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There are significant resources of oil shale in the western United States, which if
exploited in an environmentally responsible manner would provide secure access to
transportation fuels. Understanding the kinetics of kerogen decomposition to oil is crit-
ical to designing a viable process. A dataset of thermogravimetric analysis (TGA) of
the Green River oil shale is provided and two distinct data analysis approaches—
advanced isoconversional method and parameter fitting are used to analyze the data.
Activation energy distributions with conversion calculated using the isoconversional
method (along with uncertainties) ranged between 93 and 245 kJ/mol. Root mean
square errors between the model and experimental data were the lowest for the iso-
conversional method, but the distributed reactivity models also produced reasonable
results. When using parameter fitting approaches, a number of models produce similar
results making model choice difficult. Advanced isoconversional method is better in
this regard, but maybe applicable to a limited number of reaction pathways. © 2011
American Institute of Chemical Engineers AIChE J, 58: 505-515, 2012
Keywords: oil shaleltar sands, petroleum, reaction kinetics

Introduction

Oil shale offers promise as a significant domestic oil
source. The Green River formation contains proven vast
amounts of oil shale spread among the states of Colorado,
Utah, and Wyoming.' Mahogany zone is one of the richest
oil zone intervals.* The organic portion of the shale, known
as kerogen, undergoes chemical decomposition on thermal
heating or retorting to produce a liquid (shale oil). Retorting
of oil shale can be performed in different environments. Py-
rolysis is a process of heating oil shale in an inert environ-
ment. Primary products of pyrolysis are liquid, gas, and
coke. The extent of decomposition (yield) and the quality of
pyrolysis products depend on the composition of the source
material,s_7 the temperature-time history,g’9 pressurf:,m_12
residence time (secondary reatction),m’14

and presence of
15-18 19 20 21
other reactants such as water, methane, ~ O,,” CO,,
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etc. Because of the chemical composition of the oil pro-
duced, moderate to significant upgrading (nitrogen removal
and/or hydrogen addition) may be required to convert the oil
into a refinery feedstock.”* Producing shale oil of desira-
ble characteristics (low heteroatom content and molecular
weight, and high hydrogen) requires an understanding of the
decomposition mechanisms and kinetic parameters—activa-
tion energy (F), pre-exponential factor (A), and the reaction
model [f(x)].

TGA analysis of oil shale pyrolysis has appeared in the lit-
erature: Colorado oil shale (Green River Formation),? %’
Spanish oil shale (Puetrollano),7 Chinese oil shales,zgf30 Paki-
stani oil shale,31 Jordanian oil shale,21 Moroccan oil shale,32
etc. Elemental analysis and pyrolysis kinetics of oil shales
from all over the world were summarized by Nuttall et al.’
who observed that there were considerable variations in the
kinetic parameters of the different shales. A number of
researchers have derived relatively simple but effective ki-
netic expressions for oil evolution during the pyrolysis of
Green River and other oil shales based on first-order reac-
tion,**** consecutive first-order reactions,”” parallel first-order
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reactions,”® and logistic or autocatalytic mechanisms.?’
Campbell et al** postulated a first-order decomposition
mechanism for the pyrolysis of Colorado oil shale and
reported an activation energy of 214.4 kJ/mol and a fre-
quency factor of 2.8 E 13 s~'. Leavitt et al*® proposed
two parallel first-order lumped reactions and, obtained acti-
vation energies of 191.02 kJ/mol for temperature above
350°C and 87 kJ/mol for temperature below 350°C. A con-
troversial two-step mechanism has also been proposed by
Braun and Rothman.*® Burnham'>*° have argued convinc-
ingly by using multiple sets of data that this two step
decomposition mechanism is not appropriate for oil shale
pyrolysis. More complex kinetic analysis procedures have
also been used in deriving kinetics of decomposition of oil
shales.®*** It has also been reported that kinetics parame-
ters obtained using one apparatus do not agree well with
those derived using a different system. Burnham® notes
that these differences are primarily due to the use of poor
kinetic analysis methods.

The kinetic analysis round table convened to study the
kinetics of reactions involving complex solid materials con-
cluded that it was inappropriate to use a single heating rate
and a prescribed kinetic model to derive kinetic parameters.
The basic flaw in methods which followed this procedure
was that they resulted in activation energies that were heating
rate dependent. By using a variety of computational methods,
the panel observed that isoconversion and multiheating meth-
ods were particularly useful in describing kinetics of complex
material reactions.*” Burnham and Braun®® reviewed various
kinetic analysis approaches for obtaining kinetic parameters
for reactions involving complex materials. They argue for the
use of well-chosen models that are able to fit the data and
extrapolate beyond the time-temperature range of the data.
For complex materials such as kerogen, generalized distrib-
uted reactivity models were found to be suitable. When
studying the oil shale pyrolysis data, Burnham and Braun®®
use modified Friedman and the modified Coats and Redfern
methods while also using the discrete activation energy
model. Burnhan and Dihn* also compared the isoconver-
sional methods with models obtained using nonlinear parame-
ter estimation. They concluded that reactivity distribution of
parallel reactions involving complex materials can be mod-
eled effectively using either the isoconversional methods or
parameter fitting approaches; however, they observed that the
isoconversional methods are fundamentally inappropriate for
use in modeling competing reactions.

Most of these studies recommended the use of distributed
reactivity or similar methods, where the reaction rate is
inherently independent of heating rates. Variations in the
application of these concepts exist in the literature,*~? par-
ticularly in the manner in which the equations are solved.
One of the first applications of the isoconversion method
based on the differential form of the rate equation53 is the
Friedman method. Modifications and applications to different
complex materials have been reported.*>>** A general
application of this concept is the postulation of a model-free
isoconversional method,”> where a functional form of the
reaction model is not presupposed. Extensions of this basic
theory in the form of advanced isoconversional method have
been applied to a number of complex solid materials.> %7
A comprehensive suite of kinetic analysis models based on
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506 DOI 10.1002/aic

Published on behalf of the AIChE

Table 1. Elemental Analysis of the Green River Oil Shale

Oil Shale Sample Mean (%) Standard Deviation
Carbon 17.45 0.26
Hydrogen 1.6 0.08
Nitrogen 0.53 0.06

Sulfur 0.18 0.04
Oxygen 15.69 0.79

H/C % (molar) 1.1

O/C % (molar) 0.67

Ten samples were analyzed and the mean and standard deviation are shown.

the concepts discussed by Burnham and Braun*® is available
for use (Kinetic05).

The purpose of this article is to provide a complete TGA
dataset for the pyrolysis of Green River oil shale and to com-
pare the performance of the different kinetic models in being
able to match the data. Advanced isoconversional models
have not seen widespread use perhaps due to their relative
computational complexity. The methodologies for implemen-
tation of these models allow computations of parameter uncer-
tainties as well. The sophisticated parameter fitting methods
are intuitive and easily implemented. However, selection of a
unique model from a number of available choices is some-
times difficult. In this article, the root mean square errors
between the experimental and modeling data are compared.
Selection of a model has real consequences on process predic-
tions—hence, it is important to understand the advantages and
disadvantages of using different models.

Experimental Section

The oil shale samples obtained from the Utah Geological
Survey were crushed and screened to 100 mesh (1.49 x
10~* m) size particles. The samples were from the Mahog-
any zone of the Green River formation. The CHNSO (car-
bon, hydrogen, nitrogen, sulfur, and oxygen) elemental anal-
yses of the samples were performed using LECO CHNS-932
and VTF-900 units and results are summarized in Table 1.
The table lists the values along with the standard deviations.
The elemental analysis shows that oil shale obtained is Type
I on Van Krevelen classification diagram based on the H/C
ratio (1.1) and O/C ratio (0.67).58 The crushed samples were
dried for 4 h at 100°C to remove moisture. There was no
significant weight loss during drying, and hence, the samples
were used as received after screening to 100 mesh. To study
the reaction kinetics, a TGA instrument (TA Instruments Q-
500) was used for the entire temperature range of kerogen
decomposition in N, (pyrolysis) environment. Nonisothermal
TGA offers certain advantages over the classical isothermal
method because it eliminates the errors introduced by the
thermal induction period. Nonisothermal analysis also per-
mits a rapid and complete scan of the entire temperature
range of interest in a single experiment.

Results and Discussion
Experimental data

Nonisothermal TGA experiments were performed at heat-
ing rates between 0.5 and 50°C/min for the decomposition
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Figure 1. Nonisothermal TGA pyrolysis thermograms:
rates go from 0.5°C/min to 50°C/min.

The solid lines are weight loss curves and the dashed lines
are derivatives. The arrow indicates that the rates increase
as we go from bottom to the top. In the derivative curves,
the highest peaks for the highest rate used. The second set
of derivative peaks is due to mineral decomposition.

of the crushed and undried oil shale samples (20-30 mg).
Weight loss data along with derivatives are shown in Figure
1 for seven (7) heating rates. The mass and temperature
measurements in the instrument were calibrated periodically
and confirmed with a standard material, calcium oxalate.
Excellent reproducibility was observed in the mass loss
curves. The TGA kinetics could be affected by different pro-
cess parameters, such as flow rate, particle size, etc. Galan
and Smith?® concluded that if the particle size was greater
than about 4 x 10~* m and if more than two to three layers
of particles were present, transport of heat and mass influ-
ence the rate. Hence, the sizes of the particles used along
with other conditions used were specifically designed to
eliminate heat and mass transfer effects during pyrolysis.
The total flow rate of nitrogen gas was 100 ml/min (60 ml/min
as purge and 40 ml/min as balance gas).

The total extractable kerogen content in Mahogany oil
shale was found to be about 10-12% of the total weight.
There was no significant weight loss observed during pre-
heating, confirming the absence of moisture content in the

ing to organic and carbonate decompositions. The carbonate
decomposition commenced at 525°C or above, depending
upon the heating rate, and resulted in a total weight loss of
about 25-30%. It was also observed that the maximum rate
shifts to higher temperatures and decomposition rate
increases as the heating rate increases from 0.5 to 50°C/min.
This difference is due to shorter exposure time to a particu-
lar temperature at faster heating rates (Figure 1). The or-
ganic decomposition occurs between 250 and 550°C and
depends on heating rate. The data show one single peak for
organic decomposition, indicating that one distinguishable
process occurs in this temperature range. Nonisothermal
experimental conditions and onset analysis criteria such
as start, maximum rate and end points are summarized in
Table 2.

Kinetic analysis—advanced isoconversional methods

It has been noted in the earlier literature that kerogen is a
cross linked, high molecular weight solid.>*%° During pyrol-
ysis, bonds are broken, leading to multiple reactions. As
described earlier, one peak was observed in the organic
decomposition temperature range. Consequently, globally
single stage decomposition was assumed in deriving Kinetic
rate expressions.

Kerogen———Decomposition products

Advanced isoconversion methods or sophisticated parame-
ter estimation methods would be appropriate for the analysis
of kinetics of decomposition of complex materials like kero-
gen.43’49 The salient features of these methods are discussed
here.

The conversion of solid matter in shale (kerogen) to prod-
ucts from TGA weight loss data is defined as,’’

W W,

=— 1
o Wo — We (D

In general, the rate of decomposition can be expressed
using the non parametric kinetic equation

sample. This result was confirmed in TGA experiments, do =f£(T) -f(«) 2)
where there was neither significant peak detection nor dt
weight loss below 150°C. Two significant derivative peaks
in all nonisothermal experiments were observed, correspond- Using Arrhenius expression leads to the following,
Table 2. Analysis Criteria for the Nonisothermal TGA Pyrolysis Data
Analysis Criteria
Start End Maximum

Heating Rate (/) Initial Weight (mg) T (°C) wt % Loss T (°C) wt % Loss Tmax CC) wt % Loss

0.5 22.64 255.6 1.32 421.6 8.02 392.7 6.48

1 28.64 269.6 1.16 437.6 7.48 398.3 5.79

2 26.90 280.0 1.33 456.4 8.43 414.1 6.52

5 25.97 348.9 2.17 474 9.41 432.2 7.17

10 38.45 349.7 1.74 490 9.67 445.6 7.26

20 29.49 371.6 1.58 504 10.68 460.1 7.92

50 22.37 377.3 1.43 530.6 11.13 477.0 7.89
AIChE Journal February 2012 Vol. 58, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 507
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Isoconversional methods are specifically designed to
address deficiencies in variable heating rate alnalyses.43
Advanced model-free isoconversion method has been used in
this article. The concepts of advanced isoconversional
method and estimation of uncertainty were adapted from a
series of papers published by Vyazovkin and Wight, and co-
researchers, 76264

For a constant heating rate § = dT/dt, Eq. 3a can be writ-
ten as:

[g.%:A.eFm-f(a) (3b)

The direct solution of this equation requires numerical dif-
ferentiation of the experimental measurements.’* The inte-
gral form of this equation after separating variables is:

o T
do 1 e 1
[ edr = [I(E,, )] @
O/A flo) /30/ p

There is no known analytical solution to the integral in
Eq. 4. Several approximations have been proposed.®>® It
would also be possible to perform numerical integration
using well-established procedures. The assumptions that
reaction model does not depend on heating rates and is con-
stant for a small conversion interval lead to the integral form
of the rate law (5).

Oend Ostart _ ](Eou Tw) (5)

Af(2) p

These assumptions suggest that the integral at any particu-
lar conversion should be the same for all heating programs
and be a function of time-temperature relationship. Accord-
ing to this, for a set of N experiments carried out at different
heating programs, the activation energy is determined at any
particular level of conversion by minimizing the following
function.”

N

I L(E,T)\?
c0-ynn i (En)  ©

L j#i

Where the subscripts i and j represent two experiments
performed under different heating programs. The trapezoidal
rule is used to evaluate the integral numerically and the min-
imization procedure is repeated for each value of o to find
the dependence of activation energy on the extent of conver-
sion. The activation energy distribution obtained in Eq. 6
can be used to determine [A-f(e)] as a function of a. The
confidence intervals for the activation energies and for the
values of A-f(a) can be calculated using the statistical
approach described.>*%*

The experimental rate and conversion data can be recon-
structed based on the model parameters using Eq. 7 below.
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In

B (ﬁ)} = In[A ()] ~ (R ET) ™

A MATLAB program using the function ODE45 was used
to solve the above ordinary differential equation. E(o) and
[A-f(z)] which were inputs to the MATLAB program were
obtained using the isoconversional analysis described above.

The kinetic models can be used to extrapolate to nonex-
perimental rates. Slow pyrolysis that is likely during in situ
oil shale production and high rates of flash pyrolysis are of
interest. The assumptions of the isoconversion method
(Eq. 5) allow calculating the temperature to reach a level of
conversion at extrapolated heating rates using the following
mathematical equivalency,®
(Ex,Tos) _ 1(EsnTyy) )

Bi B

The equation above was used to estimate the temperature
at which the material starts to convert. The procedure for
reconstruction was then used to obtain conversions and rates
at extrapolated conditions. One of the advantages of using
the advanced isocoversional approach is that uncertainties in
E values can also be estimated.

Kinetic analysis—advanced parameter fitting approaches

Results from other parameter fitting models were com-
pared with those obtained with advanced isoconversional
method. The KineticO5 package developed by Braun and
Burnham at Lawrence Livermore National Laboratory and
supplied by GeolsoChem is capable of obtaining kinetic pa-
rameters of a variety of models. These include the power
law and the distributed reactivity models. TGA or other ther-
mal analysis data can be used. Distributed reactivity model
options include the Friedman-based isoconversional method,
Gaussian and Weibull distributions, and a few others. The
application of these models were discussed by Burnham and
Braun*® for different complex materials. In KineticOS5, the
model parameters are refined by minimizing the residual
sum of squares between observed and calculated reaction
data by using nonlinear regression. The details of mathemati-
cal formulas and solution procedures have been published
previously.48

Kinetic analysis results—advanced
isocoversional method

The TGA data were normalized from O to 1 before analy-
sis. The temperature at which the derivative of weight loss
starts to rise was chosen as the zero conversion point, and
the temperature at which the weight derivative returned to
the base line was the end point. Isokin, a package developed
at the University of Utah,”* was used for the calculation of
the distribution of activation energies and other kinetic pa-
rameters. Distributions in kinetic parameters, £ and A-f(o)
were determined as functions of conversion.

The confidence interval estimation was performed by
using different number of heating rates and/or different com-
binations of heating rates. Uncertainties were calculated for
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Figure 2. Distribution of activation energies for pyroly-
sis of Green River oil shale calculated using
the advanced isoconversional method.

The uncertainties in activation energy values are shown for
different numbers of heating rates considered and for differ-
ent combinations. As all of the heating rates are used,
uncertainties are reduced over the entire conversion range
(d). The final calculation of activation energies with uncer-
tainties are shown in Figure 3a.

10 conversion intervals for different cases (Figures 2a—d).
Uncertainty values increased when fewer rates were used.
When heating rates spanning the wider range (e.g., 50°C/min
and 0.5°C/min) were included in sparse data sets, the uncer-
tainties were generally lower. Figure 3a shows activation
energy distribution (as a function of conversion) and associ-
ated uncertainties when all the seven heating rates were
employed. Figure 3b shows A-f(a) as a function of conver-
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1 3a- Distribution of activation energy
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Figure 3. Distribution of kinetic parameters with extent

of conversion [(a) activation energy (b) A-f(x)]

determined using the advanced isoconver-

sional method.

All of the seven rates were used in calculating the kinetic

parameters. Uncertainties in activation energy values are
also shown.
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Figure 4. Comparison of kinetic parameters from
advanced isoconversional and the Friedman
method.

The kinetic model is assumed to be first order for this com-
parison.

sion. Activation energies ranged from 93 to 245 kJ/mol. The
values of A-f(x) varied from 1.42 E 6 to 4.46 E 16 min~ ",
The kinetic parameters estimated in this work are consistent
with those observed by others for Green River oil shale.*~*
For Kukersite shales, which was considered a “standard”
because of reproducibility, the activation energies ranged
from 210 to 234 kJ/mol.*® The values of activation energies
reported in this work of about 93-245 kJ/mol are lower at
lower conversions.

It is argued®’ that the variation in activation energy for
the decomposition of a complex material is caused by the
fact that the overall rate measured by thermal analysis is a
combination of the rates of several parallel reactions, each of
which has its own energy barrier, and hence an activation
energy. The effective activation energy derived from these
global rate measurements becomes a function of the individ-
ual activation energies.

x T ¥ T ¥ T . T i T ¥ T ¥ T X T

404 © Advanced Isoconversion i
. ---- Advanced Isoconversion-Linear fit
< O Friedman
= —— Friedman-Linear fit
o 354 -
©
8
s
£ 304 .
]
c
o
=3
& 25 4
@
[=8
O 204 4
2
E
% Isokin - Y =0.171X -1.477 , R* = 0.995
g 15 Friedman-Y =0.170 X -1.489 , R*=0.999 |
3

10

—7r r r T r -1 "7~ T7 1T " 7T1°

80 100 120 140 160 180 200 220 240 260
Activation energy (E), kJ/mol

Figure 5. Constable plots for Friedman and advanced

isoconversional kinetic parameters.
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Figure 6. Experimental and simulated conversion pro-
files at different heating rates using the
advanced isoconversional method.

MATLAB-based computational method described in the
text was used.

Advanced isoconversion method provides combined pre-
exponential factor and reaction model as function of conver-
sion. The values of pre-exponential factor A can be calcu-
lated after assuming a reaction model (order, functionality,
etc.). For example, the Friedman method assumes a first-
order reaction, and using the functionality of (1 — o) for
f(®), A can be calculated. A graphical implementation of the
Friedman approach also yields E(x) and A as functions of
conversion. The comparison of kinetic parameters obtained
from Isokin first-order model and Friedman graphical
method are depicted in Figure 4. The agreement between
kinetic parameters obtained using the two approaches is excel-
lent. The results support that thermal decomposition pyrolysis
of Mahogany oil shale is globally a first-order process. This is
also confirmed by observing the Constable plot, that examines
the relationship between logarithm of A and E.°® The linear
(or near-linear) profile in the Constable plot may be
adequate®” to confirm the order of the reaction. The Constable
plots shown in Figure 5 are remarkably linear confirming the
order to be unity for both the approaches used.

The distributions of E and A-f(«) were used in model
equations to recreate the experimental data. A MATLAB
code with the ODE45 solver was used in the calculations. In
the practical implementation of the code, temperature was
the dependent variable. Results of the model comparisons
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Figure 7. Simulated conversion profiles at extrapolated
constant heating rates using two different ini-
tial temperatures.

Continuous lines show profiles with Ty = 100°C and dotted
lines depict extrapolations with T} calculated from Eq. 8.

with the experimental data are shown in Figure 6. The agree-
ment between the model and the experimental data is good
over most of the conversion range, and for all the rates. The
experimental data at 10°C/min were used as basis to calcu-
late the conversion profiles for rates at which experimental
data was not available. Extrapolated profiles at rates ranging
from 0.01°C/min to 500°C/min are shown in Figure 7. At
slow heating rates, decomposition begins at lower tempera-
tures, whereas in the fast pyrolysis, the products are released
at higher temperatures. Simulated decomposition rates and
onset temperatures shift to higher temperatures at higher-
heating rates. The extrapolated results are not all consistent
with some experimental results. To explain all aspects of the
extrapolated profiles, introduction of reaction initiation type
mechanisms'*® proposed by a few researchers may have to
be considered.

Kinetic analysis results—advanced parameter
fitting models

The models from KineticO5 used for comparison purposes
are listed in Table 3. Table 3 also shows the parameters
obtained. The power law model was applied in two cases:
first-order and nth-order. In the latter case, optimal values of
n, E, and A were obtained using nonlinear regression. The
nth-order reaction model is mathematically equivalent to

Table 3. Parameters Obtained Using Selected Kinetic Models Available in Kinetic05

Kinetic Models E (kJ/mol) A (1/s) Order Parameter 1 Parameter 2
Gaussian n=n 180.061 8.12E E 10 0.53 4.19 E +00
n= 181.446 129 E +11 1.00 3.78 E +00
Discrete Case 1 Figure 8(a) 5.72 E 409 1.00
Case 2 Figure 8(b) 1.00 E +14 1.00
Case 3 Figure 8(c) et 1.00
Weibull 163.154 6.64 E 409 1.00 1.04 E +04 9.99 E 400
First order 156.968 2.19 E 409 1.00
nth order 160.735 5.80 E 409 1.65 1.65
Isoconversional Figure 4 1 Friedman based
510 DOI 10.1002/aic Published on behalf of the AIChE February 2012 Vol. 58, No. 2 AIChE Journal
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Figure 8. Distribution of activation energies from dis-
crete reactivity models (Cases 1-3 as described
in the text).

Gamma distribution.”” The Gaussian distribution approach
used by Braun and Burnham’' was also used with the first
and the nth-order models. Discrete reactivity distribution
models are based on different combinations of A and E
assuming the reaction to be first order. Three different cases
were used in this work, and the results were compared:
1. Fixed E-spacing;

2. Initial A-range and fixed E-spacing; and

3. Constable relationship for A and E, (In(A) = a + bE).

The distributions of activation energies from discrete mod-
els are shown in Figure 8. The three different approaches
produced different kinetic parameters. Use of Weibull distri-
bution is another parameter fitting method used extensively
for petroleum source rocks by Lakshmanan and White.”? Iso-
conversional method in KineticO5 is based on the first-order

Friedman-type of analysis. The distribution of activation
energies obtained using this approach in KineticO5 is almost
identical to the distribution obtained using the advanced iso-
conversional method (Figure 4). The reconstruction of con-
version and rate experimental data using different KineticO5
models and Isokin were compared at all experimental heat-
ing rates. The results are shown for a heating rate of 10°C/
min in Figure 9. The general trend is that the cumulative
conversions are matched reasonably well while the rates
have higher discrepancies.

Comparison of the different kinetic models used

The comparison of the sum of the root mean square
(RMS) errors (all seven experimental heating rates) is shown
in Figure 10 (Figure 10a for reaction rates and Figure 10b
for conversions). The errors were calculated for 100 points
of conversion at the same values of experimental tempera-
tures. The RMS values are lower for the advanced isocon-
versional method compared with the parameter fitting and
reactivity distribution models. The isoconversional approach
from KineticsO5 also produced RMS values comparable with
the ones shown for the advanced isoconversional method.
The parameter fitting approaches, particularly with discrete
activation energies also result in reasonable RMS values.
The parameter fitting approaches may result in determination
of parameter sets that are nonunique. For example, the first-
order and nth-order models with Gaussian distribution are
characterized by different parameter sets (Table 3), but pro-
duce about the same goodness of fit (Figure 10). When this
happens, model discrimination becomes an issue. However,
these models are flexible and can be used with any reaction

combinations (parallel, series, etc.). The isoconversion
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Figure 9. Comparison of different kinetic models at a heating rate of 10°C/min [panel (a) conversion and panel (b)

reaction rate].
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Figure 10. Comparison of different kinetic models based on sum of root mean square (RMS) residues.

In all these calculations, 100 experimental data points were used. RMS is summed over all of the seven experimental heating rates.

approach which does not consider a kinetic model a priori
gets around this, but may not be as flexible as the parameter
fitting methods. Burnham and Dinh* argue that isocovension
models are not suitable for modeling reactions in series.

The kinetic parameters obtained from different models
were used to extrapolate the data outside of the experimental
range. The resulting profiles are compared in Figure 11 for
conversion and reaction rate at a heating rate of 100°C/min.
Conversion profiles are also shown in Figure 12 for a heat-
ing rate of 0.01°C/min. The high heating rates would be ap-
plicable for a flash pyrolysis process, whereas the slow heat-
ing rates are likely in in situ heating of oil shale deposits.
These figures show that there are discernible consequences
when the models are used to extrapolate the data. At high
heating rates, decomposition begins at much higher tempera-
tures when the isoconversional model is used. This trend is
consistent with what is observed in the TGA. The peak rates

and the temperature range over which the reactions occur
(spread of the rate curve) are better reproduced when the
isoconversion method is used. Similarly, at lower-heating
rates, conversion begins at a lower temperature when the iso-
conversional model is used. The better performance of the
isoconversion model is attributed to the fact that it follows
the progress of reactions on the relevant conversion inter-
vals.

Conclusions

In this article, we present a thermogravimetric analysis
data of oil shale pyrolysis at seven different heating rates.
Derivatives of the weight loss curves show a single major
peak in the organic weight loss region indicating that the
decomposition is governed by single global mechanism. Ki-
netic methods found suitable for the analysis of reactions of
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Figure 11. Comparison of different kinetic models at a heating rate of 100°C/min [(a) conversion and (b) reaction

rate].

It is seen that under fast pyrolysis conditions, model of choice does have significant impact on predictions.
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The rates for in situ operations are usually slower than
this. At these slow rates, also choice of the model used is
important in understanding the rate of conversion of oil
shale.

complex materials were used to analyze the data and derive
kinetic parameters. The advanced isoconversional method
yielded activation energies as function of conversion in the
range of 93-245 kJ/mol. The decomposition process can be
viewed as consisting of multiple parallel reactions with indi-
vidual activation energies. Maximum uncertainties in activa-
tion energies computed using the advanced isoconversion
method were about 10% of the energy values calculated. Ki-
netic parameters were also derived for a few other selected
models using parameter fitting programs. The RMS errors
between the experimental and model values for the different
approaches were compared. The isoconversion approach pro-
duced the lowest RMS values in both rates and cumulative
conversion (for all of the heating rates, combined), but the
parameter fitting approaches also produced reasonable dupli-
cation of the data. The parameter fitting approaches using
power law, activation energy distribution, or discrete energy
values in specific conversion intervals are intuitive and fast.
However, model selection is difficult because numerous
models produce equivalent results. Change in one parameter
(e.g., order) is compensated by changes in activation ener-
gies or pre-exponential factors to produce comparable RMS
values. Isoconversion models are in theory “kinetic model”
free and their applicability to the decomposition of a com-
plex material like kerogen is excellent. However, their
applicability in reproducing multistep kinetics has been ques-
tioned. Application of these models to real life processes
requires extending these models outside of the experimental
data range from which they were derived. It is shown that
the choice of the right model is of great consequence since
model predictions outside of the experimental range vary
considerably between the models chosen. Even though this
analysis has been conducted with oil shale, the approach and
conclusions are likely to be applicable to other complex
materials.
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Notation

A = frequency (pre-exponential) factor (min~ ")
E = activation energy (kJ mol")
E, = activation energy at conversion o
f(o) = reaction model
AT) = temperature dependency of the reaction rate
I = integral symbol
N = number of heating rates
R = gas constant (8.314 kJ mol ' K
T = temperature (K)
Ty = initial temperature
T, = temperature when reaction rate is maximum
T, = temperature at conversion o
W, = initial weight of the sample (mg)
W, = weight of the sample at time, ¢ (mg)
W, = weight of the sample at the end of the experiment (mg)
o = conversion
[ = constant heating rate (°C/min)
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