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Abstract
Control of dust in underground coal mines is critical for mitigating both safety and health hazards. For decades, the National 
Institute of Occupational Safety and Health (NIOSH) has led research to evaluate the effectiveness of various dust control 
technologies in coal mines. Recent studies have included the evaluation of auxiliary scrubbers to reduce respirable dust 
downstream of active mining and the use of canopy air curtains (CACs) to reduce respirable dust in key operator positions. 
While detailed dust characterization was not a focus of such studies, this is a growing area of interest. Using preserved filter 
samples from three previous NIOSH studies, the current work aims to explore the effect of two different scrubbers (one wet 
and one dry) and a roof bolter CAC on respirable dust composition and particle size distribution. For this, the preserved 
filter samples were analyzed by thermogravimetric analysis and/or scanning electron microscopy with energy dispersive 
X-ray. Results indicate that dust composition was not appreciably affected by either scrubber or the CAC. However, the wet 
scrubber and CAC appeared to decrease the overall particle size distribution. Such an effect of the dry scrubber was not 
consistently observed, but this is probably related to the particular sampling location downstream of the scrubber which 
allowed for significant mixing of the scrubber exhaust and other return air. Aside from the insights gained with respect to 
the three specific dust control case studies revisited here, this work demonstrates the value of preserved dust samples for 
follow-up investigation more broadly.
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1 Introduction

Dust in coal mines presents both safety and health hazards. 
Control of airborne float dust (dust that contains particles 
up to 75 µm) is a critical strategy for mitigating explosibil-
ity hazards (Shahan et al. 2017), and control of respirable 
coal mine dust (particles < 10 µm) is critical for prevent-
ing occupational lung disease (Blackley et al. 2018; Hall 
et al. 2019). Indeed, dust control has been a key focus of 
the mining research portfolio at the National Institute of 

Occupational Safety and Health (NIOSH)—including work 
on scrubbers (NIOSH 2013; Colinet and Jankowski 2000; 
Janisko et al. 2015; Organiscak et al. 2016; Organiscak and 
Beck 2010; Patts et al. 2016). In coal mines, fan-powered 
dust collectors such as scrubbers are commonly used on con-
tinuous miner machines (CM) to capture dust being gener-
ated at the cutting face, and thus prevent its transport into 
the return airways and contamination of the ventilating air 
more broadly. These scrubbers are usually operated along 
with water sprays to limit miner exposure to respirable dust 
(NIOSH 2021). Indeed, the operation of the CM-mounted 
scrubbers, referred to as flooded-bed scrubbers, increase the 
air quantity supplied to the cutting face for the improve-
ment of methane and respirable dust control (Patts et al. 
2016). Scrubbers essentially capture particles by forcing 
the dust-laden air through an inlet before reaching a wet 
filter where they either deposit or attach to water droplets 
that are removed by a demister. Finally, the scrubber fan 
pulls and filters out dry air through the scrubber exhaust and 
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releases it into the return airways. The scrubber efficiency 
is determined by its ability to capture (i.e., controlled by 
the scrubber airflow) and collect or remove dust-laden air 
from the cutting face (NIOSH 2021; Patts et al. 2016). To 
improve dust control in other priority areas of underground 
coal mines (i.e., not necessarily coupled with the CM oper-
ation), auxiliary (stand-alone) scrubbers could be another 
option. Recently, NIOSH has conducted field studies of a 
wet auxiliary scrubber (i.e., based on the traditional flooded-
bed type) (Janisko et al. 2015; Patts et al. 2016), as well as 
a dry unit that can provide even more flexibility in terms of 
placement in the mine (Organiscak et al. 2016).

For more direct protection of some equipment operators 
from respirable dust exposure, NIOSH has also investigated 
the performance of canopy air curtains (CACs) (Goodman 
et al. 2006; Goodman and Organiscak 2001; Krisko 1975; 
Listak and Beck 2012; Reed et al. 2017, 2019a, 2021; Volk-
wein et al. 1982). The CAC is an underground coal mining 
dust control designed by NIOSH researchers to be employed 
under the canopy of roof bolting machines and provide fil-
tered air into the breathing zone of miners during bolting 
activities to reduce their exposures to respirable dust. The 
operation of the CAC involves the use of a hydraulically 
powered fan (blower) installed on a roof bolter which is 
usually connected to a plenum (traditionally placed under-
neath the roof bolter canopy or incorporated into the canopy 
design) via a hose to provide filtered air to the breathing 
zones of the operator during bolting activities. The fil-
tered air from the plenum protects the operator by pushing 
dust-laden air away from the zone of influence of the CAC 
(NIOSH 2021). The CAC was initially designed for CM 
operators when CM machines had cabs (Krisko 1975). Once 
CM cabs were eliminated in favor of local remote operation, 
the CAC was redesigned and tested for roof bolter operators 
since they typically have one of the highest risk occupations 
in terms of respirable dust and crystalline silica exposures 
(Ainsworth et al. 1995)—either due directly to roof drilling 
(Goodman and Organiscak 2003) and bolting activities or 
working downstream of the CM (NIOSH 2013; Joy et al. 
2010; Listak et al. 2010). After several iterations of prelimi-
nary CAC designs in separate studies, Reed et al. (2019b) 
tested the ability of a third-generation CAC to reduce roof 
bolter operator exposure to respirable dust.

Given that respirable dust exposures are regulated based 
on mass concentration, much of NIOSH’s research that has 
investigated the effects of engineering controls on respirable 
dust has focused on the effectiveness to reduce mass concen-
tration. However, an understanding of dust composition and 
particle characteristics is increasingly of interest (National 
Academies of Sciences, Engineering, and Medicine 2018). 
Fortunately, even though detailed dust characterization was 
not the original intent, NIOSH preserved the respirable dust 
samples collected for some of its field studies—which can 

now enable further analysis. In the current work, preserved 
samples were obtained from three prior NIOSH studies sur-
rounding the aforementioned wet and dry auxiliary scrub-
bers, and the roof bolter CAC. These samples were used 
to investigate the possible effects of each control on dust 
composition and particle size. (It should be noted that a por-
tion of the results associated with the auxiliary scrubbers 
was previously published in a conference paper (Animah 
et al. 2023). The work has been expanded here to include 
additional analysis of the dust samples from the scrubber 
studies, and the CAC study.)

2  Summaries of original NIOSH studies

The sections below provide an overview of the three original 
NIOSH studies and available dust samples which are the 
subject of the current work.

2.1  Wet scrubber study

As reported by Janisko et al. (2015) and Patts et al. (2016), 
NIOSH tested the performance of an inline wet scrubber 
(Compact Filter Technic type HCN 600/1 model) to reduce 
airborne float dust and respirable dust concentrations down-
stream of a CM. The CM was operating on the left side of 
a four-entry section operated in similar fashion as a super 
section (i.e., two pairs of CM and roof bolter operated on 
opposite sides of the section) for longwall development at 
the study mine (called “Mine A”). An auxiliary fan was used 
to pull air through ventilation tubing from the CM to the 
scrubber, which was located in the return entry (Fig. 1). The 
airflow through the scrubber was about 8.0  m3/s (17,000 
cubic feet per minute, cfm) while the overall airflow in the 
return was about 28.8  m3/s (61,000 cfm). To avoid interfer-
ence of rock dusting with the scrubber evaluation, rock dust 
application was halted in the return during sample collec-
tion; however, Janisko et al. (2015) noted that rock dust that 
had already been applied was re-entrained into the air by the 
auxiliary fan which operated along with the scrubber.

Dust samples were collected during each of six separate 
CM cuts, which were made in different entries over a total 
of three shifts. The production rate was consistent across all 
cuts. The cutting time was between about 60–80 min per cut, 
and sampling was done for the full duration of each cut. On 
the first shift (Cuts 1–2), the wet scrubber was not in place. 
On the later shifts (Cuts 3–6), the wet scrubber was in place 
and operating; NIOSH noted scrubber power interruption on 
Cut 3 and so associated data was excluded from their study 
(Patts et al. 2016). Sampling was done at the intake and in 
locations that were spaced 61, 91, and 122 m (200, 300 and 
400 feet) downstream of the wet scrubber location in the 
return entry. In each location, respirable dust samples were 
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collected using gravimetric samplers consisting of a standard 
air pump at 2.0 L/min and 10-mm nylon cyclone (i.e.,  D50 
of about 4 µm). (It is noted that total airborne float dust was 
also collected in each location, and additional dust samples 
were collected in some locations using custom cyclones; 
but only the respirable dust samples from the 61 and 91 m 
(200 and 400 feet) locations are included in the follow-up 
investigation reported here.

Based on the comparison of dust concentrations (mg/m3) 
during the two CM cuts without the wet scrubber versus the 
three cuts with it operating, results indicated the scrubber 
yielded an 86% reduction in respirable dust, and more than 
92% reduction in float dust in Mine A (Janisko et al. 2015; 
Patts et al. 2016).

2.2  Dry scrubber study

Organiscak et al. (2016) tested the performance of a dry 
scrubber to reduce respirable dust concentration down-
stream of a CM and/or roof bolter in a different mine 
(called “Mine B”). Testing was conducted during six trials, 

which included three trials in each of two super sections 
in Mine B (called “Sect. 1” and “Sect. 2”), yielding a total 
of six sets of test data. The scrubber is a self-propelled 
unit manufactured by J.H. Fletcher & Co of Huntington, 
WV, which uses a vane axial fan (with a power rating of 
22.4 kW at 480 V) to pull air through an on-board fil-
ter (with a 99% efficiency rating for 2 µm particles). It 
was originally designed to protect the roof bolter operator 
when working downstream of the CM. However, to sim-
plify the field tests (i.e., not move the scrubber to follow 
CM and roof bolter movements), Organiscak et al. (2016) 
placed the scrubber in the last open crosscut of the sec-
tion being evaluated and allowed it to operate continually 
(except for when the CM was mining in the return entry). 
The scrubber airflow quantities ranged from about 1.3–2.3 
 m3/s (2700–4900 cfm), while the initial airflow supplied 
to the face areas (i.e., without the scrubber operating) was 
0.8–2.3  m3/s (1600–4900 cfm). (It is worth noting that 
Organiscak et al. (2016) reported that during the trials in 
Sect. 1 the scrubber intermittently turned off and had to 
be restarted.)

Fig. 1  Schematic of sampling locations in NIOSH’s studies of an auxiliary wet scrubber in Mine A (modified from Patts et al. (2016)). Only 
samples from the locations denoted by green symbols were included in the current work
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During each trial, Organiscak et al. (2016) sampled in 
three stationary locations as shown in Fig. 2: just upstream 
of the scrubber (UDS), downstream of the face area cleaned 
by the scrubber (DDS) (i.e., the face in the return entry), and 
further downstream in the return. (Samples were also col-
lected in the roof bolter intake and on the roof bolter, though 
these are not included in the current work.) The sampling 
duration for each trial was between about 340–400 min. In 
each location, respirable dust samples were collected using 
the same equipment, flowrate, filters, and cassettes as used 
in the wet scrubber study for respirable dust. Additionally, a 
personal DataRam sampler (pDR 1000, Thermo Scientific, 
Waltham, MA) was used alongside the gravimetric samplers 
in each location to collect time-series data. The pDR is a 
light scattering device that can record data in real time, but 
it must be calibrated (i.e., using paired gravimetric samples) 
in order to estimate respirable dust concentration (Williams 
and Timko 1984). Organiscak et al. (2016) was able to uti-
lize the pDR data to interrogate various time periods of 
interest during each scrubber trial, including short periods 
when the instrument was used to monitor right at the scrub-
ber exhaust (i.e., before mixing with other air could occur 
in the face area that should be cleaned).

The scrubber’s respirable dust collection efficiency was 
determined by comparing pDR-derived respirable dust 
concentrations just upstream of the dry scrubber versus 
directly at the scrubber exhaust discharge. These measure-
ments demonstrated scrubber collection efficiencies of 93% 

and 99% for Sect. 1 and Sect. 2, respectively. That said, 
across all trials in Mine B, the respirable concentration was 
only reduced by an average of about 50% in the face areas 
cleaned by the scrubber during times when the CM and/
or roof bolter were operating upstream (Organiscak et al. 
2016). The discrepancy was attributed to the mixing of the 
clean scrubber exhaust with more dusty air in the face area 
being sampled. Additionally, during the study, there was one 
instance where the roof bolter operated in the entry (entry 
12) directly downstream of the dry scrubber. The reduc-
tions in dust concentrations due to the operation of the dry 
scrubber were approximately 36% during this part of the 
field study. The lower reduction is thought to be attributed 
to additional respirable dust generated by the roof bolter 
operations in the entry which contributed to DDS samples 
during testing in this one entry.

2.3  Canopy air curtain (CAC) study

Reed et al. (2019b) evaluated the ability of a third-genera-
tion CAC to reduce respirable dust concentrations around an 
active roof bolter. Testing was conducted in the Lively Grove 
underground room and pillar mine (called “Mine C” from 
here) owned by Prairie State Energy. The mine employs 
blowing face ventilation with line curtain, and during the 
CAC testing, dust sampling was conducted while the roof 
bolter was working upstream of the CM (Fig. 3). The sam-
pling was conducted over two consecutive days. The roof 

Fig. 2  Schematic of sampling locations in NIOSH study of an auxiliary dry scrubber in Mine B (modified from Organiscak et al. (2016)). Only 
samples from the locations denoted by green and blue symbols were included in the current work
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bolter worked in two entries on Day 1 for a total of 140 min, 
and in four entries on Day 2 for a total of 420 min. Ventila-
tion measurements were conducted in the intake airway to 
each entry (between the rib and the line curtain), and airflow 
quantities ranged from about 2.6–3.3  m3/s (5400–6900 cfm). 
The only exception was for the fourth entry on Day 2 when 
the line curtain was not installed; in this case, the entire 
entry was considered the intake and the airflow was about 
13.0  m3/s (27,400 cfm).

Dust sampling was conducted in multiple locations per 
Fig. 3: Intake samples were collected at the entrance and 
exit of the line curtain (left side of the roof bolter); bolter 
midpoint and rear samples were collected between the left 
and right booms and at the rear of the machine, respectively, 
which should be outside the CAC protection zone; return 
samples were collected in the airway downstream the bolter, 
just into the crosscut; and CAC area and personal samples 
were collected directly underneath the CAC plenum and on 
the vest of the roof bolter operator, respectively, on both the 
left and right side of the machine. The area CAC samples 
should only represent the protection zone. However, since 
the operators occasionally moved from beneath the CAC 
plenum, the personal CAC samples represent the actual 
operator exposure.

Respirable dust samples were collected (in duplicate) in 
each of the above locations using the same standard equipment 

and filter media as was used in the wet and dry scrubber stud-
ies. (Notably, as the bolter moved from entry to entry each 
day, the samplers were also moved and set up in the same 
location in the next entry—but the sampling cassettes were 
not replaced between entries. Thus, each sample represents the 
total sampling time for all entries on a single day.) In addition 
to the gravimetric samplers, one pDR-1000 unit was used in 
each location to gather time-series data.

Reed et al. (2019b) determined CAC personal protection 
efficiency by comparing respirable dust concentrations meas-
ured using the personal vest samples (i.e., typically within 
the zone of influence of the CAC) versus the bolter midpoint 
samples (i.e., outside the zone of influence of the CAC). The 
personal protection efficiency was observed to be 26%–60% 
on the left side of the bolter, and 3%–47% on the right side. 
Moreover, the maximum protection efficiency was determined 
by comparing the concentrations measured with CAC area 
samples versus the bolter midpoint samples. The maximum 
protection efficiency was observed to be 55%–79% on the left 
side of the bolter, and 40%–67% on the right side.

Fig. 3  Schematic of sampling locations in NIOSH study of a roof bolter canopy air curtain in Mine C (modified from Reed et al. (2019b)). Only 
samples from the locations denoted by blue symbols were included in the current work
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3  Materials and methods

In the three NIOSH studies summarized above, the PVC 
filter samples were only used for determining dust mass 
(and hence mass concentrations), which is non-destructive. 
However, NIOSH preserved many of the samples, and they 
were made available for the current work. Here, they were 
analyzed by scanning electron microscopy with energy 
dispersive X-ray (SEM–EDX) to determine mineralogy 
and particle size distributions, and/or by thermogravimet-
ric analysis (TGA) to estimate the mass fractions of coal, 
non-carbonate minerals, and carbonates. These fractions 
can loosely approximate the major sources of dust in many 
mines (i.e., coal and rock strata being mined, and rock dust 
products being applied, respectively) (Agioutanti et al. 
2020; Jaramillo et al. 2022).

From the wet scrubber study, a total of 10 respirable 
dust samples were analyzed. These represent the locations 
that were 61 m (200 feet) and 122 m (400 feet) from the 
scrubber exhaust (Fig. 1) for five different CM cuts (i.e., 
two without the scrubber installed, three with the scrubber 
operating). All 10 samples were analyzed by TGA, and 
nine were also analyzed by SEM–EDX; unfortunately, the 
tenth sample did not have enough dust for both analyses.

From the dry scrubber study, a total of 18 samples were 
analyzed. These represent the UDS, DDS and return loca-
tions (Fig. 2) that were sampled on each of the six trials. 
For this study, all samples were analyzed by TGA, but only 
the UDS and DDS samples were analyzed by SEM–EDX. 
This is because the UDS and DDS samples were consid-
ered most likely to enable the assessment of any changes 
in dust characteristics related to the dry scrubber.

From the roof bolter CAC study, a total of 20 samples 
were analyzed. These represent duplicate samples from 
each of the two sampling days in the following five loca-
tions: the bolter midpoint, left and right CAC, and left and 
right personal vest locations (Fig. 3). For this study, sam-
ple masses were generally low, so a decision was made to 
forego the TGA analysis to ensure that enough dust could 
be recovered for the SEM–EDX analysis.

3.1  Dust sample handling

Respirable dust samples were obtained directly from 
NIOSH in their original sampling cassettes (i.e., either 
MSA cassettes or 2-piece cassettes), in which they had 
also been stored since collection. Upon receipt, each sam-
ple that was to undergo both TGA and SEM–EDX anal-
ysis (i.e., those from the wet and dry scrubber studies) 
was carefully removed from its cassette and a stainless-
steel trephine was used to cut a 9-mm subsection. The 

subsection was placed in a clean test tube and prepared 
for SEM–EDX, and the rest of the filter was placed into a 
separate clean test tube and prepared for TGA. For sam-
ples only routed for SEM–EDX analysis, larger subsec-
tions were cut and prepared.

3.2  TGA analysis

TGA is an analytical technique that has been used in sev-
eral previous studies to fractionate respirable coal mine dust 
samples into three primary mass components (i.e., coal, 
carbonates, and non-carbonate minerals) (Agioutanti et al. 
2020; Jaramillo et al. 2022). The TGA instrument essentially 
consists of a highly controlled furnace chamber and micro-
balance. As a sample is heated in a specific atmosphere, 
the weight loss is monitored. In the case of respirable coal 
mine dust heated in high purity air, Agioutanti et al. (2020) 
showed that weight loss can generally be observed in two 
main temperature regions corresponding to coal decomposi-
tion (between about 200–480 °C) and then carbonate decom-
position (between about 480–800 °C). The residue at the end 
of the TGA routine is attributed to oxides produced from the 
carbonate decomposition plus (thermally inert) non-carbon-
ate minerals. Accordingly, Agioutanti et al. (2020) worked 
out a series of TGA mass balance equations to fractionate 
the total sample mass between the three primary compo-
nents, and Jaramillo et al. (2022) demonstrated the method 
on real respirable coal mine dust samples.

For the current work, TGA analysis was conducted fol-
lowing the method described by Jaramillo et al. (2022). 
Briefly, to each test tube with the available portion of the 
filter for this analysis, enough isopropanol (IPA) was added 
to completely submerge the filter (about 5–10 mL). The 
tube was capped and sonicated for approximately three min-
utes to dislodge the dust, and then the filter was carefully 
removed. The dust suspension was centrifuged for 10 min (at 
2500 rpm) to settle the particles, and then a clean pipette was 
used to transfer the recovered dust to a clean, tared TGA pan. 
After the IPA had completely evaporated, recovered dust was 
analyzed by the same TGA instrument used by Jaramillo 
et al. (2022) and Agioutanti et al. (2020) (Q500, TA Instru-
ments, New Castle, DE) and using the same thermal routine. 
The resulting thermogram was used to estimate the mass 
fractions of coal, carbonates and non-carbonates following 
the approach of Agioutanti et al. (2020). Notably, Agiou-
tanti et al. (2020) derived their equations using lab-generated 
respirable dust samples collected on polycarbonate (PC) fil-
ters (i.e., rather than PVC, as were available for the current 
work). Thus, prior to analysis of the mine dust samples in the 
current work, a series of lab-generated samples on PVC were 
used to modify the mass balance equations—again following 
the approach of Agioutanti et al. (2020).
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3.3  SEM–EDX analysis

SEM–EDX is an analytical technique that can be used to 
study particle morphology (i.e., determined from image 
analysis) and elemental composition (i.e., determined from 
EDX spectra). This approach has been used widely for analy-
sis of dust particles in air samples, including respirable coal 
mine dust (Fan and Liu 2021; Gonzalez et al. 2022a, 2022b; 
Keles and Sarver 2022; Labranche et al. 2021; Pan et al. 
2021; Pokhrel et al. 2022; Salinas et al. 2022; Sarver et al. 
2019, 2021; Slouka et al. 2022). Generally, some subset of 
particles in the sample are analyzed and binned by size (and 
possibly shape factors) and mineralogy to characterize the 
expected distributions for the entire sample.

For this study, samples were prepared for SEM–EDX 
analysis following the method detailed by Greth et al. (2023) 
as follows: The 9-mm PVC filter subsections mentioned 
above were each placed in test tubes containing 5 mL of 
IPA, and then sonicated for 2 min to recover dust from the 
filter. Then, either a vacuum filtration unit or a syringe filter 
attachment was used to redeposit the particles from the IPA 
suspension onto a clean PC filter (track-etched, 0.4 µm pore 
size); the smooth, uniform PC filter is ideal for SEM–EDX 
work on respirable-sized particles. The PC filter was allowed 
to dry completely in a fume hood before preparation for 
SEM–EDX work. For this, a 9-mm subsection of the PC 
filter was cut, mounted on an aluminum stub, and sputter-
coated with Au/Pd to render it conductive. As described by 
Sarver et al. (Sarver et al. 2019, 2021), SEM–EDX analysis 
was conducted on a FEI Quanta 600 FEG environmental 
SEM (Hillsboro, OR, USA) equipped with a backscatter 
electron detector (BSD) and a Bruker Quantax 400 EDX 
spectroscope (Ewing, NJ, USA). Bruker’s Esprit software 
(Version 1.9.4) was used to run a computer-controlled 
routine for supra-micron (1-10 µm) particles (originally 
described by Johann-Essex et al. (2017)). The routine identi-
fied, sized, and collected EDX spectra on about 500 particles 
per sample. For each particle, the EDX spectra was used 
to determine the normalized atomic percentage for each of 
the eight elements (C, O, Al, Si, Ca, Mg, Fe, Ti). Using the 
classification criteria defined by Sarver et al. (2021) (see 

Table 1), each particle was then binned into one of seven 
defined mineralogy constituent classes: Carbonaceous (C), 
Mixed carbonaceous (MC), Aluminosilicates (AS), Other 
Silicates (SLO), Silica (S), Heavy minerals (M) and Car-
bonates (CB). Any particle that did not fit into one of the 
pre-defined classes was placed into an “others” (O) class. 
Particle size data is reported here using projected area diam-
eter (nm).

4  Results and discussion

4.1  Wet scrubber

Table 2 summarizes the gravimetric, TGA, and SEM–EDX 
results for the dust samples collected during the wet scrub-
ber testing in Mine A. The relatively small recovered-dust 
masses for Cuts 4–6 (versus Cuts 1 and 2) are consistent with 
the relatively low dust concentration reported in the section 
return when the scrubber was being operated upstream (Jani-
sko et al. 2015; Patts et al. 2016).

With respect to dust composition, the TGA results in 
Table 2 show that coal ranged from 61%–85% of the dust 
mass during a given cut, with the average from all cuts being 
75% ± 5.5% (95% confidence); the non-carbonate content 
ranged from 7%–19%, with the average being 12% ± 2.5%; 
and the carbonates ranged from 4%–23%, with the aver-
age being 13% ± 4.0%. However, no consistent trends are 
observed related to the scrubber status, per se, and given 
the small number of tests under each condition (scrubber 
operating versus not installed) statistical tests were not uti-
lized here.

That said, the TGA results do show variability between 
different CM cuts. For example, the relative percentages 
of coal and non-carbonate contents in the dust—which are 
likely sourced primarily from the coal and rock strata at the 
production face, respectively—vary from cut to cut. This is 
probably due to variability in the relative heights of coal and 
rock mined at the face during each cut; and a simple ratio 
between the coal to non-carbonates ratio can be used as a 
crude indicator. For example, Cuts 2 and 6 appear to show a 

Table 1  Criteria used to classify 
particles into the pre-defined 
constituent classes based on the 
normalized atomic % of each 
element (modified from Sarver 
et al. (2021))

Class Atomic Percentages (%)

O Al Si C Mg Ca Ti Fe

C  < 29  ≤ 0.30  ≤ 0.30  ≥ 75  ≤ 0.50  ≤ 0.41  ≤ 0.06  ≤ 0.15
MC  < 0.35  < 0.35  ≤ 0.50  ≤ 0.50  ≤ 0.60  ≤ 0.60
AS  ≥ 0.35  ≥ 0.35
SLO  ≥ 0.33
S  ≥ 0.33
M  > 1%  > 1%  > 1%
CB  > 9  > 0.5%  > 0.5%
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high coal to non-carbonate content ratio, suggesting more of 
the mining height was in coal than in rock during these cuts 
(as compared to Cuts 4 and 5). Given that the most hazard-
ous constituents in respirable coal mine dust (e.g., respirable 
silica) are generally associated with rock strata-sourced dust 
(Keles et al. 2022; Keles and Sarver 2022), a consistent trend 
in the coal to non-carbonate ratio with respect to the scrub-
ber operation would certainly be of interest—however, none 
is observed here.

In Mine A, the carbonate content was likely sourced 
from rock dusting activities in the mine (i.e., rather than 
any geologic strata), and rock dust products are generally 
not considered as respiratory hazards (Pokhrel et al. 2021). 
From Table 2, the TGA results again primarily indicate dif-
ferences between cuts. For instance, Cuts 1 and 5 show more 
carbonates than Cuts 2, 4, and 6. While rock dusting was 
halted during NIOSH’s dust sampling for this study, Jani-
sko et al. (2015) reported that operation of the auxiliary fan 
with the scrubber appeared to re-entrain rock dust that had 
been applied earlier. This could explain the relatively high 
carbonates content during Cut 5, though high carbonates 
during Cut 1 (when the auxiliary fan and scrubber were not 
in place) indicates that rock dust also contributed to the res-
pirable fraction during some periods without the fan. This is 
consistent with observations of CM section return samples 
in other mines (Sarver et al. 2019).

The SEM–EDX results in Table 2 are based on number 
percent per mineralogy class. While they do not exactly 
match the TGA data—which is consistent with expecta-
tions from earlier work by Pokhrel et al. (2022)—the two 
datasets generally trend together in terms of major groups 
of constituents. For example, like the TGA results, the 
SEM–EDX indicated that coal dust (represented by the C 
and MC classes) accounted for the majority of particles in 
all samples (i.e., 86% ± 3.1%). Thus, the rock strata-sourced 
dust (represented by the AS, SLO and S classes, analogous 
to TGA non-carbonates) and the rock-dusting-sourced dust 
(represented by the CB class, analogous to TGA carbon-
ates) accounted for smaller percentages (i.e., 6% ± 2.0% 
and 7% ± 2.0%, respectively). Also consistent with the TGA 
results, the SEM–EDX results show variation in dust con-
stituents from cut to cut—though, again, no clear effect of 
the wet scrubber can be seen.

The SEM–EDX data was additionally used to investi-
gate particle size. Figure 4 shows the overall size distribu-
tions (i.e., when particle sizes from all constituent classes 
are combined), as well as distributions for major groups of 
constituents (i.e., C + MC, AS + SLO + S, and CB). (A sum-
mary of the particle size data per constituent class is given 
in Table S1 in the Supplemental Information.) The relative 
differences between the size distribution for each group help 
explain some of the differences between the number-based 
SEM–EDX results and the mass-based TGA results. For Ta
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example, the coal dust particles are somewhat finer than the 
other particles, which can equate to less coal dust mass even 
when particle numbers are high.

From Fig. 4, the respirable dust was finer overall in both 
the 61 m (200-feet) and 122 m (400-feet) locations when 
the wet scrubber was in operation (Cuts 4, 5, and 6) versus 
when it was not installed (Cuts 1 and 2). Finer size with 
operation of the scrubber is consistent with expectations as 
the scrubber should be more efficient in removing coarser 
particles (NIOSH 2021). Since the coal dust accounted 
for most of the particle counts in all samples, the C + MC 
size distributions follow a similar trend to the over-
all distributions. The particles sourced from rock strata 
(AS + SLO + S) also follow this trend, with the exception 
of the distribution from the 61 m (200-feet) location in 
Cut 1. Consistent trends in particle size distribution with 
the scrubber status were not observed for the CB particles, 
but this makes sense given that CB particles were prob-
ably from rock dust that had been applied downstream 
of the scrubber. Thus, while the CB particles were more 
likely to be re-entrained in the airflow due to the opera-
tion of the scrubber, the particles may not have moved 
through the scrubber and been subject to removal by it. 

Figure 4 also shows that respirable dust was generally finer 
at the 122 m (400-feet) location than at the 61 m (200-feet) 
location, though the shift in distributions is fairly small. 
This is not surprising since most respirable-sized particles 
should remain entrained in the mine air over long distances 
(Courtney et al. 1986; Shahan et al. 2017).

Given the increasing attention on enhanced hazards of 
fine inhalable particles, including submicron and nano-par-
ticles (Assemi et al. 2023; Fan and Liu 2021; Mischler et al. 
2016; Sarver et al. 2019, 2021; Zhang et al. 2021, 2022), 
the effect of the wet scrubber to shift the overall particle 
size distribution might seem concerning. However, it must 
be reiterated that the data here indicates that the reduction 
in particle size occurred concurrently with a reduction in 
dust concentration (i.e., comparing Cuts 1 and 2 to Cuts 4, 
5 and 6 in Table 2). To properly evaluate the relative hazard 
of a dust exposure, particle size, chemistry and concentra-
tion should be considered. Thus, to evaluate the effect of a 
specific control, the particle removal efficiency per class and 
size bin is important, and could be determined via paired 
measurements up- and downstream of the control. Though 
not possible with the samples available for the current stud-
ies, such an experiment could be conducted in the future.

Fig. 4  Particle size distributions derived from SEM–EDX analysis 
of respirable dust samples collected in Mine A at locations a 61  m 
(200 feet) and b 122 m (400 feet) from the dry scrubber location. The 

left plots show the overall size distribution (i.e., considering all parti-
cles) and the other plots show major groups of constituents. (Cuts 1–2 
scrubber not operating; Cuts 4–6 scrubber operating)



 F. Animah et al.   33  Page 10 of 16

4.2  Dry scrubber

Table 3 shows the gravimetric, TGA and SEM–EDX results 
for the respirable dust samples collected from Mine B dur-
ing the dry scrubber testing. For each trial, the difference 
between the dust concentration measured in the UDS and 
DDS locations illustrates the effect of the dry scrubber to 
improve the air quality in the face area it was supposed to 
clean. The dust concentrations in the return (R) location 
are similar to those in the UDS locations, however, which 
indicates that the cleaning effect of the scrubber was lim-
ited to the DDS face area. As explained by Organiscak et al. 
(2016), the scrubber has a high dust collection efficiency, 
but it only treats a portion of the mine air; in Mine B, the 
scrubber exhaust was gradually mixed with other air in the 
return entry.

From the TGA results in Table 3, dust composition seems 
to have varied from trial to trial. For example, carbonate 
content in the three sampling locations was relatively low 
(i.e., not more than 10%) during all trials in Sect. 2, but was 
higher (i.e., between 20% and 45%) in two of the trials in 
Sect. 1. In Mine B, the carbonate content is again expected 
to be associated with rock dusting activities (i.e., rather than 
geologic strata), so the elevated carbonate content is prob-
ably due to active rock dusting (somewhere upstream of the 
scrubber) during or just before those two trials or due to 

re-entrainment of applied rock dust. While the coal and non-
carbonates percentages also seem to vary by trial, Table 3 
indicates that the coal to non-carbonate ratio was typically 
somewhat higher in the DDS location versus the UDS loca-
tion—which suggests that the dry scrubber may have been 
more efficient at removing non-carbonate dust than coal dust 
in this study. For the DDS location, the ratio ranged from 1.8 
to 6.4, with the average being 3.0 ± 1.7 (at 95% confidence); 
and for the UDS location, it ranged from 1.5 to 3.5, with 
the average being 2.0 ± 0.7. However, a two-sample t-test 
(assuming unequal variances and α = 0.05) indicated that 
the difference in the means is not statistically significant 
(p = 0.1269).

Like for the wet scrubber study in Mine A, the SEM–EDX 
and TGA results for the dry scrubber study in Mine B do 
not match exactly but they tend to trend together. Table 3 
shows that samples with the highest or lowest TGA-derived 
mass percentages of coal, non-carbonates, or carbonates 
generally also had the highest or lowest SEM–EDX-derived 
number percentages of particles in the analogous constitu-
ent groups (i.e., C + MC, AS + SLO + S, or CB, respec-
tively). Moreover, differences in particle size distributions 
for the three constituent groups (Fig. 5) can again help to 
explain some of the apparent differences in the SEM–EDX 
and TGA results. Similar to the results from Mine A, the C 
and MC particles in Mine B—despite being high in number 

Table 3  Summary of dust characterization results for samples collected during the dry scrubber study in Mine B

Section Trial Sample Location Avg. Grav. 
Conc. (mg/
m3)

Recovered 
dust mass 
(mg)

TGA Analysis SEM–EDX Analysis

Mass (%) Based on Number %

Coal Non-Carb Carb Coal: 
Non-
Carb

C MC AS SLO S M CB O

1 1 UDS 1.8 1.226 55 36 9 1.5 76 13 6 0 1 0 3 0
DDS 1.1 0.856 68 26 6 2.6 64 18 11 0 1 0 6 0
R 1.4 1.118 57 35 9 1.6 N/A
UDS 1.1 0.884 52 15 33 3.5 42 13 3 1 0 0 40 1

2 DDS 0.9 0.672 41 13 45 3.2 42 13 4 0 1 0 39 0
R 1.2 0.868 44 17 39 2.6 N/A
UDS 1.4 0.998 47 30 23 1.6 61 16 5 0 2 0 16 1

3 DDS 1 0.748 51 29 20 1.8 63 17 3 0 2 1 13 1
R 1.4 1.01 46 29 25 1.6 N/A

2 1 UDS 1.5 0.985 61 30 9 2 77 14 3 0 1 0 4 1
DDS 0.8 0.156 83 13 4 6.4 81 9 3 0 1 0 4 1
R 0.9 0.674 69 26 6 2.7 N/A
UDS 1.3 0.831 58 32 10 1.8 79 13 4 0 1 0 2 0

2 DDS 1.2 0.764 59 32 9 1.8 73 17 4 0 1 0 5 1
R 1.2 0.793 62 31 7 2 N/A
UDS 1.3 0.804 58 32 10 1.8 73 18 3 0 1 0 4 1

3 DDS 0.8 0.694 65 29 6 2.2 77 15 3 0 1 0 3 1
R 1 0.687 58 33 9 1.8 N/A
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percentage—appear to be finer than other particles, which 
might explain the relatively lower TGA mass percentage 
of coal dust. Conversely, the AS, SLO and S particles were 
typically coarser, which might explain the relatively higher 
TGA mass percentage of non-carbonate dust. A summary 
of the particle size data per constituent class is given in 
Table S2 in the Supplemental Information.

Unlike for the wet scrubber study, a consistent effect 
of the dry scrubber on particle size cannot be observed in 
Fig. 5. In fact, the expected trend toward finer particle sizes 
in the DDS location versus the UDS location can only be 
seen in the overall size distributions for the third trial in Sec-
tion two. In all other trials, the DDS and UDS overall size 
distributions are either very similar, or the DDS distribution 
is actually somewhat coarser than the UDS distribution (e.g., 
the first trial in Sect. 1). While this might seem contrary 
to expected behavior for the particle size distributions, it 
must be reiterated that the DDS samples do not perfectly 
represent the size distribution at the dry scrubber exhaust, 
but rather the distribution at the face area that was supposed 
to be cleaned by the scrubber. Thus, DDS samples repre-
sent a mix of the scrubber exhaust and other mine air in the 
return entry face area—and the true particle size reduction 

yielded by the dry scrubber is likely muted in the DDS sam-
ples. Moreover, Organiscak et al. (2016) noted an issue with 
the scrubber intermittently turning off and needing to be 
restarted during the testing in Sect. 1. It is possible that these 
startup events dislodged coarse particles from the scrubber 
filter, which might have affected the size distribution results 
in the DDS location.

4.3  Canopy air curtain

Table 4 shows the gravimetric and SEM–EDX results for 
the respirable dust samples collected during the roof bolter 
CAC testing in Mine C. As reported by Reed et al. (2019b), 
dust concentrations on both days of testing were higher at 
the bolter midpoint location (i.e., outside the CAC zone of 
protection) than in the locations directly under the CAC or 
measured on the operator’s vest—which demonstrates the 
effectiveness of the CAC. Notably, the concentrations under 
CAC were lower than those measured on the operator’s vest, 
which is attributed to the fact that the operators occasion-
ally moved out of the CAC zone Reed et al. (2019b). The 
tendency for the concentrations on the left side of the bolter 
to be lower than concentrations on the right is attributed to 

Fig. 5  Particle size distributions derived from SEM–EDX analysis of 
respirable dust samples collected in Mine B during the dry scrubber 
trials in a Sect. 1 and b Sect. 2. The left plots show the overall size 

distribution (i.e., considering all particles) and the other plots show 
major groups of constituents
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the ventilation direction in the mine; per Fig. 3, the intake 
air was on the left of the bolter.

While TGA was not performed on any of the preserved 
dust samples from this study, the SEM–EDX results can be 
used to examine constituents. Table 4 shows that, like for 
the scrubber studies in Mines A and B, the respirable dust 
in Mine C was dominated by coal particles. The C + MC 
(number %) ranged from 58%–80%, with the average being 
71% ± 4.1%. The rest of the dust included various miner-
als, including silicates (AS + SLO, 12% ± 3.7%), silica (S, 
5.9% ± 1.6%) and carbonates (CB, 16% ± 4.9%). Although 
the AS, SLO and S particles were likely sourced from the 
rock strata being drilled by the roof bolter (or re-entrained 
from previous mining by the CM), the source of the CB 
particles in Mine C is not straightforward. This is because 
the roof rock strata in Mine C can include limestone, which 
is dominated by calcium carbonate. Thus, the higher CB 
content observed in Table 4 as compared to the other mine 
locations in this study may be sourced from the roof bolter 
activities. In any case, the source of the CB particles is likely 
the same for all the sampling locations analyzed for the CAC 
study, and therefore should not affect the ability to compare 
results across locations.

Reviewing Table 4, the CAC does not appear to have a 
consistent influence on dust constituents. For example, on 
Day 1, the bolter midpoint sample had less coal (C + MC) 
and more minerals (AS + SLO + S + CB) than most of the 
samples protected by the CAC; but on Day 2, the oppo-
site was observed. However, the particle size distributions 
(Fig. 6) suggest that the CAC may have had some influence 
on particle size. A summary of the particle size data per 
constituent class is given in Table S3 in the Supplemen-
tal Information. The Day 1 results show that, overall, the 
bolter midpoint sample had slightly coarser dust than the 
samples protected by the CAC; and the main differences 
were specifically for the AS + SLO + S constituent group. 
The particles in that group were particularly fine under the 

CAC on the right side of the bolter, and in the right-side 
operator’s vest sample. This may be partially explained by 
the fact that the airflow through the CAC is filtered using 
a MERV 13 filter. Taken together, these findings might 
suggest that the CAC is more effective at filtering the mine 
air that flows over the miner, pushing away coarser parti-
cles from outside mine air preventing them from entering 
the CAC zone of influence, or that there is an inherent 
difference in particle size on different sides of the bolter. 
Regarding the latter, one explanation could be that coarser 
particles on the left side are due to airflow dynamics. Since 
the intake air moves from left to right over the bolter in 
the particular setup studied in Mine C, the airflow over 
the right bolter may have accumulated coarse particles 
generated from the left bolter. Another explanation could 
be differences in the dust generation during bolting opera-
tions on the left and right side of the bolter.

Unfortunately, the Day 2 results offer little insight since 
the particle size distributions are very similar across all 
five of the sampling locations analyzed here (Fig. 6). It 
is worth mentioning that the samplers were not paused 
between completion of each bolting pattern and the sub-
sequent move into another entry (Reed et al. 2019b). Thus, 
any dust collected during roof bolter break and move 
times, is included in the samples analyzed here. The sam-
pling during break and move times may have diluted the 
impact of the CAC influences on the samples. There is no 
way to remove the effect of dust collection during roof 
bolter breaks and move times on these collected samples. 
Therefore, it is not possible to discern the effect of sample 
collection during these times. Given that the Day 1 sam-
ples only represent two entries (i.e., one break/move event) 
and the Day 2 samples represent four entries (i.e., three 
break/move events), this might have had some impact on 
the results—especially the operator vest samples, since the 
operator moved from under the CAC during these events 
(Reed et al. 2019b).

Table 4  Summary of dust 
characterization results for 
samples collected during the 
roof bolter CAC study in Mine 
C

Each value represents the average of duplicate samples for that specific location and day

Day Location Avg. Conc. 
(mg/m3)

SEM–EDX (Based on Number %)

C MC AS SLO S M CB O

Day 1 Bolter Midpoint (No CAC) 0.233 48 14 6 1 8 1 21 1
Right CAC 0.050 66 12 3 0 4 1 13 0
Right vest 0.146 54 16 5 1 7 0 17 0
Left CAC 0.067 66 12 3 0 4 1 13 0
Left vest 0.128 42 16 8 1 6 0 27 1

Day 2 Bolter Midpoint (No CAC) 0.416 69 11 3 0 4 0 11 1
Right CAC 0.289 51 17 9 0 6 0 16 0
Right vest 0.301 58 15 7 0 8 0 11 1
Left CAC 0.166 59 14 6 1 5 0 15 1
Left vest 0.268 52 16 8 1 7 0 16 1
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4.4  Research implications and limitations

The current work demonstrates that detailed dust analysis 
can be performed on appropriate samples preserved from 
prior studies. This approach has obvious merits: it enables 
further insights to be gained about the effects of particular 
dust controls or sampling conditions on respirable dust char-
acteristics, without the significant time, cost and logistical 
efforts needed to conduct new field work. Indeed, in another 
recent investigation by the authors (Animah et al. 2024), 
preserved dust samples were used to explore the effects of a 
novel wet dust collection system for a roof bolter on respir-
able dust characteristics; results suggested the wet system 
may be particularly effective for reducing silica and sili-
cates exposure of the roof bolter operator during dust box 
cleanout, which added to the findings of the original study 
for which the dust samples were collected (Reed et al. 2020).

Nevertheless, it is also important to acknowledge the limi-
tations of such follow-up sample analysis, including the fact 
that analytical options and interpretation of results is con-
strained by the original study design. Regarding NIOSH’s 
original studies that were revisited for the current work, 
their sampling designs were geared toward specific research 

objectives, which did not include the sort of dust sample 
analysis performed here. For example, samples were not col-
lected at the wet scrubber intake or dry scrubber exhaust, 
which somewhat limits the conclusions that can be drawn 
about the direct effects of either scrubber on particle sizes or 
specific dust components. Similarly, the fact that samplers 
used in the CAC study were not paused after completion 
of sampling in each entry but allowed to continuously run 
prior to the start of the subsequent test, might have limited 
the conclusions that could be drawn of the impacts of the 
CAC on dust constituents and sizes. This meant that the 
operator moved out of the zone of influence of the CAC on 
a few occasions during testing, which might have led to the 
mixing of the CAC vest sample with air from other parts of 
the mine.

Finally, it is important to reiterate that, while the current 
study only aimed to analyze particles in the supra-micron 
range, there is increasing attention on the possible risks of 
exposure to finer, even nano-sized, particles in mine environ-
ments (Assemi et al. 2023; Mischler et al. 2016; Pan et al. 
2021; Salinas et al. 2022; Sarver et al. 2019, 2021; Zhang 
et al. 2021, 2022). Analysis well into the submicron range 
is possible with modern SEM instruments, and has been 

Fig. 6  Particle size distributions derived from SEM–EDX analysis 
of respirable dust samples collected in Mine C during the roof bolter 
CAC testing on a Day 1 and b Day 2. The left plots show the over-

all size distribution (i.e., considering all particles) and the other plots 
show major groups of constituents
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demonstrated previously (Assemi et al. 2023; Pan et al. 
2021; Sarver et al. 2019, 2021). Future studies related to 
respirable dust controls and exposure monitoring should 
extend analysis to finer particles to fill the knowledge gap 
in this area.

5  Conclusions

Since dust generation due to strata cutting in mining is inevi-
table, engineering controls are employed to control respir-
able dust hazards in underground coal mines. Engineering 
controls such as auxiliary scrubbers and canopy curtains 
investigated by NIOSH in prior research have proven to be 
efficient in reducing coal miner exposure to respirable dust 
concentrations. In this study, preserved samples from three 
such NIOSH studies on dry and wet auxiliary scrubbers, and 
a roof bolter canopy air curtain system were analyzed by 
TGA and SEM–EDX to evaluate the effects of the controls 
on respirable dust characteristics (i.e., dust composition and 
particle sizes).

The samples from all studies were dominated by coal 
dust particles, with varying amounts of mineral particles—
sourced either from the rock strata being drilled or cut in 
the mine, or from the application of rock dust products. No 
consistent effect of any of the three controls on dust compo-
sition could be demonstrated—at least under the sampling 
conditions for the original NIOSH studies. That said, the 
results for the dry scrubber, though not statistically signifi-
cant, suggested that there might be some differential effect 
on coal versus mineral particles. Specifically, the samples 
collected in the face area downstream of the dry scrubber 
(versus those collected just upstream of the scrubber) were 
generally found to have somewhat higher ratios of coal to 
rock-strata sourced dust. This might mean that the scrub-
ber was slightly more efficient on the mineral dust particles, 
which could be related to a number of factors including 
particle size or surface characteristics. This point begs for 
further investigation.

Furthermore, the operation of the wet scrubber appeared 
to shift the size distribution toward finer particles and the 
canopy air curtain appeared to also slightly reduce dust par-
ticle sizes within its zone of influence. Although a similar 
trend was not evidenced for the dry scrubber, this might have 
been due to the specific sampling location downstream the 
scrubber, which enabled mixing of the scrubber exhaust with 
other return air.

While this study demonstrates that preserved dust sam-
ples can be revisited for follow-up analysis, it presents vari-
ous limitations related to gap between original study objec-
tives and the questions that might be asked by follow-up 
research. To further explore the effects of dust controls on 
dust characteristics, future testing should be specifically 

designed to investigate efficiencies related to dust concen-
tration reduction as well as changes in composition and 
sizes. Particular attention should be given to the efficiency 
for reducing concentrations of the most harmful constituents 
such as respirable silica. For this work, samples should ide-
ally be collected at locations just up- and downstream of 
a given control to validate the various efficiency metrics. 
Additionally, a focus on sub-micron (and even nano-sized 
particles) would be valuable in light of growing evidence 
that finer particles can present increased hazards.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40789- 024- 00688-8.
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