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• Mo, Mn, Hf and Ge decrease in respira-
ble fractions and Cs, W, Zn and Zr in-
crease.

• AA is associated with inorganic matter,
GSH and DTT with organic matter.

• OPAA was clearly linked with Fe (r =
0.83) and pyrite (r = 0.66).

• OPGSH was associated with moisture (r
= 0.73), Na (r= 0.56) and B (r= 0.51).

• OPDTT was highly correlated with Mg (r
= 0.70), Na (r= 0.59) and B (r= 0.47).
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This study evaluates geochemical and oxidative potential (OP) properties of the respirable (finer than 4 μm) frac-
tions of 22 powdered coal samples from channel profiles (CP4) in Chinese mined coals. The CP4 fractions ex-
tracted from milled samples of 22 different coals were mineralogically and geochemically analysed and the
relationshipswith the OP evaluated. The evaluation between CP4/CP demonstrated that CP4 increased concentra-
tions of anatase, Cs,W, Zn and Zr,whereas sulphates, Fe, S,Mo,Mn, Hf andGe decreased their CP4 concentrations.
OP results from ascorbic acid (AA), glutathione (GSH) and dithiothreitol (DTT) tests evidenced a clear link be-
tween specific inorganic components of CP4 with OPAA and the organic fraction of OPGSH and OPDTT. Correlation
analyses were performed for OP indicators and the geochemical patterns of CP4. These were compared with re-
spirable dust samples fromprior studies. They indicate that Fe (r=0.83), pyrite (r=0.66) and sulphateminerals
(r=0.42) (tracing acidic species frompyrite oxidation), followed by S (r=0.50) and ash yield (r=0.46), and, to
a much lesser extent, Ti, anatase, U, Mo, V and Pb, are clearly linked with OPAA. Moreover, OPGSH correlation was
identified by organic matter, as moisture (r= 0.73), Na (r= 0.56) and B (r= 0.51), and to a lesser extent by the
coarse particle size, Ca and carbonate minerals. In addition, Mg (r = 0.70), B (r = 0.47), Na (r = 0.59), Mn, Ba,
quartz, particle size and Sr regulate OPDTT correlations. These became more noticeable when the analysis was
done for samples of the same type of coal rank, in this case, bituminous.
Crown Copyright © 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

1.1. Chinese coal and coal geochemistry

The use of coal in Chinese society can be traced back, with references
to coal mining 3490 years ago (Dodson et al., 2014). Early documents
refer to the use of Chinese coal for heating, cooking and smelting steel
dating from 300 BCE (Gelegdorj et al., 2007; Li and Lu, 1995).

Nowadays, China is the greatest worldwide coal producer and con-
sumer, with over half of the world's total consumption (BP, 2020; IEA,
2020; WCA, 2020). This situation will remain unchanged over the
next few decades (Fan and Xia, 2012; Li et al., 2017; Wang et al.,
2011; Yang et al., 2016).

Therefore, coal is themain source of energy production, representing
70% of the primary energy supply in China (Jie et al., 2020; J. Li et al.,
2019; Qiao et al., 2019; Yuan, 2018). Some Chinese industrial sectors
are directly dependent on coal for producing raw materials, such as
steel, glass, cement or fertilizers (Lin and Tan, 2017; Wei et al., 2020).

China's coal resources have reached 13% of the global share (142 bil-
lion tonnes, BP, 2020), which account for 92–94% of the Chinese fossil
fuel resources (Han et al., 2018; J. Li et al., 2019; Mao and Tong, 2013).
Therefore, the large amount of coal production also requires large num-
bers of workers, which in China is around 5.5 million coal miners, ac-
cording to Chen et al. (2013). Coal resources are widespread across
China,where a prevalence of high rank over low rank coals (11% anthra-
cite, 6% semi-anthracite, 70% bituminous coal, and 13% sub-bituminous
coal and lignite) have been noticed (Mao and Tong, 2013). In these re-
sources, a wide range of coal qualities from a large variety of coal basins
in different geochemical regions are found, also accompanied by geo-
chemical anomalies. Thus, Chinese coal ranges from the high-quality
enormous coal resources from the Xinjiang Province (Li et al., 2012,
2014; Zhuang et al., 2012) to coals that contain such a high content of
metals that they can be considered a source for these metals (Dai
et al., 2003, 2016).

Examples of geochemical anomalies in coals from Northern China
include high enrichment in Mn, Mg, Bi, Be, Cd, Mo, REEs and Y in the
Huainan coalfields (Munir et al., 2018). There is a considerable content
of Li and Ga in coals from the Jungar Coalfield, InnerMongolia (Dai et al.,
2012; J. Li et al., 2016). An elevated concentration of Zn, Pb and Cr can be
found in coals from Yuyang, Hengshan, Shenmu, Huangling and Lingwu
regions (Wang et al., 2014). Coals high in Mn, Nb and Ta have been ex-
tracted from the Jimunai depression (B. Li et al., 2019a). Coals with ele-
vated concentration of REEs, Y, Nb, Ta, Zr, Hf, Ga, Th, and U have
originated from the Qiandongbei coalfield (B. Li et al., 2020). The
Gemudi mine contains coals with higher levels of V (Du et al., 2021)
and coals with greater levels of As have been located in Southwestern
China (Guo et al., 2017). Additionally high As, Ge, and U coals have
been found in Shengli (Liu et al., 2021; Zhuang et al., 2006). This list of
anomalies is not comprehensive (Dai et al., 2003, 2016; Tian et al.,
2013; Yuzhuang et al., 2015).

Furthermore, some mineralogical enrichments have also been de-
scribed for specific Chinese coals. In the Yueliangtian coal mining dis-
trict, in Southwestern China, Wang et al. (2016) reported elevated
concentrations of quartz in coal, due to precipitated siliceous solutions
from the weathering of the Emeishan basalt. In northern China, Dai
et al. (2010) reported high pyrite contents in #12 coal in the Songzao
Coalfield, originating from a synsedimentary marine transgression
over peat deposits and high Fe derived mainly from the mafic tuffs.

1.2. Coal geochemistry and mining occupational health

The high geochemical anomalies in coals in relation to some strate-
gic elements such as Li, Ga or REEs, are very relevant from the point of
view of their potential benefits (Qin et al., 2015; Zhang et al., 2015,
2020) but, in some cases, these might also be relevant from environ-
mental and occupational points of view. Environmentally potentially
2

hazardous elements can be directly emitted during coal use, extraction
or transport of coal, the disposal of coalminingwastes and coal combus-
tion by-products (Izquierdo and Querol, 2012).

High coal dust exposure levels is amatter of concern asmay increase
the occupational health risk (Landen et al., 2011; Liu et al., 2020; Masto
et al., 2017; Zazouli et al., 2021) according to specific geochemical
anomalies of coals (Fan and Xu, 2021; Liu and Liu, 2020; Moreno et al.,
2019). There are several occupational diseases known to derive from
coal handling, including lung diseases caused by excessive respirable
crystalline silica (RCS). Intensive research has been carried out on the
occupational health impacts of coal dust associated with coal workers'
pneumoconiosis (CWP), silicosis and the possibility of pulmonary fibro-
sis (Mo et al., 2014; NIOSH, 2002). Specific studies concluded that
“quartz is not the predominant factor in the development of CWP”
(McCunney et al., 2009); and others have implicated transition metals,
such as bioavailable Fe or Ni, as relevant contributors to the develop-
ment of CWP (Christian et al., 1979; Harrington et al., 2012; Huang
et al., 2002, 2005; McCunney et al., 2009).

Although, CWP is one of the most common disease in occupational
coal mining, other pathologies can be linked to high levels of coal dust
exposure (Ávila Júnior et al., 2009; Pedroso-Fidelis et al., 2020;
Wilhelm Filho et al., 2010; Yu et al., 2020, among others). Nardi et al.
(2018) indicated that inflammatory and oxidative stress parameters
are potential early biomarkers for silicosis.

Frequent exposure to respirable pyrite particles in coal dust over
time promotes a chronic level of inflammation, developing hydrogen
peroxide and ferrous Fe, which produce highly reactive hydroxyl radi-
cals, contributing to the pathogenesis of CWP (Cohn et al., 2006b;
Harrington et al., 2012). Furthermore, several studies link pyrite con-
tents in coal and coal dust with reactive oxygen species (ROS) genera-
tion, ROS in cells and a potential role in the pathogenesis of CWP
(Castranova, 2000; Cohn et al., 2006a; Harrington et al., 2012; Huang
and Finkelman, 2008; Liu and Liu, 2020; Moreno et al., 2019; Murphy
and Strongin, 2009; Zosky et al., 2021).

In coal, sulphate can occur naturally or also through the oxidation of
sulphideminerals duringmining (Wang et al., 2017). Liu and Liu (2020)
evidenced that sulphate nanoparticles exist in themining environment,
which can cause depression of pulmonary particle clearance and asthma
due to the high biological activity.

There is considerable research on the production of ROS through in-
creased concentrations of various metallic elements in dust, including
Cu, V, Cr, Fe, Mn, Pt, Zn, Ni, Mo, Co, V and Pb (Cohn et al., 2006a; Fu
et al., 2014; Huang et al., 2005; Latvala et al., 2016; Liu and Liu, 2020;
Valko et al., 2005, among others). Moreover, Cr could be related to
lung cancer in coal mine workers (WHO, 2000), and elevated exposure
to Pb could be linked to the development of neurological toxins
(Moreno et al., 2019). All in all, due to the widely different and hetero-
geneous compositions of coal, different diseases through exposure to
coal mining and handling can potentially be developed by coal workers.
Finkelman et al. (2002) gave an overview of possible health effects of
coal and coal use.

Another risk associatedwith coal dust is its impact on ecological and
environmental pollution, affecting communities in areas surrounding
coal mining activities (Ishtiaq et al., 2018; Lashgari and Kecojevic,
2016; Masto et al., 2017; Tang et al., 2017). Moreover, high under-
ground coal dust concentrations may lead to spontaneous combustion
(Li et al., 2021; Liu et al., 2020; Ma et al., 2020; Querol et al., 2011;
Shimura and Matsuo, 2019).

This study aims to evaluate the relationships between a variety of
coal geochemical and mineralogical anomalies in a wide variety of
mined Chinese coals with oxidative potential (OP), focusing on the re-
spirable coal dust fraction (occupational exposure), by extracting and
characterising the respirable fractions of the selected powdered coal
samples. Respirable dust is the mass fraction of inhaled particles that
are able to penetrate the respiratory tract and reach the non-ciliated,
gas exchange, alveolar region of the lung. This fraction is attributed to
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coal dust particles <4 μmmass median diameter (D50 = 4 μm) (Brown
et al., 2013; European Committee for Standardization, 1992; Sánchez
Jiménez et al., 2011).

To validate the method used, the analyses were repeated by includ-
ingmore results, namely those obtained by Trechera et al. (2020, 2021)
on recently coal mine dust samples.

2. Methodology

2.1. Selection of coal samples: geological and geochemical settings

Twenty coal channel profile (CP) samples from six Chinese prov-
inces were selected in this study (Fig. 1). These include fifteen under-
ground coal mines, one open-pit coal mine and two coal exploration
boreholes. Additionally, two Vietnamese coal samples (CP_21 and
CP_22, not included in Fig. 1), were also selected. This selection was
based on geochemically anomalous coals previously studied by the au-
thors and sample availability. The reasons for sample selection and a
brief description of their origin are summarised below:

• CP_01 and CP_02 were collected from underground coalfaces of the
#11 and #5 coals, respectively, from the Sangshuping coal mine
(Southeastern Shaanxi Province). These Late Carboniferous (Taiyuan
Fig. 1. Location of the 20 coal samples collected from different coal mines in China

3

Formation) coals have different geochemical patterns and coal rank
(#11 is a low-volatile, LV, bituminous according to ASTM D388-12
and #5 coal a semi-anthracite). The first is a high organic S coal,
with relatively low pyrite content, while the second is a low S and
middle ash yield coal (J. Li et al., 2020).

• CP_03 was collected from underground coalfaces of the #5 coal from
the Yongming coal mine (Northern Shaanxi Province). This is a Late
Triassic (Wayaobao Formation) high-volatile (HV) bituminous coal.
This is a high Sr coal (authors' unpublished data).

• CP_04 and CP_05 were collected from the high-Ge Wulantuga open-
pit coal mine in the Shengli Coalfield, Northeastern Inner Mongolia.
This #6 coal seam, Early Cretaceous Shengli Formation, reaches the
sub-bituminous coal rank. These are coals with high Ge, As and W
contents (Li et al., 2011).

• CP_06 and CP_07 were collected from #6 coal seam from the Junggur
Coalfield, in the Buertaohai-Tianjiashipan coal mining district (Inner
Mongolia) in two exploration boreholes (Borehole ZK43-25 and
ZK17-15, respectively). This is a Late Carboniferous (Taiyuan Forma-
tion) HV bituminous coal. The first was selected for its high Pb con-
tent, and the second for the slight enrichment in Th (J. Li et al., 2016).

• CP_08 coal was collected from the underground working face of #4
coal from the Chunlei coal mine (Northeastern Guizhou) working
Late Permian (Wujiaping Formation) medium-volatile (MV)
. Two Vietnamese coal samples, CP_21 and CP_22, not included in the figure.
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bituminous coals. This coal has a high ash yield, pyrite andmetals (Zn,
Zr, REEs, Y, Nb, Pb, Cd, Ni, Cr, As, Se) (B. Li et al., 2019b).

• CP_09 and CP_10 were also obtained from the Late Permian
(Wujiaping Formation) coals but, in this case, from the Jinqi and
Yudai undergroundmines in theQiandongbei Coalfield (Northeastern
Guizhou), working MV and LV bituminous coals, respectively. Geo-
chemically these are very different coals. The first is a high ash yield,
pyrite and metals (V, Mo, Cr, U, As) coal, while the second is also a
high pyrite coal but enriched in other metals (Pb, As, Se, Y, Nb, REEs)
(B. Li et al., 2020).

• CP_11 and CP_12 were also collected from the Late Permian
(Wujiaping Formation); in this case, from the underground working
face of the LV bituminous C4 coal from the Chalinbao coal mine in
the Tongzi Coalfield (Northeastern Guizhou). The first is a high Sr
middle ash yield coal, and the second a high P and very high Sr coal
(B. Li et al., 2019b).

• CP_13was collected from C2 coal seam in Tiedingyan underground coal
mine (Northeastern Guizhou), mining also Late Permian (Wujiaping
Formation) LV bituminous coal. This is a very high Ti coalwithmoderate
enrichments in Th, Y, Zr and REE (authors' unpublished data).

• CP_14 andCP_16were obtained from the Late Permian (Longtan Forma-
tion) anthracite coals in the Fenghuangshan andWenjiaba underground
coal mines of the China Coalfield (Western Guizhou). The first is a mid-
dle ash yield and S coal enriched inMo,V andU, and the second amiddle
ash yield coal enriched in Li (Li et al., 2017).

• CP_15 was obtained from the Late Permian (Longtan Formation) LV bi-
tuminous coal, worked in the Liulong underground mine of the Liuzhi
coalfield (Guizhou Province). This is a High Sr and Mn coal (B. Li et al.,
2016).

• CP_17 was collected from the Puyang underground coal mine (South-
eastern Yunnan), working Tertiary (Xiaolongtan Formation) lignite.
This is a high ash yield, moderately enriched in aluminium-silicate asso-
ciated metals (Cr, Rb, Cu and Ni) (authors' unpublished data).

• CP_18 was collected from the Quqing underground coal mine (Eastern
Yunnan), working Late Permian (Longtan Formation) HV bituminous
coals. This is a high carbonate minerals coal enriched in Sr and Mn (au-
thors' unpublished data).

• CP_19was taken from theWangjiashanunderground coalmine (Central
Gansu), working Jurassic (Yaojie Formation) HV bituminous coal. This is
a low ash yield coal, moderately enriched in B (authors' unpublished
data).

• CP_20was obtained from theHVbituminous Early Permian coalworked
(Shanxi Formation) in theDatong coalmine (Shaanxi province). This is a
low ash yield and high Sr coal (authors' unpublished data).

• CP_21 and CP_22 were obtained from the Nui Houg Late Triassic coal
mine, in Thai Nguyen Province of Vietnam. These coals are highly
enriched in As, Mo, Sb, U and Tl (authors' unpublished data).

2.2. Sample treatment and analyses

In order to obtain a precise representation of the coal seam, the sam-
ples were collected using the CP approach, vertically across the coal
seams, and stored in plastic bags to avoid oxidation. Samples were
first analysed for bulk mineralogical and geochemical characterisation
of the parent coal. Subsequently, a riffled fraction of the sample was
milled using the same automatic agate mortar and time, and the
resulting powdered coal sub-samples used to extract the respirable
fraction (<4 μm, CP4). Afterwards, a complete particle size distribution
(PSD), mineralogical and geochemical characterisation was obtained
from each CP4. In parallel, OP analyses were also performed for each
CP4 with the aim of evaluating links between geochemical patterns
and ROS. Finally, this link was evaluated again including data from re-
cently coal mine dust collected (Trechera et al., 2020, 2021). This was
performed in order to validate the results obtained using the laboratory
protocol explained in this study to obtain samples representing respira-
ble coal dust from powdered coal samples.
4

2.2.1. Sample pre-treatment
In order to separate the respirable fraction of coal powder samples, a

special chamber resuspension devicewas used, due to the small amount
of powdered sample available. Furthermore, the efficiency of technique
was tested before analysis, using different coal ranks, changing the filter
collector and optimising the best flow-rates.

A total of twenty-two coal samples (twelve bituminous, five semi-
anthracites, three sub-bituminous/lignite and two anthracite) were
analysed. First, 5.0 g of each sample were milled with a Mortar Agatha
Grinder RM 200 in an automatic mode for exactly 2 min. Second,
using a mobile chamber resuspension device separator, the CP4 fraction
was obtained from a riffled sub-sample of each powdered coal using a
laboratory particulatematter (PM), PM10-PM2.5 powdered dust sampler
(Moreno et al., 2008). Briefly, the coal powder was spread onto a glass
tray surface and, with the corresponding vacuum (30 L·min−1 of air-
flow), the samplewas suctioned into amethacrylate chamber. The sam-
ple was advanced through a <4 μm inlet and finally the CP4 sample was
deposited on the surface of a polycarbonate filter with 47mmdiameter
and 0.6 size porosity. The size cut off depends on the flow, therefore ex-
perimentswere carried out tofind the optimal flow for<4 μm. The sam-
ple deposited into amethacrylate chamberwas recollected, spread onto
a glass tray surface again and repeated the CP4 separation procedure. Fi-
nally, the sample collected, around 300–400 mg, on the filter surface
was brushed prudently and ready for the subsequent analysis.

2.2.2. Dry particle size distribution
With the aim to confirm that the respirable fraction was separated

from the powdered CP sample, Malvern Scirocco 2000 analyses were
performed for each CP4 sample.

A Malvern Mastersizer, coupled to a Scirocco 2000 extension, was
used to analyse the dry PSD and confirm that themedian particle diam-
eter (D50) of each CP4 was close to 4 μm as required to be ‘respirable’.
Furthermore, for each CP4 sample D10, D25 andD75 valueswere obtained
for evaluating the potential links between PSD and OP for CP4 samples.

2.2.3. Mineralogical analysis
In order to analyse themineralogical characterisation of parent bulk

coal and the respective CP4 samples, a powder X-ray diffraction (XRD)
was used with A Bruker D8 Advance A25, θ-θ diffractometer with
CuKα1 radiation, Bragg-Brentano geometry, and a position-sensitive
Lynx Eye detector. Diffractograms at 40 kV and 40 mA, scanning from
4 to 60° of 2 θ with a step size of 0.019° and a counting time of 0.10
s·step−1 maintaining the sample in rotation (15 min) were performed.
The crystalline phase identification was conducted using the EVA soft-
ware package (Bruker), which utilised the ICDD (International Centre
for Diffraction Data) database. Semi-quantitative XRD analysis was per-
formed using the method devised by Chung (1974) for the quantitative
analysis of multi-component systems, using quartz as an internal refer-
ence. Chung'smethodwas used onmixtures,whichwere obtained from
powderedmineral referencematerials and coalwith low ash to validate
the semi-quantitative protocol, shown in Fig. S1.

2.2.4. Proximate, ultimate and chemical analyses
In order to evaluate the composition of CP and CP4 several geochem-

ical analyses were performed. Proximate and ultimate analyses
followed ISO and ASTM procedures (ISO-589, 1981, ISO-1171, 1976,
ISO-562, 1974, ASTM D-3286, D-3302M, D3174-12), with moisture
and ash yield obtained at 150 °C and 750 °C, respectively.

Before major and trace element analyses, 0.10 g of samples of the
parent coal and CP4 samples were digested in HF-HNO3-HClO4 acid fol-
lowing the method by Querol et al. (1992, 1997) to retain potentially
volatile elements, such as As and Se. The resulting acidic digestions
were analysed for major and trace elements by using inductively-
coupled plasma atomic-emission spectrometry (ICP-AES, Iris Advantage
Radial ER/S device from Thermo Jarrell-Ash) and inductively-coupled
plasma mass spectrometry (ICP-MS, X-SERIES II Thermo Fisher
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Scientific, Bremen, Germany). International reference materials
SARM19 and NIST SRM 1633b, and blanks were treated in the same
way.

Using the same analytical approaches and type for coal and coal
mine dust samples (Trechera et al., 2020, 2021), adding two more rep-
etitions, elements analysed reported the analytical errors shown in
Table S1.

Because Si is lost during HF digestion, its contents in coal samples
and CP4were determined byX-rayfluorescence (XRF, Thermo Scientific
ARL QUANT'X Energy-Dispersive X-ray fluorescence spectrometer)
loading Teflon© 47 mm filters with 3.0 mg of the sample using an eth-
anol suspension. This method was validated using the above reference
materials.

2.2.5. Oxidative potential
In order to evaluate the links between geochemical patterns of

CP4 and oxidative stress, an OP test was performed for each sample.
OP is an indicator of the capacity to generate ROS in human bodies
that may result in oxidative stress. Several studies have linked respi-
ratory disorders and lung diseases to the ROS formation in cells (Imai
et al., 2008; Kelly, 2003; Kim et al., 2018; Pietrogrande et al., 2021;
Rahman and Adcock, 2006). In addition, oxidative stress plays a key
role in understanding how atmospheric suspended PM affects health
through respiratory inflammation, lung cancer, and chronic cardio-
pulmonary diseases, among others (Fang et al., 2019; Janssen et al.,
2014; Kelly, 2003; Leni et al., 2020; MacNee, 2001; Y.J. Zhang et al.,
2021).

The oxidative stress of the CP4 samples was evaluated via the OP
method in two different laboratories. Firstly, OPmethodwas performed
in King's College of London,which is based on the consumption of ascor-
bic acid (AA), urate (UA) and glutathione (GSH) antioxidants, as de-
scribed in detail by Soltani et al. (2018). The OP analysis involves the
resuspension of each CP4 sample in ethanol and a 4 h incubation with
a synthetic solution containing equi-molar concentrations of antioxi-
dants. The consumption of these antioxidants is determined following
the methodology by Baker et al. (1990) and Iriyama et al. (1984). In-
house controls of PM-free, negative PM (M120, Cabot Corporation,
USA) and positive PM (NIST1648a, urban particulate from NIST, USA)
followed the same protocol for control purposes.

Secondly, OP analyses were also carried out in Grenoble Alpes Uni-
versity, this time based on the consumption of dithiothreitol (DTT) an-
tioxidants, as described in detail by Calas et al. (2018). For each sample,
40 μL of PM suspension (in triplicate) with 205 μL of phosphate buffer
(pH = 7.4) were incubated at 37 °C in 12.5 nmol of DTT (DTT solution
in phosphate buffer). Reaction was stopped at 0, 15 and 30 min adding
50 nmol of 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB in phosphate
buffer). A solution of 40 μL of 1,4 naphtoquinone (1,4-NQ 24.7 μM)
was used as positive control. DTT consumption by formation of DTT-
disulfide form in presence of ROS (Yang et al., 2014) was measured at
412 nm using a plate-reader TECAN spectrophotometer Infinite® M
200 pro and 96 well CELLSTAR® plates. OP was obtained from the
slope of the linear regression of the consumed DTT (corrected from
blank measurements and from matrix absorbance from particles) nor-
malized by the PM10 mass (nmol DTT min−1 μg−1).

The OP of the CP4 samples was expressed as the percentage of con-
sumption of each antioxidant with reference to the in-house, particle-
free control. To obtain a metric for the OP, the data were expressed as
OP per μg (OPAAμg−1, OPGSHμg−1, OPDTTμg−1). Since AA and GSH were
mixed in the same assay, individual antioxidant depletions were also
combined to provide a total OP value (OPTOTAL(OPAA+GSH) μg−1).

2.2.6. Data analysis
Data obtained from the PSD, mineralogical and geochemical

characterisations were evaluated for correlation with OP patterns by
using the software StataCorp LLC (College Station, Texas, USA) version
Stata/SE 15.1.
5

2.3. Limitations of the methodology used

The present studywas carried out through the selection of coal sam-
ples (CP), milling the samples and obtaining the respirable fraction (<4
μm) of each CP sample (CP4). In addition, the subsequent evaluation
took place under similar conditions (atmospheric particulate matter
finer than 4 μm, PM4) present in the coal mine fromwhere the CP sam-
ple was collected. The conditions could not be fully replicated because,
in the coal mine, sources of PM include not only the dust from the
worked coal seam, but also from the other sediments where coal is
interlayered, wear of machinery, salts and other components from pre-
cipitates of acidic mine drainage, among others (Trechera et al., 2020).

Furthermore, whenworking the coal seam, coal can be powdered in
a very different way to a laboratory mill, with some coal components
being enriched or depleted in the respirable fractions. However,
collecting respirable dust samples in the numerous Chinese mines in-
cluded in this study, would have required considerably more time and
increased costs. Furthermore, the objective of this study is to analyse
the geochemical patterns of coal that might enrich a given coal dust in
specific elements and minerals and to evaluate the effect of these en-
richments on OP of dust. Thus, it was considered that, in spite of the
above limitations, this method is useful for the aims of this study.

To support this, at the end of the manuscript the results of the joint
evaluation of OP and geochemical patterns for a compiled set of true re-
spirable dust obtained from deposited coal mines, together with the 22
CP4 samples is presented. If associations of elements, minerals and coal
patterns with OP remain unchanged with respect to the single analysis
of the CP4 sets, this will support the applicability of the method.

3. Results and discussion

3.1. Mineralogy and geochemistry

Results from proximate and ultimate analyses of the coal samples
are shown in Table 1, while Tables 2 and 3 illustrate mineral and ele-
mental concentrations from all parent coal samples analysed in this
study. Tables 4 and 5, following, show the same data for CP4 samples.

3.1.1. Parent coals
Tables 1 and 2 show that samples CP_08, CP_09 and CP_17 (bitumi-

nous the first two and lignite the last) have a high mineral matter con-
tent, with ash yields of 32, 34, and 34% dry basis (db), respectively.
Sample CP_17 contains a high quartz content (15% weight, % wt), and
CP_08, CP_14 and CP_09 are high pyrite coals (6, 5 and 14% wt, respec-
tively). Furthermore, CP_08 has a high carbonate minerals content (3
and 11% wt, ankerite and calcite, respectively,) as does CP_18 (1 and
12% wt, ankerite and calcite); while CP_09 and CP_10 contain a rela-
tively high sulphate minerals content (4–5% wt), CP_21 high tobelite
(13% wt, an illitic clay with NH4

+ replacing K+).
The major and trace element contents of the bulk CP parent coals

were compared with their respective Chinese average concentrations,
Table S2 (Dai et al., 2007, 2008) to evidence specific geochemical en-
richments. Themost relevant geochemical enrichments for each sample
are summarised in Table 6, in comparisonwith Chinese geochemical av-
eraged concentrations.

3.1.2. Geochemistry of the <4 μm fraction of the powdered coals
Fig. S2 and Table S3 show the PSD of CP4 samples, with the percen-

tiles of the diameter, and evidence the efficiency of the separation tech-
nique and procedure conducted during the analysis, because D50 of CP4
are in all classes remarkably close to 4.0 μm.

Fig. 2 shows the average ratios of the mineral contents between the
CP4 samples and the respective bulk powdered parent coal (CP4/CP). As
expected, high similarities between CP4 and CPmineralogy were found,
with average ratios close to 1. However, several exceptions were de-
tected, such as sulphate minerals, slightly depleted in CP4 (ratios close



Table 1
Details of the origin of all coal channel profiles (CP) collected in mines across China for this study and data from proximate analysis. M, Moisture; ad, air dry; db, dry basis; VM, Volatile
Matter; LV, Low-Volatile; HV, High-Volatile; MV, Medium-Volatile.

Sample M
(%ad)

Ash
(%db)

VM
(%)

Rank Sampling location Province Geological age

CP_01 0.25 9.36 15.40 LV bituminous Sangshuping Coal mine Shaanxi Province, Southeastern China Late Carboniferous, Taiyuan Formation
CP_02 0.19 7.97 13.70 Semi-anthracite Sangshuping Coal mine Shaanxi Province, Shoutheastern China Late Carboniferous, Taiyuan Formation
CP_03 1.20 21.31 41.50 HV bituminous Yongming Coal mine Shaanxi Province, northwest China Late Triassic, Wayaobao Formation
CP_04 8.31 7.51 51.20 Sub-bituminous Wulantuga Coal mine Inner Mongolia, northeastern China Early Cretaceous, Shengli Formation
CP_05 9.73 9.39 46.12 Sub-bituminous Wulantuga Coal mine Inner Mongolia, northeastern China Early Cretaceous, Shengli Formation
CP_06 2.51 16.74 36.80 HV bituminous Junggur Coalfield Borehole Inner Mongolia, northeastern China Late Carboniferous, Taiyuan Formation
CP_07 4.16 16.05 37.50 HV bituminous Junggur Coalfield Borehole Inner Mongolia, northeastern China Late Carboniferous, Taiyuan Formation
CP_08 0.99 32.33 26.84 MV bituminous Chunlei Coal mine Northeastern Guizhou Province, southwest China Late Permian, Wujiaping Formation
CP_09 1.79 34.41 33.64 MV bituminous Jinqi Coal mine Northeastern Guizhou Province, southwest China Late Permian, Wujiaping Formation
CP_10 2.95 22.48 21.46 LV bituminous Yudai Coal mine Northeastern Guizhou Province, southwest China Late Permian, Wujiaping Formation
CP_11 0.49 10.81 13.80 Semi-anthracite Chalinbao Coal mine Northeastern Guizhou Province, southwest China Late Permian, Wujiaping Formation
CP_12 0.49 17.28 14.65 Semi-anthracite Chalinbao Coal mine Northeastern Guizhou Province, southwest China Late Permian, Wujiaping Formation
CP_13 0.49 22.98 20.99 LV bituminous Tiedingyan Coal mine Northeastern Guizhou Province, southwest China Late Permian, Wujiaping Formation
CP_14 1.59 14.81 7.87 Anthracite Fenghuangshan Coal mine Western Guizhou Province, southwest China Late Permian, Longtan Formation
CP_15 0.91 18.39 20.11 LV bituminous Liulong Coal mine Western Guizhou Province, southwest China Late Permian, Longtan Formation
CP_16 1.29 10.65 7.45 Anthracite Wenjiaba Coal mine Western Guizhou Province, southwest China Late Permian, Longtan Formation
CP_17 7.05 34.25 60.70 Lignite Puyang Coal mine Southeastern Yunnan Province, southwest China Tertiary, Xiaolongtan Formation
CP_18 2.00 14.09 39.30 HV bituminous Quqing Coal mine Eastern Yunnan Province, southwest China Late Permian, Longtan Formation
CP_19 7.47 2.76 37.90 HV bituminous Wangjiashan Coal mine Gansu Province, northwest China Jurassic, Yaojie Formation
CP_20 8.28 4.51 39.40 HV bituminous Datong Coal mine Shaanxi Province, north China Early Permian, Shanxi Formation
CP_21 1.06 20.17 8.19 Semi-anthracite Nui Houg Coal mine Thai Nguyen Province, Vietnam Late Triassic
CP_22 1.55 11.70 8.75 Semi-anthracite Nui Houg Coal mine Thai Nguyen Province, Vietnam Late Triassic
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to 0.8, melanterite mineral being almost completely absent in CP4 frac-
tions), and anatase, with a marked increase in CP4 (×2.7) in most sam-
ples. Sulphate minerals in coal and coal dust occur usually in large
crystals, commonly much larger than the respirable particle size,
while anatase occurs generally as exceptionally fine crystal aggregates
dispersed in both the organic and clay matrixes (Figs. 4 and S4 of
Trechera et al. (2020, 2021), respectively).

Sulphate CP4/CP ratios are positively correlated (r = 0.74) with
moisture (% air dried, ad). Moisture potentially accelerates the process
of oxidation of sulphides in coals (Allardice et al., 2003; Choi et al.,
2011; Wang et al., 2003), which usually have a relatively fine PSD.
Moreover, the adsorption of moisture can soften and lubricate the mi-
crostructures, weakening mechanical coal matrix properties (Ahamed
et al., 2019; Ren et al., 2021). The highest CP4/CP for sulphate minerals
is obtained for sub-bituminous coals, probably induced by a higher
moisture content, which causes more intense oxidation. On the other
hand, carbonate minerals (especially calcite), ratios are correlated
with the volatile matter (% dry ash free, daf), thus increasing towards
low rank coals (r = 0.74 and 0.90 respectively) pointing to a finer size
of calcite in lower coal rank coals. In fact, the ratios followed this trend
HV > MV > LV (from 1.7 to 0.2) in bituminous coal. This is probably
due to the recrystallisation processes, which are more probable in
higher rank coals.

Average CP4/CP for major elements (Fig. 2) reach 0.7 and 0.8 for Fe
and S; while the P, Al and Na averaged ratios reach 1.2, 1.3 and 1.5, re-
spectively. No correlations were observed between CP4/CP of major el-
ements and coal rank when including all coals, but r = 0.87 and
−0.70 are reached for Fe and K ratios and moisture when only bitumi-
nous coals are evaluated. Thus, and accordingly, volatile matter is mar-
ginally correlated with Fe ratios (r = 0.70) and noticeable negatively
correlated with K (r = −0.74).

Furthermore, ash yields are negatively correlated with Fe (r =
−0.80) and S (r = −0.81), ratios pointing that high ash yield coals
contain coarser pyrite than low ash ones. In fact, ash yield is corre-
lated with pyrite contents in bituminous samples (r = 0.80 for CP
and r = 0.71 CP4). Thus, higher pyrite coal might contain coarser py-
rite. In contrast, in low pyrite coals, fine framboidal pyrite is the pre-
vailing form of this mineral. Thus, the highest ratios are obtained for
samples with pyrite content below the XRD detection limit (CP4_19
and CP4_20). In prior studies on Chinese and European bituminous
6

coals, the concentrations of Fe and S also decreased in the respirable
coal dust fraction compared with the parent bulk coal dust (Trechera
et al., 2020, 2021).

Concerning the CP4/CP ratios of trace elements, those for Mo, Mn, Hf
and Ge are generally <1.0, (n = 10, 21, 13, 18, respectively), with only
six samples with ratios slightly >1.0 (four in the case of Mn and two in
the one of Ge). These results concur with those of Trechera et al. (2020,
2021), especially as far asMn is concerned. On the other hand, elements
such as Cs, W, Zn and Zr increase their concentration in CP4. Usually Hf
and Zr are associated with zircon (Zr-silicate) in coal (Swaine, 1990);
however, in this study, it seems that Hf is particularly concentrated in
the coarser zircon.MoandGe are usually associatedwith organicmatter
(yielding coarser particles), whileMn is usually associatedwith carbon-
ate minerals (Swaine, 1990).

3.2. Oxidative potential

3.2.1. Oxidative potential of the <4 μm fraction of the powdered coal sam-
ples (CP4)

The OP test is defined as a measure of the capacity of PM to oxidise
targetmolecules. The outputs of theOP are used as a predictor of biolog-
ical responses to PM toxicity and might yield more information on the
potential health effects than PM mass or chemistry (Ayres et al., 2008;
Borm et al., 2007; Daellenbach et al., 2020). Although the OP analyses
are not commonly used yet to characterise standard responses of coal
dust, it could be a valuable technique to evaluate potential occupational
hazards, since it integrates various biologically-relevant dust properties,
including size, surface and mineralogical and chemical composition
(Ayres et al., 2008; Janssen et al., 2014). Several methods for measuring
OP are available, and agreement has not been reached on
recommending one of them (Ayres et al., 2008; Calas et al., 2018;
Moreno et al., 2017). Different testsmonitor specific oxidative processes
caused by particular PM or dust component types. Commonly, OPAA,
OPGSH, and OPDTT assays are used for PM exposure, based on the facts
that AA and GSH are physiological antioxidants present in the lung
and DTT is a strong reducing agent, chemical surrogates of antioxidants
(Fang et al., 2017).

In these samples, OPTOT average values reached 1.16 (0.4–2.0) %OP-
TOTμg−1 (OPTOT = OPAA + OPGSH, in % consumption·μg−1) (Table 7).
TheseOP values fall in the range reported for a number of Chinese actual
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respirable coal mine dust samples by Trechera et al. (2020, 2021), with
0.3–0.8%OPTOT·μg−1 for coal open-pit mine dust from the Xingjian's
high-quality coal, and 0.1–2.2%OPTOT·μg−1 for similar samples from un-
derground coal mines (working lower coal quality in Southern and
Southwestern China). Moreover, some OP analysis from PM4 by
Zazouli et al. (2021) in Alborz Coal Basin underground coal mines
show also low levels of OPTOT (0.4–1.0%OPTOT·μg−1 of PM4). In accor-
dance with Zazouli et al. (2021), which also collect their samples in
eight different locations of underground coal mines, OPTOT average
reached 0.7%OPTOT·μg−1 of PM4 in their OP analyses, a value close to
the averages of this study, open-pit coal mine study (Trechera et al.,
2021), and underground coal mines study (Trechera et al., 2020),
reaching 1.2, 0.5 and 0.8%OPTOT·μg−1, respectively. Thus, the results
are quite similar, evenwhen the OP from Zazouli et al. (2021) wasmea-
sured on true respirable coal dust in suspension (PM4), the ones from
Trechera et al. (2020 and 2021) were obtained in respirable fractions
extracted from deposited coal dust, and the ones from this study are
CP4 samples.

All the above values can be considered as relatively low when
compared with those reported for other PM types. Thus, Moreno
et al. (2017) reported 2.5%OPTOT·μg−1 as average values from PM2.5

samples collected in the Barcelona subway system. Calas et al.
(2018) reported 1.5 and 4.0%OPTOT·μg−1, respectively, for PM from
the Chamonix Valley in summer and winter (the latter with high
PM contributions from biomass burning). Godri et al. (2011) and
Soltani et al. (2018) reported 1.1 and 3.6%OPTOT·μg−1 at the Iranian
Gol-E-Gohar mining and industrial facility and London Roadside
PM control, respectively. It is also very relevant that ROS levels mea-
sured for coal mine dust by means of OP tests are somewhat reduced
when compared with atmospheric PM from most anthropogenic
sources (Trechera et al., 2020, 2021).

When evaluating correlations of the particle size, geochemical and
mineralogical patterns of the 22 CP4 samples with OPAA (Fig. 3), a posi-
tively correlation (r=0.69)with Fe, andwith anatase, S, pyrite, U,Mo, V
and Ti (r = 0.5–0.6) was found, as well as with Ni, Cu, Pb, ash yield, Al
and Si (r = 0.4–0.5). On the other hand, OPGSH was correlated with
moisture (% ad, r = 0.67), and with H (%), volatile matter (% daf) and
quartz (r= 0.4–0.5). Furthermore, OPDTT was correlated withmoisture,
B, Ge, As andW (r= 0.5–0.6) and less correlatedwith particle size, vol-
atile matter, and Ca (r = 0.4–0.5), Fig. 3.

Fig. 4 shows the cross-correlation analysis for CP4 from bituminous
coals (twelve out of the twenty-two samples analysed). OPAA correla-
tion increased slightly for Fe (r = 0.80), ash yield (r = 0.72) and pyrite
(r = 0.70), as well as with sulphates, As, K, S, Si, Al, V, and Cr (r =
0.5–0.6) and Pb, Cu, Ti, U, andNi (r=0.4–0.5). For OPGSH the correlation
with moisture again markedly increased (r = 0.78), as did that with H,
particle size, Sb, Bi, Tl, volatile matter, B, Ge and C (r = 0.3–0.5). For
OPDTT, correlations also increased for particle size, Ca, Sr, and B (r =
0.6–0.7), and for Mg, Mn, and quartz (r= 0.4–0.5). However, the corre-
lationwith Ge,W, As, Be, moisture content and volatile matterwere de-
creased (the two latter being low in bituminous coal).

Accordingly, both OPGSH and OPDTT seem to correlate with the or-
ganic matter content (traced by moisture, H, volatile matter and by
some typically organic associated trace elements, such as B, Mo, W
and Ge (Swaine, 1990), and coarser particle size). In contrast,
Figs. 3 and 4 clearly illustrate the mineral components (inorganic
fraction) are linked to OPAA (conversely to OPGSH and OPDTT), espe-
cially pyrite, Fe, S, sulphate minerals (arising from pyrite oxidation),
anatase, and a number of trace metals (U, Mo, V). Most of these cor-
relations increase when considering only bituminous coals, since the
regression scatter caused by the possible impact of coal rank-
dependent parameters is reduced. Attfield and Morring (1992),
Castranova and Vallyathan (2000), Huang et al. (2005), Maclaren
et al. (1989) and Huang et al. (1998) have showed that coal rank
plays an important role in developing coal miners' diseases, with
CWP risk increasing with rank.



Table 3
Contents of major and trace elements in the bulk coal channel profile samples (CP). wt, weight.

Sample CP_01 CP_02 CP_03 CP_04 CP_05 CP_06 CP_07 CP_08 CP_09 CP_10 CP_11 CP_12 CP_13 CP_14 CP_15 CP_16 CP_17 CP_18 CP_19 CP_20 CP_21 CP_22

% wt
Al 1.16 1.19 2.78 0.32 0.57 2.96 2.91 3.37 3.82 2.60 2.02 2.99 4.33 1.85 0.87 1.98 4.55 0.06 0.18 0.09 2.85 1.50
Ca 1.31 0.91 0.97 0.63 0.57 0.16 0.53 2.91 0.07 0.16 0.09 0.53 0.75 0.03 1.87 0.05 0.78 6.40 0.38 1.35 0.42 0.39
Fe 0.52 0.11 0.99 1.41 0.94 1.69 0.27 4.59 8.04 6.10 0.99 1.43 0.54 2.27 3.60 1.01 0.89 1.48 0.09 0.13 2.05 0.59
K 0.09 0.04 0.24 0.02 0.05 0.03 0.14 0.17 0.40 0.12 0.11 0.07 0.14 0.37 0.18 0.10 0.87 <0.01 <0.01 <0.01 0.17 0.06
Mg 0.02 0.05 0.17 0.13 0.14 0.02 0.03 0.39 0.12 0.05 0.04 0.03 0.10 0.05 0.09 0.06 0.34 0.31 0.07 0.18 0.12 0.03
Na 0.01 0.02 0.10 0.03 0.03 0.02 0.02 0.02 0.02 0.01 0.03 0.04 0.01 0.14 0.02 0.14 0.01 0.01 0.17 0.06 0.01 0.01
P <0.01 0.05 0.02 <0.01 <0.01 <0.01 0.02 0.02 0.01 0.02 0.02 0.40 0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01 0.12 0.08
S 4.87 0.36 0.63 1.72 1.21 1.61 0.55 4.93 10.11 7.10 2.66 3.08 1.80 2.90 4.22 1.14 1.38 0.24 0.11 0.11 5.51 3.37

mg·kg−1

Li 68 33 16 2.9 4.2 25 35 70 52 46 44 36 70 31 9.0 162 31 0.97 <dl <dl 12 3.4
Be 1.4 <dl 1.0 17 11 6.0 2.1 6.3 3.6 16 4.1 5.6 17 2.5 1.5 0.81 2.0 <dl <dl 2.4 0.89 0.20
B 4.1 24 <dl 51 65 1.9 12 14 27 <dl 34 16 <dl 3.5 <dl <dl <dl 32 126 52 43 6.3
Sc 1.6 1.1 3.5 1.0 0.90 5.0 6.2 26 5.4 6.2 2.7 1.8 15 3.3 2.5 3.4 8.2 <dl <dl <dl 3.2 <dl
Ti 328 371 986 156 358 1045 1807 1709 2589 2027 786 483 2791 1835 558 661 1625 14 48 45 1111 718
V 7.5 6.6 18 4.5 7.1 15 35 53 268 65 15 21 94 199 65 20 93 <dl 0.94 <dl 116 51
Cr 4.4 4.1 11 2.9 4.6 5.4 9.9 51 79 25 9.9 14 41 46 7.9 8.8 61 <dl 0.96 0.52 30 12
Mn 19 23 148 49 48 97 29 82 154 13 10 27 8.6 8.4 235 4.1 11 721 12 18 36 6.1
Co 1.6 2.5 4.4 0.92 1.0 8.3 2.8 9.0 10 12 3.3 14 6.6 7.1 6.4 5.4 6.6 <dl 1.5 8.7 2.7 <dl
Ni 2.2 7.4 11 2.5 2.2 13 4.3 69 33 16 8.2 16 36 22 12 11 32 0.56 4.3 5.1 22 20
Cu 4.5 6.8 16 3.0 4.5 16 17 55 22 39 13 24 52 54 30 21 43 <dl 0.64 1.2 20 19
Zn 8.9 22 21 6.9 13 24 26 2446 24 14 57 28 14 17 2.5 9.6 19 <dl <dl <dl 48 35
Ga 5.0 3.9 9.2 1.7 1.8 10 16 51 14 36 10 13 52 8.8 3.8 7.6 12 <dl <dl 2.2 7.9 5.1
Ge 3.2 1.1 2.1 577 436 3.2 2.0 11 3.9 15 5.8 18 17 1.6 0.79 1.0 2.6 <dl <dl 3.7 22 4.4
As 1.6 1.1 3.1 484 436 9.8 2.9 36 29 36 4.0 6.6 8.5 3.0 5.7 1.6 8.4 <dl <dl 1.3 225 65
Se 0.64 1.2 1.8 <dl <dl 2.2 2.5 21 6.0 17 2.8 8.5 16 2.2 1.9 1.8 2.5 <dl <dl <dl 5.4 5.0
Rb 3.9 0.89 16 1.4 3.6 0.92 5.5 4.6 10 3.4 2.7 2.5 3.8 15 3.9 3.2 89 <dl <dl <dl 38 10
Sr 63 239 432 51 47 33 185 149 138 81 358 3770 118 54 1014 90 25 792 95 532 98 23
Y 4.8 8.6 15 1.5 2.0 17 17 200 21 80 16 33 110 14 9.6 16 16 <dl <dl 7.1 12 5.7
Zr 18 9.8 40 3.9 6.4 50 132 1888 122 296 69 91 735 100 14 22 38 <dl 1.3 1.1 24 19
Nb 1.8 1.8 6.4 0.75 1.2 5.3 7.7 144 24 54 18 25 90 23 2.2 3.1 5.9 <dl <dl <dl 3.5 5.0
Mo 1.8 <dl <dl <dl <dl <dl 2.2 8.2 160 16 2.7 3.3 2.7 122 7.2 <dl <dl <dl <dl <dl 138 402
Sn 0.48 <dl 1.3 <dl <dl 1.4 1.4 5.8 3.2 3.6 1.2 1.3 11 1.4 0.39 0.80 1.8 <dl <dl <dl <dl <dl
Sb <dl <dl 1.1 27 20 <dl <dl 8.8 1.9 0.65 <dl <dl 0.95 <dl <dl <dl 14 <dl <dl 4.4 29 7.6
Cs <dl <dl 2.2 4.6 5.2 <dl <dl 0.81 0.84 <dl <dl <dl <dl <dl <dl <dl 13 <dl <dl <dl 49 23
Ba 1.7 37 151 26 21 21 39 8.0 25 6.0 18 34 8.8 90 33 31 146 5.4 23 6.4 170 37
Hf 0.94 <dl 2.1 <dl <dl 2.6 5.9 47 5.2 12 2.9 4.0 25 4.0 <dl 1.2 2.0 <dl <dl <dl <dl <dl
W 1.2 <dl 0.58 461 447 5.1 1.7 0.79 1.1 0.94 <dl 1.1 0.66 0.99 <dl <dl 0.72 <dl <dl <dl 9.6 1.5
Pb 3.1 8.6 16 0.43 0.67 112 22 95 25 155 3.4 3.9 17 8.4 1.9 4.8 15 <dl <dl <dl 15 13
Th 1.9 1.1 11 <dl 0.82 7.2 10 8.6 5.5 9.1 3.6 2.7 12 3.9 1.3 2.8 8.3 <dl <dl <dl 4.7 2.9
U 0.81 <dl 4.4 <dl <dl 2.3 2.8 7.4 45 4.7 2.1 3.6 11 51 1.5 1.0 11 <dl <dl <dl 81 73
REE 28 88 104 8.0 10 91 116 991 189 760 203 311 629 85 51 88 73 1.2 1.0 17 54 33
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3.2.2. Correlation analysis of OP and geochemical patterns including CP4 ac-
tual respirable coal mine dust samples

Figs. 5 and 6 show the results of the cross-correlation analysis of
OP with geochemical, mineralogical and particle size of CP4 samples
but, in this case, adding recently respirable coal mine dust (RD) from
Chinesemines, sampled and characterised using the samemethodol-
ogy by Trechera et al. (2020, 2021). The information on the origin
and features of the RD samples included is supplied in Table S4.
This re-analysis is done with the aim to validate the procedure to
study the possible OP from mining dust of a given coal by sampling
the coal seam, powdering the coal and extracting the CP4. Thus, the
main results obtained for CP4, which remain valid in the re-analysis
by including RD, will support the validation of the protocol used in
this study.

There, again correlation was found for S, U, Mo and pyrite (r =
0.6–0.5) with OPAA (Fig. 5). However, in spite of the correlation of
OPAA with pyrite, the OPAA-Fe correlation markedly decreased (r =
0.39) when all samples were combined (CP4 and RD). On the other
hand, moisture (r = 0.52) and some elements and minerals, such as
Ca, Na, carbonates (r = 0.3–0.4) and B (r = 0.20) correlated with
OPGSH. By including actual coal mine dust samples in the correlation
analysis, some high calcite, Na and As dust from galleries with lime-
gunited walls that interacted with acid drainage waters (Trechera
et al., 2020) seem to increase correlation with OPGSH; and Na and Mg
(r= 0.6–0.5) andmoisture (r= 0.40)with OPDTT (Fig. 5). Furthermore,
by including RD samples elements such as K, Si, Rb, Sb, Ge,W, As, and Ba
markedly decreased their correlation with OPDTT.

Again, OP correlations increased when the analysis focused only on
bituminous coal and coal dust samples (Fig. 6). There, an increase was
found for correlation of ash yield, sulphates, anatase, Ti, Ni, Co, V, Pb
and REEs with OPAA, but the most noticeable increase was found for
Fe (r = 0.83) and pyrite (r = 0.66). Thus, Fe-OPAA correlation is very
high when CP4 and RD are analysed together for bituminous coals. For
OPGSH and OPDTT, elements such as Ca, Na, Mg, B, Bi, Tl, and Sr, PSD,
moisture content and quartz mineral also increase correlations.
Moisture-OPGSH (r = 0.73) and Mg-OPDTT (r = 0.70) markedly in-
creased in this combined analysis. Conversely, U and Mo correlation
with OPAA decreased when only bituminous coal was considered.

According to this re-analysis, OP correlations remain or even in-
crease when RD samples for Fe, pyrite, S, sulphates, moisture content
or B are included, and also, to a lesser extent, with elements such as
U, Mo, V, Ti, Ni, K, Si, Pb, Co, Sb, Bi, As, W, Ge, Ca, Na, Mg and Mn; and
minerals such as anatase, quartz or carbonates, ash yield, and particle
size.

The results obtained between the OP and respirable fractions from
CP4 analysis samples of given coal might yield information on the ex-
pected OP of the RD of the coal when some working operations are car-
ried out in the coal mines. In conclusion, the evaluation of OP coal
worked in coal mines could offer insight into which elements could be
more problematic in coal mines or which parameters are more poten-
tially hazardous in coal mines.

3.2.3. Multilinear regression analysis
Figs. S3 and S4 and Eqs. (1) to (22) summarise the results of the

multilinear regression analysis performed for the OPAA, OPGSH, and
OPDTT with geochemical parameters for the combined CP4 and RD
dataset. It has to be pointed out that a number of components are in-
cluded in the equations for OPAA, OPGSH, and OPDTT although they have
opposite effects.

All coal and dust samples (n = 43), Fig. S3

OPAA % � μg−1� � ¼ 0:11 � pyrite %wtð Þ
þ0:09 � sulphates %wtð Þ−0:07 �moisture content %adð Þ
þ0:74 r ¼ 0:70;ρ < 0:0001ð Þ ð1Þ



Table 5
Contents of major and trace elements in the fraction <4 μm of the powdered samples of the coal channel profiles (CP4). wt, weight.

Sample CP4_01 CP4_02 CP4_03 CP4_04 CP4_05 CP4_06 CP4_07 CP4_08 CP4_09 CP4_10 CP4_11 CP4_12 CP4_13 CP4_14 CP4_15 CP4_16 CP4_17 CP4_18 CP4_19 CP4_20 CP4_21 CP4_22

% wt
Al 1.22 0.83 3.59 0.44 0.83 2.80 1.22 3.20 3.57 2.21 1.66 2.46 3.39 3.06 0.84 3.26 6.04 0.12 0.42 0.11 3.95 3.67
Si 1.18 0.82 5.60 0.86 1.90 2.90 1.33 3.73 4.51 2.47 1.85 2.46 3.84 4.02 1.62 3.38 9.44 0.10 0.43 0.14 7.07 5.35
Ca 0.47 0.57 0.72 0.71 0.76 0.13 0.43 1.06 0.14 0.24 0.07 0.38 0.24 0.21 0.95 0.08 0.83 6.76 0.41 1.43 0.52 0.36
Fe 0.27 0.04 1.10 0.76 0.88 1.08 0.18 1.05 4.08 2.55 0.18 0.32 0.19 3.30 1.61 0.75 0.94 1.25 0.11 0.13 2.36 0.58
K 0.09 0.04 0.37 0.02 0.06 <0.01 0.06 0.16 0.34 0.09 0.07 0.05 0.11 0.63 0.16 0.14 1.14 0.01 <0.01 <0.01 0.27 0.13
Mg 0.02 0.03 0.20 0.15 0.17 0.02 0.04 0.18 0.12 0.05 0.04 0.03 0.08 0.09 0.06 0.09 0.44 0.20 0.08 0.20 0.16 0.03
Na 0.03 0.02 0.13 0.05 0.04 0.02 0.02 0.02 0.03 0.02 0.03 0.04 0.02 0.22 0.03 0.21 0.03 0.02 0.15 0.06 0.03 0.01
P <0.01 0.05 0.02 <0.01 <0.01 <0.01 0.01 0.02 0.02 0.01 0.02 0.31 0.01 0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01 0.13 0.09
S 5.30 0.35 0.70 1.00 1.07 1.05 2.55 1.46 6.22 4.78 1.62 2.02 1.50 3.68 2.71 0.74 1.25 0.25 0.10 0.12 5.45 1.34

mg·kg−1

Li 69 21 18 4.3 5.0 18 9.9 56 30 28 27 25 47 41 5.6 193 36 <dl 1.0 <dl 7.8 30
Be 1.0 <dl <dl 16 17 5.7 2.3 5.8 4.3 5.2 1.6 3.6 12 2.5 <dl 0.89 2.6 <dl <dl 2.2 2.0 0.89
B 24 27 3.3 47 36 19 12 18 64 7.8 8.1 18 <dl <dl 7.3 <dl <dl 32 73 45 23 11
Sc 1.6 1.2 4.2 0.91 1.0 6.1 5.6 27 6.2 6.0 2.5 1.6 14 4.2 2.5 3.7 9.3 <dl <dl <dl 5.0 3.8
Ti 287 398 992 163 337 854 1016 1702 2390 1687 608 425 2418 1603 518 645 1663 12 34 18 1289 1450
V 7.8 7.2 26 3.9 6.5 16 38 59 269 65 13 21 94 246 66 24 84 0.75 0.76 <dl 95 42
Cr 4.8 4.6 16 2.8 4.5 6.3 15 34 76 24 9.5 14 40 53 8.9 8.9 64 <dl 0.45 <dl 35 9.3
Mn 6.8 11 78 47 46 86 23 26 74 7.3 4.9 11 3.3 23 102 5.1 12 640 14 16 32 7.0
Co 1.5 2.4 5.1 0.88 0.94 7.1 2.6 7.0 9.7 6.4 2.0 11 5.5 10 5.3 5.1 5.1 <dl 1.7 9.6 4.1 3.4
Ni 1.2 7.2 14 1.2 1.4 11 4.8 55 34 8.5 4.2 13 33 38 6.5 5.7 30 <dl 2.5 3.5 21 22
Cu 4.1 4.1 20 3.2 5.8 12 12 34 15 18 6.1 11 31 63 24 20 41 3.1 2.5 2.6 21 20
Zn 19 38 48 14 17 18 26 526 40 27 28 27 29 33 23 15 24 10 16 12 45 37
Ga 5.4 3.3 9.8 1.3 1.6 8.7 13 43 9.6 24 7.4 9.2 41 14 3.5 10 14 <dl <dl 1.5 9.3 7.0
Ge 2.7 0.85 1.9 315 211 2.2 19 11 3.2 6.4 3.8 14 12 2.0 <dl 1.2 1.8 <dl <dl 1.4 20 1.8
As 1.8 3.5 3.5 389 495 12 14 18 18 24 3.1 22 5.8 5.7 7.5 1.8 7.7 0.53 0.47 1.3 249 58
Se 0.72 <dl 2.2 <dl <dl 1.5 2.3 19 3.7 12 2.7 6.2 11 3.3 1.2 2.2 2.2 <dl <dl <dl 2.4 1.2
Rb 4.8 <dl 25 2.1 5.0 <dl 4.3 4.3 7.5 2.6 2.0 1.9 3.2 25 3.5 4.5 110 <dl <dl <dl 46 10
Sr 54 226 319 52 55 31 140 110 125 77 278 3308 104 127 499 163 30 767 92 500 124 156
Y 4.0 6.7 13 1.4 1.9 16 10 181 22 65 12 25 93 14 7.6 15 13 <dl <dl 5.8 15 14
Zr 27 17 57 4.9 9.3 66 107 3335 184 512 97 132 1174 141 25 31 53 <dl 1.3 <dl 29 104
Nb 1.5 2.0 5.9 <dl 0.86 3.9 5.1 140 21 48 14 22 81 18 2.0 3.0 5.9 <dl <dl <dl 4.0 6.3
Mo 3.8 0.86 2.2 <dl <dl 0.97 21 3.2 79 5.8 2.2 2.8 2.6 98 2.8 <dl <dl <dl <dl <dl 41 115
Sn 0.38 0.77 1.7 <dl 0.70 1.6 1.2 6.2 2.5 4.0 1.5 4.5 10 1.5 <dl 0.88 2.0 <dl <dl <dl 1.8 1.7
Sb <dl 3.3 1.3 20 16 <dl 7.4 5.8 <dl <dl <dl 23 0.79 0.84 0.84 <dl 11 <dl <dl 2.8 31 0.79
Cs <dl <dl 3.9 6.8 9.3 <dl 4.1 <dl <dl <dl <dl <dl <dl 1.1 <dl <dl 17 <dl <dl <dl 56 15
Ba 1.7 35 187 34 37 20 38 11 21 7.3 11 30 9.7 157 35 59 211 6.0 27 6.6 270 41
Hf 0.74 <dl 1.5 <dl <dl 1.9 2.5 39 4.5 9.1 2.1 3.2 19 3.2 <dl 0.90 1 <dl <dl <dl 0.80 2.6
W 1.7 <dl 1.3 406 360 3.4 2.8 1.6 <dl 1.3 0.87 1.6 1.1 1.8 <dl <dl 1.4 <dl <dl <dl 8.1 0.76
Pb 2.5 8.3 17 <dl 0.88 122 20 38 7.8 117 1.1 1.9 14 5.1 1.8 4.7 16 0.86 0.97 0.58 11 6.6
Th 2.1 1.3 13 <dl 0.99 8.1 9.4 7.2 5.2 7.0 3.7 2.6 9.7 5.0 1.5 3.8 11 <dl <dl <dl 5.0 6.2
U 0.91 <dl 5.4 <dl <dl 2.4 5.8 8.6 48 5.1 2.0 4.2 12 99 2.0 1.3 10 <dl <dl <dl 79 59
REE 27 89 114 9.5 13 78 91 1026 158 552 171 275 530 153 44 111 82 2.0 1.0 17 75 74
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Table 6
Most geochemical interesting and enrichments elements and high concentrations of bulk channel profile (CP) coals in comparisonwith Chinese geochemical averaged concentrations (Dai
et al., 2007, 2008). LV, Low-Volatile; HV, High-Volatile; MV, Medium-Volatile.

Sample Ash
yield

Rank Interesting elements Trace elements (mg·kg-1)

CP_01 Medium LV bituminous High organic S, low Fe and pyrite Low levels
CP_02 Medium Semi-anthracite Low S Low levels
CP_03 High HV bituminous Sr (432), Th (11)
CP_04 Medium Sub-bituminous Ge (577), As (484), W (461), Sb (27), Be (17), Cs (5.2)
CP_05 Medium Sub-bituminous Ge (436), As (436), W (447), Sb (20), Be (11), Cs (5.2)
CP_06 High HV bituminous Pb (112), Be (6.0), As (9.8), W (5.1)
CP_07 High HV bituminous Anatase mineral detected by XRD (High Ti) Th (10)
CP_08 High MV bituminous High pyrite Zn (2446), Zr (1888), Cd, Pb, Cr, Ni, Cu, Ga (51–95), As (36) Se (21), Y

(200), Nb (144), REE's (991)
CP_09 High MV bituminous High S, Fe and pyrite V (268), Mo (160), Cr (79), U (45), As (29)
CP_10 High LV bituminous High S, Fe and pyrite; Anatase mineral detected by XRD (High Ti) Pb (155), As (36), Se (17), Y (80), Nb (54), REE's (760)
CP_11 Medium Semi-anthracite Sr (358)
CP_12 High Semi-anthracite High P Sr (3770)
CP_13 High LV bituminous Anatase mineral detected by XRD (High Ti) Ti (2791), Y (110), Zr (735), REE (629), Th (12)
CP_14 Medium Anthracite Anatase mineral detected by XRD (High Ti) Mo (122), V (199), U (51)
CP_15 High LV bituminous Sr (1014), Mn (235)
CP_16 Medium Anthracite Li (162)
CP_17 High Lignite High quartz, kaolinite-chlorite and illite minerals; Anatase

mineral detected by XRD (High Ti)
Cr, Rb, Cu, Ni (32–89)

CP_18 Medium HV bituminous High Ca and carbonates minerals Mn (721), Sr (792)
CP_19 Low HV bituminous B (126)
CP_20 Low HV bituminous Sr (532)
CP_21 High Semi-anthracite High organic S As (225), Mo (138), Sb (29), U (81)
CP_22 Medium Semi-anthracite High organic S As (65), Mo (402), Sb (7.6), U (73), Tl (25)
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OPAA % � μg−1� � ¼ 0:13 � S %wtð Þ þ 0:01 �Mo mg � kg−1
� �

−0:05

�moisture content %adð Þ
þ 0:65 r ¼ 0:69;ρ < 0:0001ð Þ ð2Þ
OPAA % � μg−1� � ¼ 0:19 ∗ Fe %wtð Þ
þ 0:01 ∗U mg � kg−1

� �
−1:22 ∗Na %wtð Þ

þ 0:64 r ¼ 0:70;ρ<0:001ð Þ ð3Þ

OPAA % � μg−1� � ¼ 0:12 ∗ pyrite %wtð Þ
þ 0:42 ∗ anatase %wtð Þ−1:81 ∗Mg %wtð Þ
þ 0:80 r ¼ 0:73;ρ<0:0001ð Þ ð4Þ
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Fig. 2. Average ratio of mineral and major and trace element contents in the channel profile ˂4
Deviation; Sul, Sulphates; Cb, Carbonates; Py, Pyrite; Qtz, Quartz; Ant, Anatase.
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OPGSH % � μg−1� � ¼ 0:02 ∗moisture content %adð Þ
þ 0:02 ∗ Ca %wtð Þ−0:03 ∗D25ð�mÞ
þ 0:15 r ¼ 0:71;ρ<0:0001ð Þ ð5Þ

OPGSH % � μg−1� � ¼ 0:02 ∗moisture content %adð Þ
þ 0:004 ∗ carbonates %wtð Þ
þ 0:09 r ¼ 0:65;ρ<0:0001ð Þ ð6Þ
OPDTT % � μg−1� � ¼ 1:45 ∗Mg %wtð Þ þ 0:98 ∗Na %wtð Þ
þ 0:002 ∗Ge mg � kg−1

� �

þ 0:52 r ¼ 0:71;ρ<0:0001ð Þ ð7Þ
Fe S Ca K Mg P Al Na

X X+Sd X-Sd

V Sr Cr B Sn Sc Rb REE

Th Ba U As Cs W Zn Zr

Major

μm (CP4) and bulk channel profile (CP) samples. Ratio average (X) = CP4/CP; Sd, Standard



Table 7
Oxidative potential (OP) of the fraction <4 μm of the powdered channel profile samples
(CP4). AA, Ascorbic Acid; Sd, Standard deviation; GSH, Glutathione; TOT = AA+GSH;
DTT, Dithiothreitol; **, insufficient sample for OP analysis.

Sample %OPAA

μg−1
SdAA %OPGSH

μg−1
SdGSH %OPTOT

μg−1
%OPDTT

μg−1
SdDTT

CP4_01 0.99 0.04 0.10 0.08 1.09 0.71 0.00
CP4_02 0.42 0.01 0.25 0.06 0.68 0.88 0.00
CP4_03 1.27 0.02 0.03 0.04 1.30 0.22 0.00
CP4_04 0.24 0.03 0.19 0.08 0.42 1.88 0.00
CP4_05 0.31 0.01 0.24 0.02 0.55 0.90 0.00
CP4_06 1.50 0.07 0.18 0.03 1.68 0.50 0.00
CP4_07 0.34 0.01 0.26 0.01 0.60 0.22 0.00
CP4_08 1.49 0.02 0.16 0.01 1.65 0.44 0.00
CP4_09 1.86 0.00 0.03 0.02 1.89 ** **
CP4_10 1.80 0.00 0.09 0.03 1.89 0.22 0.00
CP4_11 0.79 0.01 0.12 0.04 0.91 0.76 0.00
CP4_12 0.65 0.04 0.01 0.05 0.66 0.38 0.00
CP4_13 0.62 0.01 0.15 0.06 0.77 0.50 0.00
CP4_14 1.60 0.02 0.09 0.03 1.69 0.68 0.00
CP4_15 1.75 0.03 0.06 0.02 1.81 0.54 0.00
CP4_16 1.47 0.04 0.11 0.06 1.58 0.62 0.00
CP4_17 0.19 0.01 0.28 0.08 0.47 0.77 0.00
CP4_18 1.04 0.02 0.12 0.08 1.16 1.22 0.00
CP4_19 0.16 0.09 0.27 0.15 0.43 0.85 0.00
CP4_20 0.12 0.00 0.28 0.08 0.40 1.41 0.00
CP4_21 1.90 0.02 0.11 0.04 2.00 0.82 0.00
CP4_22 1.78 0.00 0.16 0.06 1.94 0.56 0.00
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OPDTT % � μg−1� � ¼ 1:43 ∗Mg %wtð Þ þ 0:96 ∗Na %wtð Þ
þ 0:002 ∗W mg � kg−1

� �

þ 0:54 r ¼ 0:70;ρ<0:0001ð Þ ð8Þ

OPDTT % � μg−1� � ¼ 0:002 � Ba mg � kg−1
� �

þ0:04 �moisture content %; adð Þ−0:05 � Th mg � kg−1
� �

þ0:86 r ¼ 0:68;ρ ¼ 0:0001ð Þ

Bituminous coals and Bituminous coal dust (n = 23), Fig. S4

OPAA % � μg−1� � ¼ 0:36 ∗ anatase %wtð Þ
þ0:15 ∗ pyrite %wtð Þ−0:05 ∗moisture content %adð Þ
þ0:71 r ¼ 0:83; ρ ¼ 0:0001ð Þ ð10Þ

OPAA % � μg−1� � ¼ 0:44 ∗ Fe %wtð Þ
þ 0:04 ∗ carbonates %wtð Þ−1:81 ∗Mg %wtð Þ
þ 0:55 r ¼ 0:90;ρ<0:0001ð Þ ð11Þ

OPAA % � μg−1� � ¼ 0:64 ∗ Fe %wtð Þ
þ 0:01∗Li mg � kg−1

� �
−0:01∗V mg � kg−1

� �

þ 0:28 r ¼ 0:91;ρ<0:0001ð Þ ð12Þ

OPAA % � μg−1� � ¼ 0:48 ∗Al %wtð Þ
þ 0:0003 ∗ Ti mg � kg−1

� �
−0:11 ∗ clays %wtð Þ

þ 0:50 r ¼ 0:80;ρ<0:0001ð Þ ð13Þ

OPAA % � μg−1� � ¼ 0:15 ∗ pyrite %wtð Þ
þ 0:08 ∗ sulphate %wtð Þ−0:01 ∗ B mg � kg−1

� �

þ 0:87 r ¼ 0:83;ρ ¼ 0:0001ð Þ ð14Þ

OPAA % � μg−1� � ¼ 0:04 ∗ ash yield %dbð Þ
þ 0:01 ∗ Pb mg � kg−1

� �
−0:07 ∗ clays %wtð Þ

þ 0:36 r ¼ 0:81;ρ ¼ 0:0001ð Þ ð15Þ

OPGSH % � μg−1� �
¼ 0:027 ∗moisture content %adð Þ r ¼ 0:85;ρ<0:0001ð Þ ð16Þ
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OPGSH % � μg−1� � ¼ 0:003 ∗ B mg � kg−1
� �

þ 0:0001 ∗ Ti mg � kg−1
� �

−0:002 ∗ V mg � kg−1
� �

þ 0:092 r ¼ 0:76;ρ ¼ 0:001ð Þ
ð17Þ

OPGSH % � μg−1� � ¼ 0:020 ∗ Bi mg � kg−1
� �

þ 0:003 ∗ B mg � kg−1
� �

−0:003 ∗Mo mg � kg−1
� �

þ 0:071 r ¼ 0:76;ρ ¼ 0:001ð Þ
ð18Þ

OPDTT % � μg−1� � ¼ 3:29 ∗Mg %wtð Þ−0:06∗Th mg � kg−1
� �

þ 0:71 r ¼ 0:85;ρ<0:0001ð Þ ð19Þ

OPDTT % � μg−1� � ¼ 1:28 ∗Na %wtð Þ þ 0:06 ∗ quartz %wtð Þ
þ 0:001 ∗Mn mg � kg−1

� �

þ 0:42 r ¼ 0:85;ρ ¼ 0:001ð Þ ð20Þ

OPDTT % � μg−1� � ¼ 0:04 ∗moisture content %adð Þ
þ 0:09 ∗ quartz %wtð Þ−0:13∗Cs mg � kg−1

� �

þ 0:60 r ¼ 0:75;ρ ¼ 0:002ð Þ ð21Þ

OPDTT % � μg−1� � ¼ 0:01 ∗ B mg � kg−1
� �

þ 0:07 ∗ quartz %wtð Þ−0:03 ∗Mo mg � kg−1
� �

þ 0:56 r ¼ 0:76;ρ ¼ 0:002ð Þ ð22Þ

Thus, as shown by these equations, Fig. S3 and Fig. S4, Fe, pyrite and
sulphate minerals (indicating acidic species from pyrite oxidation),
followed by anatase and, in a much lower proportion, U, Mo, V and Pb,
clearly govern the OPAA; while moisture content, Ca, carbonate min-
erals, coarse particle size and B control OPGSH; whereas Mg, Na, quartz,
B, moisture content and Ba regulate OPDTT.

3.2.4. Interpretation of links between geochemical patterns of samples and
oxidative potential

3.2.4.1. Ascorbic acid oxidative potential (OPAA). As stated above, Fe and
pyrite are most strongly linked to OPAA in the CP4 and RD samples stud-
ied, and this relationship increases when only bituminous coals rank
species are evaluated. Cohn et al. (2006b), Liu and Liu (2020), and R.
Zhang et al. (2021) found that ROS generation is strongly linked with
Fe and pyrite contents in coal. Harrington et al. (2012) reported that py-
rite particlesmay remain in the lungs for a year ormore, generating ROS
in cells and potentially contributing to the pathogenesis of CWP. Thus,
the results indicate that special controls should be implemented for
working and handling high pyrite coals to reduce the occupational
health impacts.

Huang et al. (1998) defined bioavailable Fe (BAI) as free-Fe in a
10 mM phosphate solution, pH 4.5 - which is the pH of the
phagolysosomes of lung macrophages. They proposed this BAI as a
marker of the potential of the dust to induce CWP. Coal workers' expo-
sure to coal dust that contains acid-soluble Fewith low buffering capac-
ity coal (low carbonateminerals in coal) would bemore likely to induce
oxidative stress, leading to lung injury and CWP development. This is in
contrast to high buffering capacity coal exposure, which renders the
coal less hazardous. Huang et al. (2005) reported a strong correlation
for BAI values and CWP cases for bituminous coal mining areas of the
United States, aswell aswas the correlationwith the content of sulphate
and pyrite sulphur. Furthermore, Harrington et al. (2012) documented
the role of inhaled pyrite particles in promoting CWPpathogenesis. Reg-
ular exposure to coal dust containing pyrite mineral is predicted to lead
to a build-up of pyrite in the lung that will slowly disappear over a time
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Fig. 3. Cross-correlation plots between the Pearson's correlation coefficients of geochemical parameters of all (22) channel profile samples <4 μm (CP4) (mineralogy, chemistry, size, and
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scale of years.Moreover, frequent exposure to respirable pyrite particles
in coal dust over years promotes a chronic level of inflammation, devel-
oping hydrogen peroxide and ferrous-Fe, which produce highly reactive
hydroxyl radicals, potentially contributing to the pathogenesis of CWP
(Cohn et al., 2006b; Harrington et al., 2012). In addition, other minerals
in coal dust, such as quartz, have been shown to promote CWP patho-
genesis, but none of these minerals could generate hydroxyl radicals
at the same level as pyrite (Cohn et al., 2006a; Harrington et al.,
2012). Moreover, Yu et al. (2020) state that several metals, including
Fe, are correlated with intracellular ROS in alveolar macrophages,
confirming that oxidative stress indicators of underground coalworkers
are correlated with the progression of CWP.

Summarising, extensive bibliography such as the results published
in this work identify Fe and pyrite as potentially hazardous agents.
They may promote oxidative stress and ROS and also could be involved
in CWP injuries. In short, these components should be carefully moni-
tored and controlled in coal mines due to their possible negative
consequences.

Other transition metals, such as Ti, Cu, Ni, Mo, Co, Cr, and V may be
agents in the formation and transformation of ROS (Aruoma, 1998;
Lighty et al., 2000; Lloyd and Phillips, 1999; Shi et al., 1992; Shi and
Dalal, 1992; Stohs and Bagchi, 1995; Strlič et al., 2003; Valko et al.,
2005; Yu et al., 2020). Latvala et al. (2016) state the capability of Ni spe-
cies to generate ROS. Moreno et al. (2019) suggest that redox-active el-
ements, such as Cu, V and Cr, can contribute to ROS production;
however, redox-inactive Pb can produce ROS by acting directly on cellu-
lar molecules. Yu et al. (2020) found that Mn, Cr, Ti, Fe, Cu, Zn, Ni, and
Mo were correlated with ROS in non-small cell lung cancer cell lines.
So, as previously indicated here, Cu, Ni, Mo, Co, Cr, Pb and V transition
metals are related to OP and could develop ROS. In spite of the correla-
tion of OPAA with U, data on the OP of this metal was not found in the
literature.

Moreover, sulphate, anatase and silica minerals results were linked
to promoting ROS pathologies, as also indicated by the bibliography.
13
Fang et al. (2017) also found a relevant correlation between sulphate
contents in ambient PM and OP, and Gilmour et al. (2004), using other
approaches, identified sulphate as an important factor of toxicity.
Schins and Borm (1999) suggested that sulphate content in coal dust
could play a dominant role in antiprotease inactivation. In addition, sul-
phate may also promote solubility, enhancing further the development
of OP andROS (Weber et al., 2016). Fubini andHubbard (2003) reported
in detail twomain sources of ROS contributing to adverse reactionswith
silica: i) particle-generated free radicals and ROS (acting on cells); and
ii) extracellular components and cell-generated ROS and reactive nitro-
gen species (RNS). Hamilton et al. (2009) demonstrated that anatase
(TiO2) could create an increase in toxic particles and produce an inflam-
matory response in lungs.

In addition to this, Zazouli et al. (2021) evaluated the cross correla-
tion (r) between OP and PM4 components from eight underground
coal mines in Alborz Coal Basin. The results were in concordance with
this study, with relatively high r values for elements such as Pb, Al, As,
Cr or Co. Of special relevance are the similar results obtained for Fe in
that and the present studies (r = 0.93 and 0.83, respectively).

3.2.4.2. Glutathione oxidative potential (OPGSH). The moisture contents,
and those of B and Na, are highly correlated with OPGSH and, to a lesser
degree, with the particle size, W and Ge. These associations could indi-
rectly reflect the association of organic matter with OPGSH. When an in-
crease of coaly organic matter in dust occurs, the moisture content and
the content of elements, typically associated with organic matter such
as B, Ge andW (Swaine, 1990), also increase. Furthermore, the increase
of organic matter in RD yields to a coarser particle size (Trechera et al.,
2020, 2021). The association of organic matter-OPGSH in these cases is
probably related to specific patterns of radicals or organic components.
Xu et al. (2017) demonstrate that the wettability of coal dust is closely
related to the surface hydroxyl functional group, which, as previous
commented, can contribute to the pathogenesis of CWP. This is relevant
because moisture is an important parameter, among others, in defining
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coal rank, decreasing as coal rank increases (Stach et al., 1982). How-
ever, Attfield and Morring (1992), Huang et al. (2005), Maclaren et al.
(1989) and Huang et al. (1998) reported an increase of CWP with coal
rank. The C content (% daf) in coal increases (by reducing H and O con-
tents) as coal rank does (Stach et al., 1982), and this might increase spe-
cific surface and free radicals in the organic matrix, which could explain
its higher cytotoxicity and pathogenicity (Castranova and Vallyathan,
2000; Dalal et al., 1995).

Furthermore, Pedroso-Fidelis et al. (2020) evaluated pulmonary ox-
idative stress in wild bats exposed to coal dust. They posited that, when
Na concentration, among othermetals, increased during coal dust expo-
sure, an increased ROS was evident if compared with the control. Addi-
tionally, Alcala-Orozco et al. (2020) evidenced coal dust exposure
generates a negative regulation in various genes, including GSH,
which possibly develop oxidative stress. Moreover, Iram Batool et al.
(2020) demonstrated that GSH levels are reduced in the coal miners
with high exposure to coal dust, which reveals an elevated level of oxi-
dative stress. They ordered in different levels the exposure of coal dust
and the possible effect of workers (underground workers < surface
workers < administrative group), supposing and recommending that
workers with better health habits nutrition might cause an increase in
antioxidant activity protecting the cell of the damage of the oxidative
stress.

3.2.4.3. Dithiothreitol oxidative potential (OPDTT). The main coal compo-
nents showing correlation with OPDTT in this study are Mg, B, moisture
content and, to a lesser degree, particle size, quartz, Na, Ca, Mn, Sr, Ge,
W, and Ba. As for OPGSH, the results of correlation analysis for OPDTT

point to an association with the content of organic matter, as indicated
by the correlation with moisture, B, W and Ge.

Furthermore, quartz, and carbonate minerals (traced by Ca, Mg, Sr,
Mn)might also have an impact onOPDTT. Mnwas found to be associated
with OPDTT (Charrier and Anastasio, 2012; Cheng et al., 2021; Gao et al.,
2020; Nishita-Hara et al., 2019; Yu et al., 2018). Nishita-Hara et al.
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(2019) demonstrated a correlation between Mg (r = 0.56) and Ba (r
= 0.61) species with OPDTT for PM from Asian dust events. Moreover,
Gao et al. (2020) showed a correlation of Mg- and water insoluble-Mg
and -Mn and water soluble-Ca with OPDTT. No association has been
identified in prior studies between quartz and OPDTT as has been dem-
onstrated in this study.

Finally, Barraza et al. (2020) found positive correlation between
OPDTT and Ba in the North Amazon Region in Ecuador, indicating that
Ba is one of themain sources that is associatedwith ROS, after analysing
the principals PM10 contributor of oil refining and industrial activities.

4. Conclusions and Recommendations

In this study, the respirable fraction (<4 μm, CP4) from bulk pow-
dered coal channel profile samples (CP) from various locations in
China was obtained in the laboratory. The selection of coal samples
was based on analysing a wide coverage of geochemical patterns
(major and trace element contents and mineralogy) and coal ranks. As
could be expected, CP4/CP ratios for most elements and minerals were
close to 1.0, with the exception of sulphate minerals, Fe, S, Mo, Ge, and
Mn, with contents decreasing in CP4 (CP4/CP ratios between 0.6 and
0.8), and anatase, Na, Cs, W, Zn, and Zr, increasing in CP4 (CP4/CP ratios
higher than 1.5).

Oxidative Potential (OP) tests, using Ascorbic Acid (AA) and Gluta-
thione (GSH) as indicators, were performed for the CP4 coals samples.
The total OP (OPTOT = OPAA + OPGSH) of CP4 is relatively low (1.2%OP-
TOTμg−1) when compared with that reported for other particulate mat-
ter (PM), such as PM fromsubway systems (2.5%OPTOT·μg−1), roadsides
(3.6%OPTOT·μg−1), or urban background pollution (1.5 to 4.0%OP-
TOT·μg−1). The cross-correlation analysis shows that OPAA is linked to
specific inorganic components, whereas OPGSH and dithiothreitol
(OPDTT) are related to organic components.

Furthermore, the OP correlation with specific components increases
when the analysis is done for a specific coal rank (bituminous). Thus,
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the correlation of Fe and pyritewith OPAA reached r=0.69 and 0.54, re-
spectively, which increased to 0.80 and 0.70, respectively when only bi-
tuminous coals were considered. Moreover, their correlation remains,
Fe (r = 0.83) and pyrite (r = 0.66) when only bituminous coals and
coals dust are taken into account. This fact could demonstrate that bitu-
minous coals contain more oxidising species of Fe and pyrite, which are
more likely to generate reactive oxygen species (ROS) and are also
transmitted to bituminous coal dust. However also that the scattering
of the regression is smaller by reducing the potential effect of rank-
related parameters on OP.

On the other hand, moisture content (as an indicator of the coaly or-
ganic matter content) is correlated with OPGSH (r= 0.67), and these as-
sociations are stronger for bituminous coals (r = 0.78). Furthermore,
moisture-OPGSH correlation in bituminous coals and coal dust are also
important, r = 0.73. This is the same with OPDTT indicator, which
shows an increased correlation with the parameters in bituminous
coals for Mg and Na (ineffective in coal and bituminous coals), starting
with low correlations of Mg (r = 0.31), increasing in bituminous
coals,Mg (r=0.44), and rising after bituminous coal and coal dust com-
binations, Mg (r = 0.70) and Na (r = 0.59).

To validate the method used (extraction of CP4 to determine the OP
of the derived respirable coal dust, RD) a correlation re-analysiswas car-
ried out by including actual RD and associated OP data from prior stud-
ies. This re-analysis conformed most of the results obtained for CP4,
especially when considering only bituminous coals. The results demon-
strate that noticeable associations of Fe (r= 0.83) and pyrite (r= 0.66)
are clearly linkedwith OPAA. Organicmatter, as identified by the param-
eters of moisture (r = 0.73), Na (r = 0.56) and B (r = 0.51) control
OPGSH, whereas Mg (r = 0.70) and Na (r = 0.59) are associated with
OPDTT.

A multilinear regression analysis allowed the geochemical associa-
tions with OP to be categorised. The results indicate that Fe, pyrite and
sulphate minerals (indicating acidic species from pyrite oxidation)
showing high correlationwith elevated r (0.8–0.9), followed by anatase,
and in amuch lower proportionU,Mo, V and Pb, clearly govern theOPAA

of CP4 and RD; while the contents of organic matter (traced by those of
moisture, B and the coarse size, r = 0.85–0.75), Ca, carbonate minerals
control OPGSH; and those of Mg, Na, quartz, organic matter and Ba regu-
late OPDTT, with r coefficients approximate to 0.7.

The results support the conclusions drawn from Harrington et al.
(2012) and Huang et al. (2005) concerning the relevance of the Fe and
pyrite contents in inhalable particles from coal dust ability to lead to ox-
idative stress, which, in turn, may lead to lung injury and coal workers'
pneumoconiosis (CWP) development. Moreover, correlations obtained
are in concordance with other similar studies (Zazouli et al., 2021).
The results also show that the organic matter of coal can increase
OPDTT and OPGSH. Thus, the results highlight the need to implement
high efficiency primary and secondary coal dust abatement measures
in coal mines, especially in the mining of high pyrite coals. As intensive
coal mining in China will continue in the forthcoming decades and be-
cause the production has increased dramatically since 2000, a large
number of miners are exposed to coal dust, and research on coal dust
and occupational health and on coal dust abatement controls should
be continuously supported.
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