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• Coal dust contains free radicals in ex-
tremely large quantities.

• They can remain stable for several months
to years and hence should be called as
EPFRs.

• EPFRs in coal dust are mainly oxygenated
and carbon-centered.

• EPFRs quantity (spin counts) increases
with the carbon content and reflectance.

• EPFRs in the coal dust might be playing a
major role inmodulating the coal dust tox-
icity.
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Coal dust is the major hazardous pollutant in the coal mining environment. Recently environmentally persistent free
radicals (EPFRs) were identified as one of the key characteristics which could impart toxicity to the particulates re-
leased into the environment. The present study used Electron Paramagnetic Resonance (EPR) spectroscopy to analyze
the characteristics of EPFRs present in different types of nano-size coal dust. Further, it analyzed the stability of the free
radicals in the respirable nano-size coal dust and compared their characteristics in terms of EPR parameters (spin
counts and g-values). It was found that free radicals in coal are remarkably stable (can remain intact for several
months). Also, Most of the EPFRs in the coal dust particles are either oxygenated carbon centered or a mixture of car-
bon and oxygen-centered free radicals. EPFRs concentration in the coal dust was found to be proportional to the carbon
content of coal. The characteristic g-values were found to be inversely related to the carbon content of coal dust. The
spin concentrations in the lignite coal dust were between 3.819 and 7.089 μmol/g, whereas the g-values ranged from
2.00352 to 2.00363. The spin concentrations in the bituminous coal dust were between 11.614 and 25.562 μmol/g,
whereas the g-values ranged from 2.00295 to 2.00319. The characteristics of EPFRs present in coal dust identified
by this study are similar to the EPFRs, which were found in other environmental pollutants such as combustion-
generated particulates, PM2.5, indoor dust, wildfires, biochar, haze etc., in some of the previous studies. Considering
the toxicity analysis of environmental particulates containing EPFRs similar to those identified in the present study,
it can be confidently hypothesized that the EPFRs in the coal dust might play a major role in modulating the coal
dust toxicity. Hence, it is recommended that future studies should analyze the role of EPFR-loaded coal dust in medi-
ating the inhalation toxicity of coal dust.
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1. Background
One major health and its derivative issues of coal mining is workers'
dust exposure, leading to respiratory diseases and health problems (Laney
and Weissman, 2014). Any coal mining process, whether coal cutting,
transportation or preparation processes, is associated with emitting and
transporting dust particulates. In the past several years, it has been proven
that coal dust is responsible for conditions such as chronic obstructive pul-
monary disease (COPD), asthma, stunted lung development, cardiac ar-
rhythmias, pneumoconiosis, acute myocardial infarction, and lung cancer
(Petsonk et al., 2013). The coal mine workers prolonged interaction with
the coal dust during the coal mining processes makes them highly suscepti-
ble to even serious forms of diseases such as coal workers' pneumoconiosis
(CWP) and progressive massive fibrosis (PMF) (Laney and Weissman,
2014). Moreover, a spectrum of respiratory diseases collectively called
“Coal Mine Dust Lung Disease (CMDLD)” is found to be associated with
coal mine dust exposure (Laney and Weissman, 2014).

Coal dust exposure and its associated health impact are long associated
with the coal mining industry. There is a long history of regulations and de-
velopment to protect coal mine workers from coal dust-related health prob-
lems (Liu and Liu, 2020). Due to the progressive adaption of engineering
dust control measures and the enforcement of dust regulation, there was
good progress till 2000 in continuously decreasing dust-related occupa-
tional health issues. However, despite the laws and regulations limiting
coal workers' exposure to coal dust, a resurgence of the disease was ob-
served in 2003 in the U.S., one of the world's major coal-mining countries.
A recent CDC/NIOSH report demonstrated that starting in 1995, the preva-
lence of CWP in U.S. underground coal miners had again begun to increase
(Attfield et al., 2011). Themost disturbing is the increase in severity, partic-
ularly among young miners in the Appalachian basin (of which the CWP
prevalence is four times higher than the national average)—including
Pennsylvania, West Virginia, Virginia, and Ohio (Doney et al., 2019; Hall
et al., 2019). A dramatic increase in the prevalence of PMF among working
underground coal miners has been observed in central Appalachia past de-
cade (Fan and Liu, 2021). Not only in U.S. similar increase has been ob-
served in other major coal-producing countries also, such as China and
Australia (Liu and Liu, 2020).

These discussions and evidence suggest that the causes of coal dust tox-
icity remain unclear due to the complexity of the dust characteristics and its
interactions with the human lung. Given workers' importance and level of
involvement in the coal mining industry, there is a dire need to understand
the characteristics and mediators of coal dust toxicity. Several reasons and
characteristics of coal and other dust have been discussed in the literature
to impact the toxic potential of coal dust. Some of these characteristics
are silica content (Pavan et al., 2020), metal or metallic ions (Li and Liao,
2018; Li et al., 2018), particle size (Liu and Liu, 2020; R. Zhang et al.,
2021), surface area (R. Zhang et al., 2021), wettability (Löndahl et al.,
2010), pyrite content (Cohn et al., 2006), oxidative stress generating poten-
tial (Batool et al., 2020; Zazouli et al., 2021) and Free Radicals (FRs) (Dalal
et al., 1995) etc. Recently, free radicals, which could persist in the environ-
ment for days to years, termed environmentally persistent free radicals
(EPFRs), have received considerable attention as biological and environ-
mentally hazardous substances. EPFRs are the species with free electrons
in their configuration and can remain stable for more than one day,
which could be detected with the help of Electron Paramagnetic Resonance
(EPR) spectroscopy (Arangio et al., 2016). Their longer lifetime allows
them to remain intact in the atmosphere longer and get transported farther
distances. These characteristics overall affect the higher risk of EPFR expo-
sure. While remaining intact during their transportation, combined with
their reactive nature, EPFRs represent reservoirs of reactivity in the envi-
ronment that influence the nature and toxic potential of the particulates
(Filippi et al., 2022). Although there has been an ongoing discussion on
EPFRs for more than half a century, their health impacts are poorly under-
stood. Recently, there has been a surge in the number of studies attempting
to understand the hidden reactions in the environmental systems, such as
aerosols, cloud-condensation nuclei (CCN), and nano-scale reactions in
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the atmosphere aerosol toxicity. There is a clear increasing trend in re-
search on the characterization and health effects of EPFRs present on envi-
ronmental matrices, aerosols, nanoparticles, etc.

A study published in Particle and Fibre Toxicology raised biological con-
cerns about the EPFRs in MCP230 due to their ability to induce lipid perox-
idation (Balakrishna et al., 2009). This means that EPFRs in the ultrafine
particles could modulate their cellular oxidative stress and cytotoxicity po-
tentials. Another study demonstrated that the upper respiratory tract has
the highest EPFR exposure and that the particle size could influence their
potential toxicity (Chen et al., 2020). Another prominent mediator of parti-
cle toxicity is the potential of EPFRs to generate an overwhelming amount
of reactive oxygen species (ROS), which leads to oxidative stress (Gurgueira
et al., 2002; Okayama et al., 2006). There are many kinds of ROS reported
in the particle phase, such as •R, •RO, •RO2, •OH, HO2• etc. (Pavlovic and
Hopke, 2010). Among these, •OH is the most damaging, and a recent
study shows that the EPFRs in the PM2.5 could generate hydroxyl radicals
(Gehling et al., 2014). Another similar experimental observation calculated
that one EPFR could generate ~10 hydroxyl free radicals (Khachatryan
et al., 2011). Filippi et al. found a significant level of EPFRs from the partic-
ulatematter, dust and surfaces collected from the indoor environment from
several locations (Filippi et al., 2022). Evidence suggests that the environ-
mentally persistent free radicals (EPFRs) associated with PM can generate
ROS because their redox-cycling nature leads to adverse health effects
(Dellinger et al., 2001; Squadrito et al., 2001). A significant amount of
EPFRs was observed in the PM2.5 particles collected from the highway,
which was linked with the ROS generation and total DTT activities at the
highway sites (Hwang et al., 2021). The toxic effects of EPFRs are also
observed, leading to adverse infant respiratory health effects (Saravia
et al., 2013). Overall, the collective evidence suggests the potential tox-
icity mediating effect of acute and chronic exposure to EPFRs on atmo-
spheric particles (Balakrishna et al., 2009; Saravia et al., 2013; Wang
et al., 2011).

Research on the free radicals in coal and coal dust has been reported in
the literature. Previous studies have characterized the free radicals present
in the coal and coal conversion processes (Zhou et al., 2019). As early as
1968, Retcofsky made an EPR study on a series of American coal samples
of peat, lignite, sub-bituminous, bituminous, and anthracitic to understand
the chemistry and structure of coal. Pilawa et al. used EPR spectroscopy to
characterize paramagnetic centers of reductively methylated and butylated
Polish flame coal (70.8 wt% C) in a potassium–liquid ammonia system
(Pilawa et al., 1998). Several other studies have used EPR spectroscopy to
characterize coal (Dalal et al., 1989; Green et al., 2012) or understand the
role of free radicals in several processes associated with coal utilization
(Y. Zhang et al., 2021; Zhao et al., 2020).

As discussed earlier, coal dust toxicity is a serious occupational hazard,
especially to the miners who are chronically exposed to it. There is a lack of
studies demonstrating the role of EPFRs present in the coal dust in mediat-
ing its toxicity. The situation becomes more warranting when there is a re-
ported increase in the coal dust-related health issues showing the limited
understanding of the coal dust characteristics mediating its toxicity. Based
on the reported literature, it was recognized that the EPFRs present in
coal is widely recognized, but their effect in mediating coal dust toxicity
has not been fully investigated and understood. As an analog, it is
evidenced that the toxicity of the atmospheric particles increases with
known EPFRs. We identified the need for improved understanding the
role of the EPFRS in coal dust-induced toxicity and its implication to the re-
cent surge in CWP in central Appalachia. Strong evidence suggests that the
EPFRs could strongly mediate coal dust-induced induced CWP. Remark-
ably, stable coal radicals were detected and measured in the lungs of 98
coal miners, and free radicals were found in the autopsied coal miner's
lungs (Dalal et al., 1991). They measured the stable radical concentrations
from the lung tissue of 98 coal workers with and without (a) CWP,
(b) cancer, and (c) a history of cigarette smoking (Dalal et al., 1991). The
stable radical concentration was found to be related to the longer mining
tenure and CWP disease severity. An increase in the stable free radical con-
centrationwas associatedwith the CWP severity (Dalal et al., 1991). Higher
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concentrations of EPFRs were associated with workers working longer in
central Pennsylvania's anthracite region. Moreover, the severity of CWP
was well correlated with the progressive increase in free radical concentra-
tion. Something very important to note here is that the free radicals in coal
dust are so stable that they were detected in the autopsied coal mine
workers (dead man's lungs) that too in concentration slightly less than
what was found for the nano-sized lignite coal dust in the present study
(0.9 to 1.66 μmol/g). This study is strong evidence that EPFRs in coal
have strong implications for their toxic potential.

Previous studies demonstrate that the coal dust-induced toxicity at-
tributed to EPFRs is well correlated among long-term coal miners. This
study provides direct measurements of EPFRs in different types of coal
dust. The outcomes of this study offer a data set of the EPFRs in different
ranks of coal and serve as the baseline for future toxicity studies. Several
coal dust samples prepared from a range of lignite to bituminous coal
were used for EPR spectroscopy. The data collected from EPR spectros-
copy were processed to get the important EPR parameters further corre-
lated with the several coal dust characterizations. The nature and
quantity of the EPFRs obtained in this study strong findings beneficial
for future biological tests for ultimate toxicity analysis. This research
presents a unique way to understand coal dust toxicity issues and de-
velop preventive measures.

2. Methods

2.1. Coal samples and their characteristics

Eight different types of coals were obtained from the Penn State Coal
sample bank. The description of coal samples is provided in the supplemen-
tary sheet Table S1. This work aims to comprehensively investigate the
EPFRs on coal with an expected implication on the mine workers' long-
term health effects. In the United States, the most produced coal in tonnage
is lignite and bituminous. Therefore, we choose two ranks, lignite and bitu-
minous coals. We chosemore bituminous coal samples (6 samples) because
of the recent increasing trend of lung disease in the bituminous coal region,
especially in the central Appalachian basin (Fan and Liu, 2021). As can be
observed that the coal samples consisted of different ranks, including lig-
nite, medium and high volatile bituminous. This study considered two lig-
nite samples, named Lig1 and Lig2, and six bituminous samples, termed as
Bit1, Bit2, Bit3, Bit4, Bit5, Bit6. Proximate, ultimate, elemental analyses
and atomic ratios measured by the Penn State coal sample bank were ob-
tained and analyzed. Table S2 and Fig. S1(a) and (b) present the proximate
and ultimate analysis results of all eight coal samples. Both proximate and
ultimate analyses show that Lig1 and Lig2 have less carbon content than
the bituminous coals. As measured by proximate analysis, the moisture
contents of Lig1 and Lig2 samples (33.38 % and 34.91 %, respectively)
are much higher than any of the bituminous coals. It is also noted that
the oxygen contents of Lig1 and Lig2 are 12.4 % and 10.5 %, respec-
tively, much higher than for the 6-bituminous coal dust samples
(4.44 %, 5.17 %, 7.27 %, 6.92 %, 5.18 %, and 4.16 %).

The elemental analysis results, atomic ratios, and reflectance measure-
ments are presented in Table S3 and Fig. S1(c) and (d). The elemental anal-
ysis results show a higher carbon, hydrogen and nitrogen content for all six
bituminous coal samples than the two lignite coal dust samples, similar to
what was observed with proximate and ultimate analysis (Table S2).
Also, the two lignites have higher oxygen contents of 17.76 and
15.32 %, respectively, than the six bituminous coal samples measured
in elemental analysis. O/C ratios for the two lignite dust samples
(0.206 and 0.177, respectively) are higher than all six bituminous coal
samples (Fig. S1(d)). This means there are more oxygen atoms per car-
bon atom in the lignite coal samples than in the bituminous coal sam-
ples. Vitrinite reflectance values for all the coal samples are presented
in Fig. S1(d). As expected, the reflectance values of the lignite coal sam-
ples are much lower than the bituminous coal samples. Reflectance
values can represent the degree of coal maturity, with a higher value
showing a higher degree of coalification and maturity.
3

2.2. Preparation of coal dust samples and particle size measurements

Coal samples were pulverized using different crushing methods for EPR
analysis. Fig. 1 shows the instruments and step-wised procedure used in the
present study.

Each of the eight coal sampleswas initially hand-crushed by a pestle and
mortar to a particle size of <80 mesh (<177 μm), which was suffixed as a
hand-crushed (HC) sample. Each HC sample was further pulverized to get
respirable coal dust through the cryogenic ball-milling using CryoMill
(Retsch Inc.) in the Materials Characterization Lab at Penn State. During
the whole cryomill processing, liquid nitrogen was continuously circulated
through the autofill system to keep the temperature at−196 °C duringmill-
ing. Using a liquid nitrogen environment prevents the overheating of the
powder sample, which makes the process faster and maintains the original
nanopore structure of the coal dust. A maximum of 20 ml of the HC coal
dust powders were put into the sample cell. 5 Hz of vibrational frequency
was used for pre-cooling, and two cycles with 2 min of each cycle and
30 Hz of vibrational frequency were used. One minute of intermediate
cooling timewas kept between each cryo-milling cycle. Such coal dust sam-
ples were suffixed as Cryomill 2 cycle (Cr2) coal dust samples. Cryo-milling
was further performed for four cycles keeping the rest of the cryo-milling
parameters the same. Such coal dust samples were suffixed as Cryomill
4 cycle (Cr4) coal dust samples. So, it became three coal dust samples
for each, making it a total of 24 coal dust samples used for subsequent
analyses. The prepared coal dust samples were kept in an airtight plastic
bag and flushed with helium to prevent oxygen adsorption and potential
oxidization. It was taken out only during crushing and immediately
stored back. During the cooling time in the cryo-milling process, the
sample was in a liquid nitrogen atmosphere without oxygen.

The particle size distribution for these samples was measured by
Zetasizer Nano ZS located at the Materials Characterization Lab of Penn
State. The particle size measurement of the Zetasizer is based on the princi-
ple of dynamic light scattering (DLS). The typical measurement range of a
Zeta-sizer is 0.3 nm to 10 μm. Before each measurement, each coal dust
sample (dispersant) and isopropanol (solvent) were mixed inside a small
beaker and put in an ultra-sonic oscillator for about 5 min for preliminary
dispersion. A small sample was dispersed in the isopropanol solvent and
put in a 12mmOD (outer diameter) square polystyrene cuvette for aqueous
solvents for measurement. It was left undisturbed for 2 min to stabilize the
dispersion. Thermally-induced collisions between solvent molecules and
the dust particles cause the coal dust particles in the suspension to undergo
Brownian motion. As per the principle of DLS, when these randomly mov-
ing particles are illuminated with a laser, the intensity of the scattered
light fluctuates over time at a rate dependent upon the particle size. Analy-
sis of these intensity fluctuations yields the Brownianmotion's velocity and
particle size using the Stokes-Einstein relationship. Note that the diameter
measured in DLS is called the hydrodynamic diameter and refers to how a
particle diffuses within a fluid. Zetasizer software (v8.01) was chosen for
data collection and particle size analysis. As shown in Fig. S2, all the pre-
pared coal dust samples contain maximum particles in the respirable range.

2.3. EPR sample preparation and analysis

The characteristics of EPFRs in the 24 prepared coal dust samples were
measured using EPR spectroscopy. A measured amount of coal dust sample
was put in 4mmouter diameter EPR tubes (Wilmad labs), properly flooded
using helium, and sealed. EPR spectroscopy was performed at X-band using
an E-500 ELEXSYS EPR (Bruker Corp.) spectrometer. The measurements
were conducted at room temperature in the Super-hi-Q cavity (Bruker
BioSpin Corp.) with ESR 900 cryostat (Oxford Instruments). The spectrom-
eter's magnetic field was calibrated using Chromium E1703Magnetic Field
Standard (Magnettech GmbH) with the derivative g value of 1.980. EPR
scan parameters were kept the same during all the experiments:modulation
frequency, 100 kHz, X-band; microwave frequency, about 9.87 GHz; atten-
uation, 40 dB; time constant-50 ms and number of scanning points-2048.
All the observations were accomplished in the air at ambient temperature



Fig. 1. Coal dust sample preparation, particle size analysis and EPR analysis of coal dust samples.
(Modified from R. Zhang et al. (2021).)
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and atmospheric pressure. EPR scans were performedwith the Bruker com-
puter software WinEPR Acquisition. The parameters recorded and further
calculated from EPR spectra are g-value and spin concentration (radical in-
tensity, i.e., concentrations of paramagnetic centers). The intensity of the
signal was obtained by double integration of the signal. To determine the
number of spins in the sample, a series of 4-hydroxy-TMPO free radical
samples with a known number of spins was measured, and a calibration
curve was plotted (see supplement Fig. S3). To ensure that all spins in the
samples were accounted for, the sample length was 25.4 mm, which kept
thewhole sample in the resonator. For comparison purposes, the total num-
ber of spins (μmol) was normalized by weight by dividing the calculated
spin count by the weight of the sample.
2.4. Correlation analyses

One of the primary purposes of this studywas to understand the charac-
teristics of coal dust, which determines the nature and content of coal dust.
Proximate, Ultimate, Elemental analysis, O/C and reflectance are some
preliminary tests performed to understand the nature of coal. Most of the
time, these tests are sufficient to provide enough information about the
type and nature of coal. Hence, the goal was to see if the same primary
tests done for coal could help provide some information about the free rad-
ical content of coal dust. Through correlation analysis, we found the possi-
ble characteristics of coal dustwhich could play amajor role in determining
the type and nature of free radicals. We found that carbon and oxygen are
the main content of coal dust which play a prominent role in deciding
4

EPFR characteristics. Also, we know that carbon is the main content of
coal dust, so its role in affecting the EPFR characteristics was extremely im-
portant to understand. Hence, we mainly separated the correlation
analysis of carbon and EPFR g-values and spin counts.We know that several
statistics, such as p-value, residual r-square, and r-square, found through
fitting analysis, aremathematical indicators and evidence of strong correla-
tion. Hence, theywere performed andmildly discussed to the point tomake
our objectives more understandable. It is expected that the correlation per-
formed in the present analysis could be reasonably used to assess the future
EPFR-modulated toxicity of coal dust.

Correlation analysis was performed between the proximate, ultimate,
and elemental analysis, atomic ratios and reflectance measurements and
the spin counts and g-values obtained by the EPR spectroscopy. A correla-
tion was performed to find relationships between the coal characteristics
(indicators) and EPR values (spin counts and g-values) which are the indica-
tors of the toxicity of coal dust. The Pearson correlation coefficient between
the coal dust characteristics and the EPR calculated values was calculated.
The Pearson correlation coefficient between two random variables, X and
Y, measures their linear dependence. The Pearson correlation (ρ X,Yð Þ) is
defined as:

ρ X,Yð Þ ¼ 1
N � 1

∑
N

i¼1

Xi � μXð Þ
σX

Yi � μYð Þ
σY

(1)

where N is the number of observations, μX and σX are the mean and stan-
dard deviation of variable X, and μY and σY are the mean and standard de-
viation of variable Y. The correlation coefficient matrix of two random
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variables is the matrix of correlation coefficients for each pairwise variable
combination as:

M ¼
ρ X,Xð Þ ρ X, Yð Þ . . .

ρ Y ,Xð Þ ρ Y ,Yð Þ . . .

⋮ ⋮ ⋱

0
B@

1
CA (2)

The correlation coefficient is a scalar value in the (−1,1) range. A cor-
relation coefficient value close to 1 implies a positive correlation, whereas
a value of −1 implies a negative correlation between two variables. p-
Values were also calculated for the correlation between the two variables
using the Pearson correlation coefficients using t-distribution given by:

t ¼ ρ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
N � 2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � ρ2

p (3)

where ρ is the Pearson correlation coefficient between two variables and N
is the number of observations. p-Values range from 0 to 1. A small p-value is
an indication that the null hypothesis is false. It means that the correlation
coefficient differs from zero and a linear relationship exists.

The linear regression analysis was done to understand the relation
between the scalar response (EPR spin counts and g-values) and the ex-
planatory variables (coal dust characteristics). The form of linear equa-
tion used is:

y ¼ aþ bx (4)

where y is the dependent variable (EPR spin counts and g-values) and x
is the independent variable (coal dust characteristics). a and b are the in-
tercept and slope of the fitted lines. The residual sum of squares (RSS) is
calculated from the linear fit using:

RSS ¼ ∑n
i¼1 yi � f xið Þð Þ2 (5)

where yi is the ith value of the variable to be predicted, xi is the ith value
of the explanatory variable, and f xið Þ is the predicted value of yi. The
smaller the residual sum of squares, the better the model fits the data.
Coefficient of Determination (COD) or R2 which means the percentage
of the response variable variation explained by the fitted regression
line is also calculated. COD is given by:

R2 ¼ 1 � SSRes
SSTot

(6)

SSRes and SSTot are the sum of squares of residuals and the total sum of
squares, respectively, given by:

SSRes ¼ ∑n
i¼1 yi � f xið Þð Þ2 (7)

SSTot ¼ ∑n
i¼1 yi � yð Þ2 (8)

where y is the mean of the observed data. R2 is always between 0 and 1. R2

value of 1 indicates that the fitted line explains all the variability of the re-
sponse data around its mean. In general, the larger the R2, the better the
fitted line fits the data. The adj. R2 is also calculated for the linear fit. The
Adj. R2 is a modified version of the R-square, adjusted for the number of
predictors in the fitted line. Its mathematical expression is in the form of
the following:

R2
adj ¼

1 � R2
� �

N � 1ð Þ
N � P � 1ð Þ (9)

P is the number of predictors andR2 is the COD. The values of the Linear
fit analysis and corresponding R2, RSS, R2

adj and Pearson's r values are put in
a box inside the corresponding graphs, wherever they are plotted.
5

3. Results

This study aimed to understand the characteristics of the EPFRs present
in different types and ranks of coal and how these characteristics correlate
with the properties of coal obtained through different analysis methods.
The EPR measurements of all 24 samples were taken on three different
days, i.e., 24th December 2021, 28th February 2022 and 28th April 2022.
These EPR measurements are shown in Figs. S4, S5 and S6. By comparing
EPR curves collected on different days, all the absorption lines appear sim-
ilar, i.e., symmetric curves without hyperfine structures. However, the in-
tensities and locations are distinguished from each other. Typically, EPR
spectra of pure materials such as methyl display hyperfine structures asso-
ciated with hyperfine splitting. However, coal is a complex structure with
multiple paramagnetic centers and usually shows smooth curves without
hyperfine splitting (Zhou et al., 2019). The peak area of the EPR spectra
is used to obtain the concentration of EPFRs, and Lande g-values depend
upon the peak position. The g-values are unique in that they are regarded
as the material's fingerprint. This means that the g-values of coal dust
samples reflect the combined feature of all the types of radicals within
them because of their chemically heterogeneous nature (Liu et al.,
2014). The Lande g-value is the ratio of the electron's magnetic moment
to its angular momentum. It is calculated using the relationship:

g ¼ hν
μBBr

(10)

In Eq. (10), g is the Lande g-value, h is the Planck's constant (6:626176�
10−34 joule-seconds), ν is the microwave frequency (9.87 GHz), μB is the
Bohrmagneton (9:274� 10−24 J∙T−1), and Br is the magneticfield strength.
EPR spin counts (μmol/g) and g-values were calculated from the raw data
(Table S4). Fig. 2(a), (b) and (c) shows the concentration of EPFRs (spin
counts, μmol/g) calculated for Hand Crushed, Cryo 2 and Cryo 4 samples,
respectively. It was noted that the spin counts, as calculated from the EPR
data, remained constant, and there was an insignificant change for all
three measurement days (Fig. 2). This suggests that the free radicals in
the coal dust are persistent in nature and can stay stable for months.
Hence, these free radicals are persistent and should be termed as EPFRs. Av-
erage values and standard deviations of the spin counts and the g-values are
also shown in Table S4. Generally, the g-values of the coal dust particles are
higher than that of free electrons (gE ¼ 2:0023) due to the spin-orbit cou-
pling of EPFRs and also interactions with native atoms and lattice in the
coal dust (Liu et al., 2014).

Based on the tested coal samples, the g-values were distributed between
2.0029 and 2.0037 (Table S4). Note that the g-values indicate the nature of
the paramagnetic species and are unique for an unpaired electron in a
typical environment. This means that an unpaired electron has a unique
g-value in a given chemical environment. The g-values in the range of
2.003 to 2.0037 are characteristics of oxygenated carbon-centered or amix-
ture of oxygen or carbon-centered EPFRs, in which case the free electron
can get delocalized over oxygen (Liu et al., 2014; Petrakis and Grandy,
1978; Xu et al., 2019). It can be seen in Tables S2 and S3 that the bitumi-
nous coal has less oxygen content than the lignite coals corresponding
that they have lower g-values. This suggests that the EPFRs in the bitumi-
nous coal dust are mainly oxygenated carbon-centered free radicals.
Whereas the lignite coals have higher oxygen contents and fewer carbon
contents, meaning more oxygen around the EPFRs in them, and hence
their g-values are close to 2.0037. It is well known that the EPR spectra of
coal are smooth because it has multiple paramagnetic species (Zhou et al.,
2019). Also, several studies have documented that a larger g-value of
coal means the presence of more heteroatom-containing radicals due
to their stronger spin-orbit coupling interactions (Zhou et al., 2019).
Based on this, it can be thought that the free radicals in lignite can be ox-
ygenated carbon centered or maybe a mixture of carbon and oxygen-
centered free radicals.

Another observation from Table S4 is that all the bituminous coal dust
samples have several orders of magnitude higher EPFR concentrations



Fig. 2. Spin counts calculated from EPR analysis of different coal dust samples: (a) Spin counts for hand crushed coal dust samples; (b) spin counts for cryo-milled two cycles
coal dust samples; (c) spin counts for cryo-milled four cycles coal dust samples.
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than the lignite coal dust. Several other studies have noted similar results
(Petrakis and Grandy, 1978; Pilawa and Więckowski, 2007). The stability
of free radicals in coal originates from the metamorphism of organic
coal substances in geological time. Bituminous coal has gone more
metamorphism than lignite coal meaning bituminous coal was created
after surviving at high pressure and temperature for a long extended pe-
riod (Pilawa andWięckowski, 2007). Hence, their paramagnetic centers
are even resistant to difficult paleo-environmental conditions, and more
paramagnetic centers can be produced from bituminous coal than lig-
nite coal. This work presented a correlational study to determine the
correlation between coal dust characteristics correlated with EPFR
values and their possible implications on health risk potential.

3.1. Correlation between EPFRs characteristics and the proximate analysis of
coal dust

Proximate analysis of the prepared coal dust is a simple means of de-
termining the distribution of products obtained when the coal sample is
heated under specified conditions. It provides an assay of the (1) mois-
ture, (2) volatile matter: consisting of gases and vapors driven off during
pyrolysis, (3) ash: the inorganic residue remaining after combustion and
(4) fixed carbon: the non-volatile fraction of coal (“Proximate Analysis,”
2015). Fig. 3 shows the relationships between the EPR calculated values
and the coal dust proximate analysis values for all prepared coal dust.
We have already discussed that based on the g-values, the free radicals
are oxygenated carbon-centered in the coal dust in the present analysis.
From Fig. 3, it is apparent that the EPFR g-values and spin counts are
positively correlated with the moisture and fixed carbon content of the
coal dust.

Lignite coal dust has a highermoisture content than the bituminous coal
dust samples (Fig. S1(a)); correspondingly, they have higher g-values and
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lower spin counts. As discussed above, the higher g-values in the lignite
(>2.0035) show that the free radicals in the lignite coal dust are either ox-
ygenated carbon centered or amixture of both carbon and oxygen-centered
free radicals.

Similarly, we see a strong correlation between the EPFRs spin counts
and g-values and the fixed carbon content of the coal dust. Bituminous
coal has higher fixed carbon content, smaller g-values, and higher spin
counts. Similar observations have been made in earlier studies, and some
have found that the g-values decrease with the increase in coal maturity
(Liu et al., 2014). As mentioned, bituminous coal has matured more;
hence, the coal dust produced from the lignite coals has lower carbon con-
tents. There is no significant correlation between the ash and volatile con-
tent of the coal dust and the EPFR concentration and g-values (Fig. 3).
The Pearson correlation matrices are listed in Table S5. Table S5 asserts
the visual observation that there is a strong linear dependence between
the fixed carbon content and the EPFR spin counts and g-values. The
g-values confirm that the free radicals are oxygenated carbon-centered
for bituminous coal dust. Increasing spin counts means that with in-
creased carbon content in the tested coal dust, the concentration of
EPFRs increases. p-Values for the linear combination of coal dust EPFR
characteristics and the fixed carbon content are extremely small
(Table S5). This again suggests a strong linear relationship between
the EPFR characteristics and the fixed carbon content.

Another key point is that the increase in moisture content decreases
the carbon content of the coal. The two lignite coals have several times
higher moisture content when compared to the six bituminous coal sam-
ples, as shown in Table S2, and consequently, they have a much lower
carbon content. Hence, a strong negative correlation was observed be-
tween the moisture content and the EPFR spin count, along with a pos-
itive correlation between the moisture content and EPFR g-values
(Table S5).



Fig. 3. Average of (a) g-values and (b) spin counts; calculated using EPR for hand-crushed, Cryomill-2 cycles and Cryomill-4 cycles coal dust samples plotted against their
proximate analysis values – Fixed carbon (%), moisture (%), volatile matter (%), ash (%). A strong correlation between the average g-values/spin-counts and the carbon
(%) can be observed. Error bars shows the standard deviation for the spin counts and g-values.
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Noticeably, there is a strong correlation between the EPFR characteris-
tics and the fixed carbon content of the coal dust. A linear fit analysis was
done between them, as shown in Fig. 4. The linear fit model and the corre-
sponding fit analyses between the scalar response (EPFR spin counts and g-
values) and the explanatory variables (fixed carbon) are mentioned in the
inner boxes in the graphs (Fig. 4(a) & (b)). The dotted lines show the plot
of the linear fitting line, and the fitting parameters are listed on eachfigure.
EPFR characteristics (g-value and spin counts) correlate well to the fixed
carbon content of coal dust. Pearson's r value is close to the −1, meaning
a strong negative correlation exists between the EPFRs g-values and the
fixed carbon content of coal dust. R2, R2

adj and RSS are reasonably good
for the linear fit between the EPFR g-value and fixed carbon content (box
of Fig. 4(a)). Similarly, the linear fit excellently predicts the calculated
Fig. 4. Linear fit between (a) g-values and fixed carbon (%); (b) spin counts and fixed
calculated linear fit parameters. Error bars shows the standard deviation for the spin co
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values of the EPFR spin count with the fixed carbon content of coal dust
(box of Fig. 4(b)).R2,R2

adj are extremely close to 1, showing an excellent lin-
ear fit (box of Fig. 4(b)).

Overall, it was observed that the EPFRs in the coal dust samples corre-
latewell with thefixed carbon content of the coal. An increase in the carbon
content of coal could suggest an increase in the EPFR concentration of the
coal dust.

3.2. Correlation between EPFR characteristics and ultimate/elemental analyses
of coal dust

This section discusses the correlations between the EPFR characteristics
and ultimate and elemental analysis results. Ultimate analysis of coal dust is
carbon (%); from proximate analysis. The boxes inside both (a) and (b) shows the
unts and g-values.
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used to determine the carbon, hydrogen, nitrogen, sulfur and ash contents
of the coal. The carbon (%) measured in the ultimate analysis is the carbon
present as organic carbon occurring in the coal material and carbon present
as mineral carbonate. Hydrogen (%) is the total hydrogen present in the or-
ganic material of the coal as well as the hydrogen associated with the water
in the coal. Nitrogen (%) is assumed to be the sumof nitrogen in the organic
matrix of the coal. Sulfur (%) measured in the ultimate analysis is the sum
of sulfur present in the organic sulfur compounds, inorganic sulfur, that is
mainly in the form of iron sulfides, pyrites andmarcasite and also inorganic
sulfates such as (Na2SO4, CaSO4). Similarly, elemental analysis of coal
provides information about carbon, oxygen, nitrogen, hydrogen, mineral
matter, and organic sulfur content in the coal.

Figs. 5 and 6 are the plots of EPFRs characteristics (spin counts and
g-values) of the prepared coal dust with their ultimate and elemental
Fig. 5. Average of (a) g-values and (b) spin counts; calculated using EPR for hand-crush
ultimate analysis values – carbon (%), oxygen (%), nitrogen (%), hydrogen (%), Ash (%
and the carbon (%) can be observed. Error bars shows the standard deviation for the sp
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analyses, respectively. As expected, a good correlation exists between
the g-values and spin counts of EPFR and total carbon content (%). As
shown in Figs. 5(a) and 6(a), the g-value is inversely proportional to
the carbon content of the coal increases. In contrast, Figs. 5(b) and 6
(b) show that spin count is proportional to the carbon content of the
coal. It should be noted that the fixed carbon measured in the proximate
analysis is measured as a difference of the material remaining after
determining moisture, volatile matter, and ash. Some carbon is lost
in hydrocarbons with the volatile matter during proximate analysis.
Whereas, as already mentioned, the carbon determination in the
ultimate analysis of coal includes carbon present as organic carbon
and carbon present as mineral carbonate. Considering that, fixed carbon
content is the major determinant of free radical characteristics in
coal dust.
ed, Cryomill-2 cycles and Cryomill-4 cycles coal dust samples plotted against their
), total sulfur (%). A strong correlation between the average g-values/spin-counts
in counts and g-values.



Fig. 6. Average of (a) g-values and (b) spin counts; calculated using EPR for hand-crushed, Cryomill-2 cycles and Cryomill-4 cycles coal dust samples plotted against their
elemental analysis values – carbon (%), oxygen (%), nitrogen (%), hydrogen (%), mineral matter (%), organic sulfur (%). A strong correlation between the average g-
values/spin-counts and the carbon (%) can be observed. Error bars shows the standard deviation for the spin counts and g-values.
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An extremely small p-value for the correlation between carbon and g-
values and spin counts of EPFR and carbon (%) suggests a strong linear re-
lationship (Tables S6 and S7). The g-value correlates negatively with the
carbon (%) in both cases (Tables S6 and S7). These observations are similar
to the observations in the case of proximate analysis (see Fig. 3). All of the
bituminous coal dust have carbon concentrations of >60 %, whether from
the ultimate elemental analysis (see Tables S2 and S3); hence they have
lesser g-values and higher spin counts (see Table S4). Overall, it is observed
that the chemical environment (represented by g-value) of EPFRs is repre-
sentative of the coal dust characteristics and that more carbon in the coal
dust leads to a more stabilized free radical concentration. It can also be
seen that there is a good linear dependence between the g-value of EPFR
and oxygen (%) for both ultimate and elemental analysis (see p-values in
9

Tables S6 and S7). Specifically, Tables S6 and S7 mean a positive correla-
tion exists between the g-value of EPFR and oxygen (%) for both ultimate
and elemental analyses, meaning the g-values increase as the oxygen con-
tent in the coal dust increases. Lignite coal has a higher oxygen concentra-
tion than bituminous coal (Tables S2 and S3).

As discussed earlier, as the EPFR can localize more and more on the ox-
ygen atoms, the measured g-values increase. The negative correlation
between the spin counts and oxygen (%) for both ultimate and elemen-
tal analysis (see Tables S6 and S7) is attributed to the higher coal matu-
ration, which has more stabilized free radicals associated with lower
oxygen content, i.e., bituminous coal. A similar positive correlation
was observed between the moisture content and g-values of the coal
dust (see Table S5). Moisture (H2O) also has oxygen and hydrogen in
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its molecular structure. However, the hydrogen is not strongly corre-
lated with the EPFR g-values. The oxygen content is closely related to
g-values, as shown in Tables S6 and S7. This means that the oxygen con-
tent of coal dust correlates with the absolute amount of oxygen in the
coal dust, whether inherited or present in the form of moisture. Nitro-
gen (%) is also measured as a part of the ultimate and elemental analysis
of coal. It is noted that there is a good linear dependence between the g-
value of Carbon-Centered EPFR (CCEPR) and nitrogen (%) for both ulti-
mate and elemental analysis (see p-values in Tables S6 and S7). Moreover,
there is a negative correlation between the g-values of CCEPFRs and nitro-
gen (%) (Tables S6 and S7). Earlier studies have reported that the nitrogen-
containing CCEPFRs have similar g-values as those containing oxygen.
Hence, it has been found that the nitrogen-containing CCEPFRs have a g-
value close to 2.0031 (Liu et al., 2014; Petrakis and Grandy, 1978).
Tables S2 and S3 mention that the nitrogen (%) of bituminous coal is al-
ways higher than that of lignite coal. Consequently, we see that all the
bituminous coal dust has a g-values closer to 2.0031 when compared
to the lignite coal dust.

A strong linear dependence was not observed between CCEPFR charac-
teristics, ash (%), total sulfur (%) from the ultimate analysis and organic sul-
fur (%) from the elemental analysis of the coal (see Tables S5 and S6).
Similarly, a weak correlation is observed between the CCEPFR characteris-
tics andmineral matter (%) from elemental analysis. It should be noted that
mineral matter in coal is an inclusive term that refers to the mineralogical
phases and all other inorganic elements in coal. Inorganic elements in
coal include elements that are bonded in various ways to the organic (C,
H, O, N, S) components (Speight, 2015). Some of these elementsmay corre-
late with the EPFR characteristics of the coal dust; however, that study is a
part of planned work to be accomplished in the future.

A linear fit analysis was also done between the CCEPFR characteristics
and carbon (%) from ultimate and elemental analysis. Linear fit plots,
along with the calculated values, are shown in Figs. 7 and 8. The inner
boxes in these figures show the linear fitting statistics for the corresponding
fit. The g-values predicted by the linear fit are close to the measured values.
Overall, Pearson's r for the linear fit between CCEPFR values and ultimate
and elemental analysis carbon (%) is −0.98013 and −0.89958 (close to
−1), respectively, showing a negative and good correlation (see inner
boxes of Figs. 7(a) and 8(a)). The R2 values are 0.9606 and 0.8095, and
adj:R2 values are 0.95879, and 0.80017 for ultimate and elemental analysis
carbon (%), respectively,meaning that a large percentage of the variable re-
sponse variation explained is well explained by the fitted regression line.
Similar observations can be made for the CCEPFRs spin counts and carbon
(%) from ultimate and elemental analysis (Figs. 7(b) and 8(b)). It can be
Fig. 7. Linear fit between (a) g-values and carbon (%); (b) spin counts and carbon (%); fro
parameters. Error bars shows the standard deviation for the spin counts and g-values.
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seen that for the positive correlation between CCEPFRs spin counts and car-
bon (%), Pearson's r is positive (0.92673 and 0.94889, respectively). TheR2

and adj R2 are >0.85 (close to 1), showing the linear fit was able to predict
values of spin counts close to those measured using EPR spectroscopy.

3.3. Correlation between EPR values and the atomic ratios and reflectance of
coal dust samples

This section will discuss the correlation between the EPFRs characteris-
tics and the atomic ratios and reflectance of coal. The atomic ratios of differ-
ent types of atoms in coal provide information about its structure. In fact,
atomic ratios have played a key role in determining coal molecular
structure throughout the literature (Mathews and Chaffee, 2012). The re-
flectance of coal can be used as an indicator of the maturity of the coal in
the hydrocarbon source rocks (Speight, 2015). Usually, the reflectance of
coal increases with the increase in maturity. Fig. 9(a) demonstrates the
CCEPFR g-values, and spin counts plotted against the H/C, O/C and reflec-
tance of coal dust. No obvious correlation was observed between the
CCEPFRs characteristics and the H/C ratio of the coal dust (Fig. 9(a)).
The correlation coefficient between CCEPFRS characteristics and H/C ra-
tios is close to zero (Table S8), and p-values are also considerably higher
(Table S8), meaning almost no correlation. However, we see a good corre-
lation between the O/C ratio and the CCEPFRs g-values and spin counts
(Fig. 9). The correlation coefficients are close to 1 (Table S8), and the p-
values extremely small (Table S8). The g-values of the EPFRs in the coal
dust are directly proportional to their O/C values. The reason for such a
correlation is that increasing O/C ratios mean that more and more oxygen
(heteroatom) atoms are coming around EPFRs on which electrons can be
delocalized, leading to an increase in the g-values. It can also be seen
from elemental (Table S3) and ultimate analysis (Table S2) that the in-
crease in O/C ratios is accompanied by a decrease in carbon (%) and an in-
crease in oxygen (%). This means the lignite coal dust has higher oxygen,
lower carbon content, and a high O/C ratio (see Table S3). It has already
been discussed that lignite coal dust has higher g-values than bituminous
coal dust. Correspondingly, there is a decrease in the spin countswith an in-
crease in the O/C ratios (Fig. 9(b)). This corroborates with the low spin
counts observed for lignite coal dust in the previous sections.

A good correlation between the EPFRs characteristics and reflectance is
also observed, as shown in Fig. 9(a) and (b). As discussed above, the reflec-
tance indicates the maturity of the coal, and a higher reflectance implies
more maturity. The coal which has undergone a higher degree of coalifica-
tion (more mature) will have a higher degree of aromatic structures, as
these structures are extra stable because of their resonance and conjugation
multimate analysis. The boxes inside both (a) and (b) shows the calculated linear fit



Fig. 8. Linear fit between (a) g-values and carbon (%); (b) spin counts and carbon (%); from elemental analysis. The boxes inside both (a) and (b) shows the calculated linear
fit parameters. Error bars shows the standard deviation for the spin counts and g-values.
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characteristics. Hence, they can possess more quantity of stable free radi-
cals. Such as bituminous coal has undergone longer and more intense coal-
ification than lignite coal; hence, they aremoremature. The coal, which has
undergonemorematurity, usually has higher carbon content and lower het-
eroatoms or other metal or trace elements. This is why we see that as the
maturity increases, the g-values decrease, and there is a negative correla-
tion between the EPFR g-value and the reflectance (Fig. 9(a), Table S8).
Furthermore, there is a positive correlation between the spin counts of
EPFRs and the reflectance of coal dust (Fig. 9(b)). This means thatmorema-
ture coal has a higher number of EPFRs. This is because of the great stability
of paramagnetic centers in the atomic structures of more matured coal,
which comes from the metamorphism of organic coal substance at the geo-
logical time scale (Pilawa and Więckowski, 2007).
Fig. 9. Average of (a) g-values and (b) spin counts; calculated using EPR for hand-crush
atomic ratios – H/C and O/C, and reflectance. Error bars shows the standard deviation
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A linear fit analysis was performed between the CCEPFR characteris-
tics of coal dust and the O/C ratio and reflectance, shown in Fig. 10.
Fig. 10(a) and (b) shows that the values predicted by the linear fit equa-
tion for fit between g-value/spin counts and O/C are well correlated
with the experimental values with a Pearson's r value of 0.98431
and − 0.86588, respectively. The R2 and adj R2 values between the lin-
ear fit and experimental values for the CCEPFRs g-values and O/C are
also close to 1, and RSS is extremely small, meaning that a large percent-
age of the response variable variation explained is well explained by the
fitted regression line. TheR2 and adj R2 for spin counts vs. O/C ratios are
relatively lower, and RSS is also slightly higher, meaning a lesser consis-
tency between the predicted and experimental values using a linear fit
equation (Fig. 10(b)). The linear fit analysis between the CCEPFR
ed, Cryomill-2 cycles and Cryomill-4 cycles coal dust samples plotted against their
for the spin counts and g-values.



Fig. 10. Linear fit between (a) g-values and O/C ratio; (b) spin counts and O/C ratio; (c) g-values and reflectance; (b) spin counts and reflectance. The boxes inside both (a),
(b), (c) and (d) shows the calculated linear fit parameters. Error bars shows the standard deviation for the spin counts and g-values.
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characteristics of coal dust and the reflectance also shows a good corre-
lation between the fit and experimental values with a Pearson's r value
of −0.92354 and 0.93881, respectively (Fig. 10(c) and (d)). Both R2

and adj R2 values for the linear fit between g-values and spin counts
are >0.84, showing that the fitted line reasonably explains all the vari-
ability of the response data around its mean.
4. Discussion

EPFRs have been identified as a new class of environmental pollutants.
Several studies have observed the role of EPFRs in the particulates affecting
their toxic properties. One of the most important ways the particulate-
bound EPFRs are found to be mediating their toxicity is by generating an
overwhelming amount of ROS, resulting in toxicity at target locations
(Hwang et al., 2021; Khachatryan et al., 2011). An overwhelming surge
of ROS generation in the target cells subsequently triggers a severe inflam-
matory cellular reaction, leading to further ROS generation. The coal dust
has also been reported to have a ROS generation tendency at the target
cells, which mediates their toxicity (Batool et al., 2020; Vallyathan et al.,
1998; Zazouli et al., 2021). Usually, the pyrite (FeS2) content of the coal
dust is attributed to its ROS potential (Cohn et al., 2006; Zazouli et al.,
2021). Some other studies do not agree that the pyrite content of coal
dust is the reason for the ROS potential of coal dust (Zosky et al., 2021). An-
other mechanism attributed to the ROS generation by inhaled coal dust is
through surface redox reactions catalyzed by metal ions, such as Cr, Co,
Cd, Mn, Al, As, Pb, Cu, Zn, Sb etc., present in the coal dust (Zazouli et al.,
2021). Molecular modeling of lignite coal shows that the molecular
12
fragments are bounded to each other with the help of metal cations
(Narayani and Zingaro Ralph, 1984). Notably, the clay mineral surfaces
enriched with transition metal ions (such as Fe(III), Cu(II), Ni(II), Co(II),
and Zn(II)) are found to be playing a positive role in the formation and
fate of PAH-induced EPFR intermediates under environmentally relevant
conditions (Jia et al., 2018). It will be an interesting task and a subject of
future studies to understand the role of these metal ions and other minerals
in the molecular structure of coal dust in affecting the EPFRs characteristics
of coal dust.

The molecular structure of coal is strongly aromatic (Davidson, 1982).
Most of the molecular structure of coal is carbon in different forms and rep-
resentations (Mathews and Chaffee, 2012). This is why coal mainly has
carbon-centered free radicals (although surrounded by heteroatoms).
Given that themolecular structure of coal mainly comprises a number of ar-
omatic systems, substituted by aliphatic groupings serving mainly as a
linkage between the ordered regions (Given, 1959). Moreover, its aro-
maticity increases steadily with vitrinite reflectance and rank (Gorbaty
et al., 1982). The higher conjugation and resonance effects in the aro-
matic structure of coal seem to be playing a major role in the stabiliza-
tion of free radicals in coal dust. It can be seen in the present work
that the lignite coal (low rank and less reflectance) has low free radical
counts (Figs. 4, 7, 8, 10). This matches the fact that the lignite has a less
aromatic structure and hence will have less concentration of stable free
radicals. A special class of aromatic compounds termed polycyclic aro-
matic hydrocarbons (PAHs) is also found in coal dust, which is toxic
and could convert to EPFRs under certain conditions (Achten and
Hofmann, 2009; Sartorelli et al., 2001; Xu et al., 2022). Whereas the mo-
lecular structure of bituminous coal contains a much higher content of
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aromatic, hydroaromatic and less heteroaromatic structures when
compared to lignite coal. Because of increased conjugation and reso-
nance, the stable free radical concentration of the bituminous coal
dust is higher.

Apart from metal ions and pyrite, EPFRs present in the coal dust could
be another major contributor to the ROS generation potential of coal
dust. Exposure of BEAS-2B cells to combustion-generated particle systems
containing EPFRs significantly increased (ROS) generation and decreased
cellular antioxidants resulting in cell death (Balakrishna et al., 2009).
Lavrent et al. observed that many hydroxyl radicals formed per EPFR
(Khachatryan et al., 2011). They also observed a monotonic increase of
the DMPO–OH spin adduct concentration with incubation time, suggesting
a catalytic cycle of ROS formation. Another study found that surface-bound,
rather than free, hydroxyl radicals were generated by a surface-catalyzed-
redox cycle involving both the EPFRs and Cu(II)O (Khachatryan and
Dellinger, 2011). Another study suggested that the EPFRs in PM2.5 can gen-
erate significant levels of •OH without adding H2O2 (Gehling et al.,
2014). Additionally, higher particle concentrations produced more hy-
droxyl radicals. Combustion-based EPFRs were found in PM2.5 collected
from Asian sandstorms, which were positively correlated with the oxi-
dation potential of the host particulates (Chen et al., 2018).

Interestingly several of these and otherworks on analyzing the EPFRs in
air pollution and combustion-based particulates studies have reported types
of EPFRs similar to what was found in the present study. Fig. 11 compares
the characteristics of EPFRs found in the coal dust in the present study with
other similar studies (also check Table S9).

It was found in the present study that the EPFRs in the coal dust particles
have a g-value in the range of 2.0029 to 2.0037. These g-values are attrib-
uted to organic free radicals (oxygenated carbon centered). Xu et al. re-
viewed 23 studies dealing with EPFRs in PM2.5 and found that 16 out of
these studies reported an average g-value between 2.003 and 2.004, mostly
attributed to semiquinone radicals (Xu et al., 2019). Overall, they reported
an averaged g-value of 1.9979–2.0091 for all 23 investigations analyzing
types of EPFRs in PM2.5. We clearly identified that the g-values of the coal
dust found in the present study lie in the range mentioned in the PM2.5.
The highest spin count of 264 μmol/g was reported for PM1.0 in Beijing,
one order higher than what was observed for bituminous coal dust in the
present study. The average concentration of EPFRs was around 2 μmol/g,
slightly less than the EPFR concentration of lignite coal dust and one
order less than the bituminous coal dust used in the present study (see
Table S4). Chen et al. reported the source of EPFRs in atmospheric particu-
late matter (PM) of different particle sizes (<10 μm) in Linfen, a typical
Fig. 11. (a) Comparison of EPFR spin counts from recent studies; (b) comparison of EPFR
identified in the present study are similar to other studies.
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coal-burning city in China (Chen et al., 2020). They found that
although the average g-values for EPFRs differ for large and small particles
and depend on the season (summer or winter), they range between
2.0030 and 2.0037, which is similar to the observation in the present
study. The EPFR concentration reported in their study ranges between
5.313 × 10−5 and 6 × 10−4 μmol/m3. The g-values and the spin counts
of EPFRs found in the present study are especially similar EPFRs formed
through the combustion of organic materials such as wood, biochar,
urban street dust, woodsmoke, wheat straw etc. (Dugas et al., 2016). Note
that most of the ultrafine particles (similar to the nano-size coal dust used
in the present study) released into the environment are generated in
the combustion processes or result from secondary reactions involving
combustion by-products (Lord et al., 2011). Filippi et al. identified
EPFRs in indoor particulate matter, dust and on surfaces having g-
values all ranging between 2.002 and 2.004, which is often associated
with combustion processes (Filippi et al., 2022). Wildfire charcoals
(Sigmund et al., 2021) and biochars-based EPFRs were also found to
have similar characteristics to EPFRs in the present study (Odinga
et al., 2020). EPFRs found in haze-associated atmospheres are also re-
ported to have a g-value of 2.003–2.004 (indicating the existence of a
mixture of oxygen-centered and carbon-centered semiquinone radicals
or carbon-centered radicals with an adjacent oxygen atom), which is
similar to the EPFRs found in the coal dust in the present study (Yang
et al., 2017). The spin count reported in this study is in the range of
50.8–1034.36 μmol/g, which is several orders of magnitude higher
than the spin counts of EPFRs observed in the present study. Air-Borne
Soot Particles Generated by Burning Wood or Low-Maturity Coals also
release EPFRs with g-values around 2.0033 (Jia et al., 2020). The
same study evaluated the contribution of EPFRs in soot samples to the
overall cytotoxicity by determining the cell viability in the presence or
absence of a free radical scavenger (N-acetyl-L-cysteine, NAC). The re-
sults showed that the EPFRs (a similar type of EPFR found in the present
study) contributed to the partial cytotoxicity of the soot particles (Jia
et al., 2020). A key point to note is that the concentration of EPFRs in
wood-burning (<0.166 μmol/g) and coal-burning soot (<0.174 μmol/g)
was less compared to the present study. A higher concentration could
have been more toxic, as demonstrated by Gehling et al. (Gehling et al.,
2014). Kevin et al. generated EPFR of 1, 2 dichlorobenzenes formed by
thermal reaction at 230 °C (DCB230) with silica particles (~200 nm dia.)
containing 3%CuO,whichmimic those formed during combustion of chlo-
rinated hydrocarbons and chlorine-containing fuels to understand the
chemistry and biological actions of EPFRs (Lord et al., 2011). They
g-values from recent studies. It can be observed that the characteristics of CCEPFRs
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observed that the instillation of EPFRs containing ultrafine DCB230 pro-
duces pulmonary and cardiac inflammation, decreases basal cardiac func-
tion in vivo and induces the expression of proinflammatory genes in the
heart. This means that the EPFRs may affect cardiac function in healthy in-
dividuals and pose a special risk to individuals with ischemic heart disease.
Ashlyn et al. exposed C57BL/6 male mice to DCB230 containing EPFRs for
either 4 h or 4 h/day for 10 days and assessed their lung and vascular func-
tion (Harmon et al., 2021). They observed that the inhalation of EPFR-
containing particulates led to decreased vascular responsiveness associ-
ated with an altered pulmonary function in the mice. Using engineered
ultrafine DCB230 (which is a representative of combustion-generated
particulate matter) containing EPFRs, Paul et al. showed their potential
to substantially influence pulmonary development through induction of
epithelial-to-mesenchymal transition (EMT), which may be important
in determining the predisposition to asthma (Thevenot et al., 2013).
Fahmy et al. engineered 2.5 μm surrogate EPFR-particle systems repre-
sentative of combustion-generated EPFRs. In vitro, they found that
EPFRs caused greater oxidative stress and reductions in cell viability
as compared to control particles containing the organic precursor and
no EPFRs (Fahmy et al., 2010). Neonatal exposure to EPFR-containing
PM resulted in pulmonary oxidative stress, which further resulted in
increased Tregs (regulatory T-cells) in the lungs and subsequent suppres-
sion of adaptive immune response to influenza (Lee et al., 2014). Partic-
ulate matter containing EPFRs is found to be related to adverse infant
respiratory health effects (Saravia et al., 2013).

From the above discussion, EPFRs present in coal dust identified by this
study are similar in characteristics to the EPFRs, which are found in
combustion-generated particulates, PM2.5, indoor dust, wildfires, biochar,
haze etc. Furthermore, as described above, several studies demonstrated
the health hazard potential of EPFRs found in combustion-generated partic-
ulates, which are almost identical to those found in respirable coal dust de-
scribed in the present study. Another important point that needs to be
discussed here is the reach and deposition of coal dust particles in the respi-
ratory tract of humans. The human respiratory system is a long and complex
track that undergoes several changes during each breathing cycle. The flow
and deposition of coal dust particles depend upon several factors, such as
particle size (Ou et al., 2020), hygroscopicity (R et al., 2014; Varghese
and Gangamma, 2009), mixing state (Ching and Kajino, 2018) etc. Intui-
tively, smaller particles can penetrate deeper into the respiratory tract
and reach the deepest lung region. Besides the discussed importance
of size and material, nanoparticle biokinetics is also affected by other
particle characteristics, such as the surface charge (zeta potential) and
surface structures (Geiser and Kreyling, 2010). Correspondingly, de-
pending upon the reach of the respirable coal dust, the EPFRs attached
to them will impact the different regions of the respiratory system. It
should be noted that the coal dust particles used in the present study
are mainly of the order of a few 100 nm. EPFRs on particles of a similar
size used in the present study, i.e., EPFR0.2 (EPFRs on particulates
<0.2 μm in size), were found to penetrate much deeper into alveoli al-
tering the antioxidant capabilities (Thevenot et al., 2013). Whereas
comparatively larger EPFR2.5 (EPFRs on particulates <2.5 μm in size)
generated H2O2 in the lungs of exposed neonatal animals. A study deal-
ing with the size-resolved exposure risk of EPFRs in atmospheric aero-
sols found that the concentration of EPFRs on fine particles (<2.1 μm)
is larger than on large particles (>2.1 μm) in summer and vice-versa in
winter (Chen et al., 2020). They also mentioned that the upper respira-
tory tract is the area with the highest EPFR exposure. The risk of expo-
sure is equivalent to that of 8 cigarettes per person per day for the
trachea and alveoli exposed to EPFRs (Chen et al., 2020). Hygroscopic-
ity or wettability of the coal dust could impact its size, as discussed in
several ways (Asgharian, 2010; Davies et al., 2021; R et al., 2014). It
is well known that the relative humidity inside the respiratory tract is
dynamic and changes in every cycle depending on age, the activity of
the individual and outside humidity (Bugarski and Gautam, 2001;
Löndahl et al., 2010; Ohsaki et al., 2019; Youn et al., 2016). Moreover,
the wettability of coal dust is directly proportional to its particle size
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(Wang et al., 2019) and inversely proportional to its carbon content
(Xu et al., 2017). This suggests that the nano-size bituminous coal dust
(which has larger carbon content, see Tables S2, S3 and Fig. S1) will
be more hydrophobic in nature when compared to lignite coal dust.
They will not easily increase in size because of less moisture adsorption
on them. Due to less adsorption, their specific gravity will not change
much. Hence, they will not easily agglomerate or get deposited unless
they reach the deep, constrained region of the respiratory system. Be-
cause of this, EPFRs-packed bituminous coal dust will penetrate deeper
regions of the human respiratory system. And we observed that the bitu-
minous coal has a much higher concentration of EPFRs. Combining low
wettability and higher EPFRs concentration in the higher rank coal
might be the reason that higher-rank coal (with higher carbon content)
is often found to be more correlated with their CWP potential (Attfield
and Seixas, 1995; “Current intelligence bulletin 64: coal mine dust
exposures and associated health outcomes - a review of information
published since 1995.,” 2020).

These studies discussed above to provide evidence that the nano-
sized coal dust particles could carry EPFRs deeper into the respiratory
system of humans and might be a contributing reason for CWP among
coal miners. Also, it can be hypothesized that the nano-size bituminous
coal dust could be more hazardous than the lignite as they have an order
of magnitude higher EPFR concentration than lignite coal dust
(Table S4). In a different study, coal mine dust was also found to gener-
ate hydroxyl radicals which are related to CWP (Dalal et al., 1995). The
same study mentioned that the concentrations of surface iron in coal
mine dust might be involved in generating increased levels of •OH rad-
icals. As discussed earlier, the EPFRs in the coal dust could play a
major role in mediating the generation of •OH radicals.

5. Summary and conclusions

In this study, we analyzed the EPFR characteristics of coal dust using
EPR techniques and how the type and nature of coal influence these
characteristics. We also discussed the possible ways these EPFRs in the
coal dust could modulate the toxicity of coal dust in light of analogous
studies conducted recently using particulates that had similar EPFR
characteristics to that of coal dust in the present study. The key points
can be summarized below:

• Coal dust contains free radicals in extremely large quantities, which could
remain stable for several years and hence should be called as EPFRs.

• EPFRs in coal dust are mainly oxygenated carbon-centered in the bitumi-
nous coal dust, whereas a mixture of oxygenated or oxygen and carbon-
centered in lignite coal dust. EPFR g-value decreases with the increasing
carbon content of the coal.

• The EPFRs quantity (spin counts) increases with the carbon content and
reflectance, suggesting that EPFR quantity is proportional to the degree
of coalification the coal has undergone and that the coal dust from
more mature coal has more EPFRs.

• Most of the particulate-based EPFRs discussed in the recent studies,
whether the EPFRs are on organic compounds, haze, combustion-
generated particulates, or wildfire-released particulates, are almost iden-
tical in characteristics to those of EPFRs analyzed in the coal dust in the
present study.

• Considering the toxicity analysis of particulates containing EPFRs similar
to those identified in the present study, it can be confidently hypothesized
that the EPFRs in the coal dust might play a major role in modulating the
coal dust toxicity.

In conclusion, we recommend future work should be conducted
using in-vitro and in-vivo biological tests with coal dust particles study-
ing EPFR characteristics as the indicator to firmly assess the role played
by EPFRs in impacting coal dust toxicity. Themost important aspect is to
analyze the role of EPFR-loaded coal dust in mediating the inhalation
toxicity of coal dust.
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Glossary

CMDLD Coal mine dust lung disease
CWP Coal workers pneumoconiosis
EPFRs Environmentally persistent free radicals
EPR Electron paramagnetic resonance
PMF Progressive massive fibrosis
ROS Reactive oxygen species
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