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Abstract

Exposure to respirable crystalline silica (RCS) is potentially hazardous to the health of thousands of
workers in Great Britain. Both X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectros-
copy can be used to measure RCS to assess exposures.The current method outlined in the Health and
Safety Executive’s (HSE) Methods for the Determination of Hazardous Substances (MDHS) guidance
series is ‘"MDHS 101 Crystalline silica in respirable airborne dust - Direct-on-filter analyses by infrared
spectroscopy or x-ray’. This describes a procedure for the determination of time-weighted average
concentrations of RCS either as quartz or cristobalite in airborne dust. FTIR is more commonly em-
ployed because it is less expensive, potentially portable and relatively easy to use. However, the FTIR
analysis of RCS is affected by spectral interference from silicates. Chemometric techniques, known
as Partial Least Squares Regression (PLSR) and Principal Component Regression (PCR), are two com-
putational processes that have the capability to remove spectral interference from FTIR spectra and
correlate spectral features with constituent concentrations. These two common chemometric pro-
cesses were tested on artificial mixtures of quartz and kaolinite in coal dust using the same com-
mercially available software package. Calibration, validation and prediction samples were prepared
by collecting aerosols of these dusts onto polyvinylchloride (PVC) filters using a Safety in Mines
Personal Dust Sampler (SIMPEDS) respirable cyclone. PCR and PLSR analyses were compared when
processing the same spectra. Good correlations between the target values, measured using XRD,
were obtained for both the PCR and PLSR models e.g. 0.98-0.99 (quartz), 0.98-0.98 (kaolinite) and
0.96-0.97 (coal).The level of agreement between PCR and PLSR was within the 95% confidence value
for each analyte. Slight differences observed between predicted PCR and PLSR values were due to
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measurement on one sample.

Incidence of worker ill health caused by exposure to aerosols containing hazardous particulate, like res-
pirable crystalline silica (RCS), remains an issue of international concern. Fourier Transform Infrared (FTIR)
instruments are relatively inexpensive, portable and potentially measure many agents simultaneously, but
interference can limit accuracy. This work explores the use of two chemometric data processing methods—
principal component and partial least squares regression—that use commercially available software, to strip
out interference from FTIR spectra. Both methods improved the accuracy of RCS measurement and pro-
vided a more complete characterization of a worker’s exposure to a number of substances with a single

the number of optimal principal components applied to each chemometric process. The presence
of kaolinite in these samples caused an 18% overestimation of quartz, for the FTIR, when following
MDHS 101 without a chemometric method. Chemometric methods are a useful approach to obtain
interference-free results for the measurement of RCS from some workplace environments and to
provide a multicomponent analysis to better characterise exposures of workers.

Keywords: quartz, respirable crystalline silica, coal dust, kaolinite, principal component regression, partial least

squares regression

Introduction

Crystalline silica is a generic name for a group of minerals
that have the same chemical composition of silicon (Si)
and oxygen (O) but with different crystalline structures
known as polymorphs. The most common polymorphs
of crystalline silica is quartz. Respirable dust is a health-
related term for aerodynamic sizes of particles that enter
the alveoli of the lung. The respirable definition includes
particles with aerodynamic diameters of less than 16 pm
and a median of 4 pum (CEN, 1993). Inhalation of respir-
able crystalline silica (RCS) is a potential hazard to the
health of 560,000 workers in Great Britain (Brown et al.,
2012) because exposure to aerosols containing RCS can
cause lung diseases like silicosis (HSE, 2003), lung cancer
(Brown et al., 2012) and chronic obstructive pulmonary
disease (COPD) (Bergdahl et al., 2004). One established
approach to assess exposures is to measure a portion
of the aerosol entering the breathing zones of workers.
The workplace exposure limit for an 8-h time-weighted
average exposure to RCS during a working shift in Great
Britain is currently 100 pg m=3 (HSE, 2005). Samples
of aerosol are collected onto a filter using a respirable
sampler. The most common respirable sampler used by
the Health and Safety Executive is the Safety in Mines
Personal Dust Sampler (SIMPEDS) which uses a cyc-
lone action at a flow rate of 2.2 L min~'. The two most
common analytical techniques universally employed
for RCS measurement of aerosol particulate on filters
are x-ray diffraction (XRD) and Fourier transform in-
frared spectroscopy (FTIR). FTIR instruments measure

the absorption of infrared energy from Si-O vibrations,
whereas XRD measures the reflections from the crystal-
line structure of the silica. Infrared measurements of RCS
are more affected by potential mineral interference from
other silicates present in the sample than XRD, because
silicate mineral structures contain similar tetrahedral ar-
rangements of Si and O atoms and so have similar Si-O
vibrations. In addition, crystalline silica polymorphs and
amorphous forms of silica also have similar convergent
FTIR spectra patterns (Bye, 1994) affecting accurate
quantification. FTIR instruments are more widely used
to measure RCS in aerosol dust collected onto filters be-
cause they are currently much cheaper than using XRD
and some models are more portable.

The development of portable (often battery powered)
and low-cost infrared instruments enables the potential
for the measurement of end-of-shift samples at the work-
site (Cauda et al., 2016). Portable instruments have an ad-
vantage since the hygienist can potentially measure and
report exposure results soon after a work shift or work
task is completed. The time taken to improve emission
controls and lower airborne RCS concentrations emitted
from the process can be significantly reduced, since it is
not necessary to wait for a result from an external la-
boratory, which can take several weeks. On-site instru-
ments rely on the application of a direct on-aerosol filter
measurement method, which is the standard RCS ana-
lysis approach used in the series of methods developed by
the Health and Safety Executive (HSE) in Great Britain
(Foster and Walker, 1984, HSE, 2014) known as Methods
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for the determination of hazardous substances (MDHS)
101: Respirable crystalline silica by infrared and x-ray.
Hence, the MDHS 101 measurement approach for RCS
involves the analysis of the dust deposited on the aerosol
sampling filter without any attempt to treat the dust to re-
move interference. Early work (Pickard et al., 1985) dem-
onstrated no significant difference in direct on-aerosol
filter FTIR results compared with a direct on-aerosol-filter
XRD method when measuring the same samples from
foundries, brickworks and potteries. However, other re-
searchers (Lee et al., 2013) measuring quartz in coal dust
samples, found significant interference from kaolinite
when using indirect methods (0.2—23%); where the
dust is recovered from the aerosol filter and concentrated
onto a smaller filter for analysis (MSHA, 1994). In Great
Britain, analysis of samples of coal for quartz followed
an indirect infrared potassium bromide (KBr) disc ana-
lysis approach involving a furnace to heat the dust and
decompose the kaolinite (Dodgson and Whitaker, 1973).
However, this process involves the potential for sample
loss during sample handling and processing. Currently,
skilled judgement from a trained analyst is needed to in-
terpret FTIR spectra with spectral interference. The sub-
jective nature of this may add to the variability of results.
The increased availability of low-cost FTIR portable
equipment for on-site measurement may diversify the
range of people involved in the interpretation of results,
including those in roles who are not previously trained
for this task. The potential for chemometric methods to
accurately measure without the need for further spec-
tral interpretation may lead to a ‘black-box’ approach
facilitating an instant and less expensive analysis of a
worker’s exposure. Currently, the chemometrics model
may need a check to verify that it works in a particular
workplace because it is not yet known if they universally
applicable. However, the addition of workplace-specific
samples, where target values are derived from a reference
laboratory, could resolve any site-specific issues.

The purpose of this article is to compare the perform-
ance of both partial least squares regression (PLSR) and
principal component regression (PCR) for the measure-
ment of quartz collected on aerosol sampling filters and
to compare the XRD method with the FTIR method in
MDHS 101. Coal dust itself is also a potential cause of
lung disease (Ross and Murray, 2004) so we also as-
sessed if the parameters selected by the chemometric
models can also quantify other major and potentially
hazardous components of these samples.

Chemometric methods

Current regulatory analytical methods for the measure-
ment of RCS using infrared instruments (NIOSH, 2004,

HSE, 2014) measure the peak height, from the base line
to the maxima, of the characteristic absorbance bands
for quartz at 800 cm™! and 780 cm~'. These methods
use the Beer-Lambert Law assumption which states
the attenuation of absorbance is directly proportional
to the concentration of the substance and a constant
known as the molar extinction coefficient. The model
for the calibration is based on a simple regression be-
tween two sets of coordinates, where x is the mass of
the analyte and y is the measured response. This ap-
proach is applied because most calibrations are con-
ducted on test samples containing pure RCS (quartz
or cristobalite). Correction due to the presence of
other components is addressed at a later stage in the
analytical method.

Chemometrics is a mathematical process that can
examine the whole FTIR spectrum and access the in-
fluence of different infrared active components with
overlapping absorbance from interferences (Breen
et al., 2008, Weakley et al., 2014). The application
of chemometric models to resolve the influence of
amorphous silica on the quantification of crystalline
silica in an FTIR spectrum was first applied in the 1990’
by Bye (1994), who employed PLSR to resolve artificial
mixtures of crystalline silica (quartz and cristobalite)
and amorphous silica. More recently, (Miller et al.,
2016) used PLSR to resolve the influence of kaolinite
from the measurement of quartz on coal dust samples
when using portable infrared instruments.

Chemometric techniques, like PLSR and PCR, are
based on a technique known as Principal Component
Analysis (PCA). The PCA is a way of reducing large
amounts of data to a limited number of character-
istic vector quantities (Jolliffe and Cadima, 2016).
Spectral data, consisting of a series of paired points
representing an absorbance at specific wavenumbers, is
an ideal format for PCA. This technique is usually ap-
plied when there are multiple variables in both x and y.
In this case discussed herein, y represents the multiple
combinations of different constituents (masses of coal
dust, kaolinite and quartz) and x are multiple versions
of absorbencies from the resulting scans obtained. The
PCA process introduces new coordinates by maximising
the co-variance of these data and reducing the multiple
points of x or y to vectors known as principal compo-
nents (PC). The technique essentially provides vector
coordinates for the bands that have a magnitude in the
assembled spectra and are most important for each com-
ponent. The PCA can provide a vector value (score) for
each matrix component by fitting a line to the variables
and determining the distance of a point to an origin. In
PCR, the first stage of the process is to determine the
direction of each absorbance from the mean value. This
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PCR process then establishes a relationship for each sub-
stance in the matrix between the calibration spectra (as-
sociated with mass of coal dust, kaolinite, and quartz)
with the most correlated vector values. The difference
between PCR and PLSR is that PCR interrogates only
the spectral information i.e. the absorbencies, whereas
PLSR examines both spectral and concentration data
(Hemmateenejad et al., 2007). Both processes ana-
lyse multiple regressions to test the resulting models,
however, PSLR contains separate calibrations for each
component. PLSR has been widely used with infrared in-
struments to measure complex mixtures of components
including recent studies investigating the measurement
of quartz in Pittsburgh coal dust (Miller et al., 2016)
and a PLSR using a modified Monte Carlo process to
eliminated unimportant spectral variables (Weakley
et al., 2014). The performance of PCR and PLSR has
been studied and the differences between results are not
generally considered significant although PLSR is gen-
erally preferred for FTIR analysis. The main difference
is that the PLSR calibration often requires fewer latent
variables for its prediction (Wentzell and Vega Montoto,
2003) which may increase the PLSR models efficiency
when measuring mass values close to the background,
since this reduces the likelihood of over modelling the
background noise.

Method

Overview of the analytical process
A schematic representation of the analytical measure-
ment process used in this study is shown in Figure 1.
The PVC filter is itself a spectral component that af-
fects absorbance, so current direct on-aerosol filter ana-
lysis methods for quartz (e.g. MDHS 101) involve the
subtraction of a spectrum of an unused PVC filter (HSE,
2014; Hart et al., 2018). Before sample collection, un-
used PVC filter blanks were analysed using FTIR to de-
termine their spectral profile. The unused filters were
then weighed. Aerosols were generated and the filters
were loaded with test mixtures following the description
outlined below. Gravimetric analysis was performed to
assess the total gravimetric mass of the loaded material
and to later calculate the mass of coal dust. XRD was
used to determine the mass of quartz and kaolinite in
the test mixtures and the samples were later scanned
using FTIR. The XRD measured values for the quartz
and kaolinite were used as the target values assigned
to each sample for use in the chemometric modelling
and for comparison with FTIR values determined using
MDHS 101.

Measure unloaded filters
for MDHS 101 ana\ysls

Generate aerosols and
prepare test samples

Quartz and kaolinite
target values

[ Gravimetric Analysu

XRD Measurements for ]

[ Infrared (FTIR)

Measurements
Compare with MDHS 101 Compare with
method chemometric methods

Figure 1. The analytical process.

Sample preparation

Several approaches for the preparation of calibration
standards are possible; however, to be predictive of sam-
ples from different workplaces, the calibration and valid-
ation mixtures must contain representative proportions
of relevant components i.e. the constituent minerals.

In this study, artificial mixtures were generated so
that each component of interest could be evaluated and
quantifiable. The proportions of each significant compo-
nent were altered to decrease any collinearity within the
model and increase the variability of component con-
centrations. Test filters containing mixtures of respirable
dust were prepared following the method described in
MDHS 101 (HSE, 2014) and Stacey (2019). Aerosols
of a single constituent or mixtures of constituent min-
erals were generated in a glass dust cloud generator of
the type shown in MDHS 101 (HSE, 2014). The test
dust was placed in the bowl at the bottom of the gen-
erator and aerosolised using a short burst of pressurised
air. The apparatus was earthed (grounded) to reduce the
agglomeration of particles due to charge. Test samples
of these aerosols were collected onto 25 mm diameter
5 pm pore size PVC filters (SKC Ltd, Blandford Forum,
Dorset, UK) using a SIMPEDS (Casella UK Ltd, Bedford,
United Kingdom) at a flow rate of 2.2 L min~'. The flow
rate through the respirable sampler was calibrated to
its nominal value using a TSI 4100 flow calibrator (TSI
Inc, Shoreview, USA). The bulk powders used for aerosol
generation and their origin are listed in Table 1. Mineral
samples can potentially contain other trace minerals as
contaminants, which may affect the reliability of their
quantification. Each powder was scanned using XRD
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Table 1. Respirable powders included in the study and
their origin.

Powder Origin

HSE reference power
A9950, Buxton, United
Kingdom (UK)

Georgia, United States of

Respirable Quartz

Kaolinite
America

Durrans Graded Coal Dust
30, James Durrans & Sons
Ltd, Sheffield, UK

Council for Scientific and
Industrial Research (CSIR),
Pretoria, South Africa

Coal Dust (Coal 1)

Coal Dust (Coal 2)

to assess the presence of other potential mineral compo-
nents. XRD scans for coal dust from a variety of sources
are shown in Figure S1 (Supplementary Information).
Coal dusts identified as Polish, South African, Pittsburgh
(United States of America), Coal Rank 502 (a coke coal)
and Durrans were measured. The South African coal
dust differs from the others because it was collected
from ventilation filters in a mine, whereas the other
samples were collected from pulverised coal. The min-
eral composition was similar for each coal dust. Quartz
(8i0,), kaolinite (Al,Si,0,(OH),), a mica type named
muscovite 2M1 or 3T (KAI(AlSi,O, )(OH),), pyrite
(Fe,S) and some trace reflections that could be associated
with calcite (CaCO,), and a microcline (KAISi,O,) were
identified in the majority of samples. The most signifi-
cant reflections were for quartz and kaolinite. The coal
identified as Polish was relatively quartz-free although
it had noticeable kaolinite reflections. Durrans coal was
selected for further work because it had lower quartz
and kaolinite reflections. FTIR scans for Durrans coal
deposited onto a PVC filter are shown in Figure 2 and
compared with an unused filter.

Determination of the sample ‘assigned’ inde-
pendent target value

XRD following the MDHS 101 method (HSE, 2014)
was used as the reference method for the assigned values
since XRD is less influenced by the presence of kao-
linite as interference. The quantity of quartz and kao-
linite in all samples was determined using an X-pert Pro
MPD x-ray diffractometer (Malvern PANalytical Ltd,
Cambridge, UK) with focusing Bragg-Brentano geom-
etry. The XRD measurement conditions are described
in the supplementary information. The calibrations for
quartz and kaolinite are shown in Figures S2 and S3
(Supplementary information).

The mass of coal was determined by subtracting the
mass values for quartz and kaolinite from the gravi-
metric mass of the dust loaded onto each PVC filter.
Filter weighing was conducted using a XP2U Mettler
microbalance with a readability of 1 pg (Mettler-Toledo
Ltd, Leicester, United Kingdom) in a balance room
with controlled temperature and humidity maintained
at 25°C and 50% relative humidity. Static charge was
eliminated from the PVC filters before weighing using
an Haug deioniser (Mettler-Toledo Ltd, Leicester, United
Kingdom).

FTIR analysis

A Perkin Elmer Frontier FTIR instrument was used with
Quant software (Perkin Elmer UK Ltd, Beaconsfield,
UK). The standard conditions in MDHS 101 were used
for FTIR analysis (HSE, 2014). Thirty-two scans were
collected from 560 cm™! to 1000 cm™! with a resolution
of 4 cm'. A previous study (Miller et al., 2016) used a
resolution of 2 cm™! but this takes longer and was found
to make little or no difference to sensitivity (Figure
S4, Supplementary Information). With a scan speed of
2 cm s7! the total sample measurement time was less
than 4 min. Spectral effects due to external factors were
compensated for by running a background scan prior to
analysis of each batch of filters.

Background correction

The first-order derivative background treatment was
compared with the spectral subtraction approach of
MDHS 101 using PVC filters containing pure quartz
standard A9950; to assess if the first-order derivative
approach could replace the current procedure. The same
standards were used for calibration and prediction and
both approaches used the Beer-lambert approach where
the absorbance is proportional to the concentration. The
only difference between the two approaches was the
processing of the spectra before analysis. The absolute
and relative differences were compared.

The chemometric process

The chemometric process involved the collection and meas-
urement of three independent sets of samples; one for cali-
bration, one for validation of the model and another to
serve as a prediction set to assess how well the models com-
pare. The calibration test samples included samples of pure
analyte and combinations of mixtures of the constituent
components (quartz, kaolinite and Durrans coal dust).
The validation and prediction samples generally included
all three constituents, although a small number of samples
were included with, no kaolinite, just kaolinite and some
samples containing only quartz obtained from the AIR

220z 1udy /Z uo Josn AysiaAlun wejleH piaweys Aq 60.8.€9/180GEXM/USMUUE/EE0L 0 | /I0P/a]01E-80UBADE/USMUUE/WOY"dNO"0lWapED.//:SA)Y WO} PapEojuMOq


http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data
http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data
http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data
http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data
http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data
http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data
http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data
http://academic.oup.com/annweh/article-lookup/doi/10.1093/annweh/wxab081#supplementary-data

Annals of Work Exposures and Health, 2021, Vol. XX, No. XX

915¢em™
800 cm’”’ 780 cm’  ~760cm
¢ B
s
E-]
g
1000 900 800 700 600 550

wavenumber cm™

Figure 2. FTIR scans between 560 cm~' and 1000 cm~' wavenumbers showing a unloaded blank PVC filter (A), a PVC filter loaded
with about 1.3 mg of Durrans coal dust and a mass of quartz (B), a PVC filter loaded with 1 mg of Durrans coal dust (C), and a

sample of about 1.3 mg of coal dust from South Africa (D).

proficiency testing (PT) programme (LGC Ltd, Teddington,
UK). AIR PT is a quality assurance programme that dis-
tributes samples to assess the proficiency of laboratories
measuring contaminants in workplace atmospheres.
Durrans coal dust (Coal 1) was used for the preparation
of calibration and validation samples. Prediction samples
to test the models also included coal dust from a South
African mine (Coal 2). A list of the samples, loaded masses
and their constituent proportions are presented in Tables
S2 to S4 (Supplementary Information). The same samples
were used for the PCR and the PLSR model.

Processing parameters

The spectral range was constrained in favour of obtaining
a scan of the area of interest for the measurement of
quartz. Miller et al. (2016) found that wavenumbers
between 560 cm~! and 1000 cm-! contained the
wavenumbers of most significance for the measurement of
quartz in coal dust. There were few spectral wavenumber
ranges that were not affected by the mineral constituents.
The measured spectrum in the analysis was not subdiv-
ided further (e.g. to specifically reduce the proportion of
redundant spectra to improve kaolinite or coal dust meas-
urement). Unlike other work (Weakley et al., 2014, Miller
et al., 2016), the spectrum of the loaded test sample was
not corrected by subtraction of a spectrum of an unused
PVC filter. A first-order derivative was applied to each
scan to normalise the influence of the spectral bands from
the filter material. A beneficial effect of the application of
the first-order derivative is to suppress off-sets (i.e. vari-
ation about the expected vibrational absorbencies). The
most common reason for this to occur in this work was
the difference in absorbance due to the depth of the PVC
filter and the sample loading i.e. the smaller the sample
loading the more spectral interference from the filter.
A second-order derivative was attempted because this
process is potentially more sensitive to low analyte mass
values; however, it tended to underestimate the higher
loadings and was not used because it was not applicable

to the wider analytical range. No further weighting or
normalisation was applied for processing the spectrum
before applying the PLSR or PCR model.

All data were centred around the mean for the prin-
cipal component analysis. The PCR model was centred
around the mean for y (absorbance) and the PLSR
model was centred around the mean for both x (con-
stituents and masses) and y (constituents and absorb-
ance). The maximum possible number of components
was not restricted. The commercial software uses a val-
idation protocol during the calibration stage, as well
as an independent validation stage after calibration, to
assess its predictive ability. Each calibration spectrum
is sequentially removed and predicted from the recalcu-
lated model. The prediction error is a measure of all the
differences obtained by the model during the calibration
validation process. The validation set included both sam-
ples prepared with Durrans and South African coal dust
and the results were corrected for a slight bias for kao-
linite which the software applied to all analytes.

The influence of the number of principal components
on the values reported for quartz in the prediction set was
investigated using the PCR model. The similarity between
values predicted by PCR with different numbers of PCs
and the XRD assigned values were assessed from the 95%
level of confidence intervals for the slope and intercept of
their regressions obtained from Excel (Microsoft Corp,
United States). Ideally, the slope value should not be sig-
nificantly different from 1.00 and the intercept should not
be significantly different from zero. The similarity between
the PCR and the PLSR models was also determined in the
same way, once the models were established with numbers
of PCs that were a close match to the XRD assigned values.

Results and discussion

Calibration results
There were 62 and 19 samples in the calibration and val-
idation sets, respectively. Statistical estimates generated
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by the software for the quantification of each compo-
nent using all 62 samples are shown in Table 2.

The calculated values from PCR and PLSR calibra-
tion and validation sets compared with the assigned
value of quartz determined using XRD are shown in
Figure 3.

A set of thirty samples used in the prediction set con-
taining quartz in artificial mixtures with added kaolinite
and South African coal dust (Coal 2) were prepared and
evaluated against their measured quartz values (Table S3
supplementary information).

Evaluation of the number of principal
components (PC)

The software package computationally processed the
PCR model for quartz with six PCs, however, the soft-
ware options for PCR allowed the user to specify the
number of principle components for each analyte.
Therefore different numbers of principle components
were assessed to check if six was the best for predic-
tion as well as to assess trends in the prediction values.
Prediction values, obtained by processing PCR cali-
bration with different numbers of PCs (3 to 7), were
plotted against the assigned target values (Figure S5,
Supplementary Information). The regression and average
differences are provided in Table S1 (Supplementary
Information). Changing the number of PCs alters the
slope and intercepts coefficients The slope of the regres-
sion line between the predicted model value and the as-
signed XRD value for the trend line with five PCs was
one of two PCRs that were not significantly different
from the ideal 1:1 trend line slope from the measured
XRD values indicating a close statistical relationship
(95% confidence interval of the slope was from 0.99 to
1.11). The average difference was -6.5 ng with values
for the slope and intercept of 1.05 and -10.7 pg, respect-
ively. Predicted values from the PCR model with three
PCs were also not significantly different from the XRD
assigned values. The model with 3 PCs had the least

Table 2. Calibration data for quartz, kaolinite and coal dust.

average difference with the XRD values (0.86 pg) and
a better fitted linear relationship with the target values
(Slope = 0.996 and Intercept = 1.1 pg). The PCR model
with five PCs was selected for further work to compare
with the equal number of PCs selected by the PLSR
method.

Prediction close to the XRD limit of

detection (LOD)

Six prediction samples of South African coal (shown in
Figure 4) dust contained very low masses of quartz (7.7-
9.5 pg). These samples provided an opportunity to test
whether the reduction in the number of PCs improved
the LOD for quartz. Large negative values for these
six samples (about -20 pg) occurred when the number
of PCs was high (n = 7), which is associated with the
larger intercept of this model (Table S1, Supplementary
Information). However, poor predictions can also occur
if the number of PCs is too low since the variances in
data might not be represented (Breen et al., 2008). For
the 5 PC model, the predicted quartz values for the six
samples were close to zero and ranged from -6.1 pg to
1.1 pg (average was -1.5 ng), suggesting that the method
is unable to reliably predict very low masses of quartz
close to the XRD limit of detection of about 8 ng. When
using 3 PCs, the predicted were closer to the XRD target
values (average absolute difference was 2 pg compared
with 8 ng), indicating 3 PCs were better match with the
XRD target values.

The need for blank matching

An added advantage of the chemometric software
package was the opportunity to apply derivatives to nor-
malise the spectra before processing, i.e. tangent lines
to the graph of the function at that point. The compar-
ability of the predicted values obtained from the models
with the linear 1:1 relationship demonstrates that the
derivatisation did not have a negative impact on the
results. A separate experiment compared eight results

Model Analyte Number of Percentage of Estimated
principal explained prediction
components variance error (pg)
Principal component regression Quartz N 99.5% 12.6
Kaolinite N 98.4% 17.6
Coal dust 10 97.1% 36.5
Partial least squares regression Quartz N 99.6% 11.6
Kaolinite 1 96.8% 24.4
Coal Dust N 94.8% 50.5
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Figure 3. Calibration and validation calculated values for quartz.

from two Beers law models; one following MDHS
101 with blank filter subtraction and the other using a
first-order derivative background treatment (Table S4,
Supplementary Information). Most differences when
comparing these background treatment approaches were
relatively small (-3% to -7%). Other studies (Weakley
et al., 2014, Miller et al., 2016) removed the spectral
bands from the filter by subtracting the spectrum re-
corded from a clean unused filter. However, such blank
subtraction proved unnecessary and risks the occurrence
of spectral artefacts remaining; which may hinder the
determination of trace levels of other components. The
derivatisation removes the need for loaded samples to
be matched with blank filters before analysis simplifying
the analytical process and may also further reduce the
cost of analysis. Blank matching can be the most la-
borious part of the FTIR analytical process specified in
MDHS 101.

Comparison with the MDHS 101 method
A comparison of the predicted quartz concentrations
obtained from the samples in the PCR calibration set
containing coal dust and kaolinite was made with those
values obtained following MDHS 101 method (Figure
5). MDHS 101 uses a calibration based on the Beer-
Lambert law i.e. the absorbance response is directly
proportional to the concentrations of quartz present in
the calibration standards of pure quartz collected onto
filters.

To calculate the corrected peak height absorbance,
a baseline correction under the quartz absorbance at
780 cm~' and 800 cm~' was applied. This followed the
current guidance in the MDHS to ‘draw baselines on
the blank corrected spectra tangential to the absorbance

=00 Partial least squares regression

5 principal components

400
—— Linear (1:1 Relationship)

Calculated value from PLSR model
(ug)

0 100 200 300 400 500
Assigned value from X-ray diffraction (ug)

minima at about 730 cm™ and 830 cm™ and did not
have any special regard to the presence of kaolinite. The
trend line intercept for the comparison of XRD meas-
ured quartz values with the infrared values, determined
following MDHS 101 method, was not significantly dif-
ferent from zero (95% level of confidence was from -10
to +33). The trend with results from the Beer—-Lambert
law calibration was linear with a significant positive bias
(about +18% at the current workplace exposure limit in
Great Britain) and with a slightly poorer coefficient of
determination (0.97). The range of bias was from 0% to
23% and exactly matches that found by (Lee et al., 2013)
when using peak height measurement with the National
Institute for Occupational Safety and Health (NIOSH)
infrared method 7603 (NIOSH, 2004), which is similar
to the regulatory method P7 for the Mines Safety and
Health Administration (MSHA) (MSHA, 1994). An RCS
concentration value that is 18% higher than the ‘true’
exposure concentration might result in unnecessary fur-
ther corrective action to control exposures. A plot of
the percentage difference between the measured XRD
values and the results obtained using FTIR and following
MDHS 101 with the varying proportions of quartz and
kaolinite showed a negatively sloped relationship (Figure
S6, Supplementary Information). The larger proportions
of kaolinite (with ratios close to 1:1 with quartz) were
responsible for the largest relative errors. The trend line
relationship between the percentage differences from the
XRD assigned values and the ratio of quartz and kaolinite
was —-11.3 x (ratio quartz/kaolinite) + 47.8 with a coef-
ficient of determination of 0.41. The slope of the trend
line was significantly different from zero indicating that
the relationship is real (the 95% level of confidence of the
slope was from -4.1 to -18). No significant relationship
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Figure 4. Predicted FTIR values for quartz (a), kaolinite (b) and coal dust (c) from the PCR (left hand side charts) and PLSR (right
hand side charts) analysis chemometric models compared with assigned values measured by XRD.

between the percentage differences was found for varying
proportions of coal dust in the calibration samples as the
confidence interval for the slope included zero (the 95%
level of confidence was from -28 to +59).

The comparison between PCR and PLSR

The two chemometric methods (PCR and PLSR) pro-
duced similar predicted values when compared with the
XRD values. Figure 4 compares the predicted values of
twenty-eight samples from the PCR and PLSR with the
XRD assigned values. All results show good correlations
with the assigned values except for coal dust. The co-
efficients of determination for quartz, kaolinite, South

African coal dust (Coal 2) and Durrans coal dust (Coal
1) were 0.99, 0.98, 0.96 and 0.95 for the PCR method
and 0.98,0.98, 0.96 and 0.97 for the PLSR method, re-
spectively, demonstrating that they are statistically re-
lated with mass of analyte. In this work, the two coal
dust types appeared to have a different relationship to
each other (Figure 4) when the loading is greater than
380 pg with high coefficients of determination, i.e. the
samples from the different types (ranks) of coal dust are
potentially predictable and a correction factor could be
applied. For example, the average PCR difference from
the target value for coal dust 1 was 169 ng whereas it
was 26 ng for coal dust 2. Different types (ranks) of
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Figure 5. Comparison between predicted PCR results for
quartz and those obtained using FTIR following MDHS 101
(Beer-Lambert relationship) and the background subtraction
correction for the absorption from the PVC filter.

coal do have different organic contents (He et al., 2017)
which may explain the differences observed by the
chemometric modelling at higher mass loadings. He ef al.
(2017) characterised thirteen types of coal from lignite to
the more crystalline anthracite and found that they have
very similar absorption bands that vary in intensity. The
main IR active region for coal, in the spectral range used
in this study, is between 700 cm™' and 900 ¢cm-'. These
IR active bands for coal are associated with aromatic
C-H (several bands within 670 cm™! to 900 cm™') out of
plane bending (Coates, 2006, He et al., 2017) and coin-
cide with those for quartz (800 cm™ and 780 cm™!) and
the hydroxyl (Al-OH) stretching vibrations of kaolinite
at 915 cm™' (Madejova and Komadel, 2001, Lee et al.,
2013). However, the only perceptible spectral differences
in the FTIR scan of a clean PVC filter and one loaded
with Durrans coal (Coal 1) is a broad band at about
760 cm™! and an increase in absorbance from 990 cm™! to
1000 cm™', which is probably associated with hydroxide
group bending from the additional kaolinite found in the
South African coal (Coal 2). These differences indicate
that components other than kaolinite and quartz within
the coal are potentially distinctive to the type of coal. The
hydrocarbon content might also have an influence on
the observed spectrum and a chemometric FTTIR method
may provide an opportunity to more fully characterise
a worker’s personal exposure. To achieve this, the scan
range may need an extension above 1000 cm™' (He et al.,
2017). It is possible that the spectra of different kaolinites
might also vary, however, Lee et al. (2013) demonstrated
that most kaolinite will have a similar IR response for the
915 cm™! band unless they are chemically treated (acid
washed) or a slight variant of kaolinite (halloysite, which
contains more hydroxyl groups). Therefore, the coal dust
models described by this study could be corrected for

different coal dusts because the two other quantifiable
components have a relatively consistent absorbance per
unit mass.

The masses of quartz and kaolinite are predicted by
the models with reasonable levels of precision. The fol-
lowing standard deviations include the difference from the
assigned target value. For the PCR model, the standard
deviation of percentage differences between the PCR pre-
dicted value and the assigned value by XRD was 7.9%,
14.1% and 38.5% for quartz, kaolinite and coal dust,
respectively. Eight samples from two rounds of the AIR
proficiency testing (PT) programme were added for pre-
diction as well as two samples containing pure quartz pre-
pared using a SIMPEDS sampler. The pure quartz samples,
including the two sets of four from the AIR PT, obtained
a percentage standard deviation of 4.4% from the target
values (range of results was 0.7-11%). The standard devi-
ations of percentage differences were 19.6% for coal dust
from South Africa and 36.8% for the Durrans coal dust,
i.e. there was more variability for the FTIR results when
using PCR about the expected target values, for coal dust
and Durrans coal when compared to quartz and kaolinite.

For the PLSR model, the standard deviations of per-
centage differences were, 8.0%, 13.8% and 35.4% for
quartz, kaolinite and coal dust, respectively. The South
African coal dust was 23% and the Durrans coal dust was
27%. The standard deviation of percent differences for
the same AIR PT samples and quartz standards was 7.0%
(range of percent differences was from 0.6% to 10.5%).

The agreement between quartz standards prepared
using the SIMPEDS and the AIR proficiency testing (PT)
samples is good. The AIR PT samples are prepared using
the British Cast Iron Research Association (BCIRA) res-
pirable sampler, which is different from the SIMPEDS
sampler used in this work and has a slightly different
sampling bias. The deposit of dust on the aerosol filter
can alter the sensitivity of the measurement, however, the
close agreement was observed for results from these sam-
plers in an international comparison (Stacey et al. 2014).

A direct comparison of regression coefficients for the
PCR and PLSR models, where x are the values predicted
by PLSR and y are the predicted values from PCR when
processing the same thirty samples, is shown in Table
3 and plots are provided in Figure S7 (supplementary
information).

Table 3, Figure 4 and Figure S7 show that there is gen-
erally good relationship with a linear model between re-
sults generated by the PCR and PLSR models, except for
coal dust. There are some slight differences in the predic-
tions of the two methods. Firstly, the ideal value of 1.00
demonstrating perfect correlation is significantly different
for kaolinite and coal dust at the 95% level of confidence.
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Table 3. Regression coefficients obtained from a comparison of PCR and PLSR results.

Analyte Regression co- Slope  95% level of confidence for the slope Intercept 95% level of confidence for the
efficient (12) coefficient (ng) intercept coefficient

Quartz 0.997 0.98 0.94-1.01 1.39 -1.5t0+35.5

Kaolinite 0.997 1.04 1.01-1.07 -15.6 -9.6 to =22

Coal dust 0.969 1.23 1.11-1.37 -52.9 -97 to =17

Coal dust has a bias of about +23% indicating that the PCR
is reporting higher values than the target values (see Figure
4). The difference for the intercept and slope coefficients is
probably due to the number of PCs applied by each model
(e.g. a low number (1 principle component) was select by
the software for the PLSR and a higher number (5) was
selected for the PCR model used for kaolinite). However,
for each analyte, 92.5% of differences between individual
values were with the 95% level of agreement (Bland and
Altman, 2003) indicating that there was no practical differ-
ence in results reported between models.

A potential flaw, when generating samples onto
a filter from an aerosol, is that it is difficult to control
the collection of the exact proportions of the minerals
of interest (quartz and kaolinite). The proportions for
quartz in the calibration and validation sets (gener-
ally more than 18%) tended to match the top end of
the range (2-30%) found by Miller et al. (2016) when
measuring samples from six coal mines in the United
States; which may compromise the model’s predictions
for samples with low proportions of quartz.

Conclusions

The results reported herein demonstrate the need for
matrix-specific calibration standards when measuring
quartz from workplace atmospheres with FTIR where
other components are present that will influence the
spectra close to the absorbance for quartz. Both PLSR
and PCR models were found to provide values compar-
able with XRD when following the XRD part of the
MDHS 101 for the measurement of constituents in coal
dust with matrix matched standards, which was more
accurate that the current FTIR MDHS 101 approach.

The advantage of these chemometric models is that
they offer the potential for multicomponent analysis to
provide more comprehensive knowledge of a workers’
exposure to the workplace atmosphere and not only a
single individual component in the matrix. They also
have the potential to provide a black box capability
that requires less knowledge or experience to interpret
spectra. The next stage of this work will be to examine
the universal applicability of these models for predicting
quartz in a range of workplace environments.

The use of the first derivative to normalise spectra be-
fore processing removes the need for the blank filter sub-
tractions for each spectrum. This will significantly reduce
the complexity of a direct on-filter analysis approach.

There are only slight differences between results
obtained by the PCR and PLSR methods. Selection of
the number of PCs has an important effect on the slope
of the relationship between the ‘true’ value and the value
predicted by the chemometric models applied to the
FTIR data. It was useful to have the capability to further
optimise the number of PCs for the PCR approach and
to check its impact on the predicted values by testing the
significance of coefficients and differences obtained from
a regression with the assigned target XRD values. The
software selected 6 PCs, for the PCR; however, 5 or 3
PC provided predicted values that were more compar-
able with the target values. This capability might be a
useful consideration when developing models based on
PCR using commercially available software.

Supplementary Data

Supplementary data are available at Annals of Work Exposures
and Health online.
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