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ABSTRACT

As one of the most important energy resources in the world, coal contributes a great deal to the world economy.
Coal mining and processing involve multiple dust generation processes including coal cutting, transport, crushing
and milling etc. Coal dust is one of the main sources of health hazard for the coal workers. Exposure of coal dusts
can be prevented through administrative controls and engineering controls. Ineffective control of coal dust
exposure can harm coal workers’ health. Although many efforts have been made to eliminate these threats,
recent years have seen an unexpected increase in coal workers’ pneumoconiosis (CWP) in Appalachian basin in
US. To explore the reasons for this phenomenon, in this review, we first reviewed the historical studies on coal
mine dust including the regulation and engineering controls. Then, the effects of coal dust on human health was
comprehensively reviewed. Next, the effects of nanoparticles on human health were reviewed, with an emphasis
on toxicity of nanoparticles such as carbon nanotubes in other industries. From all this information, we hy-
pothesize that nano-sized coal dust has contributed to the increase of CWP prevalence in recent years. As no
research has been reported in this area, four directions which may need further investigation and future studies
are recommended in this review. They include: 1) Systematic characterization of physicochemical properties of
nano-size coal dust; 2) Toxicity and pathogenesis of nano-sized coal dust; 3) Development of real-time moni-
toring technology and equipment for nano-sized coal dust; 4) Development of exposure control technology and
equipment. The intent of this review paper is to demonstrate the variation of coal dust properties and their
impact on the mine worker’s health. We suggest that the impact of nano-sized coal mine dust on miner’s health
has not yet been understood well and further improvements are necessary.

1. Introduction

determined by the burial depth of coal seams, density and pressure of the
overlying strata, and thickness of the coal seams. No matter which

Coal, a nonrenewable source of energy, has been an important
component of the world’s energy structure for a very long time. It can be
seen from Fig. 1(a) and (b) that since 1971, total worldwide coal pro-
duction and coal consumption has grown by more than 150%. According
to the International Energy Agency, the proportion of coal in primary
energy reached 29.03% in 2012, and it was predicted that by 2035, the
proportion of coal will still be higher than 24% (Fig. 1(c)) (EIA, 2017). In
the United States, coal was the second-largest energy source (30%) for
electricity generation in 2017 (Fig. 1(d)). And in 2017, coal production
was 702.49 million tons, which was 6.32% higher than it was in 2016
(U.S. Energy Information Administration, 2018; Alan et al., 2009). All
these figures imply that coal is still the main energy source in the world
in terms of promoting economic development.

Currently, surface mining and underground mining are the main
methods of mining coal. The selection of mining method is mainly
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method is used, coal mining always raises many health issues.

One of the important issue involved in coal mining is coal dust,
which can lead to a series of health problems (Yao et al., 2020). Nearly
the whole mining processes is accompanied by coal dust generation
(Shahan and Reed, 2019). Fig. 2 depicts the processes of coal dust
generation during mining, showing that dust is generated during coal
cutting, transportation and preparation processes (Fig. 3).

It is believed that coal dust is responsible for many human diseases,
such as asthma, chronic obstructive pulmonary disease, stunted lung
development, pneumoconiosis and lung cancer, cardiac arrhythmias,
acute myocardial infarction, and so on (Petsonk et al., 2013). For coal
miners, the most common and serious disease is pneumoconiosis (Fin-
kelman et al., 2002). The most recent evaluation of 30 years’ experience
in the U.S. Coal Workers’ Health Surveillance Program (CWHSP)
showed that about 38% of coal miners with radiographic findings of
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interstitial disease had primarily irregular opacities (Attfield, 2011).
Since 2000, rates of CWP have constantly increased; most troubling is
the increase in severity. On the other hand, increasing amounts evidence
show that exposure to coal mine dust in coal workers is a high risk factor
for lung cancer, which is causing more death than the next three major
cancers combined in the U.S. Unfortunately, recent observations
showing increased incidence of CWP or other lung disease, particularly
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—are alarming (Black-
ley et al., 2018a,b Potera, 2019).

Given the extent of coal mining globally and its potential for a large
burden of disease, the coal dust generated in mining processes is a
serious threat to coal miners’ safety and health. In 2006, in order to
address this health issue, the U.S. Federal Mine Safety and Health
Administration (MSHA) enforced the dust rule for underground coal
mines at a concentration level of less than 2 mg per cubic meter of
ventilation air (2 mg/mS). On August 1, 2016, MSHA even issued the
new rule that lowered respirable coal dust concentration limits down to
1.5 mg/m® (MSHA, 2016).

2. Background and coal dust related health studies
2.1. Brief history of the coal dust related health regulation

Since the first case was reported by Gregory in 1831, coal workers’
pneumoconiosis (CWP) has attracted great attention (Gregory, 1831;
Ross and Murray, 2004). However, at the initial time, CWP was thought
of as a variant of silicosis because of their similar chest radiographs,
while coal dust was thought to be innocuous (Mo et al., 2014). In 1936,
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Fig. 2. Coal mine dust generation during mining processes.

the British Home Office and the Mines Department charged the Medical
Research Council to conduct a survey on this topic, and the report
showed a link between exposure to coal dust and respiratory disability
(McGuire, 2019).

In 1969, the Federal Coal Mine Health and Safety Act, generally
referred to as the Coal Act, was passed. In the Coal Act, specific pro-
cedures for the development of improved mandatory health and safety
standards were included, and compensation for miners who were totally
and permanently disabled by the progressive respiratory disease caused
by the inhalation of fine coal dust pneumoconiosis, or “black lung,” was
also provided in this legislation. In addition, a permissible exposure limit
of 2 mg/m? of respirable coal mine dust was mandated in the Coal Act
(Attfield, 2011). This limit was derived from a British study that pro-
duced the only quantitative exposure-response relationship available at
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Fig. 1. Coal production, consumption, and proportion in primary energy and electricity generation (EIA, 2017).
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the time, and which concluded that there would no cases as severe as
category 2 on the International Labour Office classification system
among miners who worked 35 years with respirable coal dust concen-
tration of 2 mg/m3 (Attfield, 2011; Jacobsen et al., 1971). However,
research by Hurley and Maclaren (1987), and research on U.S. under-
ground coal miners by the National Institute for Occupational Safety and
Health (NIOSH) (Attfield, 2011) demonstrated that there was no
threshold at 2 mg/m® under which the CWP cases would not occur.
Further evidence indicated that simple coal workers’ pneumoconiosis,
progressive massive fibrosis, and chronic obstructive pulmonary disease
may develop at the current permissible exposure limit of 2 mg/m?®.
Therefore, in 1995, NIOSH recommended that the permissible exposure
limit of coal dust should be reduced to 1 mg/m> as a time-weighted
average concentration for up to 10 h a day during a 40-h work week
(NIOSH, 1995).

Due to enforcement of the regulation regarding the permissible
exposure limit of 2 mg/m?, in the decades thereafter, we witnessed a
significant decrease in the prevalence of CWP among active miners, as
reported by the NIOSH Coal Workers’ Health Surveillance Program
(Blackley et al., 2015). For example, for underground miners with a 20-
to 24-year tenure, the percentage of coal workers with pneumoconiosis
(CWP) declined from 32.8% in 1970 to 1.9% in 2009 (Seaman et al.,
2015). However, in spite of the regulations, a resurgence of the disease
was observed in 2003 (Blackley et al., 2015) and a CDC/NIOSH report
demonstrated that starting in 1995, the prevalence of CWP in U.S. un-
derground coal miners was no longer decreasing but had again begun to
increase (Attfield, 2011).

2.2. Statistics of coal dust related health issue

In case of heavy exposure to coal dust, coal workers’ pneumoconiosis
may develop into progressive massive fibrosis (PMF), which can be fatal
to coal workers. There were 25,000 pneumoconiosis deaths worldwide
in 2013 (Zosky et al., 2016; GBD 2013 Mortality and Causes of Death
Collaborators, 2015). Currently, there are no specific medicines nor
effective treatments for CWP. The only current treatments include
measures to relieve symptoms, reduce complications, and slow disease
progression (Napierska, 2010; Honma, 2004). Because of the progres-
sion and irreversibility of CWP, patients may gradually lose the ability to

P
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work; in addition, their quality of life will be reduced, and their life
expectancy will be shortened. Additional physical, mental, and eco-
nomic burdens may be put on patients and their families by the disease.
Also, the normal production, survival, and development of the enter-
prise will be affected. In short, incalculable economic loss will be caused
to society as a whole (Han et al., 2017a,b; Zhang, 2010).

Fig. 4(a) shows the prevalence of CWP in examined U.S. under-
ground miners with different tenures during the period of 1970-2017.
This data is shown as a 5-year moving average. It can be seen that at the
initial time (1974), the prevalence of CWP was relatively high—nearly
35% of the examined workers with more than 25-year tenures were
diagnosed with CWP; the prevalence of CWP of workers with 20-24 and
15-19-year tenures was more than 20% and 15%, respectively. Even the
prevalence of CWP in workers with less than 10-year tenures was more
than 3%. These figures demonstrate that CWP was very serious at that
time. But, as we can see from this figure, from 1970 to 2000, the prev-
alence of CWP showed a significantly decreasing trend. This can mainly
be explained by the implementation of the 1969 Federal Coal Mine
Health and Safety Act and the advancement of the dust removal tech-
nology. And, the prevalence of the most severe form of CWP, PMF,
reached a low of 0.08% of miners surveyed for the period 1995 to 2000
(Laney and Weissman, 2014). However, thereafter, the trends reversed.
The national CWP prevalence in miners with 25 years or more of tenure
now exceeds 10%; among miners with 20-24 years of tenure, the
prevalence exceeds 5%. Things get worse in central Appalachia where
20.6% of long-tenured coal miners had radiographic evidence of CWP in
the most recent 5-year period (Fig. 4(b)). This may be caused by the
higher geometric mean concentration and the mean percent content of
the respirable quartz in this zone (Doney et al., 2019). When miners
from central Appalachia are removed from the calculation (Fig. 4(c)),
the prevalence for the remainder of the United States is substantially
lower, but the increasing trend is still evident (Blackley et al., 2019;
Reed et al., 2019).

The upward trend seen in Fig. 4, which shows the all pneumoconiosis
cases (category 1+), is even more evident for PMF depicted in Fig. 5,
which shows that since 1994, the prevalence of PMF has begun to rise.
The most troubling point is that the CWP severity is still increasing
(Graber et al., 2017; Cohen et al., 2016). For example, in West Virginia
alone, 138 miners with PMF were approved for compensation between
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Fig. 4. Prevalence of Coal Workers’ Pneumoconiosis (CWP) Among Those Working Underground in (a) the United States, (b) Central Appalachia, and (c) the United

States Excluding Central Appalachia (Blackley et al., 2019).
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Fig. 5. Percentage of examined US underground miners with PMF from the
NIOSH Coal Workers’ X-ray Program from 1970 to 2009, by tenure in coal
mining (Laney and Weissman, 2014).

2000 and 2009. Their mean age was only 52.6 years (Laney and
Weissman, 2014).

To understand the real causes for the upward trend of CWP preva-
lence, research was conducted by NIOSH through the CWHSP. The
prevalence data obtained in this research was summarized by county
and then plotted to get the ‘hot spots’ of the high incidence area of CWP.
Fig. 6 shows the spatial distribution of CWP prevalence. It can be seen
that the ‘hot spots’ tended to locate on the eastern edge of the Appala-
chian coal field but were particularly concentrated in the southern West
Virginia (WV)/western Virginia (VA)/eastern Kentucky (KY) tri-state
region (central Appalachian region) (Attfield, 2011; Antao et al., 2005).

CWP is not exclusive to the U.S. but is actually a worldwide problem.
In Australia, it has been claimed that CWP has been absent for the past
30 years, but in 2016, more than 10 coal miners were diagnosed with the
disease; also, it has been projected that up to 1000 coal miners in
Queensland could have CWP among 150,000 unprocessed x-rays (Yates
et al., 2016; Zosky et al., 2016; Xu et al., 2018). In Glass et al. (2018),
248 coal miners were sampled, and diagnostic results demonstrated that
7.3% of the sample has simple CWP, which is the early stage of CWP.

The prevalence of CWP is also high in China—it was 6.02% in the
2010s, and 13,955 and 13,846 miners were diagnosed with CWP in 2013
and 2014, respectively (Zosky et al., 2016; Han et al., 2017a,b; Harrison,
2015). Current statistics indicate that there are up to 720,000 pneu-
moconiosis patients in China, and about 62% of them come from the
coal mining industry. To get a better understanding of CWP prevalence
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Fig. 6. Percentage of examined miners with rapidly progressive coal workers’
pneumoconiosis by county (not shown are counties with fewer than 5 miners
evaluated) (Attfield, 2011).

in a coal mining enterprise in China, a research study was conducted by
Wang and Zhang (2016) from the Occupational Safety and Health
Research Center of State Administration of Work Safety Supervision and
Administration in China. In this research, 62,976 workers who were
exposed to coal dust during 2002-2013 were examined. The results
indicated that since 2002, CWP prevalence of this enterprise stabilized
at around 10%. The prevalence in 2003 was the lowest with a value of
6.66%, while in 2013, it increased to 24.70% during this period. The
mean age of onset was (52.6 & 11.3), and the mean working age of onset
was (18.4 + 10.1) (Wang and Zhang, 2016).

The research results above demonstrate that the CWP remains a
serious, worldwide occupational disease, which calls for further
research to obtain a better understanding of its essential pathogenic
mechanism.

3. Coal mine dust property and its effects on miners’ health
3.1. Coal dust characterization

3.1.1. Size distribution

Particle size (particle size distribution) is an important parameter of
coal dust, as it directly affects its reaction rate, sedimentation, solubility
and human health (Marsalek and Sassikova, 2016). An accurate char-
acterization of coal dust size distribution is of great importance to pre-
vention of CWP.

Currently, there exist many methods to measure coal dust particle
size, including sedimentation methods, mechanical particle sorting,
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filtration, optical methods, dynamic light scattering, and laser diffrac-
tion (Marsalek and Sassikova, 2016; Sui et al., 2016; Tailakov et al.,
2015). Among these methods, laser diffraction allows particle sizes to be
measured from hundreds of nanometres to units of millimeters. This
method is based on measurement of laser beam scattered by the parti-
cles. A position of maximum intensity of the diffraction light is pro-
portional to particle size (Marsalek and Sassikova, 2016; Dalmora et al.,
2016; Everard et al., 1997; Backstrom et al., 2015).

Xue (2016) characterized the pulverized coal particle size distribu-
tion with a Mastersizer 2000 particle size analyzer. Fig. 7 shows the size
distribution of the pulverized coal. two peaks of size distribution can be
observed at 60-70 and 830-900 pm. Nearly 90% of the coal particles are
smaller than 200 pm, and 22.5% of pulverized coal is in the range of
90-200 pm on average.

3.1.2. Geometry

Geometry (shape, size) of the particles has a great influence on the
physical and chemical actions occurring on its surface (Ulusoy et al.,
2003). Recent studies indicated that the respirable particles with smaller
size were more harmful to human health than the bigger ones (Mischler
et al., 2016). It is also documented that the deposition mechanisms of
dust in the lungs can be dependent on both size and shape (Watkins--
Pitchford and Moir, 1916; WHO, 1997; Beeckmans, 1965). Currently, a
lot of parameters have been put forward, among which, the length (L),
width (W) and thickness (T) are the basic ones. With these directly
measured parameters, some calculated parameters have been further
proposed, such as circularity (Singh and Ramakrishnan, 1996), aspect
ratio and elongation (Xia, 2017), shape factor, cross-sectional diameter,
particle angularity, and so on (Sellaro et al., 2015; Ahmed, 2010).

Optical microscope (OM) was the first technology adopted to char-
acterize the morphology of particles in micro-level. However, for its test
range, it was difficult — using OM - to obtain the information at the nano-
level. Since then, scanning electron microscopy (SEM) has become the
most common method used to show enlarged pictures of micro/nano-
mineral particles (Yekeler et al., 2004; Ulusoy et al., 2003; Johann-Es-
sex et al., 2017a; Fisher et al., 1978).

Fig. 8 shows the cross-sectional diameter and aspect ratio of coal
samples in central and northern Appalachia using computer-controlled
scanning electron microscopy with energy dispersive X-ray. It indi-
cated that samples from mid-central Appalachia had higher percentages
of very small particles, while samples from south-central Appalachia had
higher percentages of elongated particles (Johann-Essex et al., 2017b).

3.1.3. Composition and chemical properties

3.1.3.1. Element. It has been documented that there are about 76 ele-
ments in coal, among which, some elements such as arsenic, mercury,
lead, etc., are potentially hazardous to human health (Flores, 2013). An
accurate characterization of the occurrence of these elements in coal will
greatly contribute to environmental protection and human health
(Finkelman et al., 2018, 2019; Moreno et al., 2019).

According to differences in sample processing, available techniques
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Fig. 7. Coal particle size distribution (Xue, 2016).
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for coal element determination can be divided into destructive and non-
destructive methods. The destructive techniques generally require a
sample preparation process to separate the elements from the coal ma-
trix, and in most cases, the coal matrix will be destroyed. Commonly
used destructive technique includes: ICP-OES, ICP-MS, AAS and IC
(Swaine, 1994; Erico et al., 2007; Wagner and Hlatshwayo, 2005; Low
and Zhang, 2012). Non-destructive techniques refer to the techniques
requiring minimal sample preparation or no sample preparation at all.
Techniques XRF, INAA, HR-CS-AAS and LA-ICP-MS/AES are
non-destructive methods (Mketo et al., 2016).

Yang et al. (2018) investigated the elemental composition of upper
Pennsylvanian coal from the Hedong Coalfield in the eastern Ordos
basin in China; a combination of X-ray fluorescence (XRF) spectrometry,
inductively coupled plasma mass spectrometry, and collision/reaction
cell technology for inductively coupled plasma mass spectrometry
(ICP-CCT-MS) was adopted. The results shows that elements Cr, V, and
Zn were close to the global average concentrations (Ketris and Yudovich,
2009), while As, Hg, and Mo were depleted. Elements Ba, Be, Co, U, Th,
and F showed various enrichment degrees.

3.1.3.2. Mineral matter. It has been reported that there are about 120
minerals in coal (Ward, 2002, 2016; Flores, 2013). Particular minerals
generated during mining process are thought to have great impact on
human health (Finkelman et al., 2019). For example, silicosis is believed
to be caused by long-term inhalation of dust with high content of quartz.

Currently, a range of techniques can be used for the qualitative and
quantitative characterization of minerals in coal. Among these tech-
niques, frequently used methods include low-temperature oxygen-
plasma ashing, quantitative evaluation of X-ray diffraction data, obser-
vation using optical microscopy, chemical analysis, and, in some cases,
mapping based on scanning electron microscopy and related methods
(Ward, 2016).

Study on nine Australian bituminous coals from New South Wales
and Queensland with X-ray diffraction analysis combined with mineral
phase identification with SIROQUANT™ (Taylor, 1991) showed that the
most abundant phase in coal was kaolinite, which was identified in all
samples. Quartz was a major constituent of the minerals in most coals,
while marcasite and rutile can only be found in individual samples
(Grigore et al., 2008).

3.1.3.3. Functional group. The functional groups of coal have a great
impact on chemical properties and adsorption for harmful or toxic gases.
Currently, instrumental analysis methods, such as Fourier transform
infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), and
X-ray Photoelectron Spectroscopy (XPS) have been widely adopted to
study the functional group of coal (Miao et al., 2015; Xin et al., 2014;
Wang et al., 2011; Sun et al., 2018).

Infrared spectra are absorption spectra caused by vibration absorp-
tion of infrared light by chemical bonds or functional groups in mole-
cules at a specific frequency. The functional group types and contents in
samples can be determined according to the position and intensity of
infrared absorption peaks (Ibarra et al., 1996).

Xu et al. (2017) characterized the surface chemical structure of
different kinds of coal with a Nicolet 6700 FTIR spectrometer. The test
results are shown in Fig. 9. The obvious peaks at 1610 cm ™! and 3046
cm~ ! indicate the aromatic nucleus (C=CQ) structures and aromatic C-H
structures, respectively. The peak at 2924 cm™! means the aliphatic
chains (CH3, CH2). The functions hydroxyl (OH), carboxyl (COOH) and
carbonyl (C = O), appear at 3400 cm ™}, 1710 cm™! and 1654 cm—1,
respectively. And the quartz (Si—0) appears at 800 cm ™ L.Fig. 10

3.1.3.4. Freeradical. A great deal of research on the chemical structure
of coal has revealed that free radicals exist in coal (Wang et al., 2018; Liu
et al., 2014a,b), which has strong reactivity and may play an important
role in coal utilization (Liu et al., 2015), and have great impact on
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Fig. 9. FTIR spectra of different coal dust samples (Xu et al., 2017).

human health (Petsonk et al., 2013; Wang et al., 2018).

Ever since the electron spin resonance absorption in natural carbons
was discovered (Uebersfeld et al., 1954; Ingram et al., 1954), a
non-destructive technique of electron paramagnetic resonance (EPR)
has been widely adopted to quantitatively characterize the free radicals
in coal (Ingram et al., 1954; Liu et al., 2014a,b). With the EPR method,
the EPR spectra of coal can be obtained.

Xu et al. (2017) tested the EPR spectra of coal during
low-temperature oxidation from 30 to 230 °C. It showed that with the
rise in oxidizing temperature from 30 °C to 230 °C, the Landes factor
g-value increased slowly at first and was followed by a sharp decrease,
and the maximum g-value occurred at 100 °C. For the free radical
concentration Ny, it showed a constant increase with the increase of
temperature from 30 °C to 230 °C.

3.1.4. Pore structure characterization
Pore structure, affecting the adsorption property, is one of the most
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Fig. 10. EPR spectra and testing result of free radical. (a) EPR spectra; (b) testing result of free radical (C. Xu et al., 2017).

important properties of coal. As to the effect of coal dust on human
health, the adsorption property of coal is a critical factor because many
toxic and harmful gases, elements, or minerals that may harm human
health may be adsorbed in the coal pore.

According to the testing mechanism, methods for coal pore charac-
terization can be divided into qualitative and quantitative methods.
Among them, qualitative methods include Optical Microscope (OM,
testing range, 10°-10° nm), Scanning Electron Microscope (SEM, testing
range, 10-10° nm), Transmission Electron Microscope (TEM, testing
range, 10°-10% nm), Atomic Force Microscope (AFM, testing range,
1071210 nm), and Nano-CT (testing range, 10-10° nm). The quantita-
tive methods contain Mercury Intrusion Porosimetry method (MIP,
testing range, 10%-10° nm), Low-pressure Nitrogen Gas Adsorption (LP-
NoGA, testing range, 2-100 nm), Synchrotron Small Angle X-ray
Scattering/Small-Angle Neutron Scattering (SAXS/SANS, testing range,
1-100 nm), COy Adsorption (testing range, 0.4-2 nm), and Nuclear
Magnetic Resonance (NMR, testing range, 0-10° nm) (Qin et al., 2017).

Nie et al. (2015) tested the pore structure of eleven coal samples
collected from a northern China mining area with low-pressure nitrogen
gas adsorption (LP-N2GA). Fig. 11 shows the pore size distribution of
some of the coal samples. With the test results of LP-N;GA, all the pore
type, specific surface, volume and size distribution can be obtained.

3.2. Pathogenesis of coal dust-induced CWP

Coal pollutants affect all major human organ systems and contribute
to four of the five leading causes of mortality in the U.S.: heart disease,
cancer, stroke, and chronic lower respiratory diseases (Alan et al.,
2009). For coal miners, the most common and major occupational
health hazard is coal mine dust-related respiratory disease, which
mainly includes coal workers’ pneumoconiosis (CWP), progressive
massive fibrosis (PMF), mixed-dust pneumoconiosis with coexistent
silica exposure, chronic bronchitis, emphysema, and dust-related diffuse
fibrosis (Perret et al., 2017), collectively termed as “coal mine dust lung
disease” (CMDLD). Among these, the most common and classical
CMDLD is CWP. In this section, we review the research on the patho-
genesis of coal dust-induced CWP.

Coal workers’ pneumoconiosis (CWP), also known as black lung
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Fig. 11. Pore size distribution obtained by LP-N,GA (Nie et al., 2015).

disease, is caused by long-term exposure to coal dust. It is a preventable
but incurable lung disease that can be complicated by respiratory failure
and death (Perret et al., 2017). After long-term exposure to coal dust,
coal macules or opacities may appear on the lung; this consists of a
collection of coal dust-laden macrophages that may be located in res-
piratory bronchioles walls or adjacent alveoli (Vallyathan et al., 1996).

Generally, CWP can be simple or complicated depending on the
absence or presence of large opacities (Barber and Fishwick, 2016).
Simple CWP is related to small nodules predominantly located at the
upper zones of the lung, with the nodules in right part greater than in the
left part (Barber and Fishwick, 2016; Seaman et al., 2015). In general,
these coal macules can be visible on a chest X-ray. Fig. 12 shows imaging
results of simple CWP. The radiograph with X-ray in Fig. 12(a) dem-
onstrates that the nodules are predominantly located in the upper zone
of the lung. However, these entities are radiographically indistinguish-
able. To identify these nodules more accurately, a coronal reformatted
CT result [Fig. 12(b)] was obtained, and it confirmed that the coal
macules mainly gather in the upper zone of the lung (Seaman et al.,
2015). It was thought that without the presence of coexisting chronic
obstructive pulmonary disease (COPD), simple CWP wouldn’t be viewed
as symptoms, physical signs, or abnormal physiology (Barber and
Fishwick, 2016). And, the basis is that the profusion of small nodules on
chest radiography in simple CWP has no significant relationship with the
forced expiratory volume in 1 s (FEV;) (Bauer et al., 2007). However,
Blackley et al. (2015) argued that the all the FEV;, FVC (forced vital
capacity) and the FEV;/FVC ratio showed decreasing trend with the
profusion of opacities. According to the statistical results, they
concluded that lung function progressively lowered across the range of
small-opacity profusion. In regard to this point, further research should
be conducted to get more conclusive results.
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Unlike simple CWP, complicated CWP can be clinically disabling and
potentially fatal (Seaman et al., 2015). Complicated CWP usually occurs
on a background of simple CWP, but sometimes it also occurs de novo.
Complicated CWP is often accompanied by cough, hemoptysis, pneu-
mothorax, chronic interstitial pneumonia, etc., and in some cases, pro-
gression to hypoxia, right heart failure, and malignancy (Barber and
Fishwick, 2016; Jun et al., 2013). Complicated CWP is generally defined
by the presence of an opacity larger than 1 cm or larger, which can be
found in Fig. 13 (the yellow arrows). Fig. 13(a) shows a background of
upper-zone predominant small nodules. The arrows in the upper lung
zones indicate the opacities which are larger than 1 cm. Fig. 13(b) and
(c) show the coronal reformatted CT images, which confirm the back-
ground of upper-zone predominant centrilobular nodules (Seaman et al.,
2015).

After the inhalation of coal dust, larger particles deposit on the large
airways and the nose mucosa, and these deposited dusts are cleared
through the transport of the mucociliary. Smaller coal particles are
engulfed by alveolar macrophages and epithelium cells once they reach
the alveoli. Because of particle migration and mediators released by
primary target cells, other cells may also be influenced by the deposition
of coal dust. Fig. 14 depicts the schematic map of major cellular path-
ways associated with the development of coal dust-induced lung disor-
ders (Fig. 15).

The coal dust-laden macrophages will then migrate to the lymphatic,
at which they will be eliminated. Because the particle clearance of the
lymphatic in the upper posterior lung is the lowest, the coal dust will
deposit there as much as possible. This may explain why the coal mac-
ules predominantly gather in the upper zone of the lung. With the
agglomeration of coal dust, these mechanisms are overwhelmed rapidly.
The inflammatory mediators released by alveolar macrophages generate
extracellular matrix components, such as collagen, and stimulate fi-
broblasts, which lead to fibrosis. In addition, coal dust can directly result
in epithelial damage, and lead to bronchitis and impaired ciliary
clearance.

Mineral dust exposure is a complex interaction of reactive oxygen
species, antioxidants, cytokines, growth factors, eicosanoids, proteases,
and antiproteases, leading to lung dysfunction and pathology (Schins
et al., 1999).

The above review of research on the pathogenicity mechanism of
coal dust indicates that some issues needing further research remain. So
far, research has mainly concentrated on pathological features caused by
dust, and most research conclusions have been drawn from research into
silica, asbestos, etc. However, the effects of physicochemical properties
of coal particles—such as composition, functional group, particle size,
particle shape, morphology, etc.—on CWP have been rarely reported.
Besides, a great deal of literature has documented that nano-sized par-
ticles are more toxic due to their unique physicochemical properties and
easier uptake by living organisms. And, one experimental study proved
that when inhaled, specific sizes of nano-sized particles are efficiently
deposited by diffusional mechanisms in all regions of the respiratory

Fig. 12. Imaging results of simple CWP (Seaman et al., 2015).
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Fig. 13. Imaging results of complicated CWP (Seaman et al., 2015).
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tract. However, the toxicity of nano-sized coal particles to human tissues
has rarely been reported. Therefore, it is reasonable to suspect that nano-
sized particles may have contribute greatly to CWP.

4. Effects of nanoparticles on health

Much research has documented that human exposure to high level of
airborne particle can lead to many diseases such as ischemic heart dis-
ease (IHD), cerebrovascular disease (stroke), chronic obstructive pul-
monary disease (COPD) and lung cancer (LC), acute respiratory lung
infection, etc. (Apte et al., 2015), and thus reduction of projected life
expectancies by between 1 year and 5.5 years (Chen et al., 2013; WHO,
2003). Because of small size, fine particles can reach the lungs and
alveolar regions, and ultrafine particles can enter the blood vessels
(Song et al., 2016; Kampa and Castanas, 2008; Nemmar et al., 2002).
Previous studies showed that there are positive and statistically signif-
icant relationships between exposure to PMj 5 (Particulate matter with
size <2.5 pm) and mobility and mortality (Pascal et al., 2014; Xing et al.,
2016; Giannadaki et al., 2014; Weichenthal et al., 2014). In addition,
much research has indicated that the adverse effect of particle matter is
closely related to its size, and some researchers documented that
because of its large surface area, nano-sized particles are more toxic than
larger particles [122-125] (Maynard and Kuempel, 2005a,b; Dwivedi

Alveolar macrophage
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Fig. 14. Schematic map of major cellular pathways associated with the development of coal dust induced lung disorders (Schins et al., 1999).

et al., 2012; Liu et al., 2013; Oberdorster et al., 2005). Since there are
very few studies on the effects of nano-sized coal dust on human health,
in this section, we will review the research into the adverse effects of
particles with different sizes on human heath, and try to find the limi-
tations of the current research, so as to provide a general direction for
future research on the toxicity and pathogenesis of nano-sized coal dust.

4.1. Fine/ultrafine particles and health hazards

4.1.1. Global and regional morbidity and mortality attributable to PM3 5
Some research has been conducted to gain an overall understanding
of the global and regional distribution of morbidity and mortality
attributable to PM5 5 (Song et al., 2016, 2017; Wang et al., 2017). It has
been reported that about 3.2 million deaths were attributed to PMy s,
which ranked as the sixth largest risk factor for global premature mor-
tality (Wang et al., 2017). The number of deaths attributed to PMy 5 is
greater than that caused by malaria and HIV-AIDS combined (totally
reported to be 2.7 million). Apte et al. (2015) analyzed high-resolution
(~10 km) estimates of mortality attributable to ambient PMj, 5 with the
assistance of their spatially resolved model and concluded that 3.24
million premature death could be attributed to PMy 5 in 2010. Fig. 15
shows the spatial distribution of estimated premature mortality attrib-
utable to PMy5 in 2010. For the three domains (northern America,
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Europe and northern Africa, and Asia) analyzed, 3.1 million deaths were
attributed to PMy 5, which accounts for 97% of the global total. The
population-weighted mean concentration of PMy 5 is 38 ug/m® in Asia,
which is significantly higher than those of northern Americas (12
pg/m>) and Europe and northern Africa (19 pg/m3). Accordingly, the
total mortalities attributable to PM; 5 in the northern America, Europe
and northern Africa, and Asian domains were 150,000, 680,000 and 2,
300,000, respectively. This indicates that the Asian domain had the
highest number of deaths, accounting for 72% of total mortality
attributable to PMys. The high spatial PMy 5 mortality density in the
Asian domain is due to the interaction of high population density, high
disease prevalence, and high levels of PMj 5 in these areas.

Some work has also been conducted on the regional distribution of
PM, 5 and its resultant mortality (Song et al., 2016, 2017). Aiming to
provide a better understanding of long-term mortality effects of PMy 5
pollution in China, Wang et al. (2017) estimated PMy s-related prema-
ture mortality for five endpoints across China in 2010, with four sets of
satellite-derived PMys concentration data and an integrated
exposure-response model. They concluded that the premature deaths
attributable to PM, 5 nationwide amounted to 1.27 million, which in-
cludes 119,167; 83,976; 390,266; and 670,906 for adult chronic
obstructive pulmonary disease, lung cancer, ischemic heart disease, and
stroke, respectively, and 3995 deaths of acute lower respiratory in-
fections in children under the age of 5. Fig. 16 shows the concentration
distribution of PMy 5 and its related mortality. It can be seen that the
spatial distribution of deaths is roughly consistent with that of the par-
ticle concentration, indicating that the concentration of PMy 5 has a
great impact on mortality.

4.1.2. Nano-sized particle and its toxicity

Besides PMj 5, much recent research has focused on the toxicity of
nano-sized particles and its impact on human health (Maynard and
Kuempel, 2005a,b; Oberdorster et al., 2005; Lam et al., 2004; MIs et al.,
2017a,b). Human beings have been exposed to airborne nano-sized
particles since their evolutionary stages, but such exposure has
increased significantly since the industrial revolution because of the use
of combustion engines, power plants, etc. The sources of nano-sized
particles can be divided into natural and anthropogenic sources. Natu-
rally generated aerosol particles are estimated to account for 65% to
about 95% of the global aerosol mass burden of all particle sizes (Bal-
tensperger and Nyeki, 1998). These particles are created during pro-
cesses such as forest fires, volcanic emissions, sea spray, biogenic
magnetite, etc. (Oberdorster et al., 2005; Maynard and Kuempel, 2005a,
b). Anthropogenic activities have also led to the production of large
amounts of nano-sized particles, and this source can be divided into
unintentional and intentional ones. Unintentional source include the use
of internal combustion engines, power plants, electric motors, smelting,
welting, frying, broiling, grilling, etc. Intentional sources include the

A ‘ »
680k att. deaths
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production of specific materials such as nano-spheres, -wires, -needles,
and -tubes for certain functions (Oberdorster et al., 2005; Cass et al.,
2000; Harrison et al., 2000).

Nanotechnology, a generic term encompassing the manipulation of
matter at atomic- and near-atomic-length scales to produce new mate-
rials, structures, and devices, is one of the most important intentional
sources for the production of nano-sized particles, of which at least one
dimension is in nanometer scale. Carbon nanotubes are one of the
typical nanomaterials which have won enormous popularity in nano-
technology for their unique properties and applications (Maynard and
Kuempel, 2005a,b; Liu et al., 2013; Magrez et al., 2006; Bottini et al.,
2006). To lead the U.S. into the next industrial revolution, in 2000,
President Clinton established the National Nanotechnology Initiative;
that one of its major objectives is to develop materials 10 times stronger
than steel, but a fraction of the weight, for making all kinds of land, sea,
air, and space vehicles lighter and more fuel efficient (White House,
2000).

Although nanotechnology is of great importance to current and
future industries, its development is accompanied by many potential
adverse effects. The research results of Cui et al. (2005) and
Monteiro-Riviere et al. (2005) indicated that because of the hydropho-
bicity and tendency to aggregate, carbon nanotubes are harmful to
living cells in culture. Bottini et al. (2006) investigated the toxicity of
pristine and oxidized multi-walled carbon nanotubes on human T cells
and concluded that oxidized, multi-walled carbon nanotubes were more
toxic than the former, and led to massive loss of cell viability through
programmed cell death at doses of 400 pg/ml. Magrez et al. (2006)
tested the toxicity of multiwalled carbon nanotubes, carbon nanofibers,
and carbon nanoparticles on lung tumor cells, and results indicated that
all these materials were toxic, and that their hazardous effects were
size-dependent. Moreover, cytotoxicity would be enhanced when the
surface of the particles was functionalized. In addition to
nanotechnology-produced materials, in other industries, there also exist
some nano-sized materials which will do harm to human health. Much
research has implied that coal fly ash contains large amounts of
nano-sized particles which would do great harm to human respiratory
tract, alveolar, DNA, etc. (Yu et al., 2009; Dias et al., 2014; Silva and
Boit, 2011; Sambandam et al., 2014; Dwivedi et al., 2012). For example,
Sambandam et al. (2014) studied the cytotoxicity of coal fly ash nano-
particles (with the average size of 9-50 nm) collected from a coal-fired
power plant. Their conclusions indicated that cellular metabolism is
inhibited in a dose-dependent manner by coal fly ash concentrations
varying from 13 to 800 pm/ml. Dwivedi et al. (2012) investigated the
toxicity of coal fly ash on human peripheral blood mononuclear cells and
its resultant damage to DNA. In the comet and cytokinesis-blocked
micronucleus assays, substantial genomic DNA damage in peripheral
blood mononuclear cells treated with coal fly ash nanoparticles was
observed. And about 1.8 and 3.6 strand breaks per unit of DNA were
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Fig. 15. Attributable premature mortality surfaces for PM, s at 10 km resolution. (A) Northern Americas, (B) Europe and northern Africa, and (C) Asia; units for
logarithmic color scale: premature deaths. Dark gray regions indicate areas without attributable mortality, due to ambient PM, 5 below the theoretical minimum-risk

concentration level or to unavailable input data (Apte et al., 2015).
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Fig. 16. PM 2.5 concentration and related mortality of China. (a) PMa s concentration; (b) deaths attributed to PMs s; (c) deaths per capita (/10°) attributed to PMj s;

(d) deaths per 100 km? attributed to PM, 5 (Wang et al., 2017).

estimated through alkaline unwinding assay at 1:100 DNA nucleoti-
de/CFA ppm ratios with the aqueous and dimethyl sulfoxide extracts,
respectively.

4.2. Physicochemical properties of nano-sized particles and its toxicity

Because of their specific physicochemical properties, ultrafine or
nano-sized particles are thought to be more toxic and harmful to human
beings. For example, for the small size, nano-size particles can more
easily enter into the human body via the skin, digestive system, or res-
piratory tract, resulting in oxidative stress, inflammation, tissue damage,
and diseases (Hochella et al., 2008; Fubini et al., 2007; Martinello et al.,
2014; Alessandra et al., 2018). Also, due to the greater surface area of
nano-sized particles, they are more environmentally active with respect
to bio-uptake and associated health risks as compared to larger particles
with the same chemical compositions [149]. And for greater surface
areas, nano-sized particles carry considerable amounts of air toxins,
which can harm human health [147, 149-150](Martinello et al., 2014;
Binoy et al., 2018; Chow et al., 2005). Some research has indicated that
the toxicity of particles is closely related to their size, surface area,
surface chemistry, solubility, and shape (Maynard, A. D., & Kuempel,
2005a,b; Monteiroriviere et al., 2005; Sambandam et al., 2014; Dwivedi
et al., 2012; Mls et al., 2017a,b). In this section, we reviewed the
research on the effects of particle physicochemical properties on its
toxicity.

4.2.1. Particle size

Many experiments on rats or human organ cells have verified that
particle size not only influences its deposition, but also affects the bio-
logical responses (Maynard and Kuempel, 2005a,b; Oberdorster et al.,
2005; Yu et al., 2009). This is most likely due, at least in part, to dif-
ferences in surface and near-surface atomic structure, as well as crystal
shape and surface topography as a function of particle size in the

nanoscale (Hochella et al., 2008).

For particles with larger size, the inertial mechanism dominates its
deposition behavior in the respiratory tract. In Fig. 17, when the size is
greater than 1000 nm, most of the particles were deposited in the upper
respiratory tract (head region). With the decrease of particle size, the
deposition of the particles is controlled by the competition between
inertia and Brownian diffusion, which leads to the particles penetrating
deep into the lung. Competing deposition mechanisms lead to a mini-
mum in deposition probability for particles between 100 nm and 1000
nm. For particles smaller than 100 nm, with the decrease of particle size,
a higher deposition probability was observed, and deposition in Alveolar
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Fig. 17. Modeled total particle deposition probability in the respiratory tract,
and deposition probability in the alveolar region. Modified from (Maynard and
Kuempel, 2005a,b; Yu et al., 2009).
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region dominated the whole deposition process, mainly due to the
higher diffusion coefficient of smaller particles. In addition, this model
also predicts up to 99% particle deposition within the respiratory tract at
1 nm (Maynard and Kuempel, 2005a,b; Oberdorster et al., 2005).

Since nano-sized particles can penetrate deep into the lungs, they
have a higher inflammatory potential per given mass than do larger
particles and can elicit severe acute lung injury, provided they have the
same chemical composition (Oberdorster et al., 2005). The studies with
ultrafine (~20 nm) and fine (~200 nm) titanium dioxide (TiO2) parti-
cles showed that ultrafine anatase TiO,, when instilled intratracheally
into rats and mice, penetrated the alveolar epithelial lining and entered
the lung interstitium to a greater extent than an equal mass of larger
respirable particles, and induced a much greater
pulmonary-inflammatory neutrophil response than did fine anatase
TiO5 when both types of particles were instilled at the same mass dose
(Oberdorster et al., 1992, 2005). In addition to nano-sized TiOy parti-
cles, other metals, such as aluminum oxide (Al,03), gallium oxide
(Gag03), cobalt, and nickel also presented a similar phenomenon (Ferin
et al., 1991; Webb et al., 1986; Zhang et al., 2000a,b, 2003). Li et al.
(2003)’s studies showed that in human bronchial epithelial cells and
mouse alveolar macrophages, ultrafine particles less than 100 nm in size
were observed to penetrate into cells, resulting in oxidative damage to
mitochondrial membranes. Some studies also revealed that nano-sized
particles can pass from the lungs into the bloodstream, which might
lead to systemic health problems. For example, Takenaka et al. (2001)’s
research results showed that inhaled ultrafine silver particles in rats
were removed from the lungs to the blood circulation within 30 min, but
if instilled into rat lungs, some agglomerates remained for at least 7
days.
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4.2.2. Particle surface area

It was documented that with a reduction of particle size, the surface
area of unit mass particle increases exponentially. Fig. 18 (a) shows the
relationship between particle size and surface area. It shows that par-
ticles with a given size of 5000 pm corresponds to a surface area of 12
pm?/cm®, but when the particle size decreases to 5 pm, the corre-
sponding surface area is 12000 umz/cm3 (Oberdorster et al., 2005).
With an increase in surface area, the ratio of surface to total atoms or
molecules increases exponentially (Fig. 18 (b)).

According to results from Zhang et al. (2007), Silva and Boit (2011)
inferred that nanoparticles can accommodate more adsorbates per unit
of surface area than corresponding bulk material because the surfaces of
the former are more structurally open for coordination of absorbates.
Besides, adsorbates may bind with nanoparticles more strongly than
with the corresponding bulk material because the binding energy for the
former is higher than for the latter.”” If some toxic matters are absorbed
to the surface of the nano-sized particles, then the toxicity of these
particles may be enhanced. For example, 7-nm hematite shows a
significantly increased sorption affinity for aqueous Cu2+ versus that of
25 nm and 88 nm hematite (Andrew et al., 2006).

With variations in surface and near-surface atomic structure as a
function of size, one can anticipate a concomitant change in the chem-
ical interactions of nano-sized particles with their environment
(Hochella et al., 2008). Examples for the enhanced reactivity of
nano-sized particles is that with 7-nm hematite nanocrystals as the
catalyzer, the oxidation rate of aqueous Mn?* can be improved for one to
two orders of magnitude than with 37 nm hematite crystals (Madden
and Jr, 2005); hydroquinone-driven reductive dissolution reactions of 5
x 64 nm goethite (a-FeOOH) are twice as fast compared with those of
22 x 367 nm goethite (Hochella et al., 2008).

The large surface area of nano-sized particles also confers themselves
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Fig. 18. Surface area of particles to its toxicity. (a) relationship between particle size and surface area; (b) variation of percent surface molecular with particle size;
(c) percentage of neutrophils in lung lavage of rats as indicators of inflammation 24 h after intratracheal instillation of different mass doses of 20-nm and 250-nm
TiO, particles in rats; (d) relationship between TiO, surface area dose in the lungs of rats after chronic inhalation to various types of poorly soluble low toxicity
particles and tumor proportion (Maynard and Kuempel, 2005a,b; Oberdorster et al., 2005).
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a greater biologic activity. Both Fig. 18 (c) and (d) indicate that particles
with higher surface area will do more harm to organisms (Maynard and
Kuempel, 2005a,b; Oberdorster et al., 2005), which may lead to nega-
tive and toxicity, induction of oxidative stress or of cellular dysfunction.

4.2.3. Particle solubility

Particle solubility is a crucial property in predicting the fate of par-
ticles and dissolved species in the environment, so as to determine the
pathogenicity of the particle matters (Hochella et al., 2008; Binoy et al.,
2018; Xing et al., 2016). With a decrease of particle size to nanoscale,
the solubility of particles is generally expected to increase (Maynard and
Kuempel, 2005a,b). A modified version of the Kelvin equation predicted
that particle solubility depends on size, and with particles getting
smaller in nanosize, solubility increases exponentially. This implies that
nano-sized particles in a dissolution setting would have short lifespans
(Hochella et al., 2008). However, in some cases, particle solubility re-
duces with the decrease of particle size (Tang et al., 2004). For example,
mineral nanoparticles of lepidocrocite and FePO4.-nH20 have been
formed at lower Fe/P ratios in solution than predicted by their bulk
solubilities (Sahai et al., 2007).

Poorly soluble particles, when retained in the lungs, can result in
oxidative stress, which may either be caused by free radicals on the
surface or by triggering the influx of defensive cells into the lungs,
leading to inflammation, fibrosis, or cancer (Maynard and Kuempel,
2005a,b; Donaldson, 1998; Vincent, 1998; Stone et al., 2000; Zhang
et al., 2000a,b). In a laboratory experiment, a single dose of solubilized
arsenic trioxide was intratracheally instilled in rats, and a transient in-
crease in total protein and albumin was observed; a persistent and
progressive effect of crystalline silica was seen in this test (Lasfargues
et al.,, 1995). In a chronic inhalation study, poorly soluble crystalline
nickel subsulfide and nickel oxide was reported to cause an
exposure-related increase in alveolar/bronchiolar neoplasms and adre-
nal medulla neoplasms in rats, while no excess neoplasms were observed
in the rats exposed to the water-soluble compound nickel sulfate

5. O
Metal

/e

Cell death

o release &
= e 645/’/ LonQJ

Environmental Research 190 (2020) 109849

hexahydrate (Dunnick et al., 1995). These results imply that poorly
soluble nano-sized particles may be more toxic and can do more harm to
human health.

4.2.4. Particle shape

Engineered nano-sized materials may have very different shapes,
such as tubes, fibers, spheres, rings, and planes. Fig. 19 (a)~(c) shows
the SEM images of multiwalled carbon nanotubes, carbon nanofibers,
and carbon nanoparticles. Much research has indicated that particle
shape may have great impact on its toxicity. Toxicologic studies of
spherical and fibrous particles have well established that natural and
manmade fibers are associated with increased risks of pulmonary
fibrosis and cancer after prolonged exposures (Oberdorster et al., 2005;
Greim et al., 2001). Aspect ratio, for its simplicity, is generally adopted
for describing the shape of nano-sized particles. With this parameter,
fibers are generally defined as elongated structures with an aspect ratio
of 1:3 or greater; while carbon nanotubes have aspect ratios of up to
>100 (Oberdorster et al., 2005).

Kinloch (2008) documented that when introduced into the abdom-
inal cavity of mice, carbon nanotubes would have asbestos-like patho-
genicity because of their needle-like fiber shape, including inflammation
and the formation of granulomas. Sato et al. (2005) indicated that 825
nm-long CNTs can cause more serious inflammation than 220 nm-long
CNTs in vivo because macrophages could envelop 220 nm-long CNTs
more readily. Fig. 19 (d) shows that when the nano-sized particles are
short, they can be readily removed by macrophages, but when
nano-sized particles are too long, the macrophages cannot completely
engulf them, which may lead to cell death (Magrez et al., 2006). In Lam
et al. (2004)’s experiment, three types of nanomaterials—namely car-
bon nanotubes, carbon black, and quartz—were intratracheally instilled
into mice, and the results showed that mice lungs treated with carbon
black were normal, those treated with high-dose quartz revealed mild to
moderate inflammation, while lungs treated with carbon nanotubes
revealed peribronchial inflammation and necrosis that had extended
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Fig. 19. Shape of different types of nano-sized materials and its pathogenesis. (a) multiwalled carbon nanotubes; (b) carbon nanofibers; (c) carbon nanoparticles; (d)
particle aspect ratio affects its phagocytosis and cytotoxicity (Liu et al., 2013; Magrez et al., 2006).
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into the veolar septa. This conclusion is analogous to that of Bottini et al.
(2006) (see Fig. 20). All of these results show that nano-sized particles
with larger aspect ratio can be more toxic to biosome. However, the
research results of Magrez et al. (2006) showed that the toxicity of
multiwalled carbon nanotubes (an average diameter of 20 nm and
aspect ratios ranging from 80 to 90), carbon nanofibers (a mean diam-
eter of 150 nm and aspect ratios of 30-40) and carbon black with an
aspect ratio about 1 presented a toxicity order of carbon black > CNFs >
MWCNTs, which is diametrically opposed to the above conclusion. This
difference may be resulted from impurities, chemical characteristics, or
surrounding microenvironment and analytical methods (Liu et al.,
2013).

4.2.5. Particle surface chemistry

The surface chemistry properties of nano-sized particles have a close
correlation with their potential toxic effects. Coal-derived nano-sized
particle is a common type of airborne particle matters in the atmosphere
and working space. The most common hazardous elements observed in
these particles are Al, Cr, Fe, K, Mg, Ni, Si, Ti, and Zr although other
toxic trace elements such as As, Be, Cd, Co, Cu, Hg, Li,Mn,Mo, Pb, Se, U,
Th, V, and Zn may also be present (Martinello et al., 2014). These ele-
ments may have complex toxicity. The element S often exists on the
surface of nano-sized particles in the form of sulfuric acid, sulfurous acid
or sulfates, which have a high biologic activity, and can lead to
depression of pulmonary particle clearance and asthma (Amdur, 1989).
Wise et al. (2008) demonstrated that cells treated with Cr(VI) exhibit a
series of DNA damage containing base modification, single-strand
breaks, double-strand breaks, Cr-DNA adducts, DNA-Cr-DNA adducts,
and protein—Cr-DNA adducts. Other transition metals such as V, Cu, Fe,
Mn and Pt act as catalysts in the formation of reactive oxygen species
(ROS) which are associated with direct molecule impairment and lead to
atherosclerosis, cancer and neurodegenerative diseases (Lighty et al.,
2000; Aruoma, 1998). Pyrite in coals has been documented to sponta-
neously generate ROS, such as hydrogen peroxide (Hy0,) and hydroxyl
radicals (¢OH) when placed in water (Cohn et al., 2004, 2005), which
explain that aqueous pyrite slurries degrade yeast RNA, ribosomal RNA
and DNA (Cohn et al., 2006).

Laboratory studies demonstrated that pulmonary inflammation was
much higher in rats exposed to crystalline silica than in those exposed to
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Fig. 20. Dose- and time-dependent reduction in human T-cell viability by
CNTs. The graph shows the viability of T-cells incubated with 1 ng/cell (closed
symbols) or 10 ng/cell (open symbols) of CB (circles), pristine CNTs (triangles)
or oxidized CNTs (squares) for the indicated periods of time (Bottini
et al., 2006).
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fine or ultrafine TiO2 particles (Oberdorster et al., 2016; Duffin et al.,
2002). This is because that crystalline silica is highly reactive with
biological membranes through hydroxyl radical-mediated lipid peroxi-
dation, which can result in cell death (Vincent, 1998). The differences in
pulmonary inflammation and cytotoxicity caused by different particles
is related to the particle surface free radical activity (Zhang et al., 1998),
for example, in a rat instillation study, the inflammatory response to four
different types of ultrafine particles (carbon black, cobalt, nickel, and
titanium dioxide) was consistent with their measured free radical gen-
eration (Dick et al., 2003).

Surface modification was able to change the interaction process of
CNTs with the cellular lipid bilayer, which further changed the cell
uptake viability (Liu et al., 2013). Bottini et al. (2006) compared the
toxicity of pristine and oxidized multi-walled carbon nanotubes on
human T cells and the results are depicted in Fig. 20. It can be seen that
the oxidized CNTs were shorter and straighter than the pristine CNTs.
And at 400 pg/ml, oxidized CNTs caused a loss of >80% of the cells
within 5 days, while pristine CNTs killed less than half. This is because
that the oxidized CNTs are more hydrophilic and are better dispersed in
aqueous solution and therefore reach higher concentrations of free
CNTs. In addition, Duffin et al. (2002) showed that by modifying the
surface of the quartz, the inflammation response was reduced to that
observed for the particles with relatively low toxicity. To investigate the
effect of surface chemical properties on toxicity, Magrez et al. (2006)
decorated the surface of multiwalled nanotubes by acid treatment. This
process introduced carbonyl (CdO), carboxyl (COOH), and/or hydroxyl
(OH) groups onto the nanotube and nanofiber surfaces. The results
showed that the toxicity increases with the chemical surface treatment.

4.3. Pathogenic mechanism of nano-sized particles

Up to date, most of the toxicity research on NSP carried out in
mammalian systems has focused on respiratory system exposures for
testing the hypothesis that airborne ultra-fine particles cause significant
health effects. However, to nano-sized particles, other exposure routes,
such as skin and GI tract, should also be considered as potential portals
of entry (Oberdorster et al., 2005).

In order to figure out the pathogenic mechanism, it is crucial to know
the deposition and the subsequent fate of the airborne particles, which is
particle size-dependent, and has been discussed in Fig. 17. In this part,
we focus on the deposition of the nano-sized particles. As demonstrated
above, for the nano-sized particles, diffusion is the main mechanism
dominate the particle deposition, and other mechanisms which are
critical to large particles do not contribute to nano-sized particle depo-
sition. Once deposited, NSPs appear to translocate readily to extrap-
ulmonary sites and reach other target organs by different transfer routes
and mechanisms. One involves transcytosis across epithelia of the res-
piratory tract into the interstitium and access to the blood circulation
directly or via lymphatics, resulting in distribution throughout the body.
The other involves their uptake by sensory nerve endings embedded in
airway epithelia (Oberdorster et al., 2005).

Because there has been no research on the pathogenic mechanism of
nano-sized coal dust, in this section, we will review the studies on the
pathogenic mechanism of other nano-sized particles, such as carbon
nanotubes, metal nanoparticles, fibers et al., which may provide a
reference for the study of nano-sized coal dust.

After carbon nanotubes enter the body, the underlying mechanisms
of toxicity are manifested as oxidative stress, inflammatory responses,
malignant transformation, DNA damage and mutation, formation of
granuloma, and interstitial fibrosis (Oberdorster et al., 2005). Oxidative
stress caused by carbon nanotubes has been regarded as the most
acceptable mechanism. Oxidative stress from particles and inflamma-
tory cells also can cause the guanine to adduct 8-hydroxy deoxy gua-
nosine (8-OH-dG) which was thought to be important in carcinogenesis
by particles (Schins, 2002; Schins et al., 2002; Ken et al., 2006). Ac-
cording to Kane (1996), Fibers such as asbestos caused fibrosis and
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cancer could be also attributed to oxidative stress from the fibers or the
inflammatory response causing 8-OH-dG adducts leading to mutation. In
addition, the increased intracellar ROS which either induced by transi-
tion metals released from carbon nanotubes or the high surface area of
the carbon nanotubes, can react with cellular macromolecules including
DNA, proteins, and lipids and disturb the homeostasis of the intracel-
lular milieu [186]. Besides, Maricica et al. (2008) documented that
carbon nanotubes could activate the specific molecular signaling asso-
ciated with oxidative stress, including activator protein-1 (AP-1) and
nuclear factor kB (NF-kB) and MAPK. These molecular signaling led to
the release of proinflammatory cytokines together with the depletion of
antioxidant defenses, poly (ADP-ribose) polymerasel (PARP-1), protein
p38, and protein serine-threonine kinase (Akt). Fig. 21 shows the
mechanisms of cell damage and inflammation induced by carbon
nanotubes.

Apoptosis has been viewed as a major mechanism of cell death
caused by nano-sized particles induced oxidative stress (Hsin et al.,
2008; Borm et al., 2006). Among these different apoptotic pathways, the
intrinsic mitochondrial apoptotic pathway played a major role in metal
oxide nano-particles induced cell death since mitochondria are one of
the major target organelles for NP-induced oxidative stress (Xia et al.,
2006). High levels of ROS in the mitochondria can cause damage to
membrane phospholipids (Lenaz, 2010). Various metal oxide
nano-particles including Zn, Cu, Ti, and Si elicit ROS-mediated cell
death via mitochondrial dysfunction (Manke et al., 2013). DNA is one of
the major targets for oxidative stress and represents the first step
involved in mutagenesis, carcinogenesis, and aging. ROS/RNS (reactive
oxygen species/reactive nitrogen species) damage DNA through DNA
strand breaks, DNA protein cross-links, and alkali-labile sites (Kawanishi
et al., 2002; Shi et al., 2004), and given their characteristic nature, free
radicals appear as one of the likely carcinogens (Wiseman and Halliwell,
1996).

By activating the MAPK and NF-B signaling pathways which control
transcription of inflammatory genes such as IL-1, IL-8, and TNF-, un-
controlled generation of ROS can trigger a cascade of proinflammatory
cytokines and mediators (Thannickal and Fanburg, 2000). Moon et al.‘s
(2010) study showed that a coexposure of metal oxide NP with a bac-
terial endotoxin could lead to exaggerated lung inflammation and pul-
monary edema. In addition, studies with various metal oxide nano-sized
particles have indicated ROS-mediated inflammatory response. For
example, SiO2 and TiO2 nanoparticles cause an elevated inflammatory
response through ROS generation (Park et al., 2008, 2009).

5. Discussion

Dust generated during coal mining operations includes particles
small enough to be deposited in the airways and the gas-exchange region
of a miner’s lung, when inhaled. Chronic exposure to those particles,
referred to as respirable coal mine dust, puts miners at risk for various
lung diseases, including coal workers’ pneumoconiosis, emphysema,
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Fig. 21. The mechanisms by which carbon nanotunes induce cell damage and
inflammation (Oberdorster et al., 2005).
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silicosis, and chronic bronchitis (National Academies of Sciences, En-
gineering, and Medicine, 2018). Up to now, there is no effective medical
treatment can be adopted to reverse these coal dust-induced lung dis-
eases or control their progression. The only way to prevent these dis-
eases is to minimize the coal dust exposure along with medical
surveillance for early disease detection. Based on this consideration, a
series of efforts have been made by U.S. federal regulations over the
years. In 1969, a limit of 3.0 mg/m? of respirable coal mine dust was
established. And in 1972, this limit was lowered to 2.0 mg/m°. In 2014,
the Mine Safety and Health Administration (MSHA) issued a dust rule,
which went into effect in August 1, 2016, that reduced the limit to 1.5
mg/m3 (National Academies of Sciences, Engineering, and Medicine,
2018). The implementation of these regulatory requirements contrib-
uted to several decades of decreased prevalence of CWP in underground
coal miners. The recognized prevalence of disease in underground coal
miners with more than 25 years of work tenure decreased from more
than 30 percent in 1970 to about 5 percent in 2000. However, since
around 2000 there has been an unexpected increase in the proportion of
CWP in coal miners with 25 or more years of work tenure, and with an
increase or plateau of disease prevalence in those with shorter mining
tenure (Laney and Weissman, 2014). Moreover, recent studies have
described rapidly progressive, severe and fatal forms of disease
including progressive massive fibrosis occurring mainly in the central
geographic region of Appalachia (Blackley et al., 2018a,b; National
Academies of Sciences, Engineering, and Medicine, 2018).

There are likely a number of factors that have contributed to an in-
crease in the prevalence and severity of coal dust related lung diseases.
Determining the causes of that increase and eliminating occupational
lung disease in coal miners is a complex scientific, engineering, medical,
regulatory, social, political, economic and legal problem [204].

The NIOSH study demonstrates that the prevalence of the CWP is
coal-rank dependent following high-rank coal > low-rank coal > me-
dium-rank coal (Attfield, 2011). The reason why CWP is highly rank
dependent has not been studied. The high rank coals termed as an-
thracites are more brittle than medium and low rank coals, which may
produce more nano-sized coal dusts. To our best knowledge, the toxicity
of the nano-sized coal dusts has never been studied. However, recent
studies have confirmed that nano-sized particles are more toxic due to
their unique physicochemical properties and easier uptake by living
organisms (Magrez et al., 2006; Jean-Pierre et al., 2004). In addition,
some studies have proved that nano-sized coal dusts do exist in the
respirable coal dust produced during the coal production [93, 111, 206]
(Barone et al., 2017; Johann-Essex et al., 2017b; Backstrom et al., 2015).
Therefore, it is reasonable to deduce that the nano-sized coal dust con-
tributes to the coal dust-induced lung diseases.

However, to our best knowledge, there is no research on how the
nano-sized coal dusts affect the human health and how there induce
CWP and other coal dust-related lung diseases. In this section, we try to
put forward the problems corresponded to this topic which calls for
further exploration.

5.1. Physicochemical properties of nano-size coal dust

As discussed above, the physicochemical properties of nano-sized
particles have great effects on their toxicity. The NIOSH study demon-
strates that the prevalence of the CWP is coal-rank dependent following
high-rank coal > low-rank coal > medium-rank coal (Attfield, 2011). A
probable reason for this phenomenon is that different ranks of coal have
different physicochemical properties, including coal dust size distribu-
tion after crushing, specific surface area, composition (minerals, ele-
ments), surface functional group, solubility, particle shape, particle
stiffness, hydrophility, surface charge, aggregation, and so on. For
nano-sized coal dusts, the distribution of these properties and their
evolution with particle size are still unclear. For example, a modified
version of the Kelvin equation predicts solubility dependence on size,
stating that as particles get smaller through the nanorange of sizes, their
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solubilities increase exponentially, but certain minerals are known to
become less soluble as they get smaller (Hochella et al., 2008). Then for
nano-sized coal dusts, how will the solubility change with its size? And
for nano-sized coal dusts with different ranks, will the regularity keep
consistent? All of these need further investigations.

Therefore, advanced techniques such as XRD, FTIR and so on and so
forth, should be adopted to get a systematic and comprehensive un-
derstanding of the physicochemical properties of nano-sized coal dusts.

5.2. Toxicity and pathogenesis of nano-sized coal dust

Although toxicity of some nanoparticles such as carbon nanotubes,
carbon fibers has been well studied, and several pathogenesis of these
particles have been put forward, unfortunately, no related research on
nano-sized coal dust has been reported so far. However, these research is
of great importance to understand the relationship between the nano-
sized coal dust and the coal dust-related lung diseases.

Therefore, studies about the toxicity of nano-sized coal dusts should
be conducted on levels of cells, tissues, organs and living animals. Based
on these studies, a reliable pathogenesis needs to be proposed. To study
bio-effect of nano-sized mine dust, we can treat normal lung epithelial
cells (BEAS-2B, ATCC) and lung carcinoma cells (NCI-H441, ATCC) in
cell culture with both organic and inorganic constituents at a different
dosage for each nano-sized coal dusts. The uptake of the nano-sized coal
dusts will be observed using optical microscopy and transmission elec-
tron microscopy. The current knowledge in nanomedicine predicts
nanoparticles of the same materials of microparticles will be more
readily taken up by cells through endocytosis. It will be of high interest
to investigate if coal mine dusts follow the same rule. We will further
measure the cell viability using LIVE/DEAD and caspase activity assay
(ThermoFisher). The tumorigenic, migration, and invasion capability of
the tumor cells before and after treatment will be measured by colony
forming assay, scratch assay, and transwell assay, respectively. To study
the effect of nano-sized coal dust with lung epithelium at the organ level,
we will adopt a lung-on-chip model and measure surfactant production
and alveolar barrier permeability to gauge potential change of the lung
function.

5.3. Real-time monitoring technology and equipment for nano-sized coal
dust

Another challenge for the mining industry is the lack of a real-time
dust monitoring system at the mine environment. One commercial
personal dust monitor (PDM) was developed by NIOSH to measure
respirable coal mine dust mass to provide accurate exposure data for
each shift (Page et al., 2008). However, weighted at ~7.5 lbs, the cur-
rent PDM is bulky and heavy. According to feedback from miners, they
feel uncomfortable and some of them do not want to wear due to this.
Another aspect that hinders further in-situ dust detection is that PDM
can only analyze overall weight concentration of dust (Halterman et al.,
2017), but it is impossible to characterize dust composition and their
respective proportions. Thus, a miniaturized real-time dust monitoring
system that is capable of characterizing dust size and composition is
highly desirable. Coal fluorescence is a property reflecting the charac-
teristic of the conjugated double bond in its macromolecular structure
(Crelling, 2011). The main components of the coal dust include carbo-
naceous, silicate, quartz, carbonate, heavy mineral. These components
can significantly influence the fluorescence spectra, meaning that fluo-
rescence spectroscopy can be an effective tool to interrogate the com-
positions of coal.

Therefore, developments of new instruments and devices that can
simultaneously quantify dust concentration and composition based on
fluorescence spectroscopy will be a step forward to monitor the dust
concentration for future mining application. The overall size and weight
of the developed device should be much smaller than the NIOSH PDM
which will promote coal mine workers’ willingness to wear.
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5.4. Exposure control technology and equipment

Considering the adverse effects of coal dusts on coal workers’ health,
considerable research has been carried out to develop coal dust control
technologies. In underground mines, the most common and traditional
methods are ventilation and water spray with plain water. However,
with the introduction of fully mechanized longwall mining method to
coal mining industry, these traditional methods were thought to be
inadequate to meet the coal dust control standard. Therefore, increasing
attention was paid to research related to surfactant aided water spray
coal dust suppression technology (Xu et al., 2018). These technologies
are thought to be effective in removing large particles from the working
environment and contribute a lot to coal mine workers’ health. How-
ever, with a decrease of the coal dust size, these technologies become
less effective.

To create a safe and comfortable working environment for coal mine
workers, new technologies which can be used to effectively remove the
nano-sized coal dust from the working environment should be devel-
oped. When addressing a potentially harmful exposure within a work-
place, a hierarchical approach should be considered to reduce risk. This
includes the prevention or containment of hazardous workplace emis-
sions at their source, the removal of emissions from the pathway be-
tween the source and the worker, and lastly, control of worker exposure
with barriers between the worker and the hazardous work environment
(Maynard and Kuempel, 2005a,b). This means that all methods used at
the working face, in the roadway, and on the workers should be
developed.

5.5. Development strategy and policy guarantee

As the second largest energy source in the world, coal plays an
important role in the global energy profile. In 2017, coal accounted for
27% of primary energy, and the coal power generation accounted for
38% of the whole generation capacity of the world. Currently, the major
coal-producing countries includes China, India, USA, Australia,
Indonesia, Russia, South Africa, Germany, Poland and Kazakhstan. For
these countries, the issue that the impact of coal dust on miners’ health is
a universal and urgent problem that each nation is dealing with. In
response to this challenge, in terms of research, the international
collaboration is suggested to be a good model to allow all partners share
the resources toward a common goal of mitigating this challenge.

In addition, the prevention and control of health effects of coal dust
belongs to the public welfare entity, therefore, the various government
agencies from various coal production countries should consider to
provide dedicated funds for future scientific studies through the
implementation of major research projects, formulation relevant pol-
icies and regulations. In addition to the governmental support, the coal
production enterprises should adopt the best field practices to mitigate
the respirable hazard for coal mines.

Finally, the issue that the effect of coal dust on human health in-
volves a series of process, including coal dust production, migration,
interaction between the coal dust and human organs, and is a multi-
disciplinary subject intersected by Mining, Nanoscience, the Science of
Occupational Health and Medical Science, and Engineering Design. For
solving this problem, a multidisciplinary research approach should be
adopted to advance the understanding of the issue which will be the
future basis of providing the effective engineering solution for future
mining practice.

Overall, the prevention and control of health effects of coal dust is a
complex system engineering problem which is on the cross-edge of many
disciplines, and it calls for joint efforts from international society, gov-
ernments and researchers.

6. Summary

We reviewed the coal dust related health studies, coal mine dust
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property and its effects on miners’ health and safety, and the effects of
nanoparticles on human health. Although a series of regulations have
been formulated, and a lot of measures have been taken to lower the
exposure of coal mine workers to coal dust, recent years have witnessed
an unexpected increase of the CWP prevalence in U.S.. The reasons for
this phenomenon involve many aspects and may be complicated.
Considering the toxicity of nanoparticles such as carbon nanotubes and
carbon nanofibers in other industries, it is reasonable to deduce that the
nano-sized coal dust contributes to the increase of the CWP prevalence
observed in recent years. However, research on relationship between the
nano-sized coal dust and the coal dust-induced lung diseases has not
been reported. To address these problems, in the future studies, the
following issues should be further investigated. They are: 1) Systematic
characterization of physicochemical properties of nano-size coal dust; 2)
Toxicity and pathogenesis of nano-sized coal dust; 3) Development of
real-time monitoring technology and equipment for nano-sized coal
dust; 4) Development of exposure control technology and equipment;
and 5) adoption of new technology for real time dust monitoring to
effectively reduce the dust exposure for future miners. In addition, in
response to this challenge, the international collaboration is suggested
to be a good model to allow all partners share the resources toward a
common goal of mitigating this challenge.
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