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Feasibility of the quantification of respirable
crystalline silica by mass on aerosol sampling
filters using Raman microscopy

Peter Stacey,a* Kerstin T. Maderb and Christopher Sammonb

Airborne respirable crystalline silica (RCS) is a hazard that can affect the health of workers, and more sensitive measurements are
needed for the assessment ofworker exposure. To assess the use of Ramanmicroscopy for the analysis of RCS particulate collected
on filters, aliquots of quartz or cristobalite suspended in isopropanol were pipetted onto silver filters. Samples were measured by
arbitrarily selecting positions along the filter and collecting spectra at 50 discrete points. The calculated limits of quantification on
test samples were between 0.066–0.161 and 0.106–0.218 μg for quartz and cristobalite, respectively. Three respirable quartz cal-
ibration dusts (A9950, NIST 1878 and Quin 1B) with different mass median aerodynamic particle sizes obtained similar Raman re-
sponse relationships per unitmass. The difference betweenNIST 1878 andQuin 1Bwas not significant (p = 0.22). The intermediate
measurement precision of replicate samples was 10–25% over the measured range for quartz (0.25–10 μg) and could potentially
be improved. Results from mixtures of quartz and cristobalite were mostly within 10% of their theoretical values. Results from
samples of 6% quartz in calcite were close to the theoretical quartz mass. The upper measurement limit for a mixture of 20%
RCS in the light absorbing mineral hematite (Fe2O3) was 5 μg. These data show that Raman spectroscopy is a viable option for
the quantification of themass of respirable crystalline silica on filters with a limit of detection approaching 1/10th of that obtained
with other techniques. The improvement in sensitivity may enable the measurement of particulate in samples from low concen-
tration environments (e.g. inside a mask) or fromminiature samplers operating at low flow rates. ©2017 Crown copyright. Journal
of Raman Spectroscopy published by John Wiley & Sons, Ltd.
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Introduction

Respirable sized particles can penetrate to the alveoli of the lung.[1]

Their aerodynamic size range is defined by an International

Organisation for Standardisation/Centre European de

Normalisation/American Congress of Government Occupational

Hygienists convention[1] as those particles mostly <16 μm with a

50% penetration cut-off value of 4 μm. Inhalation of respirable

particles from an aerosol containing crystalline silica is linked to

diseases such as silicosis[2] and cancer.[3] In 2004, an estimated

907 cases of cancer in Great Britain were attributed to exposure

from aerosols containing respirable crystalline silica (RCS) in the

workplace.[4] RCS is also thought to cause of chronic obstructive

pulmonary disease.[5] Quartz and cristobalite are two crystalline

polymorphs of silica that are encountered in aerosols in the

workplace. Quartz is a common component in many naturally

occurring mineral products, whilst cristobalite is often present in

industrial processes where a silica-containing material is heated to

around 1000 °C. There is a requirement under the Great Britain’s

Control of Substances Hazardous to Health regulations[6] to control

exposure to below the currentWEL for RCS of 100 μgm�3, as a time

weighted average for an 8 h working shift.

X-ray diffraction (XRD) and infrared spectroscopy (IR) are two

techniques specified by national analytical methods to measure

RCS in dust collected on an air sample filter.[7] Limits of detection

(LOD) for XRD and IR reported for RCS measurements on laboratory

test samples of pure analyte are between 3 and 10 μg.[7] Aerosol

samplers that typically operate at 2 l min�1 are not able to collect

sufficient sample for a quantifiable mass of RCS (20–30 μg) in less

than 2 h[7,8] when sampling an RCS concentration around the

WEL. This level of analytical performance limits the capabilities of

sampling to evaluate the protection and exposure of workers, e.g.

to enable analysis of short-term or task-specific samples within

the working shift or from some low concentration environments.

Although airborne concentrations of RCS are generally low, there

are industrial processes that may expose workers to high concen-

trations above the WEL, and the use of face filtering masks as respi-

ratory protective equipment (RPE) is frequently employed to

protect workers. The exposure of a worker wearing a mask is esti-

mated by applying a correction factor to the results obtained from

a personal sample taken outside of the mask. If the RPE is function-

ing as intended, the expected airborne concentration of RCS inside

the mask will be between 0.2 and 1 times the LOD of current
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analytical techniques for a typical 960-l pumped air sample when

collected at 2 l min�1 during an 8 h working day. A goal of this work

was to investigate the use of alternative measurement techniques,

with better LOD, to measure the very low airborne concentrations

of RCS inside a mask. Ultimately, the aim is to find a technique

sensitive enough to permit the analysis of samples to assess the

workplace effectiveness of RPE.

Raman spectroscopy is sensitive to both chemical and

morphological changes within a sample and is routinely used to

distinguish between polymorphs, including those of microcrystal-

line silica.[9] This technique was used to quantitatively analyse

opaline in silica nodules of volcanic origin utilising a rotating stage

to obtain an average signal from the sample surface and produce

calibration curves by mass for quartz, cristobalite, coesite and

calcite mixtures.[10] Raman spectroscopy was also investigated as

a potential technique to determine the mineral content of rocks

on moons or planets.[11] Only recently has Raman spectroscopy

been used to characterise airborne particles of dust from samplers

collecting particulate matter <10 μm and particulate matter

<2.5 μm from ambient air.[12–14] Potgieter-Vermaak and Van

Grieken[12] examined the suitability of a number of filter materials

for the evaluation of individual aerosol particles usingmicro-Raman

spectroscopy. Catelani et al. determined the percentage of particles

in samples of airborne dust from two sites using a point count

method.[13] Quartz compositions by number ranged from 4.5% to

12%. The chemical composition of marine aerosols over the Pacific

Ocean was also recently examined with an aluminium foil on a

‘streaker’ sampler being used as a collection substrate for an on-

air-sample filter analysis approach.[14] The work reported in this

article investigates the use of a wide area coverage approach to

quantification, where the Raman spectra of crystalline silica from

many different fields of view are combined.[15]The advantage of a

wide-field measurement approach is that it reduces the variability

of the analysis caused by the inhomogeneity of the sample deposit,

which is a major factor affecting the reliability of Raman

quantification.[15]

Experimental

Reagents and test sample preparation

Suspensions of the NIST reference material 1878a for quartz and

1879 for cristobalite (10 μg ml�1) were prepared in isopropanol

(CAS 67-63-5). These suspensions were constantly agitated with a

magnetic stirrer. Aliquots (0.1–2 ml) of these suspensions were

deposited onto 25-mm diameter, 0.45-μm pore size silver filters

(SKC Ltd., Bedford, UK). The deposit area was constrained to a

5-mm diameter area using a bespoke fluted filter funnel. A 5-mm

diameter hole in a 25-mm diameter plastic washer was fitted

beneath the filter to reduce the sintered suction area and the

spread of the sample. Figure S1 shows the filtration equipment,

mask and a sample of hematite dust on the deposit area of a silver

filter. The circumference of the deposit area was marked with a

needle, before deposition. The scratched circumference clearly de-

marcated the deposit area from the blank filter in reflected white

light under the microscope.

To assess if the Raman measurement is also affected by particle

size differences, we compared two other quartz calibration

powders with different mass median aerodynamic particle size

distributions. The origin of the materials and differences in median

aerodynamic particle size[16] are listed in Table 1.

Raman measurement strategy

Raman spectra were collected from the 5-mm diameter deposit

area using an In-Via Raman microscope (Renishaw Ltd., Gloucester,

UK) with near infrared laser (785 nm) excitation, CCD camera and a

gratingwith 1200 l mm�1. Typical spectra for quartz and cristobalite

standards on silver filters are shown in Fig. 1.

The sample deposit was located on a silver filter, and 50 fields of

view were randomly selected from within the 5-mm diameter of

the scratched circumference. Raman spectra were obtained from

within each field of view using an ×20 objective. The analysis area

was estimated as 100 μm2, so approximately, 20% of the deposit

area would be analysed from 50 sampling points. The spectrum

for each sampling point was collected with 100% laser power with

a 7-s exposure time and three accumulations. The integrated areas

of the Raman peaks were obtained by fitting with a Gaussian line

shape using the standard algorithms in the manufacturer’s WiRE 4

software package. The areas under the peaks at 462 cm�1 for quartz

and 410 cm�1 for cristobalite were quantified if they appeared

within the spectra from each sampling point. The trend between

accumulated area counts and theoretical mass was plotted for both

polymorphs of crystalline silica.

The signal from a silicon wafer (Si) standard was measured using

the integrated area at 520 cm�1 with an ×50 objective at 10% laser

power for 1 s once before and after each filter analysis. The results

of these measurements were used as an external standard to

compensate for fluctuations in laser intensity. Daily fluctuations in

laser intensity were corrected using the ratio between the count

collected when the silicon area was first measured and the average

collected before and after each filter measurement.

Statistical evaluation

The difference in trend lines for the measured response and mass

relationships between calibration dusts were determined using a

t statistic calculated from the difference between the slopes of

the lines and their standard errors.

An estimate of the intermediate precision was made by

analysing five replicate mass loadings of quartz on silver filters at

five different measurement levels, incorporating analyses

conducted on different days by different researchers to account

for any additional variability from the analysts.

Table 1. Origin and median aerodynamic sizes of respirable quartz calibration dusts tested to assess the influence of particle size on Raman response

Name Origin Aerodynamic size (μm) Crystallinity
percent

Mass median Number median

NIST 1878a National Institute for Science and Technology (United States of America) 3.72 1.52 93.7 ± 0.21

A9950 The Health and Safety Executive (Great Britain) 6.04 1.39 89.3 ± 1.86

Quin 1 Bulk Institut National de Recherche et de Sécurité (France) 7.16 3.24 95.2 ± 2.51
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Precision and bias of pipetting

Test samples, with mass loadings greater than 2 μg, were first

measured using an XRD X-pert Pro MPD instrument (Panalytical

Ltd., Cambridge, UK) with focusing Bragg–Brento geometry to

provide a correction for pipetting errors. The silicon content of

some of the highest loadings of reference material on silver filters

was measured using inductively coupled plasma atomic emission

spectroscopy (Perkin Elmer, Beaconsfield UK). The mass of quartz

calculated from the silicon content measurement was used to

assess bias in the pipetting. The LOD of this technique was

calculated to be approximately 3 μg.

Limits of detection

Five blank 13-mmdiameter, 5-μmpore size polyvinylchloride filters,

(SKC Ltd., UK), commonly used for workplace aerosol sampling,

were ashed at 600 °C in a furnace, ultrasonicated with isopropanol

and filtered onto a 5-mm diameter area on the 0.45-μm pore size

silver filters. Themeasurement strategy was then applied to analyse

each of the five silver filters. The total area counts were recorded

from any identifiable peaks found in the spectra that matched the

quartz or cristobalite wavenumbers. The standard deviation was

calculated from the accumulated counts from each of the five filters

(Table 2).

These LOD values were compared with a procedure proposed in

International Organisation for Standardisation 16258 to calculate an

LOD[8] from the variability of the background scatter. The standard

deviation of the background scatter from a fitted trend line was

calculated from spectra obtained from 11 randomly selected fields

of view on two blank filters. The standard deviation was then

multiplied by three times the response trend line coefficients for

quartz, or cristobalite. This provides an estimate of the LOD from

the scatter of a scan from a single sampling point. Counting

statistics will apply to obtain an LOD for the spectra from 50

sampling points, because the detection of a peak in a scan was also

dependent on the subjective judgement of the individual analyst.

For a Poisson distribution, commonly employed in counting

statistics, a count of four is considered above a background level

with a 99% level of confidence,[17] so the estimated LOD for a single

scan was also multiplied by four.

Simulated matrix samples

Mixtures of quartz and cristobalite were prepared by pipetting

aliquots from a suspension of standard dust onto the same silver

filter using the bespoke apparatus in Fig. S1 to test the performance

of the measurement in a more complex situation. In addition,

mixtures from suspensions of 20% quartz in hematite and 6%

quartz in calcite were also studied to assess how Raman spectros-

copy would perform as a quantitative tool in these challenging

matrices. The hematite and calcite powders were the same as those

previously used in a study of X-ray absorption.[18] The recorded

mass was compared with the theoretical mass of quartz deposited

on the silver filter determined from the aliquot volume and the

concentration of quartz in the suspension. The 95% level of

confidence for each mass loading was calculated from the

intermediate measurement precision.

Results and discussion

Variation of the Raman signal intensity of the silicon external

standard measurement at the same position was <2% when

collected sequentially. Repeatability in different positions within a

few minutes was approximately 3%. This variability could be due

to the sample not being perfectly flat or the presence of non-RCS

dust particles. Precision of the measurement between days was

approximately 20%. This large between day variation did not

change the results for the mass of RCS because themeasured value

is corrected for the change in intensity, which is relatively consistent

during the analysis. XRD analysis identified a pipetting bias

between the samples. This was attributed to the use of an air rather

than piston displacement pipette for some of the loadings. The

Table 2. Limits of detection for quartz and cristobailte

Analyte Quartz
mass (μg)

Cristobalite
(μg)

Limits of detection from filter measurements 0.049 0.066

Limits of detection calculated from variability of

the background scatter

0.020 0.032

Figure 1. Spectra for quartz and cristobalite collected from a single field of view from a filter-containing 10 μg of analyte deposited in a 5-mmdiameter area.
[Colour figure can be viewed at wileyonlinelibrary.com]
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measured mass value was verified using inductively coupled

plasma atomic emission spectroscopy, and based on this, a

correction was made to the theoretical loading value for some of

the quartz samples. Figure 2 shows that the calibration over a mass

range of 0.25–15 μg for quartz, and 1–10 μg for cristobalite was

linear over the analytical range of test samples with a calculated

coefficient of determination (r2) of greater than 0.98. The quartz

calibration includes 30 samples from two suspensions, and the

cristobalite calibration includes 12 samples from two suspensions.

Two quartz samples at 20 and 50 μg were also measured but are

not included in the chart. The trend line including these two points

with the rest of these data had a coefficient of determination of 0.98

indicating that the relationship between mass and response was

potentially linear up to 50 μg. The average number of fields with

a quantifiable peak measured at the lowest quartz loading of

0.250 μg was seven (14%).

LOD obtained using Raman spectroscopy

The LODs, determined using a blank filter measurement approach,

were compared with an LOD calculated from the variability of the

background noise (Table 1). The values given in Table 1 indicate a

limit for quantification (the standard deviation multiplied by 10)

for the measurement of quartz and cristobalite of approximately

0.066–0.161 and 0.106–0.218 μg, respectively. These values are ap-

proximately an order of magnitude less than typical LODs for RCS

obtained using the XRD and IR analytical techniques (3–10 μg),

which are currently the industry standard for the determination of

RCS. Raman microscopy also has the potential to reduce the LODs

further by analysing a greater proportion of the sample area, i.e.

scans frommore sampling points and longer collection times. A cal-

ibration in terms of counts/sampling point permits the analyst

some flexibility in their measurement approach when analysing

samples from challenging low dust concentration environments

because they would be able to collect more scans form sampling

points to improve the LOD without having to recalibrate for the in-

crease in measured area.

Precision of measurements on test filters

Intermediate precision for the analysis of quartz using Raman mi-

croscopy on replicate samples is shown in Fig. 3. The values in Fig. 3,

which decrease from approximately 25% to 10% over the mass

range of 0.25–10 μg, include a contribution due to pipetting preci-

sion and different analysts. An analytical precision of approximately

10% in the range of 2–10 μg is satisfactory for routine work and

could be improved by collecting spectra from more fields of view,

as some error will be due to the inhomogeneity of the deposit.

Figure 3 also demonstrates the benefit of correcting for the laser in-

tensity using the Si external standard. Some additional variability

might be due to slight differences in the way the external standard

measurement was collected by different researchers, as the inten-

sity of the Si signal using Raman microscopy is dependent upon

the sample orientation.

Effect of aerodynamic particle size on measurement response

The differences in measured response between three respirable

quartz dust standards (NIST 1878a, A9950 and Quin 1 B) used for

calibrations are shown in Fig. 4. The median number aerodynamic

particle size values of the NIST 1878a andA9950 referencematerials

are very similar (1.4–1.5 μm), although A9950 contains a larger

proportion of larger diameters by mass (Table S1), and they have

different crystallinities (93.7% and 89.3%). Quin 1 B is a powder

where its particle size distribution has both larger number andmass

median particle sizes (3.2 and 7.1 μm, respectively) when compared

with NIST 1878a and A9950 so would be most affected by any

changes in Raman response due to particle size differences. The

probability (p) that the standards with the largest differences in

median aerodynamic diameter (NIST1878a and Quin B) were

different was not significant (p = 0.22) when trend lines with an

intercept were evaluated over the analysis range shown. The

Figure 2. Trend line relationships for Raman response with mass of quartz
(NIST 1878) and cristobalite (NIST 1879) loaded in 5-mm diameter area onto
silver filters. The shaded area is the 95% confidence interval for each slope
coefficient.

Figure 3. Intermediatemeasurement precision for Ramanmeasurement of
quartz (NIST SRM1878) deposited into a 5-mmdiameter area on silver filters.
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comparison between A9950 and NIST 1878a was borderline

significantly different (p = 0.04); however, most values were close

to the NIST 1878a trend line relationship below 10 μg and if a single

value at the highest loading is removed the response relationship

with mass loading from the two materials is not significantly

different (p = 0.08). These results demonstrate that the difference

in response due to aerodynamic particle size within the respirable

size range will not significantly affect the reported result for most

samples within the mass range 0.25–10 μg. Conversely, XRD and

IR measurements are affected by differences in median aerody-

namic particle size of the powder within the limited respirable

range.[16]We reason that, when using a quantitative method based

on the accumulated Raman spectra from random selection of a

number of sampling points, the number distribution of particles is

more critical than their mass distribution. In addition, because the

test samples are prepared in terms of mass per unit volume, the

number of particles per unit mass loaded on these filters is reduced

when respirable quartz calibration dusts with larger particles are

prepared. This potentially compensates for any change in Raman

response because of the larger aerodynamic particle size. It should

be noted that ‘Quin 1B’ is not intended for the preparation of

calibration standards prepared from a suspension and represents

a larger aerodynamic particle size distribution that would not

routinely be expected on a sample filter collected using a respirable

size selective aerosol sampler for occupational hygiene sampling.

Results from simulated mixtures

Four mixtures of pure cristobalite and quartz were measured

(Table S2). Ratios of measured mass with the theoretical mass for

three of the four samples were within 5% for both quartz and

cristobalite. The fourth sample, with the highest loading, was

slightly high approximately 20%. Measurement of mixtures of

quartz and cristobalite were challenging because of the convolu-

tion of overlapping peaks within the spectrum (Fig. 1). There were

some individual analyte differences where the use of peak fitting

and Fourier self-deconvolution approaches may have improved

the area measurement but were not used for these experiments.

Results from samples simulating more realistic sample mixtures

of 6% quartz in calcite and 20% quartz in hematite are shown in

Fig. 5. The bar with each measurement represents the 95% level

of confidence calculated from the intermediate precision.

Whereas the calculated mass of quartz in calcite follows the line

of expected mass, indicating that Raman would be able to reason-

ably measure quartz in matrix samples where calcite is a major

component, (e.g. cement dust), the measured values obtained for

20% quartz in hematite tail-off when the total mass of deposit are

>5 μg. This is because hematite is opaque to visible light, meaning

that only signal from the surface of the deposits would be

observed. Conversely, calcite is transparent to visible light, meaning

the Raman signal comes from a greater depth of the deposited

particles. The limit of 5 μg for hematite containing samples may

therefore be an indicator of a critical mass, belowwhich the particle

density of the deposit on the filter is sufficiently dispersed not to

affect the Raman signal collected from a sampling point. For this

reason, Raman might not be a useful technique for heavily loaded

samples from environments with high hematite or iron content,

e.g. foundry or coal mine dust. Attenuation of signal from hematite

and dark particles is not unexpected and is also an issue with XRD

and IR analysis.[7,8,19] There are several strategies to compensate

for this. Firstly, the loadings can be managed by reducing sampling

times to ensure the total mass is below the critical level. This

requires vigilance on the part of the occupational hygienist taking

the sample, who is often not the same person analysing the

samples. Alternatively, silver filters are also used in XRD analysis as

an internal standard to correct for the absorption. The use of an

Figure 4. Comparison of the Raman response with mass when measuring
respirable quartz calibration dusts NIST 1878a, A9950 and Quin 1B with
different median number and mass aerodynamic particle sizes. [Colour
figure can be viewed at wileyonlinelibrary.com]

Figure 5. A comparison of the theoretical with the Raman measured mass
of quartz in mixtures of (a) calcite and (b) hematite deposited in a 5-mm
diameter area on silver filters. The error bars are the 95% confidence
intervals for the Raman measurement. [Colour figure can be viewed at
wileyonlinelibrary.com]
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internal standard in the Ramanmeasurements was not investigated

in this work.

Sample analysis strategy

Sample analysis time is critical to a client in terms of cost and

promptness of response. Initially, the Raman analysis was

performed manually, and each sample took about 2 h to analyse.

However, use of software to automatically locate and analyse a

sampling point can count twice as many fields in about half the

time. Sample analyses times of greater than½ h are not uncommon

in occupational hygiene air sampling work.

The analytical approach most commonly employed in the Great

Britain is a direct on-filter analysis in which the filter on which the

sample is collected and analysed directly with no additional sample

workup.[7,8] In other methods, the dust from the air sample filter is

recovered and redeposited onto an analysis filter for the

instrument.[19] A direct on-air sample analysis approach is prefera-

ble as there is less chance for gross errors because of losses of dust

from the recovery process. So long as the mass loading is low

(<20 μg) and does not contain signal attenuating components, a

direct on-filter Raman technique should be possible. A recovery

approach might be needed to remove particles affecting the

measurement when loading densities of particles are high. Hema-

tite and iron are soluble in dilute acids, and carbonaceous material

can be removed through ashing. Various sample preparation

approaches were evaluated to ash a number of surrogate realistic

samples of dust on 13-mm diameter filters on polyvinylchloride or

mixed cellulose ester filters. The amount of material deposited on

a filter is a potentially critical factor for accurate analysis using

Raman spectroscopy, so amethod that efficiently removes the filter

material is essential for an indirect analysis approach with a recov-

ery step in the analytical process. The identification of a method

to completely dissolve a filter and unwanted material remains an

unresolved issue at this stage. An alternative approach for heavily

loaded samplers might be to use an aliquot from a suspension of

dust recovered from the air sample filter.

Conclusions

This article has demonstrated the potential advantageous applica-

tion of Raman spectroscopy for quantification of themass of quartz

and cristobalite with an order of magnitude improvement in the

LOD compared with those of current industry standard XRD and

IR techniques. The improved sensitivity of the Raman spectroscopy

method over traditional measurement approaches may offer an

improvement in the capability of occupational hygiene exposure

monitoring, enabling the development of new approaches for the

measurement of low dust concentration environments and poten-

tially the analysis of samples from miniature samplers at low flow

rates. A direct on-air-sample filter approach where the sampled

dust collected on the air sample filter without the need to recover

it onto a separate analysis filter should be possible, but further work

is needed. A limiting factor for Ramanmicroscopy is the presence of

light absorbing particles such as hematite. The analysis of quartz

was limited to a total deposit mass of <5 μg when measured in a

mixture of 80% hematite deposited in 5-mm diameter circle.

Acknowledgments

Acknowledgements are given to Deeba Zahoor who provided

technical support for the Raman facility at Sheffield Hallam Uni-

versity and to Mr Ian Pengelly and Dr Jackie Morton at the Health

and Safety Laboratory who reviewed the work, Ms Gillain Frost

for her guidance on statistics and Mr Dean Turner for his graphics

work.

Disclaimer

This publication and the work it describes were funded by the

Health and Safety Executive (HSE). Its contents, including any

opinions and/or conclusions expressed, are those of the authors

alone and do not necessarily reflect HSE policy.

References

[1] European Committee for Standardisation (CEN), EN 481, Workplace
Atmospheres: Size Fraction Definitions for Measurement of Airborne
Particles in the Workplace, CEN, Brussels, Belgium, 1993.

[2] Health and Safety Executive, EH75 respirable crystalline silica, variability
in fibrogenic potency and exposure–response relationships for silicosis,
HSE Books, 2012.

[3] International Agency for Cancer Research (IARC), Monographs on the
evaluation of carcinogenic risks to humans, Volume 100, A review of
human carcinogens, Part C Arsenic Metals Fibres and Dusts, World
Health Organisation, Lyon, France, 2012.

[4] L. Rushton, S. Hutchings, L. Fortunato, C. Young, G. Evans, T. Brown,
R. Bevan, R. Slack, P. Holmes, S. Bagga, J. Cherrie, M. Van Tongeren,
British. J. Cancer 2012, 107, S3–S7.

[5] E. Hnizdo, V. Vallyathan, Occup. Environ. Med. 2003, 60, 267.
[6] Health and Safety Executive. Control of substances hazardous to

health. Approved Code of Practice, HSE Books, 2013.
[7] Health and Safety Executive, Methods for the Determination of

Hazardous Substances, Respirable Crystalline Silica, MDHS 101, Direct
On-Filter Analyses by Infrared Spectroscopy and X-ray Diffraction.
HSE Books, 2005.

[8] International Organisation for Standardisation. ISO 16258. Workplace
air— analysis of respirable crystalline silica by X-ray diffraction— Part
1: direct on-filter method, Geneva Switzerland, 2015.

[9] K. Kingma, R. Hemley, Am. Mineralogist 1994, 79, 269.
[10] N. Noguchi, K. Shinoda, K. Masuda, J. Mineral. Petrol. Sci. 2009, 104, 253.
[11] A. Wang, B. Jolliff, L. Haskin, J. Geophys. Res. 1995, 100, 21,189–21,199.
[12] S. Potgieter-Vermaak, R. Van Grieken, Appl. Spectrosc. 2006, 60, 39–47.
[13] T. Catelani, G. Pratesi, M. Zoppi, Aerosol Sci. Tech. 2014, 48, 13.
[14] C. Deng, S. Brooks, G. Vidaurre, D. Thorton, Aerosol Sci. Tech. 2014, 48,

193.
[15] K. Shin, H. Chung, Analyst 2013, 138, 3335.
[16] P. Stacey, E. Kauffer, J.-C. Moulut, C. Dion, M. Beauparlant, P. Fernandez,

R. Key-Schwartz, B. Friede, D. Wake, Ann. Occup. Hyg. 2009, 53,
639–649.

[17] M. Mecchia, C. Pretorius, P. Stacey, M. Mattenklott, E. Incocciati, in ASTM
International (Eds: M. Harper, T. Lee), 2013, West Conshohocken, PA,
USA, pp. 139–168.

[18] International Organisation for Standardisation, ISO 14966 determina-
tion of numerical concentration of inorganic fibrous particles —

scanning electron microscopy method, Geneva, Switzerland, 2002.
[19] International Organisation for Standardisation, ISO 16258 workplace

air — analysis of respirable crystalline silica by X-ray diffraction —

Part 2: method by indirect analysis, Geneva, Switzerland, 2015.

Supporting information

Additional Supporting Information may be found online in the

supporting information tab for this article.

P. Stacey, K. T. Mader and C. Sammon

wileyonlinelibrary.com/journal/jrs ©2017 Crown copyright. Journal of Raman Spectroscopy published by

John Wiley & Sons, Ltd.

J. Raman Spectrosc. (2017)


