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A B S T R A C T

Infrared absorption spectroscopy is commonly used to quantify chemicals in the particulate phase 
for environmental and occupational aerosol exposure measurements. Unlike gas-phase analyte 
quantification, the analytical figures of merit depend on the characteristics of the particulate 
phase, in particular the aerosol size distribution. In the Mie scattering regime, where the particle 
size is comparable to the incident infrared wavelength, the bias in analyte quantification can 
depend on particle size. This error may depend on how well the size distribution of the aerosol 
matches with that of the reference material used to calibrate the method. While the impact of 
packing densities, and spectral interferences from the substrate and other minerals in the aerosol 
has been assessed in previous work, the impact of aerosol size distribution has not been explored. 
In this work, the Lorenz-Mie solution to Maxwell’s equation was used to determine the bias in 
mass quantification of quartz in typical occupational aerosols for which the IR method is 
commonly used. Our experimental findings were benchmarked with the Lorenz-Mie solution 
using model spherical polystyrene particles. Practical deviations due to the asymmetric shape of 
quartz particles size-fractionated using different cascade impactors are presented and compared 
with literature studies on quartz aerosols. The expected bias in analyte quantification using 
different quartz standard reference materials relative to NIST SRM 1878a was assessed. The 
implications on quartz quantification due to differences in aerosol size distribution at different 
locations in the coal mine, granite quarries, and during construction activities such as stone 
finishing and grinding are presented and discussed.

1. Introduction

Infrared (IR) absorption spectroscopy is a non-destructive analytical technique commonly used for quantification of analytes in gas 
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and particulate phase. For exposure assessment and health effects studies of aerosols that involve quantitation of airborne contami
nants, infrared methods offer robust and cost-effective solutions. Infrared methods have been widely used for quantification of 
respirable crystalline silica (RCS), such as quartz, in aerosols from coal mines (Bandopadhyay, 2010; Dodgson & Whittaker, 1973; 
Larsen et al., 1972), construction sites (Chisholm, 1999; Rappaport et al., 2003; Virji et al., 2002), granite quarries (Cares et al., 1973), 
and gold mines (Verma et al., 1992). Exposure to RCS puts workers at a greater risk of developing silicosis, lung cancer, non-malignant 
respiratory diseases, and kidney disease (Merchant et al., 1986; OSHA, 2016; Rice et al., 2002).

Absorption of infrared radiation at specific resonant frequencies vibrates the molecular bonds in the analyte of interest, resulting in 
a characteristic absorption spectrum. Application of infrared methods to gases or liquid samples is straightforward, where spectro
scopically measured absorption is calibrated using known reference gas concentration. However, application of IR to measurement of 
particulate samples requires that IR absorption signal be calibrated using the known gravimetric mass of a standard reference material 
(SRM) (ASTM, 2014; MSHA, 2013; NIOSH, 2017a, 2017b). Furthermore, characteristics of the particulate samples, particularly 
particle size in relation to wavelength, play an important role. For wavelength-sized particles (Mie regime, typically for diameters 
larger than 4.1 μm for quartz particles), scattering becomes a significant contribution to the infrared extinction spectra. This scattering 
manifests as slanted baseline in non-absorbing spectral regions that can superimpose and distort the absorption bands. Since analyte 
quantification is based on the extinction (the sum of absorption and scattering), and scattering is strongly dependent on particle size, 
the inferred absorbance (from extinction measurement) of the analyte will be influenced by the particle size. Larger particles will 
scatter more light, leading to an increase in extinction that may not be directly related to absorption by the analyte, thus complicating 
quantification based on absorption.

For many aerosol contaminants of interest to environmental or occupational exposure assessment, the aerosol size distribution, 
particularly in the respirable fraction, can be different from that of the SRM used for calibration. This difference can lead to an un
derestimation or overestimation of the analyte mass concentration. Such differences can contribute to a significant degree to the 
overall measurement uncertainty, particularly when measuring at trace concentrations, e.g. when quantifying concentrations below 
the permissible exposure limit for RCS of 50 μg/m3 (8-h time-weighted average) (OSHA, 2016).

Various studies have empirically demonstrated that for quartz containing aerosols (approximately >1 μm), the IR extinction (ε, or 
absorption for weakly-scattering particles) decreases with increasing particle size (Bhaskar et al., 1994; Dodgson & Whittaker, 1973; 
Foster & Walker, 1984; Harrick & Riederman, 1965; Kauffer et al., 2002; Page, 2003; Sato et al., 1969; Stacey et al., 2009; Tuddenham 
& Lyon, 1960; Udvardi et al., 2017). It has been hypothesized that a reduction in particle crystallinity (Dempster & Ritchie, 1952; 
Gordon & Harris, 1955; Koopmans & Rieck, 1965; Nagelschmidt et al., 1952) during communition of SRMs, results in a decrease in IR 
extinction with decreasing particle size for sub-micron (<1 μm) quartz particles (Foster & Walker, 1984; Page, 2003). The IR extinction 
can be calculated using the Lorenz-Mie theory (εMie) (Mie, 1908), over a wide aerosol size range. The Lorenz-Mie theory describes the 
scattering and absorption efficiencies (Qsca, Qabs) of an incident electromagnetic plane wave (of wavelength, λ) by a homogenous 
spherical material of size, dp, with a known complex refractive index, m = n+ ik, (n is real, k is imaginary). The total extinction 
efficiency, Qext = Qabs + Qsca, is directly related to the measured IR transmittance, T (Lukacs et al., 2015). Based on Beer-Lambert’s 
law, the measured (or experimental) extinction, εexp = − ln10(T), accounts for both scattering and absorption from particles. Although 
strictly valid for a single spherical particle (diameter, dp) with cross sectional area of πdp
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Equation (1) assumes that each aerosol particle in the distribution scatters independently of each other (i.e., no multiple scattering) 
(Brewster & Tien, 1982; Drolen & Tien, 1987; Hottel et al., 1971; Hunt & Logan, 1972). In equation (1), n(dp) = NTf(dp), such that f(dp) 
represents a frequency distribution for example, Gaussian (normal) or Log-normal. The latter is generally used to specify an aerosol size 
distribution. Adep refers to the sample deposition area on the filter. Under the assumption of uniform packing density, Adep can be 
considered instead of the detector area. For spherical particles, NT can be estimated from the measured gravimetric mass, MT, on the 
filter such that, 
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The objective of this study was to investigate the bias in analyte quantification, using the IR transmittance measurements based on 
equation (1) above, due to differences in particle size of sample and SRM. Specifically, we examined: (i) the applicability of equation 
(1) for predicting the measured IR extinction, εexp (using instrumental setup commonly used for quartz quantification), for a model 
system of monodisperse, spherical polystyrene particles, (ii) deviations from Lorenz-Mie theory for polydisperse, non-spherical quartz 
particles, and (iii) the expected bias in mass/concentration quantification based on the calibration curves used in IR analytical methods 
due to differences in particle size distribution between quartz SRMs and occupationally-relevant crystalline silica aerosols.
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2. Experimental

2.1. Materials

Aqueous solutions of NIST-traceable spherical polystyrene microspheres (Duke Standards, ThermoFisher Scientific) with diameters 
ranging from 0.4 μm to 10 μm and density of 1.05 g/cm3 were used as is.

Quartz SRM 1878, SRM 1878b powders (National Institute of Standards and Technology, NIST, Gaithersburg, MD) were aero
solized (see details in the following section) and size-fractionated using either Andersen cascade impactor (ACI; Model 20–800, Tisch 
Environmental, Atlanta, GA), or a Micro-orifice Uniform Deposit Impactor (MOUDI; Model 110-R, TSI Inc., Shoreview, MN). The ACI 
has eight stages with cut-sizes equal to 9 μm, 5.8 μm, 4.7 μm, 3.3 μm, 2.1 μm, 1.1 μm, 0.7 μm, and 0.4 μm when operated at 28.3 lpm, 
while the MOUDI has ten stages with cut-sizes equal to 18 μm (pre-cut), 10 μm, 5.6 μm, 3.2 μm, 1.8 μm, 1.0 μm, 0.56 μm, 0.32 μm, 0.18 
μm, 0.10 μm, 0.056 μm when operated at 30 lpm. For each stage, 50 % of particles greater than the cut-size are collected while 50 % of 
particles smaller than the cut-size cascade through.

Four types of filter media with a diameter of 25 mm, Polyvinylchloride/PVC membranes (5 μm pore size, SKC Inc.), Polytetra
fluoroethylene/PTFE membranes with a support ring (3 μm pore size, SKC Inc), Versapor® acrylic copolymer membranes (0.8 μm pore 
size, Pall Corporation), and Polycarbonate/PC membranes (0.8 μm pore, SKC Inc) were used.

2.2. Particle collection

Aqueous suspensions of the NIST-traceable aqueous polystyrene size standards at various concentrations were prepared using 
particle-free water (UHPLC-UV grade, Fisher Chemical). The diluted suspensions were sonicated for 2 min before vacuum filtration 
onto different filter media (Adep of 0.7–2.01 cm2) described previously.

A stock suspension of 0.22 g of SRM 1878 in 200 ml of water (UHPLC-UV grade) was nebulized using clean compressed air. The 
aerosolized droplets passed through a diffusion dryer and subsequently drawn into the ACI using a pump operated at 28.3 lpm. Dry 
powder of SRM 1878b was aerosolized using the vortex shaking method (Ku et al., 2013) and sampled using the MOUDI operated at 30 
lpm. The flow rate through the cascade impactors was verified using a mass flowmeter (Model 4043H, TSI Inc) before each collection. 
A standard HEPA filter (PN 12144, Pall Corporation) was connected at the pump’s outlet. The size-fractionated SRM 1878 collections 
on each impaction stage were rinsed with water, while the SRM 1878b collections were rinsed with 2-propanol (A461–212, Optima 
LC/MS grade, Fisher Scientific). These particulate suspensions were sonicated in an ultrasonic cleaner (FS60D, Fisher brand) for 20 
min and subsequently deposited on to PVC membranes (Adep of 1.54 cm2) using vacuum filtration.

2.3. Gravimetric measurements

Filter media were conditioned for 24 h inside a humidity-controlled chamber prior to weighing. Following sample deposition, filter 
media were dried at 30–40 ◦C inside a muffle furnace (550-128, Fisher Scientific) for 2–4 h and returned to the humidity-controlled 
chamber to condition. Pre- and post-gravimetric measurements were performed on either a 7-digit microbalance (XPR6U, Mettler 
Toledo) or a 6-digit microbalance (AT20, Mettler Toledo). Each filter was pre- and post-weighed in three replicate measurements and 
the difference of the averages was used to calculate the measured gravimetric mass, MT.

2.4. Fourier transform infrared spectroscopy (FT-IR) measurements

The IR transmittance, T, (average of three) for each sample was measured using a FT-IR instrument equipped with a filter mea
surement attachment (Model Alpha-II, Bruker Corporation, Billerica, MA). T was converted to the measured IR extinction, εexp =

− ln10(T). Each measurement was averaged over 32 scans for wavenumbers ranging from 400 to 4000 cm− 1 at a resolution of 2 cm− 1. 
Background signal from blank filters was measured and subsequently subtracted from the sample signal. Linear baselines were con
structed between 680 and 720 cm− 1 for polystyrene samples, and between 770 and 815 cm− 1 for quartz samples (MSHA, 2013). After 
baseline correction, the peak height at 698 cm− 1 was used as the εexp for polystyrene. The spectral peaks at 698 cm− 1 and 756 cm− 1 are 
associated with the out-of-plane bending vibration mode of the C-H (Hanssen and Zhu, 2002; Jung et al., 2018). While quartz shows 
vibration modes at 780 cm− 1 and 800 cm− 1 and the peak at 800 cm− 1 is typically considered in analytical methods (Madsen et al., 
1995), we used the peak height at 780 cm− 1 to represent εexp. This peak is unique to quartz among the crystalline silica polymorphs and 
amorphous silica (Kischkat et al., 2012; NIOSH, 2017a, 2017b; Steyer et al., 1974).

2.5. Optical and scanning electron microscopy

PSL particles of different sizes on PTFE filter media were imaged using a confocal Raman microscope (Model XploRA PLUS, 
HORIBA Instruments Inc., Irvine, CA) operated using the LabSpec 6 software. PTFE filters offered better optical contrast compared to 
PVC and PVDF. For polystyrene spheres >2 μm in size, an objective lens (Model MPlan N 10×, 0.25 NA, ∞/–/FN22, Olympus/Evident 
Scientific, Waltham, MA) was used. For the 1 μm spheres, an objective lens (MPlan N 5×, 0.10 NA, ∞/–/FN22, Olympus/Evident 
Scientific, Waltham, MA) was used. Mosaic images were taken to image the entire deposition area on the filter media.

Size-fractionated quartz particles from the bottom four stages (d50 ranging from 0.4 to 2.1 μm) of the ACI were vacuum filtered 
through PC filters. These samples were analyzed on a desktop scanning electron microscope (SEM; Phenom XL, Thermo Fisher 
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Scientific, Waltham, MA) in the low-pressure mode (~1 Pa) at 15 kV acceleration voltage and 1.7 nA probe current with a back
scattered electron detector. Micrographs were obtained at a magnification of about 5000×. The images were processed and analyzed 
by image analysis software (MIPAR Image Analysis, version 3.4.0, Columbus, OH) to determine particle size distribution based on 
projected area (Sosa et al., 2014).

3. Results & discussion

3.1. Lorenz-Mie calculations

Plots for Qext as a function of particle size, dp, were obtained using a numerical code (MATLAB, MathWorks, Inc., Nattick, MA). This 
numerical code (Bohren & Huffman, 2008; Mätzler, 2002) uses the size parameter, x = πdp/λ, as an input variable. For polystyrene, the 
average nPS, and kPS values (Myers et al., 2018) at λ (for 698.6 ± 2 cm− 1) were used. Since the optical properties of quartz are equal in 
two orthogonal directions (ordinary ray) and differ in the third orthogonal direction (extra-ordinary ray) (Di Biagio et al., 2014; He 
et al., 2019; Hudson et al., 2008; Longtin et al., 1988; Peterson & Weinman, 1969; Reed et al., 2017; Saksena, 1940, 1958; Šimon & 
McMahon, 1953; Spitzer & Kleinman, 1961), nQ, and kQ were estimated using the optical constants averaging (OCA) method such that, 
nQ = 2/3nQ,o + 1/3nQ,eo and kQ = 2/3kQ,o + 1/3kQ,eo (Di Biagio et al., 2014; Hudson et al., 2008; Peterson & Weinman, 1969; Reed 
et al., 2017). A similar spectral averaging (SA) method has also been proposed wherein εMie = 2/3εMie,o + 1/3εMie,eo (Hudson et al., 
2008). The average nQ,o, kQ,o, nQ,eo, and kQ,eo values (Reed et al., 2017; Spitzer & Kleinman, 1961) at λ (for 780.7 ± 2 cm− 1) were used. 
These values have been verified through emission spectroscopy on quartz crystals (Wenrich & Christensen, 1996). For Lorenz-Mie 
calculations, air was considered as the ambient medium since background signal from the filter media was subtracted during mea
surements. The refractive index for humid air in the mid-IR wavelength range is approximately 1.000273 (Mathar, 2007; Rank & 
Shearer, 1954), although the values differ in the visible and near infrared range (Ciddor, 1996). For simplicity, the refractive index of 
air was considered as 1.

3.2. Comparison of measured IR transmittance and theoretical IR extinction for model polystyrene spheres

Model polystyrene spheres were used to validate our instrumental setup used to measure IR transmittance of particulate samples 
collected on filter substrates. To calculate εMie, particles on filter media with mean particle size, dp, were considered to be normally 
distributed with a standard deviation of σ as listed in Table S1 in SI. A comparison of εexp and εMie at 698 ± 2 cm− 1 for polystyrene 
spheres over a wide range of sizes, dp (or x, defined in the preceding section) and packing densities (MT/Adep) is shown in Fig. 1 (also 
plotted as εexp/εMie as a function of MT/Adep in Fig. S1 in SI). For x less than 1 (dp < 4.6 μm for PSL particles) and packing density below 
500 μg/cm2 (solid red circles), εexp and εMie deviate by 20 % at most (i.e., 20 % on each side of the 1:1 line), as indicated by the shaded 
region in Fig. 1. This agreement is well within the experimental uncertainty from many sources, including dependent scattering due to 
close packing or agglomerated particles. Particle agglomeration or clustering observed in the optical micrographs that span the filter 
deposition area (see Fig. S2 in the SI), is unavoidable during sample preparation and can contribute to measurement uncertainty of 
εexp.

For x greater than 1 (dp > 4.6 μm for PSL particles) and packing density below 500 μg/cm2 (solid blue circles), εexp and εMie deviate 

Fig. 1. Comparison of measured (εexp, and calculated (εMie extinction for model polystyrene spheres with size parameters, x < 1 or dp < 4.6 μm (red 
circles), and x > 1 (blue squares), and packing densities <500 μg/cm2 (solid symbols), and >500 μg/cm2 (open symbols). The yellow shaded region 
depicts a 20 % deviation on each side of the 1:1 line. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)
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further. Note that the differences might appear to be less exacerbated since the data is plotted on a log-scale. For particle circumference 
comparable to or greater than the incident wavelength, scattering contributes more to the total extinction in compared to absorption, 
resulting in poorer agreement between εexp and εMie. For packing densities >500 μg/cm2 (open red and blue circles), multiple or 
dependent scattering effects due to mutual interaction between particles are further exacerbated. To account for these interactions in 
packed fluidized beds, various frameworks such as the packed-sphere model (Cartigny et al., 1986; Yamada et al., 1986), gas model 
(Cartigny et al., 1986; Yamada et al., 1986), modified liquid model (Drolen & Tien, 1987; Smith & Henderson, 1970), and 
Percus-Yevick model (Drolen & Tien, 1987; Ishimaru & Kuga, 1982; Twersky, 1978; Wertheim, 1963), have been employed for x < 1. 
For x > 1, we refer the reader to another photometric model (Hapke, 2012). While the correction factors based on these models have 
been used in atmospheric sciences wherein particulate aerosols are suspended in gas/liquid, a direct application of these models to 
particulate laden filters is beyond the scope of this study.

3.3. Comparison of measured IR transmittance and theoretical IR extinction for non-spherical quartz

Since the Lorenz-Mie solution is applicable to spherical particles only, log-normal distributions specified by number-based volume 
equivalent diameter, dve

c , and geometric standard deviation, σg (Dunbar & Mitchell, 2005; Marple et al., 1991), for the size-fractionated 
quartz particles collected using the ACI/MOUDI impactors (see Table S2 in the SI) were considered for the calculations. A comparison 
of εexp and εMie at 780 ± 2 cm− 1 for quartz particles with x less than 1 (dve

c < 4.1 μm) and packing density below 500 μg/cm2, frac
tionated using the ACI (SRM 1878; open and solid red squares) and MOUDI (SRM 1878b; solid blue circles) is shown in Fig. 2. Due to 
the non-spherical shape of the quartz particles, a 40 % deviation (i.e., 40 % on each side of the 1:1 line) indicated by the yellow shaded 
region between εexp and εMie was considered. To account for the particle asymmetry, distributions of ellipsoids (Hudson et al., 2008), 
and spheroids (Reed et al., 2017) have been considered. While a significant improvement in peak fitting at 1100 cm− 1 was observed by 
considering non-spherical shapes, no considerable difference was observed in the 770–815 cm− 1 range (Reed et al., 2017).

For coarser particles in SRM 1878, there was a significant measurement bias introduced due to sampling and measurement arti
facts; for example, for quartz particles on the upper stages of ACI (open red squares), the deviations extend beyond the shaded region in 
Fig. 2. Here the assumption of a unimodal size distribution was not invalid as confirmed by the SEM micrographs and corresponding 
distribution of projected area of the particles shown in Fig. S3 in SI. A multi-modal distribution of particles on the stages of cascade 
impactors has previously been observed (Bartz et al., 1979; Dekeyser & Dams, 1990; Dzubay & Hasan, 1990; SRM 1878 quartz particles 
were generated via nebulization in this study. The size of atomized water droplets depends on the flow rate (McCallion et al., 1996), 
such that lower flow rates result in bigger water droplets. Although a diffusion dryer was used, a reduction in efficiency could result in 
insufficient drying of water droplets; thus, large droplets containing small silica particles could be erroneously deposited on the upper 
stages of the cascade impactor resulting in multi-modal size distributions.

εexp for size-fractionated quartz particles (x < 1) from several literature studies (Dodgson & Whittaker, 1973; Foster & Walker, 
1984; Kauffer et al., 2002; Stacey et al., 2009; Tuddenham & Lyon, 1960) was also compared with εMie in Fig. 2 (open black symbols). 
Estimates of dve

c from the reported sizes, and σg are detailed in Table S3 in SI. No information pertaining to MT, Adep, baseline 
correction, and correction factors for determining εexp was available for data reported in the literature. For a given literature dataset, 
εMie was scaled to the highest reported εexp by varying MT/Adep. The same MT/Adep was used to compute the remaining εMie values for 
each reported dve

c . The calculated εMie and εexp deviate by 40 % at most (i.e., 40 % on each side of the 1:1 line), demonstrating the 

Fig. 2. Comparison of εexp and εMie for quartz particles with size parameters, x < 1 (or dve
c < 4.1 μm) and packing densities <500 μg/cm2, size- 

fractionated using ACI (open and solid red squares) and MOUDI (solid blue circles). The yellow shaded region depicts 40 % deviation on each 
side of the 1:1 line between εexp and εMie. Comparison of εexp and εMie literature data is also presented (open black symbols). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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applicability of the Lorenz-Mie solution to previous literature studies.

3.4. Quantification bias due to differences in particle size distributions of quartz standards used for calibration

In order to understand the extent of bias (b) introduced by differences in size distribution between sampled aerosols and the SRM, 
we performed Lorenz-Mie calculations. The bias was calculated by obtaining the difference in the total particulate mass, MT, for a 
known size distribution of the sampled aerosol using equation (2) and the mass obtained from the SRM calibration curve, Mcal by 
calculating the εMie using equation (1) for the same size distribution such that, b = |Mcal(εMie) − MT|/MT × 100. Here, Mcal can be 
estimated from the ratio of εMie to the slope of a SRM calibration curve.

The calibration curve for different SRMs (constructed using Lorenz-Mie calculations) is shown in Fig. 3. For each reference material, 
the log-normal size distribution parameters, dve

c , and σg, estimated from literature (Stacey et al., 2009) are reported in Table S4 in SI. 
For each reference material, NT was varied to obtain εMie, and the calibration mass, Mcal, from equation (1), and (2), respectively.

The bias (b) in mass quantification due to differences in particle size distributions of the quartz aerosol and the SRM 1878a 
(certificate) calibration curve is shown in Fig. 4. It was assumed that the quartz aerosols were 100 % crystalline (equal to calibration 
standard). Fig. 4 reveals that the bias in mass quantitation is <40 % across all dve

c provided σg < 1.6. Similarly, for dve
c < 2 μm and all σg, 

the bias was under 40 %. For larger dve
c > 3 μm, and σg > 2, the bias in mass quantitation can range between 40 and 100 %, with greater 

biases at large dve
c and σg.

Fig. 4 also compares the bias in mass quantification for different quartz standards in use today. Owing to differences in origin and 
preparation methodology, their particle size distributions vary significantly. dve

c and σg for these standards were obtained from 
literature (Stacey et al., 2009; Verma & Shaw, 2001) as detailed in Table S4 in SI. It was assumed that all standards were 100 % 
crystalline, and Fig. 4 demonstrates the bias in mass quantification between the quartz reference materials purely based on differences 
in size distribution. In Fig. 4, dve

c and σg values for SRM 1878, Min-U-Sil 5, and A9950 (or Sikron F600) from both literature references 
listed in Table S4 in SI were considered (Stacey et al., 2009; Verma & Shaw, 2001). Quartz reference materials such as Quin 1 (Institut 
National de Recherche et de Sécurité in France), A9950 (Health and Safety Laboratory, U.K.), SRM 1878a (National Institute of 
Standards and Technology, USA), A9950 (AUST) No 1 (Australian National University and Deakin University, Australia), and DQ12 
Bergbau (British Case Iron Research Association, U.K.) have <20 % quantification bias due to differences in size distribution relative to 
SRM 1878a (certificate). The bias in mass quantification increases to 20–40 % for SRM 1878 (National Institute of Standards and 
Technology, USA), Ottawa Silica Sand (Elliott Lake Laboratory, Canada), and A9950 (if dve

c and σg values from Verma and Shaw (2001)
in Table S4 in SI is considered). However, the use of respirable fractions of Quin 1 and A9950, DQ12 (Health and Safety Laboratory, U. 
K.), and Min-U-Sil 5 increases the bias to 40–60 %, while the highly polydisperse (σg ≈ 3) DQ12 Robock (British Case Iron Research 
Association, U.K.) shows ~ 80 % bias in mass quantification relative to SRM 1878a (certificate).

3.5. Quantification bias due to differences in particle size distribution for occupationally relevant, mixed aerosol exposures

The bias calculations discussed above assume 100 % crystalline content, whereas most real-world workplace aerosols show 
crystalline content between approximately 10–90 %. The range of parameters investigated for mixed aerosol exposures are detailed in 
Table 1. Occupational aerosols are complex, heterogenous mixtures of inorganic species (salts, minerals, metals), and carbonaceous 
compounds (Song et al., 2022). For example, aerosols from coal mines comprise of minerals such as calcite, quartz, dolomite, kaolinite, 
and illite in addition to carbonaceous coal dust (Pan et al., 2021; Riley et al., 2012), while aerosols generated during engineered stone 

Fig. 3. Calculated calibration curve (εMie vs the calibration mass, Mcal) based on the cumulative size distribution reported in quartz SRM 1878a 
(certificate) (Stacey et al., 2009). The slopes from linear regressions were 6.66 × 10− 4/μg (A9950), 6.31 × 10− 4/μg (SRM 1878a), 5.46 × 10− 4/μg 
(Quin 1), 5.07 × 10− 4/μg (SRM 1878), 4.75 × 10− 4/μg (Min-U-Sil 5), and 3.28 × 10− 4/μg (DQ 12).
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fabrication show an abundance of quartz and polymer resin binder particles (Ramkissoon et al., 2022; Rishi et al., 2024; Thompson & 
Qi, 2023). Typical composition of coal mine dust (averaged from four locations within the mine) was 59.3 % coal, 17.7 % dolomite, 6.6 
% calcite, 6.4 % kaolinite, 5.4 % illite, and 3.3 % quartz by mass (Pan et al., 2021). Similarly, for construction aerosols such as concrete 
dusts comprise of 45.1 % dolomite, 32.2 % quartz, and 18.3 % calcite by mass (Gharpure et al., 2021), while dusts released during 
engineered stone fabrication (averaged over 12 stones) comprise of 87 % quartz, and about 13 % resin binder by mass (Ramkissoon 
et al., 2023). On the contrary, dust from fabrication of natural stones such as granite comprises of 70 % quartz, 11 % Al2O3, and 5 % 
Fe2O3 by mass (Silva et al., 2023). These differences in the composition manifest as a change in refractive index of the aerosol for 
infrared spectroscopic measurements and calculations.

To compute bias in Fig. 5, a linear volume average mixing rule was used to determine the refractive indices (Hand & Kreidenweis, 
2002; Hänel, 1968; Hasan & Dzubay, 1983; Liu & Daum, 2008; Lowenthal et al., 2000; Ouimette & Flagan, 1982) of mining and 
construction dusts. The refractive indices and densities of the constituents are listed in Table S5 in SI (Ashraf et al., 2019; Jäger et al., 
2003; Polyanskiy, 2024; Querry, 1985, 1987). Fig. 5 shows the impact of varying quartz content (determined using SRM 1878a-based 
calibration shown in Fig. 3) in the workplace aerosols on quartz mass quantification for different aerosols with varying sampled aerosol 
size distribution parameters dve

c , and σg. The bias was determined as mentioned in the preceding section. It can be seen that the bias in 
mass quantification for engineered stone dust is similar to Fig. 4 since the quartz content is relatively high and the resin binder absorbs 
weakly at 780 cm− 1 (see small k value in Table S5 in SI). Although counterintuitive, a marked reduction in the bias was observed for 
natural stone dusts such as granite. This was attributed to the strong absorption of Al2O3 at 780 cm− 1 (see large k value in Table S5 in 
SI). For the same aerosol size distribution, a lower quartz content in the dust (such as 8 %, and 32 % of the total mineral composition in 
coal mine dust, and concrete/cement dust, respectively) results in a higher bias in mass quantification.

Fig. 4. A plot showing the bias in mass quantification of quartz particles (100 % crystallinity) with different log-normal size distributions relative to 
SRM 1878a (certificate). Bias in mass quantification for other available quartz reference materials relative to the SRM 1878a is also shown (dve

c and 
σg values for these reference materials listed in Table S4 in SI).

Table 1 
Range of values for different parameters used for estimating the measurement bias in mass estimation from Lorenz-Mie calculations and 
actual mass for a given size distribution.

Parameter Range of values investigated

Size distribution Lognormal, dve
c = 0.1–10 μm, σg = 1.1–3

Morphologya (i.e. non sphericity) Dynamic shape factor = 1.36 for quartz (1 for spheres)
Packing densityb 3–432 μg/cm2

Chemical composition (by volume) Coal mine dust (46 % dolomite, 16 % calcite, 15 % kaolin, 14 % illite, 8 % quartz)
Concrete/Cement dust (49 % dolomite, 32 % quartz, 19 % calcite)
Granite quarry dust (73 % quartz, 18 % Al2O3, 9 % Fe2O3

Engineered stone dust (93 % quartz, 7 % resin)

a Other values of dynamic shape factors were not explicitly tested, but different dynamic shape factors would result in different dve
c 

estimated from da
m, essentially impacting the size distribution.

b While the packing density range listed in the table (<500 μg/cm2) was used to determine the feasibility of Lorenz-Mie calculations 
against experimental measurements for quartz in Fig. 2, the bias in mass aerosol mass (or concentration), b = |Mcal(εMie) − MT|/MT × 100, 
is independent of packing density, since both εMie and MT are directly related to the total number of particles, NT, per equations (1) and (2), 
respectively.
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Fig. 5 shows practical size distributions of aerosols (Menzelintseva et al., 2019; Pavan et al., 2016; Sirianni et al., 2008; Thompson 
& Qi, 2023; Wang et al., 2024) (see Table S6 in SI) sampled at different locations in the workplace and the associated bias in quartz 
quantification using IR spectroscopic methods. For example, sampling dust near the mill feeder at a concrete/cement production 
facility (Menzelintseva et al., 2019), shows <20 % bias in analyte mass quantification. Sampling of concrete/cement dust in the 
packing shop shows a 20–40 % measurement bias, which increases to >40 % while sampling in the milling shop and near the rotary 
kiln. Sampling dusts in the stone finishing area in a granite quarry (Sirianni et al., 2008) also show a 20–40 % bias in analyte mass 
quantification, which increases to > 80 % due to a more polydisperse size distribution with larger modal diameter when sampled in the 
grinding and cutting areas. Similarly, sampling coal mine dust (Wang et al., 2024) near the continuous miner and bolter machine 
shows a 20–40 % bias in analyte mass quantification, which increases to 40–60 % when sampled near the feeder and longwall face. 
Construction activities such as grinding (Thompson & Qi, 2023) and cutting (Pavan et al., 2016) of engineered stone generate different 
particle size distributions relative to the calibration standard and consequently result in differing bias in analyte mass quantification.

4. Conclusions

Measured and calculated extinction efficiency (εexp and εMie) for model PSL particles agreed within ±20 % for x less than 1 (dp <

4.6 μm) and packing density below 500 μg/cm2. Nonideal conditions, such as particle agglomeration, matrix effects from the sample 
substrate, and dependent scattering likely contributed to the observed difference. For x greater than 1 (dp > 4.6 μm) scattering 
dominated absorption, while at packing densities >500 μg/cm2 dependent scattering was significant, resulting in larger deviations 
between εexp and εMie. Measured and calculated extinction efficiency (εexp and εMie) for quartz particles agreed within ±40 % due to the 
asymmetric particle morphology. The estimated bias, based on εMie calculated from the Lorenz-Mie theory is applicable for x less than 1 
(i.e., dve

c < 4.1 μm for quartz containing aerosols), and packing densities <500 μg/cm2 based on our experimental findings. This 
translates to a filter mass loadings of approximately 2 mg, and 4 mg on standard 25 mm, and 37 mm filters used for air sampling. The 
bias plots can be used up to a maximum air concentration of 2 mg/m3 for a typical 8-h sampling period at 2 lpm for sampling using a 25 
mm filter which is above the permissible exposure limit for RCS of 50 μg/m3.

The bias in mass quantification for aerosols with very high (nearly 100 %) crystalline silica content (for example, engineered stone 
countertops) varies depending on the particle size distribution of quartz reference materials in use today worldwide. The bias is <20 % 
for Quin 1, A9950, A9950 (AUST) No 1 and DQ12 Bergbau relative to SRM 1878a. On the contrary, respirable fractions of Quin 1 and 
A9950, DQ12, and Min-U-Sil 5 showed a 40–60 % bias relative to SRM 1878a based on Lorenz-Mie calculations.

Occupational exposures comprise mixed aerosols with crystalline silica fractions ranging from 8 % in coal mine dust to about 87 % 
in dust from grinding of engineered stone countertops. Exposure assessment at different locations in coal mines, granite quarries, and 
concrete cement production facilities, or during different construction activities using IR spectroscopic methods result in analyte mass 
quantification bias relative to the calibration standard due to differences in particle size distributions as well. Moderate differences 

Fig. 5. A plot showing the bias in mass quantification for quartz in occupational aerosols such as concrete/cement dust (32.2 % quartz), granite 
quarry dust (70 % quartz), engineered stone dust (87 % quartz), and coal mine dust (8 % quartz of the mineral dust) with different log-normal size 
distributions relative to SRM 1878a (certificate). Bias associated with sampling at different sampling locations in the coal mine (Wang et al., 2024), 
granite quarry (Sirianni et al., 2008), and concrete/cement production facility (Menzelintseva et al., 2019). Bias in analyte mass quantification 
during different construction activities on engineered stones (Pavan et al., 2016; Thompson & Qi, 2023) is also shown (see Table S6 in SI for 
associated dve

c and σg values).
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between the particle size distributions of the sampled aerosol (for example, stone finishing area in a granite quarry, powder handling in 
concrete/cement production facility, continuous miner and bolter machine in coal mines) and the calibration SRM result in a 20–40 % 
bias in analyte mass quantification. When the modal diameter and polydispersity of the sampled aerosol (for example, grinding and 
cutting areas in granite quarry) is significantly higher than the calibration SRM, the bias in analyte mass quantification can exceed 80 
%. The study highlights artifacts in IR measurement of workplace aerosols and the need to exercise caution when comparing different 
quantification methods.
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List of Symbols

Symbol Description

ε IR extinction
εMie IR extinction calculated from Lorenz-Mie theory
Qsca Scattering efficiency from Lorenz-Mie theory
Qabs Absorption efficiency from Lorenz-Mie theory
T Measured IR transmittance
εexp Measured IR extinction, εexp= − ln10(T)
dp Particle diameter (spherical morphology)
n(dp) Number-based size distribution
NT Total number of particles in a distribution
λ Incident IR wavelength, inversely related to the wavenumber
m Complex refractive index of the particles, m = n + ik, where n is real part while k is the imaginary part
Qext(dp, λ, m) Total extinction efficiency from Lorenz-Mie theory, i.e. Qext = Qsca + Qabs
f(dp) Frequency distribution, for example, Gaussian or Log-normal
Adep Sample deposition area on the filter
MT Gravimetric mass (measured or calculated for a known particle size distribution assuming spherical particles)
x Size parameter, x = πdp/4
nPS Real part of complex refractive index for polystyrene
kPS Imaginary part of complex refractive index for polystyrene
nQ,o Real part of complex refractive index for quartz associated with the ordinary ray
nQ,eo Real part of complex refractive index for quartz associated with the extra-ordinary ray
kQ,o Imaginary part of complex refractive index for quartz associated with the ordinary ray
kQ,eo Imaginary part of complex refractive index for quartz associated with the extra-ordinary ray
MT/Adep Packing density on filter media
dve

c Number-based volume equivalent diameter for a log-normal size distribution

(continued on next page)
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(continued )

Symbol Description

σg Geometric standard deviation for a log-normal size distribution
b Bias in mass quantification
Mcal(εMie) Mass of the sampled aerosol with a known size distribution calculated from the SRM calibration curve, Mcal = εMie/Slope

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jaerosci.2025.106669.

Data availability

The data generated or analyzed during this study can be found within the published article and its supplementary files. Additional 
data is available from the corresponding author on reasonable request.
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