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REPORT

Evaluation of PVC and PTFE filters for direct-on-filter crystalline silica 
quantification by FTIR

Bankole Oshoa,b, Mohammadreza Elahifarda, Xiaoliang Wanga , Behrooz Abbasib, Judith C. Chowa,  
John G. Watsona, W. Patrick Arnottb, Wm. Randolph Reedc, and David Parksd 

aDivision of Atmospheric Sciences, Desert Research Institute, Reno, Nevada; bUniversity of Nevada, Reno, Nevada; cNational Institute 
for Occupational Safety and Health, Pittsburgh, Pennsylvania; dSpokane Mining Research Division, National Institute for Occupational 
Safety and Health, Spokane, Washington 

ABSTRACT 
Direct-on-Filter (DoF) analysis of respirable crystalline silica (RCS) by Fourier Transform 
Infrared (FTIR) spectroscopy is a useful tool for assessing exposure risks. With the RCS expos
ure limits becoming lower, it is important to characterize and reduce measurement uncer
tainties. This study systematically evaluated two filter types (i.e., polyvinyl chloride [PVC] and 
polytetrafluoroethylene [PTFE]) for RCS measurements by DoF FTIR spectroscopy, including 
the filter-to-filter and day-to-day variability of blank filter FTIR reference spectra, particle 
deposition patterns, filtration efficiencies, and pressure drops. For PVC filters sampled at a 
flow rate of 2.5 L/min for 8 h, the RCS limit of detection (LOD) was 7.4 lg/m3 when a desig
nated laboratory reference filter was used to correct the absorption by the filter media. 
When the spectrum of the pre-sample filter (blank filter before dust sampling) was used for 
correction, the LOD could be up to 5.9 lg/m3. The PVC absorption increased linearly with 
reference filter mass, providing a means to correct the absorption differences between the 
pre-sample and reference filters. For PTFE, the LODs were 12 and 1.2 lg/m3 when a desig
nated laboratory blank or the pre-sample filter spectrum was used for blank correction, 
respectively, indicating that using the pre-sample blank spectrum will reduce RCS quantifica
tion uncertainty. Both filter types exhibited a consistent radially symmetric deposition pat
tern when particles were collected using 3-piece cassettes, indicating that RCS can be 
quantified from a single measurement at the filter center. The most penetrating aero
dynamic diameters were around 0.1 mm with filtration efficiencies � 98.8% across the meas
ured particle size range with low-pressure drops (0.2–0.3 kPa) at a flow rate of 2.5 L/min. 
This study concludes that either the PVC or the PTFE filters are suitable for RCS analysis by 
DoF FTIR, but proper methods are needed to account for the variability of blank absorption 
among different filters.

KEYWORDS 
Coal mine dust; Field 
Analysis of Silica Tool; 
Fourier transform infrared; 
MSHA silica rule; respirable 
crystalline silica   

Introduction

Long-term exposure to respirable crystalline silica 
(RCS) can cause a range of occupational respiratory 
diseases including coal workers pneumoconiosis 
(CWP) and silicosis (Cohen et al. 2022; Vanka et al. 
2022). While more stringent regulations and improved 
dust controls have reduced pneumoconiosis-associated 
deaths, these diseases continue to be prevalent (Bell 
and Mazurek 2020; Go et al. 2023). The resurgence of 
CWP cases in the U.S. central Appalachian regions 
and a recent outbreak of silicosis among engineering 
stone workers underscore the importance of contin
ued dust exposure monitoring and reduction (Blackley 
et al. 2018; Barnes et al. 2019; Hua et al. 2023).

To better protect mine workers from RCS expos
ure, the Mine Safety and Health Administration 
(MSHA 2024) published a new rule to reduce the RCS 
permissible exposure limit (PEL) from 100 mg/m3 to 
50 mg/m3, which aligns with the non-mining industry 
PEL promogulated by the Occupational Safety and 
Health Administration (OSHA 2016). Both regulations 
specify an action level of 25 mg/m3, the same as the 
Threshold Limit Value (TLVVR ) recommended by the 
American Conference of Governmental Industrial 
Hygienists (ACGIHVR 2023). RCS measurement meth
ods must be sensitive enough to reliably quantify at or 
below the action level.

Coal mine air samples are collected using Coal 
Mine Dust Personal Sampler Units (CMDPSU) with 
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polyvinyl chloride (PVC) filters. These filters are sent 
to designated laboratories for a-quartz (which serves 
as a proxy for RCS in coal mine dust) analysis by 
Fourier Transform Infrared (FTIR) spectroscopy fol
lowing either the MSHA (2008) P7 method or the 
National Institute for Occupational Safety and Health 
(NIOSH 2003) 7603 method. These methods involve 
ashing the particle-laden filter samples to minimize 
interferences before FTIR analysis and are labor-inten
sive and time-consuming.

To expedite RCS quantification, NIOSH has been 
developing a field-based Direct-on-Filter (DoF) RCS 
measurement method using portable FTIRs (Miller 
et al. 2012; Hart et al. 2018; Ashley et al. 2020; 
Pampena et al. 2020; Stach et al. 2020). The DoF tech
nique places the particle-laden filter without pretreat
ment directly into the infrared (IR) beam. Several data 
analysis algorithms, including the NIOSH Field 
Analysis of Silica Tool (FAST) software, are used to 
quantify RCS on PVC filters (Miller et al. 2017; 
Chubb and Cauda 2022; Wolfe et al. 2022). This 
method can provide in-shift or end-of-shift measure
ments at mining sites with accuracy comparable to 
laboratory methods (Cauda et al. 2016). The new RCS 
rules may significantly increase the demand for DoF 
analyses. However, several factors should be consid
ered for accurate RCS quantification. First, the filter 
for RCMD sampling and analysis should have low 
and stable FTIR background interference in the RCS 
absorption region and such interferences should be 
corrected. Second, the filter should have high collec
tion efficiencies, low-pressure drops, and high dust- 
loading capacities (Abbasi et al. 2021; Chow et al. 
2022). Third, because only the center portion of the 
filter is illuminated by the IR beam (diameter 6– 
9 mm), the particle deposition pattern should be 
repeatable, and preferably homogeneous, so that a 
correlation can be established between the FTIR meas
urement at the filter center and the RCS mass on the 
entire filter (Miller et al. 2013; Chubb and Cauda 
2021, 2022). Fourth, interferences from organics, coal, 
and other IR-absorbing minerals should be corrected 
(Miller et al. 2012). This paper addresses the first 
three factors. Note that FTIR is mainly used for coal 
mine dust samples, and methods to account for the 
interference from other minerals in non-coal mines 
are still under development (Cauda et al. 2018; Wolfe 
et al. 2022).

Chow et al. (2022) reviewed 12 types of commer
cially available filter substrates to identify those suit
able for mining RCS sampling and FTIR analysis. 
PVC and PTFE filters exhibit good chemical analysis 

compatibility, low gaseous absorption, and minimal 
interference with RCS spectra. PVC filters are com
monly used for dust collection in mining operations, 
while PTFE filters are often used in ambient air sam
pling for gravimetric analysis. This study evaluated 
the impacts of PVC and PTFE filter properties on 
sampling and DoF FTIR transmittance analysis of 
RCS, including the variability of blank filter spectra, 
particle deposition patterns, filtration efficiency, and 
pressure drop. DoF FTIR uncertainties related to filter 
variabilities and ways to reduce these uncertainties are 
discussed.

Materials and methods

Tested filters

PVC and PTFE (also known as Teflon) membrane fil
ters were tested in this study. The 37-mm GLA-5000 
PVC filter (SKC Part Number: 225-5-37) has a nom
inal pore size of 5 mm and a measured thickness of 
120 mm (SKC 2024). It has low tare weight and mois
ture uptake, providing stable gravimetric measure
ments, and has been widely used for sampling silica, 
metals, and dust. The 37-mm PTFE filter with a poly
methyl-pentene support ring (Cytiva Part Number: 
R2PJ037) has a nominal pore size of 2 mm and thick
ness of 46 mm (Cytiva 2024). It is hydrophobic with 
low moisture uptake, has a low chemical background, 
and has been widely used for ambient particulate mat
ter sampling. The PTFE filters have higher tare 
weights than PVC filters.

Laboratory RCS dust generation and collection

RCS particles were collected on filters at different 
loadings to generate FTIR calibration curves and 
examine the consistency of particle deposition pat
terns. The RCS standard uses MIN-U-SIL5 (U.S. 
Silica), a type of fine ground silica with a nominal 
mass median diameter of 1.6 mm and silicon dioxide 
(SiO2) purity >99.9%. It has been previously used for 
RCS calibration and testing (Stacey et al. 2009; Miller 
et al. 2015).

The sampling setup is shown in Figure 1a
(Nascimento et al. 2022). Approximately 5 g of MIN- 
U-SIL5 was placed in a metal bowl which was agitated 
by a compressed air jet for 5 sec to suspend the dust. 
Concentrations inside the chamber were monitored by 
an SPS30 dust sensor (Sensirion) and a DustTrak 
DRX aerosol monitor (Model 8534; TSI Inc.) (Wang 
et al. 2009, 2020; Nascimento et al. 2022). Up to four 
parallel filter packs collected the suspended particles 
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for different durations to obtain a range of dust loadings. 
As shown in Figure 1b, each filter pack consisted of a 
Zefon respirable dust aluminum cyclone (Part No. 
ZA0060) with a 50% cut point of 4 mm at 2.5 L/min flow 
rate and a filter backed by a stainless mesh screen placed 
in a four-piece conductive polypropylene cassette hous
ing (Part No. 37MMH-4-CF, Zefon) with its outlet con
nected to a personal sampling pump (Escort ELF, 
Zefon). The inlet piece of the cassette was only used for 
transport; therefore, the actual cassette used in sampling 
had only three pieces. The particle deposition areas with 
the filter cassette assemblies are 8.9 cm2 and 7.7 cm2 for 
PVC and PTFE filters, respectively, corresponding to a 
filter face velocity of 4.7 cm/s for PVC and 5.4 cm/s for 
PTFE at a flow rate of 2.5 L/min. The polymethyl-pen
tene support ring on the PTFE filter resulted in a smaller 
deposit area than the PVC filter. The conical expansion 
of the aluminum cyclone along with the long plenum of 
the three-piece conductive cassette were expected to 
reduce particle losses and promote uniform deposits. 
Filter sampling started once concentrations in the cham
ber were stabilized as indicated by the SPS30 and DRX. 
The filters were weighed using an XP6 microbalance 
(Mettler Toledo Inc.) with a sensitivity of ± 1 mg before 
and after sampling to obtain gravimetric RCS masses, 
following the quality control and quality assurance (QA/ 
QC) procedure described by Watson et al. (2017). Before 
weighing, the filters were equilibrated in a temperature 
(21.5 ± 1.5 �C) and humidity (35 ± 5%) controlled 

environment for at least 24 h to minimize water uptake 
artifacts.

DoF FTIR analysis and data processing

Most DoF analyses used a VERTEX 70 FTIR spectrom
eter (Bruker Corp.). A limited number of tests were also 
conducted with a Nicolet 380 FTIR (Thermo Scientific) 
to compare data obtained from different FTIR units. 
Filters were installed in 3D-printed holders which 
allowed for reproducible positioning in the FTIR cham
ber. Before each measurement, the FTIR chamber was 
purged with clean nitrogen for three minutes to remove 
water vapor and carbon dioxide interferences. An 
automatic alignment was performed to ensure the 
instrument’s performance. Measurements used the 
absorbance mode with a spectral resolution of 4 cm−1 

over a range of 4000–400 cm−1. Readings were averaged 
over 16 scans for each filter, and the Blackman-Harris 
apodization was used. The absorption (A) by the 
deposit on each filter sample was calculated as:

A ¼ −ln TSample=TReference
� �

¼ −ln
ISample

I0, Sample

,
IReference

I0, Reference

0

@

1

A (1) 

where TSample and TReference are the light transmittance, 
and ISample and IReference are the transmitted light 
intensity through the sample filter and a reference 

Figure 1. Dust generation and sampling apparatus: (a) sampling train, dust generation, and direct reading instruments; and (b) fil
ter cassette and assembly used for sampling.
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blank filter, respectively. The reference filter can be 
either the same filter before sampling (referred to as 
the pre-sample filter) or a designated laboratory blank. 
I0,Sample and I0,Reference are the incident light intensities 
(measured with an empty transmittance compartment 
without a particulate filter) during sample and refer
ence filter measurement, respectively. When the sam
ple and reference filters are measured sequentially, the 
incident IR intensity can be assumed to be the same, 
i.e., I0,Sample ¼ I0,Reference. Equation (1) can then be 
simplified as:

A ¼ −ln ISample=IReference
� �

(2) 

PVC and PTFE filter media have low but non-neg
ligible absorption in the RCS doublet region 
(Lorberau 1990; Farcas et al. 2016). Therefore, a refer
ence filter spectrum is needed to correct the IR 
absorption by the pre-sample filter (Chubb and Cauda 
2022). The differences in absorption between the pre- 
sample and reference filters would lead to RCS meas
urement uncertainties, which were evaluated through 
blank filter-to-filter and day-to-day spectral variations.

RCS quantification was conducted using the 
NIOSH FAST method (Chubb and Cauda 2022), 
which applies six steps: (1) collect the reference spec
trum from the pre-sample filter or a designated 
laboratory blank filter; (2) collect the sample spectrum 
and correct for the reference filter influence (done by 
the FTIR software); (3) execute a baseline correction 
using the concave rubber band method as suggested 
by FAST; (4) perform integrations of the absorption 
area for the quartz doublet (816–767 cm−1; Q-value) 
and kaolinite band (930–900 cm−1; K-value); (5) con
duct interference corrections for kaolinite if present; 
and (6) calculate the RCS mass from the kaolinite-cor
rected quartz doublet area and the sampler-specific 
calibration equation. The calibration equations were 
derived by linear regression of RCS absorption area 
(Q-value) against gravimetric mass.

Filtration efficiency and pressure drop 
measurement

Filtration efficiencies and pressure drops were measured 
using the experimental setup in Figure 2 (Soo et al. 
2016). Sodium chloride (NaCl) particles were generated 
by nebulizing a 0.5% aqueous salt solution using a con
stant output atomizer (Model 3076, TSI Inc.). After dry
ing with a diffusion dryer and charge neutralization using 
a Kr-85 source (Model 3077A, TSI Inc.), particles were 
delivered to the test or bypass route. The flow rate 
through the test section was controlled to 2.5 L/min. 

Downstream of the test section, a vacuum removed 2 L/ 
min flow so that only 0.5 L/min was sent through the dif
ferential mobility analyzer (DMA; TSI Model 3071). The 
DMA aerosol and sheath flow rates were set to 0.5 and 
5 L/min, respectively, and the DMA voltage scanned from 
10 V to 10 kV to select particles in the mobility diameter 
range of 0.012–0.32 mm, which is equivalent to aero
dynamic diameter of 0.018–0.47 mm (NaCl density 2.16 g/ 
cm3), over a scan time of 120 s. A condensation particle 
counter (CPC; TSI Model 3010) measured the particle 
concentrations downstream of the DMA. The CPC flow 
(1 L/min) consisted of 0.5 L/min from the DMA and 
0.5 L/min from the dilution flow. The DMA and CPC 
formed a scanning mobility particle sizer (SMPS) (Wang 
and Flagan 1990) that measured mobility size distribu
tions of particles from the bypass flow or downstream of 
the filter. The CPC concentrations were corrected for 
coincidence errors (Jaenicke 1972). Tests were repeated 
for three filters of each type and each filter was measured 
three to four times. The pressure drop across the test fil
ter was measured with a digital manometer (Leaton, 
accuracy: ±0.3% of full scale).

The filtration efficiency (g) for particle diameter i 
was calculated as:

gi ¼ 1 −
Ci, test

Ci, bypass

� �

� 100% (3) 

where Ci, test and Ci, bypass are the number concentra
tions of a particle with diameter i when the flow 
passes through the test or bypass section.

Results and discussion

Calibration curves for DoF FTIR analysis

The peak integrals (Q-values) were regressed against 
the different RCS mass loadings to create calibration 
curves. Due to variations in background absorption 
with filter media and differences in deposition pat
terns with both filter and sampler types, the calibra
tion factor is unique for each combination of filter 
and sampler. The FAST software contains a library of 
samplers (including different cyclones, cassettes, and 
filters) and calibration factors (Chubb and Cauda 
2022). However, it currently does not include calibra
tion factors for PVC and PTFE filters without the 
stainless-steel support. Therefore, calibration curves 
for the sampling setup in Figure 1b were developed.

As shown in Figure 3, the slopes (S) of calibra
tion curves forced through the origin for PVC and 
PTFE filters are 0.0034 mg−1 and 0.0042 mg−1, 
respectively. The higher slope of the PTFE filter is 
partially caused by the about 13% lower deposition 
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area, resulting in a higher particle loading per unit 
of area. As the RCS mass is calculated by the ratio 
of Q/S, the small S values indicate that small errors 
in the Q-value may lead to large uncertainties in 
RCS mass. The S values in the FAST database range 
from 0.0043 to 0.0077, with S¼ 0.0049 for the 
Zefon aluminum cyclone and 3-piece cassette sam
pler (Chubb and Cauda 2021), higher than those in 
Figure 3. The FAST calibration used 37-mm PVC 
filters with a stainless-steel ring backing support, 
which will likely result in a lower deposition area 
and a higher deposition density than the mesh 
backing (Figure 1b) used in this study.

RCS uncertainties due to blank filter-to-filter and 
day-to-day variations of reference spectra

PVC filters
Fifty blank 37-mm PVC filters from the same batch 
were weighed, showing a mass range of 12.535– 

15.037 mg. These filters were allotted to 10 groups of 
5 filters in a decreasing mass order. One filter was 
randomly picked from each group for FTIR measure
ment, along with another filter with a 14.347 mg mass 
from the same batch as the reference. The absorption 
spectra for these 10 blank filters and the reference fil
ter were measured on the same day, and this experi
ment was repeated on five separate days. Figure 4a
shows the absorption spectra (obtained using 
Equation (2)) over 1,000–700 cm−1 for the 10 blank 
filters. These filters had similar spectral patterns but 
with different absorbance amplitudes. When focused 
over the quartz doublet spectral range of 816– 
767 cm−1, Figure 4b shows that the absorbance 
increased with increasing blank PVC filter mass, 
which was attributed to the increasing filter thickness, 
by the Beer-Lambert law.

Table 1 shows the Q-values for the 10 blank filters 
measured on five different days. The negative values 
indicate that the blank spectra were below the baseline 
(Chubb and Cauda 2022), which would reduce the 
calculated RCS absorption area when the sample 
contains RCS. The filter-to-filter variations of the 
Q-value, as represented by the standard deviations 
shown on the bottom row of Table 1, were 0.01 for 
all 5 days, resulting in an overall standard deviation of 
0.01. With the PVC filter calibration factor of 
0.0034 mg−1 in Figure 3, the equivalent standard devi
ation of RCS mass was 2.9 mg. The day-to-day varia
tions of the Q-value, as represented by the standard 
deviations shown in the rightmost column of Table 1, 
were 0.001–0.002 for most samples but with a max
imum of 0.008, equivalent to 2.4 mg. Estimating the 
limit of detection (LOD) as three times the blank level 
standard deviation (U.S. EPA 2016), the LODs for 
RCS analysis using DoF FTIR with 37-mm PVC filters 

Figure 2. Experimental setup for filtration efficiency and pressure drop tests.

Figure 3. Calibration curves for PVC and PTFE filters with the 
integrated absorption peak areas (Q-values) linearly regressed 
with RCS mass loadings.
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are 8.8 mg (different filters for reference and sampling) 
and 7.1 mg (same filter for reference and sampling) 
due to filter-to-filter and day-to-day variation, respect
ively. These LODs are higher than the 5 mg reported 

by Cauda et al. (2016) and 6–7 mg by Ashley et al. 
(2020) using the DoF FTIR method. The nominal 
LODs for the compliance methods involving filter 
ashing are 5 mg for NIOSH 7603 and 1.2 mg for the 
MSHA P7 method (NIOSH 2003; MSHA 2008), simi
lar to those reported by Farcas et al. (2016) (0.52– 
1.5 mg) and several commercial laboratories (1.5 mg) 
(MSHA 2024). With a flow rate of 2.5 L/min and 8-h 
sampling, the equivalent LODs for RCS would be 
7.4 mg/m3 (different filters for reference and sampling) 
and 5.9 mg/m3 (same filters for reference and sam
pling). The limits of quantification (LOQs; taken as 
3.3 times the LODs) are 24.5 and 19.6 mg/m3, which 
are marginally adequate for the action level of 25 mg/ 
m3. Table 1 indicates that the mass difference between 
the pre-sample and reference filters could be an 
important source of filter-to-filter variation in absorb
ance. Therefore, selecting a reference filter with a 
mass close to that of the pre-sample filter would 
reduce uncertainties. This is demonstrated by the near 
zero Q-values for the PVC filter with 14.218 mg mass 
(third filter in Table 1), which had a similar mass to 
the reference filter (14.347 mg).

The effects of blank filter absorption variations, 
when used as reference filters, on RCS quantification 
were further evaluated using a 37-mm PVC filter 
loaded with 84 mg RCS. Nine blank filters with differ
ent masses were used as IReference in Equation (2) and 
the measurements were repeated over 3 days. As 
shown by the circular and triangular symbols in 
Figure 5, the Q-value increased with the reference fil
ter mass. This result is consistent with the data in 
Table 1 because the reference blank filter Q-value 
decreased with filter mass and the Q-value for RCS 
(calculated as the difference between the sample and 
reference filter Q-values) increased with reference fil
ter mass. The same tests were repeated on a Nicolet 
380 FTIR to evaluate the influence of different FTIR 

Figure 4. FTIR transmission spectra for 10 blank PVC filters 
from the same batch measured on the same day, plotted over 
a spectral range of (a) 1000–700 cm−1 and (b) 816–767 cm−1. 
The vertical black dash lines in panel (a) indicate the crystalline 
silica absorption doublet region between 816 and 767 cm−1, 
and the red dash-dot line shows the kaolinite absorption peak 
at 915 cm−1 for interference correction. Associated blank filter 
mass is noted on panel (b).

Table 1. Integrated RCS absorption peak areas over 816–767 cm−1 (Q-values; unitless) calculated by the 
NIOSH FAST method for 10 blank PVC filters measured over 5 days.
PVC Filter Mass (mg) Day 1 Day 2 Day 3 Day 4 Day 5 STDEV (Day-to-Day)

15.037 −0.013 −0.012 −0.014 −0.011 −0.013 0.001
14.576 −0.008 −0.008 −0.004 −0.007 −0.006 0.002
14.218 0 −0.001 0.001 0 0.001 0.001
13.845 0.009 0.007 0.006 0.008 0.009 0.001
13.740 0.011 0.01 0.012 0.011 0.01 0.001
13.647 0 0.011 0.013 0.012 0.011 0.005
13.636 0.014 0.012 0.011 0.014 0.013 0.001
13.530 0.01 0.011 0.013 0.011 0.012 0.001
13.487 −0.002 0.018 0.016 0.015 0.016 0.008
13.181 0.019 0.019 0.018 0.017 0.018 0.001
STDEV 

(Filter-to-Filter)
0.010 0.010 0.010 0.010 0.010 Overall: 0.010

The reference filter had a mass of 14.347 mg. The filter-to-filter and day-to-day standard deviations (STDEV) are also listed. The 
negative values are caused by the spectral area being under the baseline.
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instruments. Figure 5 shows that the Nicolet FTIR 
had a similar trend but with a different linear regres
sion equation. The regression slopes of 0.0154–0.0172 
indicate that a 1 mg reference filter mass increase 
would translate to an increase of 4.5–5.1 mg RCS load
ing or 3.8–4.2 mg/m3 for an 8-h sampling at 2.5 L/min.

PTFE filters
Twelve PTFE filters from the same batch with masses 
ranging from 89.896–105.183 mg were selected for Q- 
value comparison over 5 days. Table 2 shows that the 
filter-to-filter Q-value standard deviations were about 
0.02, which corresponded to 4.8 lg RCS based on the 
calibration slope in Figure 3. The LOD is 14.3 mg or 
12 mg/m3 and the LOQ is 47.6 mg or 40 mg/m3 for an 8-h 
shift sample. These values are 62% higher than those for 
PVC filters. Unlike PVC blank filters, there is no correl
ation between the Q-value and blank PTFE filter mass. 

PVC and PTFE filters are structurally different: the PVC 
filters have a blank mass of about 14 mg without a sup
port ring, while the PTFE filters have a blank mass of 
about 100 mg with a support ring. The mass of the sup
port ring is much greater than the PTFE membrane 
itself; therefore, the PTFE filter-to-filter mass variations 
are likely dominated by the ring rather than the mem
brane, masking the Q-value changes with membrane 
thickness. On the other hand, Table 2 shows that the 
day-to-day standard deviations were �0.002, 10 times 
lower than the filter-to-filter variations. This indicates 
that using the blank PTFE filter before sampling as an 
FTIR reference would result in an LOD of 1.2 mg/m3 and 
an LOQ of 4.0 mg/m3.

Table 3 shows the effects of reference PTFE filter 
variation on the quantification of RCS. Three blank 
filters with masses ranging from 89.896–105.183 mg 
(which bracket the filter mass range in Table 2) were 
used as references for a PTFE filter loaded with 96 mg 
RSC over 3 days. Unlike the good correlations 
between RCS Q-values and blank PVC filter mass in 
Figure 5, no correlations were found for PTFE filters, 
likely due to the variations of the support ring mass. 
Similar to the PTFE blank filter data in Table 2, the 
filter-to-filter Q-values have a standard deviation of 
about 0.02, while the day-to-day variations were 4–7 

Figure 5. RCS absorption peak integrals in the 816–767cm−1 

range (Q-value) obtained by the NIOSH FAST method for a 
PVC filter loaded with 84 mg RCS using nine different reference 
PVC filters for blank correction. The results were obtained over 
three different calendar days by a Bruker Vertex 70 FTIR (circle 
and triangle symbols) and by a Thermo Scientific Nicolet 380 
FTIR (square symbols).

Table 2. Integrated RCS absorption peak areas over 816–767 cm−1 (Q-values; unitless) obtained by the NIOSH 
FAST method for 12 blank PTFE filters measured over 5 days.
PTFE Filter Mass (mg) Day 1 Day 2 Day 3 Day 4 Day 5 STDEV (Day-to-Day)

89.896 0.032 0.03 0.031 0.03 0.03 0.001
92.823 0.017 0.018 0.02 0.017 0.017 0.001
95.000 −0.004 −0.002 −0.002 −0.004 −0.003 0.001
95.633 0.004 0.004 0.002 0.003 0.005 0.001
96.855 −0.012 −0.009 −0.008 −0.011 −0.01 0.002
98.880 0.029 0.031 0.033 0.031 0.031 0.001
99.194 0.059 0.053 0.057 0.059 0.058 0.002
100.014 0.046 0.046 0.045 0.048 0.047 0.001
102.534 0.017 0.015 0.018 0.018 0.017 0.001
103.416 0.033 0.032 0.034 0.034 0.035 0.001
103.472 0.026 0.026 0.025 0.024 0.026 0.001
105.183 0.016 0.014 0.015 0.014 0.014 0.001
STDEV 

(Filter-to-Filter)
0.020 0.019 0.019 0.020 0.019 Overall: 0.019

The filter-to-filter and day-to-day standard deviations (STDEV) are also listed. The negative values are caused by the spectral area being 
under the baseline.

Table 3. Integrated RCS absorption peak area over 816– 
767 cm−1 (Q-values; unitless) obtained by the NIOSH FAST 
method for a PTFE filter loaded with 96 mg RCS using three 
different blank PTFE filters as reference.
Reference filter mass (mg) Day 1 Day 2 Day 3 STDEV (Day-to-Day)

89.896 0.408 0.402 0.403 0.003
99.194 0.383 0.38 0.377 0.003
105.183 0.423 0.423 0.415 0.005
STDEV (Filter-to-Filter) 0.020 0.022 0.019 Overall: 0.018

The loaded and reference filters are from the same batch. Measurements 
were repeated over 3 days.
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times lower, indicating consistent absorption of the 
same filter on different days.

Consistency of particle deposition patterns

RCS quantification by DoF FTIR does not require 
uniform particle deposition across the filter when the 
calibration setup mimics the routine sampling config
uration, but it requires the deposition pattern to be 
consistently independent of particle loading (Miller 
et al. 2013; Chubb and Cauda 2022). Figure 6a shows 
the Q-values measured from 17 locations on each of 
the five PVC filters loaded with 84–226 mg RCS. 
Similar to the results from a 3-piece cassette preceded 
by a Dorr-Oliver cyclone by Miller et al. (2013), the 
3-piece cassette preceded by an aluminum cyclone 
created an approximate radially symmetric deposition 

pattern. The Q-values were higher at the center and 
decreased by 5%–20% near the edge. These radial var
iations are smaller than the 40% drop from the center 
to 12 mm away from the center of filters reported by 
Miller et al. (2013), indicating that the particle depos
its in this study are more uniform. Although the 
Q-value radial distribution varies with loading, no 
consistent loading dependence is observed. The stand
ard deviations of the Q-values at the 17 measurement 
points were 0.01–0.03, corresponding to an RCS mass 
of 2.9–8.8 mg, in the same range as the blank filter-to- 
filter variations.

Similar uniformity measurements were made for 
five PTFE filters with different RCS loadings (Figure 
6b). The Q-value standard deviations across the filter 
diameter were about 0.05, equivalent to 12 mg RCS. 
The PTFE filters show a different radial symmetry 
from PVC filters: the Q-value first slightly decreased 
from the center but increased again near the edge, 
probably due to the change of flow pattern near the 
support ring. Due to the consistent deposition pattern, 
a single FTIR measurement at the center can provide 
reasonably accurate RCS concentrations for both PVC 
and PTFE filters, as demonstrated by high correlations 
(R2 > 0.992) in Figure 3.

Filtration efficiencies and pressure drops

Figure 7 shows the filtration efficiencies for PVC and 
PTFE filters. The mean filtration efficiencies are 
�98.8% across the measured particle size range. Due 
to low concentrations of particles >0.47 mm aero
dynamic diameter generated by the atomizer, the fil
tration efficiencies for larger particles were not 
measured. Even though filters would likely have 

Figure 6. Integrated peak areas of RCS absorption region (Q- 
value; unitless) at 17 measuring points for (a) five PVC filters 
and (b) five PTFE filters loaded with different amounts of RCS. 
The stars inside the circle inset in panel (a) indicate the meas
urement locations along two perpendicular diameters. The 
Q-values at positive radial locations were averaged from corre
sponding A and C locations, while those at negative radial 
locations were averaged from B and D locations. The plotted 
Q-values were normalized to those at the center.

Figure 7. Measured PVC and PTFE filtration efficiencies as a 
function of particle size. The error bars represent the standard 
deviation of 9–10 repeated tests for each type of filter.
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higher efficiencies for larger particles due to more effi
cient capture by impaction, gravimetric settling, and 
interception, future experiments should be conducted 
to confirm this. Both filters show a most penetrating 
particle size (MPPS) around 0.1 mm aerodynamic 
diameter (0.11 mm for PVC and 0.097 mm for PTFE). 
These results are similar to those reported by Soo 
et al. (2016). As most particle masses are present in 
the size range >0.3 mm for mining operations (Birch 
and Noll 2004; Bugarski et al. 2020; Sarver et al. 
2021), filtration efficiencies �98.8% for both filter 
types are sufficient to collect these particles.

The initial pressure drops for PVC and PTFE filters 
before particle loading are 0.3 and 0.2 kPa, respect
ively, lower than the 0.347 and 0.636 kPa reported by 
Soo et al. (2016). Following the fourth consecutive fil
tration test after loading with salt particles, the pres
sure drops increased by 0.05 kPa for both filter types. 
These pressure drops are much lower than the max
imum 7 kPa capacity that the Escort ELF pump can 
compensate for. As the 37-mm PVC filters have been 
widely used in mine sampling with the ELF pump 
without problems regarding excessive pressure drop, 
the low-pressure drop of the test filters suggests the 
likelihood of maintaining a stable flow rate for mining 
sampling over typical work shifts.

Discussion

This study found that the reference spectra variability 
for blank filters can affect RCS mass quantification. 
Two approaches can be used for blank correction to 
reduce bias and uncertainty.

1. Measure the transmittance of the same filter 
before and after sampling to calculate absorbance 
using Equation (1). This approach removes the 
uncertainties caused by filter-to-filter variabilities 
and takes advantage of the low day-to-day varia
tions. For PVC filters, the LOD and LOQ with 
this approach are 1.5 and 4.9 mg/m3, respectively, 
for most filters, but can be as high as 5.9 and 19.6 
mg/m3, respectively. For PTFE filters, the LOD 
and LOQ are 1.2 and 4.0 mg/m3, respectively. This 
method requires spectra collection with an empty 
IR chamber in addition to the pre-sample and 
sample filter measurement (i.e., four spectral 
measurements). It also requires the pre-sample 
and sample filter spectra to be measured by the 
same FTIR instrument, which might be logistic
ally difficult if filters are pre-weighed and pack
aged by filter suppliers. The absorption by the 

filter itself might also change during sampling 
due to membrane structure changes caused by 
airflow and/or particle deposition; additional 
research is needed to evaluate this effect.

2. Use a designated laboratory reference filter of the 
same type and preferably from the same batch as 
the sample filter, measure ISample and IRefernce 

immediately one after another, and use Equation 
(2) to calculate absorbance. This method only 
requires transmittance measurement with the ref
erence and sample filters (i.e., two spectral meas
urements). However, as shown in Tables 1–3, the 
blank filter-to-filter variability is approximately 
one order of magnitude higher than the day-to- 
day variability, resulting in RCS LODs of 7.4 and 
12 mg/m3 and LOQs of 24.5 and 40 mg/m3 for 8- 
hour shift measurement using PVC and PTFE fil
ters, respectively. The PVC LOQ is marginally 
adequate for the 25 mg/m3 action level, while the 
PTFE filter is not suitable to quantify low RCS 
concentration using DoF FTIR with this blank 
correction approach. For PVC filters, this variabil
ity can be reduced using the filter mass difference 
between the pre-sample and reference filters and 
a regression equation similar to those in Figure 5, 
thereby reducing LOQs. Using a reference filter 
with a similar mass to the pre-sample filter can 
also reduce the uncertainties; however, this 
approach is less practical for a large volume of 
samples as the pre-sample filter mass will vary 
from filter to filter. Such corrections are not pos
sible for PTFE filters with a support ring because 
the blank filter absorption is not correlated with 
filter mass.

One potential approach to increase the sensitivity 
and reduce uncertainty is to use filters with a smaller 
deposit area that will result in higher FTIR signals 
and lower uncertainties caused by blank subtraction 
or baseline correction. A novel cyclone by Lee et al. 
(2017) produced a deposit diameter of 8.8 mm, result
ing in the DoF FTIR sensitivity 10 times higher than 
the Dorr-Oliver cyclone. The Continuous Personal 
Dust Monitor (CPDM) uses a 13-mm diameter filter, 
which would increase particle loading per unit area by 
8 times as compared to a 37-mm filter. Furthermore, 
as the FTIR only illuminates a diameter of 6–9 mm of 
a sample filter (Ashley et al. 2020), a larger fraction of 
the sample is illuminated for filters with a smaller 
area, resulting in lower uncertainties caused by varia
tions in the particle deposition pattern. Another 
approach to increase mass loading is to use higher 
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flow rates or longer sampling periods if these are 
allowed by the sampling devices or protocols. 
Practices to increase particle loading should avoid 
dust falling off the deposit and excessive pressure 
drops.

Data presented in this study were obtained from 
37-mm SKC GLA-5000 PVC filters and Cytiva PTFE 
filters from the same batch, and particle collection 
used a Zefon aluminum cyclone connected with a 3- 
piece conductive cassette (Figure 1b). Similar charac
terizations should be performed for other filter media 
and sampler configurations, and the data could be 
integrated with the FAST software for wider applica
tions. The reference filters should be selected from the 
same batch and manufacturer to minimize filter-to-fil
ter variations.

Conclusion

With regulations further lowering RCS limits, rapid 
and accurate quantifications of RCS are important for 
timely dust control and exposure mitigation. While 
the DoF FTIR can provide faster measurements than 
standard methods, its detection limits need to be eval
uated against the lower regulatory limits. This study 
assessed the impacts of PVC and PTFE filter charac
teristics on RCS quantification uncertainty.

Both filter types show lower RCS LODs when the 
pre-sample filter is used as the spectral reference: 
5.9 lg/m3 for PVC and 1.2 lg/m3 for PTFE filters. 
When a designated laboratory blank is used as the ref
erence, the LODs are higher: 7.4 and 12 lg/m3 for 
PVC and PTFE filters, respectively. For PVC filters, 
the measured RCS linearly increases by 4.5–5.1 mg for 
every milligram reference filter mass increase. This 
relationship can be used to correct the mass differen
ces between the pre-sample (i.e., blank filter before 
sampling) and reference (i.e., designated laboratory 
blank) filters thereby reducing LODs. For PTFE filters, 
the RCS absorption area is not correlated with refer
ence filter mass; therefore, using the pre-sample filter 
for blank correction is preferred over the designated 
laboratory reference filter method.

Particle deposition patterns are different on PVC 
and PTFE filters. However, both show radially sym
metric patterns independent of RCS loadings, indicat
ing that reliable RCS quantification can be achieved 
by measurement at the filter center and a calibration 
curve derived from a system that mimics routine sam
pling. Both types of filters show a most penetrating 
aerodynamic diameter around 0.1 mm with filtration 
efficiencies � 98.8% in the size range of 0.018– 

0.47 mm at a flow rate of 2.5 L/min. The pressure 
drops were within the performance specifications of 
the ELF pumps. Therefore, both filters are suitable for 
RCS collection and quantification, however, proper 
methods are needed to account for the variability of 
blank absorption among different filters.
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