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ABSTRACT

Gas coal serves as a high-quality raw material for oxygen-free pyrolysis processes in the coal chemical industry,
and its pyrolysis has significant implications for alleviating the global energy crisis. However, the complex
microscopic chemical reaction mechanisms underlying coal oxygen-free pyrolysis remain poorly understood,
representing a critical knowledge gap. In this study, a high-temperature in-situ infrared testing system combined
with a two-step dual-band baseline correction method was employed to elucidate the correlation between typical
functional groups (11 types) and mass loss conversion rates, investigate the evolution differences of functional
groups during oxygen-free pyrolysis of gas coal under the influence of coal rank variations (long-flame coal and
lignite) and time-scale effects, and to analyze the kinetic mechanisms of active groups during oxygen-free py-
rolysis of gas coal. The results demonstrate that oxygen-containing functional groups act as the triggering
mechanism for coal oxygen-free pyrolysis. Aliphatic hydrocarbons exhibit a strong correlations with increased
gas coal mass conversion rates, although this relationship gradually transitions to oxygen-containing functional
groups in later stages. With decreasing coal rank, the onset temperature of rapid consumption for all functional
groups decreased. Time-scale effects predominantly impact the later stages of gas coal oxygen-free pyrolysis,
shifting the characteristic transition parameters (e.g., rapid consumption onset, maximum consumption rate
temperature) and group conversion rates toward higher temperatures as heating rates increase. The magnitude of
the apparent activation energy during oxygen-free pyrolysis primarily depends on the difficulty of the initial
bond cleavage and the efficiency of subsequent chain reactions. The high activation energy of benzene rings
(269.6 kJ/mol) reflects the formation of semi-coke and coal char structural frameworks, adhering to a first-order
reaction mechanism. The elevated activation energy of C-O-C consumption stages (338.6 kJ/mol) incorporates
synergistic contributions from chemical bond cleavage and diffusion resistance. Aliphatic hydrocarbons follow a
random nucleation and nuclei growth mechanism, while other functional groups are governed by diffusion
models. These findings enrich the understanding of coal oxygen-free pyrolysis mechanisms, provide critical in-
sights for coal chemical engineers, and provide theoretical insights into the advancement of clean and efficient
technologies for the utilization of low-rank coal.
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1. Introduction

Currently, coal accounts for 37 % of global electricity generation
(Pope et al., 2024). Gas coal, a low-rank bituminous coal characterized
by a high volatile content (>37 %) and strong caking properties, serves
as both a crucial component in coking blends and an ideal feedstock for
coal pyrolysis processes in chemical industries (Huang et al., 2025;
Umar et al., 2024; Xu et al., 2024). However, extensive exploitation and
utilization of coal resources have resulted in significant environmental
challenges (Gopinathan et al., 2023; Lak et al., 2024). In China, par-
ticulate matter and greenhouse gas emissions from coal combustion
have become the primary drivers of regional air quality deterioration
and climate change (Deng et al., 2023; Li et al., 2024). This has driven
substantial interest in efficient clean coal conversion technologies,
particularly pyrolysis, as a potential solution for sustainable energy
development.

Oxygen-free pyrolysis, as a critical step in the thermal conversion of
low-rank coal (Li, S. et al., 2025a,b; Ma et al., 2023). It acts not only as a
precursor process for combustion and gasification, but also directly
governs tar yield and pollutant formation pathways through complex
functional group evolution (e.g., aliphatic chain cleavage and
oxygen-containing group decomposition) (Keboletse et al., 2021; Shi
etal., 2024; Zhang et al., 2025). Consequently, in-depth investigation of
microstructural changes during coal oxygen-free pyrolysis and revealing
the mechanisms of functional group evolution during this process can
not only provide theoretical support for optimizing pyrolysis processes
and improving coal conversion efficiency, but also pave the way for
fundamental research on coalification processes.

Current analytical techniques for characterizing functional group
distributions in coal primarily include Fourier Transform Infrared
Spectroscopy (FTIR) and 1/13C Nuclear Magnetic Resonance (NMR)
(Cai et al., 2023; Li et al., 2023). Among these, FTIR has become the
predominant method for coal structural analysis because of its opera-
tional simplicity and cost-effectiveness, with extensive applications in
determining the functional group composition, degree of coalification,
and genetic classification (Wu et al., 2023). FTIR spectroscopy is
particularly effective in determining the carbon-hydrogen ratios and
heteroatomic functional group distributions (Mishra et al., 2023). Pan
et al. (2020) investigated the evolution of functional groups in coal
under oxygen-free and aerobic environments using FTIR, revealing that
hydroxyl (-OH) groups exhibit significantly greater peak heights and
areas under oxygen-free conditions, indicating the critical role of -OH in
coal oxidation processes. Lin et al. (2014) analyzed functional group
transformations during lignite pyrolysis in oxygen-free pyrolysis using
FTIR, demonstrating progressive decomposition of aliphatic groups with
increasing temperature, while aromatic bonds maintained higher sta-
bility below 700 °C. However, the functional group evolution data re-
ported in these studies predominantly rely on non-in-situ samples,
which cannot directly reflect the real-time structural changes in coal
during heating. In contrast, in situ FTIR technology enables the real-time
monitoring of functional group dynamics while eliminating secondary
interference from cooling procedures or sample preparation (Xiong
etal., 2015). Qi et al. (2014) conducted a comparative analysis of in-situ
and non-in-situ FTIR techniques to investigate the chemical changes in
surface functional groups during the low-temperature oxidation of coal.
Their findings conclusively demonstrated that that in-situ FTIR data can
more accurately reflect changes in functional groups. Zhang et al.
(Zhang, Q.L. et al., 2024a,b) utilized in situ FTIR to analyze the char-
acteristics and quantitative changes in functional groups during coal
oxygen-free pyrolysis, revealing the following order of mass fractions:
aliphatic > eOH > aromatic C-H > C-O > C=C > C=0. Niu et al. (2016)
utilized in-situ FTIR to investigate the changes in major functional
groups during the pyrolysis of perhydrous bituminous coal and found
that the decomposition of aliphatic groups dominated the primary py-
rolysis of perhydrous coal.

Despite this, in situ FTIR still faces significant challenges: (1) The
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spectra obtained from in situ FTIR exhibit baseline drift with tempera-
ture and wavenumber variations, making it difficult to effectively
analyze changes in specific functional groups; (2) Most existing studies
are limited to temperatures below 500 °C (Jia et al., 2025; Li, Y. et al.,
2025a,b; Zhang, X. et al., 2024a,b; Zhao et al., 2023), while their ana-
lyses of functional group evolution at low temperatures remain
simplistic, neglecting correlations with coal pyrolysis mass loss. Xu et al.
(2016) extended the testing temperature to 1000 °C using the Infrared
Microscopy beamline facility at Australian Synchrotron, but its high
equipment cost hinders industrial applications; (3) The influence of
heating rates and coal rank on the dynamic evolution of functional
groups has not been systematically resolved. Additionally, kinetics are
intrinsically linked to the reaction mechanisms underlying thermal
conversion processes, with kinetic data serving as fundamental theo-
retical support for the design of thermal conversion reactors. Tradi-
tionally, kinetic parameters have been predominantly obtained by
calculating the conversion rates from the mass loss percentages derived
from thermogravimetric data. However, with the exception of the
studies by Niu (Niu et al., 2016), Zhao (Zhao et al., 2023) and Li (Wen
et al., 2011), there remains a notable scarcity of research employing
quantitative functional group analysis to evaluate kinetic
characteristics.

This study focuses on gas coal from the Donglutian Mine in Shanxi,
China. By employing a novel high-temperature in situ infrared testing
method, the baseline drift in infrared spectra is effectively resolved,
enabling systematic exploration of the following scientific issues: (1)
The microscopic mechanisms of functional group evolution during
oxygen-free pyrolysis of gas coal under the influence of temperature
(30-630 °C), coal rank variations (long-flame coal, lignite), and time-
scale effects (heating rates: 2, 5, 10 °C/min); (2) Elucidation of the
correlation between functional group evolution and stage development
during oxygen-free pyrolysis of gas coal; (3) Revelation of the kinetic
characteristics of active groups in gas coal during oxygen-free pyrolysis.
The innovation of this study lies in integrating stage development cor-
relations, coal rank differences, time-scale effects, and kinetic parame-
ters into a unified analytical framework for the first time. This provides
novel theoretical tools for optimizing coal pyrolysis processes and con-
trolling pollutants at the source, thereby advancing the development of
clean and efficient coal utilization technologies.

2. Experiments and methods
2.1. Coal sample

The gas coal samples investigated in this study were collected from
the Pingshuo Coal Mine in Shanxi, China. In accordance with Chinese
National Standard GB474-2008 (Method for preparation of coal sam-
ples), the crushed coal samples were sieved through 200-300 mesh
(0.050-0.075 mm), followed by drying at 40 °C and subsequent her-
metic storage. Proximate analysis was conducted using an SDTGA5000
analyzer, and ultimate analysis was performed using a Vario MICRO
elemental analyzer. The test results are listed in Table 1.

2.2. Stage division methods

To investigate the real-time evolution laws of the functional groups
during the oxygen-free pyrolysis of coal, mass loss data were acquired
using an SDT-Q600 thermogravimetric analyzer. Coal samples weighing
approximately 5 mg were heated from 30 °C to 800 °C at a rate of 2 °C/
min under a constant nitrogen flow of 100 mL/min. The progression of
coal oxygen-free pyrolysis was quantified using the mass loss conversion
rate 9 (Aprianti et al., 2023), defined as 9 = (mg — m;)/ (Mo — Mena),
where mg, m;, and m,,4 represent the initial mass, instantaneous mass at
time t, and final mass at the terminal temperature, respectively. The
relationship between the temperature (x-axis) and mass loss conversion
rate (y-axis) is plotted in Fig. 1. The oxygen-free pyrolysis process of gas
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Table 1
Proximate and ultimate analyses of gas coal.
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Proximate Analysis (wt.%)

Ultimate Analysis (wt.%)

Mag Aq Va FCq C

H o N S

2.23 17.93 37.19 42.65

62.10

4.878 32.02 0.231 0.812

Note: M,q-Moisture, Ag-Ash, V4-Volatile, FCy-Fixed carbon.
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Fig. 1. Stage division under the influence of conversion rate.

coal exhibits five distinct stages: rapid drying and degassing (30-85 °C,
Stage 1), sustained slow degassing (85-298 °C, Stage II), colloid forma-
tion (298-446 °C, Stage III), semi-coke formation (446-585 °C, Stage
IV), and char formation (585-690 °C, Stage V), with Stages III and IV
representing the thermal decomposition phase (Bai et al., 2025).

2.3. Infrared spectroscopy testing

In this study, functional group analysis was conducted using a
Nicolet 6700 Fourier transform infrared spectrometer (Thermo Fisher
Scientific Inc., USA) equipped with an in-situ reaction cell and water
cooling system. Prior to testing, the instrument was preheated and the
detector was cooled with liquid nitrogen. The infrared spectral intensity
was calibrated, and KBr powder was prepared for the KBr background
reference collection. To ensure uniform heating of the coal sample

during high-temperature pyrolysis, three layers of high-temperature-
resistant thermally conductive metal spacers were installed in the
diffuse reflectance cell, with a thin layer of coal sample evenly spread on
the top, as illustrated in Fig. 2. To fully span the pyrolysis decomposition
stage under oxygen-free pyrolysis conditions, samples were heated from
30 to 630 °C at heating rates of 2, 5, and 10 °C/min (total acquisition
time: 60 min). The heating rate of 2 °C/min allowed for more thorough
oxygen-free pyrolysis of the coal and was used as the benchmark for
studying time-scale effects. A nitrogen flow rate of 30 mL/min was
maintained throughout the experiments. Measurements were performed
in the diffuse reflectance mode with the following parameters: 64 scans
per sample, 4 cm ™! resolution, wavenumber range of 650-4000 cm ™,
and y-axis data expressed in Kubelka-Munk (KM) units. Three replicate
tests were conducted at each heating rate to ensure reliability.

2.4. Two-step dual-band baseline correction method

The baseline of the in situ three-dimensional infrared spectra was
affected by prolonged testing and experimental heating, leading to
baseline drift across different wavenumbers and temperatures. To
accurately analyze the evolution of functional groups in coal during
oxygen-free pyrolysis, this study employed the OMNIC software. First,
based on the analysis of the correction fitting orders of 1, 2, 3, 4, 5, and 6
in the coal quantitative analysis, it was found that the baseline correc-
tion for the overall coal structure across the wavenumber range of
400-4000 cm™! did not yield satisfactory results. Thus, the infrared
spectrum of coal is divided into two bands at 2050 cm™!: 2050-4000
ecm™! and 400-2050 cm™!. Baseline drift characteristics were deter-

mined by analyzing spectral shifts in the non-characteristic peak regions
(3900-4000 cm ™! and 1950-2050 cm1). Subsequently, corrections
were applied separately to the wavenumber- and temperature-
dependent drifts. A two-step baseline correction process ultimately
yielded the optimized spectra. The detailed methodology aligns with a
previous study by the same authors (Bai et al., 2024).

i i T
v i Coal o 1
Y| sampe meer
oo >r® ® @
Signal
processing Water cooling
N, system

"""""" ’!Q:-
v

Diffuse reflectance
accessories

Temperature
controller

Fig. 2. Schematic diagram of high-temperature in situ diffuse reflectance infrared spectroscopy.
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2.5. Kinetic methods

The Coats-Redfern method, first proposed in 1964, is one of the most
versatile model fitting approaches (Cepeliogullar et al., 2016). As an
integral method, it enables the determination of the activation energy
and reaction mechanisms without prior knowledge of reaction kinetics.
It offers a simple and model-independent approach, making it particu-
larly advantageous for handling complex reactions or situations in
which the reaction mechanism is not well understood (Hameed et al.,
2024). Although it has traditionally been used to extract kinetic pa-
rameters from thermogravimetric data (Isah et al., 2025), this study
attempted to utilize KM values to calculate the kinetic parameters of the
samples, thereby exploring the reaction mechanisms of the active
functional groups at different temperatures.

The conversion rate, o, which represents the extent of the reaction for
the consumption or generation of different functional groups at a certain
moment, is expressed by Equation (1):

KM, — KM,

_ 1
= KM, — KM., M

where KMy, KM; and KM, are the KM values at the initial time, time t,
and end of the experiment, respectively.

The rate equation for the solid thermal decomposition can be
expressed as Equation (2) (Rego et al., 2020):

da A —E,
e ()@ @

where T is the thermodynamic temperature, in K, A is the pre-
exponential factor, in min~’, B is the heating rate, in K/min, E, is the
activation energy, in kJ/mol, and R is the universal gas constant (8.314
J/(mol-K)).

By transforming Equation (2), multiplying both sides by 7 , and
integrating, Equation (3) is obtained:

P de (A (-E)1 ar_AR[ (~E E,
[ [5eolar)mor=je[eo(ar)| -0 (- am)
0 To

3
Taking the logarithm of both sides of Equation (3), where exp(—

Eq
RT,

> ~ 0, i.e., the Coats-Redfern method equation is formula (4) (Coats

and Redfern, 1964):

A a
lngl(,—(;):ln(ﬂID 7% 4)

When studying the kinetic characteristics of coal oxygen-free pyrolysis
reactions using non-isothermal methods, different reaction mechanism
functions have different forms. Table 2 summarizes the 21 commonly
used reaction mechanism functions.

For different reaction mechanism functions, by defining y = ln’%

a5 the relationship between y and x can be plotted using
Equation (4). Linear regression fitting yields a straight line with a slope

of — Eg4, from which the activation energy E, of the functional group

and x =

reaction can be calculated. The correlation coefficient (R%) was used to
evaluate the linear fit of the model, facilitating the selection of the best-
fitting model as the optimal reaction mechanism.

3. Results and discussion

3.1. Functional groups in raw coal samples

The 3D infrared spectra obtained during the oxygen-free pyrolysis
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Table 2
Common reaction mechanism functions (Hu and Shi, 2008; Hu et al., 2005;
Vlaev et al., 2003).

gla) Reaction type Reaction mechanism Function

g(a) Chemical reaction First-order reaction —In(1 —a)
1

gla) Second-order reaction 1-a) -1
2

g(a) Third-order reaction (1-a) 2 _ 1]/2
3

gla) Exponential Power law, n = 1/2 all?
4 nucleation

g(a) Power law, n = 1/3 al/3
5

g(a) Power law, n = 1/4 all*
6

g(a) Diffusion model One-dimensional diffusion a?
7 (Parabolic law)

gla) Two-dimensional diffusion a+ (1 —a)in(1 -
8 (Valensi equation) a)

gla) Three-dimensional diffusion 1-(1-a"? 2
9 (Jander equation), n = 2

g(a) Three-dimensional diffusion 1-2a/3—
10 (Ginstling-Brounshtein 1-a)??

equation)

gla) Shrinking core Contraction (1- ,l)fl/z
11 model

g(a) Phase boundary reaction,n = 1 _ (1- a)l/Z’
12 172

gla) Phase boundary reaction,n= 1_ (1 — ¢)!/®
13 1/3

gla) Phase boundary reaction,n= 1 _ (1 — a)?
14 2

gla) Phase boundary reaction,n= 1 (1 —q)®
15 3

gla) Phase boundary reaction,n= 1 _ (1 —a)*
16 4

ga) Random Avrami-Erofeev model, n = [~In(1 — )]/
17 nucleation and 172

g(a) growth Avrami-Erofeev model, n = [~In(1 - a)]*/®
18 1/3

g(a) Avrami-Erofeevmodel, n =2 [_n(1 — a)]*
19

gla) Avrami-Erofeev model, n =3 [—In(1 - a)]®
20

gla) Avrami-Erofeev model, n =4 [_jn(1 —a)]*
21

process of gas coal were corrected for the baseline drift at different
wavenumbers. The corrected results are shown in Fig. 3.

As shown in Fig. 3, after baseline drift correction at different wave-
numbers, the baselines of the infrared spectra remained horizontal
within identical wavenumber ranges. However, baseline drift still
occurred in the peak intensities or areas of the functional groups in the
3D infrared spectra as the temperature changed, manifesting as an
overall spectral shift toward higher or lower intensities. Fig. 4 shows the
3D real-time infrared spectral projection of gas coal during oxygen-free
pyrolysis. Fig. 5 presents the drift curve at the baseline point (3980
em 1) with increasing temperature, along with the original and
baseline-corrected curves of the -CHj group. It is evident that the orig-
inal curve of the -CH3 group in gas coal initially exhibits a continuous
decline, followed by a rapid increase in the later stages. However, the
actual intensity of the -CH3 group continued to decrease. This discrep-
ancy arises mainly from the thermal baseline drift, which obscures true
spectral signals. Therefore, rigorous baseline correction is essential to
uncover authentic chemical behavior.

The content of different functional groups in the coal molecular
structure varies, which is reflected in the infrared spectra as differences
in vibrational intensities. According to Fig. 3, during the heating pro-
cess, spectral changes mainly occurred in the 3700-2800 cm™! and
1800-1200 cm ! bands, where all four major categories of functional
groups present in the coal structure were involved. Owing to the
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Fig. 3. 3D real-time infrared spectra of gas coal during oxygen-free pyrolysis at a heating rate of 2 °C/min.

020 0.30
Intensity range: 0.00-0.43

0.0 0.10 0.40

l

2900
Wavenumbers (cm™)

3900 3700 3500 3300 3100 2700 2500 2300

Fig. 4. Projection of infrared 3D spectra with the range of 4000-2000 cm ",

0.3

Original change curve

N

Kubelka-Munk

~ 0.02
5
s 0.2 0.009 Baseline-corrected curve
‘!, 510 550 590 630
x Temperature (°C)
F
=:cs 0.1 Baseline point drift curve
(red cross symbol in Fig.4) N ' ]
0.0 [ —
T T T T T T
30 130 230 330 430 530 630

Temperature (°C)

Fig. 5. Baseline drift and correction of methyl asymmetric stretching vibration.

complex nature of coal as a mixture, the absorption peaks tend to
overlap. Therefore, the characteristic absorption peaks of the four types
of functional groups were deconvoluted using the OMNIC software, and
the results are shown in Fig. 6. The assignments of the active functional
groups in coal are summarized in Table 3 (Dai et al., 2023; Wang, 2012;
Zheng et al., 2020). Based on the calculation of the peak areas, the
relative abundance of functional groups in the coal sample was deter-
mined to be oxygen-containing functional groups (39.66 %) > aromatic
hydrocarbons (34.68 %) > aliphatic hydrocarbons (17.79 %) > hydroxyl
groups (7.87 %), with benzene rings accounting for 27.22 % and C-O-C
groups at 22.54 %. The high content of oxygen-containing functional
groups and aromatic hydrocarbons in gas coal contributes to its high
volatile matter content and strong thermoplasticity during pyrolysis,
making it an ideal feedstock for coking and coal-to-chemical processes.

3.2. Correlation characteristics of stage-wise functional group evolution
during oxygen-free pyrolysis of gas coal

3.2.1. Stage evolution laws of functional groups

Through baseline drift correction, this study acquired real-time
infrared spectral evolution curves of distinct functional groups during
oxygen-free pyrolysis of gas coal at a heating rate of 2 °C/min, the
corresponding results shown in Fig. 7(a) and (b).

From Fig. 7(a), it is evident that the reduction in aliphatic hydro-
carbons and Ar-CH groups is most pronounced, with nearly all func-
tional groups, except Ar-CH, being entirely depleted by the end of
oxygen-free pyrolysis. Fig. 7(b) reveals an increase in the aromatic
C=C stretching vibrations (benzene rings) during the later stages of
oxygen-free pyrolysis. This is attributed to the formation of aromatic
rings through dehydrogenation and rearrangement of chain-like hy-
drocarbon structures, as well as the condensation of existing aromatic
compounds, as illustrated in reactions (Model 1) and (Model 2), leading
to the formation of denser polycyclic aromatic hydrocarbons (PAHs).
The increase in C-O-C is even more pronounced, which is believed to be
mainly influenced by mineral phase transitions during the oxygen-free
pyrolysis of coal. In addition, a substantial amount of C-O-C was
generated during the process itself, as the phenolic hydroxyl groups (Ar-
OH) underwent dehydration and condensation at high temperatures to
form aryl ethers (Ar-O-Ar), as shown in reaction (Model 3). It is also
possible that the chain-like ether structures were converted into more
stable oxygen-containing aromatic heterocycles, such as dibenzofuran,
through structural rearrangement, as shown in reaction (Model 4),
leading to a simultaneous increase in both C-O-C and aromatic struc-
tures, thereby intensifying infrared absorption.

© +CiH » +2H,
e
OH
2©/ > +H,0
o
+C4H5~> +2H, (Model 4)

To further quantify the detailed evolutionary laws of the functional
groups during oxygen-free pyrolysis, the infrared intensity changes
within specific temperature intervals were calculated using Equation
(5), and the results are summarized in Table 4.

I KMs KM;
T \KM, KM,

(Model 1)

(Model 2)

(Model 3)

) x 100% (i=1,2, -, m) 5)

Where L; represents the percentage change in the infrared intensity for
the i-th temperature interval, KMjis the initial infrared intensity value,
KM; and KMy denote the infrared intensity values at the beginning and
end of the i-th temperature interval, respectively. A positive L; value
indicates a decrease in the infrared intensity, whereas a negative L; value
indicates an increase.
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Table 3
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Wavenumbers(cm™)

2860 cm™’ 2923 cm™’! 7711250 cm™ 1600 cm™'
2962 cm™’! "773051 cm™ 771665 cm™ 7720 cmt
3300 cm™’ 3541 cm™ —— original spectra
3621 cm-! - - - - synthetic spectra
— original spectra
- - - - synthetic spectra a
| — T T T T = = — == }"““_:"ﬁ --.'f':;"‘;-
3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 1800 1700 1600 1500 1400 1300 1200

Wavenumbers(cm™)

Fig. 6. Peak fitting curves of the coal sample in different spectral bands.

Infrared absorption peak assignment of main functional groups in coal.

No. Peak Position Functional Group Type
(ecm™) Group

1 1250 C-0-C Phenoxy deformation

2 1600 c=C Aromatic C=C stretching vibration

3 1665 Cc=0 Carbonyl stretching vibration

4 1720 -COOH Carboxyl stretching vibration

5 2860 -CH,- Methylene symmetric stretching
vibration

6 2923 -CH,- Methylene asymmetric stretching
vibration

7 2962 -CH3 Methyl asymmetric stretching
vibration

8 3051 Ar-CH Aromatic CH stretching vibration

9 3300 -OH Water associated hydroxyl

10 3541 Phenolic alcohol associated
hydroxyl

11 3621 Free hydroxyl

(1)During the rapid drying and degassing stage (temperature
<85 °C), the primary changes in gas coal involve a reduction in the
quantity of associated hydroxyl groups due to dehydration, alongside
a significant decrease in the spectral intensity of free hydroxyl
groups. The spectral intensities of aliphatic hydrocarbons and Ar-CH
groups also gradually diminished with increasing temperature dur-
ing oxygen-free pyrolysis. Notably, the Ar—~CH group serves as an
indicator of aromatic ring stability; the weaker vibrational intensity
of Ar-CH correlates with a higher aromatic stability and lower
reactivity with oxygen. The spectral intensities of the benzene rings

185°C 298°C ! 446°C; 585°C}
044 1 ;
1 2923 :
E03N 5
=] '
= i i
& ' 0
4 ' '
2024\ ;
2 1 ,
=] ' '
X ] ,
0.1 4~
0.0 3541 3621 :

30

130

T T *
330 430

530

Temperature (°C)

(a)

Kubelka—Munk

in the aromatic hydrocarbons remained largely unchanged, indi-
cating that the aromatic skeleton of the coal remained intact. Among
the oxygen-containing functional groups, the spectral intensity of the

C=

O groups showed a slight decrease, while -COOH exhibited a

minor increasing trend, although both remained relatively stable
overall. The spectral intensities of the C-O-C groups remained
constant.

(2

During the sustained slow degassing stage (85 °C < temperature
<298 °C), moisture drying in gas coal under oxygen-free pyrol-
ysis was nearly complete, but water associated hydroxyl groups
continued to decrease. The phenolic alcohol associated hydroxyl
and free hydroxyl groups remained largely stable. The infrared
intensity of aliphatic hydrocarbons continues to decline. The
trends for aromatic hydrocarbons and C-O-C resemble those
observed during the rapid drying stage. C=0 showed a slight
increase, likely due to the conversion of aliphatic hydrocarbons,
while -COOH decreased marginally. Overall, oxygen-containing
functional groups exhibited slow changes during this stage,
attributed to the predominant removal of native gases from the
coal matrix and residual moisture, resulting in minimal impact on
the absorbance of the coal structural groups. It is noteworthy that
this stage persisted until the release of volatile components
began.

Temperature (°C)

(b)

Fig. 7. Real-time evolution curves of different functional groups with increasing temperature.

(3) During the colloid formation stage (298 °C < temperature
<446 °C), the oxygen-free pyrolysis process of gas coal enters the
initial stage of thermal decomposition, with the process being
dominated by colloid formation. Key characteristics include the
fracture of weak bonds, with broken fragments forming liquid tar
that is retained within the coal structure. The infrared intensity of
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Table 4
Stage evolution laws of functional groups during oxygen-free pyrolysis of gas coal.
Functional group Stage I Stage II Stage III Stage IV Stage V
30-85°C 85-298 °C 298-446 °C 446-585 °C 585-690 °C

Evolution laws

Methyl asymmetric stretching vibration
Methylene asymmetric stretching vibration

Methylene symmetric stretching vibration

Water
Pheno!

Free h

Ar-CH

Benzene rings

reduction (2.3 %).
reduction (4.4 %).

reduction (3.1 %).
associated hydroxyl
lic alcohol associated hydroxyl
556-630 °C: Stable.
ydroxyl
563-630 °C: Increase (1 %).

Continuous decrease by 97.7 %: 30-390 °C: Slow reduction (54.4 %); 390-560 °C: Rapid reduction (41.0 %); 560-630 °C: Slow
Continuous decrease by 97.1 %: 30-380 °C: Slow reduction (36.2 %); 380-550 °C: Rapid reduction (56.5 %); 550-630 °C: Slow
Continuous decrease by 96.5 %: 30-385 °C: Slow reduction (47.8 %); 385-554 °C: Rapid reduction (45.6 %); 554-630 °C: Slow

Complete depletion (100 %): 30-85 °C: Rapid reduction (42.9 %); 85-551 °C: Slow reduction (57.1 %); 567-630 °C: Stable (depleted).
Continuous decrease by 96.1 %: 30-97 °C: Rapid reduction (40.3 %); 97-316 °C: Stable; 316-556 °C: Rapid reduction (55.8 %);

Continuous decrease by 97.6 %: 30-124 °C: Rapid reduction (83.4 %); 124-310 °C: Stable; 310-563 °C: Slow reduction (15.2 %);

Continuous decrease by 90.6 %: 30-78 °C: Rapid reduction (18.6 %); 78-430 °C: Slow reduction (40.9 %); 430-558 °C: Rapid reduction
(24.6 %); 558-630 °C: Slow reduction (6.5 %).

Continuous increase by 242.3 %: 30-430 °C: Stable; 430-630 °C: Rapid increase (242.3 %).

c=0 Overall decrease by 76.5 %: 30-124 °C: Slow reduction (6.9 %); 124-274 °C: Slow increase (7.3 %); 274-530 °C: Slow reduction (41.5
%); 530-630 °C: Rapid reduction (35.4 %).

-COOH Overall decrease by 68.4 %: 30-278 °C: Slow increase (15.6 %); 278-406 °C: Slow reduction (13.4 %); 406-630 °C: Rapid reduction
(70.6 %).

C-0-C Overall increase of 688.3 %. 30-432 °C: Stable; 432-596 °C: Rapid increase (1660.4 %);

596-630 °C: Rapid decrease (972.1 %).

(€]

aliphatic hydrocarbons transitions to decreased rapidly, whereas
aromatic hydrocarbons exhibited trends similar to those observed
in the sustained slow degassing stage. The C=0 and -COOH
groups in the oxygen-containing functional groups showed
gradual reductions. Owing to coalification effects, C-O-C groups,
which are prone to bond cleavage, begin to form slowly in the
later part of this stage. Phenolic alcohol associated hydroxyl and
free hydroxyl groups begin to decrease rapidly beyond the 314 °C
threshold, which can be considered as the beginning of the
breakage of weaker chemical bonds in the coal, leading to the
rapid formation of colloids and rapid degassing by thermal
decomposition. At the same time, the water associated hydroxyl
groups continued to decrease linearly.

During the semi-coke formation stage (446 °C < temperature
<585 °C), the oxygen-free pyrolysis of gas coal enters the later
phase of thermal decomposition, dominated by rapid thermal
decomposition and condensation of colloidal bodies to form semi-
coke. The infrared intensity of aliphatic hydrocarbons decreased
sharply, primarily because of the extensive fracture of aliphatic
side chains during the oxygen-free pyrolysis of coal, generating
tar, alkanes, olefins, alkynes, and other gaseous products. Sig-
nificant decomposition of the C=0 and -COOH groups occurs,
with their infrared intensities declining rapidly as they gradually
form carbon oxides and other gases. Near 446 °C, the Ar-CH
group undergoes rapid reduction, while the infrared intensity of
benzene rings shifts to a rapidly increase, influenced by thermal
effects and the inherent ash structure of coal. Simultaneously, the
aromatic skeleton underwent polycondensation reactions, pro-
moting the conversion of monocyclic and bicyclic aromatic hy-
drocarbons into tricyclic and higher PAHs. Additionally, the
infrared intensity of the C-O-C group begins to increase rapidly,
indicating that C-O-C, which is easy to break, begins to form
rapidly at this stage and is completed in subsequent stages.
During this stage, the associated hydroxyl groups decreased
rapidly and were nearly completely eliminated. Notably,
phenolic alcohol associated hydroxyl hydrogen bonds undergo
complete elimination at 556 °C, attributed to the pyrolysis of
phenolic hydroxyl groups in coal at high temperatures, which
generates phenolic organic compounds. As the temperature
further increased, the process transitioned into a sssemi-coke
production state.

(5) When the temperature reached 585 °C, the oxygen-free pyrolysis
of gas coal primarily entered semi-coke condensation forming
coal char stage (Stage V), the infrared intensity of C-O-C groups
transitioned to rapid reduction. At 630 °C, the endpoint of in situ
infrared testing. Post-630 °C condensation primarily drives
changes in residual aromatic hydrocarbons, which accords with
the characteristics of the group change caused by the poly-
condensation dehydrogenation gas.

In summary, the oxygen-free pyrolysis of coal is highly complex and
involves diverse transformations and reactions of different functional
groups. During the rapid drying and degassing stage, changes primarily
affect the associated hydroxyl groups, which determine the generation
of water vapor from coal. The products released during the sustained
slow degassing stage were inferred to be mainly water vapor and
ammonia. In the more complex thermal decomposition stage, the bridge
bonds, aliphatic side chains, and oxygen-containing groups undergo
thermal cracking. The early phase of thermal decomposition
(298-446 °C) involves the breakdown of readily decomposable oxygen-
containing functional groups and bridge bonds, leading to the formation
of coal colloids and generation of tar and gases. During this process, the
tar is predominantly composed of phenolic organic compounds (oxygen-
containing organics), followed by naphthalenic organics (aliphatic hy-
drocarbons) (Xin et al., 2024b). Small-molecule gases mainly include
Hj, CO, CO4, CH4, CoHo, CoHy, and CoHg. In the later phase of thermal
decomposition (446-585 °C), direct cleavage of aliphatic chains and
oxygen-containing groups in the coal colloid structure occurs, along
with condensation and solidification between free radicals, the liquid
phase, and solid-phase molecular structures during the curing of the coal
colloid until semi-coke is formed. Throughout this stage, large quantities
of small-molecule gases and tar were generated, and the molecular
weight of the phenolic compounds in the tar also increased. Hence, the
composition of tar serves as a potential indicator of the coal pyrolysis
state. However, the aromatic structure content continues to increase
during this process; therefore, the direct generation of CH4 and CyHy
from aromatic structures is minimal, and the formation of CHy is mainly
determined by the cleavage of methyl groups and hydrogen atoms from
the aliphatic side chains. Concurrently with the chemical changes in the
coal’s inherent structure, further decomposition, dehydrogenation, and
condensation reactions occur, involving free radicals from the volatile
products of thermal decomposition. At higher temperatures, the
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polycondensation of aromatic hydrocarbon structures in semi-coke
produces Hj, and the structural ordering of the aromatic entities
increases.

3.2.2. Correlation between functional groups and stage conversion rate
The stage development during the oxygen-free pyrolysis of gas coal
has a significant impact on the changes in the microscopic groups.
Microscopic groups determine the essence of coal reactions, and the
mass loss conversion rate determines the extent of the stage develop-
ment of the oxygen-free pyrolysis of coal. Consequently, an intrinsic
interplay exists between the mass loss conversion rate and microscopic
functional groups. To investigate the relationship between the micro-
structure of gas coal and its conversion rate during oxygen-free pyrol-
ysis, the Pearson correlation coefficient method was employed to
identify the functional groups that most significantly influenced mass
conversion. The Pearson correlation coefficient, defined as the ratio of
the covariance to the product of the standard deviations of the two
variables X and Y, ranges between —1 and 1. This calculation is given in
Equation (6)
. nyXYi— - X) Vi) ©)
VXX - (X)) [ ¥ - (S 12)]

where n is the sample size, and X and Y are the observed values of the
two variables. A value closer to 1 indicates a stronger positive correla-
tion between the conversion rate and a specific functional group,
whereas a value closer to —1 signifies a stronger negative correlation.
The results are shown in Fig. 8.

As shown in Fig. 8, during the full-stage analysis, the correlation
coefficients exceeded 4-0.8. However, the influence of different func-
tional groups on the oxygen-free pyrolysis of coal varied significantly
across different stages. In stage I, the three functional groups with the
greatest correlation were methyl asymmetric stretching vibration, Ar-
CH, and water associated hydroxyl; in stage II, the three functional
groups with the greatest correlation were mainly aliphatic hydrocar-
bons; in stage III, the three functional groups with the greatest corre-
lation were mainly methylene asymmetric stretching vibration,
methylene symmetric stretching vibration, and phenolic alcohol asso-
ciated hydroxyl groups; stage IV and full-stage showed consistency with
stage II. In stage V, the three functional groups with the greatest cor-
relation were the methyl asymmetric stretching vibration, benzene ring,
and -COOH. Among them, the correlation coefficient of the benzene ring
from stage IV to stage V was 0.932-0.993, indicating a strong positive
correlation of aromatic C=C at high temperatures, which indicates
structural stabilization. This is because the more aromatic the hydro-
carbons, the tighter the structure of the coal. Additionally, the C=0 and
C-O-C groups reached their maximum correlation coefficients in Stage
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V during the stage evolution, with values of —0.95 and —0.953,
respectively. This indicates that the functional groups with the strongest
negative correlation shifted from aliphatic hydrocarbons to oxygen-
containing groups over the course of pyrolysis. These groups are
rapidly consumed at high temperatures, releasing gaseous products,
including hydrogen, and facilitating the formation of porous coke,
resulting in a sharp decline in the coal mass and a rapid increase in the
conversion rate. In summary, aliphatic hydrocarbons maintain a high
correlation throughout the entire oxygen-free pyrolysis process of gas
coal, dominating the increase in the mass conversion rate. However,
during the later stages of oxygen-free pyrolysis, the high correlation of
oxygen-containing functional groups and aromatic hydrocarbons grad-
ually overshadows the contribution of aliphatic structures. This phe-
nomenon primarily arises from the cleavage of long-chain aliphatic
hydrocarbons into shorter-chain fragments during coal oxygen-free py-
rolysis, followed by aromatization reactions that convert these chain
hydrocarbons into structurally stable polycyclic aromatic hydrocarbons,
which subsequently undergo condensation reactions.

3.3. Differences in the evolution of active functional groups influenced by
coal rank

To clarify the impact of coal rank on the real-time evolution laws of
functional groups in gas coal, this section analyzes the real-time evolu-
tion of functional groups during the oxygen-free pyrolysis of long-flame
coal and lignite, revealing the differences in the evolution of functional
groups under the influence of coal rank. The information on the coal
samples is consistent with data published in a previous study (Xin et al.,
2024a). Fig. 9 shows the three-dimensional real-time infrared spectra of
long-flame coal and lignite during oxygen-free pyrolysis at a heating rate
of 2 °C/min. Fig. 10 illustrates the baseline drift correction process using
-CHjs as an example, revealing that, compared to gas coal, the baseline
drift significantly impacts the overall variation pattern of -CHs in lignite.
The actual intensity variation pattern of -CHgs in coal is characterized by
initially remaining unchanged and then rapidly decreasing after a
certain temperature, while the uncorrected curve variation pattern of
-CHj3 shows a slow increase followed by a rapid increase. This discrep-
ancy is primarily caused by the baseline drift toward higher intensities
with increasing temperature.

Fig. 11 shows the baseline-corrected real-time infrared evolution
curves. Combined with Fig. 7, it is evident that the consumption or
generation trends of functional groups across the different coal types are
broadly similar. However, variations in coal rank lead to distinct dif-
ferences in group distribution, structural characteristics, and extent/
timing of group consumption or generation. The lower the rank of coal,
the less significant is the consumption of aliphatic hydrocarbons in the
early period of oxygen-free pyrolysis, with the volatile initial release
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Fig. 8. Pearson correlation coefficients between microstructure and conversion rate.
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Fig. 9. 3D real-time infrared spectra during oxygen-free pyrolysis.
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Fig. 10. Baseline drift correction of lignite with temperature (using -CHs as
an example).

point increasingly reliant on the reduction of oxygen-containing func-
tional groups. In other words, the volatile initial release in lignite is
mainly due to the breaking of chemical bonds with weak forces, such as
oxygen-containing groups in coal, and the formation of more small-
molecular structural fragments that are easy to volatilize. This un-
derscores the oxygen-containing functional groups as the triggering
mechanism for coal oxygen-free pyrolysis, a conclusion aligned with the
findings from Pearson correlation analyses. Conversely, although the
degree of coalization increases, gas coal with a high volatile content still
retains relatively abundant aliphatic bridge bonds, thereby enhancing
molecular structural stability and requiring higher energy to cleave
these bonds during oxygen-free pyrolysis. Therefore, with the increase
in coal rank, the role of aliphatic hydrocarbons in the release of the

volatile content of coal begins to increase, resulting in a higher initial
release-point temperature of the volatile content. At the later stage of
thermal decomposition, the rapid decomposition of colloidal bodies and
the formation of semi-coke accelerated the rapid reduction of aliphatic
hydrocarbons, oxygen-containing functional groups, hydroxyl groups,
and aromatic hydrocarbons in coal.

To further clarify the impact of coal rank on the evolution of func-
tional groups in gas coal, the differences in infrared curves among coal
types were analyzed by establishing characteristic transition parame-
ters, such as the onset temperature of rapid consumption, maximum
consumption rate, and maximum consumption rate point temperature.
The onset temperature of rapid consumption refers to the inflection
point temperature at which the infrared curve transitions from a slow to
a rapid decline. The maximum consumption rate is defined as the
maximum value of the first derivative of the KM function with respect to
temperature, typically observed during the later stages of oxygen-free
pyrolysis, and the maximum consumption rate point temperature cor-
responds to the temperature at this maximum rate. Taking the methyl
asymmetric stretching vibration in aliphatic hydrocarbons as an
example, Fig. 12 illustrates the extraction method for these character-
istic transition parameters.

Based on Figs. 7 and 11, combined with the parameter extraction
method in Fig. 12, it was observed that during the entire oxygen-free
pyrolysis process, lower coal ranks correlated with increased infrared
intensity values for all functional groups and increasingly distinct
characteristic transition points for their rapid decrease. Specifically, for
aliphatic hydrocarbons, the onset temperature of rapid consumption
decreased with decreasing coal rank, the maximum consumption rate
increased with lower coal ranks, and the maximum consumption rate
point temperature remained largely unaffected by the coal rank. For
example, the onset temperature of rapid consumption for methyl
asymmetric stretching vibration increased from 357.1 °C in lignite to
386.7 °C in long-flame coal and 414.8 °C in gas coal, representing
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Fig. 11. Real-time evolution curves of functional groups during oxygen-free pyrolysis (a and b: long-flame coal; ¢ and d: lignite).
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Fig. 12. Schematic diagram of the extraction of characteristic transition parameters.

increases of 8.3 % and 16.2 %, respectively. The maximum consumption
rate increased from —0.0019 for gas coal to —0.0041 for long-flame coal
and —0.0077 for lignite (the negative sign indicates the direction of
change). The C=0 and -COOH groups are affected by the coal rank in a
law that is basically the same as that of aliphatic hydrocarbons. As coal
rank decreases, benzene ring consumption becomes more pronounced in
the later stages of oxygen-free pyrolysis, with the onset temperature of
rapid benzene ring consumption in lignite shifting to 414 °C, while gas

10

coal exhibits no benzene ring depletion before oxygen-free pyrolysis
concludes, a phenomenon governed by the degree of coalification. The
Ar-CH groups show a consistent decline across coal ranks, unaffected by
coal rank. Additionally, the C-O-C bonds in the different coals exhibited
a certain degree of increase. With an increase in temperature, a large
number of chain breaks occurred in C-O-C, which was easy to break, and
it began to decrease continuously. Meanwhile, lower coal ranks corre-
sponded to an earlier onset temperature of the rapid consumption in C-
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O-C, decreasing from 600.0 °C in gas coal to 473.6 °C in long-flame coal
and 413.1 °C in lignite. In gas coal, hydroxyl groups are nearly fully
depleted during oxygen-free pyrolysis, whereas lignite retains thermally
stable hydroxyls, predominantly free hydroxyls, indicating that hy-
droxyl stability increases with decreasing coal rank. Notably, compared
to high-rank gas coal, pyrolyzed lignite has not been widely utilized
(Ahmed and Gupta, 2013). Therefore, these findings on the influence of
coal rank on gas coal provide critical insights for advancing large-scale,
high-quality, and comprehensive utilization of low-rank coals.

3.4. Differences in the evolution of active functional groups influenced by
time-scale effects

To elucidate the impact of time-scale effects on the real-time evo-
lution of functional groups during oxygen-free pyrolysis of gas coal, this
section reveals the differential mechanisms of active group reactions
under the influence of time-scale effects through comparative analysis of
the evolutionary laws of functional groups at heating rates of 2, 5, and
10 °C/min. Notably, owing to the thermal effects of gas coal and its
inherent ash structure, abrupt spectral changes occur in oxygen-
containing functional groups (within the 2000-400 cm ™! wavenumber
range) after 430 °C. Therefore, the oxygen-containing functional groups
were excluded from the analysis here. Fig. 13 displays the 3D infrared
spectra within the wavenumber range of 4000-2050 cm™!. After two-
step baseline drift correction, the evolution curves of the functional
groups during the oxygen-free pyrolysis of gas coal under different
heating rates were obtained, as shown in Fig. 14.

By comparing Figs. 7 and 14 from the perspective of functional group
consumption, it is evident that lower heating rates prolong the actual
duration of oxygen-free pyrolysis at each temperature, but do not alter
the overall evolutionary trends of functional groups. The oxygen-free
pyrolysis process of coal takes thermal decomposition as the main pro-
cess, and the decomposition of various groups has a clear bond breaking
process. Thermal decomposition of coal primarily occurs in medium-to-
high temperature ranges, and the process is rapid. The cumulative effect
on time manifests as delays in the onset temperature of rapid con-
sumption, maximum consumption rate point temperature, and onset
temperature of rapid increase in the benzene ring (i.e., the inflection
point where equilibrium transitions to rapid increase) with increasing
heating rates. Especially, aliphatic hydrocarbons exhibited pronounced
time-scale effects when the heating rate increased from 2 °C/min to
5 °C/min, whereas benzene rings showed significant time-scale effects
when the heating rate increased from 5 °C/min to 10 °C/min. The hy-
droxyl groups clearly demonstrate time-scale effects, as both the onset
temperature of rapid consumption and the maximum consumption rate
point temperature are delayed with higher heating rates. However, the
functional groups exhibited distinct initial infrared intensity values
under different heating rates. Although these differences do not affect
the analysis of the aforementioned characteristic transition parameters,
they introduce variability when evaluating the impact of the time-scale
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effects on the overall reaction processes of the functional groups.
Therefore, to further clarify the influence of time-scale effects on the
global reaction of functional groups, the conversion rates of active
functional groups during the oxygen-free pyrolysis of gas coal at
different heating rates were calculated, as illustrated in Fig. 15.

As shown in Fig. 15, the conversion rate of the methyl asymmetric
stretching vibration is significantly delayed to higher temperatures with
increasing heating rates after 445 °C, which is manifested as a lower
conversion rate of the group at the same temperature, and the cumu-
lative effect of time is considered to be obvious here. Prior to 445 °C,
however, the conversion rate of the methyl asymmetric stretching vi-
bration remained largely unaffected by time-scale effects. Similarly, the
conversion rate of the methylene asymmetric stretching vibration was
delayed after 415 °C as heating rate increased. The methylene sym-
metric stretching vibration, Ar-CH groups, water associated hydroxyl
groups, and phenolic alcohol associated hydroxyl groups exhibited
marked time-scale effects after 450 °C, 490 °C, 430 °C, and 370 °C,
respectively. The benzene rings and free hydroxyl groups showed
analogous behavior, with their conversion rate curves during the later
stages of oxygen-free pyrolysis being notably delayed under heating rate
changed from 2 °C/min (or 5 °C/min) to 10 °C/min. Specifically, the key
transition temperature points for benzene rings shift significantly due to
time-scale effects—from 440 °C to 459 °C and then to 557 °C as heating
rates increase, corresponding to delays of 19 °C between 2 °C/min and
5 °C/min, and 98 °C between 5 °C/min and 10 °C/min. Similarly, the
key transition temperature points for free hydroxyl groups were delayed
by 68 °C and 86 °C for the same heating rate intervals. These results
indicate that the key transition temperature points of the benzene rings
and free hydroxyl groups exhibit high sensitivity to the time-scale effects
of the change in the high heating rate. Consequently, the conversion
rates of active functional groups in gas coal during the early stages of
oxygen-free pyrolysis remain largely unaffected by time-scale effects. In
contrast, during the later stages, the accumulated effects of the time-
scale result in a shift of conversion rates toward higher temperatures.
These phenomena are primarily attributed to the fact that, at low tem-
peratures, the reactions mainly involve the breaking of weak bonds. The
coal matrix has not yet undergone large-scale pyrolysis and the pore
structure remains largely unchanged. The generated volatile small
molecules can diffuse relatively easily. Therefore, although increasing
the heating rate shortens the reaction time, it also increases the rate of
the energy input. The effects of these two factors on the reaction process
counteract each other to a certain extent. In contrast, the greater
sensitivity to the heating rate at high temperatures is fundamentally due
to the depolymerization and reorganization of the macromolecular
network structures. These reactions inherently require high activation
energies. Under high heating rates, a heat transfer lag occurs, resulting
in significant temperature differences that greatly influence the reaction
rate, thereby governing the consumption of functional groups within the
coal particles.

04

03

Kubelka-Munk 0.2

0.1

100
0.0

3500 50

3000 Time (min)

Wavenumbers (cm') 2500

(b) 10 °C/min

Fig. 13. 3D real-time infrared spectra of gas coal during oxygen-free pyrolysis.
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3.5. Kinetic analysis of functional group reactions during oxygen-free
pyrolysis of gas coal

According to the transformation process of the oxygen-free pyrolysis
groups of gas coal, it can be concluded that aliphatic hydrocarbons and
Ar-CH groups contribute more to the oxygen-free pyrolysis of coal in the
early stage, whereas oxygen-containing groups contribute more to the
oxygen-free pyrolysis in the later stage. This is because oxygen-
containing groups are mainly derived from aliphatic hydrocarbons and
Ar-CH groups in the early stage of oxygen-free pyrolysis. In later stages,
owing to the continuous depletion of aliphatic hydrocarbons and Ar-CH,
their contribution gradually decreased, shifting to the consumption of
oxygen-containing groups. Therefore, to elucidate the kinetic mecha-
nisms of the functional group reactions during oxygen-free pyrolysis, the
Coats-Redfern model was employed to calculate the kinetic parameters
for aliphatic hydrocarbons and Ar-CH groups throughout the entire
process. However, global fitting yielded unsatisfactory results, whereas
stage-wise fitting (divided by the onset temperature of rapid consump-
tion) yielded superior performance. Before 85 °C, it was mainly the rapid
drying and degassing stage, so no analysis was performed. For the
oxygen-containing functional groups and hydroxyl groups, the kinetics
of their later consumption processes were mainly calculated; for the
benzene ring bonds, the kinetics of the rising phase of the curve were
mainly calculated. Notably, the kinetic calculations exhibit a better
fitting performance for monotonic upward or downward trends.
Therefore, the rising and falling stages of the C-O-C groups were inde-
pendently calculated. The KM conversion rates of different functional
groups were incorporated into 21 different reaction mechanism func-
tions, and linear regression equations for each functional group were
derived through inverse calculations. Fig. 16 illustrates the fitting curves
for aliphatic hydrocarbons as an example, and Table 5 summarizes the
kinetic parameters of the different groups under the best-fit conditions.

According to the calculation results in Table 5, the average activation
energy (E,) during the oxygen-free pyrolysis of gas coal follows the order
C-O-C > benzene rings > aliphatic hydrocarbons > carboxyl groups >
carbonyl groups > hydroxyl groups. However, during oxygen-free py-
rolysis, the apparent activation energy depends not only on the difficulty
of the initial bond cleavage (bond energy), but also on the efficiency of
subsequent chain reactions triggered by that cleavage. If a functional
group generates highly active free radicals through low-bond-energy
cleavage and efficiently propagates through the reaction chain, the
overall apparent activation energy of the process is low. Conversely, a
higher activation energy was observed. Specifically, the E, values of
aliphatic hydrocarbons and Ar-CH groups in the early stages of oxygen-
free pyrolysis were significantly lower than those in the later stages. For
example, the E, for methyl asymmetric stretching vibration is 41.0 kJ/
mol in the temperature range of 85-390 °C, but increases to 165.6 kJ/
mol at 390-630 °C. This indicates that at lower temperatures,

12

consumption primarily involves methyl and methylene groups in the
long alkyl side chains or aliphatic bridge structures attached to the edges
of the coal matrix. After the depletion of these less stable long alkyl
chains, reactions at higher temperatures require the cleavage of methyl
or methylene groups directly linked to aromatic rings. The aromatic ring
is a strong electron withdrawing group. When methyl or methylene
groups are directly attached, the electron cloud of the carbon atom is
drawn toward the ring, significantly strengthening the C-H bond energy.
Thus, at elevated temperatures, the reaction shifts from cleaving “weak”
aliphatic bonds to breaking “strong” aryl-aliphatic bonds. A substantial
difference in the bond energy directly leads to a sharp increase in the
apparent activation energy. The reaction mechanism for aliphatic hy-

2
drocarbons is [1 -(1- a)l/ 3] , representing random nucleation and

nucleus growth (Avrami-Erofeev model, n = 4). This suggests that their
decomposition does not proceed uniformly but begins with the cleavage
of weak bonds distributed randomly in the structure (nucleation), which
subsequently triggers the rapid dissociation and volatilization of adja-
cent alkyl chains, consistent with the characteristics of free radical chain
reactions. The E, for Ar-CH increases from 7.3 kJ/mol to 27.1 kJ/mol.
Although the absolute values were much lower than those of aliphatic
hydrocarbons, the underlying reason for the increasing trend was the
same. The mechanism function for Ar-CH is 1— 2a/3— (1 70:)2/ 3
representing a diffusion model. The reaction rate was likely limited by
the desorption and diffusion of H radicals from the surface or edges of
the aromatic layers. Throughout the oxygen-free pyrolysis process, the
E, for benzene rings was 269.6 kJ/mol. This is because the later stages of
oxygen-free pyrolysis involve the transformation of the coal structure
into semi-coke or char, a process essentially comprising dehydrogena-
tion and cross-linking reactions between the highly condensed aromatic
structures. These reactions require direct cleavage of the stable C-C
bonds within the aromatic rings, which have a very high bond energy
(518 kJ/mol) (Zhu et al., 2024), making this one of the most
energy-intensive steps in pyrolysis. The mechanism function for the
benzene rings is — In(1 — a), representing a first-order chemical reac-
tion. This indicates that the decomposition rate is directly proportional
to the concentration of unreacted benzene rings, constituting a homo-
geneous, deep pyrolysis process that requires substantial energy input.
The activation energy of the water associated hydroxyl groups increased
with increasing temperature. The reaction mechanism function is

2
[1 -1 7(1)1/3] , which corresponds to a three-dimensional dif-

fusion-controlled condensation reaction. This suggests that in the
low-temperature region, the reaction is primarily dominated by the
breaking and reorganization of hydrogen bond networks with a lower
energy barrier. In the high-temperature region, more intense hydroxyl
condensation dehydration reactions may occur, requiring overcoming
the energy barriers associated with covalent bond reorganization and
intramolecular diffusion. It is noteworthy that among all
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Table 5
Kinetic fitting parameters for oxygen-free pyrolysis of gas coal.
Group  Fitting Fitting R? Eq./(kJ/ E./(kJ/ gla)
temp (°C) equation mol) mol)
2962 85-390 y=-41.0x7.0 0987  41.0 103.3 gla)
390-630 y= 0.989 165.6 21
—165.6x+15.6
2923 85-380 y = —53.1x-6.9 0.988 53.1 124.1
380-630 y= 0.994 195.0
—195.0x+19.4
2860 85-385 y = —48.3x-6.1 0.992 48.3 109.3
385-630 y= 0.992 170.3
—170.3x+16.2
3051 85-430 y = —-7.3x-14.7 0.976 7.3 17.2 gla)
430-630 y = —-27.1x- 0.993 27.1 10
11.2
1600 444-630 y= 0.936 269.6 269.6 gla)
—269.6x+25.1 1
3300 85-210 y=-3.4x-14.4  0.869 3.4 13.3 gla)
210-390 y = —5.8x-13.9 0.948 5.8 9
390-567 y = —30.8x-9.4 0.961 30.8
3541  316-556 y=-27.8x9.4 0963 27.8 27.8 gla)
3627 310-563 y = —13.8x- 0.944 13.8 13.8 7
11.5
1665 320-630 y = —46.2x-7.5 0.974 46.2 46.2
1720 308-630 y = —65.2x-4.9 0.972 65.2 65.2
1250 432-596 y= 0.964 168.2 253.4 gla)
—168.2x+11.0 1
596-630 y= 0.963 338.6 gla)
—338.6x+32.0 18

oxygen-containing functional groups, hydroxyl groups exhibit the
lowest activation energy. This is because their reaction initiates via
cleavage of the C-O bond in aliphatic alcohols or homolytic cleavage of
the O-H bond (as represented by chain reactions R1-R2 in Fig. 17),
generating highly active free radicals such as He and ¢OH (or Ph-CHye).
These radicals rapidly propagate the reaction chain through efficient
hydrogen abstraction reactions (R3-R4), continuously generating new
free radicals. As a result, the high energy input required initially is
distributed across the entire rapidly developing chain reaction, leading
to a low apparent activation energy for the overall process. In contrast,
the consumption of carbonyl groups requires the cleavage of the a-C-C
bond (R5), and the consumption of carboxyl groups requires decar-
boxylation involving the cleavage of C-C or O-H bonds (R7-R8).
Although some of these bond energies are slightly lower than those of
the O-H bond (Li et al., 2015; Ruscic et al., 2002; Shen and Fang, 2011),
their key reaction pathways often produce stable products or in-
termediates, such as H,O (R10), CH4 (R6), CO5 (R9), or Ph-COe (R5 and
R8). The latter, owing to conjugation effects, is extremely stable and
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tends to terminate rather than propagate the reaction chain. Conse-
quently, the efficiency of the subsequent chain reactions is relatively
low, manifesting as a higher apparent activation energy. The mechanism
function for C=0 and -COOH is a?, representing a diffusion model. This
indicates that the higher activation energy of carboxyl and carbonyl
groups stems not only from their bond cleavage and chain termination
tendencies but is also closely related to the physical mechanism of their
reactions being diffusion-controlled. For instance, the formation and
release of CO2 gas molecules from carboxyl groups within the pores of
coal particles may be the rate-determining step. Interestingly, although
aliphatic hydrocarbons undergo more extensive consumption than
oxygen-containing functional groups, their activation energy in the
high-temperature region is higher than that of the carboxyl and carbonyl
groups. This was primarily due to the dynamic balance between the
formation and consumption of oxygen-containing functional groups
(especially C=0) during pyrolysis. A large number of radical in-
termediates generated in the initial stages of aliphatic hydrocarbon
decomposition can attack the coal matrix, leading to the formation of
new oxygen-containing functional groups in certain carbon structures.
Consequently, the net consumption rate of oxygen-containing functional
groups appears slower, and their concentration exhibits a plateau during
specific stages, thereby kinetically manifesting a relatively stable
low-consumption state and a lower apparent activation energy. For
C-O-C bonds, the activation energy during the rapid increase stage is
168.2 kJ/mol, with a mechanism function of — In(1 — a), representing a
first-order chemical reaction. This stage primarily involves the cleavage
of aliphatic-aromatic ether bonds (Ph-O-R) with lower bond energy
(R12). In contrast, during the rapid decrease stage, the activation energy
surges to 338.6 kJ/mol, and the kinetics shift to the Avrami-Erofeev
model (n = 1/3). This signifies that the reaction targets the residual
ether bonds in the later stages of coal carbonization, which have very
high bond energy, such as diaryl ether bonds (Ph-O-Ph’) (R13). The
value n = 1/3 often indicates a nucleation and growth process limited by
diffusion, indicating that ether bond cleavage no longer occurs uni-
formly but is confined to interfaces or defect sites within a highly
cross-linked, graphitized aromatic cluster network. The reaction process
requires overcoming both high chemical bond energy and significant
mass transfer resistance. This analysis provides critical insights into
understanding the essence of the complex network reactions during coal
oxygen-free pyrolysis.

3.6. Industrial implications

This study employed in situ FTIR to investigate the evolution of
functional groups during the oxygen-free pyrolysis of coal and analyzed
the kinetics of the functional group reactions. These findings provide a
theoretical foundation for the development of clean and efficient utili-
zation technologies for low-rank coall. Specifically, for the potential
technology of in situ underground coal pyrolysis, the design of pyrolysis
processes for low-rank coal should focus on operating conditions within
the decomposition range of oxygen-containing functional groups to
efficiently handle volatile release. In contrast, for high-rank coal,
attention should be directed toward the decomposition range of
aliphatic hydrocarbons. Furthermore, the evolution of the functional
groups offers valuable insights into the purification of products from
low-temperature pyrolysis. For instance, eliminating Ph-COOe radicals
can reduce CO; emissions, whereas enhancing the hydrogen abstraction
capability of CHse radicals can effectively promote CH4 extraction.
These strategies contribute to improving coal utilization efficiency and
reducing environmental pollution. Additionally, the times-cale effects
primarily influence the later stages of oxygen-free coal pyrolysis,
underscoring its significance for the rapid regulation and production of
semi-coke.
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Ph-CH2-OH — Ph-CHzs + *OH
Ph-OH — Ph-O- + *H
“OH + R-H — H20 + R+

Ph-CHz* + R-H — Ph-CHs + Re

3) COOH

7 Ph-COOH — Ph-COOQ- + *H

8 Ph-COOH — Ph-CO- + «OH

9 Ph-COO+ — Phe + CO:2
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R5 Ph-CO-CHs — Ph-
R6 CHa* + R-H — CHa

(4) c-0-C
R12 Ph-O-CHs — Ph-
R13 Ph-O-Ph' — Ph-O¢

R14 CHs* + R-H — CH-

Fig. 17. Schematic diagram of the chain reaction initiated by cleavage of hydroxyl and oxygen-containing groups.

4. Conclusion

Based on the research findings, the following conclusions can be
drawn:

(1) Among the 11 types of functional groups, oxygen-containing
groups accounted for the highest proportion of gas coal. Across
different stages, aliphatic hydrocarbons maintain a strong cor-
relation with the mass loss conversion rate, while in the later
stages (Stages IV-V), this high correlation transitions to being
predominantly associated with oxygen-containing functional
groups and aromatic hydrocarbons. With a decreasing coal rank,
the initial release of volatiles relies more heavily on the con-
sumption of oxygen-containing groups. With increasing coal
rank, the role of aliphatic hydrocarbons in elevating the volatile
initial release temperature intensifies. These findings confirm
that oxygen-containing functional groups act as the triggering
mechanism for coal oxygen-free pyrolysis.

Gas coal is significantly influenced by coal rank and time-scale
effects: with decreasing coal rank, the onset temperature of
rapid consumption for all functional groups during the later
stages of oxygen-free pyrolysis advances, the maximum con-
sumption rate of aliphatic hydrocarbons increases, and the sta-
bility of hydroxyl groups is enhanced. Time-scale effects
predominantly impact the later stages of oxygen-free pyrolysis in
gas coal. As the heating rate increased, the characteristic tem-
peratures (e.g., the onset temperature of rapid consumption) and
functional group conversion rates shifted toward higher tem-
peratures. This indicates that the time-scale effect is governed by
the high activation energy at elevated temperatures and the heat
transfer hysteresis.

During the oxygen-free pyrolysis of gas coal, the average acti-
vation energy followed the order C-O-C > benzene rings >
aliphatic hydrocarbons > carboxyl groups > carbonyl groups >
hydroxyl groups. The magnitude of the apparent activation en-
ergy primarily depends on the difficulty of the initial bond
cleavage and the efficiency of the subsequent chain reactions. The
activation energy of C-O-C increases from 168.2 kJ/mol to 338.6
kJ/mol with rising temperature, reflecting the formation of
higher bond energy (e.g., Ph-O-Ph’). The high activation energy

(2)

3

15

of the benzene rings (269.6 kJ/mol) indicates the development of
structural skeletons in semi-coke or char. The activation energy of
aliphatic hydrocarbons at high-temperature stages was greater
than that at low-temperature stages. The reaction mechanism of
aliphatic hydrocarbons is governed by random nucleation and
nucleus growth, whereas oxygen-containing functional groups
and Ar-CH groups are controlled by diffusion models.

In future work, a combined approach of thermogravimetry-
infrared spectroscopy-gas chromatography-mass spectrometry
(TG-FTIR-GC-MS) coupled with molecular dynamics simulations
will be employed to investigate the synergistic mechanisms be-
tween oxygen-free pyrolysis products and free radical chain re-
actions in low-rank coal.

(4

—
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