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ABSTRACT: In response to the frequent occurrence of coal spontaneous combustion ‘Q‘_J 2
accidents, this paper proposes to use glutathione (GSH) as an inhibitor to inhibit the coal  J )

oxidation at low temperature. Based on the gas production of oxidation, thermogravimetric
analysis, electron spin resonance, and in situ Fourier infrared transform spectroscopy
experiments, it is known that GSH has a good inhibiting effect on lignite, long-flame coal, & e

and fatty coal. The optimal action temperature of GSH is 60—150 °C, which can effectively ~*»< 2° e ba 2
slow down the weight loss and exothermic process and reduce the gas production of CO and 2%~ + iy "Jo T".‘
CO,. Compared with the raw coal, the GSH-treated coal samples possess higher crossing point € -

temperature and lower reactive group content. Subsequently, quantum chemical calculations are .o “, 4: e 9"
performed using density functional theory. The results demonstrate that the inhibiting © °
mechanism of GSH is inerting the reactive radicals in coal and converting them into more stable ’\ 9
compounds. Meanwhile, the activation energy of the reaction between GSH and each reactive d J’
radical is small, and all of them can occur at room temperature and pressure. This study lays the

groundwork for future development of inhibitors.

1. INTRODUCTION

Coal is one of the major fossil energy sources in the world,
dominating the energy consumption of all countries and
influencing the industrialization process of society at all
times.'~* Nonetheless, owing to the depth of coal mining
increases, the geothermal influence is progressively enlarging
and coal spontaneous combustion accidents occur now and
again.”~” Serious coal spontaneous combustion accidents not
only lead to the waste of coal resources and increase the
pressure on environmental protection but also cause

Based on the theory of COLT, scholars have carried out a
lot of research on coal spontaneous combustion prevention
and control technology, which can be broadly divided into
physical and chemical inhibition methods.'” Physical inhibition
methods mainly include groutin§,_20 inert injection,”"”” foam
gel,”>** and physical inhibitors.””*° These methods aim to
absorb heat or exclude oxygen to play a role in inhibiting the
COLT, whereas there are certain limitations. The disadvantage
of the grouting method is the poor fluidity, and the slurry is
difficult to be accurately transported to the high-temperature

irreversible damage to equipment, while critically threatening
the personal and property safety of operators.'”'' Con-
sequently, it is of great practical significance to take necessary
and effective measures to prevent and control coal spontaneous
combustion and ensure coal mine safety production.

In order to reduce the occurrence of coal spontaneous
combustion disasters, a large number of scholars have carried
out research on the mechanism of coal spontaneous
combustion. Currently, the coal—oxygen complex theory is
the most widely accepted.'”™"* This theory holds that coal
spontaneous combustion disasters occur due to physical'® and
chemical'® adsorption of O, by coal at normal atmospheric
temperature, which in turn leads to oxidative autothermal
reactions.’” The coal oxidation at low temperature (COLT)
plays a key role in the process, so it is particularly important to
regulalt: the oxidative exotherm of coal in the low temperature
stage.
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area, resulting in low resistance. The carrier of the inert gas in
the inert injection method is the fresh air flow, the isolation of
oxygen is not effective, and the sealing of the area is a high
requirement. The foam gel method has poor stability, and it is
difficult to make the foam adhere to the coal surface for a lon%
time. Physical inhibitors mainly consist of NaCl,”" MgCl,”

CaCl,,” and ammoniums,”””" which have poor thermal
stability and a poor inhibiting effect in the high temperature
stage. Additionally, they are susceptible to generating toxic and
harmful gases such as HCl and NHj, which pose a threat to the
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Table 1. Proximate, Ultimate, and Calorific Value Analysis of Three Coal Samples”

proximate analysis

calorific value ultimate analysis

coal samples M4 (%) Aqg (%) Vaa (%) Var (%) FCyy (%)
XL 10.72 17.11 39.26 40.33 32.94
DH 3.08 8.04 33.46 35.21 54.31
FL 2.75 9.74 28.94 30.08 60.55

“ad, air dry basis.

Q0 (KJ/kg) C (%) H (%) 0O (%) N (%) 8 (%)
19.77 56.44 4.12 19.76 0.48 0.85
28.46 80.70 3.98 9.46 1.40 141
34.13 79.29 537 1024 1.36 1.30

health of the staff. Chemical inhibitors are predominantly
antioxidants, which can be divided into free radical scavengers,
hydroperoxide decomposers, free radical quenchers, metal
chelating agents, and so forth.>* Their mechanism is to inert
reactive free radicals, which can fundamentally inhibit the
COLT.>"?%%* Li et al."’ proposed 2,2,6,6-tetramethyl-1-
piperidine-noxyl (TEMPO), butylated hydroxytoluene, VC,
triphenyl phosphite, edetic acid, and phytic acid as new
inhibitors from the perspective of inhibiting chain reactions,
which showed that they all have certain inhibiting effects and
TEMPO had the best inhibiting effects.’” Lu et al.*®
investigated the inhibiting properties of environment-friendly
pL-malic acid on lignite and bituminous coal. They affirmed
that the prL-malic acid-treated coal samples had elevated
crossing point temperature (CPT) and lower typical gas yields
and were more potent for water-soaked coal. Liu’’ explored
the inhibiting effects of citric acid on coal spontaneous
combustion. The results illustrated that the addition of citric
acid could essentially reduce the catalytic effect of metal ions in
raw coal on coal spontaneous combustion, and it has good
general applicability to coals with different degrees of
metamorphism. Dou et al.”® summarized the inhibiting effects
of catechin with different concentrations and observed that the
inhibiting mechanism was to accelerate the formation of stable
ether bonds in the coal, and the best inhibiting effects was
achieved when the concentration of catechin was 10%.

In spite of research on antioxidants having been performed,
previous research has only briefly discussed the inhibiting
effects, and the knowledge of the inhibiting mechanism is only
at the macro level, lacking comprehensive and in-depth
research at the micro level. As a matter of fact, the essential
study of macro combined with micro is also surprisingly
limited. In addition, the selection of inhibitors is poorly
targeted, the identification of determinant reactive groups is
missing, and there is a significant lack of research correlating
the inhibiting effects with the chemical structures change in the
coal. Wang,3 Qi,?'9 and Zhu et al.**™** established and refined
the chain reaction model of COLT, and the results
demonstrated that alkyl radicals, alkoxy radicals, hydroxyl
radicals, and peroxyl radicals are the main reactive substances.
Accordingly, the search for an inhibitor that could inert them is
a top priority of current research. Reduced glutathione (GSH)
is a broad-acting physiological factor, a tripeptide composed of
glutamic acid, cysteine, and glycine, which is widely distributed
in organisms such as tomato and sweet potato and has highly
effective antioxidant properties.”” In the pharmaceutical field,
GSH is often used as a therapeutic agent for hepatitis and
hemolytic diseases. It could participate in the tricarboxylic acid
cycle in the body to activate various enzymes. Moreover, it has
inhibiting effects on unstable ocular lens protein sulfhydryl
groups and plays a powerful regulator in maintaining cellular
physiological functions."* In food processing, GSH is utilized
as a base for functional foods, acting as a stabilizer and
improving the flavor.” In medical aesthetics, GSH has anti-
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ageing, whitening, and immune enhancing effects.*® Paradoxi-
cally, the application of GSH in the mining industry is limited,
and its inhibiting effects on coal spontaneous combustion
remains much less explored.

In this study, three coal samples with different degrees of
metamorphosis were administered as research objects.
Experimental methods, for instance, gas production of
oxidation, thermogravimetry analysis differential scanning
calorimetry (TG—DSC), electron paramagnetic resonance
(EPR), and in situ Fourier transform infrared (FTIR)
spectroscopy, were applied to disclose the law of weight loss
and heat release, gas composition and yield, surface functional
group composition, and free radical changes of the coal
samples before and after GSH treatment and to evaluate the

inhibiting effects of GSH.

2. EXPERIMENTS AND CALCULATIONS

2.1. Experiments. In order to accurately analyze the
inhibiting characteristics of GSH to COLT, three coal samples
with different degrees of metamorphism, namely, the Xilingol
coal sample from Inner Mongolia, the Douhou coal sample
from Hebei, and the Fuli coal sample from Heilongjiang, were
selected. The proximate analysis was completed in accordance
with GB/T30732-2014, the ultimate analysis was carried out in
accordance with GB/T476-2008, and the heat generation was
tested on an oxygen bomb calorimeter according to GB/T213-
2008. The results are shown in Table 1.

2.1.1. Coal Sample Preparation. First, appropriate coal
samples were gathered and vacuum-sealed; second, the
oxidized parts were removed under nitrogen protection to
obtain fresh cores, which were broken into small pieces after
the samples were delivered to the laboratory; subsequently,
small coal pieces were further ground using a ball mill and the
pulverized coal in the particle size range of 0.18—0.25 mm was
obtained; and eventually, the pulverized coal was dried in a
vacuum-drying oven at 30 °C for 24 h and was sealed in a glass
jar to prevent oxidation. After the preparation of the pulverized
coal, 50 g of each of the three types of pulverized coal was
soaked in aqueous GSH solution with a mass fraction of 5%
(where the mass of GSH is 2.5 g and the mass of water is 47.5
g) and stirred well, then, the solution was left to stand for 48 h.
The pulverized coal was then filtered through filter paper and
dried in a vacuum-drying oven at 40 °C for 24 h. Finally, the
three types of pulverized coal were stored in sealed bags and
labeled as GSH-XL, GSH-DH, and GSH-FL, respectively. For
comparative analysis, the same method was used to prepare the
raw coal samples, with the exception that the 5% aqueous GSH
solution was replaced with water and labeled raw-XL, raw-DH,
and raw-FL, respectively.

2.1.2. Gas Production of the Oxidation Experiment. The
oxidation gas production experiment allows the study of gas
products and CPTs during the heating process of raw coal and
suppressed samples. Before the experiment, the gas tightness of

https://doi.org/10.1021/acsomega.2c03861
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Figure 1. Devices and process of the gas production of the oxidation experiment.

the apparatus was checked. 150 g of the prepared sample was
weighed and placed in the reaction furnace, and a
thermocouple was placed in the center of the sample to
monitor the temperature. During the experiment, pure air was
continuously injected at a flow rate of 60 mL/min. The
reaction furnace was heated from 30 to 200 °C, administering
a heating procedure at a rate of 2 °C/min. For every 5 °C
increase of the temperature, the gases were fed into the gas
chromatograph to test the gases’ concentration. The coal
oxidation generates a variety of gases, such as CO, CO,, C,H,,
H, CH,, and so forth. The gases could change with the
increase of temperature and the degree of coal metamorphism
and can also be used to evaluate the coal oxidation degree.*” It
is worth noting that to ensure the accuracy of the gas
chromatograph, the procedure was retained at a constant
temperature for 20 min at each detection temperature point
during the test. The experimental devices are illustrated in
Figure 1.

2.1.3. TG—DSC Experiment. The TG—DSC technique is an
operative means of studying and testing the exothermic
properties of coal oxidation and was selected in this study to
analyze the inhibiting effects of GSH. The experiments were
carried out in the STA-449-F3 thermal analyzer from
NETZSCH company, Germany. The mass, temperature, and
sensitivity of the instrument were calibrated before the
experiments utilizing the program provided by NETZSCH
company, with the mass accuracy controlled to 0.1 pg and the
temperature accuracy controlled to +0.1 °C. Each sample was
placed in an alumina crucible with a mass of 10 mg, where the
drying air flow rate was controlled at 60 mL/min, the coal
heating rate was controlled at 2 °C/min, and the heating
temperature range was from 30 to 500 °C.

2.1.4. EPR Test. The nature of free radicals can be studied
using the EPR test,”® and in this paper, we compared the
inhibiting effects of GSH at different temperatures. The test
was accomplished on the Bruker EMXplus EPR tester from
Germany. Due to the complex structure of coal, the peaks of
the solid-state EPR spectrum of 1,1-diphenyl-2-trinitrophenyl
hydrazine (g = 2.0036) is comparable to that of coal and its g
value is also comparatively close, so 1,1-diphenyl-2-trinitro-
phenyl hydrazine was used as a standard sample of solid
radicals in this experiment.”” After taking 20 mg of 1,1-
diphenyl-2-trinitrophenylhydrazine for EPR benchmark cali-
bration, 20 mg of the coal sample was weighed and heated to
30, 90, 150, and 210 °C for detection. The instrument
parameters were set as follows: the microwave frequency was
9.8 + 10-8 GHz, the microwave power was 4 mW, the central
magnetic field was 3510 + 107° G, the scan width was 70 G,
the time constant was 5.12 ms, the scan time was 20.97 s, the
modulation amplitude was 1 G, and the modulation frequency
was 100 KHz.

2.1.5. In Situ FTIR Test. In this paper, raw and inhibited coal
samples were tested using a Thermo IS 50 in situ FTIR
spectrometer. In order to exclude the interference from the
diluent, a base vector acquisition of pure KBr was executed in
the diffuse reflection test mode as a reference. The sample was
weighed to be 0.001 g, blended with KBr powder in the ratio of
1:150, and ground for 20 min. The well-milled powder was
loaded into the press and pressurized to 10 MPa, and the film
was removed after 1 min to obtain a transparent sheet 0.9 mm
in diameter and 0.1 mm in thickness. Then, the transparent
sheet was loaded into the sample chamber for scanning in a
wavenumber range of 4000—400 cm™' and at a resolution of
4.0 cm™', with a total scanning number of 64. During the test,
dry air was continuously introduced, the flow rate was 60 mL/
min, the test temperature range was 30-200 °C, the
temperature increase rate was 2 °C/min, and the data were
collected when the temperature increased to 40, 80, 120, 160,
and 200 °C.

2.2. Quantum Chemical Calculations. According to the
free radical reaction theory, the COLT is a chain reaction
process, which can be divided into chain initiation, chain
propagation, and chain termination stages.50 In the chain
initiation stage, the primary coal generates a large amount of
R—°CH, and °CH; under the mechanical damage or
geothermal heat. Once the radicals come into contact with
O,, the chemisorption reactions occur to generate ROO*®
radicals. In the chain propagation stage, ROO® radicals
continue to participate in the oxidation reaction and indirectly
generate reactive groups such as *OH and RO®. In the chain
termination stage, the reactive radicals bind to each other to
generate inert substances. As a consequence, reactive radicals
in the chain initiation and chain propagation stages, including
R-°*CH,, °*CH; ROO®, RO® and °OH, were mainly
considered in this study. GSH is a free radicals adsorbent
that can inert or scavenge reactive radicals, thus considerably
reducing the number of reactive sites on the coal surface.
Furthermore, GSH itself can generate inert GSSH, hence
terminating the continuation of the oxidation reactions. In
order to investigate the reaction mechanism of GSH inerting
reactive radicals, various molecular models were established in
Gauss View 6.0 software, and quantum chemical calculations
were executed using the density functional theory (DFT) in
Gaussian 16W.

2.2.1. Calculation Contents. As we all know, the coal
macromolecular model is very intricate. According to previous
studies, the coal molecule can be simplified by the combination
of a benzene ring and a functional group.”’ As a result, Ar—
CH,—-°CH,, *CH;, Ar—CH,—00°, Ar—CH,-0° and *OH
can be constructed as the molded compounds of the five
reactive groups, and the inhibiting reaction pathways for
COLT of GSH can be envisioned as Reaction 1.**

https://doi.org/10.1021/acsomega.2c03861
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2.2.2. Molecular Structure Optimization. We applied the
MO062X method in DFT to describe the electronic exchange
and selected the 6-311G(d, p) basis group for dispersion
correction by merging the Becke—Johnson damping function
with Grimme’s DFT-D3 algorithm.””** The molecules were
optimized using the ground state method, and the orbital
distribution and electron delocalization were analyzed using
natural bond orbitals (NBOs). Subsequently, the molecular
electrostatic potential (ESP) was employed to predict the
reaction centers.”* The TS (Berny, QST2) method was chosen
to search the transition states, and the reaction pathways were
verified using the intrinsic reaction coordinate (IRC)
method.'” It is worth noting that the spin multiplicity can be
obtained by calculating the number of @ electrons minus the
number of f# electrons plus 1.

2.2.3. Calculation of Thermodynamic Parameters. En-
thalpy (H) and Gibbs free energy (G) are important
characteristic parameters in thermodynamics for the character-
ization of the reactivity. The enthalpy change (AH) is the
difference between the H of the product and the reactant, and
the activation energy (AE) can be defined as the difference
between the G of the transition state and the reactant, that is,
the maximum energy barrier to be overcome for the reaction to
occur.’® When AH > 0, the reaction is endothermic; when AH
< 0, the reaction is exothermic; when AE > 0, the reaction is
non-spontaneous (heat absorption required); and when AE <
0, the reaction is spontaneous (no heat absorption required).
Based on this theory, the thermodynamics parameters of the
proposed reactions were calculated.

3. RESULTS AND DISCUSSION

3.1. Gas Production of Oxidation Analysis. In the initial
stage of heating, the sample center temperature is lower than
that of reaction furnace, then with the transfer of instrument
heat and coal oxidation, the temperature of the sample center
stars to increase, and it must be higher than that of the reaction
furnace at a certain point, which is called the CPT.
Consequently, the CPT can be applied as an auxiliary indicator
to judge the inhibiting ability of antioxidants, and the higher
the CPT, the better the inhibiting effects.®® Table 2 shows the
CPTs of different samples. It can be observed that the CPT of
the raw-XL sample is 120.1 °C and that of the GSH-XL sample
is 132.6 °C, indicating that the addition of GSH delays the
CPT of raw-XL sample by 12.5 °C. Similarly, the CPTs of DH
and FL samples are delayed by 8.4 and 6.2 °C. Through

Table 2. CPTs of Samples

samples raw-XL GSH-XL raw-DH GSH-DH raw-FL GSH-FL
CPT 120.1 132.6 132.7 141.1 139.6 145.8

combined analyses of data from all samples, it can be realized
that GSH has an effective inhibiting effect on COLT.

CO and CO, are typical gases produced during the COLT
and can be used to evaluate the oxidation degree.
Simultaneously, O, consumption is normally used as an
effective indicator to assess the effects of the inhibitor. In this
context, we measured the variation of the CO and CO, release
and the O, consumption of each sample with temperature
increase through gas chromatography, and the variation curves
are shown in Figure 2.

It is detected that the released CO of all three samples
increases with temperature increase before and after inhibition,
but the differences are not significant before 70 °C.
Nevertheless, the CO release of the inhibited coal samples
are significantly lower than those of the raw coal samples after
70 °C. To summarize, the reason for this phenomenon is the
formation of the free radical chain reactions, and CO is the
product of reactive free radicals. At the same temperature, the
CO, release is considerably lower than that of CO, but the
variation curve is similar to that of CO. Homoplastically, the
CO, release of the inhibited sample is also markedly lower
than that of the raw coal from 70 °C. According to the O,
consumption variation curves, the O, concentrations of the
three inhibited samples are higher than those of the raw coal
samples at the same temperature. The O, contents of the raw
and inhibited coal samples do not differ significantly between
30 and 70 °C. However, with the increase of temperature, the
oxidation reaction rate of coal accelerates, and the O, content
of raw coal samples starts to decrease significantly after 70 °C,
while the decrease of inhibited coal samples is less, indicating
that GSH could effectively reduce the O, consumption of coals
with different degrees of metamorphism. Equally, these
observations demonstrate that the O, content of the GSH-
XL sample is higher than those of GSH-DH and GSH-FL
samples. As described above, GSH serves this function of
inhibiting the release of CO and CO, and the consumption of
O,, which can undermine the oxidation of lignite, long-flame
coal, and fatty coal.

The inhibition rate can effectively characterize the inhibiting
effects of inhibitors, and the higher the inhibition rate, the
stronger the ability of the inhibitor.”® In order to further
quantify the inhibiting effects of GSH during the COLT, the
CO released is chosen as the characterization parameter, and
the GSH inhibition rate variation curves are compared and
analyzed. The inhibition rate at a specified temperature can be
computed using the following equation.

_ow(t) = wy(t)
=" 2)

where r(t) is the inhibition rate at ¢t °C, given in percentage;
w,(t) is the CO release of the raw coal sample at t °C, given in
parts per million; and w,(t) is the CO release of the raw coal
sample at t °C, given in parts per million.

Figure 3 depicts the inhibition rate variation of GSH for the
three coal samples with increasing temperature. These data
reveal that GSH has good inhibiting effects on all three
samples, but the distributions of the inhibition rate are not the
same. Overall, GSH shows the highest inhibition rate for the

https://doi.org/10.1021/acsomega.2c03861
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Figure 2. CO and CO, emission and O, consumption of different samples with increasing temperature.

XL coal sample, followed by the DH coal sample, and shows
the lowest rate for the FL coal sample. The inhibition rates of
all three samples are unpredictable and fluctuate before 60 °C.
As the temperature increases, they are comparatively stable in
the range of 60—150 °C and are distributed in the ranges of
52—63%, 42—56%, and 27—38%, respectively. After 150 °C,
they continue to produce fluctuations. These results assume
that the main action temperature of GSH is distributed in 60—
150 °C, and the lower the degree of coal deterioration, the
better the inhibiting effects of GSH. This phenomenon can be
explained as follows: it is well-known that coal with a lower
degree of metamorphism has more reactive free radicals and a
higher propensity to spontaneous combustion. Based on the
results of proximate and ultimate analysis, XL coal contains the
most reactive free radicals due to the lowest rank of
metamorphism, DH coal has the second highest reactive free
radicals content, and FL coal has the lowest reactive free
radicals content with the highest rank of metamorphism.
Meanwhile, the inhibition mechanism of GSH to the COLT is
inerting reactive radicals, so the lower the free radical content

31452

is, the less effective the GSH is. As a result, it has the highest
inhibition rate for XL coal containing the most reactive free
radicals, followed by DH coal, and has the lowest rate for FL
coal.

3.2. TG-DSC Analysis. Figures 4—6 show the TG,
differential TG (DTG), and DSC curves of the raw coal and
inhibited samples of XL, DH, and FL, respectively. As can be
seen from the figures, this heating process can all be divided
into four stages: gas desorption, oxygen absorption, pyrolysis,
and combustion stages.” In the gas desorption stage, the water
and adsorbed gas in the coal progressively evaporate and
desorb with the increase of temperature, and the TG curve has
an obvious decreasing trend. The slight mass increase of the
sample during the oxygen absorption stage is attributed to the
chemisorption reaction of O, with the reactive groups on the
coal surface. The mass of the sample keeps decreasing during
the pyrolysis stage, accompanied by the release of volatile gases
and the pyrolysis of unstable oxygenated compounds. During
the combustion stage, the sample undergoes a turbulent
oxidative exothermic reaction with a rapid mass decrease.
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Figure 4. TG-DTG and DSC curves of raw-XL and GSH-XL
samples.

From the TG and DTG curves of the raw-XL and GSH-XL
samples, it can be observed that the TG curve of the raw-XL
sample steadily decreases with the increasing temperature until
123 °C, which is the gas desorption stage. This phenomenon
can be largely explained by the evaporation of water from the
sample, the desorption of adsorbed gases in the pore and
fissures (CO,, CH,, etc.), and the escape of oxidized gases at
low temperatures. In the range of 123—258 °C, the mass of the
raw coal sample increases gently due to the oxygen absorption.
As the temperature elevates, the raw coal sample enters the
pyrolysis stage, during which the aromatic ring structure in the
sample undergoes a cleavage reaction, generating a large
amount of volatiles and heat, and the mass minimizes rapidly.
At 291 °C, the sample reaches the ignition point and enters the
combustion stage, and the weight loss becomes swifter. Soon
afterward, the oxidation reaction is the most intense at 401 °C
with the maximum weight loss rate. After 401 °C, the weight
loss rate gradually decreases, and the reaction weakens step by
step. Comparing with that of the raw-XL sample, the trend of
the TG curve of the GSH-XL sample is fundamentally

Figure 6. TG-DTG and DSC curves of raw-FL and GSH-FL
samples.

comparable, which continues to decrease with increasing
temperature. In the gas desorption stage, the GSH-XL sample
has a greater mass loss, presumably originating from the
reduction of *CHj; to CH,. In contrast, there is no weight gain
during the oxygen absorption stage of the GSH-XL sample,
indicating that GSH can effectively weaken the adsorption and
transport of O,. After 256 °C, the weight loss rate of the GSH-
XL sample starts to be smaller than that of the raw-XL sample,
and the ignition point temperature of the GSH-XL sample is
shifted to the high temperature region by 38 °C. It is
noteworthy that the weight loss rate reaches the maximum at
424 °C, which is delayed by 23 °C compared with that of the
raw-XL sample.

The TG curves of the raw-DH and raw-FL samples are
similar to those of the raw-XL sample, whereas the ignition
point temperatures of the inhibited samples are delayed by 19
and 11 °C, respectively. As a result of the low spontaneous
combustion tendency of raw-DH and raw-FL samples,
although the maximum weight loss rate is not reached before
500 °C, it is obvious that the maximum weight loss rate
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Figure 7. EPR spectra of raw and inhibited coal samples at (a) 40, (b) 90, (c) 150, and (d) 210 °C.

temperature of the inhibited samples is delayed according to
the DTG curves. As described above, GSH can effectively
inhibit the COLT, and it is universal for the three different
ranks of coal.

The results of the DSC curves suggest that the exothermic
process of each raw sample has the same variation trend, and
all of them absorb heat first and then release it. The DSC
curves of the inhibited samples are basically the same as that of
the raw samples, but the heat releases of the inhibited samples
are all smaller than that of the raw samples at the same
temperature. The temperature corresponding to the maximum
exothermic power of the GSH-XL sample is delayed to some
extent compared with that of the raw-XL sample. Although the
DH and FL samples do not reach the maximum exothermic
power before 500 °C, the trend of the DSC curves shows that
the temperature point corresponding to the maximum
exothermic power is also delayed to some extent. Intriguingly,
all the DSC curves have both an exothermic subpeak in
addition to the main exothermic peak. This may be strongly
associated with the intensifying effects of the temperature
increase in the pyrolysis stage, some active structures are
oxidized and decomposed into small molecules, and the
exothermic reaction makes the heat flow power increase.
Nonetheless, it can be seen that the exotherm subpeaks of the
inhibited samples are significantly delayed, demonstrating that
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the addition of GSH slows down the oxidation reaction and
weakens the oxidation of the coal.

3.3. EPR Analysis. Based on the test results, the EPR
spectra of the three raw coal samples and the corresponding
inhibited samples at 30, 90, 150, and 210 °C are shown in
Figure 7. The free radical concentration, g factor, and linewidth
are the main characterization parameters of the EPR
experiments. The variation law of the three parameters with
increasing temperature can be calculated from the raw data and
are shown in Figures 8—10.

The variation pattern of free radical concentration is shown
in Figure 8. It can be seen that the free radical concentrations
of all three raw coal samples increase gradually with the
increase of temperature, and the increasing rates slow down
after 150 °C. This is because the chain reactions of the COLT
have been formed at 150 °C, and the consumption and
generation of free radicals tend to be stable. The raw-XL
sample has the highest free radical concentration at the same
temperature, followed by the raw-DH sample, and the raw-FL
sample has the lowest, which is consistent with the conclusion
that coals with low degrees of metamorphism possess more
reactive groups. Compared with that of the raw coal samples,
the free radical concentrations of the inhibited samples show
the same trends with increasing temperature, but the
magnitudes all decrease, indicating that the addition of GSH
could reduce the free radicals in coal.
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Figure 9. Variation trend of the g factor of raw coal and inhibited coal
samples with temperature increase.

The g factor reflects the number of unpaired electrons in the
system, and the g factor of coal at normal temperature and
pressure is higher than the free electrons of the empty groups
(g. = 2.0023).% As can be seen from Figure 9, the g factors of
the three raw coal samples also increase gradually with
increasing temperature, which is due to the increase of the free
radicals contributing to the ascend of the unpaired electrons.
The g factors of all three inhibited samples are smaller than
those of the corresponding raw samples at the same
temperature, testifying that GSH could reduce some of the
free radicals in the samples. These results reflect the inhibiting
effects of GSH on the COLT.

The linewidth reports the energy exchange between the free
radicals and the coal microcrystalline structure. Figure 10
shows that the linewidth of the raw samples gradually increases
with the increase of temperature, mainly because the chain
reactions increase the free radical contents considerably, the
molecular structure becomes loose, and the spin lattice effects
become weaker, which shortens the relaxation time. At the
same temperature, the linewidth of each inhibited sample is

T T T T T T T T
30 60 90 120 150 180 210
Temperature (°C)

Figure 10. Variation trend of linewidth of raw coal and inhibited coal
samples with temperature increase.

smaller than that of the corresponding raw sample, implying
that GSH hindered the oxidation reaction and diminished the
free radical concentration.

3.4. In Situ FTIR Analysis. In order to quantify the change
of function group contents before and after GSH treatment, all
samples were tested by the in situ FTIR method. Figure 11
displays the FTIR spectra of the raw data after smoothing, and
it can be found that the spectral curves of raw samples and
inhibited samples at the same temperature show obvious
differences. Likewise, there are also obvious changes in the
spectral curves of the same coal samples at various temper-
atures.

PeakFit software was applied to fit the raw spectral curves.
Fourier deconvolution and Gaussian function methods were
used to smooth and separate the overlapping and interfering
spectral peaks to study the functional groups in the coal
samples more accurately. Additionally, for the sake of the
elimination of the baseline drift during the test as much as
possible, the ratio of the area occupied by each peak to the
total peak area was considered as its content. Based primarily
on previous studies,®® the vibrations of —CH,;, —CH,, and
—CH are located in the wavenumber range of 2800—3000
cm™!, and the vibrations of OH are distributed in the
wavenumber range of 3000—3800 cm™'. The vibrations in
the wavenumber range of 1000—1800 cm ™" belong to oxygen-
containing functional groups, which can be divided into 1000—
1550 and 1550—1800 cm ™', whose peaks are assigned to C—O
and C=0 bond vibrations, respectively. The evolution pattern
of each functional group in the COLT process is shown in
Figure 12.

Figure 12a shows the variation pattern of the content of alkyl
groups (primarily —CH; and —CH,—)with increasing temper-
ature before and after the GSH treatment of the three coal
samples. The results suggest that the alkyl group contents of
the three samples are ranked as XL > DH > FL, which is
consistent with the conclusion that coals with low degree of
metamorphism have more alkyl group side chains. The alkyl
group contents of all three raw coal samples gradually decline
with increasing temperature, which is due to the oxidation of
alkyl groups by O, to form alkyl radicals and participate in
chain reactions. The variation law of alkyl group content in the
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Figure 11. In situ FTIR spectra of (a) raw-XL, (b) GSH-XL, (c) raw-DH, (d) GSH-DH, (e) raw-FL, and (f) GSH-FL.

inhibited sample has the same trend as that of the raw coal
sample, yet the alkyl group content is larger than that of the
raw coal sample, which is due to the fact that GSH could
reduce the alkyl radicals to alkyl groups, hindering the
oxidation process of alkyl radicals to some extent.

Figure 12b exhibits the variation law of alkoxy groups with
temperature increase before and after GSH treatment for the
three coal samples. It can be found that the alkoxy group

contents gradually increase as the temperature increases, which
is due to the oxidation of alkyl groups. It should be noted that
the alkoxy group contents of the inhibited samples increase
promptly before 120 °C, but the contents at the same
temperature are all smaller than those of the raw samples. This
indicates that the addition of GSH can restrict the oxidation of
alkoxy groups. After 120 °C, the increase rates of alkoxy groups
of the inhibited samples tend to level off, which can be largely
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Figure 12. Variation law of (a) alkyl groups, (b) alkoxy groups, (c) carbonyl groups, and (d) hydroxyl groups in all samples.

explained by the reduction of the generation rates of alkoxy
groups.

Figure 12c displays the variation pattern of carbonyl group
contents with temperature increase for all samples. Primary
carbonyl groups are mainly present in the primary aldehyde
and carboxyl groups in coal molecules and can also be
generated by oxidation reactions, while the escape of CO and
CO, is the main consumption pathway. The carbonyl group
production rate is much higher than the consumption rate in
the range of 30—120 °C, resulting in the rapid increase of its
content. After 120 °C, the chain reactions gradually form, and
the increase of the carbonyl group consumption rate slows
down the elevating trend. Comparing all samples, the carbonyl
group contents of the inhibited samples are smaller than those
of the raw samples, reflecting the inhibiting effects of GSH.

Figure 12d exhibits the variation law of hydroxyl group
contents of all samples with the increase of temperature. As can
be seen, the hydroxyl group contents in all samples gradually
decrease with increasing temperature, mainly because the
hydroxyl groups can react with the H atoms in the coal to form
H,O or continue to participate in other oxidation reactions.
Moreover, the hydroxyl group contents of the inhibited
samples are generally smaller than those of the raw samples,
which is due to the accelerating effects on the hydroxyl group

consumption of GSH. These observations appear to reflect the
inhibiting effects of GSH.

3.5. Quantum Chemical Calculations Analysis.
3.5.1. Molecular Structure Optimization and Reactivity
Analysis. Reactive sites are the most susceptible reaction
sites during COLT.*° In order to predict the reaction
mechanism of GSH, the DFT method was applied to optimize
the geometric structure of each reactive group, and the ESP
distribution was used to predict the reactive sites. The results
of the analysis in Multiwfn 3.7 software”” are shown in Figure
13.

From previously published studies,”’ the ESP of the red
region of the molecular structure is positive, and the darker the
color is, the more likely it is that the nucleophilic reactions
occur; while the ESP in the blue region is negative, and the
darker the color is, the more likely it is that the electrophilic
reactions occur.”” Statistically, the reactive site and its ESP
value of each molecule are shown in Table 3, and it can be seen
that the ESP near the H37 atom of the GSH molecule is
extremely large, which can readily provide electrons to react
with the reactive groups and is a nucleophilic reagent. The ESP
minima of Ar—CH,—0O0° Ar—CH,—0° and °*OH are all
located near the outermost O atoms, which are easily
accessible to electrons and are electrophilic reagents. Similarly,
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Table 3. Reactive Site and Its ESP Value of Each Molecule

categories GSH *CH, Ar—CH,—°CH, Ar—CH,—00* Ar—CH,-0° *OH
atom H37 Cl1 o7 09 o1 o1
ESP (kcal/mol) 54.90 —9.30 —7.68 —29.221 —21.19 —25.43
the ESP minima of *CHj are located near the C1 atom and can orbital.”® The GSH molecule is a nucleophilic reagent, its

be considered as an electrophilic reagent. It is worth noting
that although the ESP minimum of Ar—CH,—°CH, is located
near the benzene ring, the chemical bonds of the benzene ring
are relatively stable and not easy to react, and the closed
conjugated large 7w bonds will overlap each other laterally,
making the chemical properties more stable, so the reactivity is
lower than that of the side chain atoms. Therefore, its reactive
site is located near the subminimal value point of the ESP, that
is, the C1 atom, which is also an electrophilic reagent. From
the results, it is clear that the ESP of the reactive groups are
ordered as Ar—CH,—00*® > *OH > Ar—CH,-0°* > °CH; >
Ar—CH,—*CH,.

3.5.2. Molecular Frontier Orbital Analysis. The frontier
orbital theory proposes that chemical reactions take place on
account of the mutual attraction of the highest or the single
occupied molecular orbital (HOMO/SOMO) and the lowest
unoccupied molecular orbital (LUMO) or the SOMO between
two reactants. Since electrons in the front orbitals are generally
more active than others, they tend to trigger electrons transfer
and cause bonding or bond breaking, which leads to the
reaction. Consequently, the bonding properties of chemical
reactions depend on the electron activity of the frontier

HOMO orbital easily loses electrons, and the reactive bond is
covered by the largest electron cloud on the HOMO orbital;
however, other reactive groups are electrophilic reagents, their
SOMOs find it straightforward to obtain electrons, and the
reactive bonds are covered by the largest electron cloud on the
SOMO orbital. The results are shown in Figure 14.

From the figure, it can be seen that the largest electron cloud
on the HOMO of the GSH molecule is located on the S—H
bond, and the electron cloud is very abundant for its bond
activity. The largest electron clouds on the SOMO of CHj,
Ar—CH,-*CH,, Ar—CH,—-00°*, Ar—CH,—0°, and *OH are
located on the C1, C1, O1, O9, and O1 atoms, respectively, as
the reactive bonds. The enormous electron cloud of Ar—0° is
located on the benzene ring, but due to the stable properties of
the benzene ring, the reactive bond is the largest electron cloud
of the side chain atom, which is located on the O7 atom. The
results of this analysis are identical to the ESP results, which
mutually verified the accuracy.

3.5.3. IRC and Thermodynamic Parameter Calculations.
3.5.3.1. Reaction of *CH; Capturing the H Atom in GSH.
Reaction 1 is the capture of the H atom in GSH by *CHj. The
TS (Berny) method is used to search the transition state

31458 https://doi.org/10.1021/acsomega.2c03861
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Figure 15. Molecular structures and thermodynamic parameters of Reaction 1.

structure and optimize it. As a result of the presence of one
unpaired electron in the reaction system, the spin multiplicity
is set to 2, and the calculated system is an open shell system.
Calculation of the transition state shows the existence of a
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unique virtual frequency of —285.74, and the vibration
direction corresponds the reactants and products, which
verifies the accuracy of the transition state. Pathways
calculations are performed using the IRC method, and the
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ACS Omega 2022, 7, 31448—-31465


https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03861?fig=fig15&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
60
[
<%
-1715.390 . @
2 9
30k ‘*‘3\‘ - 2 ;‘93\) ‘.’
-1715.395 | , J @
l"o
AE=6.25 Kimol
B -1715.400 a TS
£ 0 Reactan e - - - ———————5
< [ ]
T -1715.405 | o’
= )
?60 ;35 4527 @ )
& -1715.410( I 3‘; % ";i:“ 3
3 ’ ‘;} % Al 7184 Klimol ¥, 3’40‘ %, ,
£ -1715415} s % ® 7 3 &
o 9 Cr
cof ettt o°, %‘ ?"
-1715.420
Fee Product
-1715.425 . . . . .
-1.0 0.5 0.0 0.5 1.0
Steps (Bhor) 0T Zamsas
» s
Figure 16. Total energy change and molecular structure of each stagnation point in Reaction 1.
40
-—TS— N Q‘ ,
i N & S
-1826.446 ﬂ‘\ @9
3of L @@ "9
-1826.448 | 1 L, 99
'y 3 9
W33 Ty
—~-1826.450 | [ B i ) ada
[N 4 ) '
g leo® $°° 998 J:,
= -1826.452} o2 i %9
< ’;’ 2 { AE=37.49 ki/mol
on Q" H
5 -1826.454 1 % 25 9
5 10f 9';‘ "Qa @
S -1826.456 99 ._
S AHE3T3KImOl y Product
-1826.458 R A
- o
-1826.460 + ’;‘ 3:'
0 05 0.0 05 1.0 ”3:
Steps (Bhor) C’~ @ ; 0 @ )
9 J/‘; £
hd 9 9
"

Figure 17. Total energy change and molecular structure of each stagnation point in Reaction 1.

forward of the IRC curve connects the products, while the
reverse of the curve connects the reactants, both of which have
no virtual frequencies, verifying the correctness of the reaction
pathway. Figure 15 shows the molecular structures and
thermodynamic parameters of Reaction 1.

The figure shows that the S—H bond breaking is the
beginning of the reaction, so the S—H bond is the reactive
bond, which is consistent with the conclusion obtained from
the previous frontier orbital analysis and again verifies the
correctness of the reaction pathway. In the reactants, the S20—
H37 bond length is 1.36 A, and it breaks when the absorbed
energy reaches the reaction energy barrier, with the H37 atom
gradually moving away from the S20 atom and toward the C38
atom. The transition state forms when the equilibrium distance
between S20 and H17 atoms reaches 1.48 A. Eventually the
H37 atom forms a C—H bond with the C38 atom, and the C38
atom changes from sp” hybridization to sp® hybridization. In
the meantime, the overall configuration changes from the
original planar structure to a positive tetrahedral structure,
forming CH4, which will escape from the coal under the
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influence of temperature. Soon afterward, the bond angle of
C11—-S20—H37 becomes 96.33° in the reactants and reverses
to 86.78° in the products. The reaction requires overcoming a
reaction energy barrier of 5.09 kJ/mol, indicating that GSH has
a wide range of temperature applicability and can play a crucial
role in inhibiting the COLT. The reaction gives off a total heat
of 85.81 kJ/mol, which has a low thermal effect and does not
contribute significantly to the absorption of heat by the coal
itself.

3.5.3.2. Reaction of Ar—CH,—*CH, Capturing the H Atom
in GSH. The same method is applied to search the transition
state configuration, and the spin multiplicity is set to 2. The
calculation shows that there is a unique virtual frequency of
—323.49 for this reaction, and the forward end of the IRC
curve connects the products and the reverse end connects the
reactants, both of which have no virtual frequency, verifying
the correctness of the reaction pathway. The total energy
change and molecular structure of each stagnation point in
Reaction 1 are exhibited in Figure 16.
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Figure 18. Total energy change and molecular structure of each stagnation point in Reaction 1.

Observations of the structure of each stationary point and
calculation of their thermodynamic parameters show that the
reaction mechanism is correct and feasible. During the
reaction, the reaction mechanism of the GSH molecule is
the same as that of Reaction 1, which also starts with the
breaking of the S20—H37 bond (reactant, Rgyo_p37 = 1.36 A),
and its equilibrium distance gradually increases to 1.44 A
(transition state). As the reaction proceeds, the H37 atom
continues to move toward the C38 atom and forms a covalent
bond with a bond length of 1.09 A (product). The C38 atom
changes from sp®> hybridization to sp®> hybridization after
getting the H37 atom, so the C38—H37 bond is a ¢ bond
formed by s—sp® hybridization. At the same time, the bond
angle of H46—C38—H47 in Ar—CH,—°CH, reverses from
117.44 to 108.18° and the microscopic parameters of the
products are all consistent with the known —CHj; parameters,
indicating that the H37 atom has completely detached from
GSH to form —CHj and reached the stable state. The reaction
has an activation energy of 37.49 kJ/mol and releases 3.73 kJ/
mol of heat, indicating that the reaction can proceed at room
temperature or higher with a low thermal effect.

3.5.3.3. Reaction of Ar—CH,—OO"* Capturing the H Atom
in GSH. Similarly, the reaction spin multiplicity is set to 2.
After calculation, the unique virtual frequency of —1462.44 and
the IRC curve verify the accuracy of the reaction pathway. The
total energy change and molecular structure of each stagnation
point in Reaction 1 are shown in Figure 17.

The reaction is made up of the breaking of the S—H bond
and the formation of the O—H bond. In the ground state of the
reactants, the S20—H37 bond length is 1.35 A, and with the
absorption of heat, the bond breaks and the H37 atom
separates from the S20 atom. Subsequently, the H37 atom
gradually moves toward the O46 atom under the attraction of
the charge carrying of —OO°®, and in the transition state, the
equilibrium distance between S20 and H37 reaches 1.59 A,
which is larger than the equilibrium distance between 046 and
H37 of 1.20 A. As the H37 atom continues to move, the O—H
covalent bond gradually forms with a bond length of 0.97 A. In
the subsequent reaction, the O55—056 bond increases from
1.36 to 1.47 A, indicating that the bond could be broken by
heat to form oxygen radicals and hydroxyl radicals. Although
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the products were both reactive radicals, both could continue
to be reduced by GSH molecules to form stable compounds.
The whole reaction requires overcoming an energy barrier of
37.49 kJ/mol, which again indicates that the reaction could
proceed spontaneously at room temperature, reflecting the
effectiveness of GSH as an antioxidant. The enthalpy change is
3.73 kJ/mol, which is a heat absorbing reaction that could
reduce the self-heating of the coal.

3.5.3.4. Reaction of Ar—CH,—0O°* Capturing the H Atom in
GSH. After calculation, the spin multiplicity of the reaction can
be considered to be 2, and the unique virtual frequency is
—1462.44. Simultaneously, the IRC curve verifies the accuracy
of the reaction pathway. The total energy change and
molecular structure of each stagnation point in Reaction 1
are displayed in Figure 18.

It can be seen that before the reaction occurs, Ar—CH,—0O*
is adsorbed near the GSH molecule, and the oxygen radical is
located exactly at the ESP maximum of GSH. The bond length
of the S20—H37 bond in this state is 1.35 A, and the 038—
C39 bond is in the same plane as the benzene ring to which it
is attached. As the reaction system reaches the transition state,
the equilibrium distance between S20 and H37 reaches 1.44 A.
The covalent bond formed between S20 and H37 has broken,
indicating that the H37 atom is gradually moving toward the
038 atom. Upon the completion of the reaction, H37 forms a
covalent bond with the O38 atom with a bond length of 0.97
A, while the linear angle of the 038—C39 bond with the
attached benzene ring reverses from 0 to 133.01°. The
activation energy of the reaction is 20.75 kJ/mol and the
enthalpy change is 69.20 kJ/mol, which indicates that the
reaction requires very low heat and can occur at room
temperature and pressure. Furthermore, the small heat release
has a small effect on the self-heating of coal, reflecting the wide
range of application of GSH.

3.5.3.5. Reaction of *OH Capturing the H Atom in GSH.
After calculation, the spin multiplicity of the reaction can be
considered to be 2, and the unique virtual frequency is
—1776.50. Simultaneously, the IRC curve verifies the accuracy
of the reaction pathway. The total energy change and
molecular structure of each stagnation point in Reaction 1
are displayed in Figure 19.
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Figure 19. Total energy change and molecular structure of each stagnation point in Reaction 1.

The structural parameters of each molecule change during
the reaction are as follows: the S20—H37 bond length
gradually increases, resulting in the covalent bond break, and
the H37 atom breaks away from the adsorption of the S20
atom. Compared with that of the reactant and transition state,
the O38—H37 bond of the product is further shortened, while
the O38—H39 bond remains essentially unchanged, with the
lengths stabilizing at 0.973 A. The bond angle of H39—038—
H37 gradually decreases from 105.82 to 104.48°, which is
essentially consistent with the empirical value of the H,O
molecular structure, indicating that the H,O molecule has
completely formed an independent and stable structure. The
2s, 2p,, 2p,, and 2p, atomic orbitals of the 042 atom are all sp’
hybridized, two of which are occupied by two pairs of lone
pairs of electrons, and the other two form ¢ bonds with H37
and H39 atoms. At the same time, due to the dense electron
cloud of the hybrid orbital occupied by the lone pair of
electrons, the hybrid orbital occupied by the bonding electron
pair plays a role in shoving and compressing so that the bond
angle of two O—H bonds is compressed to 104.48°, forming a
V-shaped structure. The activation energy required for the
reaction is very small, only 23.89 kJ/mol, and the enthalpy
change is —115.70 kJ/mol, which is an exothermic reaction.
The results clarify that the reaction can proceed spontaneously
at normal temperature and pressure, and it has some effects of
enhancing the self-heating of the coal.

3.5.3.6. Polymerization Reaction between GS®. The
reaction is a polymerization reaction. Since the reaction does
not involve bond breaking and only the bonding process exists,
there is no transition state and activation energy, and it can
proceed spontaneously at room temperature and pressure.
After optimization, both the reactant and product molecules
have no virtual frequency, which verifies the accuracy of the
optimization process. The total energy change and the
molecular structure of each stationary point in Reaction 1
are shown in Figure 20.

After the statistics of the molecular structure parameters, it
can be seen that the two molecules in the reactant are
symmetrically distributed, where the equilibrium distance
between S20 and SS6 is 2.65 A and the bond angle of C11—
§20—-S56 is 95.73°. As the reaction proceeds, the two
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Figure 20. Total energy change and molecular structure of each
stagnation point in Reaction 1.

molecules move in opposite directions and twist, a disulfide
bond forms between the S20 and S56 atoms, and the product
of this reaction, GSSH, reaches a steady state. The S20—S56
bond length in GSSH is 2.10 A, while the bond angle of C11—
§20—S56 increases to 100.61°. The enthalpy change of the
reaction is —201.53 kJ/mol, indicating that the reaction is
exothermic and exerts a large amount of heat.

4. INHIBITING MECHANISM OF GSH ON THE CHAIN
REACTION OF COLT

Through the combined analyses of data from the above study,
the inhibiting pathway of GSH can be summarized as shown in
Figure 21.

The blue line in the figure illustrates the evolution pathway
of the reactive groups during the COLT. It is found that in the
chain initiation stage, the original R—CH; is mechanically
broken or geothermally heated to produce a large number of
R—°*CH, radicals, which can undergo chemisorption reactions
with O, to form R—CH,—00°. R—CH,—0O- is highly
oxidizing and can capture the H atom in the original reactive
groups to generate R—CH,—OOH in the chain propagation
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Figure 21. Inhibition mechanism and process of GSH on the chain reaction of COLT.

stage. R—CH,—OOH is not stable and could form R—CH,—
O°® and *OH under the action of temperature. Among them,
*OH can also seize the H atom in the reactive group to
promote the chain reaction, while R—CH,—O* can be further
oxidized to R—*C=0 and R—C=O0(—0") and undergo
decarbonylation and decarboxylation reactions to produce CO
and CO,. The other products of the decarbonylation and
decarboxylation reactions are R°®, who on one hand can
continue to participate in the chain reaction as reactive groups
and on the other hand can polymerize with R—CH,—O*® and
R—C=0(—0") in the chain termination stage to form stable
ether bonds. It is to be noted that *CHj is directly removed
from R—CH; under the action of high temperature and
becomes a reactive group to participate in the chain reaction.

The red line in the figure illustrates the inhibiting pathway of
GSH during the COLT. In the chain initiation stage, GSH can
first act on R—°CH, radicals and hinder the chemisorption
reaction of R—*CH, with O,. Subsequently, GSH can react
with R—CH,—00* and gradually consume *OH, thus delaying
the generation of the chain reaction. In the chain propagation
stage, GSH can further act on R—CH,—O" to produce the
more stable R—CH,—OH. At higher temperatures, GSH can
similarly reduce *CH; to CH, to escape directly, weakening
the strength of the chain reaction. In addition to the above
reaction mechanism, after GSH reduces the reactive groups to
inactive material to generate GS°®, a polymerization reaction
between them occurs to generate GSSH with low activity to
terminate the chain reaction.

On the whole, the inhibiting effect of GSH lies in inhibiting
the chain reaction process of reactive radicals.

5. CONCLUSIONS

In this paper, the inhibiting characteristics of GSH on COLT
were investigated through experimental methods, and the
inhibiting mechanism of GSH was also revealed using quantum
chemical calculations. The following conclusions were mainly
obtained:

(1) Compared with the raw coal samples, the GSH-treated
samples show lower CO and CO, production and less
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O, consumption during the heating process. In addition,
GSH can effectively delay the CPTs of coal samples. By
calculating the inhibiting rates, we can find that the main
action temperature of GSH is 60—150 °C, and the lower
the degree of coal deterioration, the better the inhibiting
effects of GSH.

GSH can effectively enhance the characteristic temper-
ature point of raw coal and reduce the exothermic power
in the COLT, and it has good applicability for lignite,

long-flame coal, and fatty coal.

(2)

(3) GSH, as an inhibitor, can change the content of
functional groups in coal. It mainly increases the content
of alkyl groups and decreases the contents of alkoxy,
carbonyl, and carboxyl groups. In addition, it is known
from EPR experiments that GSH can reduce the content

of reactive radicals in coal.

The inhibition of GSH is brought about by inerting the
reactive radicals by the H atom of the S—H bond in
GSH. At the same time, GSSH with stable properties
can be produced by the polymerization between GS°®
after the loss of the H atom in GSH. The activation
energy of each reaction is very small and can occur at
normal temperature and pressure.

(4)
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