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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 CO, 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 pyrolysis.

Keywords: semi-coke; combustion behavior; thermogravimetric analysis (TGA); kinetic parameters;
kinetic model

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 [1,2]. Among these products, semi-coke is the primary solid residue after oil
shale pyrolysis, containing a substantial amount of residual carbon and inorganic mineral
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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 complex
physicochemical composition and structural properties, which differ markedly from conventional
coal combustion, necessitating further in-depth investigation [3,4].

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 [5-9]. 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, 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 [10,11]. Additionally, model-free methods (such as the OFW method and KAS
method) [12,13] 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 [14].

Despite 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 [15-18]. 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 [19-21]. 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. This study aims to elucidate the key features of oil shale semi-
coke combustion behavior and its kinetic principles, providing theoretical references and technical
support for the efficient development and utilization of unconventional energy sources.

2. Experimental Section

2.1. Experimental Samples

The oil shale samples used in this study were obtained from the X block. Before the experiments,
the samples were dried, ground, and sieved, with granular samples in the particle size range of 1-3
mm selected for analysis. The characteristics of the samples were determined through proximate and
elemental analysis, as shown in Table 1.

Table 1. Elemental Composition and Industrial Analysis of Oil Shale Samples.

Elemental Analysis Industrial Analytics Mineral Composition (:0t%)

(wt%) (wt%)
C 13.44 Moisture content 3.8 Quartz 28 Dolomite 7.6
H 0.46 Volatile matter ~ 28.4 Feldspar 52 Siderite 0.5
N 0.38 Ash content 64.2 Clay minerals 23.2  Pyrite 1.7
S 0.58 Fixed carbon 3.6 Calcite 33.8
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2.2. Preparation of Semi-Coke

In this study, oil shale semi-coke samples were prepared through pyrolysis 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.

/1 Electric Heating Element

Experimental

Sample
|~ >amP e

Gas Control Valve
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Figure 1. Aluminum Retort Pyrolysis Experimental Apparatus.

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 hours to remove moisture. Pyrolysis experiments were conducted
in an aluminum retort reactor under an air-protected atmosphere. The pyrolysis temperature was set
to 500°C with a heating rate of 10°C/min. After maintaining the target temperature for 30 minutes,
the system was cooled to room temperature, and the solid product (semi-coke) was collected.

2.3. Characterization of Combustion Residues

The combustion residues of oil shale semi-coke were characterized using scanning electron
microscopy (SEM) (FEI Quanta 450, FEI Company) and X-ray diffraction (XRD) (Rigaku, 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.

2.4. Thermogravimetric Analysis (TGA)

To investigate the combustion characteristics of oil shale semi-coke, thermogravimetric analysis
(TGA) experiments were conducted using a NETZSCH TG 209 F3 Tarsus thermogravimetric
analyzer. 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:
da -E

ot = hep( (@) (1)
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The reaction conversion rate a can be expressed as:

a=2"T (9
m, —m

00

In the equation:a is the conversion rate (%),A is the pre-exponential factor, with units of min~
',T is the reaction temperature (K), R is the gas constant, 8.314 J/(mol-K),

fla) is the mechanism function. mois the initial mass of the sample (mg), m:is the sample mass at
a given time (mg), miris the sample mass after the reaction is complete (mg).

The relationship equation between the reaction rate and activation energy in the OFW method
is given as [12]:

AE, E,
In(B)=1In { RG(Q)}—5.331—1.052( RTJ 3)

The KAS (Kissinger-Akahira-Sunose) method is expressed as [13]:
In(ﬁzj =In _AR_|_E 4)
T G(a)E, RT
where:

B is the heating rate (°C/min), A is the pre-exponential factor, with units of min"

1

, Ris the gas
constant, which is 8.314 J/(mol-K), Ea is the activation energy at a given conversion rate (kJ/mol),G(a)
is the integral reaction mechanism function. 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{a) 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 E« 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. Finally, the combustion kinetics of oil shale semi-coke was analyzed using different
kinetic mechanism functions. Typical kinetic mechanism functions are shown in Table 2.

The Coats-Redfern method equation can be simplified as [14]:

In{gﬁz)}:ln{AR (1_2RT)} E, -

E.A° E | RT
d(@)=-In(1-a) @=1) (6)
(1-a) " -1

g(a)=W (n#1)  (7)

Table 2. Typical Kinetic mechanism function.

Differential form Integral form

Function Mechanism fla) G(a)
Reaction Order Models
First order F1 (1-a) -In(1-a)
Second order Chemical reaction (1-a)2 (1-)1-1
(¥2)
Diffusion Models
Jander equation 2D, n=0.5 4(1-a)2[1-(1-a)v2]v2 [1-(1-ax)V2]172

Jander equation 3D, n=0.5 6(1-a)?3[1-(1-a)'P] 2 [1-(1-x)'R]12
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3D ’ D4
(column symmetry)
Geometrical Contraction Models

G-B equation 3/2[(1-a)1B-1]-1 1-2/3a-(1-00)%3

Contracting area R2, n=2 (1-ox)12 2[1-(1-x)1]
Contracting

R3, n= 1-a)?3 1-(1-x)13

volume 3 n=3 (1-00 S[-(l-)?]

Nucleation Models

Random nucleation and nuclei

Avrami-Erofeev growth 1/2(1-a)[-In(1-a)]* [-In(1-a)]2
A2, 2D, n=2
Random nucleation and nuclei
Avrami-Erofeev growth 1/3(1-a)[-In(1-a)]2 [-In(1-a)]?
A3, 3D, n=3
Mample power n=1/4 4o al4
Mample power n=1/3 3ak als
Mample power n=1/2 2a1? alr
Mample power n=2 1/2a! a2

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 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)
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undergo oxidation reactions. The peak temperature also shifts to higher values with 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 around 770-
820 °C. However, the reaction rate in this stage is relatively low and is significantly affected by the
mineral composition.

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 (Ty), 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, Ty, and Tj) of the oil shale semi-coke. Taking
the heating rate of 25 °C/min as an example, the calculation is shown in Figure 3.

' 1.2
N 1 TN SR e
98 | S 1Ho.8
| T, N | =
961 I I foa =
2 941 ! ' |
= \\/,,,——-——4--~\\_\\~ I Lo.o &
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Figure 3. Schematic diagram for calculating combustion characteristic parameters of oil shale semi-coke.

Thermogravimetric analysis (TGA) revealed 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 temperatures indicate better
combustion stability. The combustion characteristic parameters of oil shale semi-coke at different
heating rates are shown in Table 3.

Table 3. Combustion characteristics parameters of semi-coke under different heating rates.

He‘atlng rate/°C T:/ °C Ty °C Ts/ °C Am [ %
/min

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
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As shown in Table 3, with the increase in heating rate, the ignition temperature (Ti), peak
temperature (Ty), and final combustion temperature (T}) 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 () are used to
determine the relationship between p and temperature (T), and kinetic parameters such as activation
energy (Ea) 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 R? 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 4.

G)KAS m ethods m 0=0.1 @ 0=0.2 A 0=0.3]
¢ =04 o 0=0.5 4« a=0.6}
* 0=0.7 ¥ 0=0.8 @ 0=0.9)

@ OFW methods M 0=0.1 @ «=02 A «=0.3
] Vv 0=04 & 0=0.5 4 a=0.6
p 0=0.7 ® 0=0.8 % a=0.9

2.0

-9
15}
—-10+
) =
= 3
= Z
Lo} 11
-12] g
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. . . . . 13— . .
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1000/7 / (/K) ' 1000/T / (/K)

Figure 4. Model-free kinetic fitting curves for non-isothermal combustion.

Table 4. Kinetic parameters calculated by the OFW method and KAS method at different conversion levels.

o Es, kJ/mol A (1/s) Eo,avg, kJ/mol  Aavg Ravg?
0.1 145.58 6.27x106
0.2 194.41 8.95x10°
0.3 161.96 3.72x107
0.4 132.61 2.07x105
OFW 05 183.26 2.57x107 180.80 1.04x10°  0.998
0.6 205.11 1.57x108
0.7 201.73 7.67x107
0.8 200.39 6.01x107
0.9 202.20 7.93x107
0.1 145.26 5.1x10¢
0.2 194.31 9.27x10°
0.3 161.82 3.35x107
KAS 04 132.53 1.41x105 180.81 1.07x10° 0.997
0.5 183.02 2.23x107

0.6 204.93 1.46x108
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0.7 201.54 6.93x107
0.8 200.19 5.36x107
0.9 201.99 7.06x107

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, making them suitable for efficient energy release. At higher
conversion rates, the reactions are hindered by greater energy barriers, requiring optimization of
combustion conditions (e.g., oxygen concentration or combustion temperature) to improve efficiency.

The gradual increase in activation energy (E«) with increasing conversion rate (a) 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 (o = 0.1-0.3), the activation energy is relatively low
(Ea, 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 (a = 0.7-0.9), the activation energy increases (Ea,
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 (a = 0.1-0.3), while at high
conversion rates (a = 0.7-0.9), the reaction slows down due to the high energy required for carbon

and mineral decomposition.

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(a) 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.

(a) O Shale Sem i-Coke experin entaldata -11

mmm Fit line ofm odel (b) O Shale Sem i-Coke experim entaldata
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= &
= E-12+
122 = Ao= 4.24 X106 s
in) N 1
= Ey=170.41 kd/mol s y=-21685.1 x +15.2603
iy y=-20497.8 x +14.56 A =9211X10°st o Slope =-21685.10
= Slope =-20497.8 0 E Intercept = 15.26
= Intercept = 14.56 R?=10.99
R?=0.992
-12.44 ~134
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Figure 5. 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 (E«) calculated using the Coats-Redfern integral
method is 188.75 k]-mol™, and the pre-exponential factor is 5.86 x 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, indicating 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 pyrolysis 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 pyrolysis
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.

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 were assumed to fit the experimental data, optimize the calculations, and determine
activation energy (E«) 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) showed a gradual increase in activation energy from 180
kJ/mol in the first stage to 263 kJ/mol in the third stage. The lowest activation energy in the first stage
suggests rapid combustion of volatiles, while the highest in the third stage indicates dominance of
fixed carbon oxidation or mineral decomposition, requiring more energy. The pre-exponential factor
increased from 10° to 10", reflecting the kinetic trend of significantly accelerated reaction rates with
increasing temperature.

However, fitting all stages with a second-order model overlooks mass transfer limitations 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 k]J/mol drop in activation energy in the second
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stage is mainly due to enhanced diffusion 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 energy 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 (interface
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 5.

Table 5. Calculated Kinetic Parameters for Each Mode.

F2-F2-F2 F2-F2

stageI  Stage II Stage [Il  stagel Stage II
Eoa/ KJ'mol? 180.130  249.799 263.730 170.646 277.451
A/S? 3.93x10°  4.58x1010 1.35x1011  8.04x108 4.73x101
Contribution 0.395 0.278 0.355 0.431 0.596
f“’“”g/ Kjmol 31 2 224.05
R? 0.98 0.97
fla) (L-ay (L-ay (L-ay (1-a) (L-ay
F2-D4-F2 F2-D4

stage I Stage Il Stage [II  stagel Stage II
Eo/ K]'mol?  94.340 50.227 265.536 61.982 21.187
A/S? 3.08x10° 2.19 5.83x10"%  6.12 2.26x10-2
Contribution 0.431 0.157 0.443 0.542 0.410
Ea,av K . -
Eoas [ KFmol 36 79 41.58
R? 0.94 0.82

21(1-a)15-1]-

fla) (1-a)? i)/ (-] (1-a)? (1-a)? 3/2[(1-a)15-1]-1
F2-R3-F2 A2-F2

stage]  Stage II Stage [II  stagel Stage II
Eo/ KJ-mol" 131.344  102.546 203.089 114.196 221.454
A/S? 2.21x106  9.08x103 2.95x107  1.17x105 7.11x108
Contribution 0.248 0.187 0.583 0.386 0.649
Ea,avg/ K]'mol’

145.66 167.83

1
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R? 0.97 0.95
fla) (1-a) ()P (1-a) 12(1-a)[-In(1-a)] " (1-a)?

3.3. Characterization of Combustion Residues

3.3.1. SEM Characterization

High-temperature pyrolysis not only leads to the decomposition of organic matter but also
causes the decomposition, concentration, and recrystallization of mineral components, revealing the
profound impact of pyrolysis 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) Qil shale before combustion (b) Oil shale semi-coke after combustion

Figure 6. SEM images of oil shale semi-coke samples before and after combustion.

As shown in Figure 6(a), 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 pyrolysis process. At this stage, the material has a high carbon content and
low exposure of mineral components.

In Figure 6(b), 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. 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 pyrolysis
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.


https://doi.org/10.20944/preprints202504.0691.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2025

12 of 15
QM
@) b) P
3 $ v
= c & p Poop
8 2
£ =
Q
P P qQ
Ml WA
T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
20/degree) 20/degree)

(a) XRD pattern of oil shale sample (b) XRD pattern of semi-coke sample

Note: C — Calcite, M — Dolomite, P — Pyrite, Q — Quartz
Figure 7. XRD patterns of oil shale and semi-coke samples.

As shown in Figure 7, the XRD pattern of the oil shale sample (Figure 7(a)) 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 7(b)) shows that the quartz (Q) peaks remain
present and their intensity significantly increases, indicating relative enrichment of quartz during
pyrolysis. The intensity of the calcite (C) peaks decreases sharply, suggesting that calcite decomposed
at high temperatures, producing CO, 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 pyrolysis semi-coke. As
shown in Figure 8, the wavenumber range of 3700-3625 cm™ (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 were removed during
pyrolysis.The absorption peaks at 2928 cm-and 2850 cm™ (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 pyrolysis.

The 1604 cm! (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! (C-H) absorption peak suggests the presence of certain alkyl substances in semi-
coke, possibly low-molecular-weight organic compounds or incompletely cracked structures.

The absorption peaks at 910 cm™ and 500 cm (C-H) are related to C-H vibrations, typically
indicating the presence of benzene rings or aliphatic hydrocarbons in organic matter.A comparison
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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.
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Figure 8. Infrared Analysis of Oil Shale and Pyrolysis Semi-coke.

4. Conclusions

This study systematically investigates the combustion behavior and kinetic characteristics of oil
shale semi-coke using thermogravimetric analysis (TGA) combined with model-free and model-
fitting methods to explore the thermal characteristics, kinetic parameters, and reaction mechanisms
of the combustion process.

(1) The combustion process of oil shale semi-coke can be divided into three stages: a low-
temperature stage (50-310 °C, involving dehydration and release of volatiles), a medium-
temperature stage (310-670 °C, the main combustion phase with oxidation of carbonaceous
components), and a high-temperature stage (670-950 °C, involving mineral decomposition and
oxidation of residual carbon). The medium-temperature stage is the core of the combustion
process, accounting for approximately 28%-37% of the total mass loss, where energy release is
concentrated and significant thermochemical activity is observed.

(2) Inthemodel-free analysis, the average activation energy calculated by the OFW method is 180.80
kJ/mol, and by the KAS method is 180.81 kJ/mol. Both methods achieved R? values above 0.996,
indicating that the OFW and KAS methods are suitable for describing the combustion kinetics
of oil shale semi-coke.

(3) Kinetic analysis shows that the activation energy increases gradually with the conversion rate,
indicating a distinct staged nature of the combustion process and reflecting its multi-step
reaction characteristics. Although the activation energy calculated by the Coats-Redfern integral
method is close to that of the model-free methods, the overall fit for the pyrolysis process is less
ideal, with certain errors and limitations, and does not accurately capture the overall behavior
of oil shale semi-coke combustion.

(4) The model-free method is suitable for rapid analysis of complex reactions, especially when the
reaction mechanism is unclear, providing reliable kinetic parameters. The model-fitting method
can provide deeper insights into reaction mechanisms. The combustion of oil shale semi-coke
shows clear multi-stage kinetic behavior, so model selection must balance mechanistic validity
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with agreement to experimental data. The F2-R3-F2 model, with its segmented mechanism
(interface reaction + second-order reaction), better reflects the physicochemical changes during
semi-coke combustion and more reasonably explains mineral phase transformations. Therefore,
the F2-R3-F2 model is identified as the most appropriate.

SEM analysis of oil shale semi-coke before and after combustion shows that before combustion,
the sample surface is smooth with small and evenly distributed pores, mainly formed by volatile
release during pyrolysis. After combustion, the surface shows numerous irregular pores with
increased pore size and a honeycomb-like structure. XRD analysis indicates that the
characteristic peak intensities of quartz (Q) and dolomite (M) increase after combustion,
suggesting enrichment of quartz during pyrolysis, while the peak intensities of calcite (C) and
pyrite (P) decrease, indicating decomposition or transformation during combustion. IR
spectroscopy shows a reduction in hydrocarbons and the presence of aromatic compounds and
partially decomposed organics in the post-combustion semi-coke, further confirming the
transformation of organic matter during pyrolysis.

Through a detailed analysis of the combustion process of oil shale semi-coke, this study clarifies

its combustion characteristics and kinetic behavior, providing a valuable reference for the efficient

utilization of unconventional energy sources and laying a theoretical foundation for the optimization

of combustion processes.
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