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Abstract. The oil shale (OS) sample from Sultani mine, southern Jordan, was
subjected to thermogravimetric/differential thermogravimetric (TG/DTG)
and differential scanning calorimetry (DSC) analysis. Analysis was used to
determine the kinetic parameters in the 300-540 °C temperature range,
employing different heating rates (3, 5, 10, 20, 30 °C/min). The first order
conversion function was found to best represent the oil shale pyrolysis
kinetics. The data in the studied pyrolysis temperature range was divided into
three zones according to the behavior of the quantity In(dx/dT /(1—x)) vs
1/T(K). In the first linear zone, the apparent activation energy and
frequency factor were found to be in the range of 63.1-94.2 kJ/mol and
9.3E+3-5.03E+6, respectively. In the second zone of analysis, the apparent
activation energy was found to be negative and varied between —25.8 and
—2.13 kJ/mol and the corresponding frequency factor was in the range of
19.65-0.00098. In the third zone under study, the calculated apparent activa-
tion energy and frequency factors were in the range of 186.9-342.1 kJ/mol
and 1.87E+12—1.46E+23, respectively.

Keywords: oil shale pyrolysis, activation energy, kinetic parameters,
differential thermogravimetric analysis.

1. Introduction

Numerous investigations on oil shale (OS) pyrolysis kinetics have been
carried out [1-9]. These studies used experimental methods such as
differential thermal (DT), thermogravimetric (TG), Rock-Eval, and triple
quadrupole mass spectrometer (TQMS) methods, or a simple laboratory
retorting system to predict the conversion of kerogen or rate of mass loss
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with pyrolysis temperature. These procedures measure the total weight loss
as a function of time and temperature. Different reaction kinetic models,
including isothermal, non-isothermal, isoconversional, integral, differential
and other methods, have been proposed to treat the experimental data. Some
investigators [1-3] developed kinetic models to determine the kinetic equa-
tion parameters to predict the conversion or rate of mass loss, while others
[4, 5] used the distribution of activation energy (isoconversion) values to test
the applicability of their models to oil shale pyrolysis in the temperature
range studied. Investigators [8] found that activation energy value increased
with increasing heating rate up to 15 °C/min, whereas no such trend was
observed with higher heating rates. The nature of oil shale, including its
geological formation process, composition, structure, constituents, as well as
pyrolysis process and conditions, have a direct impact on the desired end
product. However, several thermally produced components are a result of
direct and indirect chemical reactions taking place during oil shale pyrolysis,
which makes the direct investigation of individual reactions or components a
difficult task. Recent studies [5, 10] used the isoconversional method and
parameter fitting to analyze the set of data for Green River oil shale to
generate the distribution of energy in the 573-773 K temperature range.
Coats and Redfern [11] reported the distribution of activation energy values
in the range of 95450 kJ/mol for kerogen and raw oil shale decomposition
by using the Friedman method of analysis. The kinetic study is essential for
the understanding of the mechanisms of reactions involved in the pyrolysis
process to generate the mathematical modeling, which may lead to improved
techniques for oil shale conversion.

Kinetic modelling of oil shale or its demineralized kerogen is viewed
from different perspectives. Several models [11-14] employed single activa-
tion energy value to estimate kinetic parameters, assuming a first order of
reaction, whilst other methods [5, 7, 15] made use of the distribution of
activation energy values over the entire range of pyrolysis process. The
spread of activation energy values over the entire range of conversion
characterizes the different, either primary or secondary, reactions of thermal
cracking. The low values of activation energy are viewed to correspond to
the release of gases such as hydrogen, carbon monoxide, etc., and light
hydrocarbons such as C,—C; at low pyrolysis temperatures, and intermediate
activation energy values are attributable to decomposition (pyrolysis) of
large kerogen molecules in the wide range of temperature, while much
higher activation energy values in the end of pyrolysis at higher temperatures
are ascribed to the breakage of much stronger bonds. The principle of
variable activation energy is more representative for the actual oil shale
pyrolysis since its continuous process is composed of several parallel, series,
simultaneous, primary and secondary complex reactions. Even the values of
activation energy over the entire material conversion and reaction tem-
perature range are dependent on heat input rate and thermal conductivity or
physical properties of raw oil shale.
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Few studies [15, 16] have identified hydrocarbon components evolved as
a result of pyrolysis. These investigations reported individual components or
grouped them according to carbon atom number. Tiwari and Deo [16]
observed an increase in the quantity of the component produced with
increasing heating rate in addition to a slight shift in the reaction temperature
range; it was apparent from their results that the product distribution was
also altered due to increasing heating rate from 5 to 10 °C/min. A similar
trend of changing composition of evolved gases was observed by other
workers [17]. In conclusion, the type of evolved hydrocarbons and their
quantity changes with heating rate, which is a measure of the heat flux to the
material, indicating either the change of the reaction mechanism or
occurrence of complex and/or secondary reactions due to higher heat input to
oil shale or presence of a catalyzing material, enhance chemical reactions or
increase in system voidage.

It is evident from the abovementioned works that a single value of activa-
tion energy, which is probably an average value over the entire pyrolysis
temperature range, is not appropriate to model the process kinetics, and the
distribution of activation energy values would serve the purpose better. The
objective of this work is to model the pyrolysis kinetics of Jordanian Sultani
oil shale through applying the differential method of analysis and introduc-
ing negative activation energy, which is supported by differential scanning
calorimetry (DSC) heat interactions.

2. Experimental

In the present work, the oil shale sample from Sultani mine, southern Jordan,
was used. A sufficient quantity of oil shale was transported from the mine to
the laboratory. The sample was crushed and a representative portion of it
was selected for the study. The test sample was prepared to be less than
200 p in size for thermal gravimetric study. The Fischer Assay analysis
results are presented in Table 1. The thermogravimetry/differential thermo-
gravimetry (TG/DTG) curves were produced by a NETZSCH TG 209F1
equipment (Germany) with a 100 ml/min nitrogen flow rate. The employed
heating rates were 3, 5, 10, 20, and 30 °C/min. The TG/DTG runs were con-
ducted from ambient temperature to 550 °C and the results are shown in
Figure 1. In this work, the kinetics of oil shale pyrolysis was based on the
total weight loss between 300 and 540 °C calculated from the thermograms
curves. The total mass loss was recalculated from the TG curves for each
run. The total mass loss in the prescribed temperature interval was
recalculated from the generated data by summing up the rates of mass loss in
the entire selected temperature range, which must be equal to the value
calculated directly from the thermogram curves, otherwise the results will be
misleading. The conversion x was calculated as mass loss at any time
divided by total mass loss between 300 and 540 °C.
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The percent total mass loss and the percent mass loss between 300 and
540 °C for all runs are presented in Table 2. The percent total mass loss of
samples increased from 23 to 27% with increasing heat input to them. A
similar trend was observed for the percent mass loss in the hydrocarbon
evolution region characterized by the 300—540 °C temperature range.

Table 1. Fisher Assay analysis of Sultani oil shale sample, wt%

Total water Total oil Spent shale Gas loss
1.94 9.45 85.41 32
TG, % DTG, %/min
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Fig. 1. TG and DTG curves for Sultani oil shale sample.

Table 2. Sample mass loss at the studied heating rates and pyrolysis tem-
perature range

Heating rate 4, °C/min 3 5 10 20 30
Percent total mass loss 23.20 24.08 | 24.39 | 26.22 | 26.75
Percent mass loss between 300 and 540 °C | 78.54 87.56 | 84.72 | 89.87 | 90.38
relative to total loss

3. Kinetic model development

Some of the reported studies [18—20] on oil shale modelling have employed
first order kinetics as indicated in Equation (1):

dx "
E—k(l—x) . (1)
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The conversion function, x, is defined as shown in Equation (2):

x=(my, —m;)/(m, — mf)’ (2)

where m is the mass, subscripts o indicate the initial time at 300 °C, sub-
script ¢ represents any time during run, f denotes the final pyrolysis tem-
perature, n is the reaction order and can take values 0.5, 1, 1.5 and 2.
Introducing the heating rate, 4, °C/min, into Equation (1) leads to Equa-
tion (3):
dx k,
— =—2exp(—E/RT)(1-x)". 3
T 7 p( )1 =) 3)
The differential Equation (3) can be rearranged for kinetic modelling as
follows:

In(dx/dT /(1-x)") =In(k, / h)— E/RT. (4)

First of all, Equation (4) is used to determine the most appropriate value
of reaction order, n. Equation (4) results in a plot between the left-hand side
and the inverse of pyrolysis temperature on the right-hand side. Upon
determining the best value of the reaction order, a plot of the left-hand side
on the y-axis against the inverse of pyrolysis temperature in Kelvin would
result in determination of the kinetic parameters, i.e. the pre-exponential
factor k, from the intercept and the activation energy of the system from the
slope of the line obtained from data fitting.

4. Results and discussion

The data obtained from TG/DTG at heating rates of 3, 5, 10, 20 and
30 °C/min are shown in Figure 1. As seen from the figure, the sample loss
percent decreased with increasing heating rate unlike the sample loss percent
at the same pyrolysis temperature up to 480—490 °C, while above this tem-
perature range, the lower heating rates resulted in the lower weight loss
percent against that at higher heating rates. Although this trend is true, the
total mass loss percent increased with increasing heating rate as indicated in
Table 2. The DTG data, %/min, i.e. the derivative of the TG curve, is higher
for a higher heating rate.

The DTG data for each run was used to recalculate the conversion as
presented in Equation (2) for kinetic modelling. Introducing the heating rate,
dT /dt, into Equation (1) and rearranging it led to Equation (3), which is the
differential form of a standard procedure to model kinetics and determine the
parameters. Although the reaction order was assumed to be one during the
entire kinetic analysis, Equation (4) was used to check the validity of this
assumption by determining n as shown in Figure 2. As indicated in
Figure 2, the plot of the left-hand side of Equation (4) vs inverse of pyrolysis
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temperature for different values of n, i.e. 0.5, 1.0, 1.5 and 2.0, resulted in
selection of reaction order to be equal to one, the most appropriate since the
R-squared value was 0.9952.

The generated dx/dT and the calculated conversion x were fitted to
Equation (4). Figure 3 shows the family of generated curves for the studied
heating rates. As can be seen from this figure, the curve is not a straight line,
i.e. the relationship between the quantities In(dx/dT /(1—x)) and inverse of
pyrolysis temperature is not amenable to linear kinetics in the entire
pyrolysis temperature range. As a result of this behavior, the curve is divided
into three zones.

h=3°C/min, T =300 — 430 °C, Segment
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Fig. 3. Natural logarithm of (dx/dT/(1-x)) vs inverse of pyrolysis temperature,
experimental data at heating rates of 3, 5, 10, 20 and 30 °C/min.
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4.1. First increasing range region

The division of the curve into three different segments is shown in Figure 3.
The first zone is a linear range where In(dx/d7T/(1—x)) increased with
increasing pyrolysis temperature from 300 to 480 °C or in the vicinity of this
temperature depending upon heating rate value. The higher the heating rate
is, the higher the end temperature of the linear range is. In the second zone,
the right-hand side of Equation (4) decreased with increasing temperature
and this behavior is covered by the 440-510 °C temperature range depending
upon heating rate. Finally, the third zone of the curve is characterized by a
steep rise in the temperature-heating rate relationship between 490-540 °C,
while this range may vary with the selected heating rate.

The data in Table 3 presents the range in which the increments for all
heating rates increased with temperature. As indicated in the table, consider-
ing the linear segment, the calculated activation energy in this region
increased from 71.7 to 89.1 kJ/mol when the heating rate increased from 3
to 5 °C/min. At the same time, a decrease in the calculated activation energy
from 89.1 to 63.1 kJ/mol at the heating rates of 5 and 10 °C/min and an
increase from 89.1 to 89.97 kJ/mol at 10 and 20 °C/min and, finally, an
increase to 94.20 kJ/mol at 30 °C/min can be observed. It is clear that the
distribution of activation energy in the first zone is a function of heating rate
and pyrolysis temperature. The frequency factors associated with evaluated
activation energies are presented in Table 3. The existence of a strong
correlative relationship of this factor with activation energy is well known
and it is assumed that the frequency factor is a weak function of the reaction
temperature. Hence, it can be concluded that variable activation energy
models the process kinetics.

Table 3. The negative slope of the linear range of Figure 2 curves

Heating rate £, °C/min 3 5 10 20 30
Temperature range, °C 300430 300-342 | 300440 300460 300480
Apparent activation energy, 71.7 89.1 63.1 89.97 94.2
kJ/mol

Frequency factor k, 1.85E+4 3.0E+5 9.5E+3 1.67E+6 5.03E+6

4.2. Decreasing range region

The second segment of the curve in Figure 3 is characterized by a decrease
in In(dx/dT /(1-x)) with increasing pyrolysis temperature. The decreasing
In(dx/dT /(1—x)) with increasing pyrolysis temperature results in a positive
slope of the curve as shown in the circulated region of Figure 3. The decreas-
ing portion is more magnified at lower heating rates than at higher heating
rates due to the large number of experimental points plotted, and a wider
temperature range. Because of this behavior, the calculated slope of the
straight line of this region would be positive, resulting in a negative activa-
tion energy value. Mozurkewich and Benson [21] have thoroughly discussed
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the concept of occurrence of negative activation energy in some chemical
reactions. The temperature range and the corresponding estimated negative
activation energy values obtained in this study are presented in Table 4. As
can be seen from the table, the estimated values of negative activation
energy varied between —30 and -2.13 kJ/mol. The frequency factor
magnitudes calculated corresponding to these negative activation energy
values are also presented in Table 4. The values of the pre-exponential factor
ranged from 0.00098 to 19.65, which indicates the independence of the
implicit correlative effect of the negative activation energy. This behavior is
in agreement with the observed weak £k,-E(positive) relationship, i.e. the
higher the activation energy value, the higher the magnitude of the frequency
factor. The trendline of the data and the degree of fit or the R-squared values
are depicted in Figure 4.

Table 4. The positive slope of the second zone of Figure 2 curves

Heating rate 4, °C/min 3 5 10 20 30
Temperature range, °C 440490 450-500 | 450-490 | 490-520 | 490-520
Apparent activation energy, -25.8 -30.4 —4.41 -2.13 —14.28
kJ/mol
Frequency factor £, 9.84E4 5.7E-4 0.477 1.3 19.65
-9 -~
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Fig. 4. Fitting 3 and 5 °C/min heating rates to data and R-squared values. (In y; “i
stands for “A” and *” for “zone”.

4.2.1. Negative activation energy

As mentioned above, the calculated activation energy value was negative,
hence, the justification and explanation are necessary and required. This
concept was applied to oil shale kinetic study for the first time. The principle
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of negative activation energy has been reported and discussed by several
investigators before [21-26]. It is an unrecognized fact that some chemical
reactions proceed more slowly at higher reaction temperatures and therefore
effectively comply with negative activation energy. Revell and Williamson
[22] have suggested a mathematical procedure to explain this phenomenon
in chemical kinetics. The justification of negative activation energy will be
adopted for oil shale pyrolysis kinetics in the respective region. The complex
chemical reactions (thermal or catalyzed) occurring during oil shale pyro-
lysis, which are possibly composed of series, parallel, elementary and non-
elementary, reversible and irreversible reactions, lead to hydrocarbons
evolution. If a positive activation energy prevents a reaction from occurring
until that amount of energy is provided from the surrounding, then a negative
activation energy would imply that the reaction could not be stopped from
occurring. The reactants already have plenty of energy for the reaction to
occur, so the only way to prevent it from taking place would be to keep the
reactants apart [26] or increase the reaction temperature to reduce the
collision probability.

Revell and Williamson [22] proposed that the mechanism of an
individual pyrolysis reaction obeyed an elementary rate law consistent with
the molecularity of the reaction and conformed to the Arrhenius behavior
with positive activation energy. The equilibrium constant, K, for an arbitrary
reaction taking place during pyrolysis is related to the Gibbs free energy as
follows:

K =exp(~AG° / RT). 5)

Equation (5) can be rewritten with the help of the thermodynamic
dependency of the molar Gibbs free energy on molar enthalpy and molar
entropy as follows:

G(p,T)y=H -T8S. (6)
Rewriting the equilibrium constant in Equation (6) we get Equation (7):
K =exp(AS°/ R)exp(-AH® / RT). @)

For the rate determining step of an arbitrary reaction, either primary or
secondary, which takes place and gives final products during pyrolysis, the
rate constant can be written as:

k =k  exp(AS® /R)exp[—(E +AH®)/RT]. (8)

When Equation (8) is compared with the standard Arrhenius equation, i.e.
k =k, exp(=E/RT), we find that the following quantities are identical:

k, =k exp(AS°® /R) )

and
E=E +AH°. (10)
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Equations (9) and (10) could provide information about the net entropy
and net enthalpy of the reacting system during pyrolysis. Equation (10)
could lead to the clue of the negative activation energy observed in our
calculations, if net AH, is negative for an exothermic single or set of
ongoing chemical reaction(s) during pyrolysis, and since E" is intrinsically
positive for the system but | AH® |> E *, then the apparent activation energy,
E, would be negative. The negative activation energy reactions are
considered to block to a lesser extent the reactions whose progress depends
upon the availability of the reacting materials, while increasing the tem-
perature reduces the collision of the reacting molecules which produce the
desired end products, hence reducing the rate. In such a reacting atmosphere,
it is possible that the activated complex is more stable than the reactant,
which implies negative activation energy. It is quite a clear discussion and
supportive to accept negative activation energy existence and justification.
Furthermore, the literature findings support the DSC results obtained in this
work at a 10 °C/min heating rate as shown in Figure 5. From the figure it can
be seen that the exothermicity behavior of the sample is monitored at
temperatures between 420 and 488 °C, whereas the negative activation
energy value (—4.41 kJ/mol) obtained in this work at the above heating rate
is reported in the 450-490 °C temperature range, which corresponds
(probably inadvertently) with the exothermicity behavior of the sample, as
shown in the DSC curve in Figure 5. It is generally known that the
temperature range in which the reported activation energy values are
negative is flexible within a margin, depending upon heating rate. The
corresponding frequency factor values associated with the reported negative
activation energy values are also presented in Table 4.

DSC, mW/mg

T exo

0.05 1
Complex Peak Complex Peak:
Area:  -2.005Jig Area:  —T76.1Jig

121 Row Sutaniof shalengb-sai B, T Peak™  420.8°C

————os¢ . B
Onset:  116.1°C Onset:  3706°C
End: 1422°C End 483.3°C

Height:  0.02597 mW/mg

0.00 1

—0.05 1

Value: 2120°C
—0.10 1 s

—0.15 1 T Delta Cpr 0.099 Ji(g'K)

—0.20 Complex Peak:

Arear  -0.1266 Jig

Peak™ T747°C

Onset 730°C

End: 759°C

Height. 0.009681 mW/mg

—0.251

—0.30 A

—0.35 A

100 200 300 400 500
Temperature, °C

Fig. 5. DSC, mW/mg, with pyrolysis temperature showing the exothermic heat of
reaction in the negative activation energy region.
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4.3. Second increasing range region

In the second increasing range region in the third zone, the reaction rate
bounces back to a sharp increase with increasing pyrolysis temperature after
a decreasing region as depicted earlier in Figure 3. This region of pyrolysis
is characterized by low reaction rate due to the depletion of the reacting
material and high activation energy requirement to break C—O and C-C
aliphatic bonds [27, 28]. Generally, no pyrolysis reactions are observed at
temperatures higher than 540 °C, depending upon the type of oil shale. As
can be seen from Table 5, the relative values of activation energy and the
corresponding frequency factor values are very high compared with those
obtained earlier in this work for the second and third zones. The activation
energy fluctuated from 186.9 to 342.1 kJ/mol, whereas the corresponding
frequency factor varied from 1.87E+12 to 1.46E+23. Some researchers
[29, 30] ascribed the high apparent activation energy mainly to the much
stronger bond breakage such as aromatization of alicyclic compounds,
dehydrogenation and combination of aromatic rings, and rupture of hetero-
cyclic compounds. It is well known [28] that increasing the heating rate
increases the density of the generated shale oil liquid. This is in agreement
with the increased production of heavy components at high pyrolysis tem-
peratures. The findings of the present study are in accordance with these
statements.

Table 5. The negative slope of the third zone of Figure 2 curves

Heating rate /4, °C/min 3 5 10 20 30
Temperature range, °C 490-540 | 500-540 | 490-540 520-540 | 490-540
Apparent activation 265.95 281.9 204.11 186.92 342.13
energy, kJ/mol

Frequency factor £, 6.44E+16 | 4.83E+17 | 1.50E+17 | 1.87E+12 | 1.46E+23

5. Conclusions

In this work, the differential method of analysis was applied to Jordanian
Sultani oil shale sample. Thermogravimetry/differential thermogravimetry
were used to calculate the kinetic parameters — the apparent activation
energy and frequency factor. The reaction was determined to be first order.
The pyrolysis of oil shale was studied in the temperature range of 300-
540 °C. The fitted data were divided into three zones and for each zone the
kinetic parameters were determined. A new concept of negative apparent
activation energy was employed for the first time and found to be part of the
differential method of analysis, which could be appropriate to model the
kinetics of oil shale pyrolysis. The findings of this work were supported by
the results of differential scanning calorimetry heat interactions obtained.
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List of abbreviations

DTG Differential thermogravimetric
DSC Differential scanning calorimetry

NUxIRTTQN

= g
o

Apparent activation energy, kJ/mol
Gibbs free energy, J/mol

Heating rate, °C/min

Enthalpy, J/mol

Equilibrium constant

Reaction order

Universal gas constant, 8.314 J/K mol
Entropy, J/mol K

Temperature, K
Thermogravimetric

Conversion function
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