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The Gas-phase products generated by aliphatic hydrocarbon functional groups during the spontaneous
combustion of coal represent a significant source of environmental pollution. A primary focus

of contemporary research is the investigation of their microscopic reaction pathways and the
dynamics of free radical transformations. This study examines the combustion and pyrolysis reaction
mechanisms of three distinct aliphatic hydrocarbon functional groups utilising the Machine Learning
Potential Molecular Dynamics (ML potential MD) method, with validation conducted through
thermogravimetric-Fourier transform infrared spectroscopy (TG-FTIR) and in-situ FTIR experiments.
The findings suggest that the reactivity of the ~CH group is the highest, followed by -CH,, while
~CH, exhibits the greatest stability. The ~CH functional group exhibits the highest tendency for

CH, produced, the —CH, group displays the highest tendency for CO, produced, and the -CH, group
demonstrates the highest tendency for H,0 and CO produced. The -O radical plays a pivotal role in
promoting combustion in the oxidative combustion of functional groups, while both the -HO radical
and the -H radical act as key initiators in this process. These findings offer theoretical insights into
mitigating carbon emissions from the perspective of functional groups and free radicals.

Keywords Aliphatic hydrocarbon, Coal spontaneous combustion, Free radicals, Gas-phase products, ML
potential MD

Coal has historically constituted the primary energy source in China. It is therefore of the utmost importance to
ensure the efficient and safe development of this resource in order to guarantee national energy security and a
stable supply'?. However, during the processes of coal mining, storage and utilisation, instances of spontaneous
combustion occur intermittently, resulting in the release of considerable quantities of toxic and harmful gases.
Such occurrences not only result in the wastage of resources but also pose a significant threat to both the safety
of production and the environmental integrity of the surrounding area. Consequently, these security risks are
increasingly regarded as fundamental indicators for evaluating energy competitiveness®. The primary source of
heat for spontaneous combustion in coal is aliphatic hydrocarbon functional groups®. It is therefore imperative
to investigate the microscopic reaction pathways and mechanisms of these functional groups within coal in
order to elucidate the underlying processes of coal spontaneous combustion. This research not only facilitates
the scientific management of the coal development and utilisation process, but also contributes to the realisation
of carbon neutrality and the advancement of sustainable development®®.

The extant research indicates that the spontaneous combustion of coal is significantly influenced by the
presence of active aliphatic hydrocarbon functional groups within the coal matrix. The gas-phase products
and free radicals generated during the combustion process have been the subject of considerable attention
in industrial applications”®. Chao et al.’employed gas chromatography to investigate the correlation between
oxygen consumption rates and Gas-phase products, including CO, and CO, under conditions involving stress-
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heat-gas interactions. The research results provide a theoretical basis for combating the spontaneous combustion
of coal in complex coal mines. Duan et al.!° investigated the reaction mechanisms of free radicals in coal
spontaneous combustion by integrating electron spin resonance (ESR) and spin trapping techniques. The results
demonstrated that coal consistently displays a high concentration of free radicals within the temperature range
of 30 °C to 300 °C. It is noteworthy that an increase in the initial free radical content of coal samples correlates
with elevated heating temperatures, thereby facilitating the conversion of these radicals. Tao et al.'! employed
electron spin resonance (ESR) technology to investigate the trends in free radical concentration, g-factor values,
line width, and line shape in coal. The effects of varying oxidation times and oxygen concentrations on these free
radical parameters were examined. The findings indicate that the relationship between free radical reactions and
oxidation time is nonlinear, with oxygen molecules enhancing the reactivity of free radicals. The interaction of
oxygen atoms with carbon chains results in the generation of both oxygen-containing free radicals and peroxide
radicals. These subsequently decompose and oxidise into CO and CO, which ultimately lead to the spontaneous
combustion of coal. This methodology offers a novel perspective for analysing the roles of functional groups
and free radicals during spontaneous combustion processes. However, it remains challenging to experimentally
observe microscopic bond fractures as well as the formation of intermediates and free radicals.

Free radical reaction plays a crucial role in the process of coal spontaneous combustion, but there is
still considerable scope for research on its fundamental reaction pathways and details. With the advent of
sophisticated computational technology and software, researchers have largely turned to molecular dynamics
(MD) methods to investigate free radicals, yielding notable insights'>!3. Chen et al.!* employed quantum
chemical methods to elucidate the reaction pathways of free radicals during the spontaneous combustion of
coal and introduced a novel cyclic model for these species within this context. It has been demonstrated that
the majority of reactions involving free radicals are exothermic. In a recent study, Yan et al.!> employed ReaxFF
molecular dynamics simulations to investigate the influence of hydroxyl radicals on the reactivity of aromatic
rings and their associated side chain functional groups.Their findings revealed that -OH radicals played a crucial
role in the formation of phenolic hydroxyl structures, subsequently catalyzing low-temperature coal oxidation
processes. This discovery holds significant implications for the heat storage phase during low-temperature
oxidation of coal. In another study employing ReaxFF MD simulations, Yan et al.’® identified intermediate
products corresponding to four distinct formation pathways, including CO,. These results validated the precision
of reaction molecular dynamics calculations and enhanced our understanding of CO, generation during coal
combustion. Additionally, Zhang et al.'” conducted quantum chemical calculations using Gaussian software to
elucidate the microscopic mechanisms underlying alkane pyrolysis within oil shale kerogen molecules, thereby
addressing certain limitations posed by experimental conditions.

As previously discussed, the molecular dynamics method is a powerful tool for investigating the microscopic
mechanisms of free radicals and gas-phase products in coal spontaneous combustion reactions. However,
variations in research methodologies and the limited training datasets have led to differing perspectives on the
construction methods and rationality of molecular models'®!°. Recently, Chi*® introduced a machine learning
force field in 2022 that leverages an extensive structural relaxation database. This advancement holds significant
potential for applications in structural relaxation, dynamic simulations, and property predictions across diverse
chemical spaces. In this study, we conducted the first ML potential MD simulation of the combustion reactions
involving three aliphatic hydrocarbon functional groups using AMS(Amsterdam Modeling Suite)-2024 software.
The model was validated through TG-FTIR and in-situ FTIR experiments. By analyzing changes in potential
energy, consumption patterns of functional groups, variations in oxygen utilization, generation trends of gas-
phase products, fluctuations in free radicals, and typical chemical equations associated with combustion reaction
pathways, we elucidate the mechanisms by which functional groups influence coal’s spontaneous combustion
characteristics. This research provides theoretical insights for mitigating carbon emissions from a functional
group perspective and offers novel avenues for developing inhibitors.

Modelling and simulation methods
Molecular models
Spontaneous combustion of coal is a complex reaction process that is predominantly influenced by the
presence of various active functional groups within the coal structure. Among these, aliphatic hydrocarbon
functional groups are regarded as the principal initial heat source for the coal-oxygen composite reaction??2. In
consequence of the above, three structural models of aliphatic hydrocarbon functional groups within coal were
established using benzene rings as skeletal linkages?®, and molecular dynamics simulations were conducted to
investigate the combustion reactions of -CH,, -CH,, and -CH. The initial step involved the construction of a
periodic reaction box using the ML potential force field available in AMS-2024 software. This was done with the
incorporation of 20 model compounds representing various functional groups.Subsequently, a specific quantity
of o, molecules was introduced, and the dimensions of the periodic reaction box were adjusted for different
reaction systems while maintaining a system density of 0.5 g/ml (with a=b=c). In order to achieve a balanced
and stable initial structure, it is essential to allow the reaction system to relax. The M3GNet-UP-2022 parametric
model was employed for this relaxation process. The periodic symmetry was configured as Bulk, and NHC
temperature control was selected with a damping constant set at 10 K/fs, resulting in a total of 10,000 steps with
a time step of 0.25 fs. The energy minimisation relaxation was conducted at an ambient temperature of 50 K*.
The methodology employed for the construction of functional group structural models, along with the results
obtained from relaxation studies, are illustrated in Fig. 1.

The potential energy curves of each structural model exhibited a gradual stabilization following an initial
sharp decline. The structural models corresponding to each functional group were confined within the periodic
reaction box, demonstrating stability without the emergence of new reactions. This observation indicates that a
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Fig. 1. Construction of functional group molecular model. (a) Relaxation analysis of ~-CH,; (b) -CH,; (c)
Relaxation analysis of -CH,.

balanced and uniform reaction system was achieved post-relaxation, with the reaction force field appropriately
adapted to this system.

Molecular simulation methods

In order to elucidate the mechanism of oxygen compound reactions, combustion reaction systems were
constructed for three aliphatic hydrocarbon functional group structure models under varying oxygen
concentrations. The number of O, molecules consumed in the complete reaction for each functional group
was determined through stoichiometric calculations, representing a complete combustion system with an
equivalence ratio of (1) Subsequently, the O, concentration was doubled to establish an oxygen-rich combustion
system with an equivalence ratio of (2) In parallel, oxygen-poor combustion systems with equivalence ratios
of 0.75, 0.5, and 0.25 were created alongside a pyrolysis reaction system characterised by an equivalence ratio
of 0, which served as the control group for comparison. Following the relaxation processes, it is essential to
reset the reaction parameters for all three aliphatic hydrocarbon functional group structure models. Following
relaxation, the three kinds of aliphatic hydrocarbon functional group structure model must also be reset with
regard to the reaction parameters. The model selected was NVT system synthesis?®, with a total of 120,000 steps
in the synthesis. The temperature interval was set at 298-2500 K-3500 K-400 K. The number of steps in the
temperature range of 0-298 K is 10,000, 40,000, 60,000, and 10,000, respectively, with a step length of 0.25 fs. The
damping constant is 10 K/fs, and NHC is selected for temperature control. The MD Properties module facilitated
monitoring and capturing products generated during combustion reactions; subsequently allowing analysis on
product distribution and elementary reactions.

Theoretical calculation methods

In the calculation of the bond interaction e, itis essential for the structural model to account for all other bonds
emanating from atom i. To effectively incorporate n-body interactions, each e is updated by considering all
distinct combinations of 7 -2 neighboring atoms (i.e., those in N; ) within Ni, excluding atom §%. This process
can generally be expressed as follows:

€ij = E én (eij: Tijy Vjs Tikey Tikas * * " Tiky o5 Vky) Vkay * ‘7”767%72)

K1,Ko,,Kp_2€N;/j
Kil=Kal=-K, o

(1)

Where ¢y, is the update function, 7, is the vector from atom i to atom k, and v, ;, v, , is the atomic information of
atom k. The material map can be effectively modeled as MnGNet through a neural network that incorporates
n-body interactions. This study will specifically concentrate on integrating three-body interactions, hence
termed M3GNet.

The ‘ML potential MD’ simulation is governed by the system’s potential energy, eliminating the need for
a pre-defined reaction pathway. This approach can be broadly applied to various systems exhibiting complex
chemical reactions, including combustion, oxidation, and pyrolysis of coal. The energy function of the system is
expressed in the following form?®:

Esystem = Ebond + Elp + Eover + Eunder + Eval + Epen + Etors + Econj + Evdwaals + Ecoulomb (2)

Where E_, is the total energy of the system, E, . is the bond energy, E,is the energy of long pair electrons,
E . and IL:W 4 ar€ the correction term for coordination energy, E,, is the valence angle term, E_, is the penalty
i is the conjugation effects to molecular energy, E is the non-bonded

energy, E, is the torsion energy, E
van der waals interaction, and E is the coulomb interaction. Among them?” :

co vdwaals

coulomb

Epona = —DZBOYj exp [poer (1 — (BOg;)"**)] — DI BOf; — D" BOG (3)
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where Dg,Dg and D™ are the force field parameters of single, double and triple bond related to bond energy,
Ppe1and py.o are temporary parameters, Furthermore?®:

N o\ Poot ros ) P00
BO;’j = BO7; + BOJ; + BO[]" = exp |:pb01 (7%) } + exp {pbog (T—Z) } + exp {pbol (r%) } (4)
0 0 0

where BOY; is the bond order between atoms i and j, i denotes the distance between atoms and r, are the
equilibrium bond length for bonds o, m and .

Experimental parameter settings

Coal preparation

In this study, the long-flame coal sourced from the Heidaigou Open-pit Coal Mine in Inner Mongolia was
selected as the experimental sample. The large coal specimens extracted on-site were securely wrapped in
nitrogen-filled plastic to facilitate transport to the laboratory. To prevent oxidation, the outer layer of each
coal specimen was removed, and the inner fresh coal was subsequently crushed and sieved to a particle size of
200 mesh??°. Initially, the coal samples were dried at room temperature for 24 h before undergoing industrial
elemental analysis. The results are presented in Table 1. The experimental coal samples exhibited elevated
carbon (C) content, oxygen (O) content, and volatile matter levels, rendering them susceptible to spontaneous
combustion under identical conditions.

TG-FTIR experiment

The TG instrument utilized was the Netzsch 209F3 from Germany, while the FTIR spectrometer employed
was the Bruker TENSOR27, also from Germany. The TG-FTIR combined experiment enables simultaneous
acquisition of data regarding changes in coal sample quality parameters and the infrared spectra of gaseous
product content at varying temperatures. The carrier gas was air (V,:V = 1/4), the temperature was set at
30~ 800 °C, the temperature increase rate was set at 10 K/min, the resolution of the infrared spectra was 4 cm™,
the number of scans was 32, and the range of the tested wave numbers was 600 ~4000 cm™" in the mid-infrared.
Specific absorption peaks were monitored for H,O at 3735 cm™, CO, at 2359 cm™, CO at 2120 cm™, and CH, at
3016 cm™*3L. The diversity of gas phase products is influenced by temperature, as shown in Fig. 2 (a).

In-situ FTIR experiment

The in-situ FTIR instrument employed is the German Bruker VERTEX 80v. The carrier gas utilized is air, with
a flow rate set at 50 ml/min. A total of 32 scans were conducted, achieving a resolution of 4 cm™ and covering a
spectral range from 600 to 4000 cm™. The experimental temperature was maintained between 30 °C and 300 °C,
with a heating rate of 10 K/min; data points were collected at intervals of every 2 °C**33, as shown in Fig. 2(c).

Validate simulation results

To validate the rationality of the simulation results, a comparison is made between these results and experimental
findings. The TG-FTIR experiment provides a temporal sequence of gas-phase product formation during the
heating process of coal samples. The obtained data are juxtaposed with the temporal sequence of gas-phase
products from three aliphatic hydrocarbon functional groups in the simulation, as shown in Fig. 2(b). The
analysis reveals that the order of gas-phase products generated during heating is: H,0>CO,>CO>CH,,
demonstrating consistency between simulation outcomes and experimental observations. In the In-situ FTIR
experiment, a lower consumption of functional groups with increasing temperature indicates greater stability of
the functional group structure. Similarly, in the simulation results, an extended duration for the consumption
of functional groups as temperature rises correlates with enhanced structural stability. A comparative analysis
of these findings, as shown in Fig. 2(d). The data demonstrate that the order of structural stability among the
three oxygen-containing functional groups, ranked from weakest to strongest, is as follows: -CH < -CH,, < -CH;
Notably, these simulation outcomes align well with those obtained from in-situ FTIR experiments. Therefore,
this provides evidence to support the validity of both the simulation methodology and the parameter settings
employed in this study.

Results and discussion

Analysis of combustion reaction behavior of aliphatic hydrocarbon functional groups
Evolution process of combustion reaction system

Currently, capturing the microstructural changes occurring during the combustion process of materials through
experimental research poses significant challenges?®. Consequently, this study simulates and investigates the
microstructure of three aliphatic hydrocarbon functional groups in coal throughout the heating process. Using
a complete combustion reaction system with an oxygen content equivalence ratio of 1 as a case study, visual
representations of these three functional groups at various time intervals are presented in Fig. 3. The combustion

Proximate analysis/% Ultimate analysis/%
Moisture on an air-dried basis(M,;) | Ash onadry basis(A ;) | Volatile matter on a dry and ash-free basis(V,;) | C H (0] N S
2.79 23.30 27.93 76.98 | 494 | 12.26 | 1.39 | 0.33

Table 1. Proximate Analysis and Ultimate Analysis of long-flame coal.
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Fig. 2. Comparison between simulation and experiment. (a) Distribution law of gas phase products of long-
flame coal in air atmosphere; (b) Comparison of gas phase product distribution between simulation and
experiment. (c) In-situ 3d infrared map of long-flame coal in air atmosphere; (d) Comparison of functional
groups consumption between simulation and experiment.

reaction process of each functional group can be delineated into four distinct stages: the first stage, known as
the pre-reaction stage (0 ~2500 fs), primarily involves the diffusion of functional groups and O, molecules; the
second stage encompasses the oxidation combustion reaction stage (2500 ~ 12500 fs), during which the system
increasingly exhibits characteristics indicative of vigorous combustion reactions. The third stage is characterized
as a continuous reaction stage (12500~ 27500 fs), wherein oxidation reactions involving carbon-containing
molecular fragments and the formation and consumption of free radicals predominate, resulting in substantial
gas-phase products release. The fourth stage represents the completion of reactions (27500 ~ 30000 fs), allowing
for oscillation and diffusion within molecular structures to maintain uniformity in internal distribution,
thereby facilitating observation and analysis of reaction outcomes. Notably, significant physical and chemical
transformations within the system occur predominantly during both the oxidation combustion reaction phase
and continuous reaction phase; thus, these two stages are emphasized in this paper for an in-depth analysis of
the evolution process within functional group combustion systems.

Potential energy

The potential energy graphically depicts the heat absorption and release of each functional group model reaction
system, where a downward-sloping curve indicates a heat-releasing system and an upward-sloping curve
represents a heat-absorbing system. Notably, higher potential energy correlates with lower stored energy, thereby
reducing the energy required for the thermal decomposition of functional groups. The potential energy changes
of the three aliphatic hydrocarbon functional groups under different oxygen content conditions are shown in
Fig. 4 (a~c). It can be observed that the heat uptake and exothermic patterns of the three functional aliphatic
hydrocarbon energy groups demonstrate a consistent trend under the reaction system with varying oxygen
contents. In the pre-reaction stage, the potential energy curves exhibit an upward trajectory, and the system
rapidly absorbs heat with the increase of temperature, reaching the preset temperature required for the reaction.
From the outset of the oxidative combustion reaction stage, the potential energy curves exhibited a downward
trajectory in both the oxygen-enriched and complete combustion reaction systems, indicative of a robust
exothermic reaction. Conversely, in oxygen-deficient systems, a reduction in oxygen content leads to insufficient
availability of reactants required for subsequent oxidation reactions; consequently, the potential energy curve
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Fig. 3. The evolution process of complete combustion reaction system with different functional groups. (a) -
CH; (b) -CH,; (c) -CH3.

gradually trends upwards. This behavior signifies an endothermic state where lower oxygen levels precipitate
earlier occurrences of endothermic reactions. Under anaerobic pyrolysis conditions, potential energy curves
display a consistent upward trajectory, suggesting that anaerobic pyrolysis of aliphatic hydrocarbon functional
groups is inherently endothermic. The initial exothermic and subsequent endothermic behaviors observed in
functional groups within oxygen-poor environments further substantiate from a molecular perspective that
actual spontaneous coal combustion processes are frequently accompanied by parallel phenomena such as coal

pyrolysis.

Quantity of 02

The combustion reaction pathways of functional groups represent a complex process of oxidation reactions. O,
serves as a crucial promoter for these combustion reactions, playing an essential role in facilitating combustion
and sustaining the oxidation processes of the functional groups. Consequently, investigating the oxygen
consumption patterns of three distinct functional groups under varying oxygen concentrations is vital for
enhancing our understanding of the oxidation reaction pathways among these groups. The O, consumption
patterns observed in the combustion reaction systems involving these three functional groups at different oxygen
levels, as shown in Fig. 4 (d~f). The temporal variation in oxygen consumption across the three functional
groups under different oxygen content reaction systems exhibits a notable consistency. Specifically, an increase
in O, concentration within the reaction system correlates with an extended duration for oxygen consumption. In
scenarios where the O, content corresponds to a complete combustion reaction system with an equivalence ratio
of 1, each functional group’ reaction system depletes all available O, before reaching 27,500 fs, thereby validating
the appropriateness of the O, levels established for complete combustion across these three functional groups.
Conversely, at an equivalence ratio of 2, the oxygen consumption observed in the three functional group reaction
systems surpasses that of the complete combustion scenario; furthermore, their respective oxygen consumption
curves exhibit a gradual decline. This indicates that when sufficient O, is present along with adequate time and
spatial conditions for reactions to occur, oxidation processes involving transition products generated during
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Fig. 4. Analysis of combustion reaction process of different functional groups. (a) Potential energy analysis of
-CH; (b) -CH,; (c) -CH,. (a) Analysis of oxygen consumption of -CH; (b) ~-CH,; (c) -CH,. (a) Consumption
analysis of -CH; (b) -CH,; (c) -CH,.

combustion are enhanced significantly. This extension of oxidative chain reactions further underscores that
oxidation-combustion represents a complex reactive process.

Quantity of functional groups
The structural decomposition times of three oxygen-containing functional group model compounds attached to
the benzene ring vary with temperature due to differences in their functional group structures. Consequently, the
timing of changes in the conjugate system of these functional groups serves as an indicator for assessing the order
of combustion consumption completion among the three aliphatic hydrocarbon functional groups. Additionally,
this timing can also provide insights into the stability of these groups®. As shown in Fig. 4(g ~ i), the completion
time for — CH consumption is 6250 fs, while that for CH, and CH, are 6425 fs and 6675 fs, respectively. Thus,
we can infer a stability hierarchy within the combustion reaction system: ~CH <~ CH, <~ CH,. The typical
reaction path snapshots of the combustion processes involving three aliphatic hydrocarbon functional groups,
as shown in Fig. 5, where the shadow background indicates the critical path for the change of the functional
group conjugate system. The spontaneous combustion of coal is a very complex process that may also involve
reactions of the singlet-biradical characters in long PAHs with molecular oxygen®. Through an analysis of the
molecular dynamics simulation trajectory, we elucidate the microstructural transformations and decomposition
pathways of these functional groups. The intermediate products predominantly manifest as cycloalkanes,
cycloolefins, and their isomers. It becomes evident that the fundamental nature of the oxidative combustion
reaction pathway for aliphatic hydrocarbon functional groups lies in the oxidative dehydrogenation effect
exerted by these functional groups. This mechanism generates carbon-containing fragments and various free
radicals that facilitate subsequent oxidation reactions involving the functional groups. Furthermore, peroxides
and complexes formed during this oxidative dehydrogenation process contribute to heat accumulation, thereby
promoting further progression of the combustion reaction. Among these, ~CH, features three carbon-carbon o
bonds, which are carbon-hydrogen bonds directly linked to the carbon atoms and exhibit the highest structural
stability. In contrast, ~-CH, possesses one carbon-carbon ¢ bond and one carbon-carbon n bond, rendering it
unsaturated and relatively unstable. Meanwhile, —~CH contains a single carbon-carbon triple bond, also classified
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a»

Fig. 5. Typical reaction path snapshots of combustion of different functional groups. (a) -CH; (b) -CH,; (c)
-CH,.
3

as unsaturated, making it more reactive and thus the most unstable of the three. Consequently, due to the distinct
structures of these three aliphatic hydrocarbon functional groups, their respective conjugated systems undergo
different transformations. In the —CH, system, the oxidation reaction preferentially disrupts the benzene
ring by targeting its 7 electron cloud, leading to the degradation of the conjugated system. Conversely, in the
—CH, system, it is primarily the unsaturated bond between two benzene rings that undergoes cleavage before
subsequent ring-opening occurs. In contrast, within the — CH system, recombination of both benzene rings
takes precedence, resulting in a five-membered cyclopentane structure. This preference arises from the inherent
stability of five-membered rings due to their lower internal strain; thus, formation of this intermediate effectively
reduces the overall energy of the system and drives the reaction in this direction. Consequently, energy within
this context predominantly facilitates ring-opening processes in benzene rings, culminating in a more readily
disrupted conjugated system associated with — CH.

Analysis of combustion reaction products of aliphatic hydrocarbon functional groups

The combustion and pyrolysis of coal can generate thousands of hydrocarbons. In this paper, only the major ones
(CH,, H,0, CO, CO,) are reported. The Gas-phase products resulting from the functional groups of aliphatic
hydrocarbon primarily consist of H,0, CO,, and CO. The quantities of these three Gas-phase products fluctuate
over time under varying oxygen content reaction systems, as shown in Fig. 6. Additionally, the representative
chemical equations for the formation pathways of these three Gas-phase products are presented in Table 2. The
three gas-phase products began to emerge gradually during the oxidative combustion stage of the functional
groups, with their production significantly increasing in the continuous reaction phase. Notably, H,O is formed
first, traceable to the onset of the reaction. Analyzing the typical chemical equation for H,0 formation reveals
that aliphatic hydrocarbon functional groups initiate this process. The generation of H,O is accompanied by
numerous consumption reactions predominantly occurring in the mid-to-late stages of the combustion reaction
system involving functional groups. This transformation involves converting thermal decomposition reactions
of H,O molecules into free radicals and is highly influenced by temperature; it represents a classic exothermic
reaction. The formation of CO, occurs later than that of H,O. In the initial stages of aliphatic hydrocarbon
functional group reactions, there are fewer pathways available for the oxidation of carbon-containing products
to yield CO,. The generation of CO, primarily results from reactions between small molecular fragments with
low carbon content and free radicals. This process is exothermic, and the resultant gas contributes to the release
of combustion energy. After 5000 fs, all three aliphatic hydrocarbon functional groups begin to produce CO, with
its formation occurring subsequent to that of both CO, and H,O. The formation pathway of carbon monoxide
necessitates that oxygen radicals engage in an oxidative pre-reaction with carbonaceous fragments. The energy
associated with the chemical bonds formed during these reactions exceeds that of the broken bonds, indicating
that this process requires energy absorption to proceed, characteristic of a typical endothermic reaction. The
consumption pathway of CO predominantly occurs during the continuous reaction phase involving functional
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Fig. 6. Analysis of combustion reaction products of different functional groups. (a) H,O production of -CH;
(b) -CH,; (c) -CH,. (d) CO, production of -CH; (e) -CH,; (f) -CH,. (g) CO production of -CH; (h) -CH,; (i)

CH,.

groups. This process entails the combustion of CO to produce CO, at elevated temperatures, representing a
quintessential oxidative exothermic reaction.

The impact of oxygen content on the three gas products varies significantly. In an oxygen-enriched combustion
reaction system with an O, equivalence ratio of 2, the production of H,O is lower than that observed in a
complete combustion reaction system with an O, equivalence ratio of 1, This observation aligns with the trends
indicated by the consumption curves of the three functional groups, suggesting that the inhibitory effect of the
oxygen-enriched system on the combustion reactions involving these functional groups primarily manifests
through dehydrogenation processes and alterations in -HO radical conversion pathways. Furthermore, higher
O, concentrations in other reaction systems correlate with increased H,O production. Aliphatic hydrocarbon
functional groups show consistency in CO, production under different oxygen content reaction systems, that is,
the higher the O, content in the reaction system, the more CO, is produced.The oxygen-enriched combustion
environment exerts a significant inhibitory effect on the formation of CO from aliphatic hydrocarbon functional
groups. This phenomenon can be attributed to the preferential oxidation of these functional groups into
oxygen-containing small molecular compounds prior to CO formation. From this analysis, it is evident that
the dynamics within an oxygen-enriched combustion system are profoundly influenced by spatial interactions.
The increase of the reaction pathway facilitates the conversion of a greater quantity of carbonaceous fragments
into CO, at elevated conversion rates, thereby resulting in a reduction in CO production. In comparison to
other Gas-phase products, the formation pathway of CO is significantly influenced by O, concentration and the
nature of functional groups. As illustrated in Table 2, variations in -O free radicals exert a substantial impact on
the formation pathways of both CO, and CO. Notably, there exists a positive correlation between -O free radical
concentrations and CO, production, while an inverse relationship is observed with respect to CO production.
Furthermore, fluctuations in -HO radicals markedly affect the formation pathway of H,O, demonstrating a
positive correlation between these two factors.
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-HO+CH (=>H,0+CH,, -H+C,H,0,=>C0,+CH, 0, | C H,0,=>CO+CH,,0,
‘HO+C,H,=>H,0+C;H,, C,gH,,0,=>C0,+C,;H,,0, C,H0,=>CO+C ;HO,
-HO+C,Hg=>-H+H,0+C H C,,H,0,=>CO0,+C,H.0, C,,H,0,,=>CO+H+C,H,0,

-H+HO +C, H, 0,=>H,0+C;H, O

C,¢H,0,=>C0, +C,;H,0,

C,Hs0,,=>CO+C;HO,

187710 1877103 167 "4 15774 16776 10 15776
-HO+C (H,0,=>H,0+C,H,0, C,;H,0,=>C0,+C, H,0, C;H,0,=>CO+C, HO,
-HO+C ;HO,=>H,0+CH.O, C,H,0,=>C0O,+C;H,0, C,H,0,=>CO+C;H0,
-HO+C,HO,=>H,0+C, H.O, C;H0,=>CO,+H+C,,H,0 C;H0,=>CO+C,H,0,
-HO+C,H,O,=>H,0+C,H.O ‘H+C,H,0,=>C0,+C, H,0, C,H,0,=>C0+C,;H,0,
-HO+C H,0,=>H,0+C, H,0, C,;H,0,=>CO0,+C, H.O, C,H,0,=>CO+C, H,0(
-HO+C (H,0,=>H,0+C, H,0, C,oH,0,=>C0,+C,H,0, C,oH;0,=>CO+C,H,0,
-HO+CyH,0,=>H,0+CyH,0, CyH,0,=>CO,+CH,0 CyH,0,=>CO+CH,0,

HO +C,H,0=>H,0+CH,0

C4H,0,=>C0,+C.H,

C,H,0,=>C0+C,H,0,

‘HO+CH,0=>H,0+CH,0

C,H,0,=>C0,+CH,

C,H,0,=>CO+CH,0,

HO +C,H,0,=>H,0+C,H,0
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CgH,0,=>C0,+CH,0,

C¢H,0,=>CO+C,H,0,

-HO+C,H,0,=>H,0+C,HO,

C,H,0,=>CO,+CH,

C,H,0,=>CO+C,H,0,

‘HO+C,H,0=>H,0+C,HO

C,H,0,=>C0,+C,H,0

C,H,0,=>CO+C,H,0,

‘HO+C,H,0,=>H,0+C,H,0,

C,HO,=>CO,+C,HO

C,HO,=>CO+C,HO,

-HO+CH,0,=>H,0+CHO,

C,HO,=>CO0,+CHO,

C,HO,=>CO+HO+CO,

-HO+H=>H,0

-CHO,=>CO,+H

‘CHO+HO=>CO+H,0

H,0=>HO+H

CO+CHO,=>CO,+CHO

CO+0=>CO0,

Table 2. Typical chemical equations of gas phase product formation reaction path. The gas-phase product
serves as a crucial indicator for assessing the combustion reaction process. The conversion rate of gas-phase
products can be utilized to evaluate the conversion tendencies across various functional group reaction
systems. Specifically, a higher conversion rate of a gas phase product indicates a more pronounced tendency
for conversion within the combustion reaction system’s functional groups. The formula for calculating the gas-
phase product conversion rate is as follows:

N0
= 5
NH,0 o (5)
where ng,0 is H,O conversion rate (%), N, 0 is the number of H,0 molecules produced, Ny is the number
of H atoms of the functional group.

Nco,
No (6)

Nco, =

where nco, is CO, conversion rate (%), Nco, is the number of CO, molecules produced, N¢ is the number of
C atoms of the functional group.

Nco

N @)

Nco =

where nco is CO conversion rate (%), Nco is the number of CO molecules produced.

Using the complete combustion reaction system with an O, equivalence ratio of 1 as a reference, we
substituted the quantities of H,O produced by three aliphatic hydrocarbon functional groups into Eq. (5).
The resulting order of H,O generation rates, from highest to lowest, is: -CH, (40%) > -CH (39.69%) > -CH,
(38.33%). Similarly, substituting the amounts of CO, generated by these functional groups into Eq. (6) yields
the following order for CO, formation rates: ~CH, (53.85%) >—CH, (53.57%) > - CH (53.16%). Furthermore,
when substituting the quantities of CO produced by these aliphatic hydrocarbon functional groups into Eq. (7),
we find that the order for CO generation rates is: -CH, (30.71%) > -CH (29.47%) > -CH, (28.85%). Overall,
it can be concluded that among aliphatic hydrocarbon functional groups, ~CH, exhibits the highest tendency
for CO, conversion while— CH, demonstrates superior tendencies for both H,0 and CO conversions during
combustion. In the whole combustion reaction process, more than 8000 decomposition steps will occur, and the
gas phase products will also be transformed into each other. Therefore, the final determined proportion of gas
phase products will be obtained by the software ‘s own post-processing system MD Properties module, which
will automatically determine the number of stable gas phase products in the end stage. Although the percentage
content of combustion products is very close, it can be approximately considered that it has a corresponding
conversion tendency due to its large production base.

The analysis above indicates that CO,, H,O, and CO are the predominant Gas-phase products resulting from
the combustion of functional groups in coal. Additionally, trace amounts of CH, may be generated; however,
its formation primarily occurs later in the reaction process, predominantly during the middle to late stages of
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Fig. 7. Analysis of CH, production of different functional groups.

-H+CH,+C,H,,=>CH,+C,H,, -H+CH,+C,H,=>CH,+CH,
-H+CH,+C,H,0,=>CH,+CH,0, |-CH,+C,H,=>CH,+C,H,
-H+H+C,;H,=>CH,+C,H, -H+CH,;=>CH,

Table 3. The chemical equations of typical reaction path of CH, formation.

continuous reactions. As shown in Fig. 7, a lower O, concentration correlates with increased CH 4 production,
suggesting that CH, formation is largely influenced by pyrolysis pathways. Furthermore, it is observed that
the conversion tendency for — CH groups yields the highest levels of CH,. As shown in Table 3, the reactants
involved in hydrocarbon generation predominantly consist of low-carbon-content small molecular compounds.
The reaction is favored under conditions of reduced oxygen content, suggesting that hydrocarbon formation
primarily results from the thermal decomposition of carbon-containing small molecules undergoing incomplete
combustion in high-temperature environments. Furthermore, the generation of hydrocarbons is significantly
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influenced by -H free radicals. Analysis of typical reaction equations reveals that -H free radicals are crucial
initiators within the hydrocarbon formation pathway, exhibiting a positive correlation with this process. The
-H radical, characterized by an unpaired electron on the hydrogen atom, demonstrates high reactivity and
engages with reactants to facilitate hydrogen atom transfer, ultimately leading to product formation. This free
radical mechanism is pivotal in organic chemistry and frequently serves as a catalyst for chain reactions and the
synthesis of novel organic molecules.

Free radical analysis in the combustion reaction of aliphatic hydrocarbon functional groups
In the combustion reaction system involving three functional groups, a significant quantity of free radicals is
generated™, including -O free radicals, -HO free radicals, and -H free radicals. The typical chemical equations
representing the formation pathways of these three types of free radicals are presented in Table 4. From the
preceding analysis, it is evident that free radicals serve as crucial initiators for the chemical reactions occurring
among various functional groups and their transition products. Investigating the dynamics of free radicals
changes within the combustion reaction system of functional groups constitutes an essential aspect of elucidating
the mechanisms underlying coal’s functional group combustion reactions.

As shown in Fig. 8(a~c), the -O free radical generation curves in functional group reaction systems with
varying oxygen content show significant differences. In particular, lower O, concentrations correlate with
reduced -O free radical production and an earlier onset of curve flattening. The oxidation activity of different
functional groups can be inferred from the time at which their respective -O free radicals generation curves
begin to flatten, with faster flattening indicating a greater propensity for oxidation reactions.

In order to illustrate the behaviour of the reaction system with an equivalence ratio of 1, it is sufficient to
consider the time sequence of the -O radical generation curves in the three functional groups. These tend to
be flat, as follows: The order of the functional groups is ~-CH (approximately 18,000 fs) > -CH, (approximately
20,000 fs) > -CH, (approximately 22,000 fs), which is consistent with the experimental results. This pattern is in
accordance with the order of the stability of the three functional groups, from the weakest to the strongest. The
combustion reaction system obtained in the experiment indicates that the rate of reaction with the -O radicals
is directly proportional to the oxidative activity of the functional group, confirming the stability of the three
functional groups under the combustion reaction system from the perspective of the-O radicals. The absence
of -O radicals in the pyrolysis reaction system with an O, equivalent ratio of 0 indicates that, in the absence of
oxygen, aliphatic hydrocarbon functional groups must undergo decomposition by the oxidation front reaction
in order to generate -O radicals.Consequently, as shown in Table 4, there are three primary pathways for the
generation of -O free radicals. The first pathway involves high-temperature conditions where O, molecules
absorb energy and undergo thermal cracking to yield two -O free radicals; this process is exothermic. The
second pathway pertains to redox reactions involving electron transfer between oxygen-containing free radicals
at elevated temperatures. The third reaction involves the dissociation of oxygen-containing transition products
generated from the oxidation of functional groups, leading to the formation of -O free radicals. This process can
be characterized by the cleavage of intramolecular O-O bonds, which is an endothermic reaction.

The -O free radical The-HO free radical The-H free radical
C19H1402:>-O+C19HMO -O+C19H1205:>-HO+C19HHOS C19H15:>~H+C19H15
C,gH0,,=>-0+C H,O, ‘0 +CH,0,=>HO+C HO, CH,,=>H+CH,,

C,,H,,0,=>0+C,H,0

1771178 1177

-0+C_H, 0,=>HO+C,H,0,

17771077 1777977

CH=>H+C H,

C,Hy0,=>-0 +C,;H,04

-0+C,(HO,=>HO+C,H,0,,

CgHs=>H+CH

C,.H,0.=>-0+C H.O

157787 1577876

-0+C, . H,O =>HO+C H O

157786 1577776

CpsH=>H+C Hyy

C, H.0=>0+C, H.O

-0+C H, 0,=>HO0+C, H O

C, H, ,=>H+H+C H

147756 1477575 147711727 14771072 147714 147712
C,,H,0,=>-0+C,,H,0, -0+C,,H,0,=>H0 + C,H,0,+C, 1,0, | C,;H,,=>H+CH,,
C,,H,0,=>0+C,,H,0, -0+C,,H,0,=>HO0 +C,HO, CH,=>H+H+CH,
C,H,04=>0+C, H,0, -0+C,,H,0,=>H0+C H,0, C, Hy=>H+C H,
C,,H,0,=>-0+C, H,0, -0+C,,H,0,=>H0+C, H,0, C,,H,=>H+C, H,

C,H,0,=>-0+C,H,0,

‘0 +C,H,0,=>HO+C,H,O

CyHy=>-H+C,H,+C H,

C¢H,0,=>-0+-CHO +C,H,0

-0 +C¢H,0,=>H0+CH,0,

CgHg=>-H+C H,

C,H0,=>-0+C,HO,

776

‘H+C,H,0,=>HO0+CH,0,

CHg=>H+CH,

C,H,0,=>-0+CH,0

‘H+C¢H,0,=>HO +CH,0,

CH,0=>H+CH,0

C,H,0,=>0+C,H,0,

‘H+C,H406=>-HO +C,H,O,

577475

C,H,0,=>H+C,H,0,

C,H,0,=>-H+0+CH,0,

‘H+C,HO,=>HO+C,HO,

C,H,0,=>-H+C,HO,

C,HO,=>-0+C,HO,

‘H+C,HO,=>HO+C,HO,

C,H,0=>H+C,HO

C,0,=>0+C,0, ‘H+H+C,H,0,=>-HO+C,H,0, C,H,0,=>H+C,HO,
CH,0,=>-0+-CH,0, -H+CHO,=>HO + CHO, CH,0,=>H+CHO,
-HO+HO,=>-0+H,0, -H+-O=>-HO 0,+H,0=>H+HO,

0,=>.0+0

-HO=>-H+O

Table 4. Typical chemical equations of free radical formation reaction path.
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Fig. 8. Free radical analysis of combustion reaction of different functional groups. (a) -O free radical
production of -CH; (b) -CH,; (c) -CH,. (d) -HO free radical production of -CH; (e) -CH,; (f) -CH,. (g) -H
free radical production of -CH; (j) -CH,; (i) -CH,.

As shown in Fig. 8(d ~ f), the quantity of -HO free radicals that can be captured within the combustion reaction
system of aliphatic hydrocarbon functional groups is relatively low, and there exists significant fluctuation in the
generation curve of -HO free radicals over short time intervals. To enhance analytical efficiency, polynomial
fitting has been applied to the -HO free radical generation curves across three distinct functional group
combustion reaction systems under varying oxygen concentrations. The pronounced fluctuations observed in
these curves suggest that the -HO free radicals produced during combustion are more likely to be converted
into other products, such as H,0, rather than forming stable -HO free radicals. Additionally, factors such as
temperature, spatial configuration, and oxygen concentration exert considerable influence on the functional
group combustion reaction system; even minor variations can significantly impact both reaction rates and
product formation, leading to substantial fluctuations in the generated -HO free radical curves. Furthermore,
the structural characteristics and properties of the various functional groups may contribute to differences in
their reactivity and the resulting products, thereby influencing the yield and volatility of -HO free radicals.
The temporal variation of -HO free radicals across the three functional groups is not significantly affected
by temperature; rather, it is primarily associated with the oxygen content within the system. It is noteworthy
that this temporal variation exhibits a degree of consistency. Higher oxygen concentrations correlate with an
increased generation of -HO free radicals and greater fluctuations in their concentration over time. As illustrated
in Table 3, the primary pathway for the generation of aliphatic hydrocarbon functional group -HO free radicals
entails redox reactions between -O free radicals, -H free radicals, and carbon-containing compounds. In this
context, the -O free radical functions as an oxidant, participating in exothermic redox processes.

As shown in Fig. 8 (g~1i), the quantity of -H free radicals that can be captured within the combustion
reaction system of aliphatic hydrocarbon functional groups is relatively low. Consequently, polynomial fitting
is performed using the same methodology applied to the -HO free radical generation curve. The resulting curve
exhibits significant fluctuations, indicating that the production of -H free radicals occurs with considerable
variability over short time intervals. This suggests that -H free radicals generated by functional groups during
combustion reactions are less stable and tend to convert into other combustion products rather than forming
stable -H free radicals. Furthermore, as the temperature increases, the fluctuation range of -H free radical
generation exhibits a gradual escalation, with the upward trend of the fitting curve mirroring that of the
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temperature rise in the functional group combustion reaction system. This observation highlights the significant
influence of temperature on -H free radical generation. The impact of temperature variations on the reaction
rate and equilibrium position consequently affects the production of -H free radicals. consequently, competitive
reactions within the functional group combustion pathway can yield a range of intermediate products and by-
products, which contribute to substantial variability in -H free radical output. The generation curves of -H free
radicals in the combustion reaction systems of three aliphatic hydrocarbon functional groups under varying
oxygen concentrations exhibit notable consistency. Specifically, an increase in oxygen content correlates with a
decrease in -H free radicals production. This phenomenon can be attributed to the nature of functional group
combustion as a redox process, whereby both an oxidant and a reducing agent are involved. In these combustion
systems, oxygen typically serves as the oxidant, while organic matter acts as the reducing agent. In addition, the
combustion of coal is also affected by the trace load of its internal transition metal oxides, so it also has a certain
catalytic effect. An increase in oxygen content is associated with a higher concentration of O, as an oxidant.
The enhanced oxidative capacity of oxygen facilitates the oxidation of -H free radicals within organic matter to
H20, thereby reducing the concentration of -H free radicals. Furthermore, elevated oxygen levels facilitate more
complete combustion of organic matter, resulting in greater production of CO, and H,O while simultaneously
reducing the generation of -H free radicals.As illustrated in Table 3, aliphatic hydrocarbon functional groups can
undergo a preliminary reaction pathway that culminates in the generation of -H free radicals. The formation of
-H free radicals occurs as a consequence of the cracking reactions of these functional groups, resulting in the
generation of both -H free radicals and an excess of carbon-containing fragments as by-products. This process
entails the cleavage of the original chemical bonds, which results in the release of energy. Consequently, the
generation of -H free radicals is characterised as an exothermic reaction. Concurrently, the formation of specific
-H free radicals occurs via the oxidation of H,0 and the dissociation of -HO free radicals, both of which are
exothermic reactions.

Conclusions

This paper presents an investigation into the reaction paths, gas-phase products and free radicals of combustion
and pyrolysis of three aliphatic hydrocarbon functional groups, based on the ML potential MD method in AMS-
2024 software.The rationality of the ML potential MD model was validated through the utilisation of TG-FTIR
and in-situ FTIR experimentation. The experimental and simulation results demonstrate that the stability of the
three aliphatic hydrocarbon functional groups within the combustion reaction system is in the following order
of weakness to strength: The order of the aliphatic hydrocarbon functional groups is thus -CH, > -CH, > -CH;
the order of the gas-phase products is H,0>CO,>CO>CH,. The -CH functional group exhibits the highest
propensity for converting methane, the -CH, group displays the highest propensity for converting CO, dioxide
(53.85%), and the -CH, group exhibits the highest propensity for converting H,0 (40%) and CO (30.71%)
monoxide. The combustion reaction process of aliphatic hydrocarbon functional groups can be divided into four
main stages: a reaction pre-stage, an oxidation and combustion reaction stage, a continuous reaction stage and a
reaction completion stage. The gas-phase products are primarily generated during the oxidation and combustion
reaction stage and in significant quantities during the continuous reaction stage. The oxidative combustion
process of aliphatic hydrocarbon functional groups is exothermic, and in the anaerobic pyrolysis reaction system
it is absorptive. As the oxygen content decreases, the system exhibits a stronger tendency to transition from
exothermic to absorptive in the late stage of the reaction. This implies that as the oxygen content decreases,
the pyrolysis parallel reaction of the functional groups intensifies. The dehydrogenation effect brought about
by the pyrolysis parallel reaction provides carbonaceous fragments and a plethora of free radicals, which serve
to accelerate the subsequent oxidation reaction of functional groups. Meanwhile, the peroxides and complexes
generated by the oxidation and dehydrogenation reaction of functional groups cause the accumulation of heat
and promote the further occurrence of the pyrolysis reaction. These processes are complementary and occur
in parallel. Free radicals play a significant role in numerous radical reactions within the system. Among these,
the -O free radical plays an important role as a fluxing agent in the oxidative combustion of functional groups,
while the -HO radical and the -H free radical are significant initiators in the oxidative combustion of functional
groups. The change of the -O free radical exerts a significant influence on the generation path of CO, and CO.
The -O free radical exhibits a positive correlation with the generation of CO, and a negative correlation with the
generation of CO. The change of the -HO free radical exerts a substantial influence on the generation path of
H,O, and the two have a positive correlation. The change of the -H free radical exerts a considerable influence on
the generation path of CH,, and the two have a positive correlation. The results can provide theoretical support
for the study of carbon emission inhibition from the perspective of functional groups, and also provide a new
idea for the research and development of inhibitors. In future studies, HO, radicals normally plan an important
role in the low-T oxidation cycle.
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