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Abstract: The spontaneous combustion of coal caused by oxidation often leads to catastrophic fires.
However, the understanding of oxidized carbon gas as a predictor of coal’s spontaneous combustion
is still in its infancy. To better study the characteristics of CO, and CO generation during low-
temperature coal oxidation, the chemical reactions and activation energies during the formation
of oxidized carbon gases within coal molecules were investigated using the molecular simulation
method, and the reaction characteristics at different temperatures were determined. In addition, TG
was used to experimentally analyze the variations in coal weight, exothermic conditions, and gas
generation patterns. The results show that the low-temperature oxidation process consists of four
different phases, each of which is characterized by unique CO and CO, generation. The results of
this study are important for the prevention and prediction of the spontaneous combustion of coal.

Keywords: low-temperature coal oxidation; CO; CO,; molecular simulation; TG

1. Introduction

During the process of underground coal mining, the spontaneous combustion of
the coal seams occurs [1], which can cause personal injury and death, property loss, and
environmental damage, threatening the safe production of coal mines [2]. At the same
time, spontaneous coal combustion also causes coal seam fires, leading to the loss of
billions of tons of coal resources every year and resulting in huge property losses, so the
prevention of the spontaneous combustion of coal seams has always been the focus of
coal mine safety management [3]. The early phase of spontaneous coal combustion is the
low-temperature oxidation of coal, a process in which coal produces large amounts of
carbon oxides, hydrocarbons, sulfides, and nitrogen oxides [4]. Currently, the monitoring
of carbon oxides, i.e., CO and CO, gases, is used to monitor the condition of spontaneous
combustion in coal seams at an early phase. Therefore, it is of great significance to study the
characteristics of the CO and CO; gases produced during the low-temperature oxidation of
coal to determine how the phenomenon occurs and to adopt fire prevention measures in a
timely manner [5].

Coal oxidation at low temperatures is a series of complex reactions between coal
molecules and oxygen, which releases a large amount of gas. The whole spontaneous
combustion process of coal is accompanied by the generation of CO and CO,, and the
amount of gas generated varies in different periods [6-9]. Domestic and foreign experts
have conducted research on gas anomalies in the working face caused by primary and
secondary CO and CO, underground and have verified that carbon and oxygen-containing
groups have a direct relationship with CO generation by studying the CO generation law
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in the process of the oxygen warming of low-metamorphic coal samples. The sponta-
neous combustion of coal is actually a process of complex reactions of various groups in
the structure of coal, and the process has shown good segmentation features at different
temperatures; thus, a segmentation study of the oxidation process can improve its perfor-
mance. The segmentation of the coal oxidation process can improve its accuracy [10-12].
Current research shows that the division of coal’s spontaneous combustion phase is mainly
based on the temperature point of CO, CO;, and other marker gases and the change rule
of the generated gases with the temperature. Shu Yiguo et al. found that CO, Oy, and
A@(CO)/Ap(Oy) are the gas indexes of natural coal ignition. Most scholars used O, CO,
and CO, and its derivatives, such as the chain ratio, as the indicators for the prediction and
forecasting of the spontaneous combustion of coal [13-15].

The spontaneous combustion of coal has certain phase characteristics, which are
reflected in the oxygen consumption, mass change, and gas generation characteristics,
and involves a coupled heat—gas reaction process. Currently, it is believed that the main
source of CO and CO; is the formation of unstable oxides (carboxylic acids and carbonyl
compounds) during the low-temperature oxidation of coal, in which the carboxylic acids
decompose into CO, and the carbonyl compounds decompose into CO [16]. Therefore,
there are two pathways that characterize the release of CO and CO; in the oxidation process
of coal:

®  The decomposition of oxygen-containing compounds within the coal releases CO and
COy, known as Pathway 1, which generally occurs in the thermal decomposition of
coal under an inert atmosphere [17]. This pathway generally occurs in the thermal
decomposition of coal in an inert atmosphere.

@ The CO and CO; released from the decomposition of surface oxides generated by the
oxidation reaction is called Pathway 2.

The characteristics of coal species play a decisive role in the low-temperature oxidation
process, and the types and content of the oxides in different coal species are also very
different [18,19].

Wang Deming [20] used experiments to study the heat production, heat produc-
tion rate, and heat production law of six coal samples in the low-temperature oxida-
tion process and obtained the segmental characteristics of the process in coal. Ting Shi,
Jun Deng et al. [21] calculated the microscopic parameters of the coal structure using den-
sity functional theory and obtained the reaction steps and order of reactivity of each reactive
group in the coal molecular structure. He Qilin [22], Zhang Bin, Xiao Yang [22], and other
scholars have classified the characteristic temperature point of coal’s spontaneous com-
bustion process along with their differences. The process of CO and CO; gas production
during the low-temperature oxidation of coal has been studied, but the characteristics and
mechanism of CO and CO; production at different stages of low-temperature oxidation
have been less studied by different scholars. Therefore, in this paper, the activation energy
and enthalpy change in the CO and CO; generation reaction of coal molecules during
low-temperature oxidation were analyzed based on the density flooding method, and
the stage characteristics of CO and CO, generation from coal were combined with the
characterization of thermogravimetric curves [23]. The above studies provide a theoretical
basis for the further prediction of the spontaneous combustion process of coal in coal mines.

In summary, the CO and CO, processes produced during the low-temperature oxi-
dation of coal have been studied extensively, but it was not possible to analyze the stage
characteristics and mechanisms of CO and CO, release during the low-temperature oxi-
dation stage. In this paper, the activation energy and enthalpy change in the CO and CO,
generation reaction of coal molecules during low-temperature oxidation are analyzed based
on the density flooding method. In addition, the low-temperature oxidation process of
coal is classified into different stages through the thermogravimetric curve characteristics,
and the characteristics of the generation of CO and CO, from coal are further analyzed.
Through the above approach, a theoretical basis is provided for the further prediction of
the spontaneous combustion process of coal in coal mines.
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2. Materials and Methods
2.1. Materials

During the spontaneous combustion of coal, CO and CO, gases are more likely to
be generated from low-rank coal, so in this paper, four coal samples of different ranks
were selected from the Xinjiang region, Inner Mongolia region, and Shaanxi region, which
were numbered XJ-1, XJ-2, NM, and SX, and all of them were low-rank coal, as shown
in Table 1. The test results were obtained from the State Key Laboratory of Coal Mine
Safety Technology. The coal samples were pulverized under a nitrogen atmosphere and
sieved to 100 mesh particles. After the above treatment, the samples were placed in a
low-temperature dry environment for storage and reserve.

Table 1. Industrial and elemental analysis of coal samples.

Industrial Analysis/% Element Analysis/% True
Sample Densitv/e.cm—3 Type
Maq Aq Viaf Caaf Haqp Naf Ouaf Sdaf ensity/g-cm
XJ-1 0.77 10.41 38.82 85.87 5.66 1.53 6.33 0.56 1.36 Gas coal
XJ-2 8.45 3.50 3213 79.94 417 0.61 14.95 0.25 1.48 Jet coal
SX 2.67 13.18 36.09 81.50 4.94 0.96 9.34 2.77 1.48 Weak caking
NM 13.72 7.27 42.64 74.29 4.97 1.02 18.08 1.24 1.50 Lignite

2.2. DFT Calculation Method

In this study, quantum chemical calculations were performed using density functional
theory (DFT) in Gaussian 16A and Gauss view 6.0 software. The electron exchange and
its correlation functions were described using the B3LYP method. Boundary orbitals and
charge off-domainization were analyzed using natural bond orbitals (NBO) at the 6-31 G
(d, p) basis set level. The calculations were performed in open-shell systems when the spin
diversity was greater than one [24].

The TS (Berny) method was used to determine the transition states, and the reaction
pathways were analyzed using the intrinsic reaction coordinate (IRC) method. In the
IRC analysis, the Hessian matrix was calculated accurately every 5 steps using the LQA
algorithm, tracking 20 points in the direction of the products and reactants at a step size of
0.05 bohr/s. The other parameters remained at their default values [25].

2.3. TG-FTIR Experiment

In this experiment, a simultaneous thermal analysis and FTIR test system was used in
which the simultaneous thermal analysis part was the STA-449-F3 TG-DSC simultaneous
thermal analyzer of NETZSCH, as shown in Figure 1.

Principle: differential scanning calorimetry (DSC) is the principle of temperature con-
trol in the program. Differential scanning calorimetry (DSC) is the principle of temperature
control in which the enthalpy difference between the reference end and the experimental
end is formed when the sample undergoes thermal behavior during the programmed
temperature control process. The principle of thermogravimetric analysis is to keep the
sample under a certain heating rate and observe the change of sample mass with tempera-
ture. Simultaneous thermal analyzer refers to TG-DSC analysis, i.e., the mass and enthalpy
changes of the sample are detected simultaneously during the programmed temperature
control process.

The temperature range of the analyzer is —150~2400 °C, the weighing resolution is
0.1 pg, the heating rate is 0~50 °C/min, and the vacuum degree is 1~0.4 kPa [26]. About
10 mg of sample is needed for each experiment, which is placed in the experimental crucible
(Al,O3) and knocked to a certain extent to promote the formation of a uniform thin layer of
sample conducive to the flow of gas. The heating rate was set to 5 °C/min, the experimental
atmosphere was air (i.e., the ratio of oxygen to nitrogen was 21:79), and the treatment was
carried out at 30 °C for a constant temperature for 30 min, with the purpose of letting the
temperature of the samples, the experimental environment, and the assay reach a stable



Fire 2023, 6, 475

4of 15

state. Then, the temperature was increased from 30 °C to about 600 °C according to the set
heating rate.

Figure 1. TG-FTIR experimental system.

Coupling a simultaneous thermal analyzer (STA449F3) with an infrared spectrometer
(TENSOR?27) allows the real-time detection of gas-phase products during the thermal
oxidation of coal samples. The test is usually preceded by a purge step of the experimental
gas of about 30 min duration, which aims to minimize the impurity gases in the device. The
sample is heated from 30 °C to 500 °C at a ramp rate of 2 °C/min. The upper and lower
spectral limits of the FTIR experiments were 4000-400 cm ™!, the number of background
and sample scans were both 32, and the resolution of the spectra was 4 cm 1.

Enthalpy is the change in the heat flow signal of the sample during combustion, as
detected by the DSC experiment. Therefore, to calculate the amount of heat released per
unit mass of the sample during the thermal decomposition stage, i.e., the enthalpy, it
is sufficient to select the area of the peaks in the characteristic temperature range of the
sample’s DSC curve for integration.

It is more difficult and unreasonable to correlate the DSC curve with TG completely.
However, in order to evaluate the oxygen uptake and weight gain characteristics of coal,
previous scholars correlated the heat release with the mass change of coal, and Vaclav Slovak
directly evaluated the heat release of coal samples through the DSC curve to illustrate the
oxidizing performance of the coal samples.

Let H represent the total amount of heat released from the coal sample (enthalpy) and
S represent the area of integration between the two temperatures of the DSC curve. Since
the rate of warming (f) is constant, the temperature is linearly related to time. So, the
following relationship exists between H and S:

He [™ g =S 1
= = —
‘/tmin q ﬁ ( )

where g is the heat released per gram of coal sample, w/g; t is the time, s; t;4x is the time
corresponding to the warming to high temperature, s; t,,,;, the time corresponding to the

warming to low temperature, s; f is the rate of warming, °C/min; and H is the enthalpy
between t,;,, and tyax, ]/ 8.

3. Results and Discussion
3.1. Micro-Processes of CO and CO, Production from Spontaneous Combustion of Coal and Their
Thermodynamic Parameters

The low-temperature oxidation of coal is a complex process, but CO and CO, carbon
oxides gases and alkane gases, such as CHy, C,Hy4, and CyHg, are always produced, of
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which CO and CO; are the main products of coal with oxygen [27]. At the macro level,
scholars have divided this process into two parallel reactions, the direct burn-off reaction,
and the coal oxidology adsorption process, as follows:

(1) Burn-off reaction: A reaction that occurs between the molecular structure of coal and
oxygen. This process can be summarized as a total reaction where coal and oxygen
produce CO, CO,, and water molecules.

COAL + O — CO + CO; + HyO + Dust

(2) Coal oxidology adsorption process: The coal oxidation process at low temperatures
reacts with oxygen to produce an unstable state, i.e., the chemisorption state. The
unstable state cycle produces CO, CO,, and heat, and the heat further promotes the
oxidation reaction to produce CO and CO;.

i HEAT
COAL+QO; —> Unstable Structure O+CO:

V

Dust

The oxidative adsorption process of coal from the molecular level was further refined,
especially for the unstable structure reaction process, as shown in Figure 2. It can be
seen that the molecular structure of coal in STEP 1 is in a stable state, and the aromatic
carbon is more stable. The fatty carbon is associated with pyrolysis and the action of
free radicals, etc., and the C-H bond will be broken, forming the “chemisorption site”
(.C). In STEP 2, the oxygen chemisorption is at .C, which produces the chemisorption to
form the C-H. In STEP 2, oxygen chemisorbs on .C, resulting in chemisorption and the
formation of peroxides (.(OOCH;—), which is a transition state. In STEP 3, oxygen in the
peroxides seizes two hydrogen atoms on .C, creating a water molecule and a carbonyl
radical (.C=0). In STEP 4, the carbonyl radical breaks down to create the .C chemisorption
site and the CO gas, and the .C chemisorption site chemisorbs the oxygen again in a cyclic
reaction. Meanwhile, a parallel reaction to STEP 4 occurs when sufficient oxygen is present
and .OOH is produced, i.e., STEP 5, where carbonyl radicals adsorb oxygen molecules or
.OOH, producing carboxyl and hydroxyl radicals, which further decompose to produce
.C chemisorption sites and CO; gas. Therefore, from the above reaction process, it can be
seen that the attachment of the O atom to the aliphatic carbon creates an unstable state and,
therefore, is susceptible to the production of CO and CO, gases in the presence of heat.

According to the reaction process in Figure 2, thermodynamic calculations were
performed for each reaction process based on the B3LYP 6-31 G (d p) basis group. Since the
seizure of H in STEP 1 is more complicated, which generally occurs below 70 °C through
free radicals in the coal or other conditions such as illumination, and oxygen molecules
seize hydrogen atoms to form .OOH above 70 °C, the results of the calculations for the
other steps are not specifically discussed in this paper, and the results of the calculations
for each of the other steps are shown in Table 2.

Table 2. Thermodynamic parameters of CO and CO, gas reactions from low-temperature oxidation

of coal.
Thermodynamic Parameter STEP 2 STEP 3 STEP 4 STEP 5-1 STEP 5-2
activation energy AE (kJ/mol) 0 59.71 23.51 32.11 73.53
exothermic heat AH (kJ/mol) —142.33 —157.33 18.91 —17.83 57.71
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Figure 2. Molecular reaction processes of coal molecules to produce CO and CO, gases.

0O—=——0

O=—0

From the above calculations, it can be seen that the chemisorption process is a sponta-
neous process that does not need to overcome the energy barriers for the reaction. At the
same time, the exothermic amount is high, reaching —142.33k]/mol, while the generation
of water molecules is an exothermic reaction, and the exothermic amount is also very
high at —157.33k] /mol. However, it requires an activation energy of 59.71kJ /mol, which
means that the reaction can occur below 70 °C. These two reactions promote the process of
the low-temperature oxidation of coal and the key step of temperature increase and also
provide reactants for the low-temperature oxidation reaction to produce CO and CO,. CO
and CO, generation reactions are required across the energy barrier, but the CO generation
reaction has a low energy barrier of 23.51k]/mol, which can react at room temperature,
and the CO; generation reaction has a high energy barrier of 73.53 kJ /mol and needs to be
higher than 70 °C for the reaction to occur [28]. At the same time, CO, generation requires
.OOH, which requires sufficient oxygen and 70 °C to occur; therefore, sufficient oxygen is
required for CO, generation.

3.2. TG Characterization of Coal Oxidation at Low Temperature

(1) Characteristic temperature point

The analysis shows that the change in the characteristic temperature points of coal
in the process of constant heating has a certain law, and the characteristic temperature
points on the TG curve are as follows: critical temperature T1, dry cracking temperature T2,
activity temperature T3, growth rate temperature T4, temperature point of great mass value
T5, ignition point temperature T6, temperature of the maximum rate of heat loss T7, and
combustion exhaustion temperature T8. According to the characteristic temperature points,
the oxidation process of coal is divided into five phases: the desorption phase (T0~T2),
the dynamic equilibrium phase (T2~T3), the oxidation phase (T3~T6), the combustion
phase (T6~T8), and the combustion exhaustion phase (>T8), of which the oxidation phase is
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divided into the oxidation adsorption phase (T3~T5) and the pyrolysis phase (T5~T6) [29].
Generally, the low-temperature oxidation phase of coal occurs from the starting temperature
to T6, so this paper analyzes temperatures up to T6, i.e., below 400 °C.

Thermogravimetric tests were carried out on four coal samples, as shown in Figure 3,
and the characteristic temperature points corresponding to each phase are shown in Table 3.
From the experimental results, it can be seen that the characteristic temperature values
of the four different low-order coal samples roughly show the pattern of lignite (NM) <
weak viscous coal (S5X) < long-flame coal (X]J-2) < gas coal (X]J-1). This is because during
the combustion of the coal samples, the higher the degree of deterioration of the selected
coal samples, the more heat required for combustion and the longer the time required
for pyrolysis.

120
I XI-l X2 Oxidation phase
110 F——sx NM B B
100
- RS-
- 90 . . - &y e S
SN 80 [ Desorption Dynamic | Oxidative
E | phase equilibrium adsorption Pyrolysis
70 phase phase phase
60 -
[ \
50
[ Ty Ty Ty i
qo b v oo by Wy e )

30 60 90 120 150 180 210 240 270 300 330 360 390
Temperatur/°C

Figure 3. TG curves of each coal sample during oxidation at low temperature.

Table 3. Coal samples at characteristic temperature points and phases of the TG curve.

" Desorption =~ Dynamic Equilibrium Oxidative Adsorption Pyrolysis
Phase
T1/°C T2/°C T3/°C T4/°C T5/°C T6/°C
XJ-1 72.53 110.63 174.44 220.12 272.22 383.22
XJ-2 72.65 123.24 182.33 214.03 250.52 333.65
SX 70.88 120.15 170.54 225.14 270.41 399.15
NM 70.12 116.11 171.06 210.55 243.23 325.61

(2) Heat release analysis

Figure 4 shows the heat release rate (DSC) curves during the low-temperature oxi-
dation of each coal sample, where negative values are exothermic (i.e., downward is the
direction of heat release). The phases delineated by the TG curves are labeled in the DSC
curves, and the DSC curves also have certain phase characteristics. By comparison, it can be
seen that in the desorption phase, the X]J-2 and NM coal samples have a positive enthalpy
value, which is a heat absorption reaction, and the mass drop is greater, indicating that
more gases are released through desorption. The X]J-1 and SX coal samples have a negative
enthalpy value, but the value is very small and the mass drop is low, indicating that there
are fewer gases in desorption or more gases are adsorbed in adsorption. The enthalpy and
mass began to decrease in the dynamic equilibrium process, indicating that a large amount
of gas began to be desorbed and a large number of exothermic reactions occurred. In the
oxygen adsorption phase, the mass of XJ-1 and SX coal samples began to increase, and the
mass of XJ-2 and NM coal samples remained stable, while a large amount of heat release
increased, indicating that a large amount of oxygen adsorption reactions were generated.



Fire 2023, 6, 475

8 of 15

TG/%

85

80

75

105

100

95

90

85

80

75

In the pyrolysis phase, the mass of each coal sample decreased rapidly, and the amount
of heat release increased, but there was a rebound process around 330 °C, indicating that
a large number of pyrolysis reactions, oxygen adsorption reactions, and gas desorption
processes began to occur in this phase.
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Figure 4. DSC curves and phases of each coal sample during low-temperature oxidation process.

(3) Analysis of oxygen uptake and enthalpy of coal

On the TG curve, the weight gain of the oxygen uptake within the phase from T3 to
T5 is referred to as the oxygen uptake of the coal, and the area obtained by integrating the
peak area of the sample’s reaction interval in the DSC curve is obtained as the macroscopic
exotherm of a unit mass of the sample, i.e., the enthalpy of the coal. In order to study the
oxygen uptake and exotherm of low-rank coal in a pure oxygen atmosphere, the oxygen
uptake and enthalpy of different coal samples were calculated under different heating rates,
and the results are shown in Table 4.

Table 4. Enthalpy and oxygen uptake of four low-rank coals during low-temperature oxidation phase.

Parameters XJ-1 XJ-2 SX NM
Enthalpy H (J/g) —1235.93 —982.24 —1113.41 —1060.41
Oxygen uptake Q (%) 3.59 —5.39 2.74 —-7.21

From the experimental results, it can be seen that the oxygen uptake of the four kinds
of low-rank coals varies with the different degrees of deterioration. This may be due to the
structural differences in the coal—the more compact the fatty carbon structure of the coal,
the more the oxygen can be fully combined, so the coal absorbs more oxygen. The heat
released from the oxygen absorption of the coal cannot be transferred outward in time, but
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accumulates internally, thus exhibiting the phenomenon of enthalpy increase. It can also
be observed that the weakly viscous coal and lignite coal continued to lose weight from
the beginning of warming, so the peak value of the oxygen absorption and weight gain
was negative, which may be due to the high concentration of oxygen, the low degree of
deterioration of the coal samples, and the large content of volatile matter in the composition
of the coal samples. The coal molecules have more alkyl side chains and fewer benzene
rings, and the alkyl side chains continue to absorb oxygen and have a chemical reaction
during the low-temperature phase, so the weakly viscous coal and lignite coal samples
continued to lose weight in the process of warming.

(4) Key thermodynamic parameters

Under heated conditions, coal undergoes a carbon-gasification reaction with oxygen
to produce oxides and gas-phase products. Much work has been carried out in the kinetic
study of the oxidation reaction by previous authors, obtaining different methods for solving
the activation energy E and the finger forward factor A. In this paper, a combination of
the Coast-Redfern integral method is used for the kinetic calculations of the oxychemical
reaction, and Bagchi’s method is used to deduce the reaction mechanism function. The
kinetic parameters of four coal samples were solved for three phases (dynamic change,
oxygen uptake and weight gain, and thermal decomposition) at different constant rates of
heating. The calculated kinetic parameters of the oxidation reaction at different phases for
each coal sample under different heating rate conditions are shown in Table 5.

Table 5. Table of kinetic parameters of oxidation reaction at different phases for each coal sample
under different heating rate conditions.

- XJ-1 SX XJ-2 NM

ase E(kJ/min) A(min!) E&J/min) A@min! E&J/min) A@min 1 E(KJ/min) A (min 1)

1. Dynamic change 0.843 47 x 10! 1.005 6.7 x 10 0.998 6.6 x 10! 0.976 6.3 x 10

2. Weight gain through 3.487 17 x 102 3.973 1.8 x 102 3.618 15 x 102 3.481 14 x 102
oxygenation

3. Pyrolysis 88.918 7.9 x 1010 100.501 2.8 x 1012 94.091 6.0 x 1012 56.283 2.8 x 107

From the calculated data, it can be seen that with the increase in temperature, the values
of activation energy E and finger-prior factor A of the coal at different oxidation phases
show an increasing trend. The analysis of the degree of deterioration of the coal samples
shows that the activation energy E and finger front factor A of the samples at different
phases show an increasing trend with the increase in the degree of deterioration, which
indicates that the combustion of lower-order coals with a lower degree of deterioration
requires less energy, and the combustion reaction is more likely to occur.

3.3. Infrared Spectroscopy of Gas Products in Combustion Processes

The TG-FTIR system analyzes the escaping gases during the whole heating process in
real time according to the vibration changes of different chemical bonds, forming its unique
infrared spectrum. The absorption intensity and peak width of different coal samples are
different, and the peak temperature of the escaping gas is between 350 °C and 500 °C. A
comparison of the TG curves shows that it is consistent with the temperature range of the
maximum heat loss rate temperature T7.

In different kinds of low-rank coals, the volatile components were gradually precipi-
tated, and the fixed carbon was oxidized until it was completely reacted, and the main gas
products and gas escape processes were relatively similar. The gases produced during the
oxidation and heating process of each coal sample were more obvious, and the main gas
products were CO, CO,, CHy, and H,O. The FTIR images of the escaping gases of each
coal sample and the infrared peaks of each coal sample are shown in Figure 5, and the
characteristics of the escaping CO and CO, gases are shown in Figures 6 and 7.
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Figure 5. FTIR images of the fugitive gases of each coal sample with the characteristic infrared peaks
of each coal sample. (a) coal sample X]J-1; (b) coal sample X]J-2; (c) coal sample SX; (d) coal sample NM.
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Figure 6. Characteristics of CO escape from each coal sample during low-temperature oxidation
process: (a) temperature range is 30-400 °C, (b) temperature range is 30-200 °C.

The higher the gas absorbance, the higher the amount of gas generated. For the NM
and XJ-2 samples, the infrared characteristics of the peak location of the temperature are
lower than for the XJ-1 and SX samples. The change rule of the amount of escaped gas of
the various coal samples is as follows.

There was no change in the CO before 180 °C; this was due to water evaporation, oxy-
gen absorption, and weight gain in the early phase. The physical and chemical adsorption
on the surface of the coal molecules hindered the production and release of CO gas in the
early phase, resulting in a small amount of CO escaping. When it reached 250 °C, it entered
the pyrolysis phase, and the active groups in the coal began to participate in the reaction,
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and the CO gas production began to increase. A stabilization phase was produced at 325 °C,
and the coal oxygen chemical reaction reached a certain equilibrium state. After 400 °C,
the combustion phase was entered, the aromatic structure of the coal began to undergo a
violent oxidation reaction, and the CO gas production increased rapidly and reached its
peak. A small amount of CO, was released from the coal samples in the early phase of
desorption and oxidation, and a large amount of CO, was produced and reached its peak
after entering the combustion phase at 400 °C. The infrared characteristic peak position
temperatures of the coal samples, NM and X]-2, were lower compared with those of XJ-1

and SX.
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Figure 7. Characteristics of CO, escape from each coal sample during oxidation at low temperature:

(a) 30-400 °C, (b) 30-200 °C.

3.4. Characterization of CO and CO; Production during Low-Temperature Oxidation Processes

While scholars have analyzed the stages of gas production during the low-temperature
oxidation of coal before [18-24], this research provides a more detailed analysis of the
spontaneous combustion reaction process and thermodynamic situation and a more in-
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depth characterization of carbon oxide production.

The above experimental tests comprehensively analyzed the characteristics of coal at
each phase of the low-temperature oxidation process from the TG-DSC curve characteristics
and phases, oxygen adsorption and weight gain, and gas escape, which have a certain
relationship with coal’s adsorption of oxygen. In the process of oxygen adsorption, coal
will produce heat to form oxidized substances, which will prompt the coal to warm up and

further lead to the continuous low-temperature oxidation reaction of coal.

@

In this phase, the mass of coal starts to decrease because CO gas starts to be produced
through the oxidation reaction after oxygen adsorption. At the same time, the rate of
chemical adsorption of oxygen increases, the heat release increases, and the heating rate of
coal accelerates, but it is still lower than the ambient heating rate. The activation energy of
the coal decreases but is still high, and it is still a heat-absorbing process. At this phase, the
gas escape is still minimal, mainly evaporating water, and this is mainly reflected in the

desorption of gas.

The gas desorption starts early in this phase, which is manifested by the increase in
oxygen absorption, high activation energy, decrease in mass, heat absorption, performance
of desorption, and the beginning of the production of a small amount of CO gas.

@)

In this phase, oxygen begins to participate in the hydrogen capture reaction and
produces CO; gas, and there is a large amount of water evaporation. The quality of the coal
basically remains unchanged or slowly decreases; this phase is due to the reduction in the

Phase I: gas desorption phase

Phase II: dynamic equilibrium phase



Fire 2023, 6, 475

12 of 15

physical adsorption of the coal, and the coal’s adsorption of oxygen remains stable or even
reduces. However, in this phase, due to the evaporation of water, the coal surface exhibits
an increase in the number of active groups, the chemical reaction is intense, the coal’s
activation energy changes to a negative value, the coal warming rate exceeds the ambient
temperature, and the exothermic reaction starts. The escaping gas is still dominated by
moisture, while the CO and CO; levels start to increase slowly, which is mainly reflected in
the desorption gas.

The dynamic process of moisture evaporation and chemisorption during this phase is
manifested as the dynamic change in the amount of adsorbed oxygen due to the change in
the active site, negative activation energy, unchanged or slowly decreasing mass, exothermic
reaction, degassing manifestation, the beginning of CO, gas production, and moisture
dominated by the escaping gas.

(3) Phase III: oxygen adsorption phase

In this phase, due to the completion of the evaporation of the coal surface moisture
and the large amount of surface and oxygen contact, more chemical adsorption sites are
generated. The amount of oxygen absorption and the oxygen absorption rate of the coal
begin to increase, the mass of the coal begins to increase, and the heat generated continues
to increase. At the same time, a low-temperature oxidation chain reaction is formed in the
coal, and a large amount of heat begins to be generated. The exothermic amount further
increases, and the rate of warming increases dramatically. However, the activation energy
is positive due to the increase in the chemisorption reaction, which leads to an increase in
the oxidation reaction. Therefore, at this phase, CO and CO,, as well as gases produced by
gas oxidation and pyrolysis, begin to gradually increase, which is mainly reflected in the
adsorption of oxygen followed by the desorption of gases.

During this phase, the large amount of adsorbed oxygen on the surface of the coal
forms a low-temperature oxidation chain reaction, resulting in the coal beginning to enter
the rapid reaction, manifested as a large increase in oxygen absorption. The activation
energy was positive, the mass began to increase and reach the maximum rate of growth,
the exothermic process began, and the adsorption of oxygen and then desorption of the gas
and the amount of gas production began to increase.

(4) Phase IV: pyrolysis phase

In this phase, the pyrolysis in the coal results in more chemical adsorption sites,
leading to an increased and faster rate of adsorption. The mass of the coal reaches the
maximum value in this phase; the released heat and coal heating rate are at the highest
levels, and the activation energy is negative. At the same time, the gas production in this
phase increases dramatically, but the rate of chemisorption of oxygen is higher than the
rate of oxidation and cracking reaction, manifested as the adsorption of oxygen.

The increase in chemical adsorption sites during this phase leads to a further increase
in the chemisorption and adsorption rate of oxygen by the coal, which is manifested by the
highest oxygen uptake, negative activation energy, maximum mass increase, exothermic
process, oxygen uptake manifestation, and the maximum gas production.

Through the above analysis, it can be seen that the characteristics of each phase of coal
oxidation at low temperatures are correlated with the generation of chemisorption sites
in the coal, the oxygen adsorption rate, and the chemisorption reaction. More chemical
adsorption reaction characteristics of the coal can be set at each phase of the approximate
temperature range, as shown in Figure 8. According to the above analysis, the characteristics
of each phase of low-temperature oxidation of coal are listed in Table 6.
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Table 6. Characteristics of the various phases of low-temperature coal oxidation.
Feat T Phase I Phase I1 Phase III Phase IV
eature lype 30-120 °C 120-180 °C 180-300 °C 300-400 °C
Oxygen uptake Less Less More Most
activation energy Positive Negative Positive Negative
Heat absorption and . . . .
p Endothermic Exothermic Exothermic Exothermic
release
Mass Decrease Decrease Increase Increase
Degassing performance Degassing performance Oxygen intake
& &p & 5P 8 . Oxygen uptake
CO starts to be CO; starts to be followed by degassing
performance
Gas produced, and the produced, and the performance .
. . . . Maximum gas
desorbed gas is desorbed gas is Gas production begins .
production

dominated by moisture

dominated by moisture

to increase

4. Conclusions

In this paper, through TG-FTIA experiments and DFT simulation analyses of the
characteristic temperature points, heat release parameters, oxygen uptake weight, and
enthalpy of different low-rank coal species and gas products in the combustion process,
we analyzed the characteristics of CO and CO; gas production in the process of the low-
temperature oxidation of coal and came to the following conclusions.

CO generation from coal molecules is divided into five steps. The chemical adsorption
process and the generation of water molecules is an exothermic reaction, which can take
place below 70 °C. These two reactions promote the key steps in the low-temperature
oxidation process of coal and the temperature increase, and at the same time, they also
provide the reactants for the low-temperature oxidation reaction to generate CO and CO5.
In terms of the spanning energy barriers required in CO and CO, generation, the reaction
for the generation of CO can occur at room temperature, but the generation of CO, requires
temperatures higher than 70 °C.

The coal oxidation process is divided into the desorption phase (T0~T2), the dynamic
equilibrium phase (T2~T3), the oxidation phase (T3~T6), the combustion phase (T6~T8),
and the combustion exhaustion phase (>T8). The characteristics of each phase are related to
the generation of chemisorption sites, the oxygen adsorption rate, and the chemisorption
reaction in coal, so the approximate temperature range and characteristics of each phase
are basically determined based on the amount of oxygen uptake, rate of oxygen uptake,
activation energy, heat of adsorption and excretion, mass, and gas.
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