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ABSTRACT: Coal’s low-temperature oxidation (LTO) poses a significant threat ;[
to the safety of storing coal in silos. This study investigates the impact of coal dust » ©  Temperature =210 °C - 4
content on the LTO characteristics of silo coal samples. The results indicate that ~§ 250 @ Temperawre=150"C e
the larger the coal dust content the higher the oxygen (O,) consumption rate and é 200 L O/ 7 o
carbon monoxide (CO) generation rate and the stronger the LTO capacity. To 2 soses3i0l 2
. . . L. & =5.08x+33.01 _

clear the mechanism of the impact, the thermal physical characteristics were § 150 f{ ooy &
studied and thermogravimetric and differential thermal analysis (TG-DTA) £ L

. . z 100 e~ »=1.40x - 2.06 Q
experiments were performed on various coal samples. The results show that, first, £ PR 09 _
with the increase of coal dust content, the thermal conductivity of the silo coal § sof -~ __,,.'/-’o""
samples initially increased and then decreased, whereas the thermal diffusion and & oL 8- - °
heat capacity decreased and increased linearly, respectively. This indicates that the s . . ) s \
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heat storage capacity of the silo coal sample is enhanced with the increase of the
coal dust content. Second, the maximum oxygen absorption rate and differential
thermal reduction value of the coal samples increased linearly with the decrease in their particle size; this result verifies that
decreasing the particle size of silo coal can advance its LTO process. The study findings indicate that the risk of LTO and
spontaneous combustion of silo coal can be effectively reduced by controlling the coal dust content (fine coal particles).

Mass content of coal dust (%)

1. INTRODUCTION indicated that the inhibitory effect of reducing the O,
concentration on the spontaneous combustion of coal dust is
significantly stronger than that of increasing the CO,
concentration. A similar conclusion was reported in another
study carried out based on numerical simulations.'” Li et al.”’
investigated the impact of the particle size of coal dust on its
spontaneous combustion, wherein they determined that the
decrease in the particle size of coal dust could facilitate the
decrease in its minimum ignition temperature. Similarly, the
studies conducted by Benedetto et al.”"** also show that the
particle size of dust can significantly affect its flammability and
explosion behaviors. Ren et al.*’ considered the exothermal
property of the LTO of coal dust and researched the variations
in industrial components and thermal physical characteristics
of coal dust under 300 °C using a laser-flash apparatus. They
found that the specific heat capacity of coal dust is essential in
determining its thermal conductivity. Another study”* explored
the exothermal characteristics of the LTO of coal dust using

Uncertainties in terms of epidemics, wars, and antiglobalization
trades have increased in recent decades, leading to extensive
investigations on energy security worldwide.' > As a conven-
tional fossil fuel, coal is expected to remain the primary source
of energy in China in the coming decades.” ® To ensure
energy security, the Chinese government has proposed
increasing the deployable coal storage from 100 to 200 million
tons.” For coal storage, silos are widely used in power plants,
ports, and other places owing to the advantages of environ-
mental protection, high space utilization rate, and convenient
transportation.” '" However, the closed environment of silos
results in a heat storage condition that could lead to the low-
temperature oxidation (LTO) of coal, which increases the risk
of spontaneous combustion of silo coal.'' ™" Therefore, the
characteristics of the LTO and spontaneous combustion of silo
coal should be investigated for ensuring the safety of silos.
Researchers have extensively studied the LTO and

spontaneous combustion of coal dust.*™'° Zou et al'”
investigated the impact of oxygen (O,) concentration on the Received: July S, 2022
LTO of coal dust at low temperatures; they reported that the Accepted:  October 6, 2022

minimum ignition temperature of coal dust can increase by S0 Published: October 13, 2022

°C when the oxygen concentration is reduced from 21 to 5%.
Wau et al.'® analyzed the effect of O, and carbon dioxide (CO,)
on the spontaneous combustion of coal dust; their results
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the thermogravimetric and differential scanning calorimetry
(TG-DSC) apparatus; the results indicate that the heat flow of
coal dust initially decreases, then increases, and finally
decreases again with the increase in temperature. Additionally,
Ramirez et al.”> reported that the thermal susceptibility
analysis performed using TG-DSC is better than thermal
stability analysis when analyzing the LTO process of
agriculture dust in terms of their spontaneous combustion in
silos. Zhang et al.’ investigated the distribution of high-
temperature regions in large coal silos using experimental tests
and numerical simulations; the study revealed target areas for
preventing the spontaneous combustion of coal in silos.

The aforementioned studies almost all focused on LTO and
spontaneous combustion of the coal dust with fine particle
size; however, both large and fine particles of coal exist in silos.
In other words, coal blocks with large particle sizes are mixed
with a certain proportion of coal dust with fine particle sizes in
silos. That is, the published research results of the LTO and
spontaneous combustion of pure coal dust cannot really reflect
the low-temperature oxidation of silo coal. Therefore, there is a
research gap to conduct a comprehensive study for under-
standing the influence of coal dust content on the LTO and
spontaneous combustion of silo coal. The study for the
research gap can distinctly guide the particle size distribution
of silo coal for preventing its combustion.

To this end, in the present study, first, we investigated the
effect of coal dust content on the LTO and spontaneous
combustion of silo coal using programmed heating experi-
ments; then, to reveal the effect mechanism of coal dust
content on the LTO process of silo coal, the thermal physical
parameters, including thermal conductivity, thermal diffusivity,
and heat capacity, of the silo coal samples with various coal
dust content were measured; after that, the decomposition
process of silo coal with different particle sizes was measured at
low temperature using thermogravimetric and differential
thermal analysis (TG-DTA) experiments. Based on these
tests, it was discussed that the impact mechanism of the coal
dust content on the LTO and spontaneous combustion of silo
coal. The findings of this study are significant for preventing
the spontaneous combustion of silo coal and ensuring the
safety of coal silos.

2. MATERIAL AND METHODS

2.1. Preparation of Coal Samples. The experimental coal
was sampled from a silo in Qinglong Temple Coal Mine, Yulin
City, Shaanxi Province, China. Table 1 summarizes the

Table 1. Industrial Analysis of the Silo Coal Sample (Mass
Percentage (%))

M, A Vol EC,*
6.0 15.46 39.00 45.7

. o b oo .
“M,q = moisture under air-dried basis. “A4 = ash under air-dried basis.

V. = volatile matter under dried ash-free basis. “FC,4 = fixed carbon
under air-dried basis.

industrial analysis of the coal sample conducted according to
GB/T212-2008. The coal sample was crushed and screened
using a ball mill device, and the LTO and decomposition
samples were prepared subsequently.

2.1.1. Preparation of LTO Samples. The LTO samples
were composed of lump coal and coal dust mixed with a
certain mass fraction. The lump coal comprised four types of

coal particles with particle sizes of 0.074—0.9 mm (20—200
mesh), 0.9—2 mm (9—20 mesh), 2—5 mm, and 5—10 mm at
25% mass fraction each. The particle size of the coal dust
sample was less than 74 ym (>200 mesh). As shown in Table
2, six LTO samples were prepared by adding the coal dust

Table 2. Mixing Principle of the Low-Temperature
Oxidation (LTO) Samples for LTO Experiments

mass fraction (%)

sample LTO-1 LTO-2 LTO-3 LTO-4 LTO-S LTO-6

lump coal 100 90 80 70 60 S0
coal dust 0 10 20 30 40 S0

sample to the lump coal sample with various mass fractions to
investigate the effect of coal dust content on the LTO of silo
coal.

2.1.2. Preparation of Decomposition Samples. Four
decomposition samples with particle sizes of 0.150—0.250
mm (60—100 mesh), 0.075—0.150 mm (100—200 mesh),
0.075—0.150 mm (200—300 mesh), and less than 0.050 mm
(>300 mesh) were prepared by crushing and screening to
investigate the impact of particle size on the LTO of silo coal;
the samples were subjected to TG-DTA experiments.

2.2. Temperature-Programmed Experiments and
Data Analysis Methods. 2.2.1. Experimental Apparatus
and Method. Figure 1 depicts the temperature-programmed
apparatus used for the LTO samples. The apparatus primarily
comprises a gas source, flow valve, heating furnace, cooling
pool, gas collection bag, and gas chromatography. As reported
in previous studies,”*"* 100 g of LTO sample was placed in a
cylindrical closed heating tank with a diameter of 8 cm.
Compressed air was ventilated into the heating tank at a gas
flow rate of 100 mL/min. The heating rate was 1 °C/min, and
the initial and target temperatures were 30 and 210 °C,
respectively. The gas generated during the heating process was
collected at intervals of 20 °C, and the concentrations of O,
and CO in the generated gas were determined using a gas
chromatograph (Agilent 7890B).

2.2.2. Data Analysis Methods. According to ref 29, we
considered O, and CO as the index gases of the LTO process.
The O, consumption rate (OCR) and CO generation rate
(CGR) were calculated at different temperatures using eqs 1
and 2, respectively.”>*’

1 1

P, b,
Vo,(T) = —2 In —2
%o, (1)
( 2 2 )V T
VCO(T) _ (pco (10(;0 Oz( )

1 —e =SLVy,(T)
4002 Xp Q‘ﬂéz (2)

where V(, (T) denotes the OCR at temperature T (mol/(cm
s)); Q indicates the air supply rate (mL/min); S represents the
sectional area of the heating tank (cm?); L denotes the height
of the coal sample (cm); 4062 and qoé)z indicate the O,

concentrations at the inlet and outlet of the heating tank,
respectively (%); Vco(T) denotes the CGR at temperature T
(mol/(ecm3-s)); and @lo and @2y indicate the CO
concentrations at the inlet and outlet of the heating tank,
respectively, (%).

https://doi.org/10.1021/acsomega.2c04219
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Figure 1. Temperature-programmed apparatus of coal samples.
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2.3. Test of the Thermal Physical Parameters. The
varying regulations of the bulk density and thermal physical
parameters of the LTO samples were measured to explore its
effect mechanism on the LTO of silo coal.

2.3.1. Bulk Density Test. The bulk density of coal particles
significantly impacts the thermal conductivity of coal.”
Therefore, the bulk density of the LTO samples was measured
using a volumetric cylinder and an electronic analytic balance
according to eq 3

p=m/V (3)

where p denotes the bulk density (g/cm?®) and m and V
indicate the mass (g) and volume (mL) of the sample,
respectively. The masses of all test samples in this study were
10 g.

2.3.2. Thermal Physical Parameter Test. The thermal
conductivity of silo coal determines its heat storage capacity,
which largely affects its spontaneous combustion character-
istics. “Figure 2 illustrates the measurement instrument for

(a)

Sensors

(b) '___\ i-
L |

Sample box

Figure 2. Measurement instrument of thermal physical parameters:
(a) temperature sensor, (b) sample box, and (c) measurement
apparatus.

testing the thermal physical parameters of the LTO samples.
The thermal physical parameters include thermal conductivity
(4), thermal diffusion (@), and thermal capacity (C), measured
via the hot-wire method using the instrument of XIATECH-
TC3000 according to ref 31. Specifically, during the measure-
ment, 50 cm? of the LTO sample was placed in the sample box
(Figure 2b), and the temperature sensor (Figure 2a) was
buried in the sample box. The thermal physical parameters
were automatically calculated using the software attached to
the instrument.

2.4. TG-DTA Test and Data Analysis Method.
2.4.1. TG-DTA test. TG-DTA is a common method used to

37444

study the LTO characteristics of coal dust.’’ To explore the
effect of particle size on the LTO of silo coal, TG-DTA tests
were performed on four decomposition samples under an air
atmosphere at a flow rate of 100 mL/min. The mass of the
measurement sample was 2 mg, and the temperature was
increased from 25 to 300 °C at a heating rate of 1 °C/min.

2.4.2. Data Analysis Method. Figure 3a depicts the typical
TG and derivative thermogravimetric (DTG) curves of the
coal dust samples. As indicated in the figure, the coal sample
experienced three stages under low temperatures (25—300
°C); stage 1 involved the weight loss of the sample caused by
water evaporation, and stage 2 exhibited the weight gain of the
sample caused by oxygen absorption, and stage 3 involved the
weight loss again caused by the decomposition of samples.*”
To quantitatively evaluate the influence of particle size on the
LTO characteristics of the coal samples, the percentage of
oxygen absorption (A, (%)) and maximum oxygen absorption
rate (V. (%/min)) were extracted as the characteristic
parameters of the LTO process (Figure 3a).

Figure 3b depicts the typical DTA curve of the coal sample.
It was observed that when the temperature was higher than
100 °C, the rate of heat absorption gradually reduced under
the oxidative exothermic action of the coal sample;** the DTA
curve reached a minimum value at the temperature of
approximately 200 °C. Subsequently, the DTA curve began
to increase and a maximum value was attained at the
temperature of approximately 260 °C. After that, the value of
the DTA curve rapidly decreased in the final stage owing to the
heat adsorption process caused by the decomposition of the
coal sample. In this study, the reduction value (A, V) of the
DTA between temperatures 200 and 260 °C was extracted as
an index parameter to characterize the oxidation strength of
the coal samples. Figure 3b depicts the extraction method.

3. RESULTS AND DISCUSSION

In this study, to investigate the impact of coal dust content on
the LTO of silo coal, first, the LTO parameters of the LTO
samples with different coal dust contents were measured using
a temperature-programmed apparatus, and the OCR and CGR
at various temperatures were computed based on the
measurement results. The experimental results indicate that
the LTO parameters of silo coal samples regularity changed
with an increase of coal dust content. Then, to ascertain the
effect mechanism of coal dust content on the LTO
characteristics of silo coal, the impacts of the coal dust content
on the bulk density and thermal conductivity parameters of the
LTO samples were tested. At the same time, the effect of

https://doi.org/10.1021/acsomega.2c04219
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Figure 3. Typical curves of the thermogravimetric and derivative thermogravimetric (TG-DTG) (a) and differential thermal analysis (DTA) (b) of

coal at low temperatures.
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Figure 5. CO concentrations of the low-temperature oxidation (LTO) samples when temperatures are less than 210 °C (a) and 170 °C (b).

particle size of coal dust on its LTO process was explored using
TG-DTA experiments. The results and corresponding analysis
are explained in subsequent sections.

3.1. Effect of Coal Dust Content on the LTO Process
of Silo Coal. As the coal sample can adsorb O, and generate
CO during the oxidation process, they are commonly used as
index gases for analyzing the LTO process of coal.”” The
adsorption of O, includes physical and chemical adsorptions,
and CO is generated by the oxidation reaction of coal.”’Figure
4 depicts the O, concentration variation curve of the LTO
samples with different coal dust contents. As indicated in
Figure 4a, the O, concentration varied significantly above 170
°C in six LTO samples, and the larger the coal dust content,
the lower the O, concentration. At 210 °C, the O,
concentration of the LTO sample containing 50% coal dust
was only 0.53%, which was 3% of the O, concentration

37445

(17.54%) of the LTO sample without the coal dust. This
implies that the coal dust content significantly promotes the
LTO process of silo coal. Furthermore, as indicated in Figure
4b, the O, concentration of the LTO sample containing 50%
coal dust reduced gradually after 100 °C and rapidly after 150
°C. This result implies that the addition of coal dust can
significantly enhance the physicochemical O, adsorption of
coal samples.

Figure 5 shows the CO concentrations of the samples in the
LTO process. As depicted in Figure Sa, the CO concentrations
of the LTO samples exponentially increased after 170 °C;
namely, the higher the coal dust content, the higher the CO
concentration. At 210 °C, the CO concentration of the LTO
sample containing 50% coal dust was 37 565 ppm, which was
18.2 times that of the LTO sample without the coal dust. As
indicated in Figure Sb, the CO concentrations of the LTO

https://doi.org/10.1021/acsomega.2c04219
ACS Omega 2022, 7, 37442—-37451
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samples changed at 130 °C, wherein the samples began to
oxidate. To quantitatively analyze the influence law of coal dust
content on the LTO characteristics of silo coal, the OCR and
CGR of each LTO sample were calculated and analyzed.
3.1.1. Effect of Coal Dust Content on the OCRs of the LTO
Samples. Figure 6 depicts the OCRs of the LTO samples.

300 :
[
_2s0f —=—0% coal dust :
"0 —e— 10% coal dust [
'?E 200 —&—20% coal dust !
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=100 |- !
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50 |
1
0 -
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Temperature (°C)

Figure 6. O, consumption rates of the low-temperature oxidation
(LTO) samples concerning temperature.

Similar to the variation of the O, concentration, the OCRs
exponentially increased with temperature after 150 °C, and the
OCRs increased with the increase in the coal dust content at
210 °C. It was observed that the OCR of the LTO sample
containing 50% coal dust was 16.1 times that of the sample
containing no coal dust. The results indicate that the coal dust
content could significantly promote the LTO process of silo
coal.

Figure 7 shows the variation of OCRs concerning the coal
dust content. As indicated in Figure 7a, no significant
difference was observed in the OCRs of the six samples at
150 °C. But when the temperature was increased to 170 °C,
the OCRs of the samples linearly increased with the increase in
the coal dust content and exhibited a goodness-of-fit (R*) of
0.73. After that, with the further increase in the temperature,
the OCRs of the samples also linearly increased with a larger
increase rate (the slope of the fitting linear); specifically, the
values of the slope increased from 0.14 °C/min at 170 to 5.08
°C/min at 210 °C. These results indicate that the coal dust
content can significantly improve the LTO process of the silo
coal samples. In other words, the higher the coal dust content,

the stronger the oxygen adsorption capacity, which results in a
higher OCR at the same temperature.

3.1.2. Effect of Coal Dust Content on the CGRs of the LTO
Samples. Figure 8 depicts the variation curves of the CGRs of
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Figure 8. CO generation rates of the low-temperature oxidation
(LTO) samples concerning temperature.

the LTO samples. It was observed that the CGRs of the six
samples were initially similar to each other with low values
when the temperature was below 170 °C, implying that the
oxidation reaction of the samples is weak in this temperature
range. Conversely, as depicted in Figure 7, the OCRs of the
LTO samples linearly increased with the coal dust content at
170 °C. That is, in comparison with lump coal, coal dust
exhibits a smaller particle size, larger specific surface area, and a
more developed pore structure. These characteristics increase
the number of places for oxygen adsorption on the surface of
coal dust more than that on the lump coal surface. This enables
the samples containing more coal dust content to exhibit
stronger oxygen adsorption effects. In addition, it is known that
the oxygen adsorbed on the sample surface is not completely
involved in the oxidation reaction below 170 °C. Con-
sequently, at 170 °C, the OCRs of the LTO samples differ
significantly with coal dust content (Figure 8), whereas the
CGRs remain similar (Figure 7a). After that, when the
temperature is above 170 °C, the LTO samples begin to
distinctly generate CO (Figure 8), and the CGRs rapidly
increase with the increase of temperature; this implies that the
oxidation reaction of the samples is enhanced. Simultaneously,
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the CGRs of the LTO samples increase substantially with the
increase of the coal dust content. In particular, the CGR of the
LTO sample containing 50% coal dust content is 479.4 times
that of the LTO sample without the coal dust at 210 °C. This
further validates that the coal dust content can obviously
enhance the oxidation reaction of silo coal.

Figure 9 depicts the variation curves of the CGRs
concerning the coal dust content. As indicated in the figure,
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Figure 9. Variation curves of the CO generation rates concerning the
coal dust content under different temperatures.

no significant difference was observed in the CGRs of the six
LTO samples at 170 °C with an average value of 32.6 nmol/
(cm®ss). As the temperature increased, the CGRs of the
samples exponentially increased with the coal dust content. At
190 and 210 °C, the CGRs of the LTO sample containing 50%
coal dust content were 64.0 and 479.4 times that of the LTO
sample containing no coal dust, respectively. Combining both
Figures 7 and 9, we can find that the LTO samples containing
coal dust adsorbed a substantial amount of oxygen at low
temperatures (less than 170 °C), whereas the adsorbed oxygen
only can react with the coal sample when the temperature was
increased to the oxidation temperature of coal; thus, a large
amount of CO was generated.

The LTO process of the coal heap is codetermined by the
heat storage capacity of the environment (external factor)*
and the self-oxidation characteristics of coal (internal factor).**
Based on this conclusion, the effect of coal dust content on the
thermal conductivity parameters of the LTO samples was
discussed in section 3.2, and section 3.3 explains the impact of
the particle size of coal on its self-oxidation parameters.

3.2. Effect of Coal Dust Content on the Thermal
Physical Characteristics and the Bulk Density of the
LTO Samples. To analyze the effect mechanism of the coal
dust content on the LTO process of silo coal, we investigated
the relationships between the coal dust content and thermal
physical characteristics of the LTO samples. These character-
istics include thermal conductivity, thermal diffusion, and
thermal capacity. Additionally, the variation in the bulk density
of the LTO samples was investigated concerning the coal dust
content.

3.2.1. Effect of Coal Dust Content on the Thermal
Physical Parameters of the LTO Samples. Figure 10 depicts
the thermal physical parameters of the LTO samples. As
indicated in Figure 10a, the thermal conductivity of the
samples initially increased and then decreased with the increase
of the coal dust content; in particular, when the content of coal
dust increased from 0 to 20%, the thermal conductivity of the
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Figure 10. Thermal conductivity (a), thermal diffusion (b), and
thermal capacity (c) of the low-temperature oxidation (LTO)
samples.

LTO samples increased by 19.1%. With further increase in the
coal dust content, the thermal conductivity of the LTO
samples gradually decreased, and the thermal conductivity of
pure coal dust (100% coal dust) reduced to 0.0714 W/(m-K),
which is lower than that of the LTO sample without the coal
dust (0.0758 W/(m-K)).

When the content of coal dust is less than 20% (Figure 11),
the addition of coal dust can effectively fill the gaps in the lump
coal. As the thermal conductivity of the coal dust is higher than
that of air, the thermal conductivity of the LTO samples
increases in this stage with the increase in the coal dust
content. When the coal dust content increases by more than
20%, the gaps in the lump coal are filled, and the relative
content of the lump coal decreases. As the thermal
conductivity of the coal dust is lower than that of the lump
coal, the thermal conductivity of the LTO samples begins to
decrease when the coal dust content increases beyond 20%.

Thermal diffusion is a common parameter used for
evaluating the heat storage capacity of objects. The larger
the thermal diffusion, the poorer the heat storage capaci-
ty.”>**Figure 10b depicts the variation curve of the thermal
diffusion of the LTO samples with respect to the coal dust
content. As indicated in the figure, the thermal diffusion
linearly decreased with the increase in the coal dust content
with an R* of 0.72. This result indicates that the addition of
coal dust can effectively reduce the thermal diffusion of the
samples and improve their heat storage capacity, facilitating the
LTO process of the coal samples. By contrast, Figure 10c
indicates that the thermal capacity of the LTO samples linearly
increases with the increase in coal dust content with an R* =
0.89. The thermal capacity of pure coal dust was 4.2 times that
of the LTO samples containing no coal dust; this result
concurs with the finding reported in a previous study.”
Therefore, the LTO samples containing coal dust exhibit a
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Figure 11. Filling diagram of the coal dust in lump coal.
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Figure 12. Variation in the stacking volumes of the low-temperature oxidation (LTO) samples concerning the coal dust content.

stronger heat absorption capacity. In other words, more energy
can be absorbed in silo coal with more coal dust content by
increasing the unit temperature, which is the primary reason
for the reduction of thermal diffusion in silo coal when adding
coal dust to it. In conclusion, the LTO process of silo coal
could be improved by increasing the thermal capacity when
adding coal dust content.

3.2.2. Effect of Coal Dust Content on the Bulk Density of
the LTO Samples. To further understand the effect mechanism
of the coal dust content on the thermal physical parameters of
the LTO samples, we investigated the variation in the bulk
density of the LTO samples with different coal dust content.
Figure 12 illustrates the stacking volumes of the six LTO
samples with identical mass (10 g). It was observed that when
less than 20% (mass percentage) of coal dust was added, the
stacking volumes of the LTO samples gradually decreased with
the increase in the coal dust content. Subsequently, the
stacking volume began to increase with a further increase in the
coal dust content. The stacking volume of pure coal dust
(100% coal dust) was 2.1 times that of pure lump coal.

Figure 13 shows the bulk density of the LTO samples.
Herein, we observed that the bulk density initially increased
and then decreased with the increase in the coal dust content;
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Figure 13. Variation in the bulk density concerning the coal dust
content.

it reached a maximum value of 0.85 g/cm® at 20% content of
the coal dust. This variation is similar to that of the thermal
conductivity depicted in Figure 10a, indicating that the coal
dust content mainly affects the thermal conductivity of silo coal
samples by changing their bulk density.

In summary, the thermal diffusion of the LTO sample
linearly decreases with the increase in the coal dust content.
This in turn enhances the heat absorption capacity and reduces
the thermal conductivity capacity, which can advance the LTO
of silo coal.

3.3. Effect of Particle Size on the Decomposition
Process of Coal. To understand the effect mechanism of the
coal dust content on the LTO process of silo coal, the impact
of the particle size on the LTO process of silo coal was
investigated. The TG-DTA experiments were performed using
four decomposition samples. Figure 14a depicts the TG curves
of the decomposition samples, wherein the mass of the samples
experiences three variation stages. The mass initially decreases,
then increases, and decreases again with the increase in the
temperature; the inflection temperature was approximately
between 100 and 236 °C. Wang et al.*” reported that the three
stages of the mass variation correspond to water evaporation,
oxygen absorption, and thermal decomposition of coal under
low temperatures.

Figure 14b depicts the DTA curves of the decomposition
samples, indicating that the differential thermal values of the
samples are constantly decreasing when the temperature is less
than 200 °C. This result shows that the samples exhibit
endothermal reactions in this temperature range, which
primarily includes water evaporation and volatilization of
small-molecule organic matters. When the temperature reaches
close to 200 °C, the differential thermal values begin to
increase and attain a maximum value at approximately 260 °C.
This indicates that the samples exhibit oxidative exothermic
reactions, and the heat released by the oxidation reaction
reduces the overall heat absorption value of the samples. After
260 °C, the differential thermal values of the samples decrease
again, indicating the samples enter the decomposition stage.

Additionally, the temperature entering the oxidation reaction
tends to decrease with the decrease in the particle size of coal
samples (Figure 14b). In other words, the coal samples with
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Figure 15. Percentage of oxygen absorption (A,,) (a) and the maximum oxygen absorption rate (V) (b) of the decomposition samples.

smaller particle sizes undergo oxidation reactions at a lower
temperature. Similar conclusions were also obtained in
previous studies,””*> wherein the decrease in the particle size
of coal could increase its specific surface area; this causes
oxygen to be more easily absorbed when passing through the
coal surface, which in turn improves the LTO capacity of coal.
To further understand the effect mechanism of the particle size
on the LTO process of coal, the characteristic parameters of
the TG-DTA experiment were quantitively analyzed, including
the percentage of oxygen absorption (A, (%)), the maximum
oxygen absorption rate (V. (%/min)), and the reduction
value (A, (uV)) of the DTA.

3.3.1. Effect of the Particle Size on TG Parameters. Figure
15a)b depicts the values of A, and V_,, respectively. As
indicated in the figures, the value of A, varies slightly with an
average of 3.46% following the decrease of the particle size,
whereas the value of V. linearly increases with R* = 0.69.
This implies that at the low-temperature decomposition stage
of coal, although the amount of oxygen adsorbed remains
unchanged, the oxygen absorption rate increases linearly with
the decrease in the particle size of coal. During the LTO
process of coal, the temperature is the most critical factor
affecting its oxidation; in other words, although large amounts
of oxygen are absorbed on the coal surface, only a portion of
the oxygen is oxidated with the coal sample.

In summary, the smaller the particle size, the larger the
specific surface area and the higher the number of reactive
oxidation groups exposed to the surface, which increases the
maximum oxygen absorption rate of coal samples.

3.3.2. Effect of Particle Size on the Differential Thermal
Parameters. Figure 16 depicts the values of Ay of the
decomposition samples during the LTO process, wherein the
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Figure 16. Differential thermal analysis (DTA) reduction value (A})
of the decomposition samples.

A, values increase linearly (R* = 0.59) with the decrease in the
particle size. That is, the heat released by the oxidation of the
sample increased linearly. This result concurs with the finding
shown in Figure 15b. Therefore, the oxidation capacity of the
coal sample was significantly enhanced with the decrease in its
particle size. The result implies that the particle size of silo
coal, particularly the content of the coal dust with smaller
particle sizes, should be closely regulated to prevent the
spontaneous combustion of silo coal.

3.4. Effect Mechanism of Coal Dust Content on the
LTO Process of Silo Coal. The aforementioned experimental
results validate that the coal dust content primarily affects the
LTO process of silo coal in two aspects, namely the external
and internal factors. The thermal diffusion of the samples
decreased linearly with the increase in the coal dust content in
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lump coal samples. Consequently, the heat generated by the
LTO of the samples cannot be dissipated in time. This
provides an advanced heat storage condition for further
oxidation of silo coal,”” thus enhancing its spontaneous
combustion process. This is the external factor that facilitates
the spontaneous combustion of silo coal at low temperatures.

Additionally, the overall particle size distribution of silo coal
decreased after the addition of a certain amount of coal dust. In
this scenario, the specific surface area significantly increased
with the decrease in the particle size, exposing more reactive
oxidation groups to the surface. This advances the LTO
process of coal, and the heat released by the LTO of coal
provides a heat source for its spontaneous combustion.'®*
This is the internal factor that advances the spontaneous
combustion of silo coal at low temperatures.

In summary, improving the heat storage capacity of silo coal
and enhancing the LTO characteristics of silo coal enable the
coal dust content to facilitate the spontaneous combustion of
silo coal. Therefore, the coal dust content (fine coal particles
content) in silo coal should be closely regulated to reduce the
possibility of its spontaneous combustion.

4. CONCLUSIONS

In this study, the effect of coal dust content on the LTO of silo
coal samples was comprehensively investigated using temper-
ature-programmed apparatus, TG-DTA experiments, and
thermal physical parameter tests. The primary conclusions of
the study can be summarized as follows.

(1) The coal dust content significantly impacts the LTO of
silo coal. With the increase in the coal dust content, the OCR
and CGR of the samples increased linearly and exponentially,
respectively; at 210 °C, the OCR and the CGR of the coal
sample containing 50% coal dust were 16.1 and 479.4 times
that of the coal sample without coal dust, respectively.
Therefore, controlling the mass fraction of the coal particulars
with fine particle size is important to prevent the spontaneous
combustion of silo coal.

(2) The coal dust content significantly affects the thermal
physical parameters of the silo coal sample. The increase in
coal dust content initially increased the thermal conductivity
and then decreased the same. Furthermore, the thermal
diffusion decreased linearly, whereas the thermal capacity
exhibited a linear increase. Enhancing the thermal storage
capacity is the external factor that enables the coal dust content
to facilitate the spontaneous combustion of silo coal at low
temperatures.

(3) The particle size significantly affects the LTO of silo
coal. When the temperature was less than 300 °C, the
maximum oxygen absorption rate (V,,,,) and the differential
thermal reduction value (A}) of the samples increased linearly
with the decrease in the particle size. Therefore, the oxidation
capacity of silo coal can be enhanced at low temperatures by
decreasing the particle size. This is the internal factor that
enables the coal dust content to advance the spontaneous
combustion of silo coal at low temperatures.

To more truly reflect the influence of coal dust content on
the LTO of silo coal, in the future, it is of great practical
significance to establish a mesoscale closed silo experimental
platform and use temperature sensors to real-time monitor the
temperature change of the coal samples with different coal dust
content in the silo.

B AUTHOR INFORMATION

Corresponding Author
Jianguo Liu — Research Institute of Macro-safety Science,
University of Science and Technology Beijing, Beijing 100083,
China; Key Laboratory for Engineering Control of Dust
Hazard, National Health Commission of People’s Republic of
China, Beijing 100083, China; ® orcid.org/0000-0003-
0736-6550; Email: liujg@ustb.edu.cn

Authors

Zihao Zhou — School of Civil and Resource Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Longzhe Jin — Research Institute of Macro-safety Science,
University of Science and Technology Beijing, Beijing 100083,
China; Key Laboratory for Engineering Control of Dust
Hazard, National Health Commission of People’s Republic of
China, Beijing 100083, China

Tianyang Wang — School of Civil and Resource Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Shengnan Ou — School of Civil and Resource Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Shu Wang — Key Laboratory for Engineering Control of Dust
Hazard, National Health Commission of People’s Republic of
China, Beijing 100083, China; School of Civil and Resource
Engineering, University of Science and Technology Beijing,
Beijing 100083, China

Yixuan Wei — Key Laboratory for Engineering Control of Dust
Hazard, National Health Commission of People’s Republic of
China, Beijing 100083, China; School of Civil and Resource
Engineering, University of Science and Technology Beijing,
Beijing 100083, China

Mulati Jueraiti — School of Civil and Resource Engineering,
University of Science and Technology Beijing, Beijing 100083,
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c04219

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the National Nature
Science Foundation of China (No. 52204198), the fellowship
of the China Postdoctoral Science Foundation
(2022M710355), and the National Key Research and
Development Program of China (Nos. 2022YFC2903901,
2021YFB2301704).

B REFERENCES

(1) Wen, J.; Zhao, X. X.; Chang, C. P. The impact of extreme events
on energy price risk. Energy Econ. 2021, 99, No. 105308.

(2) Wang, Q; Yang, X; Li, R. The impact of the COVID-19
pandemic on the energy market—A comparative relationship between
oil and coal. ENERGY STRATEG REV. 2022, 39, No. 100761.

(3) Ma, R. R; Xiong, T.; Bao, Y. The Russia-Saudi Arabia oil price
war during the COVID-19 pandemic. Energy Econ. 2021, 102,
No. 105517.

(4) Jia, Z.; Lin, B. How to achieve the first step of the carbon-
neutrality 2060 target in China: The coal substitution perspective.
Energy. 2021, 233, No. 121179.

https://doi.org/10.1021/acsomega.2c04219
ACS Omega 2022, 7, 37442—-37451


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianguo+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0736-6550
https://orcid.org/0000-0003-0736-6550
mailto:liujg@ustb.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zihao+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Longzhe+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengnan+Ou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yixuan+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mulati+Jueraiti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04219?ref=pdf
https://doi.org/10.1016/j.eneco.2021.105308
https://doi.org/10.1016/j.eneco.2021.105308
https://doi.org/10.1016/j.esr.2021.100761
https://doi.org/10.1016/j.esr.2021.100761
https://doi.org/10.1016/j.esr.2021.100761
https://doi.org/10.1016/j.eneco.2021.105517
https://doi.org/10.1016/j.eneco.2021.105517
https://doi.org/10.1016/j.energy.2021.121179
https://doi.org/10.1016/j.energy.2021.121179
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(5) Qiu, L. M.; Zhu, Y; Song, D. Z.; He, X. Q.; Wang, W. X; Liu, Y,;
Xiao, Y. Z.; Wei, M. H,; Yin, S.; Liu, Q. Study on the Nonlinear
Characteristics of EMR and AE during Coal Splitting Tests. Miner.
2022, 12 (2), 108.

(6) Qiu, L. M.; Liu, Z. T,; Wang, E. Y.; He, X. Q.; Feng, J.J.; Li, B. L.
Early-warning of rock burst in coal mine by low-frequency
electromagnetic radiation. Eng. Geol. 2020, 279, No. 105755.

(7) The Central People’s Government of the People’s Republic of
China. The State Council issued a notice on issuing a solid package of
policies and measures to stabilize the economy (National state NO. 12,
2022). 2022, 3. http://www.gov.cn/zhengce/content/2022-05/31/
content5693159.htm.

(8) Oy, S. N; Liy, J. G; Jin, L. Z.; Sun, Z. C. Inhibition effect of
CO, and N, on the explosion and spontaneous combustion
performance of silo mixed coal. J. CHINA U MIN TECHNO. 2020,
49 (02), 387-94.

(9) Zhang, J.; Yan, M.; Wang, S.; Xu, P. Effects of high-temperature
zones of coal in large silos. Energy Sources Part A 2017, 39 (12),
1258—1267.

(10) Sipild, J.; Auerkari, P.; Malmén, Y.; Heikkild, A. M.; Vela, I;
Krause, U. Experience and the unexpected: risk and mitigation issues
for operating underground storage silos for coal-fired power plant. J.
Risk Res. 2013, 16 (3—4), 487—500.

(11) Wu, D.; Schmidt, M.; Berghmans, J. Spontaneous ignition
behaviour of coal dust accumulations: A comparison of extrapolation
methods from lab-scale to industrial-scale. Proc. Combust. Inst. 2019,
37 (3), 4181—4191.

(12) Chen, Z,; Li, X; Yang, Y.; Zhao, S.; Fu, Z. Experimental and
numerical investigation of the effect of temperature patterns on
behavior of large scale silo. Eng. Fail. Anal. 2018, 91, 543—553.

(13) Tan, B; Li, X,; Zhang, X,; Zhang, Z.; Zhang, H. Research on
initial prevention of spontaneous combustion in coal bunkers based
on fire-extinguishing and fireproof inerting. ACS Omega. 2022, 7 (4),
3359-3368.

(14) Zhang, J.; Ren, T.; Liang, Y.; Wang, Z. A review on numerical
solutions to self-heating of coal stockpile: Mechanism, theoretical
basis, and variable study. Fuel. 2016, 182, 80—109.

(15) Wang, H.; Dlugogorski, B. Z.; Kennedy, E. M. Coal oxidation at
low temperatures: oxygen consumption, oxidation products, reaction
mechanism and kinetic modelling. Prog. Energy Combust. Sci. 2003, 29
(6), 487—513.

(16) Onifade, M.; Genc, B. A review of research on spontaneous
combustion of coal. Int. J. Min. Sci. Technol. 2020, 30 (3), 303—311.

(17) Zou, L, Yang, W,; Zhao, Q; Ma, L; Ren, L; Wang, Y.
Research on Self-Ignition Characteristics and Prediction Indices of
Pulverized Low-Rank Coal Under Different Oxygen Concentrations.
Nat. Resour. Res. 2022, 31 (2), 897—911.

(18) Wu, D.; Schmidt, M.; Huang, X.; Verplaetsen, F. Self-ignition
and smoldering characteristics of coal dust accumulations in O,/N,
and O,/CO, atmospheres. Proc. Combust. Inst. 2017, 36 (2), 3195—
3202.

(19) Wu, D.; Norman, F.; Schmidt, M.; Vanierschot, M.;
Verplaetsen, F.; Berghmans, J; Van den Bulck, E. Numerical
investigation on the self-ignition behaviour of coal dust accumu-
lations: the roles of oxygen, diluent gas and dust volume. Fuel. 2017,
188, 500—-510.

(20) Li, B,; Li, M.; Gao, W.; Bi, M;; Ma, L,; Qin, Q.; Shu, C. M.
Effects of particle size on the self-ignition behaviour of a coal dust
layer on a hot plate. Fuel. 2020, 260, No. 116269.

(21) Portarapillo, M.; Di Sarli, V.; Sanchirico, R.;; Di Benedetto, A.
CFD simulation of the dispersion of binary dust mixtures in the 20 L
vessel. J. Loss Prev. Process Ind. 2020, 67, 104231.

(22) Di Sarli, V.; Russo, P.; Sanchirico, R.; Di Benedetto, A. CFD
simulations of the effect of dust diameter on the dispersion in the 20 L
bomb. Chem. Eng. Trans. 2013, 31.

(23) Ren, S. J; Wang, C. P; Xiao, Y,; Deng, J.; Tian, Y.; Song, J. J.;
Sun, G. F. Thermal properties of coal during low temperature
oxidation using a grey correlation method. Fuel. 2020, 260,
No. 116287.

37451

(24) Ren, L. F; Deng, J.; Li, Q W,; Ma, L,; Zou, L.; Laiwang, B.;
Shu, C. M. Low-temperature exothermic oxidation characteristics and
spontaneous combustion risk of pulverised coal. Fuel. 2019, 252,
238-245. ]

(25) Ramirez, A,; Garcia-Torrent, J.; Tascén, A. Experimental
determination of self-heating and self-ignition risks associated with the
dusts of agricultural materials commonly stored in silos. J. Hazard.
Mater. 2010, 175 (1-3), 920—927.

(26) Qin, Y.; Song, Y.; Liu, W.; Wei, J.; Lv, Q. Assessment of low-
temperature oxidation characteristics of coal based on standard
oxygen consumption rate. PROCESS SAF. ENVIRON. 2020, 13,
342-349.

(27) Wang, J; Zhang, Y,; Xue, S; Wuy, J; Tang, Y.; Chang, L.
Assessment of spontaneous combustion status of coal based on
relationships between oxygen consumption and gaseous product
emissions. Fuel Process. Technol. 2018, 179, 60—71.

(28) Wu, D.; Huang, X.; Norman, F.; Verplaetsen, F.; Berghmans, J.;
Van den Bulck, E. Experimental investigation on the self-ignition
behaviour of coal dust accumulations in oxy-fuel combustion system.
Fuel. 2015, 160, 245—254.

(29) Wang, C. P.; Zhao, X. Y.; Bai, Z. J.; Deng, J.; Shu, C. M.; Zhang,
M. Comprehensive index evaluation of the spontaneous combustion
capability of different ranks of coal. Fuel. 2021, 291, No. 120087.

(30) Ren, X;; Sun, R; Meng, X; Vorobiev, N.; Schiemann, M,;
Levendis, Y. A. Carbon, sulfur and nitrogen oxide emissions from
combustion of pulverized raw and torrefied biomass. Fuel. 2017, 188,
310-323.

(31) Chen, W,; Lei, Y.; Chen, Y.; Sun, J. Pyrolysis and combustion
enhance recovery of gas for two China shale rocks. Energy Fuels. 2016,
30 (12), 10298—10305.

(32) Wang, C; Hou, Y.; Bai, Z,; Deng, J.; Shu, C. M. Exploring
thermokinetic behaviour of Jurassic coal during pyrolysis and
oxidation. J. Therm. Anal. Calorim. 2022, 147 (2), 1439—1453.

(33) Wen, H,; Ly, J. H,; Xiao, Y.; Deng, J. Temperature dependence
of thermal conductivity, diffusion and specific heat capacity for coal
and rocks from coalfield. Thermochim. Acta 2015, 619, 41—47.

(34) Nugroho, Y. S; McIntosh, A. C; Gibbs, B. M. Low-
temperature oxidation of single and blended coals. Fuel. 2000, 79
(15), 1951—-1961.

(35) Xu, Q; Yang, S.; Yang, W.; Tang, Z.; Song, W.; Zhou, B.; Jiang,
X. Effect of particle size and low-temperature secondary oxidation on
the active groups in coal structures. PROCESS SAF. ENVIRON. 2021,
149, 334—344.

https://doi.org/10.1021/acsomega.2c04219
ACS Omega 2022, 7, 37442—-37451


https://doi.org/10.3390/min12020108
https://doi.org/10.3390/min12020108
https://doi.org/10.1016/j.enggeo.2020.105755
https://doi.org/10.1016/j.enggeo.2020.105755
http://www.gov.cn/zhengce/content/2022-05/31/content_5693159.htm
http://www.gov.cn/zhengce/content/2022-05/31/content_5693159.htm
https://doi.org/10.13247/j.cnki.jcumt.001131
https://doi.org/10.13247/j.cnki.jcumt.001131
https://doi.org/10.13247/j.cnki.jcumt.001131
https://doi.org/10.1080/15567036.2017.1321701
https://doi.org/10.1080/15567036.2017.1321701
https://doi.org/10.1080/13669877.2012.729530
https://doi.org/10.1080/13669877.2012.729530
https://doi.org/10.1016/j.proci.2018.05.140
https://doi.org/10.1016/j.proci.2018.05.140
https://doi.org/10.1016/j.proci.2018.05.140
https://doi.org/10.1016/j.engfailanal.2018.04.043
https://doi.org/10.1016/j.engfailanal.2018.04.043
https://doi.org/10.1016/j.engfailanal.2018.04.043
https://doi.org/10.1021/acsomega.1c05528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c05528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c05528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2016.05.087
https://doi.org/10.1016/j.fuel.2016.05.087
https://doi.org/10.1016/j.fuel.2016.05.087
https://doi.org/10.1016/S0360-1285(03)00042-X
https://doi.org/10.1016/S0360-1285(03)00042-X
https://doi.org/10.1016/S0360-1285(03)00042-X
https://doi.org/10.1016/j.ijmst.2020.03.001
https://doi.org/10.1016/j.ijmst.2020.03.001
https://doi.org/10.1007/s11053-022-10011-4
https://doi.org/10.1007/s11053-022-10011-4
https://doi.org/10.1016/j.proci.2016.08.024
https://doi.org/10.1016/j.proci.2016.08.024
https://doi.org/10.1016/j.proci.2016.08.024
https://doi.org/10.1016/j.fuel.2016.10.063
https://doi.org/10.1016/j.fuel.2016.10.063
https://doi.org/10.1016/j.fuel.2016.10.063
https://doi.org/10.1016/j.fuel.2019.116269
https://doi.org/10.1016/j.fuel.2019.116269
https://doi.org/10.1016/j.jlp.2020.104231
https://doi.org/10.1016/j.jlp.2020.104231
https://doi.org/10.1016/j.powtec.2021.117033
https://doi.org/10.1016/j.powtec.2021.117033
https://doi.org/10.1016/j.powtec.2021.117033
https://doi.org/10.1016/j.fuel.2019.116287
https://doi.org/10.1016/j.fuel.2019.116287
https://doi.org/10.1016/j.fuel.2019.04.108
https://doi.org/10.1016/j.fuel.2019.04.108
https://doi.org/10.1016/j.jhazmat.2009.10.096
https://doi.org/10.1016/j.jhazmat.2009.10.096
https://doi.org/10.1016/j.jhazmat.2009.10.096
https://doi.org/10.1016/j.psep.2019.12.039
https://doi.org/10.1016/j.psep.2019.12.039
https://doi.org/10.1016/j.psep.2019.12.039
https://doi.org/10.1016/j.fuproc.2018.06.015
https://doi.org/10.1016/j.fuproc.2018.06.015
https://doi.org/10.1016/j.fuproc.2018.06.015
https://doi.org/10.1016/j.fuel.2015.07.050
https://doi.org/10.1016/j.fuel.2015.07.050
https://doi.org/10.1016/j.fuel.2020.120087
https://doi.org/10.1016/j.fuel.2020.120087
https://doi.org/10.1016/j.fuel.2016.10.017
https://doi.org/10.1016/j.fuel.2016.10.017
https://doi.org/10.1021/acs.energyfuels.6b02274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.6b02274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10973-020-10429-z
https://doi.org/10.1007/s10973-020-10429-z
https://doi.org/10.1007/s10973-020-10429-z
https://doi.org/10.1016/j.tca.2015.09.018
https://doi.org/10.1016/j.tca.2015.09.018
https://doi.org/10.1016/j.tca.2015.09.018
https://doi.org/10.1016/S0016-2361(00)00053-3
https://doi.org/10.1016/S0016-2361(00)00053-3
https://doi.org/10.1016/j.psep.2020.10.056
https://doi.org/10.1016/j.psep.2020.10.056
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

