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Abstract
A previous effort to characterize respirable coal mine dust in 16 US mines turned up a curious finding: particle-based analysis 
using scanning electron microscopy (SEM) tended to overpredict the abundance of dust sourced from rock strata, and under-
predict the abundance of coal, when compared to mass-based thermogravimetric analysis (TGA). One possible explanation 
is the occurrence of coal-mineral microagglomerates (MAGs). Coal particles covered with fine mineral dust could be mostly 
coal by mass but classified as minerals by SEM due to their surface elemental content. In the current study, a subset of the 
previously analyzed mine dust samples was re-examined, and SEM images and elemental mapping showed that MAGs are 
indeed present. Furthermore, dust samples were created and sampled passively in the laboratory, demonstrating that MAG 
formation can occur due to dust generation processes and the sampling environment, rather than as a mere artifact of respir-
able dust sampling procedures. Finally, experiments were conducted to evaluate dispersibility of MAGs in liquid suspensions, 
which might shed some light on their possible fate upon inhalation. Results indicated that sonication in deionized water was 
effective for MAG dispersion, and a solution that mimics natural lung surfactant also appeared to enhance dispersibility. An 
understanding of MAG occurrence might be important in terms of exposure assessment.
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1  Introduction

The specific activities in underground coal mines generate 
dust with diverse constituents and characteristics. How-
ever, the major components of respirable coal mine dust 
(RCMD) can generally be associated with three primary 
sources [1–3]. First, the coal being mined, crushed, and 
transported is expected to contribute mostly coal. Second, 
the rock strata surrounding the coal seam, which is often 
drilled for roof bolting and may be mined to some extent 
and handled along with the coal, are expected to contrib-
ute mostly mineral particles. In many mines, the rock strata 
are rich in silicates and silica (e.g., sandstone, shale, slate), 
though some mines encounter carbonate-rich strata (e.g., 
limestone). Third, the rock dust products applied to mine 
surfaces to mitigate explosion hazards can contribute to the 

RCMD. These products are often composed of high-purity 
limestone powder, and thus should contribute mostly car-
bonate minerals. Moreover, in mines operating diesel equip-
ment, diesel particulate matter (DPM) can also contribute 
to the respirable particle fraction, mostly in the submicron 
range (i.e., less than about 0.3 µm) [1, 4].

While RCMD monitoring is frequently done on the basis 
of total mass concentration (mg/m3), specific constituents 
can have different effects in terms of occupational health. In 
fact, respirable crystalline silica has long been recognized 
as particularly hazardous [5–7], so exposures in coal mines 
are specifically regulated in many countries [8]. However, 
other RCMD constituents are not often identified or tracked.

The resurgence of lung disease among coal miners in the 
central Appalachian region of the USA has highlighted the 
need to understand more about the whole composition of 
RCMD [8]. Radiographic evidence indicates that crystal-
line silica exposures are a significant factor in resurgent 
disease pathology [9, 10]. Yet, mine monitoring data does 
not clearly explain when or where those exposures might 
have occurred [11]—and so there has been much specula-
tion on these points, as well as other possible causal factors. 
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Given the geographic clustering of disease, there has been 
a particular emphasis on the role of respirable dust sourced 
from rock strata. The rock encountered by many central and 
southern Appalachian mines is believed to be the primary 
source of respirable crystalline silica [12–14]. Mines in these 
regions also tend to exploit relatively thin coal seams, often 
cutting significant amounts of rock along with the coal [8].

Several studies have investigated RCMD constituents and 
their likely sources [15–18]. Recent work by Pokhrel et al. 
[19] specifically looked at non-carbonate mineral content 
as a proxy for rock-strata sourced dust in RCMD. The study 
used different techniques to analyze a total of 93 sample sets 
from 16 mines. These included thermogravimetric analysis 
(TGA), which was used to fractionate the total RCMD mass 
between non-carbonate minerals (e.g., silicates and silica), 
carbonates, and coal. Also, scanning electron microscopy 
with energy dispersive X-ray (SEM–EDX) was used to bin 
individual particles into pre-defined classes, and then the 
particle distributions were used to estimate the relative mass 
percentage of the RCMD in each class. It is noted that the 
SEM–EDX classes were such that they could be summed for 
comparison with TGA (i.e., SEM silica + silicates vs. TGA 
non-carbonates; SEM carbonates vs. TGA carbonates; SEM 
carbonaceous + mixed carbonaceous vs. TGA coal).

Interestingly, when Pokhrel et  al. [19] compared the 
particle- and mass-based results, the SEM–EDX tended to 
overpredict the mass percentage of non-carbonate minerals 
(i.e., rock-strata sourced dust, especially aluminosilicates), 
but underpredict the mass percentage of coal, relative to the 
TGA. This suggests a significant number of particles that 
are predominantly coal by mass were instead classified as 
minerals by the SEM–EDX. Moreover, this trend was par-
ticularly evident for samples collected just downwind of pro-
duction activities (i.e., where coal and rock strata are being 
cut and dust is being generated) and in the return airways 
(i.e., which are highly influenced by production activities). 
Since these samples also tended to have higher loading than 
samples from other locations, one obvious explanation could 
be that many coal particles were simply misclassified by 
the SEM–EDX due to mineral particles depositing in close 
proximity on the sample filter (Fig. 1b). However, misclas-
sification of coal particles in the Pokhrel et al. [19] mine 
dust samples could have happened for other reasons too, e.g., 
due to impurities ingrained within the coal itself (Fig. 1c) or 
the occurrence of micro-agglomerates (MAGs)1 (Fig. 1d). 

The former seems unlikely as a primary explanation in that 
study because many of the samples actually had a significant 
number of particles classified as carbonaceous (i.e., coal, 
Fig. 1a)—including samples collected in the same mines as 
those with apparently high coal particle misclassification in 
production or return samples. On the other hand, the occur-
rence of MAGs cannot be easily ruled out.

The presence of MAGs in RCMD samples has been indi-
cated in SEM–EDX images captured by Zazouli et al. [20] 
and Pandey et al. [21]. Su et al. [22] looked at passively 
deposited dust (i.e., total dust rather than only the respir-
able fraction), which was collected from various surfaces in 
underground coal mines, and some of their images also indi-
cate MAGs in the respirable size range. Moreover, MAGs 
including coal particles were also reported by Cvetković 
et al. [23]. They looked at passively deposited dust particles 
in the vicinity of an opencast coal mine and power plant 
and emphasized that misclassification by SEM–EDX may be 
inevitable for mixed coal-mineral particles (i.e., since clas-
sification as coal relies on the absence of substantial EDX 
response from elements indicative of minerals such as Al 
and Si).

While evidence of MAGs in RCMD samples can be found 
(e.g., [20, 21]), the formation and relative adhesion or per-
sistence of these particles have not been widely addressed. 
The presence of MAGs in passively collected total airborne 
dust samples (e.g., [21]) suggests that formation could be 
related to the dust generation processes or conditions in the 
sampling environment (e.g., particle concentration, humid-
ity). However, because the collection of RCMD, specifically, 
is typically done using a size selector (e.g., cyclone), the 
presence of MAGs in such samples is potentially also an 
artifact of the sampling procedure itself [24].

From the perspective of RCMD exposure assessment, it 
would be valuable to elucidate if MAGs are likely formed 
in the mine atmosphere or merely due to sampling effects. 
Additionally, some indication of the relative persistence of 
MAGs could shed light on possible health implications. For 
example, upon respiration, are MAGs likely to remain intact 
or disperse easily? Nichols [25] describes agglomerates as 
being either “hard” or “soft,” with the distinction being 
that hard agglomerates require a substantial external force 
to disperse whereas soft agglomerates may disperse easily. 
Dispersibility may influence lung penetration, clearance, or 
toxicity of MAGs, which can be dependent on particle size 
or surface characteristics.

Based on the above, the objectives of the current work 
were threefold: (1) re-examine the RCMD samples studied 
by Pokhrel et al. [19] for evidence of MAGs; (2) demonstrate 
the occurrence of respirable-sized MAGs in passively col-
lected dust samples generated from real coal and rock strata 
materials; and (3) explore the persistence of MAGs when 

1  Agglomerates are generally defined as a cluster of particles in 
which one relatively larger particle serves as a platform for other finer 
particles that adhere to it. In some cases, the cluster may be formed of 
similarly sized particles. In the current work, no distinction is made 
between these cases. Rather, the emphasis is on the relative size of 
the cluster itself. If the entire cluster is in the respirable range (i.e., 
less than about 10  µm), herein it is termed a micro-agglomerate 
(MAG).
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subjected to mechanical forces or surfactants that mimic 
lung fluid.

2 � Experimental Details

2.1 � Existing RCMD Samples and SEM–EDX Data

As mentioned earlier, the previous study by Pokhrel et al. 
[19] used SEM–EDX to analyze a total of 93 RCMD sam-
ples representing 16 underground coal mines. The sam-
ples were collected in five standard locations: in the intake 
airway(s), just downwind of the production face, adjacent to 
the feeder breaker, just downwind of an active roof bolter, 
and in the return airway. The sample collection, preparation, 
and SEM–EDX procedures were detailed by Pokhrel et al., 
and are briefly summarized as follows: samples were col-
lected using standard equipment for RCMD (i.e., personal 

air sampling pumps operated at 2.0 L/min and 10-mm nylon 
cyclones), and deposited on polycarbonate (PC) filters (37-
mm, 0.4-µm pore size) housed inside 2-piece styrene cas-
settes. For each sample collected for SEM–EDX analysis, 
replicates were collected on additional PC and polyvinyl 
chloride (PVC) filters for other analysis (i.e., TGA and gravi-
metric). A 9-mm subsection was cut near the edge of each 
PC filter sample routed for SEM–EDX analysis, and the sub-
section was sputter-coated (Au/Pd).

The SEM–EDX analysis was done using two computer-
controlled routines to identify, size, and collect elemental 
data on a total of about 800 particles per sample: the first 
routine targeted supramicron particles (~ 1–10 µm) and the 
second routine targeted submicron particles (~ 0.1–1 µm). 
The EDX data (i.e., normalized atomic percentage of val-
ues for eight elements: carbon, oxygen, aluminum, silicon, 
calcium, magnesium, iron, and titanium) was used to bin 
each particle into one of the following mineralogy classes: 

Fig. 1   SEM–EDX reference 
imagery and conceptualized 
misclassification scenarios for 
MAG occurrence

273Mining, Metallurgy & Exploration (2022) 39:271–282



1 3

carbonaceous (C), mixed carbonaceous (MC), aluminosili-
cates (AS, which could be further subclassified as kaolinite 
or other), silica (S), other silicates (SLO), carbonates (CB), 
heavy minerals (HM), or other (O). The specific classifica-
tion criteria were given by Pokhrel et al. [19].

2.1.1 � Analysis of EDX Metadata

While Pokhrel et al. [19] only focused on the relative abun-
dance of particles in each mineralogy class per sample, the 
metadata on individual particles (i.e., the elemental percent-
age of values) was archived (for 91 of the 93 samples). Con-
sidering that Pokhrel et al. [19] found an inordinate abun-
dance of AS that was countered by relatively low abundance 
of C, especially in production and return samples, the aim 
here was to explore the possibility that aluminosilicates 
interfered with the classification of coal dust particles.

For the current study, the elemental data associated with 
all particles (1–10 µm) classified as either C or AS were 
analyzed. (this included a total of 12,282 C and 18,002 AS 
particles across the 91 samples with available data). Specifi-
cally, the sum of aluminum and silicon content (Al + Si%) 
in each C or AS particle was determined. In essence, the 
difference between C and AS particles—per the SEM–EDX 
classification criteria—can be thought of as a continuum 
along a scale of Al + Si%. If the content of these and other 
elements (except for carbon and oxygen) is sufficiently low, 
a particle will be classified as C. However, if the Al and Si 
contents are sufficiently high, the particle will be classified 
as AS. Thus, in samples with significant interference from 
aluminosilicates, some coal dust particles might be misclas-
sified as AS, but, even coal particles classified as C might be 
expected to have elevated Al + Si% (i.e., nearing the upper 
limits of the C class).

The Pokhrel et al. [19] SEM–EDX metadata was also 
used to estimate particle loading density (particles/µm2 of 
the analyzed filter area) on the 91 samples with available 
data. As mentioned earlier, it is acknowledged that high sam-
ple loading could be one explanation for significant EDX 
interference between rock-strata sourced dust (e.g., alumi-
nosilicates) and coal dust particles.

2.1.2 � Follow‑up SEM–EDX Analysis

From the large set of RCMD samples analyzed by Pokhrel 
et al. [19], a subset of eight samples was also selected for 
follow-up SEM–EDX analysis here. Included were the pro-
duction location samples from four different mines, plus 
the return location samples collected in the same mines. 
This work aimed to explore for MAGs and document spe-
cific instances using SEM images with EDX elemental 
mapping. The SEM–EDX analysis was done on the same 
9-mm filter subsections referenced above using the same 

instrumentation—i.e., a FEI Quanta 600 FEG environmental 
SEM (FEI, Hillsboro, OR) equipped with a Bruker Quantax 
400 EDX spectroscope (Bruker, Ewing, NJ). The following 
instrument parameters were used for analysis: 10,000 × mag-
nification, 12.5-mm working distance, 5.5-μm spot size, and 
accelerating voltage of 5 kV to allow surface features to be 
resolved.

2.2 � Laboratory‑Generated Dust Samples

To replicate dust generation at the production face of a coal 
mine, bulk samples of run-of-mine coal and/or rock strata 
materials were pulverized in the laboratory. The materi-
als were obtained from an industry partner, pulled directly 
from the production belt. To carry out the dust generation 
and sample collection, the pulverizer was placed in a small 
enclosure and operated in two iterations. First, only coal 
was pulverized and during the pulverization (i.e., active 
dust generation in the enclosure), several dust samples were 
collected onto 37-mm PC filters (0.4-µm pore size; Zefon 
International, Ocala, FL) in open-face cassettes. To collect 
the samples, the cassette was simply held inside the enclo-
sure for a relatively short period of time (about 10 s) with 
the filter surface oriented upward to collect the settling dust. 
While this setup did not allow sampling of only respirable-
sized particles, it minimized the possibility MAGs present 
in the dust are due to the sample collection procedure, rather 
MAGs are likely due to the dust generation mechanisms or 
environmental conditions (e.g., high particle concentration). 
In the second iteration, both coal and rock strata (in roughly 
equal amounts) were pulverized simultaneously in the enclo-
sure. Again, samples were collected in open-face cassettes 
during the dust generation; this time, samples were collected 
over relatively short and longer durations (about 120 s).

2.2.1 � SEM–EDX Analysis

From one of the coal-only and four of the coal + rock 
samples collected over short durations, a 10-mm subsec-
tion was cut from the filter center and sputter-coated with 
Pt/Pd. These were used to collect baseline data with the 
SEM–EDX regarding the relative abundance of MAGs 
versus individual particles contained in the laboratory-
generated dust samples (Table  1). For this work, the 
same instrumentation referenced above was used with 
the following procedure: a systematic approach was used 
for frame selection, where the first five frames from the 
center of the filter subsection were employed to acquire 
images with the secondary electron (SE) detector, target-
ing approximately 50 particles per sample (samples with 
a relatively low loading density required additional frames 
to reach this target). Next, elemental maps were obtained 
using the mapping tool in Bruker’s Espirit 1.9 software, 
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with aluminum and silicon highlighted in the SE images 
using green and red, respectively. Magnification was kept 
at 2500 × to provide a constant frame area for the parti-
cle counts. The working distance, spot size, and accel-
erating voltage were kept the same as in the “Follow-up 
SEM–EDX Analysis” section.

Following image collection, a single analyst reviewed 
all images to identify and bin viewable particles into one 
of five categories: (individual) coal, (individual) mineral, 
coal MAG, mineral MAG, or coal-mineral MAG. The 
analysis was limited to particles within the respirable size 
range, (about 0.5–10 µm). Figure 2 illustrates particle iden-
tification and categorization for one particular SEM–EDX 
frame imaged on one of the baseline coal + rock samples 
(pre-dispersion). For this frame, a total of five particles 
were identified: one individual coal, one coal MAG, one 
mineral MAG, and two coal-mineral MAGs.

2.2.2 � Dispersion of MAGs

To explore the persistence of MAGs in the laboratory-gen-
erated dust samples, two experiments were conducted. In 
the first experiment (refer to Fig. 3), the remnants from the 
five baseline filter samples referenced above were used (i.e., 
those collected for a short duration). Each remnant was care-
fully cut in half. The first halves were placed into clean glass 
test tubes and 10 mL of deionized water (DI) was added to 
each tube. The tubes were placed in an ultrasonic bath for 
5 min at 30 °C, then the filter was carefully removed and 
the remaining dust suspension was sonicated for another 
5 min. The second halves of the filter remnants (from three 
coal + rock samples) were also placed in clean test tubes and 
submerged in 10 mL of DI. Instead of being subjected to 
sonication, however, these tubes were gently swirled, again, 
for an initial 5 min before the filter was removed, and then 

Table 1   Summary of lab-
generated open-face samples 
used for exploring MAG 
formation and evaluating 
dispersion. The orange circle 
represents a 10-mm filter 
subsection taken for SEM–EDX 
analysis (for the sonication 
procedure of the pure coal 
sample, the entire filter remnant 
was used (both halves)).

Fig. 2   Example of particle 
classification into individual or 
MAG categories. The left side 
shows an SEM image from one 
of the coal + rock lab-generated 
dust samples (pre-dispersion), 
and the yellow squares 
(5 × 5 µm) identify particles. 
The right image shows the 
same image area with overlaid 
elemental map (Si and Al). Four 
out of the five particle catego-
ries are viewable in this area; 
individual mineral particles 
were not observed
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for an additional 5 min. Following the sonication or swirl-
ing sequence, the suspension in each tube was redeposited 
for post-dispersion SEM–EDX analysis. Redeposition was 
done by pouring the contents of a tube over a clean 47-mm 
PC filter (0.4-µm pore size; Zefon International, Ocala, 
FL) mounted on a clean vacuum apparatus. The sample 

was vacuumed for approximately 12 h to complete dry-
ness, before a 10-mm subsection was cut and sputter-coated 
(Pt/Pd). Finally, the same SEM–EDX analysis procedure 
described above for the baseline samples was used to count 
and categorize particles in all eight of the post-dispersion 
samples.

Fig. 3   Flow chart detailing the procedure for Experiment 1

Fig. 4   Flow chart detailing the procedure for Experiment 2
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In the second experiment (refer to Fig. 4), one of the 
laboratory-generated coal + rock samples collected for a 
longer duration was used to explore whether surfactant 

similar to that contained in the lung could be observed to 
enhance dispersion of MAGs relative to a DI control. For 
this, a small volume of the lung surfactant drug Survanta® 

Fig. 5   Box and whisker plots of Al + Si% for individual C (left) and 
AS particles (right) shown by sampling location: Bolter (B), Feeder 
(F), Intake (I), Production (P), and Return (R). For C particles (B, 

n = 1865; F, n = 2951; I, n = 4007; P, n = 928; R, n = 2531; total parti-
cles = 12,282). For AS particles (B, n = 3110; F, n = 2302; I, n = 1074; 
P, n = 7387; R, n = 4129; total particles = 18,002)

Fig. 6   Mean Al + Si% for C (top) and AS (bottom) particles as a function of particle loading density on the analyzed area of the sample filter. 
Results are shown by sampling location: Production (P), Return (R), Intake (I), Feeder (F), and Bolter (B); n = 91 samples
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was obtained; it is a natural bovine lung extract that con-
tains phospholipids expected to mimic human pulmonary 
fluid. The methodological approach loosely followed that 
elicited by Wallace et al. [26] and Steuckle et al. [27]. 
First, a solution of the surfactant was prepared by adding 
60 µg of Survanta® to 10 mL of DI and incubated for 3 h 
at 37 °C, with subsequent sonication for 10 min. Immedi-
ately after the solution was prepared, a small mass of the 
dust was scraped from the sample filter (using a stainless 
steel spatula) into each of the four test tubes. To two tubes, 
5 mL of the prepared surfactant solution was added; 5 mL 
of DI was added to the other two tubes. All four tubes were 
capped and centrifuged at 2500 RPM for 10 min. Next, 

half of the volume of each tube was decanted and replaced 
with fresh DI to rinse the dust (i.e., and remove residual 
surfactant), and then centrifuged for another 10 min. The 
rinsing procedure was repeated twice more, and finally, 
the dust was redeposited for post-dispersion SEM–EDX 
analysis after sonicating the test tubes for 5 min at 30 °C, 
following the same procedures outlined above (i.e., vac-
uum filtration on a clean PC filter, 10-mm subsection cut, 
and sputter coated).

3 � Results and Discussion

3.1 � Re‑Examination of Existing RCMD Samples

Figure 5 shows the mean Al + Si% for C and AS particles 
in all 91 RCMD samples with available SEM–EDX meta-
data included in the Pokhrel et  al. [19] study. The box 
and whisker plots for C particles clearly indicate a higher 
Al + Si% in the samples from production (P) and return (R) 
sampling locations. The Al + Si% also tends to be higher 
in the AS particles from these locations. As noted earlier, 
one obvious explanation for these findings could be that the 
affected samples are just highly loaded, which challenges 
the SEM–EDX classification. Figure 6, however, shows the 
mean Al + Si% as a function of loading density for each 
sample. Notably, C particles in the production and return 
samples exhibit a relatively high Al + Si% even in samples 
with a low loading density.

Moreover, during the follow-up SEM–EDX work, MAGs 
were indeed observed in all eight of the samples examined. 
Illustrative images are provided in Table 2 (loading density 
was clearly high in the production location samples selected 
for this work, but MAGs could be identified nonetheless). It 
is noted that most of the MAGs observed in these samples 
fit the description of coal-mineral MAGs, with a primary 
coal particle serving as a platform for finer aluminosilicate 
and/or silica particles. This might be related to the nature of 
dust generation at the mine face, where particle concentra-
tion is locally very high and the particles—especially those 
sourced from the rock strata—tend to be finer than in other 
locations [3, 28]. Under such conditions, it is possible that 
MAGs form due to electrostatic forces, impaction or diffu-
sion, and humidity or particle wetness could also play a role 
due to capillary action [22].

3.2 � Laboratory‑Generated Samples

Table 3 summarizes the results of the two experiments con-
ducted on the lab-generated samples. For each sample, the 
observed relative abundance (number %) of respirable-sized 
particles between individual or MAG categories is shown 
for the baseline and dispersion case(s). Baseline results for 

Table 2   Illustrative SEM–EDX images and elemental maps 
(10,000 × magnification) from eight RCMD samples (pairs were 
selected to include production and return location samples from four 
different mines).

Mine A-16
Production Return

Mine B-15
Production Return

Mine C-10
Production Return

Mine A-18
Production Return
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Table 3   Number percentage of particles (0.5–10  µm) in each indi-
vidual or MAG category before (baseline) and after dispersion of 
the lab-generated dust samples. *The baseline reference data in 

Experiment 2 represents the mean of the baseline results for the four 
coal + rock samples analyzed in Experiment 1

Sample Individual MAGs Total Total
particles

Coal Mineral Coal Mineral Coal-Mineral Individual MAGs

Exp.1 Coal-only Baseline 51% 2% 39% 0% 8% 53% 47% 92
Sonication 77% 5% 8% 2% 9% 82% 18% 65

Coal + Rock_1 Baseline 20% 7% 4% 22% 48% 26% 74% 46
Sonication 52% 27% 4% 6% 10% 79% 21% 48
Swirl 30% 20% 20% 13% 17% 50% 50% 60

Coal + Rock _2 Baseline 23% 34% 8% 13% 22% 57% 43% 77
Sonication 57% 25% 3% 10% 4% 82% 18% 89

Coal + Rock _3 Baseline 50% 23% 6% 3% 18% 73% 27% 137
Sonication 75% 14% 3% 0% 8% 89% 11% 63
Swirl 32% 41% 9% 0% 19% 72% 28% 69

Coal + Rock _4 Baseline 33% 13% 8% 12% 34% 46% 54% 89
Sonication 57% 19% 17% 1% 6% 76% 24% 70
Swirl 36% 12% 12% 9% 31% 48% 52% 58

Exp. 2 Coal + Rock _bulk Baseline* 36% 21% 7% 10% 27% 56% 44% 87
DI 1 24% 32% 11% 13% 20% 56% 44% 100
DI 2 31% 45% 8% 10% 6% 76% 24% 113
Surfactant 1 45% 41% 4% 4% 5% 87% 13% 245
Surfactant 2 58% 34% 2% 2% 4% 91% 9% 379

Fig. 7   Relative change (number %) in particle distributions following dust dispersion by either sonication or gentle swirling. The y-axis values 
show the difference between the dispersed sample and baseline sample results
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all samples in the first experiment clearly demonstrate that 
MAG formation is possible due to only the dust generation 
processes and environmental conditions; these samples were 
collected passively without the use of an air pump, tubing, 
or size separator.

Figure 7 presents the relative change in the abundance 
of particles in each category attributed to either sonication 
or gentle swirling (in DI water) of the dust recovered from 
the lab-generated samples used in Experiment 1. The soni-
cation produced a consistent increase in the abundance of 
individual coal particles, which was countered by a consist-
ent decrease in the abundance of coal and/or coal-mineral 
MAGs. In the two samples with very high abundance of 
mineral-containing MAGs pre-dispersion (C + R_1 and 
C + R_4), the sonication appears to have effectively dis-
persed mineral particles too (i.e., as indicated by the 
increase individual mineral particles). On the other hand, 
mixed results were observed when the dust suspension was 
only gently swirled. This suggests that at least some of the 
MAGs were persistent (i.e., not dispersed) when subjected 
to relatively weak mechanical agitation versus the stronger 
sonication.

Figure 8 compares the results of the suspension of the 
lab-generated dust in the surfactant solution versus DI water. 
The surfactant appears to have effectively dispersed both 
coal and mineral particles from MAGs. In the DI water, 
the results were somewhat different. While the relative 

abundance of coal-mineral MAGs did decrease, only the 
individual mineral particles increased; the abundance of 
individual coal particles actually decreased. This might 
mean that coal particles included in MAGs pre-dispersion 
were not effectively dispersed by the DI water, or that they 
re-agglomerated during the sample preparation procedure 
(similar explanations might also apply to the C + R_3 sample 
results shown in Fig. 7).

Though MAG occurrence in coal mine environments 
seems quite likely, such particles have not been widely 
considered in RCMD monitoring, characterization studies, 
or exposure assessments. There may be a range of impli-
cations, however, regarding the conceptual understanding 
of lung response: Due to their size, MAGs that do not 
disperse easily should penetrate less deeply into the lung 
than the primary particles they include [29] and the larger 
MAGs might be cleared more efficiently as well [30, 31]. 
That said, the MAG constituents, especially those that sit 
on the agglomerate’s surface, should also be important to 
clearance since the function of lung macrophages can be 
influenced by particle surface chemistry [30]. Likewise, 
the MAG constituents and dispersibility might impact tox-
icity. For example, the toxicity of mixed-type MAGs might 
be dependent on agglomerate and primary particle sizes, 
structure (i.e., the relative position of the constituent pri-
mary particles within the agglomerate or on the surface), 
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and adherence (i.e., whether the primary particles disperse 
efficiently in the lung).

Knowledge of MAG formation could also have impli-
cations for the design of better dust controls: By enhanc-
ing the conditions that promote MAG formation, it may 
be possible to improve the efficiency of controls that 
work well on relatively larger particles (e.g., physical fil-
tration systems). Thus, further research on the underlying 
mechanisms of MAG formation is recommended.

4 � Conclusions

This study evidenced the presence of MAGs in respirable 
coal mine dust samples and demonstrated that MAGs can 
indeed occur in the mine environment rather than as a mere 
artifact of sample collection. Additionally, some understand-
ing was gained regarding the relative dispersibility of MAGs 
under different conditions. Ultrasonic vibration in DI water 
suspension was clearly effective for dispersion of the types 
of MAGs produced during lab pulverization of real coal 
and rock materials—and even gentle swirling of the sus-
pension was able to disperse some MAGs. Moreover, a sur-
factant solution that mimics natural lung fluid was shown to 
enhance dispersion over DI water alone. While these results 
are not directly translatable to health outcomes, they offer 
important insights for those considering how to character-
ize respirable coal mine dust or conduct realistic exposure 
assessments. A better understanding of the mechanisms 
responsible for MAG formation could also prove valuable 
in efforts to improve dust controls in mines.
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