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This work investigates kinetics of El-Lajjun oil shale pyrolysis. The kinetic
data obtained from TG/DGA curves at heating rates 1, 3, 5, 10 and
30 °Cmin™ to a final pyrolysis temperature 550 °C were employed assuming
their second-order kinetics to determine apparent activation energy, 99—
141.4 kJ/mol and frequency factor, 1.89-10" to 1.71-10", for each heating
rate using the Coats & Redfern method. The obtained values of apparent
activation energies and frequency factor were modified through an equation
to 112-179 kJ/mol and 3.95-10'-3.66-10", respectively, to fit the developed
kinetic equation.

In this study, kinetic modeling of the pyrolysis process was performed using
a newly developed variable reaction order. The variable reaction order was
inferred directly from the experimental data and correlated with heating rate,

h, (°Cmin™), rate of conversion, (%) and a constant equal with 8.314 (°C).

The range of generated values of the variable reaction order varied between
1.99 and 1.85.

Conversion of a sample was calculated basing on initial and final weight of
the sample at the end of run. A satisfactory fit of the experimental data was
obtained using the equation developed for a variable reaction order.

Introduction

Oil shale is defined as a sedimentary rock of various origins containing
organic matter that, when heated, transforms into solid coke, liquid, and
gaseous hydrocarbon compounds. Much work was done on pyrolysis of oil
shales and their pyrolysis kinetics by thermogravimetric analysis (TGA).
Different kinetic models, such as Arrhenius, Coats & Redfern, Horowitz &
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Metzger, and Ingraham & Marrier et al, were used to analyze thermo-
gravimetric data obtained [1].

Campbell et al. [2] studied the rate of evolution of CH,4, H,, CO, CO,, and
C,, C; hydrocarbons during pyrolysis of Colorado oil shale at varying linear
heating rates from 0.5 to 4.0 °Cmin'. More of hydrogen release was
reported at lower heating rates. Methane was formed and released at tem-
perature slightly lower than 350 °C reaching a maximum value at 445 °C.
Rate of methane release increased with a decrease in heating rate. Ethane
and ethene (C,) production increased to a maximum value at 450 °C and
stopped at slightly higher than 550 °C. C; (propane and propene) production
was found to occur at 450 °C, and their formation stopped at 525 °C. Oil
release profile was closely corresponding to that observed for C; and C,
profiles.

The decomposition of the oil shale involves a large number of reactions
in parallel and in series, whilst TGA measures the overall weight loss due to
these reactions. A combined study [3] using TGA, diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS), and X-ray diffraction (XRD)
resulted in a better insight to oil shale reactions. TGA provides general
information on the overall reaction kinetics rather the individual reactions.

Li and Yue studied the pyrolysis kinetics of different Chinese oil shale
samples at a constant heating rate of 5 °Cmin"' [4]. The TGA data obtained
were used to develop a kinetic model which assumed 11 first-order parallel
reactions with different activation energies and frequency factors. The
calculated fractional conversion of each reaction is a complex function of
activation energy. At pyrolysis reactions with low activation energies, the
pyrolysates of oil shale resulted mainly from the rupture of weak chemical
bonds, probably the rupture of weak cross-linked bonds such as C-O, C-S
bonds [5, 6], etc. and the rupture of branched functional groups in the
kerogen high-molecular structure. Rupture energy of these weak bonds is
low which commensurates to that of formation of gaseous products such as
H,0, CO,, H,S, H; and light hydrocarbons. The medium values of activation
energy are associated with break-up of the side chains in B-position of
aromatics, decomposition of normal alkanes with large molecular weight,
Diels-Alder cyclization reaction and the rupture of alicyclic hydrocarbons.
This corresponds to pyrolysis temperature between 420—480 °C. On the
other hand, pyrolysis reactions with high apparent activation energies are
mainly the aromatization of alicyclic compounds, dehydrogenation and
combination of aromatic rings, rupture of heterocyclic compounds. As it is
clear from the discussion above, kerogen decomposition to produce shale oil
and gases is a continuous process consisting of several parallel, series,
simultaneous and complex reactions. Since heating rate affects the distribu-
tion of the pyrolysis products, the values of activation energy must also
differ and the reaction order has to vary as well. It is possible that the varia-
tion of activation energy values is associated with decomposition mechanism
and, consequently, it is implicitly embedded in variation of reaction order.
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Some researchers tested six different proposed methods to simulate pyrolysis
of Spanish oil shales and calculated the values of apparent activation energy
[7]. They found that the best possibility to estimate apparent activation
energy of oil shale pyrolysis is a differential method followed by its integral
form. In addition, these authors, basing on their findings, advocated that
activation energy, frequency factor, and reaction order do not have any clear
interpretation when related to chemical reactions in oil shale.

Thakur and Nattall combined isothermal and non-isothermal thermo-
gravimetric analysis to study thermal decomposition of oil shale [8]. They
reported that the decomposition involves two consecutive first-order reac-
tions with bitumen as an intermediate. Other researchers used pseudo-first
order overall reaction order in their kinetic analysis [9]. Turkish oil shale
was studied by TGA at non-isothermal conditions under argon and first-
order reaction kinetics was found to fit kinetic data [10]. Some other Turkish
oil shales were pyrolysed using thermogravimetric analysis and reaction
orders were found to vary between 1.45 and 1.73 to fit pyrolysis kinetics
[11]. Qing and co-workers used the first-order kinetics in their study on
pyrolysis of Huadian oil shale since it resulted in best fit of experimental
data [12]. Some investigators modeled kinetics of El-Lajjun oil shale
pyrolysis using first-order reaction kinetics [13, 14] while others found the
second-order model to be more suitable [15]. Solid-state reaction, i.e. that of
oil shale pyrolysis is generally not an elementary reaction, in which the
reaction model varies with temperature, and the pyrolysis involves several
steps with different activation energies [16—17]. The rate of Spanish oil shale
decomposition was suitably described by an overall first order kinetics [18].

Several researchers advocated that since oil shale pyrolysis is a
complicated process with multiple reaction mechanisms, reaction order, n, to
be of the order 1 or 2 in the equation f{x) = (1—x)", is not suitable to describe
the overall pyrolysis reaction [17, 19]. Sestak-Berggren suggested a complex
equation for oil shale pyrolysis mechanism [19]:

S =x"(1=x)"[~In(1-x)" ], (1)

where m, n, and p are constants, their derivatives implying different reaction
mechanisms, in which the first term, x”, represents diffusion mechanism, the
second term in Eq. (1) describes interface mechanism, and finally, the square
bracketed member expresses the actual mechanism of oil shale decomposi-
tion, x is conversion at the end of run. In the present case, the diffusion stage
is practically absent in TG experiments since fine particle size is used; as a
result, m is assumed to be zero. On the other hand, the combined oil shale
decomposition and interface mechanisms are assumed to be of the form:

f)=1-x)". )

Changing reaction order was suggested to be associated with changing
reaction mechanism [20]. No doubt, reaction of oil shale kerogen decom-
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position is a multiple system of reactions. Pyrolysis of oil shale is a complex
process involving multiple mechanisms at all stages of product evolutions
and hydrocarbon generation processes. Higher reaction order is a measure of
the complexity and multiplicity of the mechanism. Several researchers have
studied decomposition kinetics of oil shale pyrolysis; most of them have
used the first-order reaction kinetics to model isothermal and non-isothermal
kinetic data [21-25]. Integral and differential methods have been used to
model El-Lajjun oil shale pyrolysis [14—15].

In this work, a mathematical formula was developed for reaction order as
a variable quantity. The variable reaction order is based on conversion rate,
heating rate and a constant. The developed equation for the reaction order »
is employed in Eq. (2) to model the rate of conversion of oil shale decom-
position during pyrolysis using the TG/DGA data.

Kinetics of oil shale pyrolysis can be described by the equations

dx

) 3)

& kex (%ja oy, 4@
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where w, — initial weight of sample,
w, — sample weight at time ¢,
wy— sample weight measured at the end of run.
The apparent activation energy in Eq. (4) is determined using the Coats &
Redfern method according to the following final form of the general

equation [26]:
1(_j1{k_R[12£ﬂ£ ©)
T*(1-x) hE E RT

Experimental procedure

Oil shale sample was obtained from the El-Lajjun mine area. The general
characteristics of the studied sample are given in Table 1. The selected size
fraction of raw oil shale was 100-210 um to avoid the effect of mass and/or
heat transfer on the pyrolysis process. The sample was placed in a desiccator
overnight to remove moisture before the pyrolysis study. About 17-20 mg of
sample was used in runs. The air in the pyrolysis unit was flushed with
nitrogen before performing the analysis. Heating rates of 1, 3, 5, 10, and
30 °Cmin ' were tried for data collection. Each sample was heated to 550 °C
and the weight loss vs. temperature was recorded for each of the five heating
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rates. Three runs were repeated for each heating rate with relative standard
deviation of less that 5% and the average values of TGA curves are reported.

The TGA/DG data were obtained from experiment runs conducted in
Q 500 Thermo-gravimetric analyzer. The Q 500 equipment specifications
are: temperature range — ambient to 1000 °C, weighing balance capacity —
1.0 g with 0.1 pg sensitivity; temperature precision is 0.1 °C and heating rate
range 0.1-100 °Cmin". Nitrogen gas carrier was used at a flow rate of
100 cm’min .

Table 1. Characteristic analysis of oil shale samples

Component Wt. %
Moisture content 1.21
Total water 2.4
Total oil 12.8
Gas loss 34
Spent shale 81.3
Total sulfur 2.29
Total carbon 17.28
Total organic carbon 11.42
Hydrogen 1.76
CaCO; 46.31
Calorific value, kJ/kg 5487

Results and discussion

At interpretation of experimental results, rates of mass loss were generated
as a function of pyrolysis temperature for different heating rates. The rate of
conversion was calculated as the function of pyrolysis time and temperature
in which total conversion is based on the quantity of reacting material at the
end of run at 550 °C. Conversion rate was calculated dividing Eq. (5) by the
appropriate time interval. Figure 1 presents the rate of conversion against
pyrolysis temperature for selected heating rates 3, 5 and 10 °Cmin . It can
be seen from Fig. 1 that clear maxima of conversion rates are exhibited with
pyrolysis temperature for indicated heating rate. This behavior was observed
for all other studied heating rates as well. For instance, for heating rates 1, 3,
5, 10, and 30 °Cmin "', the following maximum rates of conversion with the
corresponding pyrolysis temperature were obtained: 0.0095 at 355-364 °C,
0.0278 at 395 °C, 0.045 at 405 °C, 0.0911 at 425 °C, and 0.267 at 447 °C,
respectively. If these magnitudes are divided by the corresponding heating
rates we would obtain the rate of mass loss per degree centigrade that is the
same for all runs and equals 0.009 per degree centigrade. It is clear from
these simple calculations that the rate of mass loss and/or rate of conversion
per degree centigrade at the maximum loss rate are the same irrespective of
the pyrolysis temperature, heating rate and time. This indicates that the type
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Fig. 1. Experimental conversion rate calculated for different heating rates.

of chemical (pyrolysis) reactions taking place is the same and they depend
on oil shale properties rather than reaction variables and conditions.
Inspecting TGA curves further, it can be observed that rate of mass loss or

transformation rate (%j increases with increasing heating rate. This pro-

portionality relationship is reflected on the magnitude of the variable reac-
tion order. According to Eq. (12), the heating rate appears in denominator

while (%) in numerator. The magnitude of variable reaction order kept

fluctuating between 1.99 and 1.85 for all runs. As a result, the impact of
heating rate on the rate of mass transformation in the present work was
neutralized by the increase in the rate of conversion.

Variation of calculated variable reaction order with pyrolysis temperature
and heating rate is depicted in Fig. 2. It is clear from the figure that the value
of variable order passes through a minimum value with pyrolysis tempera-
ture at location proportional to heating rate. For instance, at heating rate
1 °Cmin "', the minimum variable order calculated for the temperature range
370-380 °C is 1.85, the same order value was calculated also for heating
rates 3, 5, 10 and 30 °Cmin ", at 386, 405, 420 and 450 °C, respectively. On
the other hand, the initial and final calculated values of variable order were
1.99 to 1.97 which approach to 2. It was suggested [19] that reaction order is
a firm indicator of reaction mechanism; the shape of Fig. 2 supports the
importance of the fact that oil shale reactions differ from normal chemical
complex parallel, series, and simultaneous reactions. The continuously
changing values of reaction order with pyrolysis temperature are indicative
of the change in the reaction mechanism. Changing reaction order could be a
result of reactions that are taking place due to instability of the products, or
secondary reactions, change of apparent activation energy, effect of varying
of pre-exponential factor which is an implicit function of apparent activation
energy in such a complex system.
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Fig 2. Variation of reaction order according to Eq. (12) at different heating rates.

Data obtained from TGA curves were employed to predict the apparent
activation energy, E, according to the Coats & Redfern method [26]. The
mathematical manipulation discussed in earlier works [14] was employed to
estimate the apparent activation energy of the pyrolysis process. Assumption
about the second-order reaction kinetics led to plotting the quantity

In (zx] against inverse of pyrolysis temperature for estimating apparent
72(1-x)

activation energy. The determined value of apparent activation energies and
the corresponding frequency factors, ky, at heating rates 1, 3, 5, 10 and
30 °Cmin "' calculated according to the Coats & Redfern method are given in
Table 2. As reported in Table 2, the apparent activation energy increases
with increasing heating rate. Estimated values of apparent activation energies
were found to be within the range 99—141.5 kJ/mol. These values imply that
heating rate influences the estimation of apparent activation energy. The
values of frequency factor varied from 1.89-10" to 1.71-10" min"'. The pre-
exponential factor and apparent activation energy are related to each other as
follows:

Ink, =0.199E -2.967, R*=0.995.

()

Table 2. Values of apparent and modified apparent activation energies and
corresponding pre-exponential factors values at different heating rates

Heating | Apparent Pre- Modified Modified Apparent | Frequency
rate, h, | activation | exponential apparent frequency, activation |factor, from
°C/min |energy, E,| factor, k, activation (ko)m energy, Eq. (11)
kJ/mol energy, £, Eq. (11)
1 99 1.89E+07 110 3.95E07 112 4.9E+7
3 111 2.31E+08 129.6 2.16E+9 124 8.24E+8
5 114.5 5.00E+08 135.2 7.43E+9 136 8.41E+9
10 125 3.25E+09 148.6 4.30E+10 148 9.82E+10
30 1414 1.71E+11 179.2 3.66E+13 175 1.89E+13
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Equation (7) is obtained plotting the apparent activation energy versus
natural logarithm of frequency factor as given in Table 2. The actual
apparent activation energy and frequency factor values employed in the
present work are not those obtained by the Coats & Redfern method but
modified according to the following equations:

E, =1.629E. . —51.26, R*=0928, (8)

Coats

In(ky),, =1.598In(ky) o —9-279, R =0.93. ©9)

Equations (8) and (9) were obtained plotting apparent activation energy
and frequency factor estimated from equations (6) and (11), respectively.
The need for using different values for apparent activation energy and
frequency factors in the present work is possibly due to the difference in
kinetic expressions employed for modeling.

Plotting the LHS of Eq. (6) against inverse of pyrolysis temperature
would give the value of apparent activation energy. The equations employed
for modeling kinetics in the present research paper are of a different form
and their general formula are:

—-8.314\( dx
dx —-FE 2exp| —
&= tn{ 75— 5 (10)
dx
dr E
1 =In(k,) ——. 11
n (k) = (11)

(1- x)z“"[fgimj(%)

If Eq.(10) is used to estimate the apparent activation energy and
frequency factor, LHS plot of Eq. (11) on y-axis against inverse of pyrolysis
temperature would result in numerical values (Table 2) similar to those
obtained from Equations (8) and (9) which are based on the Coats & Redfern
method.

Generally, in most kinetic studies reporting on oil shale pyrolysis [9-15],
the order of reaction was assumed to be either the first or the second order.
In this research paper, a novel procedure was deduced to estimate reaction
order. The following form of equation was adopted for reaction order

calculations:
8.314 \( dx
n=2exp|—| —— || — 1|, 12
p“ h )(drﬂ 12

where 8.314 is a constant, °C,
dx . . . .
i the rate of conversion, min~— reported during experiment,
t

x — conversion based on total mass loss at 550 °C, as in Eq. (5),
h  — heating rate, °Cmin .
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Equation (12) is inferred from a plot of a force-fitted reaction order to
obtain modeled values matching with the experimental data against quantity
of transformation rate divided by heating rate. A trial procedure was
employed to manually select reaction order to obtain exact fit between
experimental and predicted values of transformation rate. Such procedure,
when correlated, results in a systematic reaction order as given by Eq. (12).

The experimental rate of mass loss (conversion rate) showed a maximum
value with pyrolysis temperature at heating rates 1, 3, 5, 10, and 30 °Cmin .
This trend was observed for all runs but with a decrease in magnitude as
heating rate was decreased. The increase in the rate of mass loss and the
corresponding occurrence temperature are apparently ascribed to an increase
in heating rate at which heating flux was higher and, in addition, to the
contribution of the effect of inherent catalytic activity of minerals in oil shale
in absence of diffusion effect. The rate of conversion is related directly to the
rate of mass loss.

The rate of conversion was predicted according to Eq. (4) for two cases:
the second-order assumption (n=2) and the suggested variable order as
expressed by Eq. (12). The apparent activation energy and frequency factor
in Eq. (4) were the values modified according to equations (8) and (9) basing
on the Coats & Redfern method.

The variable reaction order as expressed by Eq. (12) was interpreted as a
function of a constant, whose value was found to be equal to 8.314 °C, the rate
of conversion, min ', and heating rate, °Cmin'. The numerical values of the
variable order varied between 1.99 and 1.85. The variation in the magnitude of
the variable reaction order was similar in all runs in which a decrease from
1.99 to 1.85 and then an increase to 1.99 occurred. Variations in magnitude of
reaction order were also reported and used to model pyrolysis kinetics of
Turkish oil shale [11]. The highest value of variable reaction order calculated
from initial rates of mass loss in case initial decomposition of oil shale was
low and at various heating rates in all experimental runs was close to 1.99. The
minimum value of variable reaction order was calculated at the highest
conversion rate. The estimated values of variable reaction order increased with
a decrease in the rate of conversion after the highest rate of mass loss or
conversion rate was observed. This trend was quite clear from the nature of
curve convexity of the rate of conversion with pyrolysis temperature. The
minimum calculated value for the variable reaction order was 1.85 in all
employed heating rates, while the maximum value 1.99 was observed at both
the start and end for each run.

Figure 3 shows conversion rate predicted basing on the second-order
equation and variable order calculated by Eq. (12) using experimental data
obtained at heating rate 5 °Cmin"". It is clear from the figure that employing
a variable reaction order for the conversion function results in a better fit to
experimental data than the second order for f{x). Exponent of the second-
order and variable order kinetic equations predict higher conversion rate
values up to pyrolysis temperature 390 °C, while at higher temperatures, i.e.
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395 °C and 405 °C, the predicted values are lower. These results show that
the variable order kinetics equation produces conversion rates much closer to
experimental values than the second-order equation. On the other hand,
Fig. 4 compares the rate of transformation obtained at heating rate 3 °Cmin "'
with those predicted by the second-order kinetic equation and the variable
reaction order Eq.(10). Better fit of the data is obtained comparing the
results for heating rate 5 °Cmin ', except higher values than experimental
that are predicted by the variable order Eq. (10) for the temperature range
376-397 °C. The maximum difference between predicted by the variable-
order and experimental results is estimated to be 12% or less.

Further, to fit higher heating rates from TG curves, Fig. 5 presents the
rate of conversion obtained using the second-order and variable order kinetic
equation against experimental calculated data for the heating rate 10 °Cmin .
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Fig. 3. Comparison of predicted conversion rates with experimental ones for heating
rate 5 °Cmin .
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Fig. 4. Comparison of predicted conversion rates with experimental ones for heating
rate 3 °Cmin "',
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Fig. 5. Rate of conversion against pyrolysis temperature for experimental, second
and variable orders heating rate at 10 °Cmin .

The data on experimental, second-order and variable-order conversion rates
are plotted against pyrolysis temperature on ordinate axis. It can be seen
from figure that a better fit of experimental data is achieved when using the
variable-order equation instead of the second-order rate kinetic equation. In
figures 3, 4, and 5 there is a general trend; i.e. predicted rate values are less
than those of experimental rates at the start of runs at low pyrolysis tem-
perature, followed by higher predicted value points before maximum loss
rate location, thereafter predicted rate magnitudes are less than experimental
rate values up to the end of run. In other words, the predicted rate of con-
version intersects the experimental data in three locations during the whole
pyrolysis temperature range.

Figure 6 depicts experimental and predicted conversion rates against
pyrolysis temperature at heating rate 30 °Cmin"'. The few experimental data
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Fig. 6. Rate of conversion against pyrolysis temperature for experimental, second
and variable orders at heating rate 30 °Cmin .



Variable Reaction Order for Kinetic Modeling of Oil Shale Pyrolysis 307

points obtained in the pyrolysis temperature range suffers inaccuracy more
than other lower heating rates. A good fit is achieved with predicted values
intersecting the TG curve at different location similar to the trend observed
earlier.

Conclusions

The rate of transformation or conversion of oil shale was modeled employ-
ing two models: the standard second-order formula used by majority of
workers and a variable reaction order n. The calculated new order is a
function of heating rate, conversion rate and a constant which is obtained
from the newly developed equation of the form:

5]

The newly developed variable reaction order based on total mass loss at the
end of run at 550 °C is used to model the rate of conversion. The modeling is
performed for El-Lajjun oil shale samples at heating rates 1, 3, 5, 10, and
30 °Cmin . The values of apparent activation energy and frequency factor
determined using the Coats & Redfern method were modified to fit the data
with the new variable-order kinetic equation. The modeling of the rates of
conversion using the variable order is compared with the second order kinetics
resulting in a better fit and satisfactory results are obtained.
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