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Exploring agglomeration of
respirable silica and other particles
Iin coal mine dust

Emily Sarver™?, Daniel Sweeney, Lizeth Jaramillo Taborda & Cigdem Keles

A better understanding of respirable dust particle characteristics is needed to advance exposure
monitoring and prevent health effects. In coal mines and other occupational environments,
understanding respirable silica is especially important. Scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDX) enables particle-level dust analysis, but interpretation of
data can be challenging when samples include agglomerated particles (i.e., particulates consisting

of multiple independent particles attached together). On the other hand, a failure to recognize
agglomerates or account for them in analysis risks oversimplification in exposure assessment. This
research explores possible effects of agglomerates on respirable coal mine dust classification by SEM-
EDX, with a specific focus on silica. Analysis was conducted both on respirable samples (collected with
a typical apparatus including a cyclone size selector) and on respirable-sized particulates identified in
passive samples. Results demonstrate that silica is often contained in respirable-sized agglomerates,
though the typical respirable sampling apparatus appears to break up some of those agglomerates. For
agglomerates that do persist, they may influence SEM-EDX results—possibly increasing apparent size
distributions and/or “hiding” some of their constituents, including silica.

Respirable crystalline silica is well-established as an occupational health hazard!~’. In coal mine environments, it
normally occurs as quartz and represents just one constituent of the respirable dust fraction, which can include
other minerals (e.g,, silicates, carbonates, metal oxides and sulfides), coal dust and diesel particulatess’g. Chronic
exposure to respirable coal mine dust (RCMD) can lead to a spectrum of lung diseases, most notably Coal
Workers’ Pneumoconiosis (CWP, or “Black Lung”)'°. Crystalline silica, in particular, is considered a key agent in
the most severe form of CWP, which is called progressive massive fibrosis (PMF)!L.

Given the known hazard, respirable silica exposure is widely regulated in occupational environments'2. In
coal mines, regulatory compliance is determined based on routine monitoring which tracks mass concentration
of quartz using RCMD filter sample analysis'2. In the United States, the available monitoring data indicate
that quartz concentrations have declined since Federal regulations were implemented in the early 1970s'314.
However, health surveillance and Federal benefits data show a dramatic resurgence of PMEF, especially in the
central Appalachian region, which began in the late 1990s and is still ongoing'>16. This contradiction suggests
compliance monitoring might not yield sufficient understanding of the risks posed by exposure—and indeed
this is not the explicit goal of compliance monitoring.

Related to silica dust analysis, more insight may be needed on the relevant characteristics of particles that could
impart relatively high toxicity despite relatively low mass concentration'?. For example, reduced particle size has
implications for particle mobility, deposition, and toxicity in the lung!'”'8. Using scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX) to analyze RCMD samples from 25 underground US
mines, the authors have found that silica particles are predominantly submicron—and are generally finer than
other mineral particles'®. Further, silica particles are typically most abundant and finest near active drilling/
cutting activities, especially in thin-seam mines®. (It is noted that SEM-EDX can be used to evaluate particle
chemistry to infer silica composition, however the technique cannot be used to determine crystalline structure
in order to report quartz (or other forms of silica), per se.)

The nature of silica particle surfaces could also be an important determinant in toxicity?’. Of the surface
characteristics that might be expected to vary within a mine environment, the degree of particle liberation/
occlusion is thought to influence the lung response?!~%. As a simple conceptualization: whereas a liberated or
“free” silica particle is expected to have relatively clean and reactive surfaces (i.e., as commonly conceptualized
in silicosis pathology®, an “occluded” particle that is covered by a thin, adherent layer of a less reactive mineral
(e.g., aluminosilicate clay) might ameliorate toxicity to some extent?. To distinguish occluded versus free silica
particles in well-dispersed samples, Wallace et al. (1990) demonstrated a method using SEM-EDX to sense
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changes in a particle’s elemental composition from its surface to core?’; and Harrison et al. (1996) used the
method to show that both occluded and free silica particles occurred in RCMD from various geographic regions
of the US?. As part of an investigation of respirable silica in 15 contemporary US coal mines, the authors
previously attempted to apply the same SEM-EDX method directly on RCMD filter samples (i.e., as collected,
with no sample preparation to promote particle dispersion)*”’. While both occluded and free silica particles
were identified, the direct-on-filter analysis was frequently confounded by the presence agglomerates which
contained respirable silica along with other particles—typically aluminosilicates or coal dust. Notably, these
agglomerates were still in the respirable size range, with most being less than about 5 pm.

Agglomerates in RCMD

Agglomerates, in general, have been documented in the context of RCMD. In a 1988 study aimed at evaluating
sampling techniques, Armbruster?® collected simultaneous samples of total airborne dust and respirable dust in
several coal mines. Based on shifts in particle size distributions between the ambient dust (as collected) and the
same dust following dispersion (via ultrasonic micro-sieving), Armbruster®® reported the presence of significant
agglomerates; and, upon comparing the dispersed and respirable dust samples, concluded that standard respirable
sampling (i.e., with a cyclone pre-selector) likely broke up some of the agglomerates. Armbruster discussed this
finding with respect to its impact on the representativeness of such samples for evaluating real exposures, since
the agglomerates should behave differently than their constituent particles upon inhalation (e.g., in terms of
deposition, reactivity). More recent studies have also documented respirable-sized agglomerates in coal mine
dust via SEM images, though the agglomerates themselves were not necessarily a focus of the research (e.g.,
LaBranche, et al.?,Pandey, et al.*,Su, et al.’!,Zazouli, et al.*2.

To specifically investigate the formation and relative dispersibility of agglomerates in RCMD, the authors’
research team recently conducted laboratory experiments in two stages®*. In the first stage, dust was generated
by pulverizing coal and rock materials; sampled passively, without use of a cyclone, tubing, or air pump; and
analyzed directly by manual SEM-EDX to classify respirable-sized particulates—i.e., as either independent coal
or mineral particles; or agglomerates containing coal, minerals, or both. (Here, ‘particulates’ are distinguished
from ‘particles’; whereas ‘particle’ refers to a single, solid piece of matter, a ‘particulate’ is an entity made up one
or more particles, e.g., an agglomerate.) In the second stage, the dust samples from the first stage were dispersed
in deionized water or a simulated human lung surfactant; redeposited; and reanalyzed to evaluate changes in
the relative proportions of independent particles versus agglomerates. Results from the first stage indicated
a high degree of agglomeration (i.e., between 27-74% of the entities counted were agglomerates rather than
independent particles)®. This provides further evidence that agglomerates in RCMD probably form due to dust
generation processes or in the coincident high-concentration environment—and are not simply formed as an
artifact of the respirable sampling procedure, which more likely destroys them (per Armbruster?®. Additionally,
results from the second stage showed some dispersion of agglomerates by mechanical forces, and an enhanced
effect in the presence of lung surfactant®>. These findings highlight the complexity agglomerates may present for
understanding the nature of real respirable dust exposures, and their possible outcomes.

Moreover, agglomerates may complicate dust particle analysis. As mentioned above, this was the case
when attempting to characterize the degree of surface-occluded silica particles in RCMD analyzed directly
on the sample filter (i.e., without dispersion)?’. Therefore, in the two-stage experiments to study agglomerates
specifically, the SEM-EDX analysis combined both EDX elemental mapping and visual inspection of SEM
images to identify and classify agglomerates by their constituent particles®>. However, for automated SEM-EDX
analysis, agglomerates could challenge particle sizing and classification schemes*~%.To explain: software used
for such automated work typically relies on image contrast to identify and size particles, and then uses the EDX
data to classify each particle (e.g., see Johann-Essex, et al.?® Keles, et al.?’. Depending on the analysis parameters
(e.g., resolution, contrast settings), the software might see an agglomerate as a single particle and classify it based
on the mixed EDX spectrum contributed by its constituents. Not only could this situation increase the apparent
particle size distribution of the sample, but it could also influence the apparent distribution of particle types.
For instance, consider a sample with many agglomerates containing silica particles along with aluminosilicates.
Such agglomerates could often be classified as single, relatively large aluminosilicate particles. This is because
classification criteria for silica particles is typically “exclusive”, meaning it is based on the virtual absence of
elements other than silicon and oxygen (and carbon if the analysis is done on a carbon-rich background);
whereas the classification of aluminosilicates is more inclusive since these minerals are more elementally diverse.
The net result in this instance is likely to be underestimation of the abundance of silica particles.

Indeed, the potential complications posed by agglomerates for dust analysis are precisely why particles are
often dispersed prior to analysis?>S; pre-dispersion and use of pure reference particles are also standard practice
in silica toxicity studies®®*°. Although these conditions simplify data interpretation, they might neglect the
true nature of particles in the exposure environment. In the case of respirable silica-containing agglomerates,
specifically, there could be several important implications with respect to: exposure characterization (e.g., how
prevalent are respirable silica-containing agglomerates? how can they be measured? ); lung response (e.g., are
respirable silica-containing agglomerates dispersed upon inhalation or in the lung? how does this affect mobility/
toxicity of the contained silica particles? ); and dust control (e.g., can agglomeration be enhanced to improve
filtration-based controls, or to simply shift dust out of the respirable range? ).

To gain further understanding, this study had two objectives: (1) to investigate the effects of agglomeration,
in general, on apparent particle size and mineralogy distributions observed in RCMD samples, and (2) to explore
the relative agglomeration of silica, specifically, in RCMD. For this, a total of 26 RCMD samples representing
17 underground coal mines were analyzed direct-on-filter and following dispersion, using both automated
and manual SEM-EDX methods. Additionally, several passive dust samples were collected in a single mine to
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observe the occurrence of respirable silica without any influence of standard RCMD sampling equipment (i.e.,
air pump, cyclone, and tubing).

Materials and methods

Mine dust samples

A total of 26 respirable coal mine dust (RCMD) samples were used for this study. These were part of a larger
inventory of RCMD samples collected by the authors for prior studies (e.g., Sarver, et al.!%, Keles, et al.%; since
earlier analysis was non-destructive, the samples were still available for the current work. Moreover, it is important
to note that selection of samples for this study from the larger inventory was based on two key criteria: First,
earlier analysis by automated SEM-EDX indicated that the particulate loading density (PLD) on the sample filters
was relatively low (i.e., less than 0.035 #/um?, per Keles, et al.’. This was an important condition for ensuring
minimal interference (i.e., in particulate identification and sizing, and EDX data collection) between particulates
that just happened to deposit nearby to one another on the filter. This sort of interference is fundamentally
different from that caused by agglomerates, with the former being an artifact of the sampling process and the
latter more likely a product of dust generation in the mine atmosphere. The second criterion for sample selection
was that earlier SEM-EDX work also indicated the samples contained at least 2% silica (by number percentage)*.
This was important considering the research objective to explore the relative agglomeration of silica in RCMD.

The 26 RCMD samples used for this study had been collected in 13 active underground coal mines (see
Table S1 in Supplemental Information). These were “stationary” samples, meaning they were collected in a static
location rather than on a person. Each sample was collected in one of five standardized locations: intake (I),
bolter (B), feeder (F), production (P), and return (R). For the purposes of this study, samples are labeled by their
respective mine and sampling location (e.g., sample “10-B” was collected in Mine 10 in the B location). It is
important to note that two P samples (15-P and 25-P, which were collected in Mines 15 and 25, respectively) were
collected under normal production conditions; meaning the continuous miner was cutting the entire height of
the entry during the sampling period, and the samples were collected just downwind of the miner. For the other
three P samples (collected in Mine 27), the sampling location was the same but the miner cutting conditions
were unique; the miner was targeting only the coal seam during collection of two samples (27-Pcoall and
27-Pcoal2), and the miner was targeting only the roof rock during collection of the other sample (27-Prock). All
26 RCMD samples were collected directly onto 37-mm polycarbonate filters (PC, track etched with 0.4 pm pore
size) housed in closed cassettes. The samples were collected using standard sampling trains for US coal mines
(i.e., 10-mm nylon cyclone and air pump operated at 2 L/min). Sampling inlets were positioned at approximately
“head height” (i.e., about 1.8-2.0 m from the mine floor) and mid-width of the sampled air way.

In Mine 27, a total of four passive dust samples were additionally collected (labeled as, e.g., “27-Pass1”).
The passive sampling duration overlapped with the RCMD sampling durations in this mine, with the passive
samplers set up in the same location as the RCMD samplers (i.e., in the P location, just downwind the active
continuous miner). However, while the RCMD samples correspond to the miner targeting a particular stratum
in the entry (i.e., either the coal or the roof rock, over relatively short time periods), the passive samples were
collected during the entire cutting period (i.e., they contain particulates generated from cutting both the coal and
rock strata). The passive samples were collected using a special apparatus (i.e., the UNC Passive Aerosol Sampler
per Ott and Peters*!. Essentially, the apparatus consists of a particulate deposition substrate that is placed within
a shelter during sampling. For this study, the substrate was a 10-mm section of PC filter (i.e., identical material
to that used for the RCMD sampling), which was pre-mounted with adhesive onto an aluminum SEM stub. For
sampling, a mesh cap is placed over the filter stub, and the assembly is placed inside a shelter with open sides.
The cap and shelter are designed to limit deposition of relatively large particles (i.e. >125 um) but allow passive
deposition of smaller particles.

Sample Preparation

For the RCMD samples, each original 37-mm PC filter was used to create a pair of 9-mm filters for SEM-
EDX analysis (Fig. 1). The first was used for “direct’-on-filter analysis and was created by simply taking a
9-mm subsection from the original filter. The second was used for “recovered” dust analysis and was created
by recovering and redepositing dust from about one quarter of the original filter. For this, the quarter section
was placed into a clean glass tube, submerged in isopropyl alcohol (IPA), and sonicated for 3 min to recover the
dust from the filter; per Gonzalez, et al.*> and Greth, et al.*?, this procedure is expected to promote dispersion
of agglomerates. The resultant suspension was then pulled through a new 47-mm PC filter (again, track etched
with 0.4 um pore size) using a vacuum filtration unit to redeposit the dust. After the new filter was allowed to
dry completely, a 9-mm subsection was cut for SEM-EDX analysis. All the direct and recovered 9-mm filters
were prepared for SEM-EDX analysis by mounting on an aluminum stub and sputter coating with a thin layer
of Au/Pd.

For the passive dust samples, the mesh cap was simply removed from the filter stub, and then these samples
were sputter coated for SEM-EDX analysis. No attempt was made to create recovered filters from the passive
samples; since the dust collection substrate is already quite small and was pre-mounted to the aluminum stub
with adhesive, any attempt to recover the dust might have resulted in substantial sample loss or contamination.

SEM-EDX analysis

SEM-EDX work was done with an FEI Quanta 600 FEG environmental SEM (Hillsboro, OR, USA) equipped
with a secondary (SE) and backscatter electron (BSE) detectors and a Bruker Quantax 400 EDX spectroscope
(Ewing, NJ, USA). For each of the direct and recovered filters prepared from the RCMD samples, analysis was
completed using two methods: (1) an automated method was used to estimate particulate mineralogy and size
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Fig. 1. Procedure to prepare direct and recovered filter pairs from each of the 26 RCMD samples.

distributions, and (2) a manual method was used to characterize respirable silica-containing particulates based
on their constituents. For the passive dust samples, only the manual SEM-EDX analysis was completed.

The automated SEM-EDX method used here is the “supramicron” method presented in Sarver et al.’®.
Briefly, it consists of a routine programmed in Bruker’s Esprit software (Version 1.9) to identify and analyze
particulates in the range of 1-10 um in length. (Notably, the routine relies on contrast in the BSE images to
identify dust on the PC filter background, but this does not enable discrimination between independent particles
and agglomerates. Thus, while other reports of work with this and similar routines typically present results for
“particles’, here the term “particulate” is used to deliberately acknowledge that some entities identified by the
routine may not be independent particles.) The automated routine moves across the filter sample collecting data
in pre-programmed fields (1 mm spacing, field area of 14,025 um? at 1000 X magnification); it is set to collect
data on a maximum of 50 particulates per field, targeting at least 500 particulates per filter (i.e., minimum of
10 fields). The length and width of each particulate are recorded, as are the normalized atomic percentages of
eight elements (carbon, oxygen, aluminum, silicon, calcium, magnesium, iron, and titanium) based on the EDX
spectrum. Then, the elemental data is used to bin each particulate into one of seven inferred mineralogy classes:
carbonaceous (C), mixed carbonaceous (MC), aluminosilicates (AS), silica (S), other silicates (OS), carbonates
(CB), or heavy minerals (HM). C and MC are typically interpreted as coal dust, and HM includes iron and
titanium oxides or sulfides. An others class (O) is used for particulates not classified into one of the defined
classes. Using the data generated by the automated SEM-EDX method, the particulate mineralogy and size
distributions were estimated for each of the direct and recovered RCMD filters. As a general measure of size
distribution on each filter, the D, value was computed (i.e., the median particulate length). The PLD on each
filter was estimated as the number of particulates identified per analyzed area (#/um?).

Following the automated SEM-EDX analysis, a manual method was also used to investigate respirable silica-
containing particulates (i.e., 1-10 um in length) on all the direct and recovered filters created from the original
RCMD samples. For this, a similar approach to that established by Gonzalez, et al.** was used. Briefly, using the
same grid spacing as for the automated method, manual work proceeded field-by-field to first identify and then
characterize respirable silica-containing particulates. In each field, both an SE image and elemental map were
captured at 5 kV and 4000 X magnification; the map only included silicon and aluminum. To identify silica-
containing particulates, areas rich in silicon but with minimal aluminum content were interpreted as silica, and
areas with both silicon and aluminum content were interpreted as aluminosilicates. (Notably, this approach was
based on substantial experience by the authors using SEM-EDX to analyze RCMD samples, which has shown
that respirable silica and aluminosilicates are generally the only major types of silicon-rich minerals®*-36:4344,
Based on visual analysis of both the elemental map and SE image in each field, the identified silica-containing
particulates were binned into one of five categories per Fig. 2: independent silica particles (S), silica and other
mineral agglomerates together (S+OM), silica and coal particles together (S+C), silica, other minerals, and
coal particles together (S+OM+C), and two or more silica particles together (S+S). This work proceeded
until a total of 21 fields had been analyzed (see Figure S1 in the Supplemental Information for layout of fields.)
Importantly, all the manual SEM-EDX work was done by a single, experienced analyst to limit bias in particulate
identification and characterization.

Results and discussion

Effects of agglomeration on particulate characterization

Results of the automated SEM-EDX analysis on each of the direct and recovered filter pairs derived from the 26
RCMD samples are tabulated in the Supplemental Information (Table S2). For each filter, data is presented for
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Fig. 2. Example particulates in each category used for silica-containing particulates characterization.
(S=independent silica particle, S+ OM =silica and other minerals agglomerates together, S+ C=silica and
coal particles together, S+ OM + C=silica, other minerals, and coal particles together, S+ S=two or more silica
particles together.)
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Fig. 3. Distribution of particulate length (expressed as D) observed from the automated SEM-EDX analysis
on direct versus recovered filters prepared from the 26 RCMD samples. Results are shown by each mineralogy
class and overall (i.e., all particulates analyzed on a filter).
mineralogy distributions (number percentage by class) and D, values (per mineralogy class and for all particles
analyzed on the filter) are presented as a general measure of particulate size distributions.
Figure 3 shows box and whisker plots for the D, values determined for the direct and recovered filters.
(Notably, the OS, HM, and O classes have the widest boxes and whisker because they have relatively low
particulate counts compared to the other classes, e.g., typically less than 1% per Supplemental Table S2.) With
the exception of the C class results, the particulate sizes on the recovered RCMD filters appear to be somewhat
finer than on the direct filters. And, based on a paired t-test (a=0.05), the difference in observed D, values for
the MC, AS, S, HM, CB, and O classes are statistically significant (see Supplemental Table S3 for P values). This
apparent shift in the size distribution is consistent with dispersion of agglomerates during the dust recovery
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procedure. That said, there could be other contributing factors. For example, coarse dust particles could be more
susceptible to loss during dust recovery and redeposition procedures, or the relative particle size distributions
could have differed between the filter subsections that were prepared for the direct versus recovered dust analysis
(e.g., based on deposition pattern on the original PC filter).

Assuming that dispersion of agglomerates is the primary explanation for the results shown in Fig. 3, classes
with greater observed change in the size distribution between direct and recovered filters are more likely to be
dominant with respect to mineralogy classification. Case in point, the AS class exhibits the most change between
the direct and recovered filters. This is consistent with the idea that agglomerates containing AS particles are
likely to be classified as AS—even if they also contain other types of particles—because the AS classification is
elementally “inclusive” (i.e., allowing for silicon, aluminum, iron, etc.) to catch most AS minerals that commonly
occur in RCMD. In essence, this means that AS-containing agglomerates might “hide” their other constituent
particles, including some S particles. While the S class does exhibit a shift toward finer particulates on the
recovered filters, the change is less substantial than that for the AS class. This could mean that respirable silica-
containing agglomerates on the direct filters are only sometimes classified as S particulates. For instance, the
S+S and S+C agglomerate types shown in Fig. 2 are likely to be classified S particulates by the automated
analysis, since the S class allows for silicon, carbon and oxygen. However, the S+ OM and S+ OM + C types might
only be classified as S particulates under limited circumstances (e.g., if the contained S particle(s) are relatively
coarse or centrally located, as to dominate the EDX spectrum, compared to the other particles contained in
the agglomerate). On the other hand, the observation of minimal change in particulate size for the C class in
Fig. 3 suggests these particulates are most often independent particles (probably coal dust). Like silica, if coal
particles do occur in agglomerates, they are likely to be hidden by the other constituent particles (i.e., because
the classification criteria for the C class are elementally exclusive).

To gain more insights, Fig. 4 presents the mineralogy distribution results derived from the automated SEM-
EDX method for the RCMD samples. The figure shows the relative abundance of particulates in each mineralogy
class for the direct filters (Fig. 4a), the recovered filters (Fig. 4b), and then for the difference between the direct
and recovered filter in each pair (Fig. 4c). (For the difference plot, positive values for a given class indicate
the direct filter had a greater relative abundance of particulates in that class than the recovered filter, and vice
versa). A paired t-test was used to compare the mean number percentage in each class between the direct and
recovered filters (P values in Supplemental Table S3), but only the HM class exhibited a significant difference
(P=0.001). While the HM class represents relatively small percentages of the total particulates, HM particulates
were more abundant on the recovered filters. This might mean that HM particles were frequently hidden within
in agglomerates on the direct filters.

To explore other possible effects of agglomerates on particulate classification, it is helpful to group the samples
with respect to the differences observed between the direct and recovered filter in each pair (i.e., per Fig. 4c).
For eight of the 26 filter pairs (left side of the plot), the difference between the direct and recovered filter results
were within 10% for each mineralogy class—in other words, the direct and recovered filters had relatively similar
mineralogy distributions. These results suggest the direct filters contained relatively few agglomerates (or that
the agglomerates did not disperse during the recovery procedure.)

However, for the other 18 filter pairs (right side of Fig. 4c plot), the difference between the direct and recovered
results was greater than 10% for at least one mineralogy class—and the largest differences were typically observed
for the AS and C classes. For 12 of these pairs, the direct filters appeared to contain more C (and typically
more MC) particulates, whereas recovered filters contained more AS (and typically more S) particulates. These
trends are logical in view of the particle size results and consistent with the related discussion points above. For
example, large increases in the relative abundance of AS particulates on recovered filters (versus their direct
counterparts) fits with the idea that agglomerates are often dominated by AS particles and were dispersed during
the recovery procedure. Likewise, frequent (albeit smaller) increases in the relative abundance of S particulates
on recovered filters supports the notion that S particles can be hidden within agglomerates prior to dispersion.
On the other hand, the decrease in relative abundance of C particulates on the recovered filters supports the idea
that coal dust may often occur as independent particles rather than within agglomerates.

For another five of the filter pairs with greater than 10% difference between the direct and recovered
results for at least one mineralogy class, the direct filter appeared to contain more AS particulates, whereas
the recovered filter contained more C particulates. Unlike most other samples, the coal dust particles in these
samples might have more frequently been part of agglomerates on the direct filters—but essentially hidden by
the other constituents (commonly AS particles) during the automated SEM-EDX analysis. (For sample 11-R,
it is also worth noting that the direct filter PLD [0.034 particulates/um2] was close to the threshold used to
screen samples for inclusion in this study [0.035 particulates/um2]. Higher PLD can cause interference between
particulates, so it is possible that the very high AS content observed for the 11-R direct filter is partially related
to PLD.)

The final filter pair that exhibited a greater than 10% difference in at least one mineralogy class was from
sample 17-B (far right side of Fig. 4c plot). It appeared to have lower abundance of CB particulates on the direct
filter (versus the recovered filter), balanced by slightly lower abundance of particulates in most other classes. This
suggests that CB particles on the direct filter were sometimes agglomerated with (and obscured by) a variety of
other particles.

To check for trends in mineralogy distributions related to specific sampling locations, Tukey-Kramer HSD
pairwise tests (a=0.05) were performed using each of the datasets presented in Fig. 4. However, no statistical
differences were found (P values in Supplemental Table S4). (Note that P samples from Mine 27 were not included
in statistical tests since these samples represented different dust generating conditions than the other P samples
per above.) Previous studies, including Sarver, et al.? and Sarver, et al.'®, have found significant differences in
RCMD mineralogy distributions depending on sampling location. Lack of location-specific trends here could

Scientific Reports |

(2025) 15:17497 | https://doi.org/10.1038/541598-025-01786-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a)
100 | gy ot s —--—.—. ST bt bl w o [liC
imc
Mas
80 Mos
S
.
8
5 Mo
40-
20
0 5 1
b) !
Mas
80 Mos
S
£ | Y
g Mcs
mo
O
o 40
20-
0 i I
c - S—
) <10% difference (n=>5) ° >10% difference (n=18 e eC
C > , (n=12 G >Cyirect (N=5
- . € ecoversn (N=12) ccovered>Cd ,.w ) ® MC
® AS
X Y ® OS
o °
£ 20 o o o S
g ® o ® ole ®® ® HM
o e ®® %l ®ee g, ° ° ecCB
: ° o ® ° ® e ]
o\oo!l.ggzglggoolo:oOO!l!'o 8% o0
8
5 © oo o0 *® . °
-20 ® <]
o o ® ® e
e o °
£4)
Me-rouora¥ogooe Lo LG oG L0Q
T 3T AN TS 6w S DDA bW TTHR LN
A& 8 - - QO F - Q F - - oA N - 8 - - - - =
o T
: 5 3

Fig. 4. Mineralogy distribution results derived from the automated SEM-EDX analysis on (a) direct and (b)
recovered filters prepared from the 26 RCMD samples. Plot c¢) shows the difference in results between the
direct and recovered filters (i.e., difference between plots a) and (b) values). Samples are ordered by the relative
difference between direct and recovered filter results: samples with <10% difference (n=8) in any mineralogy
class are on the left, and samples with >10% (n=18) in at least one class are on the right; within the >10%
group, n =12 samples show higher C and lower AS abundance on the direct filter, n=5 samples show lower C
and higher AS abundance on the direct filter, and n=1 sample shows lower CB abundance on the direct filter.

Scientific Reports|  (2025) 15:17497 | https://doi.org/10.1038/s41598-025-01786-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

simply be due to the relatively small number of samples for each location and/or the fact that different mines are
represented for each location (e.g., the F location includes samples from Mines 14, 19, 21 and 24, whereas the I
location includes samples from Mines 13, 21 and 25).

Relative abundance and dispersibility of silica-containing agglomerates in RCMD

The manual SEM-EDX analysis to investigate silica-containing particulates, specifically, was conducted on each
of the direct and recovered filter pairs derived from the 26 RCMD samples, as well as the four passive samples. As
explained earlier, for this, all silica-containing particulates that were identified in the manual SEM-EDX analysis
were binned into one of the five categories exemplified in Fig. 2. Results are given in Supplemental Table S5 (as
number percentage by category) and plotted Fig. 5. Again, plots are presented for the direct filters (Fig. 5a),
the recovered filters (Fig. 5b), and then for the difference between the direct and recovered filter in each pair
(Fig. 5¢).

From Fig. 5, several key observations can be made. First, on the filters analyzed directly, the majority of silica
particles (in the size range investigated here) are contained in multi-particle clusters—presumably agglomerates.
Considering all 26 direct filters, independent silica particles were observed to account for between 0 and 43%
of all silica-containing particulates, with a mean value of just 23%. Results showed that silica was most often
clustered with other minerals, predominantly aluminosilicates, with the S + OM category accounting for 7-68%
(mean of 40%). In some samples, clusters containing coal dust particles were also abundant; S+ C particulates
accounted for 2-37% (mean of 16%) and S+OM +C particulates accounted for 2-57% (mean of 15%). Less
often, clusters were observed that only contained silica particles, with the S+§ category accounting for 1-21%
(mean of 7%).

Compared to distribution of silica-containing particulates on the direct filters, Fig. 5 shows a consistent
tendency toward a higher relative abundance of independent silica particles on the recovered filters (33-67%,
mean of 47%). This is evident in 25 of the 26 filter pairs, and it validates the automated SEM-EDX results which
suggest dispersion of silica-containing agglomerates via the sample recovery and redeposition procedure used
here. From Fig. 5, some understanding can also be gained regarding the types of agglomerates most prone to
dispersion. On the recovered filters, the S+ OM and S+OM + C categories accounted for just 3-36% (mean of
23%) and 0-18% (mean of 7%), respectively, of all silica-containing particulates. Compared to the results for
the direct filters, Fig. 5c illustrates that these results represent a substantial increase in the relative abundance
of S and decrease in the abundance of S+ OM and S+OM +C; and paired t-tests showed that the differences
were statistically significant (P values in Supplemental Table S6). On the other hand, significant differences
between the direct and recovered filters were not observed for the S+ S and the S+ C categories. Figure 5 shows
that changes in S+§ relative abundance were typically minimal. While more substantial changes in the S+C
abundance were observed, they were somewhat inconsistent with 15 filter pairs showing more S+ C particulates
on the direct filters, and 11 pairs showing the opposite trend.

Collectively, the results of the manual SEM-EDX analysis indicate that silica particles in RCMD samples
can frequently occur as agglomerates. Further, at least for the mines and sampling locations represented here,
agglomerates containing silica and other minerals (rather than silica and coal, or only silica) are most common—
and most easily dispersed. The types of silica-containing agglomerates observed here are likely a product of the
primary silica sources and dust generating activities represented by the RCMD samples included in this study.
In most of the mines, the roof rock being cut along with the coal seam or drilled for roof bolting is expected
to be the main source of silica dust; and the rock strata were typically shale or a mix of shale and sandstone,
which undoubtedly also contributed aluminosilicate dust. Further, continuous mining methods (including with
a miner or longwall) tend to generate more respirable dust from rock than coal®. Thus, it is unsurprising that
silica particles might agglomerate more frequently with minerals such as aluminosilicates, rather than coal dust
particles, if the process is driven at least partially by the high concentration of particles near the dust-generating
activities. Notably, the two samples with the lowest relative abundance of S + OM particulates were the P samples
collected in Mine 27 when the miner was targeting the coal seam (i.e., minimal cutting in roof rock). Additionally,
the finding that silica particles may be more readily dispersed from other minerals (commonly aluminosilicates)
than from coal dust could be related to particle surface and physiochemical characteristics. A number of factors
contribute to particle adhesion including particle charge, pore structure, and macromolecules*®*’.

To explore possible trends in the distribution of silica-containing particulates with respect to sampling
location, Tukey-Kramer HSD pairwise tests were again conducted on each of the datasets presented in Fig. 5.
(Again, the P samples from Mine 27 were excluded from this analysis.) No significant differences were found
between locations for the results on the direct filters, however differences were found between the B and
I locations and the B and F locations for the S+S particulates (P values in Supplemental Table S7). This, in
combination with the difference in S+S abundances shown in Fig. 5¢, suggests that silica-only agglomerates
generated by the roof bolter may be less dispersible than their counterparts generated by other processes (e.g.,
crushing of rock material in the feeder breaker).

The observation of relatively less dispersible (i.e., more persistent) particulate types—i.e., including some
S+S and S+ C particulates—raises the possibility that some such entities are actually aggregates rather than
agglomerates. Whereas agglomerates might be formed by coagulation of independent particles in a high
concentration environment and held together by relatively weak surface forces, aggregates might be inherent
to the source rock from which the dust was generated and held together by stronger forces (e.g., cementation).
Unfortunately, a clear distinction cannot be made in the current study between agglomerates and aggregates, but
could be explored with additional experiments (e.g., applying successive dispersion steps).
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Fig. 5. Distribution of silica-containing particulates observed from the manual SEM-EDX analysis on (a)
direct and (b) recovered filters prepared from the 26 RCMD samples. Plot (c) shows the difference in results
between the direct and recovered filters (i.e., difference between plots a) and b) values). Samples are presented
in the same order as in Fig. 4.

Relative abundance of respirable silica-containing agglomerates in passive samples

As stated, four passive dust samples were collected in Mine 27 and analyzed manually by SEM-EDX. Example
images (SE micrographs and corresponding elemental maps to visualize silicon and aluminum content) are
presented in (Fig. 6). Based on both the morphology and chemistry, these images clearly demonstrate that
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Fig. 6. SEM-EDX images (SE micrographs and corresponding Si and Al maps) exemplifying silica-containing
agglomerates observed in passive samples from Mine 27.

respirable-sized agglomerates do occur in the coal mine atmosphere—and can contain silica particles. This is an
important finding because it confirms that such agglomerates are not merely an artifact of typical respirable dust
sampling procedures, which utilize apparatuses that include tubing and size separators (e.g., cyclones) that could
influence formation (or dispersion) of agglomerates.

The results of the particulate characterization analysis on the passive samples are shown in Fig. 7 (data
in Supplemental Table S5) alongside the results for the RCMD samples from Mine 27 that were obtained on
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Fig. 7. Distribution of silica-containing particulates observed from the manual SEM-EDX analysis on passive
dust samples and RCMD samples collected in Mine 27. (For the RCMD samples, results represent analysis
directly on the sample filter.)

the directly-analyzed filters. It is reiterated that the passive samples represent dust collected in the Mine 27-P
location over a relatively long total duration, during which the miner was alternating between cuts targeting
primarily coal or primarily roof rock; whereas the RCMD samples were collected over relatively short periods
within that same duration, with the shorter periods corresponding to a specific miner cut targeting either coal or
roof rock. While some general comparisons can be made between these particular passive and RCMD samples,
no statistical tests were conducted.

The most striking observation from Fig. 7 is the very low relative abundance of independent silica particles
on the passive samples (5% or less in the S category), countered by the very high abundance of silica-containing
agglomerates (95% or more within all agglomerates categories). Comparatively, the RCMD samples had more
independent silica particles and fewer agglomerates. These results suggest that respirable-sized agglomerates
are susceptible to dispersion during sampling with a cyclone size-selector, consistent with predictions by
Armbruster?®. This could have important implications for evaluating exposures, since it implies that RCMD
particulates as sampled could be fundamentally different than RCMD particulates as inhaled. Obviously,
additional research is needed to assess the dispersibility of agglomerates upon inhalation—and the possible
effects on exposure outcomes.

The data in Fig. 7 further shows that, of the particulates in the agglomerate categories, the passive samples
tended to have more S+ OM particulates than the RCMD samples, whereas the RCMD samples tended to have
more S+ particulates. (Differences between the relative proportions of S+C and S+ OM + C particulates are
more nuanced.) These results are consistent with inferences from the automated SEM-EDX results in terms of
suggesting that agglomerates of silica and other minerals might be more readily dispersed than agglomerates of
silica and coal—and agglomerates of only silica might be relatively persistent.

Conclusions

Respirable dust exposure monitoring and control has conventionally relied on mass-based measures, but there
is a growing recognition that particulate-level data is needed to fully understand, and ultimately prevent, health
effects. In the context of coal mines and other occupational environments, characterization of respirable silica
is especially important. Although it is convenient to model silica and other dust based on an assumption of
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high purity and independent particles, reality is more complicated. Prior studies have indicated agglomerates
in respirable coal mine dust, and the passive samples collected and analyzed for this study (albeit from just a
single mine) clearly demonstrate that agglomerates can occur as such in the mine atmosphere. Depending on the
characteristics of the agglomerates themselves (e.g., size, included particles, relative dispersibility), they could
have important implications for health, and therefore it could be important to capture them in dust sampling
and analysis. Notably, the dust samples included in this study were stationary samples, and therefore the results
cannot be directly related to personal exposures.

With respect to sampling, the results of this study suggest that respirable sized agglomerates are susceptible
to dispersion. Indeed, some appeared to be broken up by the typical respirable sampling procedure, and others
appeared to be broken up by a sample preparation procedure that included sonication in isopropyl alcohol.
Opverall, agglomerates containing minerals (including silica) appeared to disperse more easily than agglomerates
containing minerals and coal. This might be related to surface properties of different particle types, though
presence of aggregates (in addition to agglomerates) cannot be ruled out.

With respect to particulate analysis, SEM-EDX is a powerful tool because it can provide both size and
elemental data. However, the presence of agglomerates can influence apparent particle size and mineralogy
distributions when using an automated method like the one used in this study (i.e., each particulate is assumed
to be an independent particle). In the case of respirable silica in coal mine dust, abundant agglomerates may have
the effect to “hide” the silica particles with such a method. To better characterize agglomerates, a method that
enables differentiation between the constituent particles is needed. This was accomplished in the current study
using manual analysis, but might also be accomplished using advanced SEM-EDX tools (e.g., with capabilities
for grain boundary analysis).

The above points can inform particulate sample collection, preparation, and characterization efforts. For
example, if an objective is to evaluate the size distribution and mineralogy of independent particles, traditional
respirable sampling with adequate dust dispersion prior to analysis may be appropriate. On the other hand, if the
objective is to characterize particulates as they actually occur in the exposure environment, alternate sampling
techniques—including passive sampling—and advanced particulate analysis may be required.

Data availability
All data is available in the article, Supplemental Information or upon reasonable request to the corresponding
author.
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