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Abstract

Exposure to respirable dust, particularly in underground
mines, significantly affects the worker’s health. During
the last decades, respirable dust concentrations in
surface and underground mines have been significantly
reduced. However, the health data shows that the rate of
mine workers with respiratory diseases is still high.
Significant evidence suggests that respirable dust toxi-
city is related to particle characteristics, including
mineralogy and morphology of the dust particles. This
study discusses the respirable coal mine dust (RCMD)
deposition in the human lung. Detailed investigation of
RCMD particle characteristics, including size, shape,
angularity, and composition, as well as bioaccessibility
and wettability are required to better understand the
RCMD lung deposition. Current mass-concentration-
based sampling methods cannot provide sufficient
information about the true dose of exposure. Therefore,
lung deposition experiments are required to investigate
the actual internal exposure dose among underground
coal miners.
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1 Introduction

The term dust is used for suspended solid particles in the air
within a 1-100 um in diameter. Dust is an inherent bypro-
duct of mining activities that increases notable health and
safety concerns. In coal mines, concentrated coal dust is a
hazard that can generate easily ignited explosive mixtures,
and inhalation of smaller particles can negatively affect both
internal and external organs, including the lung, kidney, and
cardiovascular system. Inhalation and lung deposition of
coal dust does not only depend on a particle’s size but also
its aerodynamic diameter. Respirable dust generally refers to
particles having an aerodynamic diameter <10 pm and a
median cut point (dsg) of 4 pm (World Health Organization,
1999).

Respirable coal mine dust (RCMD) is a mixture of more
than 50 elements and their oxides. RCMD may contain
pyrite, traces of other minerals, quartz, illite, kaolinite, and
feldspars that can be found in the host rocks (Jing et al.,
2010; Sarver et al., 2019). The main sources of respirable
coal mine dust (RCMD) include coal seam and surrounded
rock strata, intake air, diesel exhaust, mining operations, and
rock dusting (National Academies of Sciences, 2018).

Current RCMD sampling methods rely on the total mass
of the respirable coal dust and its quartz mass content.
However, the efficacy of the mass-concentration-based
monitoring system as an indicator of the actual dose of
exposure is questionable. Therefore, RCMD lung deposition
and its relationship with the RCMD particle characteristics
should be comprehensively investigated in order to estimate
the true exposure dose while working underground. This
paper discusses the RCMD lung deposition mechanisms and
the authors’ attempt to understand the RCMD lung deposi-
tion through experimental studies.
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2 RCMD Lung Deposition

There are a variety of mechanisms for particle deposition in
the respiratory system, some depending on size. These
mechanisms include inertia impaction, gravitational sedi-
mentation, and Brownian diffusion (Marin & Ostrowski,
2016). RCMD has a size of 107°~10 pm in diameter, which
potentially deposits in different parts of a respiratory system.
The dominant deposition mechanism of the coarse RCMD
particles is inertia impaction due to their relatively large
mass (Islam et al., 2020). In contrast, after being inhaled, the
fine dust particle with a small particle mass can easily follow
the inhaled air and deposit deep into the lung through the
Brownian diffusion mechanism (Hofmann, 2011).

To illustrate lung deposition based on particle size, the
human respiratory system is simplified into three regions:
head region, tracheobronchial region (TB), and alveolar
region (gas exchange region) (Fig. 1). Particles with an
aerodynamic size of fewer than 10 pm could be inhaled
through the nasal and oral cavities in the head region, which,
based on the condition, may trap in different parts of the
airways (International Commission on Radiological Protec-
tion: Human respiratory tract model for radiological pro-
tection, 1994). Since the smallest particles have little inertia,
all move along with the air when inhaled and enter the
respiratory tract. Most of these particles deposit with only a
tiny percentage being breathed back out. Medium-sized
particles also tend to move along with the air and are
inhaled. However, the majority of them fail to deposit in the
respiratory tract and are exhaled back out. Large particles
may not follow air streamlines as the air turns to be inhaled;
some of them will fail to be inhaled at all (Hinds, 1999;
Saber & Heydari, 2012). Most of those inhaled deposits
within the respiratory tract, but some will leave with the
exhaled air. If a particle makes it deep into the lungs, there
are alveolar macrophages that can gobble it up and then
physically move up to the conducting bronchioles. However,
very fine particles may find their way into the bloodstream
with oxygen. At the blood-gas barrier, carbon dioxide dif-
fuses out from the deoxygenated blood and into the air of the
alveoli, which then gets breathed out, and with each breath
in, oxygen enters the alveoli and freely diffuses into the
blood (International Commission on Radiological Protec-
tion: Human respiratory tract model for radiological pro-
tection, 1994). In the case of an underground coal miner, that
freshly oxygenated blood is prone to contain RCMD parti-
cles, which head off to the pulmonary veins, the heart, and
then to the body tissues. Associated particles in the blood-
stream potentially precipitate in different parts of a respira-
tory system or other organs incur a broad spectrum of health
hazards (Hinds, 1999). These RCMD particles may include a
considerable amount of fine or ultrafine particles according
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to technical mining factors used and the most damaging
particles are probably those that are small enough to pene-
trate deep into the lungs. In light of this, diesel particulate
matter (DPM) with a diameter of less than 1 um is consid-
ered a concern for underground workers (National Acade-
mies of Sciences, 2018). Submicron particles are not cleared
as efficiently as larger particles and have mobility within the
respiratory system or beyond via translocation to blood
(Ahookhosh et al., 2020).

Based on particle size, roughly 20% of the 10-nm (nm),
4% of the 300-nm, and nearly all of 10-um (um) particles
end up depositing in the head region. Overall, deposition in
the tracheobronchial region is relatively low, about 25% of
10 nm, less than 1% of 300 nm, and only about 1.5% of
10 um particles will deposit. The deposition of particles
larger than 3 pm and smaller than 10 nm can be higher if not
already deposited in the head region. Approximately, 42% of
the 10 nm, less than 6% of the 300 nm, and around 2% of
10 um particles depositing in the alveolar region. The
deposition of the 10 pm particles is negligible since very
few of these particles reach the alveoli region. This shows
that for equivalent masses, ultrafine particles (UFP) appear
to result in a more severe lung response. (Heyder & Rudolf,
1984; Hinds, 1999; International Commission on Radio-
logical Protection: Human respiratory tract model for radi-
ological protection, 1994).

3 Discussion

Considerable research and analyses have been conducted to
investigate the causes of rising lung diseases among coal
miners despite the significant reduction in RCMD mass
concentration in underground working areas (Blackley
et al., 2014). In a recent study, a realistic estimate for res-
pirable and thoracic fraction was provided based on
experimental data and a mathematical model of oral and
nasal inhalation concerning age, gender, activity, and
smoking (Brown et al., 2002; Qian et al., 2016). Based on
the defined thoracic and respirable fractions, the aerody-
namic size of particles that can penetrate the respiratory
tract might change by increasing the rate of activity with
both nasal and oral inhalations. The remarkable results
might help in the interpretation of health effect evidence and
in designing experimental studies.

In the current experimental study at the New Mexico
Tech with a partnership of UTHealth, the human airway
system has been simplified using an innovative Mobile
Aerosol Lung Deposition Apparatus (MALDA) to estimate
RCMD lung deposition in a near-real situation. This system
consists of head-airways, both realistic human nasal and oral
cavities, a delicate and physiology-based human TB airway,
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Fig. 1 Simplified human respiratory system included the main three regions (left) based on fractions of particle deposition (right)

the inner surface coated with silicon oil to mimic the sticky
and wet nature of airways, and extended airways down to the
11th airway generation as a representative for the alveolar
region. The flow rate distribution is adjustable by selecting
conductive tubing with different inner diameters and the
number of particles depositing is measured by a wide-range
aerosol spectrometer (Rahimi, 2020; Su et al., 2019).

In a respiratory deposition of dust particles, in addition to
the size of the particles, the shape, in other words, angularity
and sphericality, will significantly affect the deposition.
Specifically, non-spherical particles may easily halt in the
path along the respiratory airways (Sellaro et al., 2015).
Mass of particle can also affect the particle deposition,
whether the mass is low and precipitates in diffusion
mechanism of deposition, or when the mass of the particles
is high and inertia is the dominant mechanism of deposition
(Huang et al., 2005; Islam et al., 2020). Not all of the RCMD
inhaled into a miner’s respiratory tract will deposit in the
lung to become the RCMD dose. A portion of the inhaled
RCMD could be exhaled out of the respiratory tract during
exhalation without deposition. This phenomenon is espe-
cially significant for nanosize dust particles or UFP (Brown
et al., 2002; Su et al., 2019).

The true dose of environmental and internal exposure is
necessary to be assessed and compared with the data from
the mass-concentration-based sampling method. Currently,
the mine health-related RCMD personal sampling is based
on the mass concentration which may not correctly represent
the true RCMD dose received by a coal miner, especially for
RCMD less than 4 pm. Therefore, the total amount of
RCMD inhaled may not be representative of the RCMD
actual exposure dose. The number-concentration-based
RCMD samples could be an alternative and ideal index for
RCMD dose estimations (Rahimi, 2020; Shekarian, 2020).

4 Conclusions

A comprehensive investigation of RCMD characterization is
essential to achieve a better understanding of the probable
reasons for the rising RCMD exposure and lung diseases. It
is also crucial to investigate the actual dose of exposure, both
externally and internally, in order to understand the main
causes of respiratory diseases. Therefore, the relationship
between respirable dust particles characterizations and lung
deposition is particularly needed to be understood. Further-
more, detailed studies of morphological properties, including
particle size, angularity, mass, shape, and elemental com-
position as critical parameters, are essential to categorize
dust particle deposition better. Other environmental factors
may affect the process of particle lung deposition; hence,
other detailed studies should be conducted to explore any
involved factors contributing to particle deposition.
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