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Abstract: The characteristics and kinetics of the pyrolysis process and product generation from Jimsar
oil shale were investigated using the thermogravimetry-Fourier transform infrared spectroscopy
(TG-FTIR) coupling technique. The results showed that the pyrolysis of oil shale had different reaction
mechanisms in different conversion rate ranges («p = 0-0.2, 0.2-0.6, 0.6-1). The pyrolyzed heating
rate mainly affected the reaction mechanism in the range ap = 0.6-1. The released gaseous products
were mainly composed of small-molecule compounds (CO,, SO,, CO, CHy), aliphatic (-CH,, -CH3),
aromatic (C=C), and O-H functional groups. The generation models of C=C, -CH,, -CH3, CHy4, CO,
and CO; derived in the temperature range of 573.15-873.15 K are all chemical reaction models, while
the generation models of CO and CO; derived in the range of 873.15-1073.15 K are both diffusion
models. The relative values and variation in the thermodynamic parameters corresponded with that
of the activation energy for the evolved components, representing the energy requirement during the
generation process.

Keywords: oil shale; generation kinetics of pyrolysis products; generation model; thermodynamics;
pyrolysis mechanism

1. Introduction

With the growing consumption of crude oil and coal resources, oil shale has been
widely recognized as an important potential alternative or supplemental energy source
to conventional oil [1,2]. At present, pyrolysis is the primary industrial way of handling
oil shale, which is a thermal decomposition process generally carried out in an inert
atmosphere to convert oil shale into high-value industrial products (shale oil and com-
bustible gas).

The pyrolysis mechanisms and kinetics of kerogen decomposition and the product
generation of oil shale are closely related to the product yields, compositions, and secondary
reactions. Consequently, a better understanding of the pyrolysis behavior and kinetics of oil
shale can facilitate the design of retorts to optimize and improve its pyrolysis products [3,4].
The combined thermogravimetry —Fourier transform infrared spectroscopy (TG-FTIR)
technology is an effective method to study the thermal decomposition of fossil fuels and
verify the reaction mechanisms through detecting the releasing of gaseous products online
and providing kinetic information [5-7]. For example, Li et al. [8] investigated the thermal
properties and gas composition during the co-pyrolysis of oil shale and coal at different
blend ratios using the TG-FTIR technique, and they found that the optimum proportion of
oil shale in the mixture was 50%, which led to a 1.4% increase in the gas/liquid yield and
in the ratio of aromatic C-H/aliphatic C-H in the gaseous products identified. Yan et al. [9]
explained the catalytic effect of minerals in oil shale on the pyrolysis and combustion
process of kerogen through detecting the evolution curves of C-H, CO, CO,, and H,O
products using TG-FTIR. You et al. [10] figured out that the structural characteristics
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of kerogen could affect product distribution and yields of oil and hydrocarbon gases
through analyzing the evolutionary characteristics of gaseous products from the pyrolysis
of different mining areas using thermogravimetry—Fourier transform infrared spectroscopy—
mass spectrometry (TG-FTIR-MS). Even though the pyrolysis behavior and kinetics of oil
shale have been studied in some mining areas, a comprehensive study on the evaluation of
the pyrolysis behavior and kinetics of Jimsar oil shale applied to the industry is still lacking.

On the other hand, kinetic analysis is essential to the numerical study of the retorting
process, which could investigate the heat transfer, pyrolysis reactions, and mass transfer in
the pyrolysis process and facilitate the optimization operation [11]. However, most research
about oil shale mainly focuses on the study of the pyrolysis kinetics of oil shale [12-14],
while the kinetic analysis of its product generation is rarely reported. Many researchers
proficient in the numerical simulation of retorting have to use the kinetic data of pyrolysis
products published in the 1980s [15-18].

To provide kinetic information on products generated during the pyrolysis process
for related research areas and provide theoretical parameters for the development and
utilization of the 1.15 x 10 tons of Jimsar (China) oil shale, this paper investigated the
characteristics and kinetics of the pyrolysis process and product generation of Jimsar
oil shale using TG-FTIR. The pyrolysis behaviors, pyrolysis mechanisms, and kinetics
of oil shale were investigated through four isoconversional kinetic methods (Friedman,
Starink, Flynn-Wall-Ozawa (FWO), and Vyazovkin) based on TG data. In addition, the
generation trends of the pyrolysis products were investigated based on FTIR data, and the
Coats—Redfern method and 13 main reaction mechanisms were used to understand the
generation mechanisms and thermodynamic parameters of various products derived from
the pyrolysis of oil shale.

2. Experimental Section
2.1. Material

The oil shale for the experiment was collected from the Jimsar oil shale mine, China.
The bulk oil shale was crushed through a series of crushing procedures and sealed in
reserve after sieving with a 100-mesh screen. The oil shale sample characterization was
carried out as the average of three experiments, and the results are shown in Table 1.

Table 1. Characteristics of Jimsar oil shale samples.

Moisture (ad) 0.50

Proximate analysis Volatile matter (ad) 17.48
Fixed carbon (ad) 0.90

Ash (ad) 81.12

Cq 11.48

Hgy 1.68

Ultimate analysis Oq4 8.35
Ng 0.605

Sq 0.51

ad—air dry basis, d—dry basis.

2.2. TG-FTIR Experiments

The thermal cracking experiments were performed simultaneously on a Mettler Toledo
TGA2 thermogravimetric analyzer system (Greifensee, Switzerland) combined with a
Thermo Scientific Nicolet iS50 spectrometer (Waltham, MA, USA). Samples of approxi-
mately 20 mg were heated from room temperature to 1273.15 K under a N, (flow rate
50 mL/min) atmosphere at heating rates of 10, 20, 30, and 40 K/min in the thermo-
gravimetric analysis, respectively. The gaseous products from the TGA pyrolysis were
purged by N, into the FTIR sample pool and analyzed in the wave number range from
4000 to 400 cm ™. The pyrolysis experiments for the different heating rates were carried
out three times to ensure the reproducibility and accuracy of the test data.
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2.3. Kinetic Analysis of Oil Shale Pyrolysis

The kinetics of oil shale pyrolysis needed to be analyzed to further understand the
reaction mechanisms. The basic equations for the study of the kinetics of heterogeneous
solid-state thermal decomposition can be described as follows:

o _

ar = (A7) expTEED f(a) M)

where « is the pyrolysis conversion rate; R is the universal gas constant, 8.3145 J- /mol/K;
T is the temperature, K; B = dT/dt is the heating rate, K/min; E is the activation energy,
kJ/mol; A is the pre-exponential factor; 1/s; and f(a) is the reaction mechanism function,
which is only related to the conversion rate, as shown in Table S1 in Part A of the Supporting
Information. It should be noted that the reaction mechanism in this study is also applicable
to the generation mechanism of pyrolysis products.

In Equation (1), the pyrolysis conversion rate is calculated by the following equation:

o= Mo~ M )
mpy — Meo
where m, m;, and m are the initial mass, current mass at time ¢, and final mass of the
sample, respectively. For distinguishing the product generation rate (), the conversion
rate («) was replaced by «ap in this paper.

Isoconversional methods are increasingly being used in oil shale thermochemical
conversion studies based on multiple heating rates and generate unique kinetic parameters
with no assumption of a specific reaction model. According to the suggestion of the
International Confederation for Thermal Analysis and Calorimetry (ICTAC) [19], four
isoconversional methods (the Friedman, Starink, FWO, and Vyazovkin methods) were used
to calculate the reaction mechanisms of Jimsar oil shale pyrolysis, as shown in Table 2 (more
information on the kinetic computations is shown in Part B of the Supporting Information).

In addition, this work evaluated the kinetic parameters according to the compensation
parameters and master curve methods to determine the reaction mechanism of oil shale
pyrolysis (see Part B of the Supporting Information for detailed methods) [19,20].

Table 2. Isoconversional methods considered for kinetic analysis.

Methods Equations References
. d Ea
Friedman ln( idTi;,-) = In[Ag, f(ap)] — RT:;‘_ [21]
i Ey
Starink 1n<T?—P92) = Const — 1.0008 7 [22]
EIX 2
FWO In(B;) = Const — 1.052 RT;P,,' [23,24]

I 1(Eap Tapi) By
E)— _\Zaps_apid)Pj
¢(Eap) mm;}% I(Eap/Tup,)Bi

T(XIJ
I(E‘XP'T‘XP) = ({exp(f%TP>dT

Note: the indexes i and j are introduced to denote various temperature programs.

Vyazovkin [19,25]

2.4. Kinetic and Thermodynamic Analysis of Gaseous Product Generation
2.4.1. Kinetic Analysis of Gaseous Products

The generation kinetics of the products derived from the oil shale pyrolysis were
calculated using the following equation (Coats—Redfern method) [26-28]:

In g(ag) —In AR (1 _ ZRT“G/i) _ Eag 3)
TD%G,l‘ ﬁiEDCG EﬂéG RTO(G,i



Processes 2023, 11, 1535

4 0f 20

where a is the product generation rate; E, . is the activation energy at different generation
rates, kJ/mol; and g(ag) is the integral form of the generation mechanism (f(ag)), as
shown in Table S1 of the Supporting Information.

The generation rate in Equation (3) is converted by selecting representative and distinct
peaks of the releasing curves of the products as a function of temperature (time) as follows:

Smax - St
NG = 57

(4)

max — Smin

where S; is the value of the peak area at a certain temperature (time), and Smax and
Smin are the maximum and minimum values of the peak area in the whole generation
range, respectively.

2.4.2. Thermodynamic Analysis of Gaseous Products

The three thermodynamic parameters, enthalpy (AH), Gibbs free energy (AG), and
entropy (AS), can be obtained from the FTIR data and the following equations [29,30]:

AH = E,. — RTj, (5)
_ KBTm
AG = E,; + RTjy, ln(hAaG ) (6)
AS = AH - AG 7)
Tom

where Ky is the Boltzmann constant, 1.381 x 10~ J/K; T,, is the temperature at which
the concentration of pyrolysis products reaches its maximum; and # is Planck constant,
6.626 x 10734 (J-s).

3. Results and Discussion
3.1. Thermogravimetric Analysis

The total mass loss (TG) and differential mass loss (DTG) curves of the Jimsar oil
shale at different heating rates are shown in Figure 1. The process of oil shale pyrolysis
can generally be divided into three stages: water evaporation, organic matter pyrolysis
(the main area), and mineral decomposition [12,31,32]. The first weight-loss region of
about 0.9-1.2 wt.% in the temperature range of 303.15-573.15 K can be attributed to the
removal of moisture and absorbed water because the main pyrolysis product is HyO,
as shown in Section 3.2. The second weight loss region between 573.15 and 873.15 K
was due to the decomposition of hydrocarbon materials (kerogen) in the oil shale. The
main gaseous products are hydrocarbons, SO,, CO, and CO,. The third region may be
attributed to mineral decomposition (873.15-1273.15 K) [33,34], where CO, and CO are
tempestuously generated.

Table 3 shows the pyrolysis property indices of the Jimsar oil shale at different heating
rates to further analyze the effect of the heating rate on the pyrolysis process. It was
evident that pyrolysis temperatures of the oil shale increased with the increasing the
heating rate. This “thermal hysteresis” phenomenon observed in fuels such as biomass,
coal, and waste tires, was attributed to heat conduction [35-38]. The high heating rate led
to a higher temperature gradient where the temperature in the inner layer of the sample
was lower than in the outer layer because of heat transfer during the heating of the sample.
This condition caused a displacement of the thermogravimetric curve towards the high-

temperature section. In addition, it can be observed from the table that D and (%’)
max

increased with the heating rate. This indicated that the oil shale at a higher heating rate
not only had a violent pyrolysis process but also accelerated the heat transfer between the
reactor and the interior of the oil shale.
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Figure 1. TG and DTG curves of Jimsar oil shale at different heating rates.
Table 3. Pyrolysis characteristic index table.
B/(K/min) T./K (%f) /(%/min)  Tmax/K AT1/K  D/10-1%/(minK3)
max
10 729.82 1.27 737.48 709.82 1.37
20 746.15 1.89 749.48 709.82 1.92
30 756.15 211 760.15 703.15 2.09
40 765.15 2.30 772.48 693.82 2.23

Note: T; is the temperature at 5% weight loss; <%’) is the maximum rate of weight loss; Tay is the temperature
max

at the maximum rate of weight loss; AT; is the temperature at which the weight-loss rate is half of the maximum
2

do
weight-loss rate during pyrolysis; D is the pyrolysis property index, and its formulais D = %

3.2. Infrared Spectroscopy of Gaseous Products
3.2.1. Gram-Schmidt Curves

Based on the Lambert-Beer law, the absorbance of the FTIR peaks can assess the
concentration of gaseous decomposition products [32]. The Gram—Schmidt (G-S) curve
represents the relationship between the total concentration of gaseous decomposition
products and the temperature during pyrolysis [12,13], as shown in Figure 2. The curve
displays that the concentration of the pyrolysis products generated from the oil shale
increased with the increase in the heating rate. In addition, the increased heating rate
caused a delay in the IR spectra of the pyrolysis products. This was consistent with the
results of the TG analysis that showed that the increased heating rate led to a heat transfer
delay in the pyrolysis process.

0.16
40 ?'mln 30 K/min Gram-Schmidt Curve Gram-Schmidt Curve
0.14 -
012k 40 K/min 40 K/min
: 20 K/min
0.10 -
é‘ 0.08 L 30 Kfmin
2 20 K/min 10 K/min
= 0.06 -
ootl 10 K/min 20 bimin : 1
oof —u- &
0.00 y y . y y 460 6(I)0 : stl)o ‘10‘00 uluo
0 100 20 30 l[l(()mm)'iﬂ 60 70 80 90 Temperature(K)
(a) (b)

Figure 2. Gram-Schmidt curves obtained for Jimsar oil shale during pyrolysis at different heating
rates: (a) time vs. intensity curve; (b) temperature vs. intensity curve.
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The variation trend of the G-S curve was similar to that of the DTG curve, as shown
in Figure 3. The difference was that the DTG curve had a significantly prominent peak
between 873.15 and 1173.15 K, while the second peak of the G-S curve was relatively
diminutive. This showed that the yield of pyrolysis products derived at this temperature
stage was lower, and the primary components were small-molecule compounds (CO,, CO)
obtained from the decomposition of carbonates in the minerals. In addition, the DTG curve
leveled off between 1173.15 and 1273.15 K, while the G-S curve rose again. This was mainly
attributed to the reaction between CO, and coke that forms CO and the high-temperature
condensation reaction [9].

2.4 0.16

Bl § J0.14

20F

-18F Jo.12
_ler J0.10
E-14t 2
2-1af 10088
5 E
=-1.0F —40.
E 0.06

,08 -

4 0.04

0.6}

0.4 F 40.02

—02r 40.00

0 1 1 1 1 1 1

273.15 473.15 673.15 873.15 1073.15 1273.15
Temperature(K)
Figure 3. The comparison of DTG and G-S curves of oil shale pyrolyzed at the heating rate of
40 K/min.

3.2.2. Gaseous Product Analysis

Figure 4 shows the 3D and 2D planes of the FTIR results of the gaseous products from
the pyrolysis of the Jimsar oil shale at the heating rate of 40 K/min. The summary of the
FTIR characteristic absorption bands of the functional groups in the pyrolysis products was
concluded according to the reported FTIR references about oil shale, as shown in Table S2
of the Supporting Information [8,9,12,14,32].

1273.15K /"'\IJSO - L
- M".—P—_—L\N
1175.33K
1069.37K Co,
Co,
971.55K
873.74K m nn
824.83K M 1|
CH, y~CH, Cc=C, SO
775.92K 5
C}I}/\LCH S
727.02K - 3}‘\ !
emsrren 2 " M
669.96K
1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm ™!
(b)

Figure 4. Three-dimensional spectrum (a) and spectrum at representative temperatures (b) of gaseous
products from the pyrolysis of Jimsar oil shale at a heating rate of 40 K/min.

The derived products were not only composed of functional groups such as
C-H (2860 + 1 em™!, 2930 + 1 em™!, 2960 + 1 em™'), C=O (4000-3500 cm '),
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C=C (1462 £ 1 cm ™), and O-H (3615 £ 1 cm™!) but also included SO, (1374 4+ 1 cm™ 1),
CO (2240-2060 cm™1), CO, (2400-2240 cm~ 1), CH, (3018 4+ 1 cm™!), and other small-
molecule compounds. The evolution trends of the small-molecule compounds at different
heating rates and temperatures are shown in Figure 5a—d, and the evolution trends of the
aliphatic, aromatic, and O-H functional groups are presented in Figure 6a—d.

0.006

SO, (1374cm™1) CO (2180cm™1)
= ]10K/min B — i
= 10K/
0004 50K/min  20Kmin
—— 30K/min 0.004 - ——30K/min

)

——40K/min ——40K/min

Absorbance

0.002
0.000

Absorbance(Abs

0.000 p23

L L 1 1
473.15 673.15 873.15 1073.15 1273.15 473.15 673.15 873.15 1073.15  1273.15
Temperature(K) Temperature(K)
(a) (b)
0.20
_ -1
CO, (2358cm™1) o012 CH, (3018cm™1)
—— 10K/min —— 10K/min
0.15 F ——20K/min ———20K/min
s — 30K/min Z0.008 —iggmm
2 : ;| —_— ‘min
2 40K/min -%
30.10 - é
E 2
g 20.004
< <
0.05
0.000 pFve
0.00 W1 . , | ‘ | |
473.15 673.15 873.15 1073.15 1273.15 473.15 673.15 873.15 1073.15 1273.15
Temperature(K) Temperature(K)
(c) (d)

Figure 5. Variation in small-molecule compounds (SO, (a), CO (b), CH; (c), CHy (d)) with tempera-
ture at different heating rates.

At a temperature of 673.15 K, few small-molecule products (primarily H,O and CO,)
were generated, as shown in Figures 4 and 5. CHy, CO, and SO, were also produced
gradually with the increase in the temperature. The CO, came from the cleavage and
reformation of the carbonyl and carboxyl groups of organic matter and the decomposition
of inorganic carbonates [8]. The production of CHy, on the other hand, was mainly derived
from the cracking of alkyl radicals, the demethylation of methoxy, and the further breaking
of the short alkyl side chains on the aromatics. The formation of CO was attributed to the
cleavage of C-O-C and C=0 functional groups and the secondary reactions of CO; and
semi-coke in the high-temperature phase [9].

The main environmental pollution problem in the oil shale retorting process is the
release of sulfide compounds. The researchers in this study attributed the peak in the
FTIR spectrum in the 1420-1300 cm ! interval to S=O vibrations and concluded that the
absorption peak at 1374 cm ™! represented SO, [9]. Figure 5a shows that there were two
intensity peaks of SO, between 673.15 K and 873.15 K. The first peak was due to the
release of organic sulfur derived from the oil shale, such as some covalent sulfides that are
produced during volatile eruptions [39]. In addition, the second peak was attributed to
reactions between pyrite and organic matter that form H,S and SO, [34].
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Figure 6. Evolution of -C=C (a), -CH; (b), -CH3 (c), and O-H (d) functional groups with temperature
at different heating rates.

Figures 4 and 6 show that, except for the small-molecule compound CO;, the major
gaseous products were in the C-H stretching bands dominated by -CH; and -CH3. In
addition, their production temperature interval was mainly 673.15-823.15 K, with the
maximum concentration obtained at a temperature of about 757.15 K. The evolution pattern
of C=C was consistent with that of the C-H functional group, with a relatively much smaller
evolution concentration. In addition, compared with the C=C and C-H functional groups,
the concentration of the O-H functional group was much smaller. These results suggest that
the shale oil was mainly composed of aliphatic and aromatic groups, which conformed to
the previous studies of shale oil using TT-IR and GC-MS [40,41]. In addition, this indicates
that the temperature range of 673.15-823.15 K was the main generation stage of the shale
oil. This was approximately similar to the results of Bai et al. [13] who discovered that the
major pyrolysis products such as CHy and light C,* aliphatic hydrocarbons were generated
in the temperature range of 673.15-873.15 K.

In addition, Figures 5 and 6 show that the generation temperature of the pyrolysis
products increased with increasing the heating rate. This result was in accordance with the
above TG analysis.

3.3. Kinetic Analysis of Oil Shale Pyrolysis

A reaction mechanism is a theoretical function that describes the nature of a reaction
process. This work evaluated the reaction mechanism of the pyrolysis process of Jimsar
oil shale based on the Z(«p) master plot method (see Part B of the Supporting Informa-
tion for the specific method) and obtained the pre-exponential factors by employing the
compensation effect method [14,19,42].
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3.3.1. The Calculation of the Activation Energy

The relationship between the activation energy (E.,) and conversion rate (ap) cal-
culated through four isoconversional methods is provided in Figure 7. The correlation
coefficients were greater than 0.95 for all points, and all the models fit the experimental
data well.

400 |
—s— Friedman
350 F —=&— Starink
—A— FWO
—v— Vyazovkin
S 300}
£
=
3
250
200 |
]50 L L L - L
0.0 0.2 0.4 0.6 0.8 1.0

Conversion(crp,)

Figure 7. Curve of activation energy versus conversion rate calculated through different isoconver-
sional methods.

The curves of the activation energy (Ew,) versus the conversion rate («,) obtained
by the four different isoconversional methods had similar shapes and presented an in-
creasing trend. These results were comparable to the regularity obtained by Baruah
and Tiwari [14]. The three curves estimated by the three integration methods (Starink,
FWO, and Vyazovkin) were almost completely in coincidence with each other, varying
in the range of 211-269 kJ/mol with mean values of 209.35 kJ/mol, 210.42 k] /mol, and
209.34 kJ/mol, respectively. ICTAC considers that the Starink and FWO methods using
two or more approximate equation solutions simultaneously show insignificant differences
in the activation energy values calculated by methods with different accuracies [19], and the
Vyazovkin method using the numerical integration method and the fourth basic principle
of Senum-Yang [22] can improve the precision of the activation energies. Mishra et al. [37]
also found similar results during their study on the activation energy of rice straw pyrolysis
using the above three integration methods.

Compared to the above integration methods, the activation energy values (E,,) es-
timated by the Friedman method were larger (the mean value was 232.90 k] /mol) and
fluctuated in the range of 177.98-407.98 k] /mol. ICTAC considers that differential methods
are more accurate than integral methods, such as FWO and KAS (Kissinger—Akahira—
Sunose). The results indicated that the different kinetic methods could produce different
kinetic parameter results, and the most appropriate kinetic method must be determined by
integrating the pre-exponential factors and the reaction mechanism.

3.3.2. The Evaluation of the Reaction Mechanisms

The reaction mechanisms of the oil shale pyrolysis process were evaluated based on
the Z(ap) master plot method. The experimentally determined master plot curves were
compared with the standard theoretical master plot curves for the different reaction mecha-
nisms, as shown in Figure 8. In addition, the equations of the different reaction models (F1,
F2,F3,D1, D2, D3, D4, A2, A3, A4, R2, R3, and P2/3) are shown in Table S1 from the Sup-
porting Information. In the conversion rate range of 0-0.2, the experimental Z(ap) curves
of the Jimsar oil shale at different heating rates and isoconversional methods all tended to
be the same as the P2/3 standard theoretical curve. In the conversion rate range of 0.2-0.6,
the experimental Z(«p) curves all tended to be the same as the R2 standard theoretical
curve, representing that the pyrolysis mechanism was a phase interfacial reaction.
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Figure 8. Comparison of experimental master plots with the standard theoretical master plots for
different reaction mechanisms using Friedman (a), Starink (b), FWO (c), and Vyazovkin (d).

In the higher conversion rate range of 0.6-1, the adopted isoconversional method
and pyrolyzed heating rate had an important effect on the pyrolysis reaction mechanism.
However, the overall trend of the pyrolysis mechanism was between the F1 and F2 models.
The results were different to those of the report of Baruah and Tiwari [14] about the
reaction mechanism models of kerogen pyrolysis. They revealed that the F1 (first-order)
and A2 (Avrami-Eroffev nucleation) reaction models were more suitable for the pyrolysis
of kerogen extracted from upper Assam basin (Indian) oil shale.

3.3.3. The Calculation of the Pre-Exponential Factor

The pre-exponential factor in the kinetic equation of oil shale pyrolysis was obtained
by the compensation effect method. Taking the natural log on both sides of Equation (1):

dap 1
dt f(ap)

According to the 13 reaction mechanism models shown in Table S1 of the Supporting
Information, it was easy to obtain the relational graph between A and E by plotting

Eq,

RT,,

in )| =14, - ®)

In [(%P f(ip) )} against %p for a constant ap value at several heating rates, as shown in
Figure 9.
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Figure 9. Compensation line of E; and In A;.

The points of E; — In A; calculated based on the 13 reaction mechanism models under
the four heating rates were distributed around a compensated straight line (linear correla-
tion coefficient greater than 0.9) according to the characteristics of the compensation effect
method. The fitted equation was as follows.

In Ay, = —1.46332 + 0.16126E,, )

The activation energy values estimated by the Friedman, Starink, FWO, and Vyazovkin
methods were brought into Equation (9) to obtain the pre-exponential factors, respectively,
and the results are shown in Figure 10. The average values of the pre-exponential fac-
tors (Ay,) at different conversion rates (zxp) were 36.10, 32.30, 32.47, and 32.40, as calcu-
lated through the four isoconversional methods, respectively. In addition, the curves of
In Ay, —ap obtained by the four methods had similar patterns to that of the
activation energy.

65 -
60 —a— Friedman
ss| —=o— Starink
—4&—FWO
50} —¥— Vyazovkin
T
L 45+
S
=40+
35+
30 -
25+
20 ] 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Conversion(ap)
Figure 10. Relationship between In A,;, and &) calculated through different isoconversional methods.

3.3.4. The Verification of the Kinetic Parameters

According to the above-calculated kinetic parameters (Aq,, Ex,, and f(ap)), the rela-
tionship between the conversion rate and temperature during the pyrolysis of oil shale at
different heating rates could be predicted and compared with the experimental TG results,
as shown in Figure 11. The predicted data fit well with the experimental data, which
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proved that the calculated kinetic parameters of oil shale pyrolysis in this work were quite
accurate. The comparison shown in Figure 11 also indicated that the consistency between
the experimental data and the predicted data calculated through the Friedman method
was more pinpoint than that of the Starink, FWO, and Vyazovkin methods, implying that

the Friedman method was more suitable for calculating the pyrolysis kinetics of Jimsar
oil shale.
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: Experimental 30K/min Experimental 30K/min
Experimental 40K/ min Experimental 40K/min
"g« m  Estimated results 10K/min v gi m  Estimated results 10K/min v
= 061 o Estimated results 20K/min A 4 = 061 o Estimated results 20K/min v
'g 4 FEslimatled results 30K/min v g A Estimated results 30K/min v
2 v Estimated results 40K/min >4 [ v Estimated results 40K/min 34
5 04} ¥ £04r v
o v ] 34
02} 0.2+
0.0 s . L 0.0 e L ‘ .
573.15 623.15 67315 727?.15 773.15 823.15 573.15 623.15 673.15 723.15 773.15 823.15
Temperature/K Temperature/K
(a) (b)
1.0 1.0 —
FWO Vyazovkin .
Experimental 10K/min Experimental 10K/min
08 Experimental 20K/min 0.el Experimental 20K/min
: Experimental 30K/min Experimental 30K/min
Cxperimental 40K/min Experimental 40K/min_
’gm B Estimaled results 10K/min ¥ ’;@ ®  Estimated results 10K/min
=965 o Estimated results 20K/min y =06 o Estimated results 20K /min
E 4 Bstimated results 30K/min oy -g_ 4 [slimated results 30K/min
4 v Estimated results 40K/min >4 g v Estimated results 40K/ min
g04r ¥ S04 r
o 2, 3
021 02
u
0.0 s = 1 1 1 0.0 ey | L 1
573.15 623.13 673.15 723.15 773.15 §23.15 573.15 623.15 673.15 723,15 773.15 823.15
Temperature/K Temperature/K
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Figure 11. Comparison of the predicted conversion rate value (ap) by Friedman (a), Starink (b),
FWO (c), and Vyazovkin (d) with the experimental data.

3.4. Kinetic Analysis of Gaseous Product Generation

The kinetic data of gaseous product generation is an important theoretical basis of
oil shale pyrolysis investigation. In this work, the representative and distinctive peaks of
the functional groups were selected from the infrared spectral data to calculate the kinetic
parameters of the product generation.

Figure 12 shows the generation rate («¢) of the different components (C=C, CO, COg,
-CH,, -CH3, and CHy) at different temperatures under different heating rates (20, 30, and
40 K/min). The generation rate (xg) of one component represents the ratio of the yield at
one temperature to the total yield during the pyrolysis process. The temperature range
for the kinetic study of C=C (1462 em 1), -CH, (2930 em 1), -CHj3 (2960 cm™1), and
CH, (3018 cm ') with one generation peak was 573.15-873.15 K, while the temperature
ranges for the kinetic study of CO (2180 cm 1) and CO; (2358 cm 1) with two generation
peaks were 573.15-873.15 K and 873.15-1073.15 K.
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Figure 12. The curves of generation rate versus temperature for C=C (a), -CH; (b), -CHj3 (c), CHy (d),
CO (e,f), and CO; (g,h) components at different heating rates.



Processes 2023, 11, 1535

14 of 20

3.4.1. Kinetic Analysis

Based on Figure 12, Table S1 (see the Supporting Information), and the Coats—Redfern
model [28], the most suitable generation models (f (a¢)) of the above components in the
pyrolysis products were compared and confirmed. The analysis processes are shown
in Tables S3-S8 of the Supporting Information. For example, Tables S3 and S4 display
the activation energies (E,.), correlation coefficients (R?), and pre-exponential factors
(Ag) of the generation of CO and CO; in the temperature ranges of 573.15-873.15 K and
873.15-1073.15 K calculated through 13 different generation models.

In the temperature ranges of 573.15-873.15 K, the generation mechanism of CO and
CO; transformed from a chemical reaction model (F) to a diffusion model (D) with the
increase in the heating rate, according to the R? value, as shown in Table 4. However,
in the higher temperature range (873.15-1073.15 K), the most suitable models for the
generation of CO and CO, were both the D3 diffusion models, and these were unaffected
by the heating rate. In fact, the variation in model of CO and CO; generation with the
heating rate was a kind of false appearance. Their genuine generation mechanisms in
the ranges of 573.15-873.15 K and 873.15-1073.15 K were the chemical reaction model (F)
and the diffusion model (D) derived at the lower pyrolysis heating rate, respectively. The
formation of CO and CO; in the range of 573.15-873.15 K was coupled with the generation
of hydrocarbons derived from the decomposition of organic matter, while the formation
in the range of 873.15-1073.15 K was definitely from the decomposition of carbonate and
the corresponding reaction with coke. With the rapid increase in the heating rate, the two
kinds of generation could be superimposed on each other due to the “thermal hysteresis”
phenomenon explained in Section 3.1.

The generation mechanism also affected the activation energy of the product generation.

The activation energies of CO and CO, (498-680 kJ/mol) derived at different heating
rates in the temperature range of 873.15-1073.15 K were larger than those in the range of
573.15-873.15 K (102-337 kJ /mol). In addition, the activation energies of CO (498-680 k] /mol)
in the temperature range of 873.15-1073.15 K were much larger than those of CO,
(526-590 kJ/mol). In addition, the change trend of the pre-exponential factor with the
heating rate was the same as that of the activation energy. The natural logarithm of the
pre-exponential factors of CO and CO; in the two temperature ranges fluctuated in the ranges
of 15.59-50.31 1/s and 58.42-81.96 1/, respectively.

In addition, the correlation coefficients (Rz) of C=C, -CH,, -CH3, and CH, derived
using the three chemical reaction models (F1, F2, and F3) under different heating rates were
larger than the values obtained using the diffusion models (D), nucleation and growth
models (A), phase interface reactions models (R), and power law model (P2/3). This
suggested that the chemical reaction models for the generation of C=C, -CHj,, -CHj3, and
CHy4 in the temperature range of 573.15-873.15 K could be considered as the best-fitting
models based on an ideal linear regression. The most appropriate generation models
(f(xg)) for C=C, -CH,, and -CHj; were all F2 models, and the most appropriate model
for CH4 was the F3 model, as shown in Table 5. The E, and In A, of C=C, -CH,, -CH3,
and CHjy fluctuated in the ranges of 200-530 kJ/mol and 36-86 L/s, respectively, and
their variation trends with the heating rate were the same as those of CO and CO; in the
temperature range of 573.15-873.15 K.
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Table 4. Kinetic parameters of the most suitable generation model solved for CO and CO, at different heating rates in different temperature ranges.

Heating 573.15-873.15 (K) 873.15-1073.15 (K)
Component Rates Generation Model Generation Model
(K/min) E. (kJ/mol) R? InA, (1/s) E (kJ/mol) R? InA,; (1/s)
20 F3((1 - aG)S) 173.85 0.961 29.35 D3 679.19 0.998 81.96
co 30 D1(1/2a) 102.92 0.944 15.59 3/2(1 — ag)?? [1 —(—ax)? 498.61 0.998 58.42
40 s 1 336.78 0.998 50.31 592.33 0.997 68.08
3/2(1_%)2/3 {1_(1_%)1/3 - . . . . .
20 F2((1— sz)Z) 189.40 0.988 28.20 D3 589.71 0.999 70.78
CO, 30 F1(1 —ag) 122.40 0.995 17.57 3/2(1 - ac)2/3 [1 —(1- “6)1/3 -1 541.82 0.999 63.67

40 D2(—1/1In(1 — ag)) 301.57 0.995 42.75 526.59 0.999 60.48
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Table 5. Kinetic parameters of the most suitable generation models solved for C=C, -CH,, -CHj3, and
CHy at different heating rates.

573.15-873.15 (K)

Component Gel\l}[zr;:ilon Heﬁglng1 ilr{la)\tes :
Eqy (KJ/mol) R InA,, (1/s)
20 253.22 0.978 4295
Cc=C F2((1—ag)?) 30 217.16 0.962 36.50
40 400.34 0.999 64.82
20 342.06 0.998 58.27
-CH, F2 ((1—ag)?) 30 307.16 0.993 52.64
40 378.58 0.999 61.37
20 342.64 0.995 58.43
—-CHs F2((1—ag)?) 30 284.39 0.988 48.76
40 390.12 0.999 63.26
20 266.18 0.983 44.90
CH, F3((1—ag)?) 30 237.90 0.976 40.21
40 530.83 0.996 85.92

3.4.2. Thermodynamic Parameters Calculation

The thermodynamic parameters, such as the changes in enthalpy (AH), Gibbs free
energy (AG), and entropy (AS), were calculated using the most suitable generation model
for the pyrolysis products at the different heating rates shown in Tables 4 and 5, and
the results are shown in Tables 6 and 7. The variation trends of AH, AG, and AS of the
product generation corresponded to those of the activation energy with the heating rate.
The AH value indicated that the generation of the pyrolysis products required a large
amount of external energy [43]. The change in AG was influenced by AH and AS [44].
Tables 6 and 7 show that the AG of the generation of the pyrolysis products was in the
range of 130-305 kJ/mol in the temperature range of 573.15-873.15 K. The larger value of
AG of C=C, -CHj, -CH3, and CHy compared to CO and CO, indicated that the formation
of the C=C, -CH,, -CH3, and CHy4 products required more energy. This was consistent
with the above analysis of CO and CO, formation. The negative values of AS for CO and
CO5 at 20, 30, and 40 °C/min shown in Table 6 also demonstrated that the formation of CO
and CO, required less energy in the 573.15-873.15 K temperature range. Meanwhile, the
formation of CO and CO; in the 873.15-1073.15 K temperature range required a relatively
larger amount of energy consumption because the CO; came from the decomposition of
minerals and CO evolved from the reaction between the CO; and semi-coke at this stage.
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Table 6. Thermodynamic parameter estimation of CO and CO; at heating rates of 20, 30, and

40 K/min.
Heati 573.15-873.15 (K) 873.15-1073.15 (K)
Generation eating Generation
Component ?\/I del Rates Model
ode (K/min) AH AG AS ode AH AG (J/mol) AS
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
EF3 20 126.59 133.78 —0.014 673.30 374.81 0.42
CcO D1 30 99.20 156.04 -0.13 D3 492.65 331.26 0.23
D3 40 332.73 254.22 0.16 586.10 357.48 0.31
F2 20 185.09 197.24 —0.023 583.85 352.62 0.33
CO, F1 30 118.04 176.71 —-0.11 D3 535.76 339.97 0.27
D2 40 296.90 24247 0.097 520.31 337.71 0.24

Table 7. Thermodynamic parameter estimation of C=C, -CH,, -CHj3, and CHy at heating rates of 20,

30, and 40 K/min.
Component Gel\l‘/l[ir;(teilon Hl::::;g 2781577315 (K)
(K/min) AH (kJ/mol)  AG (kJ/mol)  AS (kJ/mol)

20 249.57 205.36 0.10

Cc=C F2 30 213.45 192.55 0.05

40 396.30 259.32 0.28

20 338.37 237.34 0.23

-CH, F2 30 303.45 222.74 0.18

40 374.54 251.49 0.25

20 338.95 237.33 0.23

—CHj; F2 30 280.68 214.35 0.15

40 386.08 255.39 0.27

20 262.49 210.72 0.12

CH,4 F3 30 234.19 199.55 0.08

40 526.79 304.51 0.46

4. Conclusions

The study of oil shale pyrolysis mechanisms and product generation mechanisms can
provide a theoretical basis for the numerical simulation of the oil shale retorting process to
optimize the pyrolysis conditions.

(1) The pyrolysis of the Jimsar oil shale was a multi-step process with a complex reac-
tion mechanism. The isoconversional kinetic studies showed that the pyrolysis of
the Jimsar oil shale had different reaction models in different conversion rate ranges:
@ ap = 0-0.2: the reaction model was mainly in the power law (f(ap) = (2/3) ap~1/2).
@ ap = 0.2-0.6: the reaction model was mainly a phase interfacial reaction
(f(ap) = 2(1— Dép)l/z). ® ap = 0.6-1: the reaction model was mainly a chemical
reaction between the F1 and F2 models (f (ap) = (1 —ap) ~ (1 — ocp)z).
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(2) In the temperature range of 573.15-873.15 K, the gaseous products released from the
oil shale pyrolysis were mainly composed of small-molecule compounds (CO,, SO,,
CO, and CHy), aliphatic (-CH;, -CH3), aromatic (C=C), and O-H functional groups.
In addition, shale oils composed of -CH;, -CHj3, and C=C were mainly generated
in the temperature range of 673.15-823.15 K. The generation models of C=C, -CH,,
—-CHs, CHy4, CO, and CO, are F2, F2, F2, F3, F3, and F2, respectively. In addition, the
generation activation energies and pre-exponential factors of the above components
decreased first and then increased with the increase in the heating rate.

(3) In the temperature range of 873.15-1073.15 K, the gaseous products were mainly
composed of CO and CO,. The generation models of CO and CO, were both D3
diffusion models. In addition, the activation energies of CO and CO; formation
in the higher temperature range of 873.15-1073.15 K were larger than those in the
temperature range of 573.15-873.15 K.

(4) Therelative values and variation in the enthalpy, Gibbs free energy, and entropy of the
components evolved at different heating rates and temperature ranges corresponded
with those of the activation energy.

Supplementary Materials: The following supporting information can be downloaded at:
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