i n g  o r i g i n s  and a r e  foilnd 
i n  d i f f e r i n g  geologica l  environments, i t  i s  not  s u r p r i s i n g  t h a t  they behave 
d i f f e r e n t l y  when subjec ted  t o  py ro lys i s  condi t ions .  This s tudy  was i n i t i a t e d  
t o  inves t iga t e  the  py ro lys i s  k i n e t i c s  of Moroccan o i l  s h a l e .  
t r i c  ana lys i s  (both i so-  and non-isothermal) w a s  used t o  determine the  k i n e t i c  
parameters f o r  kerogen decomposition. The present  r e s u l t s  w i l l  be compared 
with t h e  l i t e r a t u r e  d a t a  on Jordan and Colorado o i l  s h a l e .  

Thermogravime- 
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Inso luble  organic  ma t t e r  i n  o i l  s h a l e  i s  c a l l e d  kerogen. The thermal 
decomposition of t he  kerogen is  by f a r  t h e  s i m p l e s t  method f o r  ex t r ac t ing  o i l  
from sha le .  Numerous a t tempts  [Hubbard and Robinson 1950; A l l r ed ,  1966; 
Dericco and Barr ick ,  19561 dea l ing  with t h e  mechanistic and k i n e t i c  points of 
view have been made t o  understand the  processes  occurr ing  dur ing  o i l  sha le  
pyro lys i s .  Hubbard and Robinson [1950] have employed an i so thermal  technique 
t o  obta in  t h e  py ro lys i s  r a t e  d a t e  on powdered samples. One of the sources of 
error i n  l so thermal  methods i s  the  t i m e  requi red  f o r  t h e  sample t o  reach the  
r eac t ion  temperature.  Braun and Rothman [1975] have shown t h a t  t he  o i l -  
production k i n e t i c s  can be  explained more exac t ly  by inc luding  a thermal 
induction period i n  t h e  a n a l y s i s  of s a t a  obtained by Hubbard and Robinson 
[1950]. Non-isothermal thermogravimetric a n a l y s i s  has come i n t o  wide use i n  
the  last  decade f o r  s tudying  py ro lys i s .  
method over t h e  c l a s s i c a l  i so thermal  method. F i r s t ,  t h i s  method eliminates 
t h e  e r r o r s  introduced by the  thermal induct ion  period. Second, i t  p e r m i t s  a 
rapid scan of t he  whole tempera ture  range of i n t e r e s t .  Her11 and Arnold 
[1976] have s tud ied  t h e  decomposition of Chattanooga Black s h a l e  by non- 
isothermal TG while Haddadin, et  a 1  [1974, 19801, have employed TGA and DTA 
t o  inves t iga t e  t h e  k i n e t i c s  of Jordan o i l  s h a l e  py ro lys i s .  The thermal de- 
composition of Colorado o i l  s h a l e  has been a sub jec t  of many s t u d i e s  [Granoff 
and Nu t t a l l ,  1977; Campbell e t  a1 1978; Rajeshwar, 19811. 

There a r e  c e r t a i n  advantages of t h i s  

Recently, Behnisch, et  a 1  [1980], have pointed out  t h a t  a combined 
k i n e t i c  ana lys i s  of i so thermal  and non-isothermal TG measurements is an effec- 
t i v e  method f o r  determining t h e  most probable k i n e t i c  mechanism of a decompo- 
s i t i o n  process of a polJmer. The k i n e t i c s  of Moroccan o i l  s h a l e  decomposition 
has ,  t he re fo re ,  been s tud ied  by i so thermal  and non-isothermal thermogravi- 
m e t r y .  The weight-loss d a t a  analyzed by Coats-Redfern technique [1964] shows 
t h a t  t h e  kerogen decomposition proceeds i n  t w o  consecutive s teps  v i a  bitumen 
a s  an in te rmedia te .  The k i n e t i c s  of Moroccan o i l  s h a l e  decomposition w i l l  be 
compared w i t h  t h a t  of Jordan and Colorado o i l  s h a l e  decomposition. 

EXPERIMENTAL SECTION 

The o i l  sha l e  used i n  t h e  p re sen t  s tudy  o r ig ina t ed  from Timhadit S i t e ,  
Morocco. Chemical a n a l y s i s  of t h e  o i l  s h a l e  is given i n  Table 1. The samples 
were crushed and sieved t o  pass  through a 200 mesh screen;  t h e  samples were 
used without f u r t h e r  t rea tment .  

A DuPont 951 thermogravimetric balance in t e r f aced  wi th  a DuPont 990 ther- 
mal analyzer was used t o  ob ta in  t h e  weight-loss d a t a  a s  a func t ion  of time and 
temperature. Two kinds of experiments were performed. The f i r s t  was t o  obtain 
non-isothermal k i n e t i c s  of o i l  s h a l e  decomposition while t h e  second one was 
performed under i so thermal  cond i t ions .  

In t h e  f i r s t  se t ,  a known weight of sample (about 25 mg) was subjected t o  
Decomposition was ca r r i ed  a l i n e a r  hea t ing  r a t e  i n  a dry stream of n i t rogen .  

ou t  by hea t ing  the  sample from ambient temperature t o  900°C. 
of 1, 2 ,  5 ,  10, 20 and 50"C/min were employed. 
curves were obtained i n  each case .  
sample was introduced i n t o  t h e  furnace  maintained i so thermal ly  a t  a des i red  
temperature. 
t en  times longer than  t h e  sample pan. The i so thermal  kerogen decomposition 
was ca r r i ed  ou t  a t  325, 375, 4 1 0 ,  425, 450, and 475OC. 

The hea t ing  r a t e s  
The weight-loss da ta  and DTG 

I n  t h e  second set of experiments, t h e  

End e f f e c t s  were considered n e g l i g i b l e  a s  t h e  furnace  w a s  about 

132 



The fraction of kerogen pyrolyzed, a was defined by the expression: 

where Wo = initial weight of the sample (mg), 

W = weight of the sample at "t" min (mg), 
W: = weight of the sample after complete pyrolysis of 

kerogen (mg) . 
Each run was duplicated in order to minimize the error. 

Kinetic Expressions: 

The general expression for the decomposition of a solid [Blazek, A .  
19731 is given by 

- da = kf(a), 
dt 

where a = fractional conversion at time t, 

k = specific rate constant, 

f(a) = (1 -a ) in first order reactions. 

Equation ( 2 )  can be written as follows by substituting k in terms of 
activation energy and frequency factor. 

- da = 2 . exp(-E/RT) . (1 - a), 
dt 

where 2 = frequency factor (min-'), 

E = activation energy (J/g mole), 

R = gas constant ( J / g  mole K), 

T = temperature ( K ) .  

(3 )  

For non-isothermal decomposition of solids, Equation (3) can be modi- 
fied by introducing heating rate as follows 

da dT - dT * eXp(-E/RT) - (1 - a) 
or 

( 4 )  

- da = - exp(-E/RT) (1 - a)  , 
dT 8 

(5) 

whei-e f3 = dT/dt. 

In the present study, two procedures were followed to evaluate the 
activation energy. 
involved regression analysis. 

The first was a graphical method while the second 
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The g raph ica l  method developed by Coats and Redfern [1964] was used 
here.  The kerogen decomposition was considered t o  be f i r s t  o rde r  i n  kero- 
gen concent ra t ion  [Rajeshwar, 1981; Campbell, e t  a1 19781. I n  t h i s  case ,  
a p l o t  of 

aga ins t  1 / T  should r e s u l t  i n  a s t r a i g h t  l i n e  of s lope  E / R .  

I n  t h e  second method, Equation (5) was rearranged and in t eg ra t ed  to  
give 

o r  

Equation ( 7 )  can be w r i t t e n  a s  follows 

Equation ( 8 )  i s  of t he  form 

y = a + bx, 
where 

ZR 
B 

a = m - ,  

b = - E / R  , 
and 

x = 1 / T  

(9) 

With the  a i d  of repea ted  r eg res s ion  a n a l y s i s ,  t he  va lues  o f  s lope  and 
i n t e r c e p t  can be computed. 
made to c a l c u l a t e  y (Equation (10)). 
values  of E from Equation (12) ,  and a and b were redetermined from t h e  
regress ion .  
s a t i s f i e d .  

I n  t h e  f i r s t  s t e p ,  an i n i t i a l  guess of E was 
Next, y was cor rec ted  f o r  ca l cu la t ed  

The i t e r a t i o n  w a s  continued u n t i l  t h e  accuracy of E and 2 w a s  

For t h e  i so thermal  decomposition of kerogen, Equation (2 )  w a s  i n t eg ra t ed  
t o  give 
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A p l o t  of [- i n ( 1  - a ) ]  a g a i n s t  t y i e l d s  a s t r a i g h t  l i n e  wi th  s lope  equal  t o  
k.  
by Braun and Rothman [1975]. 

The va lues  of t used he re  inc lude  the  induct ion  per iod  to a s  suggested 

RESULTS AND DISCUSSION I 

Themogravimetric Data 
I 

4 The weight l o s s  da t a  were obtained on powdered o i l  s h a l e  samples under 
non-isothermal and i so thermal  condi t ions .  The o i l  s h a l e  decomposition was 
ca r r i ed  out using a smal l  sample s i z e  and a t h i n  platinum f o i l  boa t  i n  order  
t o  ob ta in  a s teady  s ta te  condi t ion  I n  non-isothermal TGA, 
t he  sample was heated from ambient temperature t o  900°C wi th  hea t ing  r a t e s  
ranging from 1 t o  50°C/min. The i so thermal  TGA was c a r r i e d  o u t  i n  the  t e m -  
pe ra tu re  range of 325 t o  475°C. The r e s u l t s  obtained under non-isothermal 
and isothermal Conditions a r e  comparable and they sugges t  t h a t  t he  kerogen 
decomposition proceeds v i a  bitumen a s  an in te rmedia te .  F i r s t ,  t h e  non- 
isothermal TG r e s u l t s  a r e  presented followed by t h e  r e s u l t s  obtained under 
isothermal condi t ions .  

1') 
i n  a s h o r t  t i m e .  

Figure 1 presen t s  the  weight-loss d a t a  f o r  Moroccan o i l  sha l e  a s  a 
func t ion  of temperature a t  var ious  hea t ing  r a t e s .  
of t h i s  f i g u r e ,  which a r e  worth mentioning he re ,  a r e  as fo l lows:  F i r s t ,  
t he  t o t a l  kerogen conten t  i n  Morroccan o i l  sha l e  was found t o  be about 9 
Percent;  (wt) of t he  t o t a l  sha l e  weight. Below 200"C, approximately 0.5 t o  
0.75 percent weight-loss was observed, which represented  the  mois ture  con- 
t e n t  of the  sha le .  The carbonate decomposition commenced a t  temperatures 
above 525°C depending upon the  hea t ing  r a t e  and gave a weight-loss of about 
25 t o  26 percent.  Second, and a more important observa t ion ,  was regarding 
the  e f f e c t  of hea t ing  r a t e  on t o t a l  weight-loss.  A complete decomposition 
of kerogen was e f f ec t ed  a t  500°C wi th  a hea t ing  r a t e  of 1 K/min whi le  only 
50 percent of t h e  t o t a l  kerogen was found t o  decompose a t  500°C when a rate 
of 50"C/min was used. I n  t h e  l a t t e r  case ,  a temperature of 600°C was 
requi red  t o  achieve  t h e  complete decomposition of kerogen i n t o  o i l .  This 
d i f f e rence  can be explained by the  f a c t  t h a t  t h e  higher t h e  hea t ing  r a t e  
t he  sho r t e r  i s  t h e  exposure of sample t o  a p a r t i c u l a r  temperature.  However, 
a s  w i l l  be shown i n  the  l a t e r  p a r t  of t h i s  s e c t i o n ,  t h e  v a r i a t i o n  i n  hea t ing  
r a t e  didnot a l t e r  t he  k i n e t i c  parameters.  

The important f e a t u r e s  

Figure 2 i l l u s t r a t e s  t y p i c a l  DTG curves corresponding t o  the  da t a  shown 
i n  F igure  1 f o r  hea t ing  r a t e s  of 2 ,  5, 10 and 50 K/min. Three s a l i e n t  
f e a t u r e s  of t h i s  f i g u r e  are t o  be noted. F i r s t ,  t he re  is a s h i f t  i n  rate 

50 K/min. 
the  e f f e c t  of hea t ing  r a t e s  (Figure 1). 
t o  those obtained by H e r r e l l  and Arnold [1976], and Chen and N u t t a l l  [1979]. 
Second, t h e  presence of two c l e a r l y  defined r a t e  maxima i n  t h e  temperature 
range of 300 t o  600°C i n d i c a t e  t h a t  the  two r eac t ions  o r  processes  occur 
consecutively i n  t h i s  temperature range. Actua l ly ,  Al l red  [1966] had pro- 
posed t h e  following mechanism f o r  t h e  py ro lys i s  of o i l  sha l e :  

1 maxima toward higher temperatures a s  t he  hea t ing  rate is  increased  from 5 t o  
These r e s u l t s  a r e  complementary t o  the  above-mentioned f ind ings  on 

These r e s u l t s  a r e  s t r i k i n g l y  s i m i l a r  

1 

- Coke,  (15) 
1 Carbon r e s i d u e  Gas 

Gas, k 2  - o i l ,  
Bi tumen, E, kerogen E, 
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The present r e s u l t s  a r e  i n  accordance wi th  h i s  model, and they lead  us t o  
be l ieve  t h a t  t h e  f i r s t  peak a t  lower temperature corresponds t o  the  decom- 
pos i t i on  of kerogen t o  bitumen whi le  t h e  second peak r ep resen t s  t he  
decomposition of py ro ly t i c  bitumen i n t o  o i l  and gas. 
[1981] a l s o  repor ted  s i m i l a r , r e s u l t s  on Colorado o i l  sha l e .  Thi rd ,  t h e  
r a t e  of weight-loss increased  by a f a c t o r  of t h ree  wi th  an inc rease  i n  hea t  
r a t e  from 2 t o  5 K/min. However, a f u r t h e r  i nc rease  i n  hea t ing  rate (5 t o  50 
K/min) d id  not  a c c e l e r a t e  kerogen decomposition r a t e  apprec iab ly .  

Recently,  Rajeshwar 

Kine t ic  Analysis 

The da ta  presented i n  F igure  1 was used t o  determine t h e  k i n e t i c  para- 
meters of kerogen decomposition. A p l o t  of -m~-yl 
agains t  1 / T  shown i n  F igure  3 waslused t o  eva lua te  t h e  a c t i v a t i o n  energy. 
The kerogen decomposition was assumed t o  be f i r s t  o rde r  t o  kerogen concentra- 
t i on .  Two sets of s t r a i g h t  l i n e s  with d i f f e r e n t  s lopes  (Figure 3)  c l e a r l y  
demonstrate t h a t  t he  two consecut ive  r eac t ions  occur i n  t h e  temperature range 
of 300 t o  600°C. The f i r s t  r e a c t i o n  occurr ing  a t  lower temperature (kerogen 
+ bitumen) proceeds wi th  an a c t i v a t i o n  energy of about 40.2 kJ/mole. 
second r eac t ion  which occurs beyond 350°C has an  average a c t i v a t i o n  energy of 
58 .1  kJ/mole. 
t h a t  the v a r i a t i o n  i n  hea t ing  r a t e  does not a l ter  t h e  s lope  of t he  s t r a i g h t  
l i n e  p lo t s  presented i n  Figure 3 sugges ts  t h a t  t he  k i n e t i c  parameters de t e r -  
mined i n  t h e  present  s tudy  a r e  probably not s e n s i t i v e  t o  t h e  e f f i c i ency  of  
hea t  t r a n s f e r  between t h e  sample and surroundings.  These r e s u l t s  corrobo- 
r a t e  very w e l l  wi th  those  observed by Rajeshwar [1981]. 

The 

The k i n e t i c  parameters a r e  presented i n  Table 11. The f a c t  

The r eg res s ion  method w a s  a l s o  used i n  t h i s  study t o  determine t h e  
k i n e t i c  parameters.  
by t h i s  i t e r a t i o n  method a r e  l i s t e d  i n  Table 11. 
with those obtained by the  g raph ica l  method. 

The a c t i v a t i o n  energ ies  and frequency f a c t o r s  evaluated 
They compare f a i r l y  we l l  

Resul t s  obtained under i so thermal  condi t ions  w i l l  be discussed a t  t h i s  
s t age .  Figure 4 shows t h e  kerogen decomposition a s  a func t ion  of t i m e  a t  
var ious  temperatures.  During t h e  i n i t i a l  per iod  of these  i so thermal  runs 
l e s s  than 1 minute was requi red  t o  a t t a i n  s t eady  s t a t e  va lues  of temperature. 
A s  explained earlier,  t h e  use  of small  sample s i z e  (-25 mg) smal l  diameter 
furnace and t h i n  platinum f o i l  boa t  aided i n  obta in ing  s teady-s ta te  conditions 
i n  shor t  time. During the  temperature-induced time l ag  pe r iod ,  very smal l  
weight l o s s e s  were recorded; a t  temperatures higher than 450°C i t  amounted t o  
about 1 2  t o  14 percent of t o t a l  weight-loss.  Severa l  workers [Campbell, et  a1  
1978; Granoff and N u t t a l l ,  1977; and Haddadin and Mizyet, 19741 have developed 
t h e  k ine t i c  express ions  s i m i l a r  t o  Equation (14),  assuming t h e  sha le  p a r t i c l e  
temperature t o  be uniform and mass t r a n s f e r  r a t e  t o  be high. 
study, Equation (14) was used t o  eva lua te  t h e  s p e c i f i c  r a t e  cons tan t  (Figure 5) .  

I n  t h e  p resent  

Table 111 compares t h e  k va lues  (computed from Figure  5) with the  l i t e r a -  
t u r e  va lues  f o r  t h e  decomposition of Jordan and Colorado o i l  sha l e .  
comparis'on shows t h a t  a t  temperatures lower than 425"C, t h e  decomposition r a t e  
of Moroccan sha le  i s  twice a s  f a s t  a s  t h a t  of Jordan s h a l e ,  and about t h ree  to 
four  times as fas t  a s  t h a t  of Colorado sha le .  A t  475OC t h e  k va lues  f o r  

This 
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decomposition of Moroccan shale is about four times higher than that reported 
for the pyrolysis of Jordan shale, but it is almost identical to the k value for 
for Colorado shale decomposition. 

The Arrhenius plot shown in Figure 6 was used to determine activation 
energy and frequency factor. Figure 6 also shows two distinct reactions. 
Their kinetic parameters, El = 38.4 kJ mole-1 and E2 = 62.3 kJ mole -', 
listed in Table 11, are in good agreement with those obtained under non- 
isothermal conditions. Activation energy (E ) for kerogen decomposition to 
bitumen compares fairly well with that repor&ed by Braun and Rothman [19751. 
The low activation energy ( -40  kJ/mole) indicates that the decomposition of 
kerogen to bitumen involves the breaking of relatively weak chemical bonds 
[Braun and Rothman, 19751. 

The low activation energy obtained in the present study under both the 
isothermal and non-isothermal experiments suggest certain physical processes 
controlling the reaction. The rate expressions used to determine the kinetic 
parameters in this investigation were developed assuming that there are no 
heat and mass transfer limitations and that the reaction kinetics controls 
the rate of weight-loss. The fact that the variation of heating rates 
(Figure 3) did not affect the activation energy value substantiates the valid- 
ity of the assumption that there are no heat transfer limitations. Rejeshwar 
[1981] pointed out that the hearing rate variations can be used as a diagnos- 
tic probe to obtain information on mechanistic aspects. Haddadin, et a1 [1974, 
19801 also obtained low activation energy during the pyrolysis of Jordan oil 
shale. They postulated a mechanism in which the diffusion of organic matter 
through the carbonate matrix controls the rate process. Several diffusion- 
controlling models [Levenspiel, 1972; Blazek, 1973; Ginstling and Brounshtein, 
19561 have been developed to analyze the fluid-solid reactions and solid 
decomposition. According to the method suggested by Levenspiel [1972], 
experimental curves obtained by plotting (1- a )  versus t/r (T is the time 
required for complete decomposition) are compared with the predicted curves 
for various mechanisms, e.g., chemical reaction, film diffusion and ash layer 
diffusion. The data obtained under isothermal conditions was used for this 
plot between (1 - a )  and t/T. It was deduced from this plot that the ash 
layer diffusion controls the reaction rate. 

According to Haddadin and Mizyet [1974]* Equation (15) can then be 
written as: 

F i r s t  Step:  

kerogen k 1  D b i t u m e n  

Second SteD: 

b i t umen  -----E- k 2  v o l a t i l e  m a t t e r  -p roduc ts  k 3  ( o i l  and gas)  

CB1  [VI [ P I  
I 

coke 
CCI 

137 



where [ B ] ,  [VI, [PI and [ C ]  denote  t h e  weight f r a c t i o n s  of bitumen, vola- 
t i l e  ma t t e r ,  products ( o i l  and gas)  and coke, r e spec t ive ly .  

The f i r s t  s t e p  involv ing  t h e  decomposition of kerogen t o  bitumen i s  
r e l a t i v e l y  rapid [Haddadin and Mizyet, 19741 and can thus be omitted from 
cons idera t ion  i n  the  c o n t r o l l i n g  k i n e t i c s .  The second s t e p  which involves 
t r anspor t  of o i l  vapor and gas t o  the  atmosphere i s  t h e  r a t e  con t ro l l i ng  
s t e p .  The ove ra l l  r a t e  f o r  t h i s  s t e p  i s  

= k 3  [ V I  . 
Assuming steady s t a t e  concen t r a t ion  of v o l a t i l e s  during t h e  process ,  we have 

dCvl = 0 = k 2 [ B ]  - k3[V] - k 4 [ V l  . dt 
Solving f o r  [VI, 

k 2  
k 3  + k 4  

[ V I  = - * [ B ]  

and s u b s t i t u t i n g  i n  Equation (18) ,  w e  have 

C B l  . d t  k 3  t k 4  
d [ P ]  - k 2  * k3 

I f  d i f fus ion  of v o l a t i l e  mat te r  con t ro l s  t he  r e a c t i o n  r a t e ,  w e  have 

where k i s  the  o v e r a l l  r a t e  cons tan t  of t he  weight change. Equation (20)  
app l i e s  t o  a s i t u a t i o n  where t h e  carbonate n-atrix a c t s  as a porous d i f fus ion  
b a r r i e r .  

C O N C L U S I O N S  

The combined use of non-isothermal and i so thermal  TG measurements has 
shown t h a t  t he  thermal decomposition of Moroccan o i l  sha l e  involves  two 
consecutive r eac t ions ,  wi th  bitumen as in te rmedia te .  

k e r o g e n  ----w b i t u m e n  ___) products 

Both the  r eac t ions  fo l low a f i r s t  o rder  k i n e t i c s .  

Act iva t ion  energy of 40 kJ/mole f o r  t h e  decomposition of kerogen t o  
bitumen sugges ts  t h a t  t h i s  s t e p  involves  t h e  breaking of a r e l a t i v e l y  weak 
chemical bond. 

The r a t e  of bitumen decomposition i s  con t ro l l ed  by the  v o l a t i l e  mat te r  
t r anspor t  through the  inorganic  mat r ix .  
obtained f o r  t h i s  r e a c t i o n  a r e  complementary t o  such a mechanism. 

Low va lue  of a c t i v a t i o n  energy 

The decomposition r a t e  of Moroccan o i l  s h a l e  i s  about 2-4 times higher 
than t h a t  of Jordan s h a l e  i n  t h e  temperature range of 300 t o  5 0 0 ° C .  
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A comparison of decomposition r a t e s  f o r  Moroccan and Colorado O i l  s h a l e s  
shows tha t  at temperatures lower than 4OO0C, t h e  Moroccan s h a l e  decomposes 
more r ap id ly  than t h e  Colorado sha le ;  a t  475°C t h e  decomposition rates fOK 
both sha le s  become almost i d e n t i c a l .  
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1ABLE I .  CHEMICAL ANALISIS OF MORROCCAN OIL SHALE 

1. r i r c h e r  011 A s l a y  7 1  t l t o n n e  

2. D e n i l f y  2.25 q/a1 

L. 

B .  

c .  
0. 

E .  

F. 

G. 

N. 

I .  

C - 69.11 ( U t 1  
H - 6.7 
5 - 9.1 
li - 2 . 3  
0 - 1 2 . 2  

9.5 xt.l 

1 4 . 4  

3 7 . 1  

1 1 . 2  

1 2 . 2  

1.6 

1.6 

2 . 2  

3.4 

TABLE 11. X l l i E l l t  PARAMETERS FOR THE NON-ISOTHERMAL 
ISOTHERPAL OECO:i?0SlilON OF MORROCCAN O I L  

a110 
SHALE 

N o n - I s o t h e r m a l  Mode. 
Regrerrlan Method 4 3 . 0  6 4 . 8  1 . 2  r I O *  3 . 2  x IO6 

I $ o f h e r m a l  %de 38 .4  6 2 . 3  4.6 K I O u  4 . 8  x IO5 

1ABLE 111. A COMPlRlSON OF F I R S 1  ORDER R A l E  CONSiANTS FOR 011 
SHALE OECOWPOSIIION 

3 2 5  

330 

3 60 

3 1 5  

400 

E05 

4 10 

4 2 5  

4 4 0  

4 5 0  

4 1 5  

F i r s t  Order Rate Constants ( r l n - ' I  

MDlOccan Shale Jordan Shale Colorado S h a l e  

Present S W d L  Htzyet .  1 9 7 4 1  Rothman.  1 9 7 5 1  et d l .  1 9 7 8 1  
CHaddadln and [%ram and [Campbel l  

0.05 

0 . 0 2 1  

0.011 

0 . 0 9  

0.02 0.025 

0.051 

0. I8 

0.20 0.090 

0 . 0 7 8  

0.31 0 . 1 8  

0.41 0.111 0 . 4 8  
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