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RESEARCH ARTICLE

Toward rapid silica analysis of CPDM samples: A study of dust recovery 
and quartz estimation using lab and field samples

August Greth, Garek Elie, and Emily Sarver 

Department of Mining and Minerals Engineering, Virginia Polytechnic Institute & State University, Blacksburg, Virginia 

ABSTRACT 
In US coal mines, the continuous personal dust monitor (CPDM) is frequently used to deter
mine miners’ exposure to respirable dust. Capabilities to analyze the respirable crystalline sil
ica (RCS) content of that dust are needed, but the CPDM sample collection substrate 
(“stub”) interferes with direct analysis. To overcome this challenge, a three-step method is 
proposed to recover the dust from the stub, deposit the dust on a polyvinyl chloride (PVC) 
filter, and analyze the recovered dust by Fourier Transform Infrared Spectroscopy (FTIR) to 
determine the quartz content (as a proxy for RCS). Recent work has established procedures 
for the latter two steps using representative dust samples suspended in isopropyl alcohol 
(IPA). That work is extended in the current study to also address the dust recovery step, 
testing both IPA and deionized water (H2O) as recovery liquids. Here, blank CPDM stubs 
were subjected to the entire three-step method and results were used to establish a quartz 
mass correction for residue that is recovered from the stub itself. Then, the method and cor
rection were applied to lab-spiked and field CPDM stubs. For spiked samples, predicted and 
expected quartz mass values were highly correlated (R2 values >0.97 regardless of recovery 
liquid or application of the blank CPDM-stub correction); though predicted values were con
sistently lower than expected values (regression line slopes between 0.84 and 0.86), which 
might be related to effects of total recovered sample mass on the deposition pattern 
achieved on PVC filter. For the field samples, IPA proved to be a much more efficient recov
ery liquid than H2O. Unfortunately, the evaluation of the predicted quartz mass results on 
the field samples was confounded by apparent issues with reference filter samples intended 
to determine expected values.

KEYWORDS 
Continuous personal dust 
monitor; Fourier transform 
infrared spectroscopy; 
respirable coal mine dust; 
respirable crystalline silica   

Introduction

Beginning in the late 1990s, there has been an 
alarming uptick in the prevalence of Coal Worker’s 
Pneumoconiosis (CWP, or “Black Lung”) in the United 
States (Hall et al. 2019). In Central Appalachia, preva
lence of the most severe form of CWP, progressive mas
sive fibrosis (PMF), has been especially high (Blackley 
et al. 2018; Harris et al. 2024). CWP is caused by over
exposure to respirable coal mine dust (RCMD) (Hall 
et al. 2020; Vanka et al. 2022), which can have a variable 
composition depending on dust sources and controls in 
the mining environment. Commonly, though, RCMD 
includes some amount of respirable crystalline silica 
(RCS), and this constituent appears to be a key factor 
driving the recent trends in PMF (Hall et al. 2019; 
Cohen et al. 2022).

In response to resurgent disease, the Mine Safety 
and Health Administration (MSHA) published a “new 
dust rule” in 2014, which reduced the permissible 
exposure limit (PEL) for RCMD, in total, from 
2.0 mg/m3 to 1.5 mg/m3 (“Lowering miners’ exposure 
to respirable coal mine dust, including continuous 
personal dust monitors” 2014). That rule also man
dated the use of new monitoring technology called the 
continuous personal dust monitor (CPDM), which is 
now required for all mine operator-conducted sam
pling. Further, MSHA published a “new silica rule” in 
2024 to reduce the PEL for RCS, specifically, from an 
effective limit of 100 mg/m3 to 50 mg/m3 (“Lowering 
miners’ exposure to respirable crystalline silica and 
improving respiratory protection” 2024). These limits 
will apply to all miners and will be measured as an 
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8-hr time-weighted average (TWA) based on samples 
collected throughout a full worked shift. The “new sil
ica rule” also sets an RCS action level at 25 mg/m3.

Before the CPDM was required, all respirable dust 
sampling was done using a Coal Mine Dust Personal 
Sampling Unit (CMDPSU)—and both mine operators 
and MSHA collected samples to demonstrate regulatory 
compliance. The CMDPSU is a traditional filter sam
pler that collects respirable dust onto a 37 mm polyvinyl 
chloride (PVC) filter. The filter sample can be (and was 
historically) used to determine the RCMD concentra
tion by gravimetric analysis. Additionally, it can (and 
will continue to) be used to determine RCS concentra
tion by Fourier transform infrared spectroscopy (FTIR) 
using a-quartz as a surrogate analyte (i.e., since 
a-quartz, herein termed quartz, is the predominant 
form of RCS in coal mines, see Key-Schwartz et al. 
(2003)). For compliance samples, the RCS analysis is 
conducted using the standard MSHA Method P-7 
Infrared Determination of Quartz in Respirable Coal 
Mine Dust (Goldberg et al. 1984; “Infrared determin
ation of quartz in respirable coal mine dust (U.S.)” 
2013). Briefly, the sample is ashed to remove combust
ible matter (i.e., coal dust and the PVC filter itself); the 
residue is deposited onto a new filter; and that filter is 
analyzed to determine quartz mass, which can be con
verted to mass concentration knowing the sampling 
flowrate and duration. However, since MSHA Method 
P-7 requires substantial sample preparation and must 
be performed in a certified lab, there are delays between 
sampling and results reporting—which can complicate 
efforts to pinpoint and correct factors contributing to 
overexposures.

Moving forward with the “new silica rule,” certified 
lab analysis of filter samples will still be required to 
demonstrate RCS regulatory compliance on at least a 
quarterly basis. However, the ability to collect more 
data, especially more timely data, could be quite valu
able for non-regulatory purposes such as permitting 
mines to keep an eye on RCS concentrations between 
compliance measurements, gauge the effects of new 
dust controls, or monitor changing mining conditions.

To enable more timely RCS data, researchers at the 
National Institute for Occupational Safety and Health 
(NIOSH) have developed a standardized method for 
direct-on-filter (DOF) quartz analysis by FTIR 
(National Institute for Occupational Safety and Health 
2022). It uses the same PVC filter samples as would be 
collected for the Method P-7 analysis, but no sample 
preparation is required. Thus, with a portable FTIR 
instrument, the DOF method can be performed in 
the field to provide rapid (e.g., end-of-shift) results. 

Nevertheless, a main challenge to the widespread adop
tion of the DOF FTIR method is that many coal mines 
are no longer using—and do not even possess—the 
CMDPSUs needed for filter sampling. Rather, following 
the “new dust rule” they have moved almost exclusively 
to using the CPDM (i.e., with only MSHA collecting fil
ter samples for RCS monitoring). A CPDM is worn by 
a miner and allows for real-time RCMD concentration 
monitoring (NASEM 2018). In essence, the instrument 
continuously samples RCMD and measures the accu
mulation of the sample mass using an internal micro
balance. However, there is currently no analytical 
method to enable RCS determination in the collected 
sample.

While FTIR analysis of CPDM samples has previ
ously been considered, a main challenge is the 
makeup of the CPDM’s filter stub assembly, referred 
to as “filter stub” or simply “stub.” It consists of a 
borosilicate glass fiber and polytetrafluoroethylene 
(PTFE) filter, with a woven glass backing mounted to 
a polypropylene (PP) stub (Chow et al. 2022). The 
glass materials directly interfere with the IR spectral 
peaks of the target quartz analyte, which prevents typ
ical DOF analysis using IR absorbance or transmission 
(Tuchman et al. 2008); attempts to use diffuse reflect
ance IR have also been unsuccessful (Miller et al. 
2015). However, a method that includes a simple dust 
recovery step, followed by deposition of the recovered 
dust onto a PVC filter might represent a feasible 
workaround. Figure 1 presents a conceptual illustra
tion of such a method.

To this end, recent work by the authors has 
focused on the deposition and analysis steps shown in 
Figure 1 (Greth and Sarver 2025). Starting with repre
sentative respirable dust suspensions in isopropyl alco
hol (IPA), that work determined a simple syringe 
filter apparatus (i.e., 50-mL syringe with Luer Lock 
connection to an in-line PP syringe filter holder) can 
be used to deposit the dust onto a blank 25 mm PVC 
filter—with a characteristic deposition pattern that is 
repeatable (i.e., same pattern on each filter). Once dry, 
the loaded filter can be scanned by FTIR, and quartz 
mass can be derived from the resulting spectrum. This 
is essentially the same way that quartz mass is deter
mined via NIOSH’s DOF method, except that the 
location of FTIR analysis on the filter is changed. For 
NIOSH’s DOF method (i.e., 37 mm PVC filters with 
RCMD collected directly from the mine atmosphere), 
a single scan in the filter’s center is used (National 
Institute for Occupational Safety and Health 2022). 
However, the authors’ previous work (i.e., 25 mm 
PVC filters with dust deposited from suspension) 
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established a procedure for scanning the filter at four 
points (each offset from the filter center by 8 mm, 90�
apart) and averaging the results (Greth and Sarver 
2025) This was based on the characteristic deposition 
pattern yielded by the in-line PP filter holder (see 
Figure 1).

Though the previous work addressed deposition and 
FTIR analysis of recovered dust, it did not address the 
actual recovery procedure—nor the possible sample 
contamination that might result from the CPDM filter 
assembly, referred to as “CPDM stub” or simply “stub,” 
itself. These are the subjects of the current study. Here, 
a simple recovery procedure was tested which involved 
shaking the CPDM stub in a liquid to create a dust sus
pension; and then the dust was deposited from the sus
pension and analyzed using the previously established 
procedures (i.e., per Figure 1, and as detailed in Greth 
and Sarver 2025). Experiments were conducted in three 
phases with three different sample types: (1) samples 
generated from blank CPDM stubs (“blank CPDM”), 
which were used to observe the range of residue that 
might be expected from the filter stubs themselves and 
to establish corrections for their contribution to total 
sample mass and quartz mass; (2) samples generated 
from blank CPDM stubs spiked with respirable dust of 
known quartz content (“spiked CPDM”), which were 
used to test the CPDM stub residue corrections; and (3) 
samples generated from real CPDM stubs collected 
in the field (“field CPDM”), which were used to evalu
ate the three-step method shown in Figure 1 by com
parison to reference quartz analysis on paired 
CMDPSU filter samples. Notably, within all three 
phases, experiments were conducted using both IPA 

and deionized water (“H2O”) as the recovery liquid. 
The previous work used IPA due to its rapid evapor
ation rate and because it is well-established for methods 
requiring particle recovery/resuspension procedures 
(Goldberg et al. 1984; Ainsworth 2005; Agioutanti et al. 
2020). However, H2O was also tested here as an alterna
tive recovery liquid for a possible field-based method. It 
is readily available and presents minimal contamination 
potential, and effectively no safety risk.

Materials and methods

Blank CPDM filter stub samples

A total of 40 samples were prepared from blank 
CPDM stubs (Thermo Scientific, Waltham, MA). For 
this, clean stainless steel tweezers were used to trans
fer a stub into a clean 50 mL test tube, and then either 
5 mL of IPA (n¼ 20) or H2O (n¼ 20) was added to 
completely submerge the stub. Care was taken not to 
touch the borosilicate filter surface during handling 
(i.e., the tweezers gripped the PP stub frame). Test 
tubes were capped and placed into a test tube holder 
that was secured to a shaker table (Thermolyne Bigger 
Bill, Dubuque, Iowa, USA) using zip ties, and the 
shaker was turned on for 1 min at 350 RPM. The test 
tubes were then uncapped, and the stubs were care
fully removed. Then, the tubes were recapped to min
imize evaporation before each suspension could be 
filtered (i.e., to deposit any particulate recovered from 
the CPDM stub).

Suspensions were filtered through 25 mm PVC filters 
(Zefon International, Ocala, FL, USA), which were pre- 

Figure 1. Conceptual illustration of a method to enable FTIR analysis of CPDM samples, wherein (1) dust is recovered into a sus
pension from the CPDM filter stub; (2) the recovered dust is deposited onto a clean PVC filter; and (3) the PVC filter is analyzed by 
FTIR using preset scan locations.

462 A. GRETH ET AL.



weighed using a Cubis MSE6.6S microbalance 
(Sartorius, Gottingen, Germany). After pre-weighing, 
each filter was loaded into a PP in-line syringe filter 
holder (Sterlitech Corporation, Auburn, WA) along 
with a cellulose backing pad. The filter holders have 
Luer Lock inlets and were used with 50 mL sterile 
syringes (BD, Franklin Lakes, NJ). After the suspension 
was pushed through the PVC filter, the holder was 
opened, and the filter was carefully transferred to a 
two-piece cassette (inlet and outlet plugs removed) and 
allowed to dry completely in a clean fume hood for at 
least 12 hr. Then it was re-weighed and sample mass 
(M, mg) was determined using Equation 1:

M ¼ F2 − F1 (1) 

where F1 and F2 are the filter pre- and post-weights, 
respectively. Greth and Sarver (2025) previously inves
tigated this method for deposition of dust from a sus
pension in IPA, followed by quartz analysis. In that 
work, dust samples deposited onto 25 mm PVC filters 
were weighed and handled (for analysis) during three 
consecutive events, and negligible changes in sample 
mass were observed.

Spiked CPDM filter stub samples

Another 40 samples were prepared using blank CPDM 
stubs spiked with respirable-sized dust of known quartz 
content. These samples were prepared using the same 
procedure described above to shake a blank stub in 
either IPA (n¼ 20) or H2O (n¼ 20); however, this time, 
after the stub was removed from the test tube, a small 
mass of respirable dust from one of two sources was 
added to the tube to create a suspension that included 
any residue from the stub as well as dust particles.

The respirable dust was collected from one of two 
bulk samples of material representing a real source of 
coal mine dust. One material was “bolter dust,” which 
was taken directly from the dust collection system of 
a roof bolter machine at a partner mine; and the other 
was created from raw “roof rock” that was taken from 
the production belt in a different partner mine. To 
create the dust source material from the roof raw, 
large pieces of the rock (i.e., between 20 and 100 cm) 
were pulverized and sieved to yield a top size of 
approximately 60 mm. Respirable dust from both 
source materials was previously analyzed by the stand
ard NIOSH Method 7603 QUARTZ in Coal Mine 
Dust, by IR (redeposition) to determine quartz content, 
and results showed the bolter dust contained an aver
age of 9.51% quartz and the roof rock contained 
10.5% quartz based on the results of two samples for 
each dust type. For this study, respirable dust was 

collected from each materials using the following pro
cedure: A small mass of the material was placed in an 
enclosure and aerosolized using compressed air, and 
CMDPSUs (i.e., 10 mm nylon cyclone with a personal 
air pump at 2.0 L/min) were used to collect the respir
able dust directly onto 37 mm polytetrafluoroethylene 
(PTFE) filters (Zefon International, Ocala, FL, USA) 
in closed two-piece cassettes. The PTFE filters were 
pre- and post-weighed to estimate the total mass of 
respirable dust collected, and a total of 20 filters were 
collected for each material having mass in the range 
of about 0.1 to 2.0 mg to simulate realistic CPDM 
sample masses that might be expected in the field.

To add the coal mine source dust to each suspen
sion (i.e., already containing any residue from a blank 
CPDM stub), one of the loaded PTFE filters was sub
merged in the test tube; this was done to create 10 
samples representing each recovery liquid and dust 
source combination (i.e., n¼ 10 for bolter dust in 
IPA, n¼ 10 for roof rock with IPA, n¼ 10 for bolter 
dust with H2O, and n¼ 10 for roof rock with H2O). 
Next, the tubes were capped and placed into a sonic 
bath at 32 �C for 3 min to dislodge the dust from the 
PTFE filters. Then, the PTFE filters were removed 
from the tubes and the tubes were recapped until the 
suspensions were deposited onto pre-weighed 25 mm 
PVC filters (i.e., using the same procedure described 
above.) Finally, the dry PVC filters were re-weighed 
such that sample mass could be determined using 
Equation 1.

Field CPDM and reference samples

A total of 34 samples were prepared from CPDM 
stubs that were collected as part of a separate study 
(Elie et al. 2024) and leveraged for the current work 
(see Supplementary material, Table S1). Importantly, 
as part of the mine sampling to collect the CPDM 
stubs, CMDPSUs were also used to collect paired 
PVC filter samples which could be utilized for refer
ence analysis.

Mine sampling
The CPDM stubs and paired PVC filter samples were 
collected in an underground room and pillar mine. 
Field sampling was conducted during 20 separate 
sampling events, representing a fixed location during 
a particular production shift. The locations were 
expected to have relatively high dust concentrations 
(i.e., just downwind of an active continuous miner or 
roof bolter, or in the return airway of the mine sec
tion). In all, two CPDM stubs were available from 
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each of 14 events and a single CPDM stub was avail
able from each of the other six events (i.e., 34 stubs in 
total, see Supplementary material, Table S1). Although 
the CPDM units were running for the entire shift (i.e., 
between 8 and 10 hr), which is standard practice based 
on the way the units are programmed for regulatory 
monitoring, they were kept inside a transport case to 
limit dust collection except while set up in the target 
sampling locations (i.e., generally about 3.6 to 5.4 hr, 
or about 40 to 80% of the entire shift length). When 
the sampling team arrived at a target location, they 
set up one or two CPDM units along with three 
CMDPSUs to collect the paired PVC filter samples; 
across all 20 events, this yielded 34 CPDM stubs and 
72 filter samples. Each CMDPSU used the same 
10 mm Dorr-Oliver cyclone, air pump, and flow rate 
stated above to collect respirable dust directly onto a 
pre-weighed 37 mm PVC filter. In each location, the 
CPDMs and paired CMDPSUs were all hung from a 
steel frame at a height of approximately 1.5 to 2.0 m 
with the sampling inlets oriented in the same direc
tion, and they were all allowed to sample for the same 
duration. When the CMDPSUs were stopped, the 
CPDMs were placed back inside the transport case 
until they were stopped at the end of the shift.

Sample preparation
Following each shift, each CPDM stub was carefully 
removed from the CPDM unit and placed into a clean, 
50 mL PP test tube for transport. Then, the CPDM’s 
data log was downloaded. Each unit’s internal tapered 
element oscillating microbalance (TEOM) determines 
the accumulated dust mass on the filter per minute, 
which is used to report the mass after applying a correc
tion bias (for internal dust loss and thermal zero drift), 
and then converts the mass on an MRE-equivalent 
basis1) using a multiplier (Volkwein et al. 2006; Page 
et al. 2007, 2008). This data and the corrections were 
used to estimate the mass collected over the entire shift 

and the mass collected in the target location per 
Equation 2:

MCPDM¼
ðM2 − M1Þ 1þ 6:6

100
� �

1:05
− 0:0255 (2) 

where, M1 and M2 are the CPDM-recorded mass (mg) at 
the start and end times of the relevant sampling period 
(i.e., shift or target location), respectively, 6.6% is the 
internal dust loss correction bias, 0.0255 is the thermal 
zero drift bias correction (mg), and 1.05 is the MRE con
version factor. To recover dust from each CPDM stub 
and deposit it for FTIR analysis (i.e., onto a pre-weighed 
25 mm PVC filter) the same procedures described above 
for blank CPDM samples were used. In total, 24 of the 
field CPDM stubs were recovered in IPA and the other 
10 were recovered in H2O. After the 25 mm PVC filters 
deposited with dust were dry, they were re-weighed, and 
the total sample mass was determined using Equation 1.

The reference field samples collected directly onto 
pre-weighed 37 mm PVC filters (i.e., using CMDPSUs) 
were kept in their original cassettes for transport back 
to the laboratory. There, they were re-weighed and the 
total sample mass for these filters was also determined 
per Equation 1.

FTIR analysis

Analysis of samples prepared from CPDM filter 
stubs
All 25 mm PVC filter samples prepared from the blank, 
spiked, and field CPDM stubs were analyzed by FTIR 
to estimate quartz mass. For this, an Alpha II spectrom
eter and the accompanying OPUS software (Bruker 
Optics, Billerica, MA) were used. The filter was placed 
into a custom 3-D printed analysis cassette, which was 
mounted in the spectrometer chamber using a custom- 
printed holder (Figure 2). The square cassette and 
holder have dimensions such that the filter center is 
aligned with the spectrometer’s infrared beam (6 mm 

Figure 2. 3-D printed 25 mm cassette holder (left) shown with the square cassette (right).
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diameter). Based on the prior work to establish optimal 
scanning locations for 25 mm filter samples yielded by 
the dust deposition procedure used here (Greth and 
Sarver 2025), a spacer bar was placed under the cassette 
such that the beam was offset from the filter center by a 
distance of 8 mm. Then, the filter was scanned at four 
8 mm offset locations (90� apart) by simply rotating the 
cassette.

The filter samples were prepared from CPDM stubs 
and analyzed in batches. To initiate analysis of each 
batch, a blank PVC filter was scanned at its center 
(i.e., using the cassette and holder shown in Figure 2
with no spacer bar), and the resulting spectrum was 
used for a blank correction to account for any back
ground interference from the PVC media itself or 
environmental conditions (e.g., humidity). Each filter 
sample was analyzed three times on three separate 
days (events). Since the filter was placed into and 
removed from the analysis cassette for each event, the 
actual scan locations varied (i.e., due to the relative 
rotation of the filter within the cassette).

For each event, the PVC-blank corrected spectrum 
from each of the four scan locations was used to obtain 
the integrated spectral peak areas in two predetermined 
ranges: from 767 cm−1 to 816 cm−1 cover the unique 
quartz doublet peak, and from 900 cm−1 to 930 cm−1 

cover the primary kaolinite peak (National Institute for 
Occupational Safety and Health 2022). Notably, kaolin
ite is known to commonly occur in respirable coal 
mine dust samples (Ojima 2003; Miller et al. 2012) and 
it has a secondary peak that overlaps with the quartz 
doublet peak, which can cause interference with quartz 
quantification. However, because the primary and sec
ondary kaolinite peaks occur in near constant ratio, the 
primary kaolinite peak can be used to correct the sec
ondary peak’s interference with quartz per Equation 3:

QPA ¼ QPAuncorrected −
KPA
3:8

(3) 

where QPAuncorrected is the integrated area under the 
quartz doublet peak (arbitrary units); KPA is the inte
grated area under the primary kaolinite peak (arbi
trary units); 3.8 is the constant ratio between the 
primary and secondary kaolinite peaks; and QPA is 
the kaolinite-corrected quartz peak area (arbitrary 
units) (Pokhrel et al. 2022).

For each event, the QPA values were then averaged 
(i.e., across all four scan locations) and used to predict 
the quartz mass on the sample filter (Qpred, mg) per 
Equation 4:

Qpred ¼
QPA

f
(4) 

where f is a QPA-to-quartz mass calibration factor. 
For the specific dust deposition (i.e., 25 mm PVC filter 
using an inline PP syringe filter holder) and scanning 
locations used here (i.e., four points at 8 mm offset 
from center), the previous work by Greth and Sarver 
(2025) established this factor to be 7.48.

Finally, the Qpred values from each event were aver
aged to obtain a mean value and standard deviation 
for each sample.

Analysis of reference field samples
FTIR analysis was also conducted on the reference 
field samples collected by CMDPSUs. For these sam
ples, the FTIR analysis was done directly on the 
37 mm PVC filter per the method standardized by 
National Institute for Occupational Safety and Health 
(2022). Each filter was placed into an analysis cassette 
and holder designed to align the center of a 37 mm 
filter with the spectrometer beam, and a single scan 
was performed on the filter center. Again, the result
ing spectrum was PVC-blank corrected, and the inte
grated quartz and primary kaolinite peak areas were 
used to determine “QPA” per Equation 3.

Equation 4 was again used to predict quartz mass 
from “QPA” for the reference samples. This time, 
however, the calibration factor (f¼12.3) was estab
lished using a linear regression model of “QPA” vs. 
quartz mass determined by the standard NIOSH 
Method 7603 for 10 (of 72 total) reference samples 
(The Method 7603 analysis was performed by a con
tract lab, and the calibration curve is shown in 
Supplementary material, Figure S1.).

Data analysis

The results from the blank CPDM samples were used 
to evaluate the range of total mass and quartz mass 
that might be associated with the CPDM dust recov
ery and redeposition procedures used here; and to 
establish corrections (i.e., based on median observed 
values as discussed below). After applying those cor
rections, the predicted quartz mass values for the 
spiked and field CPDM samples were compared to 
expected values, computed using Equation 5:

Qexp ¼ M � PQ (5) 

where M is total sample mass (per Equation 1) and 
PQ is the percent quartz in the sample. For the CPDM 
samples spiked with respirable dust from the bolter 
dust or roof rock material, PQ was taken as 9.51% or 
10.5%, respectively; as noted above, these values were 
previously determined and reported by Greth and 
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Sarver (2025). For each of the field CPDM samples, 
PQ was estimated as the average value observed for 
the three paired reference samples (i.e., using the ratio 
of predicted quartz mass per Equation 4 and total 
sample mass per Equation 1 for the 37 mm PVC fil
ters analyzed direct-on-filter).

Results and discussion

Blank CPDM samples

Data for the blank CPDM samples are tabulated 
in the Supplementary material. Tables S2 and S3 
(Supplementary material) show for the samples recov
ered in IPA and H2O, respectively, the total sample 
mass (per Equation 1), corrected quartz peak area (per 
Equation 3) for each FTIR scan location per analysis 
event and mean predicted quartz mass (per Equation 
4). Figure 3 plots the mean predicted quartz mass as a 
function of the total sample mass, and linear regression 
trendlines and their equations are shown (Notably, one 
sample recovered in IPA [blank CPDM sample S14] 
was identified as an outlier using the “greater than 
1.5� outside than the interquartile range” rule and was 
removed from the plot and the regression analysis.).

Figure 3 shows that, regardless of whether IPA or 
H2O was used as the recovery liquid, the total sample 
mass—presumably due to residue from the CPDM 
stub—was limited to about 0.040 mg. However, while 
the H2O recovery yielded consistently low values of 
mean predicted quartz mass (i.e., between about 0.005– 
0.012 mg for all 20 samples), the IPA recovery occasion
ally yielded higher values (i.e., >0.012 mg for 5 of 20 
samples). This suggests the IPA recovery can sometimes 
promote either higher removal of quartz-containing 

residue from the CPDM stub or more efficient transfer 
of that residue to the PVC filter for analysis. There is 
also potential that unevaporated IPA is interfering with 
quartz determination despite waiting a day after depos
ition to analyze the samples (Ainsworth 2005). 
Anecdotally, during the recovery procedure, it was 
observed that the CPDM stub sinks in IPA, but floats in 
H2O. This is consistent with differences in the density 
of the two liquids (i.e., IPA is less dense than H2O)— 
and likely increased the contact between the IPA and 
the stub surfaces vs. the H2O. Further, the relatively 
lower surface tension of IPA probably results in better 
transfer of particulates because they should be less likely 
to stick to the recovery tube and syringe surfaces 
(Mizerski 2018; Zdziennicka and Ja�nczuk 2020).

In an unknown sample prepared from a CPDM 
stub, there will be no way to differentiate between the 
mass contributed by the stub itself (i.e., residue) vs. 
the dust. To account for any residue, the data shown 
in Figure 3 were used to establish corrections for both 
total sample mass, predicted quartz mass, and recov
ery efficiency per Equations 6 and 7:

M0 ¼ M − Mblank (6) 

Qpred
0 ¼ Qpred − Qpred blank (7) 

where M0 and Qpred
0 are the blank stub-corrected total 

sample mass (mg) and predicted quartz mass (mg), 
respectively, and Mblank and Qpred blank are the median 
total sample mass and predicted quartz mass values 
observed for the CPDM blank samples. For the H2O 
recovery (n¼ 20), Mblank was 0.014 mg and Qpred blank 
was 0.009 mg; for the IPA samples (n¼ 19), Mblank 
was 0.025 mg and Qpred blank 0.010 mg.

Figure 3. Mean predicted quartz mass vs. total sample mass for blank CPDM stubs recovered in (a) IPA and (b) H2O. Error bars 
indicate the standard deviation from the mean for predicted quartz mass (i.e., across all three analysis events).
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Spiked CPDM samples

Data for the CPDM samples spiked with either bolter 
dust or roof rock are given in Tables S4 and S5 
(Supplementary material), respectively, including the 
total sample mass (per Equation 1) and corrected total 
sample mass (Equation 6); kaolinite-corrected quartz 
peak area (Equation 3) for each FTIR scan location 
per analysis event; and mean predicted quartz mass 
(Equation 4) and corrected predicted quartz mass 
(Equation 7). Figure 4 plots the mean predicted quartz 
mass against the expected quartz mass for these sam
ples, again with results from the IPA and H2O recov
ery liquids shown separately. In Figure 4, the results 
are presented with and without the blank CPDM-stub 
corrections for comparison (Notably, the Equation 6
correction for quartz mass affects the Qpred value dir
ectly, and the Equation 7 correction for total sample 
mass affects the Qexp value per Equation 5.).

Figure 4 shows a strong correlation between pre
dicted and expected quartz mass, with both the cor
rected and uncorrected results exhibiting R2 values 
>0.97 regardless of the recovery liquid. (Notable dif
ferences were not observed between the two dust 
types used to spike the samples.) Since the blank 
CPDM-stub corrections are relatively small concern
ing the total sample mass and predicted quartz mass 
for most samples, the regression line equations are 
quite similar for uncorrected and corrected data, with 
the main difference being reduced y-intercept values 
for the corrected data. In essence, these values indicate 
that, for a sample with no quartz content, the FTIR 

analysis (including blank CPDM-stub correction) 
would yield a predicted quartz mass of about 
0.002 mg for IPA recovery or about 0.001 mg for H2O 
recovery. The regression line slopes (i.e., about 0.86 
for IPA and 0.85 for H2O) indicate a tendency to 
underpredict quartz mass; and close inspection of the 
data shows that this tendency increases as the quartz 
mass on the filter increases. This trend is likely an 
effect of total sample mass—which is about 10� the 
expected quartz mass for the spiked CPDM based on 
the quartz content in the dust (i.e., 9.51 or 10.5%). As 
discussed in the prior work by Greth and Sarver 
(2025), with increasing total sample mass, the dust 
deposition pattern on the 25 mm PVC filter may 
change slightly (i.e., to become more center-heavy). It 
is also possible that higher-mass samples are more 
susceptible to mass loss during handling—though the 
narrow error bars shown in Figure 4 (for all but one 
sample prepared in IPA) indicate little event-to-event 
variation.

Overall, the results shown in Figure 4 are consist
ent with those of the prior work by Greth and Sarver 
(2025): using the same coal mine source materials to 
create respirable dust suspensions in IPA (but without 
a blank CPDM stub), the same procedure and syringe 
filter apparatus to deposit the dust onto 25 mm PVC 
filters, and the same FTIR scanning pattern and 
QPA-to-quartz mass calibration factor, the correlation 
between predicted and expected quartz mass had an 
R2 value of 0.91, and the linear regression line equa
tion had a y-intercept of 0.006 mg and a slope of 0.94.

Figure 4. Mean predicted quartz mass vs. expected quartz mass for spiked CPDM samples prepared in (a) IPA and (b) H2O recov
ery. A 1:1 line is shown for reference. On both plots, results are shown with and without total sample mass and quartz mass cor
rections to account for blank CPDM-stub residue. Error bars indicate the standard deviation from the mean for predicted quartz 
mass (i.e., across three analysis events). Samples spiked with bolter dust material and roof rock material are represented by squares 
and triangles, respectively.
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To evaluate the accuracy of predicted quartz mass 
values against the expected values for the spiked 
CPDM samples, root mean square error (RMSE) was 
computed. For the samples prepared in IPA, RMSE 
was 0.014 and 0.010 mg for corrected and uncorrected 
data, respectively; and for the samples prepared in 
H2O, the RMSE values were 0.010 and 0.008 mg. The 
relatively higher RMSE values associated with the cor
rected data are again due to results on higher-mass 
samples, for which the quartz mass is already being 
somewhat underpredicted (i.e., per Figure 4). This 
highlights that, while the blank CPDM-stub correction 
is particularly important for lower-mass samples, the 
effect of (what appears to be) gradually changing 
deposition pattern with total sample mass becomes 
more relevant for higher-mass samples.

Field samples

For the field CPDM samples, the relative efficiency of 
transferring the dust mass from the CPDM stub to 
the 25 mm PVC filter for analysis was evaluated. For 
this, recovery efficiency (R0) was estimated using 
Equation 8:

R0 ¼
M0

MCPDM
� 100% (8) 

where M0 and MCPDM are determined per Equations 6
and 2, respectively. Note that M0 was used rather than 
M since the recovery efficiency should account for the 
blank-stub correction to the total sample mass ana
lyzed by FTIR.

Data for the field CPDM samples are given in 
Table S6 (Supplementary material), including the total 
sample mass (per Equation 1) corrected total sample 
mass (Equation 6); estimated dust recovery efficiency 
(Equation 8); kaolinite-corrected quartz peak area 

(Equation 3) for each FTIR scan location per analysis 
event; and mean predicted quartz mass (Equation 4) 
and corrected predicted quartz mass (Equation 7). 
Table S7 (Supplementary material) gives the results 
for the three paired reference samples collected along
side each of the field CPDM stubs, including the total 
sample mass (per Equation 1) and predicted quartz 
mass (per Equation 4). For context, the estimated 
range of quartz percentage for the field samples was 
1.86-11.0% based on the ratio of predicted quartz 
mass to total sample mass for the reference samples.

Figure 5 shows the distribution of estimated recov
ery efficiency values for the field CPDM samples pre
pared using IPA (n¼ 24) and H2O (n¼ 10), as well as 
the recovery efficiency vs. total CPDM stub sample 
mass (i.e., per Equation 2 using the entire sampling 
duration). Removal of dust from the stub and transfer 
to the 25 mm PVC filter for FTIR analysis was much 
more efficient using IPA (mean of 55.7%) vs. H2O 
(mean of 15.8%); and a Student’s t-test (at 95% confi
dence, assuming unequal variance) confirmed the dif
ference is statistically significant (p< 0.01). The 
enhanced recovery efficiency in IPA is attributed to 
the increased contact between the liquid and the 
CPDM stub’s filter area, and improved dispersion of 
particles within the suspension (per the previous dis
cussion). Interestingly, no correlation was observed 
between recovery efficiency and total CPDM stub 
sample mass. Indeed, efficiency was estimated to be 
50% or greater for 18 (of 24 total) CPDM stubs recov
ered in IPA, including all stubs with less than 
1.000 mg of total mass. For the six stubs exhibiting 
lower recovery efficiency (<50%), it is possible that 
some of the dust mass was lost during handling of the 
stub (i.e., during removal from the CPDM unit fol
lowing mine sampling, or transfer between the test 

Figure 5. Recovery efficiency observed for field CPDM samples prepared in IPA and H2O. Plot (a) shows the overall distribution of 
values and (b) shows blank stub-corrected recovery efficiency vs. total dust mass collected on the CPDM stub.
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tube used to transport the sample and tube used for 
the recovery procedure.) For the 10 CPDM stubs 
recovered in H2O, there was similarly no correlation 
between recovery efficiency and total sample mass on 
the stub—but only three samples exhibited an effi
ciency greater than 25%. For practical applications, 
such low values may not support meaningful quartz 
mass predictions.

Figure 6 shows the mean predicted quartz mass 
against the expected quartz mass for the field CPDM 
samples. (No samples were identified as outliers.) For 
the samples prepared in H2O, the results indicated 
very good agreement between the predicted and 
expected values—especially for the data considering 
the blank CPDM-stub correction, which yielded a 
regression line with a low y-intercept (0.007 mg) and 
nearly ideal slope (0.98). That said, the relatively low 
recovery efficiency in H2O is evident, with all samples 
expected to have less than 0.050 mg of quartz mass 
(and total sample masses less than about 1.000 mg, see 
Supplementary material, Table S6).

For the samples prepared in IPA, Figure 6 illus
trates that the higher recovery efficiency yielded a 
wider distribution of quartz mass values (i.e., up to 
about 0.225 mg, with total sample masses up to about 
2.400 mg). As observed for the spiked CPDM samples, 
there is an apparent tendency to underpredict quartz 
mass; but the slope of the regression lines for the field 
CPDM samples in Figure 6a (i.e., about 0.63 vs. 0.86 
for the spiked CPDM samples) suggests the underpre
diction is more severe. Again, there may be an effect 
of total sample mass (i.e., quartz mass values appear 

to be substantially underpredicted for higher mass 
samples), however, additional factors might also be at 
play which are related to the paired reference samples 
(i.e., used to estimate expected quartz mass for each 
of the CPDM samples).

One such factor could be the different sampling 
times for the CPDMs and reference samples: As 
described earlier, the reference samples were collected 
in the target sampling locations alongside the CPDM 
stubs. However, though the CPDMs collected most of 
the total stub mass in the target location (i.e., mean of 
80% per data in Supplementary material, Table S1), 
they collected some of the mass during the preceding 
and subsequent time intervals (i.e., which made up 
the balance of the full shift duration). Since the dust 
collected in the target locations is generally expected 
to have higher quartz content than dust collected dur
ing other time intervals (e.g., transport in an out of 
the mine), some CPDM samples were likely diluted in 
effect—meaning their quartz mass values should be 
somewhat lower than the expected values derived 
from the reference samples. This could contribute to 
the relatively low slope of the regression lines in 
Figure 6a.

Another factor affecting the apparent underpredic
tion of quartz mass from the field CPDM samples 
could be the accuracy of the direct-on-filter FTIR ana
lysis on the reference samples: As explained earlier, 
this analysis was used to derive the mean expected 
quartz mass values shown in Figure 6a (i.e., by pre
dicting quartz mass on triplicate reference samples 
such that quartz percentage in the sampling location 

Figure 6. Mean predicted quartz mass vs. expected quartz mass for field CPDM samples prepared in (a) IPA and (b) H20. To deter
mine expected quartz mass (per Equation 5), the left plot in (a) and the plot in (b) used direct-on-filter FTIR analysis of the refer
ence samples to estimate percent quartz); however, the right plot in (a) uses results derived from Method NIOSH 7603 analysis. A 
1:1 line is shown for reference. On both plots, results are shown with and without total sample mass and quartz mass corrections 
to account for blank CPDM-stub residue. Error bars indicate the standard deviation from the mean for predicted quartz mass (i.e., 
across three analysis events) and expected quartz mass values (i.e., across three reference samples).
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could be estimated). However, the wide error bars on 
many of the expected quartz mass values in Figure 6a
indicate substantial uncertainty. Although differences 
between triplicate reference samples could simply 
indicate spatial variability in the sampling location, 
this would not explain the consistent and substantial 
negative bias for quartz mass predicted from the 
paired CPDM samples. More likely, the dust loading 
pattern on the reference sample filters was somewhat 
variable, which would effectively change the relation
ship between observed QPA and quartz mass. In 
high-concentration environments, respirable dust 
loading on filters (collected with the same CMDPSUs 
used here) tends to be center-heavy (Pokhrel et al. 
2021; Keles et al. 2022); and using a single center- 
point scan for FTIR analysis should cause overesti
mation of quartz mass. To interrogate this possibility, 
Figure 6b shows the predicted quartz mass for the 
field CPDM samples that had a paired reference sam
ple analyzed by NIOSH Method 7603 (n¼ 16); for 
these data points, the expected quartz mass is based 
on the Method 7603 result, which should not be 
affected by deposition pattern. The increased slope of 
the trendline (i.e., 0.76 using Method 7603-derived 
expected quartz mass) supports the idea that the dir
ect-on-filter FTIR analysis likely overestimated the 
quartz mass on some reference filters—especially those 
with higher total sample mass.

In summary, it appears that the field CPDM sam
ples results shown in Figure 6 are affected by both the 
underprediction of quartz mass on the recovered 
25 mm filter, and the overestimation of the expected 
quartz mass derived from the paired reference sam
ples. Combined, these factors help explain the relative 
difference trends between the spiked CPDM sample 
results shown in Figure 4 and the field CPDM sample 
results shown in Figure 6.

Study implications and limitations

This study aimed to evaluate a method enabling the 
determination of quartz (as a surrogate for RCS) in 
dust samples collected using CPDMs, such that RCS 
monitoring efforts in coal mines can be expanded 
simply by leveraging CPDM samples that are already 
being collected. The method studied here essentially 
requires that dust can be efficiently recovered from 
the CPDM stub and redeposited onto a PVC filter; 
FTIR analysis can be conducted to predict the quartz 
mass on that filter; and corrections can be made to 
account for any interference yielded by residue recov
ered from the stub itself.

Regarding dust recovery, the field CPDM samples 
demonstrated that IPA may be a viable liquid, but 
more work is needed to address the range of recovery 
efficiency values that might be achieved. Here, IPA 
recovery typically yielded values >50% (i.e., for 18 of 
24 CPDM stubs), but six values were below this 
threshold range (ranging between 28 and 44%). High 
recovery efficiency is needed to ensure adequate dust 
to exceed limits of detection (LOD) and quantification 
(LOQ) thresholds, which were previously determined 
to be around 0.005 and 0.018 mg for blank PVC 
media (see Greth and Sarver 2025)—and will increase 
when considering the possibility of CPDM-stub resi
due (see below). However, for a field-based method, a 
narrow range of expected recovery efficiency is also 
important for the interpretation of results. This is 
because, without a sensitive microbalance, the total 
mass of the recovered sample probably cannot be 
determined, so reporting quartz mass or mass concen
tration in the original CPDM requires some assump
tion of recovery efficiency. As an example, suppose a 
CPDM stub collected dust over an 8-hr shift (at the 
standard 2.2 L/min flowrate), and the predicted quartz 
mass on the recovered sample (i.e., on a 25 mm PVC 
filter) was 0.100 mg. Using the high (83%) and low 
end (28%) of the range of IPA recovery efficiency 
observed here, the quartz mass on the CPDM stub 
could be reported as being between 0.028 and 
0.083 mg, and yielding a mass concentration between 
26 and 79 mg/m3. With a narrower range of expected 
recovery efficiency, the results could be reported more 
precisely. That said, given the sheer number of CPDM 
samples being collected in mines and the relative sim
plicity of the proposed dust recovery and analysis 
method, a method such as the one evaluated here 
could be performed in a centralized lab with capabil
ities to directly determine the recovered dust mass.

Regarding the prediction of quartz mass on the 
recovered sample filter, results presented here suggest 
the deposition pattern on the filter may gradually 
change with total sample mass—yielding increasingly 
underpredicted values. This was observed for both the 
spiked and field CPDM samples, however, the field 
sample results should be viewed with ample caution 
considering the likely issues surrounding their paired 
reference samples (i.e., which affected the regression 
lines shown in Figure 6). For the spiked CPDM sam
ples, the results shown in Figure 4 (for IPA recovery) 
suggest the under-prediction should only be about 
12% for a sample with 1.500 mg of total dust with 
10% quartz content; and, to reiterate, this fits well 
with findings in the prior work to develop the dust 
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deposition and FTIR analysis procedures (Greth and 
Sarver 2025) Nevertheless, if relatively larger sample 
sizes are expected, this problem could be addressed by 
considering multiple QPA-to-quartz mass calibration 
factors, or other PVC filter sizes and/or deposition 
apparatus designs.

Regarding the possibility of residue from the 
CPDM stub itself, results here suggest that the associ
ated quartz mass is typically small (i.e., less than 
0.012 mg)—however, the IPA recovery can sporadic
ally yield higher values. This affected the numerical 
correction (i.e., established as 0.010 mg quartz mass), 
and will also affect the uncertainty of the results. For 
direct-on-filter FTIR analysis of quartz in dust sam
ples, LOD and LOQ have been reported considering 
the standard deviation of results observed on blank 
PVC filters; specifically, LOD and LOQ were deter
mined as 3� and 10� standard deviation, respectively 
(e.g., see Lorberau 1990; Farcas et al. 2016). This 
approach was also taken in the prior work to establish 
the dust deposition and FTIR analysis procedures 
used here (Greth and Sarver 2025) However, for sam
ples recovered from CPDM stubs, determination of 
LOD and LOQ could consider “procedural blank PVC 
filters,” meaning filters that have been prepared using 
blank CPDM stubs to account for the residue they 
contribute to the final sample. Using the data shown 
in Figure 3, this approach would yield an LOD of 
0.019 mg and LOQ of 0.062 mg, which are much 
higher than desired—especially given the PEL and 
action level set by the “new silica rule.” To address 
this issue, more work is required to evaluate the 
recovery procedure used here, or modifications of it. 
In particular, it is necessary to determine if or how 
handling of the CPDM stub may affect the total resi
due mass and its quartz content, and the rate of high 
quartz-mass residue observations for different batches 
of CPDM stubs. Such work may narrow the range of 
quartz mass associated with the blank stubs, and 
thereby lower the LOD and LOQ values.

Conclusions

CPDMs are frequently used in US underground coal 
mines to monitor RCMD. While these instruments can
not directly measure RCS, capabilities for post-hoc ana
lysis of the sample collected by the CPDM could be 
quite valuable. The method tested here includes three 
essential steps to (1) recover the dust from the CPDM 
filter stub, (2) redeposit it to a PVC filter, and (3) ana
lyze that filter by FTIR to predict quartz mass (i.e., as a 
surrogate for RCS). Results demonstrate that recovery 

efficiency in IPA can be high (mean of 55.7%), whereas 
the efficiency in H2O is much lower (mean of 15.8%). 
For a field-based method, IPA recovery appears prom
ising, but work is needed to tighten the range of recov
ery efficiency to enable reporting of quartz mass or 
mass concentration within the context of the original 
CPDM sample. Otherwise, the method would need to 
be performed in a laboratory where the recovered sam
ple mass can be accurately measured. Additional work 
is also needed to reduce the potential for sporadically 
high quartz-mass contributions from the CPDM stub 
itself. Otherwise, the LOD and LOQ of the method 
tested here will be relatively high, limiting its practical
ity for real CPDM samples. Finally, the effect of the 
total recovered sample mass on the predicted quartz 
mass should be further explored. For the spiked CPDM 
samples, predicted quartz mass showed a better correl
ation to the expected quartz masses as indicated by the 
regression line’s slope of 0.86, but for the results for the 
FIELD CPDMs yield a slope of 0.63 for the regression 
line. Results in the current study suggest the deposition 
pattern on the recovered filter might gradually change 
with increasing mass, and this can affect predicted 
quartz mass since FTIR analysis is performed on a lim
ited number of locations with results extrapolated 
across the entire filter. A simple solution might be spe
cific QPA-to-quartz mass calibration factors for sam
ples expected to have “low” vs. “high” total recovered 
sample mass (i.e., based on the CPDM-recorded dust 
mass and an expected range of recovery efficiency).

Notes

1. The CPDM was designed for regulatory monitoring in 
US coal mines, where respirable dust exposure 
standards have historically been based on ‘MRE 
equivalent’ mass. This refers to the mass collected by a 
Mining Research Establishment (MRE) sampler, which 
yields a slightly different size distribution than the 
CPDM (and CMDPSU) (Tomb et al. 1973). To account 
for the effect on sample mass, the CPDM applies a 
constant MRE equivalency of 1.05 (Page et al. 2008).
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