
Academic Editor: Matt Oehlschlaeger

Received: 7 April 2025

Revised: 7 May 2025

Accepted: 20 May 2025

Published: 22 May 2025

Citation: Zhao, F.; Zhang, L.; Liu, S.;

Wang, T.; Xue, P.; Wu, M.; Yun, J. Study

on the Combustion Behavior and

Kinetic Characteristics of Semi-Coke

from Oil Shale. Appl. Sci. 2025, 15,

5797. https://doi.org/10.3390/

app15115797

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Study on the Combustion Behavior and Kinetic Characteristics
of Semi-Coke from Oil Shale
Fajun Zhao * , Lei Zhang, Sen Liu, Tianyu Wang, Peiyong Xue, Mingxuan Wu and Jiankang Yun

Northeast Petroleum University Key Laboratory of Improving Oil and Gas Recovery, Ministry of Education,
Daqing 163318, China; zl_alfred@126.com (L.Z.); lslddnb@163.com (S.L.); 18242933926@163.com (T.W.);
xuepeiyong688@163.com (P.X.); wmingxuanxuan@163.com (M.W.); yjk09242024@163.com (J.Y.)
* Correspondence: fajzhao@126.com

Abstract: This study systematically investigates the combustion behavior and kinetic
characteristics of oil shale semi-coke. Thermogravimetric analysis (TGA) experiments,
combined with both model-free and model-based methods, were used to explore the
thermal characteristics, kinetic parameters, and reaction mechanisms of the combustion
process. The results show that the combustion process of oil shale semi-coke can be
divided into three stages: a low-temperature stage (50–310 ◦C), a mid-temperature stage
(310–670 ◦C), and a high-temperature stage (670–950 ◦C). The mid-temperature stage is the
core of the combustion process, accounting for approximately 28–37% of the total mass loss,
with the released energy concentrated and exhibiting significant thermal chemical activity.
Kinetic parameters calculated using the model-free methods (OFW and KAS) and the
model-based Coats–Redfern method reveal that the activation energy gradually increases
with the conversion rate, indicating a multi-step reaction characteristic of the combustion
process. The F2-R3-F2 model, with its segmented mechanism (boundary layer + second-
order reaction), better fits the physicochemical changes during semi-coke combustion, and
the analysis of mineral phase transformations is more reasonable. Therefore, the F2-R3-F2
model is identified as the optimal model in this study and provides a scientific basis for the
optimization of oil shale semi-coke combustion processes. Furthermore, scanning electron
microscopy (SEM) and X-ray diffraction (XRD) analyses were conducted on oil shale
semi-coke samples before and after combustion to study the changes in the combustion
residues. SEM images show that after combustion, the surface of the semi-coke sample
exhibits a large number of irregular holes, with increased pore size and a honeycomb-like
structure, indicating that the carbonaceous components were oxidized and decomposed
during combustion, forming a porous structure. XRD analysis shows that the characteristic
peaks of quartz (Q) are enhanced after combustion, while those of calcite (C) and pyrite
(P) are weakened, suggesting that the mineral components underwent decomposition
and transformation during combustion, particularly the decomposition of calcite into CO2

at high temperatures. Infrared spectroscopy (IR) analysis reveals that after combustion,
the amount of hydrocarbons in the semi-coke decreases, while aromatic compounds and
incompletely decomposed organic materials are retained, further confirming the changes
in organic matter during combustion.

Keywords: semi-coke; combustion behavior; thermogravimetric analysis (TGA); kinetic
parameters; kinetic model
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1. Introduction
With the depletion of conventional fossil energy resources, the development and

utilization of unconventional energy sources have gradually become a global research
focus in the energy sector. Oil shale, as an unconventional energy resource with abundant
reserves and widespread distribution, has attracted considerable attention due to its ability
to generate shale oil, semi-coke, and combustible gases during pyrolysis [1]. Among these
products, semi-coke is the primary solid residue after oil shale combustion, containing
a substantial amount of residual carbon and inorganic mineral components. Given its
relatively high calorific value, combustion utilization has become a crucial step in achieving
the comprehensive development of oil shale resources. However, the combustion behavior
and kinetic characteristics of oil shale semi-coke are significantly influenced by its com-
plex physicochemical composition and structural properties, which differ markedly from
conventional coal combustion, necessitating further in-depth investigation [2].

The combustion characteristics of oil shale semi-coke determine its actual performance
in energy utilization, including combustion efficiency, energy release rate, and pollutant
emission characteristics. The combustion process of semi-coke not only involves the
oxidation and decomposition of carbonaceous materials but also includes the thermal
decomposition and interactions of inorganic mineral components, leading to complex multi-
phase and multi-step reaction kinetics [3,4]. Furthermore, due to variations in geological
conditions and composition, oil shale from different regions exhibits significant differences
in the combustion behavior of its semi-coke, highlighting the importance of region-specific
kinetic studies. Currently, the research on the combustion behavior of oil shale semi-
coke primarily employs thermogravimetric analysis (TGA) techniques, which monitor
mass changes with temperature to reveal combustion characteristics and reaction patterns.
Additionally, model-free methods (such as the OFW method and KAS method) [5,6] and
model-based methods (such as the Coats–Redfern method based on reaction mechanism
functions) have been utilized to fit and calculate kinetic parameters, providing a theoretical
foundation for combustion process simulation and optimization.

Despite the existing studies on the combustion characteristics of oil shale semi-coke,
several issues remain unresolved. Significant discrepancies exist in the fitting performance
of different kinetic models on experimental data, making it necessary to further explore
suitable models for accurately describing the combustion process of oil shale semi-coke [7].
The combustion process of oil shale semi-coke generally includes stages such as volatile
release and oxidation, residual carbon oxidation, and mineral decomposition, yet the
reaction mechanisms and kinetic behaviors of each stage have not been systematically
analyzed [8]. Moreover, due to regional variations in the physicochemical properties of
oil shale semi-coke, studies on the regional characteristics of its combustion behavior and
kinetic patterns are of great significance. To address these issues, this study focuses on the
semi-coke of a typical oil shale from a specific region. Through thermogravimetric analysis
(TGA) experiments, the combustion characteristics of the semi-coke are investigated, and
kinetic parameters are determined and compared using both model-free and model-based
methods [9,10].

Recent studies have investigated the combustion behavior of oil shale semi-coke using
both thermogravimetric analysis (TGA) and pilot-scale combustion systems. For instance,
Wang et al. (2011) explored the oxidation characteristics of semi-coke derived from oil shale
under various atmospheres, revealing its multi-stage combustion behavior [11]. Huang
et al. (2020) used TGA to determine the kinetic parameters of semi-coke combustion and
highlighted the complexity of its reaction mechanisms [12]. In parallel, practical combustion
studies have shown that semi-coke can serve as a supplementary fuel in industrial boilers,
although challenges remain in ignition and burnout efficiency [13]. Despite these advances,
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few studies have integrated comprehensive kinetic modeling with detailed structural
analysis (e.g., SEM, XRD, FTIR) to better understand the physicochemical changes during
combustion. Our study aims to address this gap by combining both model-free and model-
fitting kinetic approaches with in-depth post-combustion characterization to provide a
more complete understanding of oil shale semi-coke combustion behavior.

2. Experimental Section
2.1. Experimental Samples

The oil shale samples used in this study were collected from Block X. Prior to the
experiments, the samples were dried, ground, sieved, and prepared as granular particles
with a size range of 0.5–1 mm. Their characteristics were characterized through elemental
analysis and proximate analysis, as summarized in Table 1. The contents of carbon (C),
hydrogen (H), nitrogen (N), and sulfur (S) were determined using an Elementar Vario
EL cube elemental analyzer following the methodology outlined in (Analytical methods
for carbon, hydrogen, oxygen, and nitrogen in rock organic matter) [14]. The moisture,
ash, volatile matter, and fixed carbon contents of the oil shale were measured according
to (Geological exploration specifications for oil shale, stone coal, and peat) [15] using a
5E-MAG6600 proximate analyzer(manufactured by Beijing Hengtai Shanghe Instruments
Co., Ltd., Beijing, China). The specific procedures were as follows: A gravimetric method
was employed and 1 g of the dried sample was placed in a sealed container and heated in
an oven at 105 ◦C until a stable mass was achieved. The moisture content was calculated as
the percentage of mass loss. The high-temperature combustion method was used and the
sample was placed in a ceramic crucible, heated to 850 ◦C under a programmed temperature
ramp, and maintained at this temperature for 1 h. After cooling, the residual ash mass was
measured, and the ash content was calculated as the percentage of mass loss. The sample
was loaded into a covered crucible and heated in a tube furnace at a rate of 3 ◦C/min
to 900 ◦C, where it was held for 7 min. The volatile matter content was determined by
collecting and weighing the released gases. The fixed carbon content was calculated as
100% − (Moisture + Ash + Volatile Matter)%.

Table 1. Elemental composition and proximate analytics of oil shale samples.

Elemental Analysis (wt%) Proximate Analytics (wt%)

C 13.44 Moisture content 3.8
H 0.46 Volatile matter 28.4
N 0.38 Ash content 64.2
S 0.58 Fixed carbon 3.6

2.2. Preparation of Semi-Coke

In this study, oil shale semi-coke samples were prepared through combustion using
an aluminum retort reactor. The experimental setup consisted of a reactor, a temperature
control system, a condensation system, and a gas collection system, as illustrated in Figure 1.

The preparation process was as follows: The raw oil shale was crushed to a particle size
of 0.5–1.0 mm and dried at 105 ◦C for 24 h to remove moisture. Combustion experiments
were conducted in an aluminum retort reactor under an air-protected atmosphere. The
combustion temperature was set to 500 ◦C, with a heating rate of 10 ◦C/min. After
maintaining the target temperature for 30 min, the system was cooled to room temperature,
and the solid product (semi-coke) was collected. The elemental composition of oil shale
semi-coke is presented in Table 2.
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Figure 1. Aluminum retort combustion experimental apparatus.

Table 2. Elemental composition and heating value analysis of shale semi-coke.

Elemental Composition and Content

Elemental Analysis (wt%)

C 2.23
H 0.16
N 0.14
S 0.08

Heating Value Analysis (MJ/kg)
Dry distillation temperature at 500 ◦C

HHV 8.0

2.3. Characterization of Combustion Residues

The combustion residues of oil shale semi-coke were characterized using scanning
electron microscopy (SEM) (manufactured by Thermo Fisher Scientific Inc., Waltham,
MA, USA) and X-ray diffraction (XRD) (manufactured by Rigaku Corporation, Tokyo,
Japan). SEM was used to analyze the surface morphology and microstructure, while XRD
was employed to identify changes in the mineral composition after combustion. These
analyses provide crucial data for understanding the material transformation mechanisms
and residue characteristics during the combustion process [16].

2.4. Thermogravimetric Analysis (TGA)

To investigate the combustion characteristics of oil shale semi-coke, thermogravi-
metric analysis (TGA) experiments were conducted using a NETZSCH TG 209 F3 Tarsus
thermogravimetric analyzer (manufactured by NETZSCH Group, Selb, Germany) [17]. A
semi-coke sample of 20 ± 0.1 mg was used in each test. The mass change of the sample
was recorded in real time under an air atmosphere at five different heating rates: 5 ◦C/min,
10 ◦C/min, 15 ◦C/min, 20 ◦C/min, and 25 ◦C/min. The temperature range was set from
room temperature to 950 ◦C, with a gas flow rate of 50 mL/min (oxygen concentration: 21%).

2.5. Kinetic Model Analysis

In this study, the combustion kinetics parameters were calculated using both model-
free methods (OFW and KAS methods) and model-based methods (Coats–Redfern method
based on reaction mechanism functions). The specific procedures were as follows:

(1) Model-free methods.
Under non-isothermal conditions, the reaction rate equation is expressed as:

dα

dt
= A exp(

−Ea

RT
) f (α) (1)
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The reaction conversion rate α can be expressed as:

α =
m0 − mt

m0 − m∞
(2)

where α is the conversion rate, A is the pre-exponential factor (with units of min−1), T is
the reaction temperature (K), R is the gas constant (8.314 J/(mol·K)),

f (α) is the mechanism function, m0 is the initial mass of the sample (mg), mt is the
sample mass at a given time (mg), and m∞ is the sample mass after the reaction is com-
plete (mg).

The relationship equation between the reaction rate and activation energy in the OFW
method is given as [18]:

ln(β) = ln
[

AEa

RG(α)

]
− 5.331 − 1.052

(
Ea

RT

)
(3)

The KAS (Kissinger–Akahira–Sunose) method is expressed as [19]:

ln
(

β

T2

)
= ln

(
AR

G(α)Ea

)
− Ea

RT
(4)

where β is the heating rate (◦C/min), A is the pre-exponential factor (with units of min−1),
R is the gas constant (8.314 J/(mol·K)), Ea is the activation energy at a given conversion
rate (kJ/mol), G(α) is the integral reaction mechanism function, and T is the reaction
temperature at the given conversion rate.

(2) Model-based method.
The model-based method determines combustion kinetic parameters by assuming

a specific reaction mechanism function f (α) and combining it with thermogravimetric
analysis (TGA) data. In this study, the Coats–Redfern method was first applied, where
linear fitting of the relevant equations was performed to calculate the activation energy
Eα and pre-exponential factor A based on the slope and intercept. To further optimize
the fitting accuracy, different reaction mechanism functions—such as the second-order
reaction model, diffusion model, and nucleation and growth control model—were assumed.
By comparing the fitting performance, the most suitable reaction mechanism model was
identified [20]. Finally, the combustion kinetics of oil shale semi-coke were analyzed using
different kinetic mechanism functions. Typical kinetic mechanism functions are shown in
Table 3.

Table 3. Typical kinetic mechanism function.

Function Mechanism Differential Form f (α) Integral Form G(α)

Reaction Order Models

First-order F1 (1 − α) −ln(1 − α)

Second-order Chemical reaction
(F2) (1 − α)2 (1 − α)−1 − 1

Diffusion Models

Jander equation 2D, n = 0.5 4(1 − α)1/2[1 − (1 − α)1/2]1/2 [1 − (1 − α)1/2]1/2

Jander equation 3D, n = 0.5 6(1 − α)2/3[1 − (1 − α)1/3]1/2 [1 − (1 − α)1/3]1/2

G-B equation 3D, D4
(column symmetry) 3/2[(1 − α)−1/3 − 1] − 1 1 − 2/3α − (1 − α)2/3

Geometrical Contraction Models

Contracting area R2, n = 2 (1 − α)1/2 2[1 − (1 − α)1/2]
Contracting volume R3, n = 3 (1 − α)2/3 3[1 − (1 − α)1/3]
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Table 3. Cont.

Function Mechanism Differential Form f (α) Integral Form G(α)

Nucleation Models

Avrami−Erofeev Random nucleation and nuclei growth
A2, 2D, n = 2 1/2(1 − α)[−ln(1 − α)]−1 [−ln(1 − α)]2

Avrami−Erofeev Random nucleation and nuclei growth
A3, 3D, n = 3 1/3(1 − α)[−ln(1 − α)]−2 [−ln(1 − α)]3

Mample power n = 1/4 4α3/4 α1/4

Mample power n = 1/3 3α2/3 α1/3

Mample power n = 1/2 2α1/2 α1/2

Mample power n = 2 1/2α−1 α2

The Coats–Redfern method equation can be simplified as:

ln
[

g(α)
T2

]
= ln

[
AR
Eaβ

(1 − 2RT
E

)

]
− Ea

RT
(5)

g(α) = − ln(1 − α) (n = 1) (6)

g(α) =
(1 − α)1−n − 1

(n − 1)
(n ̸= 1) (7)

3. Results and Discussion
3.1. Combustion Characteristics of Oil Shale Semi-Coke
3.1.1. Thermogravimetric Analysis (TGA) Results

The thermogravimetric analysis (TGA) experiment was conducted to obtain the TG
and DTG curves of oil shale semi-coke at different heating rates (5 ◦C/min, 10 ◦C/min,
15 ◦C/min, 20 ◦C/min, and 25 ◦C/min). The results are shown in Figure 2.
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Figure 2. TG and DTG curves of oil shale semi-coke.

As shown in Figure 2, the combustion process of the sample can be divided into three
stages. The first stage is the low-temperature stage (50–310 ◦C). According to the TG curve,
the mass loss during this stage is relatively small (about 10%). A minor loss peak appears
on the DTG curve, with a peak temperature around 80–110 ◦C. At higher heating rates, the
peak temperature shifts to a higher value. This stage mainly involves the volatilization
of volatile components. The second stage is the medium-temperature stage (310–670 ◦C),
which is the main stage of mass loss, accounting for about 28–37% of the total. A significant
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loss peak is observed on the DTG curve. During this stage, the carbonaceous components in
oil shale semi-coke (mainly fixed carbon and a small amount of residual volatiles) undergo
oxidation reactions. The peak temperature also shifts to higher values with the increasing
heating rate. The third stage is the high-temperature stage (670–950 ◦C), mainly caused by
the decomposition of carbonate minerals and oxidation of residuals, with a mass loss of
about 43–62%. A more prominent mass loss peak appears on the DTG curve, with a peak
temperature at around 770–820 ◦C. However, the reaction rate in this stage is relatively low
and is significantly affected by the mineral composition [21].

The combustion process of oil shale semi-coke was found to consist of three distinct
stages, with the main mass loss occurring in the medium-temperature zone (310–670 ◦C).
This observation is consistent with the findings of Li et al. [22], who reported a similar multi-
stage combustion pattern in thermogravimetric analysis of semi-coke samples. However,
the onset temperature of the main combustion stage in this study (~310 ◦C) is slightly lower
than that reported by Zanoni et al. [23], which may be attributed to differences in sample
composition and particle size.

3.1.2. Extraction of Combustion Characteristic Parameters

To further analyze the combustion behavior of oil shale semi-coke, key combustion
characteristic parameters were extracted from the thermogravimetric analysis (TGA) and
derivative thermogravimetric analysis (DTG) curves. These parameters include ignition
temperature (Ti), peak temperature (Tp), burnout temperature (Tf), and mass loss ratio.
They reflect the thermal and chemical characteristics of the combustion process, including
its initiation, main reaction phase, and completion. In this study, the extrapolation method
was used to analyze the TG-DTG curves and determine the combustion characteristic
parameters (Ti, Tp, and Tf) of the oil shale semi-coke. Taking the heating rate of 25 ◦C/min
as an example, the calculation is shown in Figure 3.
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Figure 3. Schematic diagram for calculating combustion characteristic parameters of oil shale semi-coke.

Thermogravimetric analysis (TGA) reveals the staged characteristics of the combustion
process of oil shale semi-coke, providing experimental data to support subsequent kinetic
modeling. The ignition temperature and peak temperature reflect the thermal stability and
reaction rate characteristics of semi-coke combustion. Higher ignition and peak tempera-
tures indicate better combustion stability. The combustion characteristic parameters of oil
shale semi-coke at different heating rates are shown in Table 4.
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Table 4. Combustion characteristics parameters of semi-coke under different heating rates.

Heating Rate/◦C/min Ti/◦C Tp/◦C Tf/◦C ∆m/%

5 427.94 490.83 546.53 4.29
10 453.42 510.80 564.52 5.18
15 461.19 533.64 584.39 5.54
20 465.38 543.61 589.62 5.82
25 475.56 549.78 599.80 6.22

As shown in Table 4, with the increase in heating rate, the ignition temperature (Ti),
peak temperature (Tp), and final combustion temperature (Tf) of the sample all show a
gradual upward trend. This indicates that the thermal stability of the sample improves
with higher heating rates, and the reaction rate characteristics of the combustion process
also change. A higher heating rate leads to more intense combustion reactions at elevated
temperatures, demonstrating better thermal stability and faster reaction rates. Using a
higher heating rate can help improve the combustion efficiency of oil shale semi-coke and
enhance its energy conversion efficiency.

3.2. Kinetic Analysis
3.2.1. Model-Free Kinetic Analysis

Based on the core concept of the isoconversional method, there is no need to assume a
specific reaction mechanism function. Instead, experimental data from multiple heating
rates (β) are used to determine the relationship between β and temperature (T), and kinetic
parameters such as activation energy (Eα) and the pre-exponential factor (A) are calculated
through linear fitting. The model-free fitting results of the non-isothermal combustion
kinetics are shown in Figure 4. Both the OFW and KAS methods yield R2 values above
0.996, indicating that these methods are suitable for describing the combustion kinetics of
oil shale semi-coke. The kinetic parameters calculated using the OFW and KAS methods
are listed in Table 5.
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Figure 4. Model-free kinetic fitting curves for non-isothermal combustion.

The activation energy and pre-exponential factor calculated by the OFW and KAS
methods are similar, indicating that the model-free method can effectively describe the
overall characteristics of the oil shale semi-coke combustion process. Analysis using the
isoconversional methods (OFW and KAS) reveals the kinetic behavior of the combustion
process. The activation energy increases significantly with the conversion rate, suggesting a
clearly staged reaction process. At low conversion rates, the reactions proceed easily, mak-
ing them suitable for efficient energy release. At higher conversion rates, the reactions are
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hindered by greater energy barriers, requiring the optimization of combustion conditions
(e.g., oxygen concentration or combustion temperature) to improve efficiency.

Table 5. Kinetic parameters calculated by the OFW method and KAS method at different conver-
sion levels.

α Eα, kJ/mol A (1/s) Eα,avg, kJ/mol Aavg Ravg
2

OFW

0.1 145.58 6.27 × 106

180.80 1.04 × 109 0.998

0.2 194.41 8.95 × 109

0.3 161.96 3.72 × 107

0.4 132.61 2.07 × 105

0.5 183.26 2.57 × 107

0.6 205.11 1.57 × 108

0.7 201.73 7.67 × 107

0.8 200.39 6.01 × 107

0.9 202.20 7.93 × 107

KAS

0.1 145.26 5.1 × 106

180.81 1.07 × 109 0.997

0.2 194.31 9.27 × 109

0.3 161.82 3.35 × 107

0.4 132.53 1.41 × 105

0.5 183.02 2.23 × 107

0.6 204.93 1.46 × 108

0.7 201.54 6.93 × 107

0.8 200.19 5.36 × 107

0.9 201.99 7.06 × 107

The gradual increase in activation energy (Eα) with the increasing conversion rate (α)
indicates that, during combustion, the dominant reactions shift from the decomposition of
easily volatilized components to the oxidation of more resistant fixed carbon and mineral
decomposition. According to the OFW method, in the low conversion range (α = 0.1–0.3),
the activation energy is relatively low (Eα, avg = 167.31 kJ/mol), and the reaction is mainly
driven by the release of volatiles, with minimal chemical resistance. In the high conversion
range (α = 0.7–0.9), the activation energy increases (Eα, avg = 201.44 kJ/mol), and the
reaction is dominated by fixed carbon oxidation and mineral decomposition, which are
associated with higher energy barriers. This indicates that the combustion reaction proceeds
faster and more easily at low conversion rates (α = 0.1–0.3), while at high conversion rates
(α = 0.7–0.9), the reaction slows down due to the high energy required for carbon and
mineral decomposition [24].

The average activation energy calculated by the OFW and KAS methods
(180.80–180.81 kJ/mol) falls within the range reported by previous studies on semi-coke
and low-grade coals [25,26]. Compared with the results of Bai et al. [27], who reported a
lower value (~150 kJ/mol) for retorted oil shale, the slightly higher activation energy in this
study suggests a greater thermal stability of the semi-coke used, likely due to its residual
carbon content and mineral matrix.

3.2.2. Model-Based Kinetic Function Analysis

Using TGA data at different heating rates, the fixed conversion temperature (T) points
were extracted. Based on the Coats–Redfern equation, the function g(α) was computed,
and its linear relationship with 1/T was plotted. Figure 5 presents the linear fitting results
obtained using the Coats–Redfern integral method for oil shale semi-coke combustion at
different heating rates.
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Figure 5. The Coats–Redfern linear regression analysis plot. (a) Heating rate of 5 ◦C/min; (b) heating
rate of 10 ◦C/min; (c) heating rate of 15 ◦C/min; (d) heating rate of 20 ◦C/min; (e) heating rate of
25 ◦C/min.

As shown in Figure 5, the activation energy (Eα) calculated using the Coats–Redfern
integral method is 188.75 kJ·mol−1, and the pre-exponential factor is 5.86 × 107. The
activation energies obtained by the OFW and KAS methods fall within the range of
180.80–180.81 kJ/mol, which is close to the result from the Coats–Redfern method, in-
dicating that the Coats–Redfern method has a certain degree of applicability. However,
because the Coats–Redfern method used in this study is based on the high-temperature
range, it fits the combustion process of oil shale semi-coke in the high-temperature stage
relatively well, but fits the low-temperature stage poorly. As a result, the overall fit of the
combustion process is not ideal and still has certain errors and limitations. It does not
adequately describe the full combustion behavior of oil shale semi-coke.
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Furthermore, the kinetic fitting results show that a higher reaction order of n = 2
provides a better fit than n = 1. Therefore, second-order reaction models, diffusion models,
and nucleation and growth control models are assumed to fit the experimental data,
optimize the calculations, and determine the activation energy (Eα) and pre-exponential
factor (A).

When the fitting was divided into three stages based on assumed models, the F2-F2-F2
model (second-order reaction across all stages) shows a gradual increase in activation
energy from 180 kJ/mol in the first stage to 263 kJ/mol in the third stage. The lowest activa-
tion energy in the first stage suggests rapid combustion of volatiles, while the highest in the
third stage indicates the dominance of fixed carbon oxidation or mineral decomposition,
requiring more energy. The pre-exponential factor increases from 109 to 1011, reflecting the
kinetic trend of significantly accelerated reaction rates with the increasing temperature.

However, fitting all stages with a second-order model overlooks mass transfer lim-
itations such as ash layer coverage. Therefore, the F2-D4-F2 model (a mixed diffusion +
second-order reaction model) and the F2-R3-F2 model (interface reaction + second-order
reaction model) were introduced for further analysis. In the F2-D4-F2 model, a sharp
50 kJ/mol drop in activation energy in the second stage is mainly due to enhanced diffu-
sion control, as reduced oxygen transfer resistance lowers the apparent activation energy.

The key feature of the F2-R3-F2 model is the use of the R3 model in the second stage,
which reflects interface-controlled shrinking reactions. This results in a lower activation
energy during this stage, as intermediate products (e.g., opened coke pores) promote the
reaction. The third stage becomes the dominant one, contributing up to 58.3%, with a high
activation energy of 203 kJ/mol, corresponding to dense carbon layer oxidation—consistent
with fundamental combustion kinetics.

When fitting the reaction in two stages, the A2-F2 model (nucleation and growth +
second-order reaction) stands out. Its second stage contributes 64.9%, with an activation en-
ergy of 221 kJ/mol, which is associated with nucleation and growth mechanisms, reflecting
phase transitions and sintering behaviors of ash-forming minerals.

In summary, although the F2-F2-F2 model shows a high degree of fit and general
applicability, with activation energy increasing alongside conversion—matching the typical
multi-stage characteristics of oil shale semi-coke combustion (volatiles → fixed carbon →
minerals)—its simple mechanism tends to overestimate reaction rates in diffusion-limited
stages. The combustion of oil shale semi-coke exhibits clear multi-stage kinetic behavior, so
model selection must balance mechanistic rationality and data fitting accuracy.

Among the tested models, the F2-R3-F2 model, with its segmented mechanism (inter-
face reaction + second-order reaction), better reflects the physicochemical changes during
semi-coke combustion. It also has a more reasonable distribution of contribution rates.
Moreover, pore structure evolution and mineral phase transitions observed via in situ
characterization (SEM, XRD) support the mechanism, making the F2-R3-F2 model the most
suitable. The detailed kinetic parameters of each model are listed in Table 6.

Table 6. Calculated kinetic parameters for each mode.

F2-F2-F2 F2-F2

stage I Stage II Stage II stage I Stage II
Eα/KJ·mol−1 180.130 249.799 263.730 170.646 277.451

A/S−1 3.93 × 109 4.58 × 1010 1.35 × 1011 8.04 × 108 4.73 × 1011

Contribution 0.395 0.278 0.355 0.431 0.596
Eα ,avg/KJ·mol−1 231.22 224.05

R2 0.98 0.97
f (α) (1 − α)2 (1 − α)2 (1 − α)2 (1 − α)2 (1 − α)2
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Table 6. Cont.

F2-D4-F2 F2-D4

stage I Stage II Stage II stage I Stage II
Eα/KJ·mol−1 94.340 50.227 265.536 61.982 21.187

A/S−1 3.08 × 103 2.19 5.83 × 1010 6.12 2.26 × 10−2

Contribution 0.431 0.157 0.443 0.542 0.410
Eα ,avg/KJ·mol−1 136.70 41.58

R2 0.94 0.82
f (α) (1 − α)2 3/2[(1 − α)−1/3 − 1]−1 (1 − α)2 (1 − α)2 3/2[(1 − α)−1/3 − 1] − 1

F2-R3-F2 A2-F2

stage I Stage II Stage III stage I Stage II
Eα/KJ·mol−1 131.344 102.546 203.089 114.196 221.454

A/S−1 2.21 × 106 9.08 × 103 2.95 × 107 1.17 × 105 7.11 × 108

Contribution 0.248 0.187 0.583 0.386 0.649
Eα ,avg/KJ·mol−1 145.66 167.83

R2 0.97 0.95
f (α) (1 − α)2 (1 − α)2/3 (1 − α)2 1/2(1 − α)[−ln(1 − α)]−1 (1 − α)2

3.3. Characterization of Combustion Residues Analysis
3.3.1. SEM Characterization

High-temperature combustion not only leads to the decomposition of organic matter
but also causes the decomposition, concentration, and recrystallization of mineral com-
ponents, revealing the profound impact of combustion on the solid-phase composition of
oil shale.

Figure 6 presents the SEM images of oil shale semi-coke samples before and after
combustion, illustrating the morphological changes induced by the combustion process.

(a) (b) 

Figure 6. SEM images of oil shale semi-coke samples before and after combustion. (a) Oil shale before
combustion; (b) oil shale semi-coke after combustion.

As shown in Figure 6a, the surface of the sample before combustion is relatively
smooth, with a few small and evenly distributed pores. The pores in the semi-coke are
mainly formed by the release of volatiles during the combustion process. At this stage, the
material has a high carbon content and low exposure of mineral components.

In Figure 6b, after combustion, the surface of the residual sample exhibits numerous
irregular pores with larger and uneven pore sizes. Some areas display a honeycomb-like
structure. This is due to the oxidative decomposition of carbonaceous components during
combustion, leading to significant material loss and the formation of a porous structure.
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Additionally, the exposure and partial melting of mineral particles at high temperatures
further alter the surface morphology.

3.3.2. XRD Characterization

To reveal the changes in mineral composition and crystalline structure during the
combustion process of oil shale, X-ray diffraction (XRD) analysis was performed on both
raw oil shale and pyrolyzed semi-coke samples. The results are shown in Figure 7.
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Figure 7. XRD patterns of oil shale and semi-coke samples. Note: C—calcite, M—dolomite, P—pyrite,
Q—quartz. (a) XRD pattern of oil shale sample; (b) XRD pattern of semi-coke sample.

As shown in Figure 7, the XRD pattern of the oil shale sample (Figure 7a) indicates
distinct characteristic peaks for quartz (Q) and dolomite (M), suggesting that these minerals
are present in significant amounts. The strong peak intensity of calcite (C) indicates that it
is a major carbonate mineral in the oil shale sample. The presence of characteristic peaks
for pyrite (P) confirms that the sample contains a certain amount of sulfides. Multiple
sharp diffraction peaks in the spectrum indicate that the minerals in the oil shale have good
crystallinity. Organic matter does not show obvious features in the XRD pattern, as it is
primarily amorphous.

The XRD pattern of the semi-coke sample (Figure 7b) shows that the quartz (Q)
peaks remain present and their intensity significantly increases, indicating the relative
enrichment of quartz during combustion. The intensity of the calcite (C) peaks decreases
sharply, suggesting that the calcite decomposed at high temperatures, producing CO2

and leading to a reduction in content. The pyrite (P) peaks weaken, indicating that some
sulfides may have decomposed or transformed. New characteristic peaks for potassium
feldspar (K) appear in the semi-coke sample, likely due to mineral recrystallization during
high-temperature reactions.

3.3.3. Infrared Spectroscopy (IR) Characterization

Figure 8 presents the infrared spectroscopy analysis of oil shale and combustion
semi-coke. As shown in Figure 8, the wavenumber range of 3700–3625 cm−1 (OH/NH)
corresponds to the stretching vibration peaks of hydrogen bonds (OH or NH), indicating the
presence of moisture and amino or hydroxyl functional groups in the sample. The intensity
of the stretching vibration peak in semi-coke is lower than that in oil shale, suggesting
that some moisture and amino groups are removed during combustion. The absorption
peaks at 2928 cm−1 and 2850 cm−1 (C-H) represent the typical stretching vibrations of C-H
bonds, indicating the presence of hydrocarbons such as methane and alkanes. These peaks
generally reflect the existence of hydrocarbon groups in organic matter. The absorption
peak intensity in semi-coke is lower than that in oil shale, suggesting a reduction in alkanes
due to hydrocarbon cracking or volatilization during combustion.
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Figure 8. Infrared analysis of oil shale and combustion semi-coke.

The 1604 cm−1 (C=C) peak represents the characteristic absorption of C=C double
bonds, reflecting the presence of aromatic compounds or incompletely cracked organic
matter in oil shale. This peak is still observed in semi-coke, indicating that aromatic
compounds and unbroken organic structures remain in the semi-coke.

The 1400 cm−1 (C-H) absorption peak suggests the presence of certain alkyl sub-
stances in semi-coke, possibly low-molecular-weight organic compounds or incompletely
cracked structures.

The absorption peaks at 910 cm−1 and 500 cm−1 (C-H) are related to C-H vibrations,
typically indicating the presence of benzene rings or aliphatic hydrocarbons in organic
matter. A comparison between oil shale and semi-coke highlights the differences in organic
composition and chemical bond transformations. Oil shale contains more moisture and
hydrocarbons, whereas semi-coke exhibits reduced moisture content and decreased volatile
components. Hydrocarbons are significantly reduced, while aromatic compounds and
other stable structures remain intact.

While this study provides a detailed understanding of the combustion behavior
and kinetics of oil shale semi-coke, its practical relevance is of particular importance. In
regions where oil shale is an abundant resource, such as in the Middle East, China, and
the United States, oil shale semi-coke can be considered a potential alternative fuel for
industrial applications, including power generation and cement production. By optimizing
combustion processes and improving energy efficiency, oil shale semi-coke could help
reduce the reliance on traditional fossil fuels and contribute to more sustainable energy
solutions [28]. Future studies will need to explore the feasibility of using oil shale semi-coke
in real-world combustion systems to assess its performance in industrial-scale applications.

4. Conclusions
This study systematically investigated the combustion characteristics and kinetics

of oil shale semi-coke using thermogravimetric analysis combined with model-free and
model-fitting approaches. The key findings are as follows:

(1) The combustion process of oil shale semi-coke occurs in three distinct stages, with
the main combustion phase (310–670 ◦C) responsible for the majority of mass loss and
energy release.
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(2) The average activation energies obtained from model-free methods (OFW and KAS)
are essentially similar and show high correlation (R2 > 0.996), confirming their reliability in
describing the combustion kinetics.

(3) The F2–R3–F2 model is identified as the most appropriate mechanism through
model-fitting analysis, effectively reflecting the multi-stage nature of the reaction and
associated mineral transformations.

(4) SEM, XRD, and FTIR analyses confirm significant morphological and compositional
changes before and after combustion, supporting the proposed reaction mechanisms.

These results provide a theoretical foundation for the clean and efficient utilization of
oil shale semi-coke as an alternative fuel. Future work should focus on validating these
findings under practical combustion conditions to better assess industrial applicability.
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