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ABSTRACT: The physicochemical properties of coal dust significantly affect its toxicity and dust suppression efficiency. Currently,
lab-crushed coal dust is commonly used for characterization instead of the original coal dust (OCD) sampled from underground
mining sites. This practice leads to an inaccurate understanding of the underground coal dust properties. To address this issue, the
study directly collected 18 OCD samples from various underground mining sites and characterized their physicochemical properties,
and the variation of these physicochemical parameters of OCD with various coal rank were analyzed. The results show: OCD has a
small particle size (average 26.49 ym), and around 21% of particles are under 10 gm. OCD has a well-developed pore structure, with
an average total pore volume of 8.24 X 10™° cm®/g and an average specific surface area of 8.24 m?/g. OCD samples have a high
oxidation degree, and the average relative content of total oxygen-containing functional groups is 45.71%. Between the 32 measured
physicochemical parameters of OCD, 10 moderately correlates with R, and 6 highly correlates with R,. These parameters mainly
involve wettability, pore structure, moisture content, and elemental composition. The findings present valuable insights into
accurately assessing the toxicology and health risks of coal dust in underground mining sites and for selecting efficient dust control
technologies in different coal mines.

1. INTRODUCTION in the contents of heavy metal elements and trace elements in
the air and soil around coal mines.>'® Therefore, coal dust has
significant harmful effects on human health, safe work, and
environmental quality.

Extensive research has demonstrated that the physicochem-
ical properties of coal dust play crucial roles in determining its
toxicity to humans and the efficiency of dust control
technologies.]g_22 Specifically, for the impact of the
physicochemical properties of coal dust on its toxicity, Beer
et al*® conducted a comprehensive review on the risk of
developing interstitial lung diseases caused by coal dust. They
discovered that the risk factors associated with CWP were

Coal dust is extremely harmful to human health and safety.
First, coal dust has significant harmful effects on human
health.'™ For example, inhaling coal dust can induce coal
workers pneumoconiosis (CWP), a common occupational
lung disease also known as black lungs or miners lungs.6
Recently, an increasing trend in the number of CWP cases has
been reported in China, with the annual number of CWP cases
rising from 9173 in 2005 to 22701 in 2017; approximately
1900 people die of CWP each year.”® Similar trends have
emerged in other coal-producing countries, such as Australia
and the USA.”™'" Second, coal dust explosion is another
serious hazard in underground that can result in heavy

casualties.”” In the Lijiagou coal mine (Shaanxi, China), on Received: July 21, 2024
January 12th, 2019, a violent coal dust explosion caused 21 Revised:  January 19, 2025
deaths;"® between 1949 and 2007, there were reported 4613 Accepted:  January 24, 2025

casualties because of coal dust explosions in China.'* Third, Published: February 3, 2025

coal dust also has a significant pollution on environ-
1,3,15—17 .
ment,"”*"*™"” and numerous studies have shown the changes
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Figure 1. Sampling regional distribution map of the original coal dust.
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mainly linked to coal characteristics, such as coal rank, quartz,
and iron content. Furthermore, the particle size and shape of
coal dust significantly influence human health as they can affect
the deposition characteristics of dust within the lungs,”"***°
specifically, smaller coal dust particles are more detrimental to
human health than larger particles.”® In addition, the
composition, functional groups, morphology, and other factors
of coal dust also affect the occurrence of CWP.*>*! For the
impact of the physicochemical properties of coal dust on the
efficiency of dust control technologies, Wang et al.”” found a
significant challenge lies in the strong hydrophobic character-
istics exhibited by most coal dust. These properties hinder the
rapid wetting of coal dust within the coal body when using coal
seam water injection, consequently limiting its effectiveness in
reducing dust. Furthermore, the wettability of coal dust is also
a critical factor influencing the efficiency of spray dust
suppression technology.”*™° Factors, such as industrial
components, surface functional groups, and elemental content
of coal dust, can affect its wettability, thus influencing the dust
removal efficiency of dust suppression technologies.”’ ~*> Also,
the particle size of coal dust affects the inertial collision and
interception actions between the dust and droplet particles,
thus influencing the dust removal efficiency of the spray.’®*’
Furthermore, the surface pore structure of coal dust can
influence its aerodynamic properties, potentially affecting its
dispersion and settling characteristics.'”>**® In summary, the
physicochemical characteristics of coal dust significantly
impact human health and dust removal efficiency. Therefore,
the characterization of the physicochemical properties of coal
dust is of great significance.

Currently, lab-crushed dust is typically used to characterize
the physicochemical properties of coal dust.”****°~*' Lab-
crushed dust is prepared by grinding coal fragments in the
laboratory mostly through ball milling. Coal dust is generated
through the collision force of a grinding medium, such as a
steel shot or alumina balls.** In contrast to laboratory-crushed
dust, the original coal dust (OCD) from underground mining
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sites is generated because of the breakage of coal rock under
the cutting force of shearers.”’ The large particles in the
original coal dust (OCD) would settle down under the force of
gravity; only fine dust particles can float in the mine air, which
could be inhaled by workers. However, there is no gravity-
settling process when producing lab-crushed dust; therefore,
large and fine dust particles are all combined in lab-crushed
dust. Because of these differences, the physicochemical
properties tested with lab-crushed dust may differ from the
OCD collected directly from underground mining sites. As
reported by Trechera et al,** in the underground coal mining
face, the maximum mass fraction of respirable dust (particle
size <10 pum, i.e. PM10) reaches 65.6%, which is much greater
than the respirable dust content in lab-crushed dust. Similar
results were also reported by Kollipara et al,*® who found that
close to the shearer, the maximum mass fraction of respirable
dust reached 68%. In additionally, many studies show that the
physical and chemical characteristics of coal dust have a direct
impact on the dust removal efficiency of spray technology,
chemical dust suppressants and wet dust collector.'”*"**73123
However, the current misunderstanding of the physicochem-
ical characteristics of underground coal dust greatly limits the
optimization of the dust removal technologies. Therefore,
using lab-crushed coal dust to characterize the physicochemical
properties of OCD could mislead assessments of the toxicity of
coal dust and misguide selection of dust control technologies
in underground mining processes.

Herein, the present study aimed to investigate the
physicochemical properties of OCD directly collected from
underground mining sites. We successfully collected 18 coal
dust samples from different underground mining faces in
China and systematically characterized their physicochemical
properties, including wettability, particle size, pore structure,
maceral content, proximate components, surface elements, and
chemical functional groups. Finally, the correlations between
the physicochemical parameters of OCD and its coal rank
(maximum vitrinite reflectance, R,) were analyzed using the
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Spearman and Pearson correlation coefficient. This study
provided accurate values of physicochemical characteristics of
coal dust with various coal ranks produced in underground
mining sites. This can give insight into assessing the toxicity of
coal dust and selecting efficient dust control technologies for
underground mining processes.

2. MATERIAL AND METHODS

2.1. Sampling Method. OCD samples were collected
from 18 underground mining sites across nine cities in China
(Figure 1) using the gravimetric sampling method. Compared
to the sampling method of filter membrane, the gravity
sampling method can obtain more coal dust samples, which is
convenient for the subsequent characterization of the
physicochemical properties of coal dust. The method was
described in our previous study;’® specifically, a steel salver was
hung from the roof of the return airway at 1.5 m height (the
average breathing height of Chinese*®) for 8 h and about 10 m
from the working face when shearer was working. The
collected OCD samples were screened through a 200 mesh
(about 74 um) to remove large particles that fell from the roof.
Finally, the samples were packed into a sealed plastic pouch
and immediately brought back to the lab for physicochemical
properties tests.

Block coal from underground mining sites was also sampled
according to GB/T 482-2008 to obtain the coal rank of the
sampled coal dust. The maximum vitrinite reflectance (R,) of
block coal was measured according to GB/T 6948-2008, and
the coal rank was obtained based on R, value following ISO
11760:2018. Table 1 presents the coal ranks of the studied coal

Table 1. Maximum Vitrinite Reflectance (R,) and Coal
Ranks of the Studied Coal Samples

number district sample name Ry/% coal rank
1 Shenmu SM-1 0.42 sub-bituminous
2 Shenmu SM-2 0.49 sub-bituminous
3 Shenmu SM-3 0.51 bituminous d
4 Yanbian YB 0.53 bituminous d
S Erdos ED-1 0.54 bituminous d
6 Erdos ED-2 0.54 bituminous d
7 Erdos ED-3 0.59 bituminous d
8 Datong DT-1 0.60 bituminous c
9 Datong DT-2 0.61 bituminous ¢
10 Baiyin BY-1 0.67 bituminous ¢
11 Datong DT-3 0.70 bituminous ¢
12 Wuhai WH-1 0.94 bituminous ¢
13 Wuhai WH-2 1.00 bituminous ¢
14 Yongcheng YC-1 1.32 bituminous b
15 Lvliang LL 1.48 bituminous a
16 Changzhi CZ-1 1.99 bituminous a
17 Changzhi CZ-2 2.10 anthracite c
18 Yongcheng YC-2 2.44 anthracite ¢

samples. It could be observed that almost all coal ranks, from
sub-bituminous to anthracite C, were included in the studied
18 coal samples.

2.2. Characterization and Analyses. Figure 2 shows the
physicochemical parameters and the corresponding measure-
ment methods of the OCD samples. Briefly, seven
physicochemical properties (particle size, elements, pore
parameters, industrial components, wettability, vitrinite
components, and surface carbon functional groups) of the
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OCD were determined using various methods and instru-
ments. Reportedly, these properties have shown si%niﬁcant
effects on dust control efficiency and toxicology.'”*”***” The
detailed characterization methods for these parameters are
described in the following subsections.

2.2.1. Particle Size Test. The particle size of coal dust
determines its inhalability by the human body and significantly
affects its settling characteristics, wettability, and explosive-
ness.””*"*¥* The particle size distributions of the OCD
samples were tested using a laser particle size analyzer (Winner
2000, China). To improve the dispersibility of coal dust in the
solution, an alcohol solution with a mass concentration of 75%
was used as the dispersing medium.’® A typical particle size
distribution of coal dust is shown in Figure 3. To quantitatively
analyze the variation of particle size, the particle diameter
corresponding to the cumulative percentages of 10, 50, and 90
(D10, DSO, and D90, respectively) and the cumulative
percentage of particles with a diameter less than 10 pm
(P10) were selected as the characteristic parameters, as shown
in Figure 3. Smaller values of D10, D50, and D90 and larger
values of P10 indicated a smaller particle size distribution of
the dust particles.

2.2.2. Determination of Pore Parameters. The pore
parameters of coal dust significantly affect its wettability and
aerodynamic characteristics, which in turn affect the efficiency
of coal dust control.'”*”** In this study, a low-pressure N, gas
adsorption (LP-N2GA) analysis method and various calcu-
lation models (Table 2) were used to test the micropore and
mesopore parameters of coal dust.’’ According to GB/T
21650.3-2011, experiments were conducted at atmospheric
pressure with liquid nitrogen (77 K, 101.3 kPa) using a 3H-
2000PS2 instrument. Subsequently, based on various calcu-
lation models (Table 2), the specific surface area (SSA), pore
size, and pore volume of the micropores and mesopores in the
OCD samples were calculated. The testing methods and
sample processing procedures are explained in detail in our
previous study.

2.2.3. Ultimate Analysis. The elements of coal dust
significantly influence its wettability and toxicology.***°
Using a coal elemental analyzer (HCCH-3000), the relative
contents of C, H, O, N, and S in the OCD samples were tested
according to the standard GB/T 31391-201S. The O content
was calculated using the differential subtraction method.”’

2.2.4. Industrial Component Analysis. The industrial
components of coal significantly influence the generation,
dispersion, and control efficiencies of coal dust.'” For example,
as the moisture content increases, coal mining becomes less
prone to dust generation.’® According to ISO 11722:2013, the
relative contents of the industrial components of the 18 OCD
samples were tested using an automatic industrial analyzer
(GF-A2000), where moisture, ash, and fixed carbon were
measured on an air-dried basis, volatile matter was measured
on a dry ash-free basis.

2.2.5. Wettability Test. In underground coal mines, water-
based dust control methods such as spraying, wet scrubbers,
and foam are widely used for coal dust control.'” Therefore,
the wettability of coal dust plays a crucial role in the dust
control efficiency. The initial contact angle is a commonly used
parameter for characterizing the wettability of coal dust.”’”>’
The initial contact angle between coal dust and water was
tested using a Theta Lite apparatus (made in Finland). The
testing principle of the instrument is illustrated in Figure 4a.>®
Detailly, during the testing process, about 1 g of coal dust was
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Figure 3. Characterization parameters of coal dust particle size.

Table 2. Calculation Models of the Pore Parameters of Coal
Dust

pore
characteristic ~ pore type computation model references
specific surface micro- and  Brunauer—Emmett—Teller Brunauer et
area (SSA) mesopore (BET) al>?
pore size micropore  Horvath—Kawazoe (HK) Horvath and
Kawazoe™®
mesopore Barret—Joyner—Halenda Barrett et
(BJH) al>*
pore volume  micropore  density functional theory Seaton et
(DFT) al>®
mesopore Barret—Joyner—Halenda Barrett et
(BJH) al™*

compressed at 20 MPa in a mold with a diameter of 8 mm to
form a coal dust cake. A water droplet was slowly dropped
onto the coal dust cake, and a high-speed camera captured the
moment of contact between the droplet and the coal dust. The
OneAttension software was used to obtain the initial contact
angle between the coal dust and the droplet (average of the left
and right angles).

2.2.6. Maceral Composition Measurement. Coal is a
mixture of complex organic and inorganic materials.”" The four

microscopic components of coal, namely, vitrinite, exinite,
inertinite, and inorganic mineral groups, are important
characterization parameters for the composition of coal.
According to ISO 7404-5:2009, the relative mass percentages
of the four maceral compositions were obtained using an
automatic coal rock microscopy analysis instrument (Zeiss
MY5000).

2.2.7. Determination of Surface Carbon Function Groups.
Precisely identifying the specific components of coal dust using
current detection techniques is difficult because it is a type of
heterogeneous sedimentary rock.””> Therefore, detecting the
elements, macromolecular structures, and functional groups of
coal dust is the main approach to investigate its chemical
properties. Compared to Fourier transform infrared (FTIR)
spectroscopy, X-ray photoelectron spectroscopy (XPS) can
better reflect the surface features of the testing sample and
hence assess the surface elemental content and functional
groups as its detection depth is <10 nm for organic matter.*’
Therefore, XPS was conducted for the collected OCD samples
on an Axis Ultra device with an Al Ka radiation source. During
data analysis, the binding energies were calibrated at 284.8 eV
for C 1s.°" Then, the relative contents (RCs) of C, O, and Si
were obtained by peak fitting method for the wide spectrum
using XPS peak software. Equation 1°> was used for
calculations

n
Zi=1 (1)
where Nj is the RC of element i; S; and W; are the peak areas
on the wide spectrum and relative sensitivity factor of element
i, respectively; and n is the number of elements.

The surface carbon functional groups of the OCD samples
were identified and quantified using a multipeak fitting method
for the C 1s narrow spectrum. As shown in Figure 5, peaks at
binding energies of 284.6, 285.6, 286.6, and 289.1 eV
correspond to the groups of aliphatic hydrocarbons (C—C/

F Water

Light
source

Coal dust tablet

Data storage and display device

(a)

B

(b)

Figure 4. Schematic diagram of the initial contact angle testing instrument (a) and the contact angle between coal dust and water droplet (b).
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30000 | — Fiting curve y 3.1. Particle Size Distribution of OCD. The variations of
particle size of OCD with R, are shown in Figure 6. The D10
- 23000 of the coal dust exhibited fluctuations as R, increased with an
& 20000 average of 5.64 ym (Figure 6a). The variations in D50 and in
g D90 were like that in D10 with an average of 26.49 and 65.83
§ 15000 um, respectively (Figure 6b,c). The maximum, average, and
10000 minimum values of respirable dust fraction (P10) were 42.0%,
: - 67
21.00%, and 9.73%, respectively (Figure 6d). Trechera et al.

5000 measured the particle size of underground OCD in Central

288
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Binding energy (¢V)

284 282

Figure S. Schematic representation of peak fitting for the surface
chemical functional groups of coal dust.

C—H), epoxy and alkoxy (C—0), carbonyl carbon (C=0),
and carboxylate carbon (O—C=0), respectively.”> The RC
value of each carbon functional group was obtained by
calculating the relative peak areas.

2.3. Correlation Methods. Spearman and Pearson
correlation coefficient is commonly used to assess the
correlation between two variables;** °® the formulas for
calculating the coefficient of Spearman and Pearson are
shown in eqs 2 and 3, respectively. The correlation coefficient
between the physicochemical parameters of the OCD samples
and its Ry, were calculated, and their relation intensity was
estimated according to the values of p; and p,, as shown in

Table 3.
N ®R-RE-9)
AT (R - RPEY (5, - SR

©)

Table 3. Relation Intensity According to Spearman and
Pearson Correlation Coeflicient Value

number  absolute value of correlation coefficient relation intensity
1 0.0—-0.2 no relation
2 0.2—-0.4 weak relation
3 0.4-0.6 medium relation
4 0.6—0.8 strong relation
S 0.8—1.0 very strong relation

where p, is the Spearman correlation coefficient, R; is the grade
of ith value of parameter R, R is the average value of parameter
R, S is the grade of ith value of parameter S, and S is the
average value of parameter S.

_ ZL e =®G )
[21111 (xi _ x)sz\il (}; _ )_))2]1/2

P
(3)

where p, is the Pearson correlation coefficient, x; is the ith
value of parameter x, ¥ is the average value of parameter x, y; is
the ith value of parameter y, and y is the average value of
parameter y.

p1 Represents the consistency of one variable with the other,
and p, represents the linear consistency of one variable with
the other.
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Eastern Europe and found that the proportion of coal dust
with particle size <10 gm was about 17%, consistent with the
results obtained in this study. However, Cheng et al.®® found
that 87.2% of pulverized coal has a particle size ranging
between 177—250 pm. Furthermore, to characterize the
physicochemical properties of coal dust, many studies®>%"7°
have utilized crushed coal sieved through a 200-mesh screen as
a research sample. In comparison to the particle size of lab-
crushed coal particles, that of coal dust generated in
underground mines is significantly smaller with particle sizes
well below 74 ym. Therefore, lab-crushed coal particles are not
a substitute for OCD to characterize their physical and
chemical parameters.

3.2. Pore Parameters of the OCD. 3.2.1. Pore Size. With
the increase of R, the size of the micropore and mesopore and
the average pore size of OCD samples follows cubic function;
that is, the pore size first increases around R, < 1%, decreases
around 1% < R, < 2%, and then increases again when R, > 2%
(Figure 7). The average micropore, mesopore, and pore sizes
are 1.15, 8.99, and 11.82 nm, respectively, which were much
smaller than the pore sizes of coal dust milled in
laboratories.”"”" The results indicated that the pore structure
of the OCD samples was much more developed than that of
coal dust prepared using a ball mill in the laboratory.

3.2.2. Pore Volume. The micropore, mesopore, and total
pore volumes of the OCD samples decreased exponentially
with increasing R, (Figure 8). Smaller the coal rank, larger the
pore volume in the coal dust, resulting in a more developed
pore structure. The average values of the micropore volume,
mesopore volume, and total pore volume were 3.46, 19.39, and
8.24 X 107 cm?/g, respectively. These values were higher than
those reported earlier,”" further demonstrating that the pore
structure of the OCD samples is more developed than that of
the lab-crushed coal dust.

3.2.3. Specific Surface Area. The SSA of the OCD samples
are shown in Figure 8d. Similar with the variation of the pore
volume, the SSA of OCD decreased exponentially with an
increase in R, with an average of 8.24 m?®/g. This result
indicates that the pore structure becomes more developed as
the pore volume of the coal dust increases and the SSA
increases. Yang et al.*’ reported that the average SSA of four
lab-crushed coal dust samples ranged from 1.433 to 3.093 m?/
g. Therefore, it can be concluded that the surface pore
structure of OCD is much more developed than that of the lab-
crushed coal dust.

3.3. Ultimate Variation of OCD. The relative C, O, N, H,
and S contents of the OCD samples are shown in Figure 9.
The C content in the OCD exhibited a weak linear increase
(R* = 0.17) with an increase in Ry, ranging from 36.11% to
81.43% with an average of 62.03% (Figure 9a). In contrast, the
O content in the OCD exhibits a weak linear decrease (R> =
0.14) with an increase in R, ranging from 60.92% to 12.03%,
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Figure 6. Variation of the particle size of OCD samples with Ry: D10 (a), DS0 (b), D90 (c), and P10 (d).

with an average of 32.35% (Figure 9b). This is because as the
coal rank increases, the degree of coal oxidation decreases,
leading to an increase in the relative content of C and a
decrease in the relative content of O in coal dust.

Similar to the variation pattern of C, the relative content of
N in the OCD samples demonstrated an approximately linear
upward trend (with a coefficient of determination R* = 0.41) as
Ry increased, as illustrated in Figure 9c. Nevertheless, it should
be noted that the content of N was comparatively low, varying
from 0.45% to 1.25% and averaging at 0.85%. Additionally, the
average contents of H and S were relatively modest, standing at
3.68% and 1.09% respectively, as shown in Figure 9d,e. Hence,
it can be concluded that the main differences in the RCs of
elements in OCD samples are primarily in C and O. Using
energy dispersive spectrometry, Zazouli et al.*® found that O
was more prevalent than C in the respirable coal dust
generated in underground coal mines, indicating a higher
oxidation degree on the surface of the respirable coal dust,
which is consistent with the results of this study. However,
Zhou et al.®’ analyzed six lab-crushed coal dust samples and
found that the C content ranged from 70% to 90%, while the O
content was below 15%. He et al.”* studied 13 coal samples
and found that the C content was >70%, whereas the O
content was <10%. Therefore, it can be concluded that the
oxidation degree of OCD was much higher than that of lab-
crushed coal dust.

3.4. Industrial Component Variation of OCD. The
industrial composition of coal dust significantly affects its
wetting properties.”® The moisture content of the OCD
decreased exponentially with increasing R, (Figure 10a). This
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variation was like that of the pore volume and SSA (Figure 8).
The moisture in coal dust is primarily adsorbed into its pore
structure; therefore, the more developed the pore structure, the
higher the moisture content.”® The volatile content of the
OCD decreased exponentially with increasing R, (R* = 0.81)
(Figure 10b), indicating that higher-ranked coal dust had lower
volatile content. This result is consistent with the study
published previously,” which indicates that the volatile matter
content of coal did not change significantly after it was crushed
into coal dust. In addition, the ash content of the OCD
fluctuated irregularly between 51.09% and 5.50% with an
average of 22.80% (Figure 10c). In contrast, the fixed C in the
coal dust increased logarithmically with increasing R, with an
R? value of 0.45 (Figure 10d).

3.5. Contact Angle of OCD. Contact angle is a commonly
used parameter to characterize the wettability of coal dust.””>’
As R, increases, the wettability of the OCD increases
logarithmically (R* = 0.40) (Figure 11). Specifically, when R,
is between 0.4%—0.75%, most contact angles are less than 80°,
indicating that coal dust is hydrophilic. When R, exceeded
0.75%, the contact angle remained relatively unchanged at
approximately 120°, except for in Sample 15, indicating the
coal dust was strongly hydrophobic. The contact angle of
Sample 15 is 78°, which may be caused by the admixture of
soot powder during the sampling process. Based on these
results, it can be concluded that the coal rank significantly
influences the wettability of coal dust.

3.6. Vitrinite Component of OCD. The variation in the
maceral components of the OCD with R, is shown in Figure
12. As R, increased, the exinite content in the OCD showed a
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Figure 7. Variation of the pore size of OCD samples with R,: micropore size (a), mesopore size (b), and average pore size (c).

weak logarithmic decreasing trend (R* = 0.36), with an average
value of 10.36%. The other three components (vitrinite,
inertinite, and inorganic minerals) exhibited irregular changes
with increasing R, with average values of 71.03%, 0.74%, and
18.17%, respectively. This indicates that vitrinite was the
predominant maceral component in the OCD, and coal rank
did not significantly affect the maceral composition of the
OCD.

3.7. Surface Carbon Function Groups of OCD. The
elements of O, C, and Si in the OCD were tested using X-ray
photoelectron spectroscopy (XPS), as shown in Figure 13.

Based on the maximum peak of each element in Figure 13,
the RCs of C, O, and Si were calculated, and the results were
shown in Figure 14. Except for in Sample 4, the average RCs of
C, O, and Si were 67.22%, 27.45%, and 5.33%, respectively.
Compared with rock dust, there is relatively little Si content in
the OCD.

The distribution of the surface carbon functional groups on
coal dust significantly affects its wettability.”” As show in
Figure 15, with increasing Ry, the RCs of the four carbon
functional groups on the OCD surface exhibited irregular
changes. The content of hydrophobic groups C—C and C—H
was the highest, averaging 54.29%, and the average content of
C—0O groups was 32%. The contents of C=0 and O—C=0
groups averaged 9.86% and 3.85%, respectively. Compared
with the results reported in previous studies,’”’* the contents
of C—C and C—H on the OCD surface were lower than those
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of lab-crushed coal dust, indicating that OCD has a hi%her
degree of surface oxidation. Additionally, previous studies’>”
have shown that the C and O functional groups on the coal
surface exhibit regular changes with increasing R, which much
differs with the results in this study.

3.8. Correlation Analysis of the Physicochemical
Parameters of OCD and R,. Herein, 32 physicochemical
parameters of OCD were obtained through various tests.
These parameters are listed in Table 4. The Spearman and
Pearson correlation coeflicients between the 32 physicochem-
ical parameters of OCD and R, were calculated, and the results
are shown in Figure 16.

Among 32 physicochemical parameters of OCD, 10
parameters had a moderate correlation (absolute value of p
between 0.4 and 0.6) with R,. Among these 10 parameters,
four parameters positively correlated (i.e, contact angle,
micropore size, average pore size, and relative content of C)
and six negatively correlated with R, (i.e., specific surface area,
micropore volume, relative content of O, relative content of
O—C=O0 group, and inertinite content). Furthermore, six
parameters correlate highly (absolute value of p between 0.6
and 0.8) with Ry. Among these six parameters, two positively
correlated (fixed carbon content and relative content of N) and
four negatively correlated (mesopore volume, total pore
volume, moisture content, and volatile content) with R,. The
coal rank significantly influenced 14 physicochemical param-
eters, especially wettability, pore structure, moisture content,
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Figure 8. Variation of the pore volume and specific surface area (SSA) of OCD samples with Ry: micropore volume (a), mesopore volume (b),

total pore volume (c), and SSA (d).

and elemental content, of OCD. That is, as the coal rank
increases, the wettability of coal dust becomes worse and the
porosity development degree decreases. The reduction in
wettability decreases the efficiency of wetting dust suppression
technology. Therefore, for the coal dust with large R, wetting
agents should be considered for addition to reduce the surface
tension of the solution and improve the wettability of coal dust
to enhance the dust suppression efficiency, when applying the
wetting dust suppression technology such as spray. The more
developed the pores of coal dust are, the larger its specific
surface area becomes. Consequently, the diffusion time and
distance in the air will be extended, and the likelihood of being
inhaled by humans will increase correspondingly. In contrast,
the coal dust with low R, features a well-developed pore
structure along with favorable wettability. Thus, wetting dust
suppression technology can be widely adopted in underground
mines. Besides, on the one hand, the positive and negative
opposites of the Spearman and Pearson correlation coefficients
for the parameters numbered 21 (element S), 23 (function
group C—0), 27 (element O) and 32 (inorganic minerals),
indicate that these parameters are not linearly varied with coal
ranks; on the other hand, the values of the Spearman and
Pearson correlation coeflicients for the parameters numbered
14 (volatile), 16 (fixed carbon) and 20 (element N) are very
close and all greater than 0.6, indicating that these parameters
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are not only strongly correlated with coal ranks but also
linearly correlated.

4. DISCUSSION

The results of this study indicate that the original coal dust
(OCD) generated from underground mining sites exhibits
typical characteristics of small particle size, well-developed
porosity, and a high degree of oxidation. Specifically, the
average particle size of the 18 OCD samples is 26.49 um, and
approximately 21% of the dust particles being smaller than 10
um. The average pore volume and specific surface area of the
18 OCD samples are 8.24 X 107° cm®/g and 8.24 m*/g,
respectively. The average oxygen functional group content in
the OCD samples is 45.71%. Furthermore, the physicochem-
ical properties of coal dust show significant correlations with
coal rank (R,); among measured 32 physicochemical
parameters, wettability, pore structure parameters, moisture
content, and elemental composition of the OCD exhibit strong
correlations with R,

4.1. Particle Size of the OCD. The particle size of the
OCD samples is significantly smaller than the lab-crushed coal
dust particle size reported in the literature.’® As shown in
Figure 17a, coal chunks and large- and small-particle were
produced after a shearer crushed the coal body. Among them,
coal chunks and large-particle coal dust settle quickly owing to
gravity, whereas small-particle dust can diffuse in the roadway
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Figure 9. Variation of the element contents in OCD samples with Ry: C (a), O (b), N (c), H (d), and S (e).
under the influence of airflow. This significantly increases the coal dust. Therefore, it is inaccurate to use lab-crushed coal
probability of OCD being inhaled by humans, thereby dust to characterized the physicochemical properties of the
augmenting the harm of coal dust to the human body.* original coal dust from underground mining sites. The result
However, large- and small-particle dust is mixed in lab-crushed provides an accurate basis for the performance improvement of

5387 https://doi.org/10.1021/acsomega.4c06729

ACS Omega 2025, 10, 5379-5394



https://pubs.acs.org/doi/10.1021/acsomega.4c06729?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06729?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06729?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06729?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

35
10 - Q@ Moisture Q@ Volatile
@ EFitting curve ° ®) Fitting curve
30 'Y
~ 8 —
X X
< <
@ @25 o
= 6| _ (-x/0.05) = Q -
5 6 y=166051.35¢ +0.76 £ ¥ =132.62¢709+8.69
2_
S R"*=0.94 § 20 | R%=0.81
24f z
= B °
2,1 & 1s b
o
Qo
s Q4 °
0r 10
1 Il 1 1 1 1 1 1 Il 1
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
Vitrinite reflectivity (R,) (%) Vitrinite reflectivity (R,) (%)
90
soL @ (d) @ Fixed carbon
© - 30 Fitting curveI
¢ o
—~40 L —
S ° ° X0tk 2
e 9 =~ /
z 2z
= =
30k [*) Sk 9 L ¢
g g \ x/0.91)
° ) Average value = 22.80% ° 3 ¥ =74.34-53.34eC"
> %9 o S 9 L4 2
S0 [ g E0F 99 o R=045
© ©
~ ° ° 2 /
o B o
TS I
] ¢
- 00
0 1 1 1 L 1 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 25

Vitrinite reflectivity (R,) (%)

Vitrinite reflectivity (R,) (%)

Figure 10. Variation of the industrial component of OCD samples with R,: moisture (a), volatile (b), ash (c), and fixed carbon (d).

160

140

353
=1

100

80

60

Contact angle (°)

40 @ Measurement data]]

fm Fitting curve

20

1.0 1.5 2.0
Vitrinite reflectivity (R,) (%)

Figure 11. Variation of the contact angle between OCD and water
with R,.

individual protection, dust collector and spray dust removal
devices in underground coal mines. That is, to reduce the coal
dust concentration in coal mining sites, the particle size of
spray mist should be 20—30 pm, and the filter particle size of
dry dust collector should be less than 30 pm. Furtherly,
because the smaller the particle size of coal dust, the greater
the harm to the human body,” the government should fully
consider the coal dust particle size parameter when specifying
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the maximum allowable dust concentration in underground
coal mining face.

4.2. Pore Structure of the OCD. The pore structure of
coal dust significantly influences its aerodynamic character-
istics.”® Specifically, the more developed the pore structure of
coal dust, the larger its SSA and the lower its true density, thus
the longer floating time in the air, leading to an increased
probability of coal dust being inhaled by humans and
consequently enhanced the harmfulness of coal dust to the
human body.”® In the same volume, coal dust with well-
developed pores experiences less gravitational force and is
more prone to diffusion in underground tunnels, making it
easier to diffuse.’® As shown in Figure 17b,c, although the two
dust particles have the same particle size, the dust particles in
Figure 17c have a more developed pore structure. This allowed
the surface to adsorb more air, forming an air film and greater
air buoyancy on the particle. Therefore, compared with the
dust particles in Figure 17b, the particles in Figure 17c can
disperse over a greater distance in underground tunnels. As
shown in Figure 17d, the smaller dust particles experienced a
relatively low gravitational force, allowing them to be easily
lifted and carried by the air in underground tunnels. This
enables them to disperse over a greater distance than larger
dust particles. Therefore, the dust diffusion distance should be
considered for dust control in the underground coal mining
face, and the installation distance of spray and dust-collector
should be increased, to improve the control efficiency of fine
coal dust.
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4.3.Su

rface Oxidation Degree of the OCD. In addition,

the large RCs of O, C, and the surface C—O functional groups
in OCD, indicate that the degree of oxidation on the OCD

surface is

high, mainly due to the small particle size, large

surface area, and well-developed pore structure of OCD, which
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100
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Figure 14. Relative content of the C, O, and Si elements on the OCD
surface based on the XPS test.

allow the surface to adsorb a large amount of oxygen, resulting
in a high degree of oxidation. Numerous studies”">*~*> show
that the oxygen-containing functional groups in coal dust can
easily form hydrogen bonds with water molecules because of
its strong polarity, thereby could increase the wettability of coal
dust. Therefore, the greater the content of oxygen-containing
functional groups in coal dust, the stronger the wettability of
coal dust. In addition, studies***® have shown that the oxygen-
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Figure 1. Variation of the functional carbon groups relative content on the surface of OCD with Ry: C—C and C—H (a), C—O (b), C=0 (c),

and O—C=0 (d).

Table 4. Physicochemical Parameters of the OCD

number physicochemical characterization factors
1 wettability contact angle
2 D10
3 particle size Dso
4 D90
S P10
6 specific surface area (SSA)
7 mesopore size
8 pore properties micropore size
9 average pore size
10 mesopore volume
11 micropore volume
12 total pore volume
13 moisture
14 industrial component volatile
15 ash
16 fixed carbon

number physicochemical characterization factors
17 C
18 H
19 ultimate analysis (¢}
20 N
21 S
22 C-C/C-H
23 Cc-0
24 surface functional groups C=0
25 0-C=0
26 C
27 O
28 Si
29 vitrinite
30 vitrinite component exinite
31 inertinite
32 inorganic minerals

containing functional groups in coal dust also have a significant
impact on its explosion and toxicity. Therefore, specific
research on the explosion and toxicity of OCD should be
carried out in the future.

4.4. Correlation Between the Physicochemical Pa-
rameters of the OCD and R,. Furthermore, significant
correlations between the physicochemical parameters of the
OCD and R, were found in this study, which attributed to the
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fact that coal dust originates from coal seams. Specifically, as
the coalification degree increases, the C content increases, the
O content decreases, the porosity and the moisture content of
coal all decreases, resulting in poorer wettability of coal dust.
Therefore, for the coal with a high degree of coalification, dry
dust removal technology should be preferentially selected
during controlling coal dust. When applying wet dust removal
technology, surfactant materials should be added to reduce the
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surface tension of water and improve the wettability of coal
dust.

This study has some limitations, though we systematically
collected and characterized the OCD and its physicochemical
properties at various underground mining sites. First, when
characterizing the physicochemical properties of coal dust,
multiple methods can be used to improve the accuracy of test
results; for instance, both scanning electron microscope (SEM)
and laser particle size analyzer can be simultaneously employed
to measure the particle size distribution of coal dust. Also, the
method and device of sampling large amounts of original coal
dust from underground air are very important, which should be
carried out in the future.

To sum up, first time, we collected 18 OCD samples from
underground coal mines for the first time. By characterizing the
physicochemical parameters of OCD samples, it was found
that compared to lab-crushed coal dust, the OCD exhibits
significant characteristics such as smaller particle size, well-
developed pore structure, and higher degree of oxidation. This
provides a foundation for accurately understanding the harm of
underground coal dust to human health and improving the
efficiency of dust suppression technologies.
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5. CONCLUSIONS

In this study, 18 OCD samples were collected from
underground coal mining sites, and their physicochemical
parameters were measured. The relationship between the
physicochemical parameters of OCD and R, was investigated.
The main conclusions are as follows:

1 OCD nparticles have small particle sizes. The average
particle size (DS0) of OCD was 26.49 ym, and 21% of
OCD samples had a particle size <10 gm (P10). This
particle size is significantly smaller than that of the lab-
crushed coal dust.

OCD samples exhibited a well-developed pore structure.
On average, the total pore volume of OCD is 8.24 X
1073 cm3/g, and the SSA of OCD is 8.24 mz/g. With
increasing Ry, the pore size of OCD varied as a cubic
function, and the pore volume and SSA of the OCD
decreased exponentially.

OCD exhibited a high degree of oxidation. With an
increase in Ry, the O content in OCD decreased slightly,
with an average of 32.35%, and the total average relative
content of the O-containing functional groups in OCD,
including C—0O, C=0, and O—C==0, reached 45.71%.
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This is mainly due to the small particle size and well-
developed pore structure of OCD.

4 Among the 32 physicochemical parameters of OCD, 10
and 6 parameters had moderate and high correlations
with R, respectively, which mainly represented wett-
ability, pore structure, moisture content, and element
content.
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