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ABSTRACT 

Kinetics data from a previous study on the thermal dccornposition of Circcn River oil shalt kcmgcn 

wcrc rcanalwed in terms of topochemical models convcntionallv cmploycd for solid-state reaction?;. The 

analyses revealed that the thermal decomposition proceeded by mechanisms \vhich \vcrc nwrc complcs 

than the simple first-order rate law proposed by previous authors. The reactant/product intcrfacc and 

cffccts arising from diffusion of product gases from the oil shalt matrix played a kc! role in the kinetics of 

the decomposition reaction. The decomposition mechanism was seen to switch_lrom simple first-nrdcr a~ 

low temperatures (~400°C) to phase-boundary controlled at intermcdiatc tcmpcraturcs (4(K)-450°C). 

The reaction became strongly diffusion-controlled at tcmpcraturcs ahovr? 45O’C. There \V~Y also evidence 

for zero-order kinetics in some cases. A sensitivity analysis. howcvcr. rcvcalcd that rffcctivc or procedural 

kinetics paramctcrs could bc extracted such that the magnitude of thcsc paramctcrs was rclntivci> 

inscnsitivc to the particular kinetics model cmploycd. Thcsc global kinetics paramctcrs may have 

relcvancc to practical applications such as those related to modeling of retort proccsscs. A rate cxprcssion 

given by k=3.69S IO” exp(-21059/T) (min-’ ) was dcduccd for the high tcmpcraturc stage in the 

decomposition associated with the conversion of pyrolytic bitumen to the final products. 

INTRODUCTION 

Much attention has been focused in recent years on the kinetics of the thermal 
decomposition of oil shale kerogen (for a review of previous work on this topic, see 
ref. 1). Impetus for these studies derives largely from the relevance of kinetics data to 
design of oil shale retorting schemes. Both isothermal [2-51 and non-isothermal [4,6] 
techniques have been employed to study the decomposition kinetics and their 
relative merits discussed [4]. A variety of reaction schemes ranging in complexity 
from simple first order [2-61 to a set of seventeen competing reactions [7], have been 
proposed to explain the observed trends. The serious discrepancies between the 
various values reported in the literature for the kinetics parameters combined with 
the extreme sensitivity of the decomposition reaction to experimental conditions [ 11, 
seem to suggest that the thermal decomposition of oil shale kerogen is more complex 
than the behavior predicted by a first-order kinetics scheme. Attempts have been 

l To whom correspondence should be addrcsscd. 

0040-6031/82/oooO-oooO/$O2.75 ‘D 1982 Elsevier Scientific Publishing Company 



72 

made, therefore, by previous authors to describe this reaction by a second-order 
(non-linear) kinetics model [8.9]. This approach has two difficulties: (a) detailed 
considerations [lo] show that only values of reaction order equal to 0, l/2, 2/3 or 1 
have theoretical justification for decomposition reactions in the solid state [ 111, and 
(b) the concept of reaction order in solid-state decomposition reactions assumes a 
significance which is completely different from that adopted in homogeneous 
reaction kinetics [6]. The kinetic order for reactions in the solid state merely 
describes topochemical aspects at the reactant/product interface. An alternative 
explanation must therefore be sought to rationalize the complexities observed iri the 
decomposition kinetics of oil shale kerogen. In a previous article [I]. we had 
proposed that diffusion of product gases from the oil shale matrix may play an 
increasingly important role in the decomposition kinetics especially at elevated 
temperatures (> 45OOC). In this regard, it was pertinent to note the findings of 
previous authors [ 121 that most observations of first-order kinetics could be reinter- 
prezed in terms of a diffusion-controlled mechanism. Precedence for observation of 
diffusion-control in oil-shale pyrolysis may be found in an earlier work [ 131 although 
the effects were not evaluated in a quantitative fashion. We were prompted, 
therefore. to re-examine the earlier kinetics data on the thermal decomposition of oil 
shale kerogen in the light of existing models for decomposition reactions in the solid 
state. Kinetics data for the present analyses were taken from the pioneering work of 
Hubbard and Robinson [3]. 

ANALYTICAL PROCEDURES 

Hubbard and Robinson [3] present data showing the variation in the fraction of 
kerogen decomposed (ar) with the time of heating (t’) for temperatures ranging from 
350 to 525°C. Three shale samples from the Green River formation with oil yields 
ranging from 108 1 tonne-’ to 300 1 tonne-’ were examined. In isothermal experi- 
ments such as those employed by Hubbard and Robinson [3], it is difficult to obtain 
the chosen reaction temperature instantaneously and hence to define a zero time for 
the reaction. This problem becomes more severe at elevated temperatures because 
the zime required to attain the isothermal temperature becomes a large fraction of 
the total reaction period [I]. No corrections for zero time were employed .by 
Hubbard and Ikobinson in their kinetics analyses, although Braun and Rothman [ 141 
later modified the Hubbard and Robinson data with the inclusion of an “induction 
period” to take into account the effect of heat-up times. The following procedure 
was adopted in the present study for kinetics analyses: The “raw” data of Hubbard 
and Robinson were fitted by regression analyses to yield a set of a vs. t ’ curves at the 
various temperatures for each shale sample. Typical curves are illustrated in Fig. 1. 
The displacement of these curves from the origin corresponding to zero time in these 
plots was taken as an effective measure of t,, the time required for the sample to 
attain the isothermal reaction temperature. The reaction times (t) were then ob- 
tained as t = t’ - t,. All subsequent kinetics analyses were carried out on a vs. t data. 
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Fig. I. Reprusentativc plots of the fractional conversion (a) of oil shalt kcrogcn vs. heating time. 

The t, values were usually dependent on temperature and also showed minor 
variations with the oil yield of the shales. The values ranged in magnitude from 
3 rnin for the 108 1 tonne-’ sample to 8 min for the 300 1 tonne- ’ sample at 425OC. 

The data of Hubbard and Robinson at the extreme ends of their temperature 
range were omitted for the present study because: (a) at elevated temperatures 
(> 500°C), the total reaction period was extremely short (< 5 min) and consequently 
the heat-up time occupied a significant fraction of the reaction period. The errors 
thereby introduced in the kinetics data are likely to be Iarge (vide supra); (b) at the 
lower end of the temperature range (c 375OC), the range of LY values available for 
kinetics analyses was restricted because of the exceedingly slow rate of the decom- 
position reaction. 

As outlined below, the OL vs. t data were subsequently processed in terms of 
kinetics models conventionally adopted for reactions in the solid state. 

RESULTS AND DISCUSSION 

A general equation describing the kinetics of reactions in condensed phases is [ 151 

OI= 1 - exp(-BP’) (1) 

or 

--In ln(1 - a)=lnB+mlnt (2) 

where B is a constant which depends in part on the vibration frequency and of the 
linear rate of grain growth and m is a constant which can vary according to the 
reaction mechanism. According to eqn. (2), --In ln(1 - a) when plotted against In t 

should yield a straight line with slope M. Theoretical values of m corresponding to a 
particular decomposition mechanism have been tabulated by previous authors [ 151. 
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Diffusion-controlled decomposition mechanisms yield IZI values between 0.54 and 
0.62. a first-order reaction gives a slope of unity. phase-boundary controlled reac- 
tions are char.?cterized by 1~1 values of either 1.07 or 1.11 depending on the geometry 
and the Avrami-Erofeev (nucleation and growth) reactions yield nr values of 2 and 
3. the values again depending on the specific geometry of the reactant/product 
interface. Although the inherent accuracy in a vs. t data is usually insufficient to 
distinguish between the esact mechanisms comprising the above broad classes of 
reactions (e.g. below the two sub-classes of phase-boundary controlled reactions. 
contracting cylinder: 112 = 1.07 and contracting sphere: nt = 1.1 I), the magnitude of 
the slopes are sufficiently different between major categories of reaction models to 
enable preliminary identification at the onset of a kinetics analysis. Subsequent 
differentiation may be achieved by supportive information on the specific reaction 
geometry and sample shape employed and also by plotting the functions correspond- 
ing to a specific model versus c over a wide range of a (vide infra). The functions 
usually adopted for reaction kinetics in the solid-state are described in refs. 16 and 
17. it is pertinent to note that in the above method of analyziug isothermal kinetics 
data. errors due to heat-up time and consequent uncertainty in the initial conditions 
may. be avoided by choosing a values above - 0.10. 

Table I lists the ITI values obtained for the three Green River oil shale samples 
studied by Hubbard and Robinson. The variation of 111 with temperature is also 
shojvn in this table. Representative plots of --in In( 1 - a) vs. I from which values of 
UI were obtained (cf. eqn. (2)) are shown in Fig. 2. Three points may be noted in the 
data shown in Table 1: (a) the slopes differ significantly from unity for all the three 
samples. This immediately suggests that the decomposition of oil shale kerogen does 
not follo\v a simple first-order Iaw: (b) the nt values are significantly low at 
temperatures >- 425°C. Such low values would be consistent with a situation where 
product diffusion starts to exercise greater control on the overall kinetics at elevated 
temperatures where the reaction rates are intrinsically high. Compelling proof that 
this is indeed so is provided by the analyses below. and (c) the thermal decomposi- 
tion of oil shale kerogen is kinetically complex and no single model describes 
adequately the behavior over the entire temperature range from 375 to 5OOOC. For 
example. apart from diffusion-controlled mechanisms at temperatures above 
- 4’75°C. there is evidence for phase-boundary controlled kinetics behavior at 
intermediate temperatures (e.g. at 450°C for the 212 1 tonne-’ sample). A zero order 
reaction mechanism (IZI = 1.24) would be also consistent with the data at specific 
temperatures (e.g. 425OC. Table 1) for the three samples. Further evidence for 
zero-order rate law is provided by the almost linear nature of the u vs. t curves at 
this temperature (cf. Fig. 1). 

It is pertinent to note at this point that Hubbard and Robinson had analyzed 
their kinetics data in terms of first-order kinetics. In fact, with the exceptions noted 
above in the introductory paragre?h, a first-order model seems to be the one favored 
by most authors in studies on oil shale. 

Another method of analyzing the kinetics of condensed phase reactions makes use 
of reduced-time plots [17]. This method is based on the validity of a general 
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expression of the form 

F(a) =kt (3) 

where F(a) is a function describing the reaction mechanism and k is the rate 
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Fio ?. 1. Plots of --In In( 1 -a) vs. In I (eqn. (2)) for Gwen Riwr oil sIxtIc ktrogcn: (u) IUX I tmne-’ 

sample. 425°C: (b) 212 I tonne - ’ snniplc. 4W°C: (c) 300 I tmne - ’ sample. 425’C. 

constant at a given temperature. On a reduced time scale the above expression 
reduc,ed to 

Ft a 1 = A ( t/%.5 > (4) 

where to.5 is the time at which a = 0.5 and A is a calculable constant which depends 
on the form of F(a). The advantage of the approach based on reduced-time plots is 
that a single curve can be calculated of (Y vs. (t/ro,s) for a particular kinetics model. 
This curve may then be directly compared with experimental data for all values of 
temperature, pressure and other variables for which eqn. (3) remains valid. There- 
fore, any change in the kinetics and mechanism over the range of temperatures 
selected for the reaction under investigation, may be readily identified. Conversely, a 
reaction which obeys a single kinetics model throughout the temperature range of 
study, would yield experimental data which are described by a single cy vs. t/20.5 
curve [17]. 
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Figure 3 illustrates reduced-time plots for the 108 1 tonne-’ oil shale sample. 
Figures 4 and 5 illustrate corresponding data on the 212 and 300 1 tonne - ’ samples. 
Also shown for comparison are the “theoretical” a vs. t/tee5 curves for first-order 
kinetics, diffusion-controlled reaction in a sphere or cylinder and a contracting 
sphere and cylinder (phase-boundary controlled) decomposition model. The results 
snown in Figs. 3-5 are entirely consistent with the trends observed from the 
preceding analysis (cf. Table 1). Agreement with a diffusion-controlled reaction 
model is particularly good at elevated temperatures (e.g. 5OOOC) for the 108 and 
330 1 tonne - ’ samples and is consistent with the low 111 values observed at these 
temperatures (Table 1). Differentiation between a first-order model and the phase- 
boundary controlled reaction mechanisms seems to be less clear-cut in the data 
shown in Figs. 3-5 except perhaps at high conversions. This difficulty as stated 
above, is fairly common in analyses of solid-state kinetics. While major categories of 
reaction mechanisms may be readily distinguished, differentiation between the 
behavior shown’ by differin g geometries within the confines of a particular kinetic 
model is difficult. In any case, as shown by the results of the preceding analyses, it is 
unlikely at least under the conditions employed by Hubbard and Robinson [3]. that 
any one single model adequately represents oil shale decomposition kinetics 

throughout the temperature range 375-5OOOC. Two points clearly emerge from the 
data ‘described thus far: (a) diffusion-control becomes increasingly important at 
elevated temperatures (> - 475”(Z), (b) the kinetics behavior is extremely sensitive to 
the sample geometry and experimental conditions such that any significance at- 
tached to the kinetics parameters thereby extracted must take these complicating 
factors into account. 

It seems pertinent at this point to ask the question “Can meaningful values of 
kinetics parameters be extracted in spite of the complexities noted above in the 

Fig. 3. Reduced-time plots for Green River oil shale (108 1 tonne- ’ sample). The dashed lines marked 

l-5 represent the theoretical curves for diffusion-controlled reactions in a sphere and cylinder first-order 

reaction and phase-boundary controlled reactions in a contracting sphere and cylinder. respectively (cf. 

ref. 17). 
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Fig. 4. Reduced-time plots for Green River oil shale (212 I tonne-’ sample). 
to notation in Fig. 3. 
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mechanistic aspects of the decomposition reaction?“. To address this question, we 
employ a criterion wherein we examine the extent of sensitivity of the computed 
kinetics parameters to the particular model (vide supra) chosen for the analysis. If 

the parameters show drastic variations depending on the model employed, then their 
usefulness is questionable. Conversely. if the parameters are relatively insensitive to 
the particular kinetics model chosen for their computation, then a “global” kinetics 
representation may be employed to describe the overall decomposition reaction. 

Such a representation may have relevance to practical applications such as those 

reiated to modeling of oil shale retorts. 

For this purpose, the a vs. t data for the three oil shale samples were re-analyzed 
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Fig. 5. Reduced-time plots for Green River oil shale (300 1 tonne-’ sample. The dash& lines correspond 

to notation in Fig. 3. 
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in terms of F(ar) vs. t plots for a first-order model and phase-boundary controlled 
reaction mechanisms. Two separate models for the latter were employed based on a 
contracting cylinder and a contracting sphere geometry. The relevant equations for 
the kinetics models are respectively [ 16,171 

-ln(I -cr) =k,r (5) 

1 - (1 -a)“2=kzt (6) 

1 - (1 - LY)“~ = k,t (7) 

Representative plots are shown in Figs. 6-8 for the data at various reaction 
temperatures pn the 212 1 tonne-’ sample. Similar plots were obtained for the 108 
and 300 1 tonne-’ samples. From the slopes of these straight-line plots, the rate 
constants for the three mechanisms were extracted at different temperatures [cf eqns. 
(5)-(7)]. These are tabulated in Table 1. 

, The rate constants are related to temperature by the Arrhenius expression 

k = A exp( -E,/RT) (8) 

where A is the pre-exponential factor, E, is the activation energy, R is the universal 
gas constant and T is the absolute temperature. According to eqn. (8), plots of In A- 
vs. l/T should yield straight lines from which the kinetics parameters A and E may 
be extracted from the intercept and slope, respectively. Figures 9-l 1 illustrate 
Arrhenius plots obtained for the three Green River oil shale samples. The kinetics 
parameters extracted by least-square analyses of the data in Figs. 9- 11 are assem- 
bled in Table2. 

The following points may be noted in the data in Figs. 9- 1 I and Table 2: (a) both 
the first-order rate law [eqn. (5)] and the contracting-interface expressions [eqns. (6) 

TIME.min 

Fig. 6. Plots of the first-order equation [eqn. (S)] p or Green River oil shale (212 1 tonne-’ sample). 

Temperature is shown as the parameter. 
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Fig. 7. Plots of the contracting-sphcrc equation [cqn. (6)j for Cirecn River oil shnlu (211 I tonne -’ 

sample). Temperature is shown as the panmcttr. 

and (7)J yield kinetics parameters which are essentially the same within the limits of 
experimental and analytical errors: (b) the magnitude of the kinetics parameters 
does not show a systematic dependence on the oil yield of the shale. Hubbard and 
Robinson 133 came to 3 sinlilar conclusion from analyses of their kinetics data: (c) 

the pyrolysis of oil shale kerogen is described by a single reaction over the 
temperature range 3?S-500°C. The break at -437°C observed by Hubbard and 

Robinson in their Arrhenius plots is absent in the present data for all three samples 
(Figs. 9- 11). and (d) values of E, obtained in the present study are significantly 
different from those obtained by Hubbard and Robinson using a first-order kinetics 
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Fig. 8. Plots of the contracting-cylinder equation [eqn. (7)] for Green River oil shale (212 1 tonne -’ 
sample). Temperature is shown as the parameter. 
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model (113.72 k3 mole - ’ below 437°C and 46.5 1 kJ mole-’ above 437°C). 
The relative insensitivity of the kinetics parameters to the particular model chosen 

for the analyses is encouraging from an applications viewpoint and suggests that 
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Fig. 10. Anhenius plots for Green River oil shaIe (212 1 tonne -* sample). Notation as in Fig. 9. 
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Fig. I I. Arrhcnius plots for Green River oil shale (300 I tonne-’ snmplc). Notation as in Fig. 9. 

meaningful values of kinetics parameters may be extracted in spite of the complexi- 
ties noted above in the detailed mechanistic aspects of the decomposition reaction. 
However, it is reiterated that such values are only “effective” or “procedural” in that 
any further interpretation of these parameters in terms of chemical or structural 
alterations undergone by oil shale kerogen, must take into account the complex 
topochemistry of the reactant/product interface (vide supra). 

Unlike our previous study [6] on the thermal decomposition kinetics of oil shale 
kerogen under non-isothermal conditions, we have not been able to resolve the 
low-temperature step associated with the thermal decomposition of kerogen to a 
bitumen intermediate. The reaction temperatures of Hubbard and Robinson which 
were included for the present analyses are too high for the low-temperature step to 
play a predominant role in the overall kinetics [18]. (For the reasons mentioned 
above, temperatures below 375OC were not included for the present study.) This is 
confirmed by the location of the break-point (- 400°C) in the Arrhenius plots at the 
lowest heating rate employed in the previous study [6]. This “knee’ is expected to be 
shifted to still’lower temperatures under isothermal conditions. We do not believe 
that the break observed by Hubbard and Robinson at 437°C in their Arrhenius plots 
is associated with the reaction sequence 

Oil shale kerogen 
>375”C 

+ pyrolytic bitumen 
c375oc 

-, gas + oil + carbon residue (9) 

On the other hand, the changes in slope observed by these authors in their Arrhenius 
plots may be, attributed to difficulties in measuring decomposition rates and to the 
complicating effects of. heating history (i.e. large heat-up periods, tide supra) at 
elevated temperatures. The low. E, values (46.51 kJ mole-‘) obtained by these 
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TARLE 3 

Comparison of kmctics psrametcrs from the premt study3 with values previously reported in the 

literature cm oil shales 

Ea .d RCf. 

(kJ moIc - ’ ) (min-‘) 

17h.47 

ISZ.lh 

2 17.88 
167.60 

I hY.70 

199.00 

3.69s IO" 
6.20x IO” 

1.80X 10’5 
2.79x 10” 

4.95 x 10’3 

This work 

6 

4 

2 

5 

19 

3 Values of Ea and A averaged from those obtained from first-order and contracting-intcrfacc cquotions 

(cf. Table 2). 

authors also reflect the increasing importance of product diffusion and are entirely 
consistent with the evidence presented above for the onset of a diffusion-controlled 
reaction mechanism at temperatures above - 475OC. 

Finally. Table3 compares the kinetics parameters obtained from the present 

analysis with values previously reported in the literature. For this comparison, only 
the parameters corresponding to the high-temperature step in eqn. (9) have been 
taken from the available literature data. The spread in the reported values of the 
kinetics parameters is significantly smaller if the complicating effect of diffusion- 
control is taken into account. For example. for the comparison shown in Table3. 
values of E, lower than - 80 kJ mole-’ have been omitted because we believe, 
particularly in the light of the present study. that these low E, values are clouded by 
artifactual rate-control exercised by diffusion of product gases and therefore do not 
represent the pyrolysis reaction per se. Therefore, the maximum spread in the E, 
values reported in the literature for the high temperature decomposition of oil shale 
bitumen is only 65.72 kJ mole-’ (cf. Table 3) compared with a discrepancy of - 180 
kJ mole -I observed in the previous case [I]. The corresponding variation in the 
pre-exponential factors reflects the rather large errors usually inherent in their 
computation. 

SIJIMMARY AND CONCLUSIONS 

The present study has emphasized the role of the dynamics of the reactant/prod- 
uct interface and diffusion processes in the kinetics of the thermal decomposition of 
oil shale kerogen. The quantitative aspects of these processes have been established 
for the first time. The rate-control exercised by heat transfer and product diffusion is 
likely to be nore severe under conditions typical of those existing in above-ground 
and in-situ oil shale retorts. These effects may be minimized (although admittedly in 



85 

an artificial manner) in kinetics studies on oil shale by employing a thin layer of the 
test sample such that heat and mass transfer is facilitated. A first-order rate law 
seems to provide a good explanation of the observed kinetics under these conditions 
[6]. In any event, “global” kinetics parameters may be generated for practical 
applications related to oil shale retorting such that they describe the overall 
temperature dependence of the reaction rate rather than the microscopic details 
associated with the decomposition mechanism. 
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