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Abstract: Nanoparticles, defined as particles with one dimension below 100 nm, contribute little
to the total mass concentration in respirable coal mine dust (RCMD) toxicological studies, but they
could have a considerable part in the adverse health effects by RCMD inhalation. It has been shown
that inhaled nanoparticles can penetrate deep into the lung and could plausibly contribute to acute
and chronic pulmonary diseases by triggering oxidative stress formation and inducing inflammation.
RCMD nanoparticles from samples collected in an underground mine in the United States were
analyzed by a particle separation technique, field-flow fractionation (FFF), for size, morphology,
and elemental composition. Two sub-techniques, asymmetrical flow field-flow fractionation (As-
FlFFF), and sedimentation field-flow fractionation (SdFFF) were used to increase the detection size
range. Nanoparticles with a size range between 25–400 nm were detected. Fractions were collected
throughout the size distribution and were analyzed by electron microscopy and inductively-coupled
plasma mass spectrometry (ICP-MS). Electron micrographs showed the presence of carbonaceous
particles, mineral particles, diesel particles, and aggregates. Major and trace elements such as Si and
Ca were detected in high abundance in all fractions. Other metals included Mg, Fe, Al, Cs, and Pb.
Higher relative concentrations of Cs and Pb were observed at the size range below 30 nm. The data
suggests that nanoparticles in RCMD can be highly reactive, either as a result of their size or their
potential to carry toxins such as transition and heavy metals. To the best of the authors’ knowledge,
this is the first data on the size, morphology, and composition of RCMD nanoparticles with a size
below 100 nm.

Keywords: RCMD; coal mine; toxicity; nanoparticles; inhalation; CWP; COPD; size distribution;
elemental composition; morphology; field-flow fractionation

1. Introduction

Respirable coal mine dust (RCMD) is a complex mixture of carbonaceous and min-
eral particles with variations in size and shape. Accumulation of RCMD in the lungs of
underground coal miners results in severe respiratory damage that can ultimately progress
to lethal coal workers’ pneumoconiosis (CWP). The occurrence of CWP dropped to a low
of 2.1% in the 1990s, but increased to 3.1% in the 2000s, particularly among the miners in
the Appalachia region [1]. The recent resurgence of CWP, despite observing all the health
and safety rules and regulations imposed by the National Institute for Occupational Safety
and Health (NIOSH), and Mine Safety and Health Administration (MSHA), has prompted
new research to understand and prevent a further upward trend of CWP occurrence in
coal miners.

In a report published by NIOSH [2], some possible reasons for this resurgence were
cited as; regulations and compliance, location of the mine, thin-seam mining, and the
composition of the coal. Others have also pointed out the effects of the mine size [3] the
silica content [4] and recently the size and composition of RCMD [5,6].
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Once the RCMD particles pass the upper respiratory tract and enter the lungs, their
uptake, clearance, and translocation are governed by their physicochemical characteristics
such as angularity, surface charge, solubility, surface area, and exposed surface ions. Re-
search on the inhalation toxicology of nanoparticles has demonstrated that particle size
is an important factor in the uptake, clearance, and translocation of nanoparticles in the
human body [7–9]. Airborne nanoparticles that can reach the alveolar region cannot be
effectively cleared by macrophages and are retained longer by the alveolar cells, leading to
increased uptake by the lymphatic tissue [10] and trigger elevated oxidative stress through
their various interactions [7,11,12]. It has been suggested that ultrafine particles in air
pollution cause acetylation of histones leading to the unwinding of deoxyribonucleic acid
(DNA) and increasing transcription for pro-inflammatory genes [8,13]. Single ultrafine
particles are very small in comparison to the cellular structures and can cross the cellular
membranes [14]. In addition, nanoparticles can interact with different bacteria in the lung,
rupture the bacterial cell, and potentially generate reactive oxygen species (ROS). There
are also concerns that surface-active nanoparticles can bind to dangerous contaminants
such as lipopolysaccharides (LPS) and induce inflammatory response when inhaled [15].
In addition, the presence of nanoparticles in single or aggregate form, may interfere with
the lung clearance of larger particles and result in fibrosis. Nanoparticles can penetrate
deep to the alveoli and cross the air–blood barrier where they can translocate to primary
organs such as liver, spleen, and heart [16].

Recently, scanning electron microscopy (SEM), combined with energy dispersive x-ray
analysis (EDX) has been used extensively to characterize RCMD particles for size, shape,
and elemental composition in the size range of 0.1–10 µm [4,17,18]. The major particle
groups in RCMD were identified as carbonaceous coal dust particles, aluminosilicates,
carbonate minerals originating from the rock dusting process, and sub-micron particulates
originating from diesel engines, with the sub-micron size comprising 50%–80% of the total
analyzed particles. It was also demonstrated that not only diesel particles but also both
coal and rock dust particles could be present in the nano-sized fraction of the RCMD [5,18].
The SEM-EDX method has the advantage of assigning chemical composition directly to
a particle with a known size and shape. However, to have representative data, at least
hundreds of particles on a filter need to be counted and measured individually at different
locations of the filter. Data acquisition and image processing can be time-consuming. In
addition, often the particles are not deposited individually and are aggregated with smaller
or larger particles, which can make the analysis more problematic.

The utility of a separation technique, field-flow fractionation (FFF), in the separation
and characterization of RCMD nanoparticles has been demonstrated recently [18]. Field-
flow fractionation (FFF) is a family of elution and separation techniques [19] in which the
particles can be separated in a thin channel under a physical field. The analysis yields a
size distribution. Fractions can be obtained and analyzed by ancillary techniques such
as electron microscopy and mass spectrometry. In this study, two field-flow fractionation
sub-techniques were utilized to separate and obtain data on the size distribution, mor-
phology, and size-based elemental composition of nanoparticles in RCMD. To the best of
our knowledge, this is the first data on the size, morphology, and composition of RCMD
nanoparticles with a size below 100 nm.

2. Materials and Methods
2.1. RCMD Sampling and Sample Preparation

Coal mine dust samples from an underground mine in the Western United States were
collected using gravimetric dust samplers placed at the feeder, bolter, and miner locations.
The respirable fraction (d < 10 µm) was collected and deposited on a 0.8 µm polycarbonate
filter, using a 10 mm Dorr-Oliver cyclone. The coarse fraction was collected at the bottom of
the cyclone. The cyclone pump operated at an airflow rate of 2 L per minute. The sampling
duration was 9 h.
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RCMD particles were isolated by placing the filter paper in a polycarbonate test tube,
adding 2 mL of the carrier fluid, and mixing using a vortex mixer for 30 s, followed by 5 min
of bath sonication. The extraction procedure was repeated once a day for 3 days to ensure
the extraction of the maximum amount of RCMD sample from the filter paper. On the third
day, the samples were settled for two hours to exclude mineral particles with diameters
over 1 µm and samples were taken accordingly, using a microneedle. (Figure 1). The
two-hour time frame was selected using the settling velocity of a mineral spherical particle
with a 1 µm diameter and density of 2.6 g/cm3. This step was necessary to minimize the
interference and steric elution of particles over 1 µm in diameter.

Figure 1. Isolation of RCMD particles. (a) Filter paper containing the RCMD particles was placed
in 2 mL of the carrier fluid, (b) mixed by a vortex mixer followed by 3 bath sonication treatments
every 24 h. (c) The suspension was settled for two hours to exclude the fraction over 1 micron in
diameter. (d) A total of 100 µL of the sample was drawn from the top 0.5 cm using a micro syringe,
(e) the sample was injected to the FFF channel for size analysis.

2.2. Transmission Electron Microscopy (TEM)

A 5 µL aliquot of the fractions collected along the size distribution was placed on a
200-mesh carbon-coated copper grid (Electron Microscopy Sciences, Hatfield, PA, USA)
and air-dried at room temperature. The grid was then imaged by an FEI Tecnai t12 electron
microscope (FEI Hillsboro, OR, USA) operating at a 120 kV accelerating voltage. Sizes of
nanoparticles were measured using the NIH ImageJ software (National Institute of Health,
Bethesda, MD, USA, https://imagej.nih.gov).

2.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Fractions were collected every 2 min for asymmetrical flow field-flow fractionation
(AsFlFFF) runs or every 5 min for sedimentation field-flow fractionation (SdFFF) runs for
elemental analysis. Fractions were collected in 50 mL polypropylene, sterile, and metal-free
centrifuge tubes (VWR, Radnor, PA, USA), and were digested with 5% nitric acid. An
Agilent 8900 ICP-QQQ Tandem quadrupole mass-spectrometer (ICP-MS/MS) with an
octopole reaction system, located at the Department of Geology and Geophysics at the
University of Utah was used for the elemental analysis of the digested RCMD nanoparticles.
Three sets of blank samples were analyzed with each set of samples and the data were
corrected accordingly.

2.4. Field-Flow Fractionation (FFF)

Field-Flow Fractionation (FFF) is a set of chromatography-like separation techniques,
that can be used for the separation and characterization of particles in a range of a few
nm to tens of microns. Various FFF sub-techniques have been used extensively for the
separation and characterization of particles, nanoparticles, proteins, macromolecules, and
viruses since the 1970s [20–23]. The theory has been fully developed for almost all sub-
techniques [19,24]. A detailed explanation of particle separation in FFF can be found
elsewhere [19,25,26]. Briefly, in FFF the sample separation takes place in a thin (thickness of

https://imagej.nih.gov
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hundreds of microns), flat, channel filled only with the carrier fluid and with no stationary
phase. An external physical force, which can be an incoming flow, a centrifugal, electric,
or thermal field, is applied perpendicular to the flow stream of the suspended particles
throughout the separation.

In a typical experiment, the particles are injected into the channel, and then the
channel flow is bypassed to allow the sample particles to interact with the incoming field
for a certain time (relaxation period). During relaxation, the external force pushes the
particles towards the lower part of the channel (the accumulation wall), where the particles
reach an equilibrium position depending on their Brownian motion and the extent of
the applied force. In the normal FFF mode, the smaller particles will have equilibrium
positions closer to the center of the channel and the larger particles will be closer to the
accumulation wall. After the relaxation period, the channel flow is resumed, and the
particles will be carried out of the channel by the laminar flow (see Figures S1 and S2 in
Supplementary Materials).

The preliminary result from an FFF run is a “fractogram”, analogous to a “chro-
matogram”, which depicts the sample retention time or retention volume versus the
detector signal (usually a UV detector). The UV signal gives the mass concentration of the
sample in the volume passing through the UV cell (dmc/dV). The size distribution is the
fraction of the total sample in each size range, or the “relative mass” (dmc/dd). To produce
the size distribution, the x -axis is converted to size using FFF equations. The y-axis is
converted to “relative mass” by multiplying the UV signal (dmc/dV) by (dV/dd). Thus,
the “relative mass” observed later in the size distribution data, is not the absolute mass. It
indicates the mass of the particles within that specific size increment, relative to the total
area of the size distribution graph.

Depending on the applied force, different properties of the particles can be directly
calculated from the elution time. In flow FFF (FlFFF), the applied force is an incoming
flow of the carrier fluid through porous frits. The lower channel wall is covered with an
ultrafiltration membrane to minimize sample loss. In FlFFF, the obtained parameter is the
diffusion coefficient, which is converted to the hydrodynamic diameter. In sedimentation
FFF (SdFFF), the obtained parameter is “buoyant mass”, which is then converted to an
equivalent spherical diameter, from the difference in the densities of the particles and
the carrier fluid. For convenience, both diameters are referred to as “diameter” in the
manuscript. Since FFF is an elution technique, the result is a size distribution rather than
an average size.

Both asymmetrical flow FFF (AsFlFFF) and sedimentation FFF (SdFFF) were used
in this research. In AsFlFFF, the channel is trapezoidal, and the calculations are not
straightforward for the power programmed field. Therefore, in AsFlFFF the size was
obtained by calibrating with nanoparticle standards in the given size range under the same
conditions that have been used for sample separation. For SdFFF, the size was calculated
directly from the elution time using the following equation:

d =

(
36kTtr

πwG∆ρt0

)1/3
(1)

where k is the Boltzmann constant. T is the temperature (K), w is the channel thickness (m),
G is the centrifugal acceleration (m s−2), ∆ρ is the density difference between the particle
and the carrier fluid (kg m−3). t0 is the void time (s), the time for a non-retained component
to exit the channel and is given by: t0 = V0/

.
V, where V0 is the channel void volume (m3)

and
.

V is the volumetric carrier flow rate (m3 s−1).
AsFlFFF experiments were performed using a PostNova AF2000 system and the

SdFFF experiments were performed using a Postnova Analytics SdFFF system. In both
techniques, the signal was detected using UV detection at 254 nm (SPD-20A, Shimadzu,
Kyoto, Japan). Data processing was performed using the FFFAnalysis program (Postnova
Analytics, Landsberg, Germany). A solution of 0.05% Fl-70 (Fisher Scientific, Waltham,
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MA, USA) was used as the carrier liquid. The sample injection volume was 100 µL. For
AsFlFFF the channel flow rate was 1 mL/min and the crossflow (field) rate was 2 mL/min.
For SdFFF, the field was 1800 rpm and the channel flow rate was 1 mL/min. For both
techniques, the field was reduced by power programming to decrease the run time.

3. Results
3.1. Size Distribution of RCMD Nanoparticles

Elution profiles and size distributions of the RCMD samples from the bolter and the
miner sites, obtained by SdFFF, are shown in Figure 2. The narrow peak at 2.5 min is called
the “void peak” and shows the population of the sample species that were not retained by
the applied force. In SdFFF, the applied force is the centrifugal force, and the sample species
are separated by their buoyant mass. Therefore, low density carbonaceous materials and
mineral particles typically smaller than 30 nm in diameter [25] cannot be retained and will
elute with the void peak. The elution profile of both samples showed peaks at around
25 min and 60 min.

Figure 2. Elution profiles (a) and size distributions (b) of the RCMD samples obtained from the bolter
and the miner sites using SdFFF.

Size distributions for the samples analyzed by SdFFF were obtained directly from
the elution time, using Equation (1). The size range detected by SdFFFF was about
50–450 nm for the bolter and 60–550 nm for the miner sample, with main peaks around
100 nm and 300 nm. Since the same injection volume was used for both samples, it can be
speculated that the bolter sample had a higher population of nanoparticles up to 200 nm
in diameter.

Elution profiles and size distributions of the same samples were also obtained by As-
FlFFF (Figure 3). The applied force in AsFlFFF is a crossflow and the particles are separated
according to the difference in their diffusion coefficients. Therefore, nanoparticles with
smaller size and lower density, that were not retained by the centrifugal field in SdFFF,
could be separated by the applied field in AsFlFFF. The elution profile for both samples
does not show a void volume, which indicates that most of the smaller nanoparticles were
eluted from the channel. However, the elution profiles ended at about 25–30 min, sug-
gesting that the larger nanoparticles might have been retained by the membrane covering
the lower part of the channel. Sample recovery in AsFlFFF was examined by analyzing
the bolter sample using different injection volumes and measuring the area of the elution
profile. When the injection volume doubled, the area under the peak doubled as well
(see Figure S3 in Supplementary Materials). Hence, it is possible that the larger particles
irreversibly interacted with the membrane inside the channel. This issue will be investi-
gated further to improve the sample recovery. However, the size distributions show that
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nanoparticles with hydrodynamic diameters between 25–100 nm were separated using
AsFlFFF. The size distributions obtained by the two FFF sub techniques clearly comple-
ment one another and can be used to characterize both the smaller and larger end of the
RCMD nanoparticles.

Figure 3. Elution profiles (a) and size distributions (b) of the RCMD samples obtained from the bolter
and the miner sites using AsFlFFF.

Size distributions obtained by both techniques show that the RCMD nanoparticles in
the sample recovered from the miner site contained slightly larger nanoparticles. This trend
was observed for another set of samples analyzed from the same mine [18], and also for a
sample recovered from a mine in Eastern USA. The size range of the nanoparticles detected
by AsFlFFF was 25–130 nm for the bolter sample and 25–180 nm for the miner sample. The
size range detected by SdFFFF was about 50–450 nm for the bolter and 60–550 nm for the
miner samples.

The sample from the feeder was analyzed with both AsFlFFF and SdFFF. In both cases,
the sample did not show a high enough signal for size analysis. This agrees with our initial
analysis that the samples from the feeder did not have as many nanoparticles as samples
from the bolter and miner sites.

Future work will use multiple filters for sample collection to increase the signal
intensity and improve the quality of the fractograms. More work is also needed to improve
sample recovery in the AsFlFFF system. Nevertheless, both techniques are very promising
for the analysis of RCMD nanoparticles. The analysis time is also considerably short. A
typical AsFlFFF run took about 25 min and an SdFFF run was completed in 90 min.

3.2. Electron Microscopy Images of Bulk and Isolated RCMD Nanoparticles

High-resolution TEM images of the bulk RCMD sample from the bolter site after
settling out most of the particles with d > 1 µm, and before injection to the FFF channel, are
shown in Figure 4. Both images show an abundance of nanoparticles that look like coal
or diesel particles, as well as larger, more transparent, and flaky particles that resemble
aluminosilicate minerals.
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Figure 4. TEM images of the bulk RCMD sample from the bolter after sample preparation and before
injection to the FFF channel.

The morphology of the particles isolated in the fractions is very consistent with the
TEM images reported in the literature from diesel, coal and mineral particles released
during stages of coal burning [27]. The carbonaceous material can be observed in different
forms, e.g., the small particles and the inhomogeneous structure with darker and lighter
areas in Figure 5a,c, the spherical dark structures in Figure 5b,d–f. The flakey, transparent,
and irregularly shaped particles in 5d are aluminosilicates. The aggregate structure in
Figure 5g is a soot particle, composed of nanoparticles with diameters of 10–25 nm. The
particle in Figure 5h seems to be an aggregate of carbonaceous nanoparticles.

In addition to providing information about the morphology of the individual RCMD
particles, size measurements for the isolated particles also confirmed the FFF separation.
For the bolter sample, the diameter from FFF was 50–100 nm. The size of the particles from
TEM was 40–125 nm (Figure 5a–c). For the miner sample, the size for the first fraction from
FFF was 50–100 nm. TEM showed a size of 40–100 nm. The size from the second fraction
was 250–300 nm. The longest dimension of the soot aggregate was 340 nm.

Figure 5d shows a large aggregate, with a size of 430 nm, which seems to have been
eluted with the smaller particles. This is a special case, called the “steric effect”, when
the mean Brownian displacement from the wall is less than the particle radius, due to
large size or mass. Therefore, the separation will be controlled by the hydrodynamic lift
forces rather than the applied field. This issue will be addressed with improved analysis in
future research.

It should also be noted that the size obtained from FFF is either the hydrodynamic
diameter (AsFlFFF) or equal spherical diameter (SdFFF) of particles dispersed in a liquid.
The diameter obtained from TEM is calculated from the projected area of a dried sample.
Therefore, some variations between sizes obtained by different techniques are expected.
Nevertheless, measurements obtained by both FFF and TEM are very close and within
a few nanometers. Such high-resolution images of RCMD coal particles can be obtained
because of the initial separation of nanoparticles by FFF. To the best of our knowledge,
these are the first images of isolated RCMD nanoparticles.
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Figure 5. TEM images of the isolated RCMD nanoparticles from the bolter and the miner samples
showing carbonaceous (a–f) aggregate of aluminosilicate particles (d), soot aggregate (g)and aggre-
gate of carbonaceous particles (h). The yellow bar on the size distribution graphs shows the location
of the fraction taken.

3.3. Size-Based Elemental Composition of RCMD Nanoparticles

Figure 6a illustrates the size distribution obtained from AsFlFFF (blue line) and the
size-based elemental composition for the major elements Si, Al, Ca, Fe and Mg in the
RCMD sample from the bolter site. Si seemed to be the most abundant element, followed
by Ca and Mg. For particles larger than 40 nm in diameter, Si had a higher concentration
than Al. This trend suggests that Si could be associated with Al in clay minerals. In larger
particles, Si concentration is much higher than Al, suggesting it is present as unbound silica
as well. Ca was the second most abundant element. Ca and Mg showed a similar size
distribution trend, following the particle size distribution, which suggests that they might
be co-associated with RCMD nanoparticles.
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Figure 6. Size-dependent elemental distribution for major elements, Si, Al, Ca, Fe and Mg in
nanoparticles isolated from the bolter sample. The blue (a) and purple (b) lines show the size
distribution, measured by asymmetrical flow field-flow fractionation (a) and sedimentation field-flow
fractionation (b).

Figure 6b shows the size distribution of the same sample obtained by SdFFF and
its size-based elemental composition. Si, Ca and Mg were the three elements with the
highest and Al and Fe with the least abundance, analogous to the results obtained by
AsFlFFF. For all elements, the concentrations were higher for particles with a diameter
smaller than 100 nm, which confirmed the results obtained by AsFlFFF (Figure 6a). The
concentration of Ca increased for particles with a diameter over 200 nm. All elements
showed an increase in concentration around d~200 nm. This feature needs to be further
investigated and confirmed.

Size-dependent composition of the RCMD sample collected from the miner site is
shown in Figure 7, using both AsFlFFF and SdFFF. Similar to the results obtained for the
bolter site, Si and Ca were the most abundant elements, followed by Mg.
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Figure 7. Size-dependent elemental distribution of major elements, Si, Al, Ca, Fe and Mg in
nanoparticles isolated from the miner sample. The red (a) and orange (b) lines show the size
distribution, measured by asymmetrical flow field-flow fractionation (a) and sedimentation field-flow
fractionation (b).

One interesting phenomenon is the reversal of Ca and Si concentration in the parti-
cles below and above 100 nm. The SdFFF data (Figure 7b) shows that in nanoparticles
(d < 100 nm) the Ca content is higher relative to Si. The trend reverses after d~100 nm. The
data obtained by AsFlFFF for nanoparticles confirms the SdFFF data, showing a relatively
higher concentration of Ca in nanoparticles relative to Si. Interestingly, the experiments per-
formed on two separate instruments and using different techniques yielded similar results.

Elemental composition analysis by both AsFlFFF and SdFFF techniques for both sites
(Figures 6 and 7) suggest that nanoparticles with d < 80 nm are highly enriched in Si,
Ca and Mg. Comparing the relative concentrations and trends of the minerals, it can be
suggested that Si could be present as unbound silica (SiO2) or associated with Al in clay
particles. Si could also be associated with Ca as tremolite (Ca2Si8O22(OH)2). Mg and Ca
might be associated together as dolomite, (Ca, Mg (CO3)2). Extra Ca could have originated
from the limestone treatment at the mine surface. It has been known that exposure to
silica in both micro and nano size is associated with an increased risk of developing
lung diseases such as silicosis, chronic bronchitis, chronic obstructive pulmonary disease,
emphysema, pulmonary tuberculosis, and even lung cancer in some studies [28]. Therefore,
the high concentration of Si in the nanometer size range, its different formations (bound or
crystalline), and its contributions to the toxicity of RCMD need further exploration.

The relatively higher concentrations of Ca, Mg and Fe in the particles with a hydrody-
namic diameter smaller than 30 nm are of particular interest. We have shown previously
that the adsorption of cations to smaller particles can increase their surface charge [29]. The
abundance of cations in RCMD particles smaller than 30 nm suggests that these particles
can be highly charged and may exacerbate the toxicological effects of RCMD.

Size-dependent concentration of trace elements Cs, La, Pb, Y, Ce and U in particles
with d ≤ 60 nm in the bolter sample are shown in Figure 8. The size distribution was
obtained by AsFlFFF (blue line). The relative concentrations of these elements were very
low; therefore, they were not analyzed by SdFFF for this sample. The concentrations of Hg
and As in all size fractions were below the detection limit of the instrument (0.001 ppt for
Hg and 0.002 ppt for As).



Minerals 2023, 13, 97 11 of 15

Figure 8. Size-dependent elemental distribution of trace elements, Cs, La, Pb, Y, Ce, and U in
nanoparticles with hydrodynamic diameters d ≤ 60 nm, isolated from the bolter sample. The blue
line shows the size distribution, measured by asymmetrical flow field-flow fractionation (AsFlFFF).
Trace elements for the bolter sample by SdFFF were not measured.

Figure 8 shows that among the analyzed elements, Cs and Pb had the highest con-
centrations. Based on the graph, it can be speculated that Cs is highly associated with
particles having a diameter of less than 30 nm. Pb seemed to be adsorbed to the surface as
the concentration was decreased with an increase in the particle size. It is also possible that
Pb is associated with different types of particles (carbon vs. clay). Ce, Y, La and U were
also present in the fractions.

The size-dependent concentration of trace elements Cs, La, Pb, Ce and U, obtained
from SdFFF and AsFlFFF in the miner samples are shown in Figure 9. The orange and red
lines show the UV response (size distribution). Cs and Pb concentrations were relatively
higher than all other trace elements, which is comparable to the trend observed for the
bolter sample.

Figure 9. Size-dependent elemental distribution of trace elements Cs, La, Pb, Ce, and U in nanopar-
ticles isolated from the miner sample. The red (a) and orange (b) lines show the size distribution,
measured by AsFlFFF (a) and SdFFF (b).

Comparison of the Cs and Pb concentrations obtained by SdFFF and AsFlFFF at the
nanoparticle level illustrates another interesting feature. As mentioned before, in AsFlFFF
the accumulation wall is covered by an ultrafiltration membrane. Nanoparticles are mostly
retained in the channel due to the pore size and charge of the ultrafiltration membrane.
However, ions can pass through the membrane and might not be detected. In SdFFF,
there is no membrane, and the accumulation wall is stainless steel. Ionic species cannot be
retained by the field, but they will end up in the void peak and can be detected by ICP-MS.
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Data shows that at particles below 100 nm, Cs has a higher concentration than Pb. However,
the AsFlFFF data presents a higher concentration of Pb relative to Cs. This suggests that Cs
in RCMD particles could be present mainly in the ionic and soluble form and the Cs ions
have probably passed through the ultrafiltration membrane that covers the accumulation
wall in AsFlFFF.

Size-based elemental composition of the RCMD samples collected from two sites in
the same mine can be compared for trends. It appears that the concentration of Si were
relatively high (especially compared to Al) in nanoparticles for both sites, leading to the
possibility that some of the Si might be present in RCMD in crystalline form. The miner
site results showed very high concentrations of Ca and Si even for particles up to 400 nm.
This can be related to the release of free silicate and limestone during mining operations.
A comparison of the trace element analysis between the miner and bolter samples shows
very high concentrations of Cs and Pb in both sites. U, Ce, and La were present at both
sites as well.

The literature on the concentration of trace elements in coal is extremely rare. An
extensive work by Sarver et al. [5], covered the elemental and morphological analysis of
RCMD particles in the size range of 100 nm < d < 10 µm from eight mines in northern and
central Appalachia. Their results showed a strong correlation between very fine carbon
particles (d < 400 nm), and metals such as Zn, Cu, Ni, Cr. The authors concluded that many
of the particles in the “very fine range”, including metals, originate from diesel exhaust in
the mines. Our AsFlFFF and TEM results also showed a high concentration of nanoparticles
in the size range below 30 nm. Moreno et al. [30] reported a higher ratio of Al to Mg, Ca,
and Fe for coal mine dust from Slovenia. Our results indicated a lower concentration of
Al compared to Mg, Ca, Fe, and Si along the size distribution. These outcomes should
be compared only qualitatively, since the techniques and the sample size, as well as the
analysis methods, were quite different.

Coal Clarke values [31] estimates the average concentration of trace metals in coal in
the sequence: Ce > La >> Pb > Cs, U, whereas our ICP-MS analyses of individual fractions
of RCMD nanoparticles showed a higher concentration of Pb relative to Cs within the size
distribution. The Clarke values are obtained by meticulous calculations of data obtained
from numerous sites all around the world for bulk coal and sedimentary rocks, whereas the
ICP-MS data obtained in this study is specific to RCMD nanoparticles within the analyzed
size fraction. However, studies showed that concentrations of nanoparticles in coal and coal
combustion products can vary by location and size [5,30,32]. Moreno et al. [30] showed that
Pb had a higher concentration in the fraction d < 2.5 µm, followed by Ce and La, and found
a low concentration for Cs. In the study by Lu et al. [32], metal analysis of narrow size
fractions of coal combustion showed a difference between the concentrations of the metals
in PM1–10 and PM1. Al, Pb and Ca had higher concentration in PM1, compared to PM1–10.
Lin et al. [33], reported a higher concentration for several metals in the nanoparticle fraction
relative to the coarse fraction for particles collected alongside a high traffic road.

Metals in RCMD nanoparticles can contribute significantly to the toxicological effects
of RCMD. Transition metal elements such as Fe have been associated with the release of free
radicals and their concentrations in RCMD nanoparticles should be monitored carefully [34].
In addition, metal ions adsorbed to surfaces of nanoparticles in RCMD can alter the surface
charge of their host nanoparticles, and increase the ability of inhaled RCMD nanoparticles
to bind to negatively charged proteins and cell membrane, causing oxidative stress. The
higher relative concentration of Pb, a well-known neurotoxin, in RCMD nanoparticles
warrants further investigation. Accumulation of Pb in the body can result in severe brain
damage, kidney failure, and damage to the reproductive system. The small size and high
quantity of metals in RCMD nanoparticles can have serious implications for the health
and safety of coal miners. Special attention should also be given to the forms of Si in the
nanoparticle fraction of RCMD, and specifically, how aggregation or the increased specific
surface area affects its toxicity. Laboratory studies on human bronchial epithelial cells have
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shown that surface area of silica can be an important parameter in triggering oxidative
stress responses [35].

4. Conclusions

RCMD nanoparticles were sampled from different sites of an underground mine in
the Western United States. Samples were separated by size, and narrow size fractions were
analyzed for morphology and elemental composition using two field-flow fractionation
techniques. The presented preliminary results demonstrated the complex nature of RCMD
nanoparticles and provided an insight into the potential toxicity of nanoparticles in coal
mine dust.

Nanoparticles in the forms of carbonaceous particles, clay minerals, diesel particles,
and aggregates were isolated and observed in the RCMD samples. Elemental composition
analysis showed that nanoparticles in RCMD could be carriers of toxic elements such as Fe,
Pb, U, and Cs. More work is in progress to improve the isolation procedure and the FFF
methodologies to provide quantitative elemental concentration data.

Toxicological effects of nanoparticles have been studied for many years. It has been
proposed that nanoparticles can be responsible for much of the toxicity of PM10 particles [8].
Studies on the mechanisms of lung injury of PM10, (d < 10 µm) particles suggested that the
ultrafine part (PM0.1, d < 100 nm) and transition elements are the major components that
cause oxidative stress, and that the ultrafine particles caused three times more inflammation
when equal masses of carbon black with both size fractions were instilled into the lungs of
rats [8]. Other studies have also shown the elevated toxicology of engineered nanoparticles
relative to micron-sized particles. In addition to the lung injury and CWP, translocation of
nanoparticles and harm to vital organs such as liver, spleen, kidney, and brain are other
debilitating effects of RCMD nanoparticles. It is important to understand how much of the
RCMD toxicity is associated with RCMD nanoparticles. Further research on the toxicity of
separate size fractions of RCMD, should help segregate the effects of nano and micron-sized
particles on the health of coal miners. The effectiveness of such studies will depend on the
efficiency of separation of discrete size fractions. A complete understanding of the surface
properties of RCMD nanoparticles is also important. It is well documented that apart from
size, the large specific surface area, surface charge, aggregation state, and morphology of
nanoparticles contribute to their reactivity and potential toxicity.

RCMD toxicity has been measured mainly in terms of mass and exposure length.
These two metrics clearly do not reflect the toxicity posed by nanoparticles considering
their negligible mass. The present research along with other research in the literature clearly
demonstrates that the toxicity of nanoparticles could play a major part in the adverse effects
of RCMD inhalation. Inclusion of nanoparticle toxicity studies in the hazard assessment of
RCMD particles could provide an insight into the increase observed in CWP occurrences.
Perhaps as a first step, “mass” can be replaced by “surface area/mass” as an RCMD
toxicity metric.
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