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Abstract

Inhalation of aerosols containing respirable-sized crystalline silica (RCS) is a
significant hazard for hundreds of thousands of workers in Great Britain (GB),
which can cause lung cancer and silicosis. There are elevated levels of disease
attributed to exposure to RCS in GB. Personal aerosol monitoring provides an
LQGLFDWLRQ RI D SHUVRQTV H[SRVXUtHe poRentia&rek ZKLFK
of ill-health. RCS is often measured in a portion of the aerosol collected in the
workplace using X-ray diffraction (XRD) or Fourier Transform Infrared (FTIR)
instruments. Uncertainty of XRD or FTIR measurements can exceed
international requirements for occupational hygiene analyses at RCS
concentrations where there remains a significant risk to worker health. This
thesis investigates the application of Raman spectroscopy to improve sensitivity
and limits of detection (LOD) for RCS measurements and chemometric

methods to improve FTIR measurements when interference is present.

For Raman spectroscopy, a feasibility study was undertaken employing optimal
measurement conditions and artificial dust mixtures. This study was developed
into a method to assess in-respirator samples of RCS from a breathing manikin
challenged with a simulated work task. RCS inward leakage ratios (ILRs) based
on mass concentration were compared with particle mass and number
concentration ILRs from particle counting instruments. The performance of
Raman spectroscopy was compared with XRD to assess its limitations when
measuring sub-fractions of quartz and RCS in 119 samples from stonemasonry
activities. For FTIR, the performance of chemometric methods were compared
when measuring artificially prepared mixtures with kaolinite interference and the
measurement uncertainty of a Principal Component Regression method was

evaluated using real mine dusts.

This work was the first to demonstrate the potential of Raman spectroscopy for
quantitative measurements of RCS at low concentrations (less than 1pg.m™).
When measuring respirable quartz, Raman response is directly proportional to
the mass of analyte when the depth of the sample is a couple of layers. For the
quartz standard A9950, this depth is less than 5 um (which equates to about 3.6
layers of particles 1.39 um in diameter). An increase in Raman response/ug
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was observed at mass loadings above this particle density. The change in the
Raman band response is coincident with the depth of sample deposit where
significant attenuation of the XRD response would occur due to absorption by
multilayers of particles. The Raman band integrated area obtained similar mass
values to that measured with XRD integrated intensity when analysing sub-
fractions of dusts with differing particle size. Measurements of 119 stone dust
samples highlighted the advantage of Raman spectroscopy to quantify quartz
with zircon. For FTIR, a multicomponent chemometric analysis of aerosol
particulate on filters, was demonstrated, which substantially improves the
accuracy of FTIR measurements of quartz in mine dusts. Nevertheless, the
measurement of RCS remains potentially challenging due to the range of

industries and exposures.

This Raman spectroscopy work supported other Health and Safety Executive
research to investigate differences between emissions of natural and artificial
stones. The short sampling times for laboratory-based experiments would have
resulted in many of the samples reporting below or at the LOD of current
measurement techniques. Therefore, the use of Raman spectroscopy made the

findings of the research more comprehensive.
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Chapter. 1  Introduction



1.1 Overview

Products and materials containing crystalline silica are widely used and found in
many workplaces. As a result, many hundreds of thousands of workers are
exposed to aerosols containing respirable crystalline silica (RCS) which, if
inhaled, potentially causes disabling lung diseases such as silicosis and lung
cancer. Internationally, the measurement of a sample of aerosol collected on a
ILOWHU LV RQH HVWDEOLVKHG DSSURDFK WR DVVHVV
exposure to this hazardous substance. Raman spectroscopy was investigated
to assess its potential to provide new measurement capabilities that were
beyond the performance of the established methods utilising X-ray diffraction

(XRD) and Fourier transform infrared (FTIR) analysis.

Chapter 1 provides background, describes the limitations of current
methodologies, the potential for Raman spectroscopy to provide a method with
lower limits of detection and strategies that are available to potentially deal with
the influence of interference on a measured RCS value.

Chapter 2 describes some pre-experimental work to investigate which sample

concentration process provides more precise results.

Chapters 3, 4 and 5 demonstrate the development of Raman spectroscopy as a
technique for the measurement of RCS, from initial tests under ideal conditions
to a method capable of measuring regulatory samples collected from
stonemasonry activities. These Chapters also show the improvement in the
limits of detection (LOD) for RCS measurement found for both Raman

spectroscopy and XRD methods.

Chapter 3 describes a feasibility study which applied favourable measurement
conditions to assess the potential of Raman spectroscopy to measure RCS
collected on filters. In addition, tests in Chapter 3 also challenged the Raman
spectrometer to artificially prepared matrices to assess potential difficulties
when measuring workplace samples with components that might absorb Raman
photons. For example, absorption from hematite; that is found in samples from

foundries.



Chapter 4 summarises the development of a Raman spectroscopy method, its
improved LOD compared with establish XRD and FTIR methods and its
capability to measure RCS aerosol collected from miniature respirable samplers
placed inside respiratory protective equipment. In addition, the laboratory-based
experiments provided the opportunity to compare instruments measuring both
mass and particle number metrics for the assessment of leakage into the
respirator and their potential application for determination of respirator inward
leakage ratios. The Raman spectroscopy method meets the criteria for its

application as a regulatory method.

Chapter 5 takes the Raman spectrometer development a step further by
exploring the relationship between the median particle diameter of the collected
aerosol and instrument response, and its application when measuring RCS in
119 samples collected when cutting and polishing natural and engineered
stones. Particle diameter can theoretically affect the Raman response. The
change in instrument response with the median particle diameter of the
collected aerosol is a common problem for most techniques measuring RCS.
The Chapter demonstrates the stability of the Raman response within the
respirable-sized particle diameter range (from pm to nm), the comparability of
results with XRD in both calibration and stone samples and its advantages

when measuring RCS in some matrices.

Differences between potential approaches to deal with matrix interference are
the subject of Chapters 6 and 7. Developments in FTIR technology have
reduced the size and cost of these instruments which provide quick
measurements and are now portable. The magnitude of the effect of interfering
minerals in the sample on the accuracy of results is one issue that is uncertain.
Rapid multicomponent analysis of hazardous particulate on the same filter
sample is a potential advantage of FTIR, which is demonstrated by Chapters 6
and 7. Chapter 6 investigated the difference in performance between partial
least squares (PLSR) and principal component (PCR) regression chemometric
methods demonstrating their similarity in performance when using a similar
number of principal components. Chapter 7 applied an adapted version of the

PCR model to the analysis of quartz, kaolinite and coal dust in a range of coal



mine dusts from Australia, South Africa and the United Kingdom. This approach
was taken to demonstrate the advantage of using filter samples, containing
artificially prepared mixtures of minerals generated in a laboratory, to develop a

model that was applicable to a wide variety of different mine dusts.

1.2 What is crystalline silica?

Silica is one of the most abundant mineral groups IRXQG LQ W HKippeHD UWK
continental crust' and consists of silicon (Si) and oxygen (O) atoms with the
stoichiometric formula SiO.. Silica exists in both an amorphous (non-crystalline)

and crystalline state; where the arrangement of atoms forms a symmetrical

repeated pattern. There are many different forms of crystalline silica that are

known as polymorphs. Polymorphs are molecules that have the same elemental
composition with different crystal structures. Crystalline silica is widely found in
manufactured products and raw materials in the construction, masonry,
ceramics, chemicals, glass and metallurgical industries.” Table 1 lists
crystalline forms of silica and their relative abundance in workplace samples.

The scope of this thesis focuses on the r-quartz and r-cristobalite crystalline
polymorphs of silica. r-Quartz and r-cristobalite are the most commonly
encountered polymorphs in the workplace and an overwhelming majority of

exposures are to aerosols containing r-quartz.®

1.2.1 Crystalline structure of quartz and cristobalite

Structures of crystalline silica are built on tetrahedral arrangements of atoms
consisting of a silicon (Si) connected to four oxygen atoms (0).* A
representation of the basic tetrahedron arrangement of atoms is shown in

Figure 1.



Table 1. Polymorphs of crystalline silica and their occurrence in the

workplace .
Silica polymorph | Stability Abundance in the workplace
(Crystal temperature
Structure) range*
r-Quartz From room Commonly found in workplace environments as a constituent of many
(Trigonal) ;?Ziature © natural and manufactured materials. The most abundant form of
crystalline silica.>*
t-Quartz 573°Cto870°C | Rare +not stable at room temperature.
(Hexagonal)

r-Cristobalite

(Tetragonal)

From room
temperature to
275°C

Infrequently found in workplaces as a result of a processes involving

heating quartz or amorphous silica above 1000 °C. .-Cristobalite

occurs in ceramic, refractories, furnace insulation material, and

calcined diatomaceous earth.® In nature, it occurs in some igneous
rocks, bentonite clays and in some volcanic ash.® It is occasionally
found in some imported bentonite clay.

t-Cristobalite

1470 °C to 1670
°C

Not often found in the workplace. Has been noted as a by-product of

(Cubic) the de-vitrification of alumina silicate glass fibre insulation in furnaces.”’

.-Tridymite From room Rare. It was found in samples of dust from town gas facilities in the

(Orthorhombic) tleln;‘il:awre © 1970s in association with .-cristobalite and most recently as a trace
contaminant of mineral dust added to some atrtificial stone work tops.8
It is found in some volcanic rocks.

-Tridymite 870°Cto 1470°C | Not encountered in workplaces.

(Hexagonal)

Keatite Stable at room Its occurrence is not noted in workplaces. It is considered as a

femperatures metastable phase of .-cristobalite.’

Coesite and Not found in the workplace. These highly dense forms of crystalline

Stishovite silica are formed at high pressures and are found in rocks at the edge
of meteor impact crates.”

Note:r E ( (E+ 8§} 3Z 0}A 3 u% & SUE (}JEuU v t 3} 8Z ZIPZ 8§ u% E SPpE

(}Eu:



Figure 1. The fundamental arrangement of atoms in crystalline silica .

The structure for r-quartz was first determined in 1913.%° r-Quartz has a

trigonal crystal system in the hexagonal group within which the unit cell has

three molecules of SiO, (SizOg). A set of three tetrahedra are arranged in a
VSLUDO DORQJwiiicK dontian$ tie[ highest symmetry, to form the unit

cell (Figure 2).* 7KH XQLW FHOO KDV WKUHH IROG V\PPHWU
intersects the silicon atoms and two axis of two fold symmetry. Each unit cell is

joined to others that run as a helical spiral along the c axis of the crystal. For r-

quartz, the angle of the silicon and oxygen (Si-O-Si) bonds linking each
tetrahedra is 144°. Six helical spirals join together which permits a six-sided

column of space to form within the spirals.

Figure 2. Arrangement of tetrah edrons for r-quartz along the c and a
crystal plane . An idealised image of a quartz crystal is shown on the right -
hand side with the direction of the p fand g faxis.

The low temperature r-cristobalite structure is tetragonal where neighbouring
oxygen atoms are in a pseudo body centred cubic arrangement.’® The crystal
habit of r-cristobalite is represented in Figure 3, where the crystal is orientated
IURP SRLQW WR SRL Qf\WgHes syhkhetryu Fiierdddre Wvelve atoms

in the unit cell (Si;Og) which has a more open structure when compared with r-

6



quartz.* Therefore, four VHWV Rl WHWUDKHGUD DUH DUUDQJHG
axis. 7TKH XQLW FHOO KDV IRXU IROG V\PPHWU\ DORQJ LW
of symmetry DORQJ WKH HoD f-crBtpbalite, the Si-O-Si bond angle
connecting each tetrahedra is from 144° to 147°, although some reported

values are higher.® The helices of tetrahedra are either left or right handed for

both r-quartz and r-cristobalite

Figure 3. The crystal habitof r-FULVWREDOLWH VKRZLQJ WKH pFf

symmetry and approximate positions of tetrahedra in the unit cell



1.3 Health effects of prolonged exposure to Respirable Crystalline
Silica (RCS)

Processing and handling of materials containing crystalline silica can result in
aerosols containing particles that are respirable. 7KH WHUP pUHVSLUDEOHYT
health-related particle size definition, used in occupational hygiene, for the sizes
of particles that penetrate into the alveoli of the lung; which is defined as a
cumulative log distribution of particles with an aerodynamic median (50%)
diameter of 4 ym and 0.1% at 16 um.' It is the inhalation of respirable-sized
crystalline silica into the gaseous exchange region of the lung (alveoli) that can
cause silicosis;'®> which is one of the oldest occupational diseases.'® ' Other
diseases with sufficient evidence of association with the inhalation of crystalline

silica are lung cancer,® *°

and chronic obstructive pulmonary disease
(COPD).'" The potential for incidence of lung disease from RCS is relatively
high, even when the airborne concentrations are reduced, because large
numbers of workers are exposed to aerosols containing crystalline silica. In
2022, it is estimated that about, 560,000 workers are potentially exposed to
crystalline silica in Great Britain'® and 1.7 million in the United States of

America.t’

1.3.1 Classification of respirable crystalline silica as a carcinogen

The international agency for cancer research has classified crystalline silica

GXVW DV p*URXS FDUFLQRJHQ mbrphoRs &lxLi®t4ItZKHUH
is estimated that 907 cancer registrations were attributable to exposure to
crystalline silica in the UK in 2005.>* The European Community classified
respirable crystalline silica as a carcinogen when generated from a work

process and a binding worker exposure limit for an aerosolised concentration

0.1 mg.m* was introduced in the European Union on the 17" of January

2020.%



1.3.2 Silicosis

Silicosis is the main health effect associated with exposures in the workplace
and is a disabling disease which often first materialises as shortness of breath
known as a dyspnoea.? It is a characterised as a nodular fibrosis of the lung
tissue caused by the inhalation of dusts containing crystalline silica.'” There are
three types of silicosis termed chronic, accelerated, or acute. Chronic silicosis is
generally attributed to long term exposures of about 20 years. Accelerated
silicosis is thought to occur between 2 to 5 years and is characterised by worker
exposures to very high concentrations of airborne particles. Cases of
accelerated silicosis were recently associated with exposures to emissions from
working with artificial stones.?* Acute silicosis develops rapidly and has been
attributed to exposure from particles of freshly fractured crystalline silica.?® %
There is no cure for silicosis and the only available treatment is a lung

transplant.?*

1.3.3 The relationship between the measurement metric and incidence of
silicosis
The toxicity of crystalline silica has been reported to vary between relatively

26,27 \when mixed

pure samples of the same polymorph from different sources,
with different minerals,® with particle size and when freshly fractured.?® There is
no conclusive evidence for differences in toxicity between quartz and
cristobalite.’® Generally, the toxicity increases as particle size decreases which
leads to increase in surface area and potential interactions with cells.®
However, the respirable mass of crystalline silica rather than a metric
associated with the sizes of particles (e.g. particle number concentration or
surface area) is used for measurements to assess the exposures of workers to

aerosols containing crystalline silica.

The selection of respirable mass as the metric of choice was made from early
research conducted in British coal mines. Research showed a better correlation
with incidence of pneumoconiosis and dust exposure for respirable mass
concentration (associated with lung burden) with a coefficient of determination
of 0.8, compared with particle number concentration measurements with a

coefficient of determination of 0.4.2%3!



Epidemiological studies reviewed by the Health and Safety Executive (HSE)™
showed that the quality and robustness of predictions for the incidence of
silicosis in epidemiological studies varied. Data from a study of British
coalminers in Scotland® and subsequently reassessed by other researchers™
was used by HSE to describe the relationship between mass concentrations of
respirable crystalline silica and the probability of the incidence of silicosis.
Figure 4 shows that RCS concentrations over 15 years of daily personal
exposure have a distinct relationship with the potential incidence of ill health

and that there remains a risk of silicosis at relatively low concentrations of RCS.

Figure 4. The risk of the incidence of silicosis using the Internat ional
Labour Organisation (ILO) classification in workers with 15 years
employment for respirable crystalline silica concentrations from

0.3 mg.m > t0 0.02 mg.m =

(Reproduced from data in EH75 Respirable Crystalline Silica, Variability in fibrogenic potency and exposure-response
relationships for silicosis. Health and Safety Executive; 2003)

The risk evaluation for developing silicosis is based on the 2/1 International
Labour organisation (ILO) classification of lung radiographs for the profusion of
opacities in the lung. A classification of 1/0 results in higher estimates of relative
risk of ill health.
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1.4 Regulation of exposure to respirable crystalline silica (RCS) in
Great Britain

Exposures to RCS in Great Britain are regulated by the control of substances
hazardous to health regulations (COSHH).*® Employers (the duty holders) have
a duty to prevent or adequately control worker exposure to hazardous
substances and the key focus for controlling occupational exposures at work is
effective risk management. The duty holder must apply good control practices
and also ensure worker exposures do not exceed a workplace exposure limit
(WEL) of 0.1 mg.m™ below the current WEL. No regulatory distinction is made
between mixed exposures to different polymorphs of crystalline silica in Great

Britain.

The principles of good practice for controlling exposures are stated in the
Control of Substances Hazardous (COSHH) to health regulations.®* As Figure 4
shows, there remains a risk to worker health when workers are exposed to
airborne concentrations of RCS. Schedule 2A of COSHH includes a principle
that exposures must be controlled by measures proportionate to the health risk.
For RCS, this includes reducing exposure to RCS concentrations to levels
below 0.1 mg.m™, until the cost becomes disproportionate. The first step in the
hierarchy of controls for controlling exposures is to substitute raw materials
containing crystalline silica with ones containing a less hazardous material;
although, this is not always practical because of the widespread occurrence of
crystalline silica in nature. So, replacing a high with a low crystalline silica
content material is another approach, which can be employed. Where,
substitution of materials is not possible, engineering controls (e.g. such as water

suppression or dust extraction) are often needed to reduce exposures.

Unfortunately, there are many processes that generate RCS, and where
airborne levels of RCS remain high despite following the principles of good
practice given in the COSHH regulations.®* 3* High exposures can occur, even
when controls are applied and are often associated with work involving powered

tools or energetic processes. In these instances, respiratory protective
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equipment (RPE) is required to manage any residual risk in addition to the use

of engineering and organisational controls.

1.4.1 Monitoring for personal exposure to aerosols containing RCS

The establishment of WELs are intended to prevent excessive exposures to
airborne hazardous substances. The COSHH Approved Code of Practice®
(ACOP) provides the following examples when exposure monitoring is

necessary:

x When the risk assessment (regulation 6 of COSHH) shows that an initial
exploratory monitoring exercise is necessary to reach an informed and
valid judgement about the risks.

x To ensure a WEL or any (in-house) working standard is not exceeded.

X When failure or deterioration of the control measures is suspected that
could result in a serious health effect.

X As an additional check on the effectiveness of any control measures to
ensure exposures are prevented or reasonably controlled and prevent
any subsequent risk to the health of a person.

X When any change occurs in the conditions affecWLQJ HPSOR\HH
exposure which affects the risk assessment and could mean that

adequate control is no longer being maintained.
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1.5 Current analytical methodology for monitoring exposure to RCS

1.5.1 Collecting a personal worker sample from an aerosol containing RCS

A sample of the aerosol is collected using a respirable sampler which separates
the larger non-respirable aerosolised particles from the smaller respirable sized
fraction, which is then measured. The respirable aerosol sampler is placed
within D Z R WsNoreltiing zone; which is defined as a hemisphere with a
radius of about 30 cm centred on the midpoint of a line joining the ears and the
face.®* The correct flow rate of aerosol through the sampler is critical to the
selection of the correct particle size fraction. A calibrated pump draws the
aerosol at a specified flow rate through an inlet of the sampler, into the physical
process used to separate the respirable fraction and onto a collection medium.
Cyclonic action, foams sieves, and impactors are three physical approaches
that are used to separate the respirable fraction.*® The respirable dust is usually
collected on a filter or foam for subsequent analysis. Common filters are organic
membranes made from polyvinylchloride (PVC), mixtures of cellulose esters
(MCE) and polycarbonate (PC).%" Silver metal filters are also used to obtain a

low background for X-ray diffraction methods.*’

Moment of inertia is the principle mechanism that is used to separate particles

for each of these three aerosol sampling approaches.

For a moving body round an axis, the moment of inertia (l) is the ratio of angular
PRPHQWXP / ZLWK DQJ)XODU YHORFLW\ &

The angular momentum is related to mass by . L | R Nvhere m is the mass of
the particle, v is its velocity and r is the radius of the particle from its axis of
rotation. When the mass is high the angular momentum and moment of inertia

will be high.

The separation efficiency of particles is governed by the Stokes number Sk.

5qg Al (1)

5< xj
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Where:

€; = the particle density, C. = slip correction, @ = the diameter of the particle, U

= the relative velocity of the air, &=the air viscosity, @= the body diameter

The particle will transit across the air stream and potentially impact on the
separation medium referred to as the body when the Stokes number is greater

than 1.8 %9

1.5.1.1 Cyclonic action

The Safety in Mines Personal Dust Sampler (SIMPEDS) is described here as
an example of a respirable sampler that uses cyclonic action. The SIMPEDS “°
is based on a design of cyclones, used for personal sampling, collectively
known as the Higgins-Dewell. The first Higgins-Dewell personal cyclone
sampler for occupational hygiene measurements of respirable dust was called
the British Cast Iron Research Association sampler (BCIRA).* The respirable
sampler uses cyclonic action (Figure 5) to separate the respirable-sized fraction
from particles with larger aerodynamic diameters in the aerosol entering the
inlet. The aerosol is brought tangentially into the cylinder body and directed past
a vortex finder, which is a short pipe projecting from the centre of the top of the
cyclone. Moment of inertia is induced by the tangential flow of aerosol
perpendicular to a vortex finder. A separation of particles is achieved by giving
larger particles sufficient inertia to cross the air flow at a specific flow rate. The
main forces acting on the particle are described by the Stokes number which is
a ratio of the centripetal force and buoyancy forces acting on the particle.®® *°
The forces acting on a particle following a circular path are drag, buoyancy and
centrifugal force and the balance between these forces determines the
equilibrium orbit adopted by the particle. Drag acts on a particle as it is pulled

from its orbit towards the vortex finder inlet and into a filter cassette.

The larger diameter particles with more mass will spin towards the outer sides
of the sampler whilst the smaller and lighter diameter particles to enter the
vortex finder in the middle of the cyclone body and into a cassette that holds a

filter. Small aerosol particles can charge easily and adhere to the walls of the
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filter cassette, especially when the filter cassette is made from polycarbonate.*

For the SIMPEDS, the cassette that holds the filter was specially designed to
reduce loses of dust adhering to the walls in front of the filter.** This design
facilitates what is known as a direct on-aerosol filter analysis approach since the
whole sample is captured on the filter and no procedure is needed to recover

dust deposited on other parts of the cyclone surfaces.

Crown copyright © 2021 Reproduced from MDHS 14 with the permission of the Health and Safety Executive.

Figure 5. Schematic diagram of the SIMPEDS respirable cyclone sampler
showing the cyclonic actio n around the vortex finder creating a moment

of inertia.

1.5.1.2 Foams

Foams were developed at the HSE to work with samplers that collect the larger
sized inhalable fraction.** Inhalable refers to a health-related particle diameter
definition for those particles that penetrate the nose and mouth; which includes
the respirable fraction. The foam provides a complex path of cells. Smaller
particles have a tendency to follow the air flow whilst larger particles with more
mass have a larger moment of inertia and are collected by the foam.*® The
smaller sized particles continue to follow the flow of air, pass through the foam
and are collected on a filter for subsequent analysis. The advantage of the use

of foams as a particle size selector is that they provide a cheap alternative to
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the respirable cyclone. If placed in the inlet of an inhalable sampler, both the
inhalable and respirable fractions are measurable, since the foam collects the
larger inhalable size particles and can be retrieved for analysis. Recently, a
miniature respirable sampler was designed to collect particulate leaking into

respirators using a polyurethane foam plug (Figure 6).% “°

Crown copyright © 2021. Reproduced with the permission of the Health and Safety Executive.

Figure 6. Picture of and a schematic diagram of the HSE miniature
respirable sampler with the foam selector for in -respirator aerosol

sampling.

1.5.1.3 Impactors %4’

Multiple particle size fractions are separated from an aerosol and collected
using Cascade impactors. Cascade impactors contain several stages that
collect particulate by impaction. An aerosol is pulled through an inlet nozzle
which increases the speed of particles. A flat surface of an impaction stage,
placed in front of the nozzle, deflects the stream of air containing the particles
entering the sampler. Larger particles with more mass deviate from the stream
of aerosol and impact onto the flat surface. The smaller particles will maintain
their momentum and follow the air flow through to the next section with another
impactor stage or through a filter. Impactors are often used to remove the
unwanted larger sized particles from the aerosol of interest (e.g. for monitoring

diesel exhaust). Three critical parameters that influence the median particle
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diameter collected on the impaction substrate are the area of the inlet, the
distance from the inlet to the impactor plate, (known as the stopping distance)
and the air flow Reynolds number. The deceleration of a particle into the
impaction filter is determined by the stopping distance (S) which is defined as
equal to the flow velocity U, multiplied with the particles relaxation time ( 2 (the

time taken to adjust to new forces acting on it).

L2 ()
: KH U Hislthe density of the particle, d, is its diameter, C. is the Cunningham
FRUUHFWLRQ IDFWRU DQG LV WKH YLVFRVatdld iRl WKH
travelling. The stokes number (SK) is used to connect the inertia of a particle to
its position travelling in a stream of air at a certain position from the centre of
the impactor inlet (Figure 7).
1

5@ — (3

Where W is the diameter of the inlet.

There is a patrticle stopping distance for each position of the flow of air crossing
the diameter of the inlet. The further a particle with a specific diameter is away
from the centre of the inlet air stream the longer is the stopping distance.
Therefore, the impactor plate will collect a selection of particle sizes above a
specific value. The median stopping distance (Sso) represents the design
parameter for the collection of 50% of particles of a specific diameter. Impactors
are often used because the Ss, provides precise cuts of particle diameters.
Values of Sksq are relatively consistent for ratios larger than 0.5 for round and 1

for rectangle impactors.
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Figure 7. A schematic representation of the action of a cascade imp actor.
The arrows represent the path of particles of different diameters . W
denotes the diameter of the inlet and S is the stopping distance of the

particle.

1.5.2 Analytical techniques for measuring respirable crystalline silica

When required under COSHH airborne concentrations of RCS are measured.*®
9 There are few analytical techniques that measure a property that is specific to
crystalline silica. Analytical techniques that measure elemental silicon generally
rely on the insolubility or solubility of crystalline silica in various acids or fluxes
to improve their selectivity.>® ** These chemical methods are no longer used for
the occupational hygiene measurement of RCS because of the widespread
presence of insoluble and flux reactive silicates in workplace atmospheres (like
those from mineral feldspar group), and the varying degrees of reaction with
amorphous silica.>® Three techniques most commonly applied for the specific
measurement of crystalline silica are; X-ray diffraction (XRD) which specifically
measures crystalline material, Fourier Transform infrared spectroscopy (FTIR),
which measures the molecular rotations and vibrations of molecules and
colorimetric analysis, which measures the magnitude in colour of a molybdenum
complex formed with the silanol groups on the surface of SiO, particles in
water.®> The colorimetric method is no longer widely used because of its
considerable variability,”® sensitivity of response to particle size, the need to
reflux in phosphoric acid to remove some interfering silicates, the incomplete
dissolution of some silicates, and the slight solubility of the crystalline silica in
phosphoric acid (10% to 20%).>*
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Internationally, two analytical approaches are employed for the measurement of
RCS. These are known as the direct on-aerosol sampling filter®” > and the
indirect methods.®® °* The indirect analysis approach recovers the aerosol
collected on the aerosol filter and deposits it onto another (usually smaller filter)
for analysis. The direct on-aerosol sampling filter approach measures the dust
collected on the aerosol filter without any processing. The regulatory method
used in Great Britain is known as Methods for the Determination of Hazardous
Substances (MDHS) 101, which uses a direct on-aerosol sampling filter
approach with FTIR or XRD.>®

1.5.3 X-ray diffraction (XRD) measurement of RCS

X-rays are electromagnetic waves that are classically described by a sine wave
WKDW UHSHDWYV H YXdray difffactldi& arDa@alytical technique that
measures the X-ray radiation scattered from atoms in a material. The X-ray
radiation penetrates the material and some is scattered by atoms at different
positions within its structure. For XRD, the wavelength of these X-rays does not
change (X-ray radiation does not lose any energy), and the process is called

elastic scattering.

Instruments with Bragg-Brentano focusing geometry are most often used for the
measurement of RCS (Figure 8). The geometry of the instrument is arranged so
that X-ray radiation from the sample is focused onto a detector. The detector
receives different phases of the X-ray electromagnetic sine waves emerging

from multiple points within the material; all with the same amplitude.

Constructive interference is the term given to the effect that results in a detected
intensity, where sine wave phases of multiple X-rays coincide providing an
increase in their amplitude. This amplification is the effect called diffraction.
Constructive interference occurs when the radiation wavelengths (@ are in
alignment i.e. a whole number (n) of & U D G(EQu&tién 4). The diffraction
effect is demonstrated in Figure 9, for a crystal where atoms have a regular

arrangement.

¢LJu (4)
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Destructive interference occurs when the X-rays, scattered from different planes
of atoms, are out of phase i.e. the average phase shift for the X-ray radiation
wavelengths LV E UDGLDQV

% U D JiaW YEquation 5) demonstrated that the short wavelength of the X-ray
radiation is closely related to the distance between atoms in crystals, which can
serve as natural X-ray gratings. Strong amplification of the X-ray radiation
occurs at specific angles (}) when atoms are arranged in a regular structure like

a crystal. The reflections will occur at position of } when,
ccal (5)

Where d is the interatomic distance between atoms in a plane. Therefore, the
diffracted intensity occurring at a particular position of } is dependent on the
regular arrangement of planes of atoms within the structure of the irradiated
material. The diffracted intensity is therefore related to the dimensions of atomic

structure; which is termed its crystallinity.

Traditionally, the angle of X-ray source irradiating the sample is fixed and
intensities are measured at specific positions of two theta () as the detector is
moved in an arc. In modern instruments, the sample position is fixed and the X-

ray source and detector have a 1:1 (theta/theta) movement.
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Figure 8. Arrangement in a Bragg Brentano focusing X-ray diffractio n

instrument .

The term 2} is the angle between the directions of X-ray radiation passing

through the sample (dotted line) and the detector.

Figure 9. Schematic for the process of diffraction in a crystalline material.

A pattern of diffraction intensities is usually distinct to each component and can

distinguish between polymorphs of substances, like those found for RCS.

Generally, amorphous materials record a very broad background at low angles

of 2 }. Examples of the diffraction intensity 2 } positions and their Miller indices
21



for .-quartz and .-cristobalite are shown in Table 2. The Miller indices is a
notation describing a plane of atoms in a unit cell contributing to a particular
XRD reflection. XRD scans for reference samples of .-quartz and .-cristobalite
are shown in Figure 10.

Figure 10. X-ray diffraction scans of .-quartz and .-cristobalite measured

using copper radiation (1.54  #.
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Table 2. Significant reflections of  .-quartz and .-cristobalite when using
copper radiation (K r; 1.54 #), their angles of 2 1}, relative intensity and

Miller indices.

.-Quartz .-Cristobalite
Angle of 2 } Relative Miller Indices | Angle of 2 } Relative Miller Indices
Intensity Notation Intensity Notation

20.9 14.2 100 22.0 100 110
26.6 100 101 28.5 9.1 111
36.5 9.8 110 315 10.2 210
394 9.1 102 36.2 13.2 020
40.2 4.6 111 36.4 4.9 112
42.4 3.8 020 38.5 0.1 021
45.7 2.9 201 40.6 0.0 120
50.1 18.7 211 42.7 24 121
50.6 0.5 003 43.2 0.1 013
55.2 2.3 310 47.1 5.2 113

Three diffraction angles with Miller indices of 100, 101 and 211 are measured

for .-quartz. The principal 101 diffraction angle IRU TXDUW] SRVLWLRQF

position of 26.6 degrees, has about 5 x more intensity than the secondary 100
and 211 diffraction angles D W SRVLWLRQV RI DThE less
sensitive secondary diffraction positions are used because some matrix
components will have XRD intensity that coincides with the principal reflections
of .-quartz or .-cristobalite. Use of less intense diffraction positions or
correction of the most intense for an interference introduces additional

measurement errors and increases the limits of detection.
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1.5.3.1 XRD and quantification for RCS

Several major factors affect the intensity of the diffracted X-rays®®, however,
many are constant and the intensity of the XRD diffraction angle :+gsg ;is
more simply related to an equation (6) involving the quantity of analyte in the
sample and the attenuation of the detected signal due to absorption of X-rays

from the sample matrix ( 4.

+UDB L -lflopg - '; o ’;D : (6)
Where X, is the mass proportion of crystalline component r in the sample, K is
a constant for instrumental and experimental factors, :&mé;.is the mass
absorption coefficient of the sample where p is the sample density and :&gé; is
the mass absorption coefficient of the analyte where p is the density of the

analyte.

The simplest case occurs when the absorption of the sample matrix is the same
as the analyte and the phase quantity is related to the ratio of the measured

analyte intensity proportion and that of the pure phase : <, B >

X-ray intensity decreases exponentially as the depth of the sample (L)

increases due to absorption of radiation by the sample (Equation 8).
+L AATE 2 wA (8)

Ultimately, the depth of the sample reaches a point where the contribution of X-
ray intensity is not sufficiently distinguishable from the instrument noise at a
particular distance from the sample surface.®® This sample distance is termed
UL QILQLWHVDS filtes sdfigl®s with aerosol particulate will never reach an
infinitely thick depth because they are presented to the instrument as scattered
particles on a filter surface or as layers a few um in depth. A calibration based
on standards of pure analyte is often applied to the measurement of RCS in

samples from a variety of workplace atmospheres with different absorption
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characteristics. Absorption of X-rays is minimal when the sample is a single
layer of dust on an aerosol filter, however, there is a depth of sample when
absorption becomes significant and a linear calibration relationship between X-
ray intensity and mass of pure analyte per unit area is no longer true. For the
measurement of RCS on-filters, Smith estimated that the correction for X-ray
absorption was not necessary in most cases; which is when the sample loading
on a 25 mm diameter aerosol sampling filter was less than 2000 pg.®* This was
a theoretical estimate based on a single layer of particles with a uniform
diameter of 2.5 um covering a circular area with an effective diameter of 20 mm.
More recently, Mecchia et al.?® found, by experiment, that the critical mass for a
10% deviation from a linear relationship between intensity and mass could be
as low as 900 pg, for a deposit on a 25 mm diameter filter with typical a mass
absorption coefficient of 100 cm?g. The critical mass was lower for deposit
areas of 10 mm or 15 mm in diameter, which is obtained on some small

diameter aerosol filters or when using an indirect recovery based method.®

Copper is the most common material used to generate X-rays for the
measurement of RCS, although it can cause fluorescence in samples
containing significant amounts of iron (e.g. from foundries), which absorbs X-
rays. Mecchia et al., found significant attenuation of X-ray response occurs at
loadings as low as 200 pg in artificial quartz mixtures with 80% hematite.®® A
correction is applied for the reduced transmission of the copper radiation based
on the measurement of the intensity of a diffraction angle of the substrate
beneath the sample deposit.®” ®® The equation for intensity Ipky, and its
relationship with the proportion of analyte (X)) when using Bragg Brentano

diffraction geometry is detailed in equation 9.

b . 5
tpg L-7— 1 SFATHRFt &89, Be0aaRp<@mps 00  (9)

b
Where K is the calibration constant of the phase r, Dsampie iS the surface density
of the sample in terms of its mass per unit area and sin }u)r is the angle of
reflection.®® The correction method proposed by Leroux et al.,®? is universally
adopted in most analytical methods for RCS®" ¢ °" ® where silver filters or

aluminium plates are employed as supporting substrates. The intensity for a
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particular diffraction angle of RCS is corrected by measuring the attenuation of
a silver or aluminium reflection through the sample or sample and aerosol
sampling filter; when using a direct on-aerosol filter measurement method.
Equations 10 and 11 are applied in international methods for RCS

measurement.
baaaps L *opg ( (10)

Where t3a80g IS the corrected intensity and F is an absorption correction

factor.
(L :4726;0:sF 6F; (11)

and R = sin}ag / sin}nky. and T is the transmittance of X-rays through the
sample. Sin }ag and sin }ny. refer to the sine of the Bragg angles of the silver

reference and analyte diffraction positions respectively.

The integrated area of the reflection is used for quantitative analysis because
that is less sensitive to changes in patrticle size than the height of the diffraction
intensity.®® The profile of the diffraction intensity tends to get wider and flatter as

the crystallinity decreases.

Sensitivity is an important issue for the measurement of RCS. For example, the
anti-scatter slits, which are often set to a narrow angle to improve resolution of
the diffraction intensity, are set to illuminate as much of the sample as possible
without introducing additional X-ray noise from the sample holder.>® This
strategy serves to improve the representativeness of the measurement and the
intensity at the expense of its resolution. The amount of energy used to produce
X-rays is also another factor that can improve sensitivity ® and the instrument at
HSE is often set to its maximum power input of 55 Kv and 50 mA for the
measurement of RCS on filters and uses a broad focus tube to provide more X-

ray energy over the sample area than other varieties of X-ray tube.
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1.5.4 Infrared analysis

Fourier transform infrared (FTIR) is one of the most widely used instruments
employed for RCS analysis. FTIR measures the absorbance when photons
from an infrared (IR) source are passed through or reflected from a substance.
A schematic block diagram of a typical arrangement for a FTIR instrument is

shown in Figure 11.

Figure 11. Schematic of the Michelson interfe rometer for an FTIR

instrument.

FTIR in transmission mode is the most common instrumental arrangement used
for RCS analysis, although some recent work has applied diffuse reflection
infrared Fourier transform spectroscopy (DRIFTS).® Infrared (IR) radiation has
a broad spectrum of radiation that is longer in wavelength than visible light. The
range of wavenumbers (1/ @ used in instruments to measure quartz is in the
middle IR range from 200 to 4000 cm™. Many bonds in molecules will transform
into an excited state when irradiated with electromagnetic radiation (light) if the
photon energy can be accommodated within the energy states of the molecule.
The frequency of the electromagnetic light energy results in atomic vibrations
where molecules will bend, stretch or waggle. Energy is absorbed if the
frequency of the resulting vibration matches that of the incident electromagnetic
radiation. The magnitude of the energy change is described by the Bohr

frequency condition,
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DRL ¢ (12)

where # LV 30DQNTV vFiR @& ineguéndyy of the energy and ¢' is the

change in energy states.®’

IR absorbance bands are only observed with an accompanying change of
dipole to a molecular vibration. A dipole moment on a molecule will vary when
bonds are given energy and stretch or bend asymmetrically. The wavelength of
the incident photon energy causes an oscillating dipole and generates an
electromagnetic wave of the same frequency as the photon that causes the
vibrations. The absorbance for r-quartz is related to the asymmetric Si-O-Si
stretching and Si-O bending vibrations of the silicon and oxygen atoms.®® .-
Quartz has two characteristic bands at 800 cm™ and 780 cm™ and significant
secondary bands at 694 cm™ and 512 cm™. The background corrected heights
of the two bands at 800 cm™ and 780 cm™ are used for quantification (Figure
12).

Figure 12. An infrared spectrum for respirable r-quartz collected onto a

polyvinylchloride (PVC) filter .

r-Cristobalite has a significant band at 800 cm™ and minor bands at 620 cm™
and 490 cm™ (Figure 13) . The background corrected band heights at 800 cm™
and 620 cm™ are measured.®® Band height is more commonly used for
quantification because the peak area is more influenced by changes in

response due to changes in particle size of the measured aerosol.®® ®® Many of
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the band widths of .-quartz, .-cristobalite and amorphous silica coincide
between 900 cm™ to 780 cm™ and many silicate minerals will have bands within
the silica spectral region because the SiO,4 tetrahedron is also a fundamental

structural unit of this class of minerals.®®%°

Figure 13. An infrared spectrum for respirable r-cristobalite collected onto

a polyvinylchloride (PVC) filter

In theory, the relationship between the analyte concentration and absorbance

follows a linear relationship described by the Beer-Lambert Law in equation 13.
Absorbance (A) = ™c (13)

: KH U His tMe molar extinction coefficient, L is the optical path length and c is
the concentration of substance. In practice, the relationship between
absorbance and concentration is linear for loadings less than 1.5 mg when
measuring RCS on 25 mm diameter aerosol filters. This is because the filter
area is much larger than the infrared beam area on the surface of the filter. Dust
collecting outside the infrared beam area is not measured at high mass
loadings, resulting in a reduced response per unit mass of RCS loaded on the
filter. $SWWHQXDWLRQ RI WKH LQIUDUHG UHVSRQVH
particles, although this is not generally a problem with occupational hygiene
samples and FTIR is widely used for measuring RCS in coal®® and foundry

environments.
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1.6 Application of Raman spectroscopy for the measurement of
RCS

1.6.1 What is Raman spectroscopy?

us5DPDQY LV D OLJKW VFDWWHULQJ HIIHFW WKDW ZD
Smekal in 1923.° Smekal proposed that the frequency of the light (])
interacting with a gas molecule will lose or, if the atoms in a molecule were

already in an excited state, gain energy (] = ]1) where ]:is the energy lost or

gained. The observation of this effect was first reported by Raman and Krishnan

who used visible light and mercury lamps to investigate the scattering of light

from gases and dust free liquids. Raman and Krishnan were attempting to build

upon the recent work of Compton, who discovered the scattering of X-rays from

electrons in an atom resulting in a loss of energy.”* Landsberg and
Mandelshtam first observed the scattering effect for optical light now known as
HSDPDQY ZKHQ VWXG\LQJ FU\WWDOV RI TXDUW] 7 K
IDQGVEHUJ DQG ODQGHOVKWDP ZKLFK WKH\ WHUPHG
scatHULQJ HIIHFWY ZHUH UHSRUWHG D FRXS®HeR| PRC
two discoveries demonstrated that the shift in wavelength due to the
interactions of light within a molecule is universally found in gases, liquids and

solids.

Atoms in molecules will vibrate when irradiated with electromagnetic radiation
(laser energy). Most of the energy from the light source is transmitted through
the molecule. A small proportion (estimated as 1% to 5%) interacts with atomic
nuclei and electrons providing them with momentum to a virtual energy state.
The nuclei and electrons then return to their ground state as a photon is
scattered from the molecule. The vast majority of these photons (estimated as
99%) are scattered with the same energy as the incident photons. This
unaltered photon energy (when absorbed photon energy is equivalent to the
emitted) is termed Rayleigh or elastic scattering. The magnitude of the energy
(E) transferred to and from the atom would correspond to the Bohr frequency
condition h ] where K LV 30DQN f.\A sl (vopdotiQniNof the scattered
photon energy gains or loses energy where E = h ] £ ]; and is termed as
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Raman or inelastic scattering. Most incident and scattered radiation are of
almost identical magnitude even when an energy change has occurred. Anti-
Stokes scattering occurs when the electrons are already in an elevated state
which results in the emission of a photon of higher energy (shorter wavelength)
since it is a combination of the pre-existing and the excited state. Photons from
stokes energy transitions are of longer wavelengths because a loss of energy
occurs in the process. The difference between the wavelength of the exciting

laser radiation and the emitted photon is known as the Stokes shift.

A simplified schematic representation of these effects is shown in the Jablonski

diagram in Figure 14.

Figure 14. Jablonski diagram representing the energy transitions for

different types of photon scattering.

1.6.2 Similarities and differences between IR and Raman spectroscopy

Both, Raman scattering and IR absorption involve the displacement of electrons
and nuclei with an applied electric field. A vibrating dipole is caused when
electrons and nuclei are sufficiently displaced. The induced dipole (P) creates
its own electromagnetic field that interacts with the applied field (E). At low field
strengths, the magnitude of the dipole is proportional to the applied field and its
polarisability (r).”

2L'U (14)
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Polarisability is the proportionality constant for the distortion of the electron
cloud.” " IR absorption occurs when the vibrations of molecules resonate with
the applied field and energy transitions occur in the ground state (Eo F 1)f In
Raman scattering, the energy transitions reach a virtual state (Figure 14).
Raman scattering occurs more from a change of polarisability rather than a
change in dipole. In the molecule, polarisability (reis a tensor that acts in a
three dimensional space as the product of two or more vector quantities. This

can be written as:

% e e Ug LU
L2ML Ly Mmrlk Uy g @a5)
2 oo W U Uy

Where the dominant tensors are, Lk, U};and ULgsince the others will work
against each other. In a three dimensional system the dominant tensors can be

represented as coordinate vectors:

The magnitude of the tensor is proportional to the inverse of the square root of

the polarisation.

5 5 5
— E— E—

3
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Therefore, the larger the polarisation potential the smaller is the change in

tensor direction. Raman scattering occurs when the ratio of the rate of change

of the polarisability with the rate of change of the nuclear displacement (:—aAs

greater than zero. Vibrations that fluctuate with small changes of polarisation
result in infrared absorption and are generally antisymmetric. The vibration is
Raman active when the tensor direction is symmetric or either ry, and ryy, or ry,
and ry or ry and r, are unchanged.” Therefore, molecular vibrational

symmetry significantly determines whether a vibration is Raman or IR active.

An example is given in Figure 15 which shows some nuclei displacements (q)
from equilibrium (g = 0) for a simple three atom molecule. The magnitude of the
32



polarisation potential is usually displayed as an ellipsoid; however, for
convenience in figure 15 they are shown as arrows. The molecular vibrations
that result in Raman scattering or IR absorbance do not coincide when the
molecule has a centre of symmetry. This circumstance is called the rule of

mutual exclusion.

Figure 15. Infrared and Raman active vibrations for a three atom molecule.
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Differences between Raman and IR ED Q GV -TRXWD U W ] -@ifaBalite have
been studied extensively.'> 7" |n a crystal, modes of vibration depend on the
atomic structure and lattice dynamics.”® The unit cell of .-quartz has nine atoms
implying 27 (3n) possible vibrational vectors (X, y or z direction, equation 15),
within its trigonal hexagonal structure. Active vibrations are described by group
theory and the composition of their irreducible representations.®® ) R U-quartz,
its optical zone centre phonons are described by the Mulliken symbols 4A; +
4A; + 8E where A; denotes the number of symmetric vibrations (Raman active),
A, the number of antisymmetric vibrations with respect to the principle c axis (IR
active) and E, the number of doubly degenerate vibrations (both IR and Raman
active).*> 7’

.-Cristobalite has a tetragonal structure with a unit cell of 12 atoms. The
vibrations described by group theory and Mulliken symbols are 4A; + 4A,+ 8E +

5B; + 4B, where the B; and B, modes are potentially Raman active as their
vibrations are symmetrical WR WKH SHUSHQ G R X@rndry joDtfie D[LV
observed IR and Raman active vibrations with their associated Mulliken symbol
identified in literature is provided in Table 3. ® 8 Not all vibrations are

observed.

Spectra for the principle Raman bands for r-quartz and r-cristobalite are shown
in Chapter 3. For r-quartz, the principal Raman signal at 464 cm™ is associated
with the flexing positions of the Si-O-Si bonds connecting each tetrahedron® as
the helices stretches and relaxes in sequence with the wavelength of the laser
radiation. The Si atoms remain relatively static within their structure.®* For r-
cristobalite, the principal band at ~ 410 cm™ (reported range 411 cm™ to 418
cm™) is attributed to A; mode and probably corresponds to the A; modes found
for r-quartz® although other researchers have attributed this band to lattice O-

Si-O bending vibrations."®
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Table 3. The observed Ra man and infrared wavenumbers and their
DVVRFLDWHG O0XOOLNHQDXD\PW R O'dt@ERllte. .

.-Quartz .-Cristobalite
Raman Infrared Raman Infrared
wavenumber cm™ | wavenumber cm™ | wavenumber cm™ | wavenumber cm™
128 (E) 128 (E) 121 (By)
207 (A1) 147 (E)
263 (E) 263 (E) 233 (A1)
354 (A1) 275 (E) 276 (E)
364 (E) 286 (B>)
394 (E) 394 (A) 300 (A,)
402 (E) 368 (A1)
464 (A1) 380 (E) 380 (E)
697 (E) 695 (E) 416 (Ay)
777 (Ay) 485 (E) 480 (E)
797 (E) 797 (E) 495 (A,)
807 (E) 625 (A))
1066 (E) 785 (B1)
1083 (Ay) 796 (E) 798 (E)
1161 (E) 1076 (A1)
1232 (E) 1086 (By) 1100 (E)
1144 (A,)
1188 (By)
1193 (E) 1196 (E)
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1.6.4 Measurement of crystalline material

A phonon is a hame given to a collective vibration of atoms in a lattice. In a
crystal solid, a phonon vibration, instigated by the electromagnetic radiation of
the laser, will propagate as a vector involving an atomic plane in the crystal
lattice. The crystal lattice is the basic arrangement of atoms and a reciprocal
lattice is the mathematical description (Fourier transform) of the space for the
projection of wave vectors from the crystal lattice. Within the reciprocal lattice, a
Brillouin zone is a three dimensional space that represents a range within the
unit cell that characterises a change in angular frequency of the vibration of
atoms initiated by the phonon. The observed frequency of vibration of the atoms
will depend on the masses of atoms involved. Large atoms will have lower
frequencies of vibration than smaller ones and will appear almost stationary
when close to the edge of a Brillouin zone. Optical photons are characterised by
higher vibrational energies. There is a directional dependence of the phonon
and photon vectors and the wave vector and conservation of energy is
preserved in both processes.®® Only the photon wavelengths emitted close to
the centre of the Brillouin zone are observed in the Raman spectrum and the
band profile is therefore dependent of the structure of the material. More
crystalline materials will have narrower Raman band widths than less crystalline

materials.

There is no consistently defined reciprocal space in an amorphous material,
although vibrations do occur within the arrangement of atoms. Fused quartz is
an amorphous version of crystalline quartz. The amorphous variety contains the
same elements with the same masses and bonds as the crystalline form,
although some of the bond lengths and positions are different because the
material has lost its defined structure. The observed spectrum for fused quartz
results in a very broad band near the principal band for .-quartz at 464 cm™
which would suggest that the Brillouin zone had substantially increased
compared to the crystalline material; so that more of the possible photon

wavelengths from the Brillouin zone edge to its centre are sampled.*
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1.6.5 Raman band intensity and quantitative measurement of RCS particulate
on filters

Raman scattering occurs when an electromagnetic field is applied, displaces

electrons and nuclei and causes a change of polarisability. The polarisability

over all states yields the intensity for the stokes bands ¢,

N 62 1 (70:5607 s hy
e 6 . A .
€76 -0 TCEFOT

(17)

(E?cvi

Where Ip is the incident intensity and a and U} @re the average and anisotropic

(property that allows change) parts of the polarisability tensor — A.%

x &a
Temperature is a factor that is included in the denominator and the intensity of
Stokes and anti-Stokes lines increases with temperature. Planck attributed the
increase in scatter to the higher amplitudes of nuclei vibrations.®° An external
standard, such as a silicon plate can mitigate any change in response in
quantitative or qualitative analysis, due to different ambient temperatures,®
although it has also been observed that high quality quantitative analysis is

achievable without spectral standardisation.®

The Raman scattering of near infrared radiation from powders and pressed
pellets was described by Schrader et al.®” ® The equation for the Raman
radiation scattered from the surface of a sample &caeres in an antiparallel
direction (180°) is shown in equation 18 i.e. reflected back from the surface of
the sample. The equation is applicable to bcarered Observed by Raman
instruments with microscope attachments and accounts for the interaction of the
incident and reflected radiation in its surroundings.

o ehbaeUdx: >4 qglxamgdx?pax
’|OOG9®4®>O “ > >3, qglbxbOide? (18)

Where k? U. 2. . LV WKH DEVRUSWLRQ FRHIILFLHQW U
coefficient, s is the Napierian Raman scattering coefficient, d is the depth of
VDPSOH DQG - LV WKH DSSOLHG 10X]r) klsknmeEmaii’y SW LR
specific and is the arithmetic average of that reducing the exciting and emitted

Raman radiation. The effect of matrix absorption and instrumental factors can
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usually be reduced through the use of internal standards®, although, the
addition of an internal standard has the effect of diluting the analyte
concentration reducing the sensitivity of the measurement. Schrader
demonstrated that Raman intensity increases as the depth of sample (in
millimetres) increases and then reaches a plateau.®® An influence on the
scattered intensity is the elastic scattering coefficient (r), which is inversely
proportional to the size of the particles i.e. larger particles have more intensity.
Despite this, many articles have reported different relationships with intensity for
larger particles.®®®® Some of these differences were attributed to the limited
DQDO\VLV YROXPH RI WK H?*E‘Qwithh bas Béematfivher Ssivd. F V
Monte Carlo simulation studies.®® The distribution of photons is fairly localised
for small particles and close to the surface of the particle, whereas it is has a
broader range of scattering angles and its origin is deeper for larger sized
particles.”® The influence of particle size on the Raman response when

measuring respirable-sized particulate on a filter was unknown.

Instrumental factors also have a role in the observed intensity. Raman band
response observed by the detector through the instrument is dependent on a
number of other factors which includes, the wavenumber of the energy source
( R; the Raman shifted wavenumber ( ¢(R§ the applied power of the energy
VRXUFH - WKH FURVV VHFWLRQDO DUHD RI WKH OD\
depth of the sample (d); the number of molecules per unit volume irradiated (N);
and the differential Raman photon scattering cross-section (the proportion of
photons (Jscatteres HIIHFWLYHO\ VFDWWHUHG E\ WKH LQFLGHQ

+L — @RBF (RFO U:RByF ¢RE°®  (19)

The efficiency of the Raman scattering is proportional to the fourth power of the
incident radiation :R§F ¢R&i.e. Lasers with shorter (ultraviolet) provide more
intensity than those with longer (infrared) wavelengths. The formula :R8g
¢R&%8accounts for the changes in intensity due to deviations in polarisation.
Crystals can orientate themselves in certain directions according to a preferred
crystallographic plane, which can affect some observed intensities®, since the

polarisation is not always identical from each crystal face. For example, the
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mineral talc has a thin plate like shape has a tendency to orientate itself along
its flattest surface. Preferred crystal orientation is likely to occur when crystals
are deposited on a flat surface (like a filter for collecting aerosol). If repeatable,
the preferred orientation may provide consistent intensities for quantitative
measurements of RCS particles collected on a filter. Preferred orientation is
also reduced by decreasing the particle size i.e. when potentially measuring
respirable-sized particles. Rotating the sample or taking multiple measurements
can also average out this effect.”” The intensity is directly proportional to the
power of the laser and the area illuminated, if polarisation and internal field

effects are ignored or assumed to be relatively consistent.
+L- @O (20)

Where OL :RBF ¢RE0 U:Rey F ¢R§78

Therefore, three preeminent factors relating to Raman intensity from equation
20 are the cross-sectional area, the laser flux, and the depth of the sample.
Equation 20 assumes that the number of molecules (per unit volume) is
constant, which is not necessarily the case in every analysed volume or when
using a mapping process to combine accumulated spectra; so N and Uare
other factors that are potentially variable from spectra to spectra when
measuring samples of aerosol particulate collected on a filter. Accurate
guantification is more likely if the sample deposit is homogenously distributed
over a consistent area to ensure a relationship between the density of particles
within the illuminated area and concentration on the filter. In addition, the depth
of a sample over a 5 mm, 10 mm or 15 mm diameter area can be controlled so
that it is a thin layer,®® which should reduce matrix effects such as fluorescence,

or absorption, which may influence Raman band intensity.

1.6.6 Use of Raman for quantitative analysis

Raman spectroscopy was considered as a practical quantitative technique from
the 1990s%% 8 which evolved from the investigation of quantitative methods for
near infrared (NIR) spectroscopy and the use of chemometric methods to
interrogate spectra.?® 9" %8 The leap forward in the application of Raman was
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the development of Fourier Transform (FT-Raman) instruments which increased
sensitivity of the optical conductance by two orders of magnitude compared with
dispersive spectrometers®®. In 2003, Pelletier referred to around 200 articles
describing quantitative applications for Raman,”® Early quantitative applications
were focused on the measurement of organic chemicals (e.g. benzene) and

plastics.

A review of quantitative Raman methods, in 2013, included 101 references.’’
Ensuring the representativeness of the sample measurement was a key feature.
These methods focus on three approaches, (a) averaging of Raman spectra
collected at many different locations on a sample, (b) rotation of a sample
during spectral collection and (c) simultaneous Wide Area lllumination (WAI) for
spectral  collection. Areas of application include; pharmaceuticals,
petrochemicals, chemical, cosmetics, clinical and agricultural. A single method
for the quantification of the herbicide Paraquat was classified as an environment
application. WAI is not necessarily useful for the measurement of RCS on filters
since it requires the use of lower magnification lens when compared with a
microscope or probe. Raman line intensity is decreased at lower magnifications
due to the smaller angles for light collection.’® Powered rotation of the sample
(b) was attempted in initial experiments but was not adopted due to the greater
noise from the undulating background at a microscopic level and the reduced
intensity compared with a focused spot approach at higher magnifications. The
collection of multiple spots was selected to enhance the representativeness of

analysis across the sample deposition area.

1.6.7 Raman measurement of crystalline silica and airborne particulate
1.6.7.1 Crystalline silica measurement

Previous work has focused on the identification of polymorphs in materials.
Polymorphs of silica (including those of microcrystalline silica) were
distinguished in bulk material when using Raman spectroscopy.’®® Raman
spectroscopy, using an argon laser, was also investigated as a potential

101

technique to identify the mineral content of rocks on moons or planets~ " and to

identify gem quality microcrystalline and amorphous silica from Romania.'*
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Quantitatively, a method was developed for opaline in silica nodules of rock of
volcanic origin utilising a rotating stage to obtain an average signal from the
sample surface. Calibrations were made for quartz, cristobalite, coesite and

calcite mixtures.'®

1.6.7.2 Airborne particulate

Raman spectroscopy was used for the identification and characterisation of

! evaluated

airborne particulate.’®*° Potgieter-Vermaak and Van Grieken™
individual aerosol particles collected on a number of filter materials with 514 nm
argon and 785 nm infrared lasers. A minimum of 50 particles were
characterised on each filter using an acquisition time between 10 to 40 s.
Identification of particles was limited by the spectral database. The contribution
of the background was reduced by using an objective with a higher
magnification and numerical aperture to reduce the measured volume. Other

research focuses on the measurement of soot or diesel particulate 0> 110 112116

As early as 1997, Keller and Heintzenberg''*

reported initial results for a
quantitative method for elemental carbon on polycarbonate filters. More
recently, Grafen et al.™*® developed a continuous monitoring system for soot
particles which uses a stainless steel filter tape. A near infrared laser at 785 nm
with a power of 80 mW was used to analyse the deposit area of 6.5 mm in
diameter. The laser beam of about 100 um in diameter was moved across the
filter during measurement. The concentration of soot was reported in terms of
the number of particles per cm?. Later, Whelan employed a 633 nm laser at
100% power to measure respirable coal and diesel particulate using a 5x
objective and a 400 second count time and obtained a measurement precision

of 10% and less when rotating the sample.”

There are few articles describing quantitative methods for particulate analysis.
Some application articles focused on identifying the proportion of particles in the
collected aerosol.'®* 2 5 Catelani et al. determined the percentage of
particles in samples of airborne dust collected on polycarbonate filters from two
ambient monitoring sites in Italy using a point count method.? Quartz
compositions by number ranged from 4.5% +12%. The chemical composition of

marine aerosols over the Pacific Ocean were also recently examined.'*

41



$OXPLQLXP IRLO RQ D p3,;( VWUHDNHUY VDPSOHU ZDV
for a direct-on aerosol sampling filter analysis approach. The PIXE sampler is

an impactor designed to collect the 2.5 pm to 10 um aerodynamic diameters.

Particles within this size range bounce off the impactor and are collected on a

slowly moving substrate. None of these articles attempted to quantify the mass

of crystalline silica within the matrix and their potential for a precise quantitative

analysis by mass on filters was not reported.

1.6.8 The Raman instrument used for measurement of RCS

A Raman spectrometer, connected to a microscope, was used for this research,
which is described below (Figure 16). In summary, photons from a laser source
are directed towards a dichroic (notch) filter which allows only changed
wavelengths to pass through and reflects the laser wavelength to the
microscope. A microscope objective directs the light to the sample and captures
a portion of the scattered photons. The scattered photons are returned to the
dichroic filter which passes the changed wavelengths to a slit and a collimator in
front of a diffraction grating. The diffraction grating splits and spreads the

constituent wavelengths onto a detector.

Figure 16. A schematic representation of the components of a Raman

spectrometer connected to a microscope.
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1.6.8.1 The laser source

A high intensity source of photons is needed because Raman is a weak effect
when compared with absorption or Rayleigh scattering. Lasers are a high
intensity source of photons and have narrow band width when compared with
lamp sources; which improves the resolution of the Raman spectral band. The
improved resolution and intensity when using lasers, compared with lamp
sources, increased the ability of Raman to cope with mixtures of powders from

a variety of sources.

Raman band intensity is related to the laser wavelength. Shorter wavelengths
have more energy and provide more scattered intensity (equation 19). Although,
one issue with Raman measurement is the potential for the laser photon energy
to induce fluorescence rather than Raman scatter because of the amount of
energy applied to obtain sensitive measurements. When it occurs, the
magnitude of the fluorescence is greatly in excess of any Raman scatter and
can swamp the Raman bands. Higher energy lasers can also be more prone to
inducing photodecomposition of the sample. Although less intense, a laser with
a longer wavelength can be operated at a higher power and have a lower

propensity to cause fluorescence or photodecomposition.**’

Near infrared (NIR) lasers were developed in the 1980s and were adopted for
Raman spectroscopy because their longer wavelengths (785 nm and 1064 nm),
when compared with the wavelengths from Ne-He (633nm) and Ar+ (488 nm
and 514 nm), reduced the probability of electronic transitions from the ground
state associated with the fluorescence effect.’*® A NIR laser at 785 nm was
used for this research because it would potentially be more useful for
workplaces samples, which may contain components that fluoresce. The full
laser power of 110 mW on the sample was used because the material of
interest in this work and filter substrate is relatively inert to heat and may
dissipate some localised heating effects. Lower power may also be useful to
reduce the opportunity for fluorescence, if this remained problematic in a
particular sample. However, this would also reduce the measurement

sensitivity. An alternative is to add multiple spectra with a reduced collection
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time to enable the same overall exposure and to keep within the working

response of the detector.

1.6.8.2 Dichroic notch filters

Dichroic notch or edge filters direct the photons from the laser source to the
microscope and the sample. These dichroic filters are able to efficiently exclude
the Rayleigh scatter (unchanged wavelengths) whilst allowing the Raman
shifted photons through the dispersion grating when the photons are returned
from the sample via the microscope objective.”® *® Notch or edge refers to the

wavelength profile of excluded photons.

1.6.8.3 Dispersion grating components

The returned light is passed through a slit which has a role in resolution and
intensity of the Raman bands. Wider slits permit more photons to enter and
increase intensity, whereas narrower slits can improve resolution and potentially

decrease fluorescence.

The Raman photons are then passed through a collimator and a dispersion
grating. The dispersion grating is a set of finely spaced lines positioned on a
reflective surface.”® The angle of diffraction is dependent on the wavelength of
the photon. Constructive or destructive interference occurs as the photons are
reflected from the depth of the surface. The dispersion (spread of wavelengths)
is related to the groove density and the working wavelength of the laser.
Wavelength of the laser source can affect the dispersion of the Raman shifted
wavelengths onto the detector. When using short UV wavelength lasers, it is
possible to collect the whole Raman spectrum onto the detector; however,
longer laser wavelengths will have a greater spread of Raman shifted
wavelengths. A selected portion of the whole spectral range provides better
spectral resolution when using NIR lasers. Gratings with lower numbers of
grooves per mm have higher intensities; however, this advantage can be offset
because background interference can be more significant in real samples. This

research applied a grating with 1200 lines.mm™.
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1.6.8.4 The detector

One of the most significant advances for Raman spectroscopy was the
development of charged coupled device (CCD) detectors.’®® CCD detectors
have substantially reduced measurement times and permitted the measurement
of the whole spectrum separated by a diffraction grating. However, the
resolution of the whole spectrum range (200 cm™to 3800 cm™) is usually low
due to the size of the detector area. The highest resolution is obtained for
specific band width regions within the whole spectrum. Early, CCD detectors
were found to have good efficiency when combined with the use of red light

sources.'?

1.6.8.5 The microscope objective and role in intensity and sampling

(measurement) volume

Microscopes were first combined with Raman spectrometers in the later 1970s
and early 1980s.?* The focusing of the laser energy into a small area using an
objective lens is an advantage for quantitative Raman analysis because it
improves the efficiency of the photon collection. The higher magnification
objective usually has a higher numerical aperture, which is the angle between
the centre of the focal plane on the sample and the edge of the objective lens.
Higher intensities are usually obtained because the collection angle is increased
and the laser flux is concentrated into a smaller area. However, the focal
volume is smaller than that obtained using an objective with a lower numerical
aperture (Figure 17). A sampling strategy that is representative of the sample is
an important consideration for repeatable quantitative analysis. Lower
magnification objectives with lower numerical apertures collecting from a larger
focal volume can facilitate a more representative measurement and the greater
depth of field can potentially reduce variability in intensity due to focusing errors

e.g. with an automated stage and focus.
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Figure 17. An illustration of the different sampling volumes obtained for

microscope objectives with high and low numerica | apertures .
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1.7 Performance of XRD and Infrared methods for RCS

measurement

The standards required for the performance of analytical methods for
occupational hygiene monitoring when measuring exposure limits are described
by the European standard EN482'%® and BS 1SO 20581.'** Both documents

have the same three stipulated requirements:

X The measurement range of the method must be from 0.1 to 2 times the
exposure limit.

X The expanded relative uncertainty of the measurement (including
sampling) should be less than or equal to 30% when measuring from 0.5
to 2 times the exposure limit.

X The expanded relative uncertainty (including sampling) should be less
than or equal to 50% when measuring from 0.1 to 0.5 times the exposure

limit.

For RCS the limit of detection dictates the lower limit of the measurement range

for precision studies.

1.7.1 Typical limits of detection of current analytical methods for RCS

Table 4 shows the limits of detection (LOD) when measuring samples of pure
analyte (quartz or cristobalite) on clean filters for a range of established
international X-ray diffraction and infrared analytical methods. The LOD is
shown in terms of mass (Hg) collected and the mass concentration (in pg.m)
for a SIMPEDS respirable sampler operating at 2.2 L.min™* when sampling for a
half (4h) and a quarter (2h) of a working shift. When the sampling time is
decreased the LOD in terms of concentration increases and instruments may
only be able to detect concentrations at which there remains a significant

silicosis risk.

The uncertainty of weighing is a factor that may affect the reliability of estimates

for the LOD for the direct on-filter methods; since the known measured mass for

47



Table 4. Current analytical methods for RCS and their  limits of detection in terms of the mass (ug) collected on an

aerosol sampling filter and mass concertation for various sampling times (h) when using a respirable sampler with a

flow rate of 2.2 L min
Method Code NIOSH* 7500 ¥ | OSHA™ D142 *° | 1SO 16258-2:2015 * | HSE 101 ® | 1SO 16258-1:2015 ¥ | HSE 101 | 1SO 19087:2018 *** | NIOSH 7603 **°
Measurement approach Indirect Indirect Indirect Direct Direct Direct Both Direct
Technique XRD XRD XRD XRD XRD FTIR FTIR FTIR
Analysis filter Silver Silver Silver PVvC Various PVC PvC KBr pellet
Validation range (ug) 20 to 2000 10 to 2000 Not stated 20 - 2000 Not stated 20 to 2000 Not stated 30 to 250
LOD (ug) 5 10%* 3t09* 5to0 10 3t09* 4 10 10
Volume of air (L) 528 L for a respirable sampler collecting a 4 h (half shift) sample at a flow rate of 2.2 L.min™
LOD (ug.m?) 0.01 l 0.02 ‘ 0.006 to 0.02 ‘ 0.02 to 0.04 ‘ 0.006 to 0.02 ‘ 0.01 ‘ 0.02 ‘ 0.02
Volume of air (L) 264 L for a respirable sampler collecting a 2 h (quarter shift) sample at a flow rate of 2.2 L.min™
LOD (ug.m™) 0.02 l 0.04 ‘ 0.01 to 0.04 ‘ 0.04 to 0.08 ‘ 0.01 to 0.04 ‘ 0.02 ‘ 0.04 ‘ 0.04

*Estimated for a range of international methods. The LOD values are for the measurement of .-quartz without any matrix. The LODs are likely to be greater when interference is present due
tobLDV 7KH /2' YDOXHV TXRWHG IRU ;5' DUH IRU WKH PHDVXUHPHQW RI WKH P RW@D4 Qrwhel seaordad/EKRD ireRastions @f Dylarz were DQJOH R
HVWLPDWHG EHWZHHQ —J WR —J IRU WKHEHWZHPFWHRQVIRW —JGRUUWHKW DQ@HIOHFWLRQ DwW GHJUHHV

** Defined as a reliable limit. “The National Institute for Occupational Safety and Health of the United States of America (USA). ™ The Occupational Safety and Health Administration for the
United States of America (The regulatory body in the USA).

The HSE code of practice for monitoring of toxic substances proposes a sampling time of 2 h for a continuous process with minimal variability **’.
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calibration samples is determined gravimetrically. Weighing of PVC filters is
reported to have a precision of 5 pg with a limit of quantification of 14 ug.'*®

Clean room environments are needed to further reduce variability.**°

A third consideration is the influence of interferences in real matrices which may

increase the LOD.*°

1.7.2 Estimates of RCS measurement uncertainty

An accuracy range has traditionally been used to determine the reliability of a
measured value; which includes estimates of both the relative standard
deviation and bias calculated from a method validation process.*®' Estimates of
measurement uncertainty provide an indication of the range for the likelihood of
the occurrence of a pWUXHY UHVXOW IRU HDFK UHSRUWHG |
Generally, the relative error (uncertainty) of a measurement increases as the
mass collected on filter decreases over the analytical mass range of interest
(0.1 to 2x the WEL)'®, which leads to wider uncertainty estimates for the RCS

L130, 133

at concentrations lower than the WE especially when collected for less

than a full shift. Previously, uncertainties for RCS measurements have been

134

estimated from proficiency testing,*° laboratory quality control data’** and

some method validation studies.® 13 3¢

For RCS, method validations studies are generally conducted to derive
measurement uncertainties using ideal samples of pure analyte. This is
because of the many different workplace environments and the difficultly in
applying a secondary technique to establish a known value in a matrix, with a
sufficient degree of certainty. Measurement uncertainty of hazardous particulate
in aerosols comprises two main elements termed the analytical and sampling
uncertainties. Each of these elements includes the individual errors that
contribute to the reliability of a reported measured value in an individual
laboratory. The analytical uncertainty includes those processes specific to the
analysis of the analyte in the collected sample whilst the sampling uncertainty
includes those process specific to the collection of the aerosol onto a medium
that is suitable for subsequent analysis. The temporal and spatial variability of

the aerosol in the workplace are not included in this process because these
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factors are characterised by further measurement or other occupational
127, 137

assessment processes.
The many individual components contributing to the reliability (uncertainty) of a
measured value for RCS analysis are described in Figure 18.

Figure 18. Processes and contributors to uncertainty when measuring

respirable crystalline silica.

Annex D of the international guidance for the measurement of respirable

138

crystalline silica™ identifies the following components that are relevant:

The components of the uncertainty of sampling :Q ; are mainly linked to:

a) Volume of sampled air;
b) Efficiency of the sampler; and

c) Transportation and storage of samples.
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The components of the uncertainty of analysis :Q ;are mainly those linked to:

a) Analytical method precision;

b) Correction for the recovery or bias of the method;
c) Instrumental drift; and

d) Purity of the calibration powder.

An expanded uncertainty (U) is calculated by combining each component as the
square root of the sum of squares and multiplying by a factor 2 which is applied
to estimate the 95% level of confidence (equation 21).

7LtH¥QEQ (21)

Few method validation studies have assessed the expanded uncertainty for
RCS measurement methods. Only, four publications were found that
investigated indirect XRD analysis approaches for RCS measurements.? 13 3¢
139 However, several of the standard uncertainty components in these studies
were estimated or excluded. For example, few authors considered particle
selection bias and variability of individual samplers beyond the use of a
standard value of 5% which is applied for the variability of the sampling pump.®
134 136 Few studies have attempted to investigate uncertainty for specific
respirable samplers® which is probably due to the need for specialist equipment

and facilities.

As an aid for laboratories, 1ISO 24095 proposes a standard value of 10.1% for
sampling uncertainty which is based on expert opinion. This consensus value
includes the variability from the pump flow rate, variability of the individual
samplers and potential bias from the EN481 convention. Taking the consensus
value for sampling uncertainty into consideration, the analytical method
uncertainty needs to be less or equal to 11.2%, when following equation 21, and
when measuring a concentration from 0.5 to 2x the WEL; to comply with
international standards that require the expanded uncertainty to be within 30%.
Studies of proficiency testing (PT) data from laboratory measurements on
samples of pure respirable .-quartz calibration dust indicate that the average
standard deviation of RCS results between laboratories is likely to be between
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10% to 15% at the lowest mass loading of 80 ug (equivalent to a 7h shift
sample concentration of 0.076 mg.m™).** Another study of PT data involving
samples with matrix indicates that the average analytical precision between
laboratories over the whole analytical range could be as much as 19%.3% 1%
However, this study is for indirect analysis approaches and includes all filter
digestion approaches (plasma or furnace ashing or use of tetrahydrafuran),

which were not considered separately.

A feasibility study, to reduce the permissible exposure limit in the United States
conducted by the Occupational Health and Safety Administration, concluded
that sufficient dust could be collected with existing samplers to exceed the limit
of quantification at a concentration of 0.05 mg.m™, so long as a half shift 4 h
sample was collected.® In GB, there is no recommendation to sample for
longer than a quarter of a shift (2 h) when the process is continuous and well-
controlled.*®” Higher sampler flow rates or longer sampling times can increase
the amount of dust collected on a filter, which can improve the measurement
sensitivity and uncertainty. However, samplers with flow rates higher than 2.2
L.min™ are not commonly employed in the United Kingdom and cannot currently
be used with direct on-filter methods like MDHS 101.°°

1.7.3 Measurement uncertainty for direct on-filter methods

The generation of replicate test samples is a prerequisite of many method
validation precision studies to determine analysis uncertainty; however, it is
difficult to achieve replicates when using the direct on-filter approach applied by
MDHS 101.>> The calibration approach for a direct on-aerosol filter
measurement approach is dependent on the generation of an aerosol and the
use of the appropriate sampler to collect a proportion of the dust. For RCS, a
portion of the aerosol is collected with a respirable sampler and collected onto a
filter. The mass of analyte collect on the filter is determined gravimetrically and
is therefore traceable to primary national mass standards. However, it is not
currently possible to reliably replicate an aerosol. Replicate samples for
proficiency testing programmes®*? are generated using multi-sampler chambers
with critical orifices behind each sampler to provide a uniform flow rate,

however, these are not designed for small scale method validation studies. For
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technical reasons, the availability of proficiency loadings below 50 pg (about
half the current WEL in GB) are not common due to the difficultly of collecting
replicates with an appropriate level of precision. Due to this, the American
proficiency analytical testing (PAT) program changed its sample preparation
from one involving aerosol sampling to a slurry pipetting procedure,** although
this procedure cannot replicate the deposition on an aerosol filter which affects
measurement sensitivity.**®

ISO 24095 provides an alternative approach to calculate the analytical method
uncertainty, which is based on the determination of calibration uncertainty from
the least squares linear trend line relationship between observed mass and
instrument response. The calibration uncertainty is useful for the direct on-
aerosol filter analysis methods because it does not need replicate samples,
however, sufficient calibration samples are needed to accurately describe the
variance. The example given in ISO 24095 is for an unweighted regression
which not necessarily a valid approach when applied to heteroscedastic
precision, which is potentially the case for XRD measurements. The unweighted
calibration uncertainty tends to provide unexpected large estimates for XRD
analyses, however, it might be useful for FTIR where the homoscedastic

(similar variance across the measured range) relationship is expected.

1.7.4 Differences between analytical approaches for measuring RCS

Between laboratory measurement precision estimates are an important
consideration when assessing the practical performance of regulatory
measurements. Precision between laboratories is often larger than the
uncertainties derived from validation studies because they include a range of
laboratory conditions. PT programmes provide a useful source of precision data
for different methods since laboratories are measuring almost identical samples.
The UK AIR (Air and Stack Emissions) PT programme provides participants
with replicate calibration type samples of pure .-quartz on PVC filters collected
with a respirable sampler. Results comparing the range of z-scores from
participants using direct-on-filter (DO) and indirect (ID) RCS analysis methods
from the AIR PT programme are shown in Figure 19. Information about the type

of ashing approaches was not provided.
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© Crown copyright (2022) Reproduced with the permission of the Health and Safety Executive.

Figure 19. Range of z -scores obtained from laboratories using direct on -
aerosol filter (DOF) and indirect (ID) analysis approaches  when using X-

ray diffraction (XRD) or Fourier Transform Infrared (FTIR) spectroscopy

AzVFRUH UHSUHVHQWYV WKH GLIIHUHQFH EHWZHHQ D
the standard deviation set by the proficiency testing scheme. The standard
deviation for PT was 10%, so a z-score less than 2 would imply the result had a
difference of + 20%. The average z-scores were -0.27, 0.18, -1.72 and -1.58 for
the FTIR DOF (n=83), the XRD DOF (n=109), the FTIR ID (n=67) and the XRD
ID (n=7) respectively with standard deviations of 1.81, 1.59, 2.41 and 0.89. On
average, the results for the indirect analysis approaches are lower than the
target values when compared with those for the direct on-aerosol filter methods,

indicating low recoveries of sample.

1.7.5 Differences between process recovery approaches for RCS methods

Selection of the best reproducible analytical approach is an important
consideration when investigating new technigues to measure lower
concentrations. Pipetting known masses of analyte from an aliquot of
suspension is likely to achieve more consistent loadings at low masses, since a
suspension can be accurately diluted by volume and pipetted. Although,
calibration samples deposited from a suspension will not be suitable for a direct

on-filter approach as they do not replicate the deposit profile of a collected
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sample, which affects measurement sensitivity.>” An indirect analysis approach
has an advantage for low mass measurement as it permits analysts to
concentrate the sample in order to improve sensitivity and to use a different

filter than that used for the aerosol collection.

The three most common approaches described in indirect analysis methods for
removing the organic aerosol sampling filter and recovering the aerosol dust for

analysis are:

1) The use of a low temperature plasma asher, where the aerosol filter is
placed in a glass bottle, ashed in the plasma asher to remove the organic
filter, a small amount of isopropanol is added directly to the bottle which is
then sonicated and the liquor and residue is washed into a filter funnel and
filtered onto the analysis filter (usually silver for XRD);

2) The use of a furnace, where the aerosol filter is placed in a crucible and
then into a furnace which is heated to a prescribed temperature and time.
The crucible and residue are washed out into a beaker with isopropanol,
which is sonicated and then transferred to a filter funnel for filtration onto the
analysis filter; and

3) Use of THF to dissolve the filter, (this method was not employed in this

study).

The furnace approach is considered a source of analytical error by some

researchers investigating the NIOSH method**°

whilst others regard plasma
ashing and furnace treatment as equivalent processes.**! An advantage of the
furnace approach is that it can effectively remove anthracite (crystalline carbon)
and kaolinite, which are both interferences with the most sensitive reflection of

.-quartz. '

Indirect methods usually prescribe 600°C for the furnace
temperature, 800°C when graphite is present®” *?® or 450°C to 800°C in other
methods.®* Higher furnace temperatures above 475°C can initiate a reaction
between .-quartz and any calcite in the dust sample to form wollastonite
(CaSiOs).*?® 12 Calcite is a common contaminant in many dusts, including from
some coal mines. Another issue is the potential for .-cristobalite contamination

from the devitrification of the furnace lining.’
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1.7.6 Relationship between XRD and FTIR instrument response and RCS
particle diameter

The use of different calibration materials with slightly different crystallinities and
particle sizes was identified as a major source of variability for proficiency
testing results.>® Responses from both XRD and FTIR instruments are sensitive
to changes in the average or median particle diameter of RCS, even within the
limited respirable size range.®® The relationship between particle diameter and

65, 144-147

instrument response was studied in different calibration powders and

dust from coal mines.’*® For FTIR, the absorbance band height increases as

68,149 \whereas

the particle size decreases from about 8 um to 1 um in diameter,
XRD integrated area intensity measurements are more consistent over this
particle size range.® '*> 8 The measurement response for both FTIR®® and
XRD®% %8 decreases at particle diameters less than 1 um due to a thin
amorphous, or less ordered, layer on the surface of each particle of
approximately 0.03 pm in depth.®® °°% The less crystalline surface contributes
proportionately more, in terms of particle volume and mass, at particle
diameters less than 1 um, so that both the XRD and FTIR techniques give lower
measurement responses for the mass of crystalline silica particles. The band
response when using Raman spectroscopy is also potentially affected by the

particle size,3® 90 9% 94,154

which may also affect the Raman measurement of
RCS in workplace samples of respirable dust. Chapter 5 investigates the
Raman response when the measurement is challenged with different median
diameter dusts within the respirable particle size range and compares it with

XRD.

1.7.7 The effect of interference on the measurement of RCS

FTIR or XRD methods can achieve an LOD between 3 pug and 10 pug when
measuring pure quartz or cristobalite on clean 25 mm diameter polyvinylchloride
(PVC) filters (Table 4). However, a potential major limitation is the influence of
interfering minerals. The tetrahedral building block of silicon (Si) and oxygen (O)
atoms in crystalline silica is also found in silicate mineral groups, such as

feldspars, micas, zeolites and clays. These mineral structures can produce
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FTIR absorbencies and XRD reflections that are close to or coincide with those
54, 55, 68, 138, 147, 153

of .-quartz and .-cristobalite.
There is often potential for significant interference when measuring .-quartz
because of its abundance in natural and synthetic materials in the workplace.
For example, a common material like granite is widely used in construction,
aggregate and stonemasonry industries. Granite dust (about 20% to 30%
quartz) can contain significant amounts of feldspars such as, anorthite,
orthoclase and albite and some mica, all of which are highlighted as potential
interferences for FTIR® and XRD.}" 3 Artificial (engineered) stones,
fabricated in factories to provide uniform work surfaces, can also contain
feldspar minerals since powdered natural mineral dust is often added to the
resin where .-quartz or .-cristobalite is present as a main phase or a
contaminant of the added powder.® ** Major interferences such as zeolite and

153 are found in dust from some ceramics manufacture and foundries. Balll

mullite
clays, used in ceramics, can contain about 30% .-quartz, whilst kaolin may

contain trace amounts (0% to 10%).

Table 5 lists the .-quartz content of common materials found in workplaces and

potential interferences.
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Table 5. Common materials found in workplaces and potential silicate

interferences .

Material Approximate .-Quartz Content. Potential Interferences

Mass Percent

Coal dust Less than 10%, typically 5%* Graphite, kaolinite and feldspars

Kaolin Less than 10% Kaolinite, muscovite, and other clays

Ball clay Typically 20% to 30% Kaolinite and other clays and some

Basalt Up to 5% Feldspars of the anorthite and albite
series

Dolerite Up to 15% Feldspars of the anorthite and albite
series

Diorite Up to 20% Feldspars, mostly anorthite

Flint Greater than 90% Some feldspar e.g. albite

Granite 20% to 45% Feldspars, orthoclase, ablite, anorthite,

and muscovite.

Gritstone 70% to 90% Some feldspars and sometimes mica
Limestone, Less than 2% No significant interference

Quartzite Greater than 95% No significant interference

Sandstone 70% to 90% Trace of minor feldspars

Siltstone 50% to 90% Clays

Slate 20% to 40% Clays tillite and chlorite with orthoclase
Brick Typically around 20% to 30% Refractory silicates e.g. mullite

Artificial 0% to 95% A range of feldspars and zeolite

stones

Concrete 1% or less when brought to site in No significant interference

premanufactured pieces. Older concrete or
when mixed on site +not detected to about
30%

Ceramics 5% to 45% Refractory silicates e.g. mullite , poorly

crystalline meta-kaolinite

*samples from coal mines can contain high proportions of r-quartz when the strata around the

coal are worked on.
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Granite dusts are a particular issue for quantitative measurement since the XRD
scans of the three most common minerals found in these rocks have many
diffraction intensities and FTIR absorbance bands that are close to those of
quartz. XRD scans of relatively pure feldspars commonly found in granites are
shown in Figures 20 to 22. The positions for the most significant r-quartz

intensities are also shown.

Figure 20. The X-ray diffraction pattern of anorthite (  CaAl,Si,Og). The

positions for the three main intensities of r-quartz are show n.

Figure 21. The X-ray diffraction pattern of albite (  NaAlISi;O;) with a trace
anorthite ( CaAl,Si,Og) and mica. The positions for the three main

intensities of .-quartz are shown.
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Figure 22. The X-ray diffraction pattern of microcline (KAISi ;Og)with a
minor amount of albite (NaAISi:Os). The positions for the three main

intensities of .-quartz are shown.

Figures showing the FTIR absorbance bands for the same feldspar mineral
dusts when collected on PVC filters are shown in Figures 23 to 25. The position

of the 800 cm™ wavenumber absorbance for .-quartz and .-cristobalite is

shown.

Figure 23. FTIR absorbance spectrum for respirable anorthite dust

collected onto a PVC filter
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Figure 24. FTIR absorbance spectrum for respirable albite dust colle cted
onto a PVC filter .

Figure 25. FTIR absorbance spectrum for respirable microcline dust  with a

minor amount of albite  collected onto a PVC filter

Many of the coincident reflections and absorbance bands from these
interferents are relatively minor in magnitude when compared with the principal
reflections and absorbance of r-quartz and r-cristobalite. This may indicate that
these Feldspar minerals have a concentration threshold, below which their

effect on the quantification of RCS is minimal.
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1.7.8 Impact of interference on RCS measurement

The effect of the interference on XRD and FTIR measurements is seldom
quantified. The American Proficiency Testing programme (PAT) includes test
samples of .-quartz with coal dust, calcite, coal dust with talc and talc.>® The
average inter-laboratory precision for laboratories measuring RCS in the PAT
scheme is about 19.9%.'* This could be compared with the average inter-
laboratory precision of about 8.5% (from 4% at high loadings 10% to 15% at low
loadings) when measuring calibration type filters with pure quartz from the
Workplace Analysis Scheme for Proficiency in the United Kingdom.**? Although,
process recovery issues rather than interference could also be the reason for

the higher average precision.

XRD is considered less susceptible to the presence of interferences than FTIR
methods since the analyst may select an alternative reflection for quantification;
however a secondary 100 or 211 reflections result in a loss of sensitivity and
increase uncertainty.> Sample treatment is a strategy for the removal of
interference when using indirect XRD analysis methods.*% ®7 64 126, 153, 156
Phosphoric acid digestions have been applied to remove silicate and other
interferences; however, they do not always result in complete removal, may
etch the crystalline silica (10% to 20%)>* *** and add additional uncertainty.
Conversely, a limited study did not find line interference a serious issue when
measuring samples from 11 industries using the direct on-aerosol filter
approach.’’ Although, other work found serious interference with the 101 and
211 reflections in samples containing, aragonite, graphite, mullite and

147

muscovite " collected from foundries and potteries.

For FTIR, the minerals; anorthite, albite, orthoclase, kaolinite and muscovite are
listed as common interferences in MDHS 101. Mullite, pyrophyllite
montmorillonite and vermiculite are also listed by other researchers in Japan.'*®
However, no interference in foundry samples was reported by Foster and
Walker®® and no significant difference between XRD and FTIR results was
found when measuring brick and tile (n=62) foundry (n=96) and potteries
(n=106).**" Kaolinite is a major interference in many workplace samples and is

often found in coal dusts.®® **? The presence of kaolinite was found to cause a
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positive bias between 0% and 23%"** for FTIR measurement of RCS. Chapter 6
describes the relationship between bias and the proportion of kaolinite in the
sample when using the MDHS 101 method.
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1.8 Approaches for removal of spectral diffraction line interference

1.8.1 Current practice for measurements of RCS on aerosol filters

For FTIR, there are currently five approaches suggested for the removal of
spectral interference. Firstly, the direct calibrations of mixtures of each

16 secondly, subtraction of a reference spectrum of pure analyte (if

component,
a non-linear baseline is found), thirdly calibration of and subtraction of the
reference spectrum of the interference,'® fourthly best expert judgement and
finally chemometric methods. The reference subtraction method was found to
be superior compared with the use of absorption ratios when applying synthetic
mixtures of pure minerals.”®® A scaled absorbance subtraction approach for
kaolinite, zeolite and some feldspars was applied for the direct on-filter FTIR
analysis in MDHS 101.°® *” However, the observed spectrum can be different
from the stored reference, due to their differing crystallinity and slight changes
in elemental composition, which affects the structure. It is also difficult to find
quartz free standards and spectra of many natural materials. Residual
absorbance can also occur because it is difficult to identify trace components
due to the broad FTIR absorbencies, which may affect the accuracy of the
subtraction. For example, some residual absorbance was found in spectra from
potteries and brick manufactures and attributed to minor components such as

illite not accounted for in the original spectra.®

For XRD filter analysis, expert judgment is generally applied. Diffraction line
interference is assessed by comparing their relative intensities with those of a
reference pattern.®” The integrated intensity can be calculated by adjusting the

background positions for the change in intensity profile.

1.8.2 Potential of chemometric models to remove FTIR spectral interference
for RCS.

Currently, quantitative methods use the Beer-Lambert Law assumption and a
simple regression between two sets of coordinates, where x is the mass of
analyte and y is the measured response. This is done for practical reasons.
Standards of pure .-quartz or .-cristobalite are used for calibration due to the
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wide variety of workplace conditions. A further development is the Multivariate
Linear Regression (MLR) calibration examining a range of absorbance bands
within spectra:

snL L EAg e S E B (22)

Where »,is the predicted value, c is the intercept coefficient, m; is the slope

coefficient for the absorbencies considered x; and s the error iny and x. 159

Chemometrics is a potential multivariate solution for FTIR and Raman spectra
because the process can interrogate the whole spectra to distinguish the most
important features. Other approaches are operator dependent (reference
spectra scaling), require knowledge of what is present, or rely on individual
measurements of significant components which can introduce error.
Chemometrics uses a mathematical process known as principal component
analysis (PCA) to assess the influence of different infrared active components in

spectral®® 161 150

and then applies MLR to quantify one or several components.
Two common chemometrics processes are principal component regression

(PCR) and partial least squares regression (PLSR).

PCA is a way of reducing large amounts of data to a limited number of
characteristic vector quantities'®® known as principal components (PC). This
provides a vector value (score) for each matrix component of interest by fitting a
line to the variables and determining the distance of a point to an origin. The
maximum spectral variability is the most characteristic feature. In PCR, a MLR
then establishes a relationship between the mass of analyte in the matrix and

the most correlated vector values suppressing collinearity*®

(e.g. a residue of
the filter background with analyte loading). A PLSR examines both spectral and
concentration data.'®® Both processes use MLR, however, PSLR contains
correlates between vector scores obtained from the spectra and the vector
scores from the variability in analyte mix and mass loadings. PLSR models can
potentially be derived that use fewer principal components than the PCR model,
because the concentration of a component can be given a low weighting if the

derived scores poorly describe the observed variability in the spectra. This may
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reduce the variability of results obtained when the models are challenged with
dusts from different atmospheres as there is a lower potential for the spectral
components to be affected by interference.

In 1994, PLSR was applied to resolve quartz and cristobalite in mixtures with
fused amorphous silica using an indirect potassium bromide (KBr) disc
method.®® *** The goal of more recent work (from 2013) was to develop and
demonstrate the capability of portable infrared instruments to provide on-site
end-of-shift or end-of-task measurements.'?® 1% 1% Chemometric models
reduce the need for expert operator interpretation of spectra when interference
is present and instruments are taken to or based at a workplace. Ashley et al.,
compared four different portable instruments and found that they provided

comparable results,*®’

indicating that calibrations are potentially transferable,
although, earlier work showed that resolution from some instruments might be
an issue.'® PLSR was recently applied for the measurement of quartz in

168, 169 161

Pittsburgh coal dust, and for mixtures of quartz in calcite and dolomite

using the KBr disc method.®®

1.8.3 Potential for removal of diffraction line interference for RCS from XRD
scans

The analysis of components in bulk materials is the focus of computational
methods to remove line interference from XRD scans. Two main approaches

are the whole pattern fitting methods like Rietveld 1

and single intensity profile
fitting methods.'”* Neither of these have yet been applied to the measurement
of respirable dust collected on filters. The Rietveld method was applied to
measure the larger sized inhalable particulate fraction and wood dust on quartz
fibre filters, however, some computational difficulties occurred when the
intensity of coincident calcite and gypsum reflections were similar.}’> The
Rietveld method is less likely to work with respirable dust because of the
potential for a larger proportion of amorphous material, and the difficultly of
including an internal standard for accurate analysis in a sample of collected

aerosol, which would dilute the concentration of analyte.
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1.9 Discussion and conclusion

Inhalation of RCS can cause silicosis and cancer and large numbers of workers
are potentially exposed to concentrations of RCS. Accurate measurements of
RCS are needed to: support workplace exposure assessments; to help reduce
incidence of disease by assessing the effectiveness of controls, protective
equipment or regulatory interventions. The better the precision the easier it is to
distinguish risks of exposure between materials, processes and similarly
exposed groups of workers. There are some significant limitations with the
reliability of the current analytical methodology using XRD and FTIR
instruments; especially when there is a need to assess workplace exposures at
RCS concentrations below those of the current WEL where there remains a risk
to worker health. Accuracy of measurement is dependent on the instrument
settings, method approach (direct on-aerosol filter or indirect), ashing approach
(low temperature plasma ashing or furnace) and potentially the nature of

interference.

These analytical and practical limitations can have a potential impact on the

assessment of the:

x Risk of exposure when wearing respiratory equipment because a limit of
detection less than one twentieth of that achievable with current
analytical methodology is needed to assess whether a mask is effective
at reducing exposures in the workplace to its assigned protection factor.

X Mass lung burden of RCS in groups of workers and their risks of ill health
associated with their role, task or age, since lower limits of detection are
needed to distinguish between working populations that are unexposed

and exposed to RCS.

x The efficacy of controls when tested in research facilities and risks to
health and contribution from task specific exposures, where accurate

measurements of 1 h and less might be required.

Internationally, the main focus of work to improve the sensitivity of RCS
measurement in the last 10 years has been on the development and testing of

higher flow rate respirable samples to collect more dust for measurement.*’® ™
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Often, when flow rates increase, the samplers increase in size and larger
pumps are needed. Increased instrument sensitivity would enable the use of
existing sampling equipment or potentially smaller miniature samplers®® which
would be a cheaper alternative for occupational hygienists. Low temperature
FTIR has also been investigated by researchers in NIOSH but not developed

further.t’®

There are many methods that use Raman spectroscopy for quantitative work.
However, despite its potential, there was little work describing the use of Raman
spectroscopy for quantitative analysis of aerosol particulate and none for
crystalline silica. Raman response is specific for the polymorphs of crystalline
silica and the parameters that influence its magnitude are known (equations 18
to 20). For quantitative analysis, the Raman band response is dependent on the
type of laser and energy applied, sample temperature, numerical aperture of the
objective and particle size of the measured sample. Similar to electron
microscopy techniques, a Raman microscope can potentially obtain a very low
LOD because it measures a response from a small area of a sample on a
substrate. However, for accurate quantitative analysis the representativeness of
the measured sample is important and strategies are needed to accomplish

repeatable results within a reasonable analysis time.

Any analytical method for workplace measurements must be as universally
applicable as possible. For all the techniques discussed, the presence of
spectral interference is a factor that may cause measurement inaccuracies
when analysing some workplace samples. There are many minerals listed in
RCS methods and articles that have FTIR absorption bands or XRD intensities
coincident or close to those for .-quartz or .-cristobalite, although the
magnitude of the effect of interference is less well established. Kaolinite is one
common mineral which can potentially cause significant interference. Reference
spectra subtraction methods were a useful approach to deal with interference,
however, spectral discrepancies might remain. To ensure accuracy, other
approaches might be needed when measuring samples from RCS
concentrations below the WEL from some workplaces. Multivariate,

chemometric methods are increasing available to analytical laboratories for
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routine work, and may reduce intervention times to control exposures when
used in conjunction with portable FTIR instruments. However, the performance
of these chemometric methods when using the equipment most commonly

employed in the UK is not fully established.
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1.10 Aims and Obijectives

The aims of the work, after considering the knowledge gaps, are firstly, to
explore the potential of vibrational spectroscopy techniques to measure lower
mass concentrations of respirable crystalline silica (RCS) and secondly to
investigate chemometric methods for Fourier Transform Infrared (FTIR) and
profile fitting for X-ray diffraction (XRD), to improve accuracy of these traditional

techniques when interference is present.
The principle objectives were to:

X Investigate the potential of Raman spectroscopy to measure dust collected
on filters containing RCS obtained from a miniature aerosol sampler

developed by the author at the Health and Safety Executive.

x To investigate the performance of Raman spectroscopy:

a) when measuring aerosol particles from natural and industrial processes
of the most common polymorphs of crystalline .-quartz and .-
cristobalite;

b) when measuring different particle size fractions within the respirable
range;

c) when measuring samples collected from behind respirators.

x To compare the performance of XRD and FTIR analytical techniques

specified in international methods for RCS.

X To investigate the use of de-convolution data processing technigues to
remove the effect of interfering components to improve both the existing and

novel approaches.

This research is funded by the Health and Safety Executive (HSE) and supports
a strategic programme of work to examine the effectiveness of respiratory

protective equipment (RPE) when worn in the workplace.
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Chapter. 2 Sample concentration

methods
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A short study was conducted to investigate the furnace and plasma ashing
sample digestion approaches with the aim of determining which procedure
provided the most precise results.

2.1 Method

First test method

The HSE .-quartz standard A9950 was loaded onto 30 PVC filters following the
procedure in MDHS 101. A portion of an aerosol of A9950 was collected onto
the filters using a SIMPEDS respirable sampler and the mass of loaded
standard was determined gravimetrically. Fifteen filters were placed in porcelain
crucibles and ashed in a furnace (Carbolite Ltd, Hope Valley, UK) at 450 °C.
The other fifteen filters were placed in glass bottles and ashed using a low
temperature plasma asher (Emitech K1050X, Quorum Technologies Ltd,
Ashford, UK). The filters were ashed in air at 50% power (48 watts) for 12 h and
then in oxygen for 4 h at 95% power (95 watts). About 5 mL of 99.9% purity
isopropanol (Fisher Scientific UK Ltd,) was added to the bottle after it was
removed from the asher and had cooled. The liquor and residue were sonicated
for 3 mins and then filtered into a 15 mm diameter circular area on a 0.45 pm
pore size silver filter. The samples from the furnace were filtered in a similar
way. The recovered dust was deposited into a 15 mm diameter area onto silver
filters and measured using XRD. The percentage difference from the
gravimetric loading was plotted against the mass loading value and the values
for the mean squared residual errors (MSRE) were compared using the F-test
for each trend line relationship (furnace or plasma ashed samples) between
response and loaded mass.

Second test method

In addition, a second comparison was performed with the lowest loading of 10
pg to ascertain if differences between methods were identifiable by XRD. Ten
replicate samples were prepared for the plasma ashing process and ten for the
furnace treatment. The test samples were prepared by pipetting 1 mL of a stock
suspension of 11 pug.mL™ of the certified reference material NIST 1878a (96.7%

crystalline) onto 25 mm diameter polyvinylchloride (PVC) filters. The deposited
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mass was measured using XRD and the measurement approach described in
MDHS 101. The filters were ashed following the procedures described above.
T-tests and F-tests were used to ascertain if the means and variances of the
two sets of results (pre-process and post-process) were similar. Probabilities (p)

less than 0.05 would indicate a difference at the 95% level of confidence.
2.2 Results

First test results

Figure 26 provided a visual comparison of the differences between the XRD
and gravimetric mass results when using ashing approach specific calibrations.
The standard error of the residuals was 18 ug for the furnace approach, which
was almost more than twice the value of 11 pg when plasma ashing. The values
for the MSRE were slightly significantly different (p = 0.035) at the 95% level of
confidence. The plasma ashing process had more samples below a mass of 50
pug which should be a disadvantage as these would be expected to show

greater variability because the measurement precision is considered poorer.

Figure 26. A comparison of the percent variation of XRD results for .-
guartz from their gravimetric loaded mass values for the plasma and

furnace ashi ng indirect measurement approaches.

Second test results

Results from the further study with ten replicate samples of 11 pg for each
process are shown in Table 6. A high average value of 16 pug with a standard
deviation of 7 pg was obtained for an initial set of ten post process furnace
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samples. These were rejected due to potential contamination from the furnace
lining. Hence, a metal plate was placed on the floor of the furnace and another
set of ten samples were prepared for this process.

Table 6. Statistics from the second comparison  comparing filter treatment
processes for the indirect analysis method when measuring filters with a

loading 10 pg of .-quartz .

Before Process After Process Comparing pre with
post process

Average Standard | Average Standard | ttest F test

(1g) deviation | (ug) deviation | probability | probability
Process

(H9) (H9)

Plasma ashing 10.3 0.73 9.95 0.49 0.16 0.11
Furnace  with | 10.2 0.90 10.9 1.49 0.19 0.08
metal floor

2.3 Discussion and conclusion

These measurements were made on ideal samples and do not necessarily
represent the performance of the method when measuring dust collected from
respirable samplers (Figure 19). The standard deviations for both methods (pre
and processed samples) are good (from 5% to 15%). These results indicate that
two ashing processes can produce sets of results that are not significantly
different from their unprocessed values. The F-test between processed plasma
and furnace ashed samples was significantly different (p < 0.01), although, this
might be due to the more variable aliquots for the furnace samples. The plasma
ashing process generally produces results with smaller standard deviations and
there is also less potential for sample contamination. Therefore, plasma ashing

was used as the preferred processing technique in subsequent chapters.
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Chapter. 3  Feasibility study for
Raman microscopy measurement of
RCS

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

Feasibility of the quantification of respirable crystalline silica by mass on aerosol
sampling filters using Raman microscopy. (2017). J. Raman
Spectrosc., 48: 720 £725. doi:|10.1002/jrs.5113

Published Open Access Licence CC BY 4.0
Current citations = 13 (April 2022)

A small deposit area (5 mm in diameter) and high laser energy were applied to
create advantageous conditions to assess the potential for quantitative
measurement of respirable .-quartz and .-cristobalite deposited on silver filters
close to and below the LODs of established analytical techniques. Samples of
20% quartz in hematite and 5% quartz in calcite were also measured to assess
the performance in these challenging mixtures. Hematite, commonly found in
foundry, brick manufacture and some mine samples, was selected because it

may absorb the Raman response.
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Correction to: Feasibility of the quantification of respirable crystalline silica by
mass on aerosol sampling filters using Raman microscopy

Peter Stacey, Kerstin T. Mader, Christopher Sammon

*Health and Safety Executive, Science Division, Harpur Hill, Buxton,
Derbyshire, SK17 9JN, United Kingdom

++Sheffield Hallam University, Materials and Engineering Research Institute,
Sheffield, S1 1WB United Kingdom.

The total calculated area measured by the Raman spectroscopy mapping
procedure was approximately 0.026 % and not 20 % as stated in the Raman
measurement strategy section. However, visual observation on other filter types
showed the area affected by the laser is larger than the theoretical focal area of
0.026%.

Poisson statistics were not applied to the values for the estimated limits of
detection listed in Table 2. The sentence referring to Table 2 in the method
section VKR XOG FEbH R @Qoisgon distribution, commonly employed in
counting statistics, a count of four is considered above a background level with
a 99% level of confidence, so the estimated LOD for a single scan could
potentially also be multiplied by four to provide a detectable value for the
method I

82



Supplementary Information

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

Peter Stacey, Kerstin T. Mader, Christopher Sammon

Fig S1. Filtering apparatus used for test samples showing a mask and filter with
a 5 mm diameter deposit of hematite.
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The table of data in the supplementary information Table S1 is supplied here
graphically as charts for each calibration powder showing the differences
between their particle diameter distributions.

Figure S2. The number distribution of particles for the three .-quartz calibration
dusts, NIST 1878a, A9950 and Quinl Bulk, measured in the feasibility study
Original data is provided as Table S1.
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Table S2: Ratio of Raman measurement mass values with the theoretical and

those obtained using X-ray diffraction from four samples containing aliquot

mixtures of .-quartz and .-cristobalite pipetted into a 5 mm deposit area on

silver filters.
Sample Ratio with theoretical mass value and Ratio with X-ray diffraction mass value
theoretical mass (ug)
.-Quartz .-Cristobalite Total .-Quartz .-Cristobalite Total
A 0.95 (10.7) 0.87 (5.1) 0.92 0.95 0.95 0.95
B 1.08 (10.7) 1.28 (10.1) 1.18 1.00 1.04 1.02
C 1.24 (4.9) | 1.07(10.1) 1.13 1.39 1.03 1.14
D 0.96 (7.8) 1.00 (7.6) 0.98 111 0.92 1.02

This table is different from that supplied to the Journal. The table shows ratios

with both the theoretical and the XRD values.
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Chapter. 4 A Raman spectroscopy
method for measurement of respirable
crystalline silica collected on aerosol

filters inside respiratory equipment.

Peter Stacey, Francis Clegg, Jackie Morton and Christopher Sammon

An indirect Raman spectroscopy method for the quantitative measurement of
respirable crystalline silica collected on filters inside respiratory
equipment.

Analytical Methods, 2020(12): p. 2757 - 2771.
https://doi.org/10.1039/DOAY00165A

Published Open Access Licence CC BY 4.0
Current citations = 6 (April 2022)

A guantitative method was developed to measure RCS collected from miniature
in-respirator samplers. The LOD and analysis uncertainties were evaluated for a
10 mm diameter deposit area. The method was validated using samples of pure
quartz and sandstone dust (with about 20% of a Feldspar contaminant),
generated from a simulated work activity. Results were compared with the

established X-ray diffraction methods; which were used as a benchmark.
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Supplementary Information

An indirect Raman spectroscopy method for the quantitative measurement of
respirable crystalline silica collected on filters inside respiratory equipment.

Peter Stacey, Francis Clegg, Jacqueline Morton and Christopher Sammon

Figure S1. An example of the proportion of particles leaking into a respirator for
each size range measured by the miniWRAS instrument.

Figure S2: A comparison between the average response from a 5 mm deposit
of NIST 1878a and the average response from a 10 mm deposit divided by the
ratio of increase in deposit area.
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Figure S3. Comparability of Raman and XRD measurements when measuring
respirable crystalline silica dust from the aerosol sampling filters and when the

intercept is zero for both calibrations.
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Chapter. 5 Change in Raman
response with particle size and the
measurement of samples from

stonemasonry activities.

Stacey, P, Hall, S, Stagg, S, Clegg, F, Sammon, C.

Raman spectroscopy and X-ray diffraction responses when measuring health-

related micrometre and nanometre particle size fractions of crystalline .-quartz

and the measurement of .-quartz in dust samples from the cutting and polishing
of natural and artificial stones. J Raman Spectrosc. 2021; 52: 1095 +1107.

https://doi.org/10.1002/jrs.6110.
Published Open Access Licence CC BY 4.0
Current citations = 7 (November 2022)

This work investigates the change in XRD and Raman response with
decreasing median particle diameter from 0.50 um to 7 pm. The sample deposit
area was 15 mm in diameter which matches that used for many established
XRD methods. Some 119 respirable stone dust samples were analysed and
compared with an established regulatory XRD method used in the United
States. Zircon, anorthite and rutile were three challenging potential

interferences in the respirable dust samples.
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Supplementary Information

Raman spectroscopy and X-ray diffraction responses when measuring health-

related micrometre and nanometre particle size fractions of crystalline quartz

DQG LWV PHDVXUHPHQW LQ VDPSOHV IURP FXWWLQJ L
artificial stones.

Peter Stacey, Samantha Hall, Steven Stagg, Francis Clegg and Christopher

Sammon

Fig S1. Diagram showing the differences between thoracic, respirable, PM10
and PM2.5 health related particle size definitions for occupational and

environmental aerosol sampling.

Raman measurement conditions

An In-Via Raman microscope (Renishaw Ltd, Gloucester, UK) with near infrared
laser (785 nm) excitation, CCD camera, and a grating with 1200 | mm™ was
used to collect Raman spectra between 314 and 906 cm™. Raman spectra were
collected from 50 to 90 points inside a single predetermined area using x 20
microscope objective with a numerical aperture of 0.4. A schematic
representation of the typical area selected by an operator form within which the
instrument would collect spectra without further operator influence is shown in
Fig S2.
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Fig S2: A schematic representation of a typical operator defined area for the
5SDPDQ VSHFWURPHWHUVY DXWRPDWHG FROOHFWHG RI

and laser focusing.

An automated microscope stage and focus facilitated an operator free data
collection process. The automated focus was set to operate for every third field
of view position. The laser was focused on the sample surface to obtain a sharp
image. The area of the focused laser imaged by the microscope camera was an

oval with diameters of 80 um and 120 pum.

Step size between sampling points to collect spectra was not identical for each
sample although each step was generally 600 um to 800 um. The diffraction
minimum area of the focused laser was about 4.5 pm?, with a spatial lateral
resolution of 1.2 um. The integrated areas under the Raman band response at
464 cm™ for .-quartz was measured by fitting a Gaussian model using the
VWDQGDUG DOJRULWKPV LQ WKH PDQXIDFWXUHUTV :L5
spectrum collected. A background spectrum was not subtracted from the
sample point spectra. Spectra were collected using the same laser power at
each sampling point. At low mass loadings, each spectrum was collected by the
instrument at 100 % power with three accumulations of seven seconds. The
laser (Renishaw Ltd) had a power rating of 300 mW at source with 110 mW on
the sample (without attenuation). Sampling times were reduced at higher
loadings when the most spectra became saturated. The area obtained for the
spectrum taken from each field of view was corrected for a reduced counting
time by multiplying it by the count time used in the calibration (7 s) and dividing
by the counting time applied for each spectrum. The average peak area

response was calculated for each sample. Some spectra that were shown to

119



have saturated the detector were excluded from this calculation because they
were unusable. Spectra with no band response above background at 464 cm™
were recorded as zero. Trend lines were drawn to compare the average area
counts and mass. A silicon (Si) wafer was measured before the analysis of a
test sample and used as an external standard to compensate for daily
fluctuations in laser intensity. The integrated area from the silicon wave number
shift at 520 cm™ was measured with a x 50 objective at 10 % laser power for 1 s.
The average area measurement, calculated for each calibration and test sample,
was corrected for fluctuations in laser intensity using the ratio between the area
count collected when the silicon was first measured and the average collected
on the day of the filter measurement. The stability of the average area count is
shown in Fig S3. The cumulative average area measurement from each field of
view collected within an analysis area on a sample is shown for four filters; one
from each of the four stages in the Sioutas impactor collecting size fractions of
10 ym to 2.5 pm (570 pg deposit), 2.5 um to 1 pm (350 pg deposit) 1 pum to 0.5
pum (188 pg deposit) and 0.5 pm to 0.25 um (120 ug deposit). The variability of
the average area measurement, including the most variable results at the start
of the scan, ranged from 4 % to 9 %. This indicates that there is scope to
reduce the sample analysis time for samples with a mass of .-quartz above 100

ug.

Figure S3. Stability of the cumulative average area counts for four filters
containing .-quartz standard A9950 collected from each stage of a Sioutas
impactor of 10 pum to 2.5 um, 2.5 um to 1 pm, 1 ym to 0.5 pym and 0.5 pm to
0.25 pm.
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X-ray Diffraction measurements

The quantity of .-quartz in test samples was also determined using an X-pert

Pro MPD instrument (PANalytical Ltd, Cambridge, UK) with focusing Bragg-
Brentano geometry. The instrument used the second set of standard
instrumental conditions described in Table Al of the International Standards
Organization (ISO) standard method ISO 16258-1; 2015.37 The instrument was

fitted with a broad focus copper tube set at 50 kW and 45 mA, automatic
scattering and receiving slits set to provide an illumination length of 18 mm, and

DQ buub\ GHWHFWRU ZLWK WKH GHWHFWLRQ DUHD Vt
the three most intense XRD intensites RI TXDUW] DW DQJOHV RI

GHJUHHYV ZHUH PHDVXUHG IRU \Y V DQG

HDFK gre®@ hHhterval over the two degree range centred on the
measurement intensity position. The total sample analysis time was about 30
minutes. Tube intensity drift was corrected using the measurement of an
aluminium plate as an external standard. The average of the two most
consistent results obtained from each reflection was used for the comparison

with the Raman results to compensate for the presence of XRD interference

from other silicates.
Limits of detection
Raman spectroscopy

Limits of detection (LOD) for Raman were determined in two ways. Firstly, ten
clean 37 mm diameter PVC filters were ashed, and each residue was recovered,
and deposited into a 15 mm diameter area on a silver filter. Raman spectra
were collected from 90 different fields of view from each silver filter with the
ashed residue of the PVC filter, and any detected noise at about 464 + 4 cm-1
was measured. The average area count was calculated for each blank sample
and converted into a mass using the trend line coefficients determined for mass
and Raman response. The LOD was calculated by multiplying the standard
deviation of the ten results by 3. The LOD was also tested following another
procedure.®> *"*The standard deviations of the background noise of 90 Raman
spectra from five of the silver filters containing the ashed residue of the clean

PVC filters were calculated using a Matlab, 201la computational script
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(Mathworks, Cambridge, UK). The script was applied to plot a line of best fit
using a polynomial equation between 400 cm™ to 520 cm™ wave numbers i.e.
the range which encapsulates the Raman Si-O-Si band. The calculated
standard deviations of the data points from the best fit line were multiplied by 3
to estimate a 99% level of confidence of the blank. This provides an estimate of

the LOD from the noise of the background in a single spectrum.
X-ray diffraction

LODs were calculated for the three main XRD intensities for .-quartz at 20.9,
DQG GHJUHHYV 7KH WHQ PdPs @dabBuired WH U 39 &
Raman were also measured using XRD. A one degree base line was drawn
through the middle of the background noise centred on the midpoint under each
XRD intensity SRVLWLRQ XVLQJ 'DWDYLHZHUE VRIWZDUH 3¢
intensity of the noise above each base line was recorded and a standard
deviation was calculated for all ten area measurements for each intensity
position. Each standard deviation was multiplied by 3 to obtain the 99 % level of
confidence for the blank. This provides the lowest LOD estimate where the
probability of false negatives is 50%. The LOD was also determined using the
method described previously for which the average noise under each reflection
position was modelled in five samples using a polynomial curve.'”® The
standard deviation of the noise collected for each XRD scan was then
calculated. The LOD, in terms of area counts per second, was estimated by
multiplying the standard deviation of the noise by 1.66. This provides the area
intensity that has an approximate intensity height to noise ratio of 3, where
noise is three standard deviations. The LOD was then checked measuring
samples of aliquots from a suspension with known mass values. The average
standard deviation was multiplied by the mass response trend line coefficients
to obtain a mass value. The intensity for the mass value of 3 pg has an average

corrected height intensity which is about 3.1x the noise.
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Figure S4. Scanning Electron Microscope pictures for the density of, a) 1000
Hg; b) 500 pg; c) 100 pg; d) 15 pg; e) 7.5 pg and f) 0 pg of HSE .-quartz
reference material A9950 deposited onto silver filters with a 0.45 pm pore size.
The scale on the bottom right hand side of each photograph is 20 pm.
SKRWRJUDSK pEY VKRZHG VRPH JDSV EHWZHHQ SDUW
some particles in most ILHOG RI YLHZ SKRWRJUDSK pGY VKRZ
particles in each field of view. Particles are densely packed at high and

scattered at low mass loadings.
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Figure S5. Calibration for the XRD when measuring aliquots of the United
.LQJGRPTV +d batetly Exebufve respirable crystalline silica standard
A9950 pipetted into a 15 mm diameter area on a silver filter.

Figure S6. The relative XRD response with particle size obtained in this

research compared with results obtained from Page S (2003).4
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Figure S7. A comparison of X-ray diffraction and Raman measurements from
different particle size fractions from samples collected from the Sioutas impactor

during cutting of Diorite and sintered stones
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Figure S8. A comparison of X-ray diffraction and Raman measurements from
different particle size fractions from samples collected from the Sioutas impactor
during polishing of Diorite and sintered stones.
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Raman bands and X-ray diffraction intensities

Figure S9. The Raman spectra for .-quartz with zircon taken in a single field of
view at 40 x magnification. The dotted lines show the fitted profile using the
GHIDXOW RSWLRQ LQ WKH LQVWUXPHQWYV :,5(E VRIWZL

Figure S10. An XRD scan for the principle intensity of .-quartz at 26.6 degrees

LQ WKH SUHVHQFH RI D VLIJQLILFDQW TXDQWLW)\ RI
fitted profile using a profile fitting algorithm supplied with the instruments
VRIWZDUH ;SHUW s@twatleJKVFRUH
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Figure S11. A Raman spectrum taken from a single field of view showing .-
quartz in the presence of feldspar at x40 magnification. The dotted lines show
WKH ILWWHG SURILOH XVLQJ WKH GHIDXOW RSWLRQ LC

Figure S12. An XRD scan for the principle intensity of .-quartz at 26.6 degrees

LQ WKH SUHVHQFH RI D VLJQLILFDQW TXDQWLW\ R
lines show the fitted profile using a profile fitting algorithm supplied with the
instruments software Xpe UW & +LJKVFRUH VRIWZDUH
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Chapter. 6 A comparison between
partial least squares and principal
component regressions for analysis of

particulate in coal dust.

Multicomponent measurement of respirable quartz, kaolinite and coal dust using
Fourier Transform Infrared spectroscopy (FTIR): A comparison between partial
least squares and principal component regressions.

Peter Stacey, Francis Clegg, and Christopher Sammon
Published: - UK Government Licence

Annals of Work Exposures and Health, Volume 66, Issue 5, June 2022, Pages
644 4655, https://doi.org/10.1093/annweh/wxab081

Infrared analysis is quick (less than 4 mins), less expensive than XRD and is a
potentially portable instrument. Its main limitation is the potential for
absorbencies from other silicate minerals to be coincident with those of .-
quartz. The goal of this work was to investigate differences between two
common chemometric methods, to compare with the performance of UK
regulatory approach and to ascertain if the chemometric methods could
potentially provide a sufficiently reliable measurement of more than one

component.
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Supplementary Information

Multicomponent measurement of respirable quartz, kaolinite and coal dust using
Fourier Transform Infrared spectroscopy (FTIR): A comparison between partial
least squares and principal component regressions.

Peter Stacey*'", Francis Clegg®™", and Christopher Sammon™".

*Health and Safety Executive, Harpur Hill, Buxton, Derbyshire, SK17 9JN,
United Kingdom

"*Sheffield Hallam University, Materials and Engineering Research Institute,
Sheffield, S1 1WB United Kingdom

Figure S1. X-ray diffraction scans from a selection of powdered coals.
X-ray diffraction analysis for the determination of the assigned target values.
Measurement conditions

For quartz, the instrument used the second set of standard instrumental
conditions described in Table Al of the International Standards Organization
(ISO) standard method ISO 16258-1; 2015 (ISO, 2015). The instrument was
fitted with a broad focus copper tube set at 50 kW and 45 mA, automatic

scattering and receiving slits set to provide an illumination length of 18 mm, and

DQ buub\ GHWHFWRU ZLWK WKH GHWHFWLRQ DUHD VH

area of the three most intense XRD diffraction positions of .-TXDUW] DW
of, 20.9, 26.6 and 50.1 degrees were measured for 600 seconds, 420 s and 600

V. UHVSHFWLYHO\ IRU HDFK GHJUHH LQWHUYD(

cantered on the measurement intensity. The total sample analysis time was
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about 30 minutes. Tube drift was corrected using the measurement of an
aluminium plate as an external standard. The average of the two most
consistent results obtained from the three intensities was used as the quartz
uMDVVLIQHGY WDUJHW YDOXH ZKHQ VLJQLIL&B@ENY LQWL

one of the XRD reflections.

For kaolinite, the area of the two most intense intensities free from quartz
LQWHUIHUHQFH DW SRVLWLRQV RI DQG GHJUHH
A scan of a sample was collected from 6 to 60 degrees in steps of 0.02 and 60

S per step. The total scan time was 25 minutes. Each measurement intensity

was TXDQWLILHG XVLQJ D UDQJH RI WZR GHJUHHV 7K
obtained from each of the kaolinite measurement reflections was used as the
NDROLQLWH PLQGHSHQGHQWY YDOXH

X-ray diffraction calibration charts are shown in Figures S2 and S3 overleaf.
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Figure S2. Trend line for the relationship between mass of .-quartz standard

A9950 collected on a filter using the SIMPEDS respirable sampler and X-ray

diffraction area response for the principal quartz intensities D W GHJUHHV RI
20.9 (Qtz21), 26.6 (Qtz26) and 50.1 (Qtz50).

Figure S3. Trend line for the relationship between mass of kaolinite standard
(Georgia, USA) collected on a filter using the SIMPEDS respirable sampler and
X-ray diffraction area response for the principal kaolinite intensities D W

positions of 12 and 25 degrees.
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Figure S4. Infrared absorbance at 800 cm™ and 780 cm™, when measuring
three replicate aliquots .-quartz at three different mass loadings deposited onto

polyvinylchloride filters at two different spectral resolutions of 4 cm™ and 2 cm™.

Figure S5. Change in the slope of the relationship between the predicted mass
and the XRD assigned value for quartz as the number of principal components

are changed from 3 to 7.
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Table S1. Regression coefficients and average difference for the principal
component regression model shown in Figure S5 with 3 to 7 principal

components (PC).

PC Slope coefficient Intercept Average
coefficient (ug) | absolute
difference (ug)

7 1.14 -23.0 17.2
6 1.09 -16.3 12.5
5 1.05 -10.7 9.4
4 0.927 13.2 12.1
3 0.996 1.16 5.6

Figure S6. Chart showing the relationship between the proportion of kaolinite in
the sample and its effect in on the magnitude of the error for the reported value

when using infrared with MDHS 101.
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Table S2. Composition and total gravimetric mass of samples used for the
calibration set

Total Percent proportion of constituent minera
Gravimetric
Mass (ug) | Quartz Kaolinite Coal Dust
314.3 0.7 11.0 88.3
698.0 20.8 4.7 74.4
204.7 27.1 14.9 58.0
420.3 26.2 20.4 53.4
247.2 24.9 27.7 47.3
665.0 28.9 17.8 53.3
731.7 30.4 22.8 46.8
879.0 37.4 27.5 35.1
423.0 41.2 26.1 32.7
428.7 20.7 7.1 72.2
844.3 21.1 4.4 74.5
487.7 18.1 18.6 63.3
882.3 18.1 15.2 66.7
584.7 26.7 19.6 53.7
901.3 37.4 18.7 44.0
845.7 27.8 17.4 54.8
679.3 39.1 19.2 41.7
1010.7 42.2 18.2 39.6
1348.3 32.0 11.7 56.3
419.9 100
302.5 100
160.7 100
99.9 100
170.7 100
234.5 100
75.0 100
171.8 100
10.9 100
60.6 100
985.2 100
62.9 100
327.1 100
1071 100
88.7 100
99.7 100
53.3 100
88.9 100
72.3 100
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60.9 100
403.2 100
478.3 100
218.1 100

55.4 100
611.1 100
489.5 100
311.3 100
382.4 100

97.5 100

67.2 100

48.2 100

81.5 100

62.7 100
518.4 89.6 10.4
214.7 77.2 22.8
120.9 64.2 35.8
169.1 67.4 32.6
183.6 49.9 50.1

85.9 37.1 62.9
202.0 39.8 60.2
107.6 31.7 68.3
222.4 26.3 73.7
121.4 21.9 78.1
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Table S3. Total gravimetric mass and proportions of constituents in the samples
used for the validation set.

Total | Percent proportion of constituent
Gravimetric| mineral
Mass (ug) Quartz Kaolinite | Coal Dust
100 100.0
75 100.0
74 18.3 81.7
142 28.0 72.0
98 19.2 46.0 34.7
192 17.6 44.7 37.7
143 26.3 37.8 36.0
339 26.1 60.9 12.9
277 38.9 32.3 28.7
169 37.1 27.4 35.4
238 42.1 31.0 26.9
176 19.3 39.6 41.1
181 34.2 37.9 27.9
362 27.8 25.8 46.3
205 32.8 46.8 20.4
1205 16.4 40.1 43.5
851 20.7 44.8 34.5
534 21.3 42.6 40.0
1255 20.4 40.4 39.2
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Table S4. Total gravimetric mass and proportions of constituents in the samples
used for the prediction set.

Total | Percent proportion of constituent
Gravimetric| mineral
Mass (Mug) Quartz Kaolinite| Coal Dusl

939.6 4.8 95.2
801.7 4.9 95.1
417.1 24.0 76.0
397.8 30.6 69.4
532.5 21.8 22.3 55.8
308.7 17.2 45.7 37.2
437.2 15.3 41.8 42.9
536.3 17.3 42.3 40.3
123.1 32.0 68.0
152.1 6.1 93.9
204.6 3.8 19.9 76.3
222.0 4.1 21.2 74.8
250.5 3.8 96.2
150.5 5.7 94.3
270.2 26.6 54.4 19.0
380.7 18.8 39.9 41.2
403.1 20.5 48.6 30.9
851.0 20.7 44.8 34.5
427.0 20.4 42.4 37.2
493.4 18.6 44.0 37.4
578.3 13.9 37.2 48.9
853.8 16.4 45.2 38.4
1204.8 16.4 40.1 43.5
1254.5 20.4 40.3 39.3

74.0 100.0

99.9 100.0

101.0 100.0

135.0 100.0

99.9 100.0

74.0 100.0| Proficiency testing

92.6 100.0 samples

86.7 100.0

155.2 100.0

196.6 100.0
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Comparison of background correction methods

Table S4 compares the results obtained when using the blank filter subtraction
process outlined in MDHS 101 and with a first derivative processing of the scan
to normalise the spectral background from the filter. Beers law models were
developed for each background correction process. Each model was developed
using the same calibration filters. Results from eight independent samples

containing .-quartz standard are listed below.

Table S5. A comparison of results from two background correction processes.

Sample Mass recorded by each method | Absolute Percentage
Blank filter First derivative 1(( E v Difference
subtraction processing

T3 413 ug 401 pg -12.0 -2.9 %

T4 94.5 ug 89.0 pg -5.5 -5.8 %

T5 75.6 ug 71.2 ug 4.4 -5.8 %

T6 465 ug 453 ug -12 -3.2%

T10 112 ug 106 ug -6.0 -5.3%

T13 45.6 ug 42.5 ug 3.1 -6.8 %

T14 91.8 ug 85.6 ug -6.2 -6.7 %

T16 15.8 ug 11.6 ug -4.2 -26 %
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Correction to: Multicomponent measurement of respirable quartz, kaolinite and
coal dust using Fourier Transform Infrared spectroscopy (FTIR): A comparison
between partial least squares and principal component regressions.

Peter Stacey, Francis Clegg, and Christopher Sammon

Comparability of differences between the MDHS 101 and the principal
component regression (PCR) methods.

The statement in results section that the differences between the MDHS 101
method and the XRD values of 0% to 23 % exactly matched those found by Lee
et al,. (2013) for the peak height was not correct. The differences between the
MDHS 101 method and the XRD values were mostly between -4.7% and 44%.
This range of percentage differences remains comparable with those found by
Lee et al., (2013) for the range of differences of FTIR measurements of spiked

quartz in samples of kaolinite without correction which were from 0.06% to 45%.
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Chapter. 7 Application of a Principal
Component Regression (PCR)
chemometric method for the
guantification of RCS (quartz), in coal

dusts.

Application of a Fourier Transform Infrared (FTIR) Principal Component
Regression (PCR) Chemometric Method for the Quantification of Respirable
Crystalline Silica (Quartz), Kaolinite, and Coal in Coal Mine Dusts from
Australia, UK, and South Africa.

Peter Stacey, Francis Clegg , Gary Rhyder and Christopher Sammon

Annals of Work Exposures and Health, Volume 66, Issue 6, July 2022, Pages
781 93,

https://doi.org/10.1093/annweh/wxab119

Current citations = 1 (November 2022)

The purpose of this article was to test a chemometric model with a range of real
samples from a range of workplaces working with coal dusts and to assess its
performance in terms of its limits of detection, and uncertainty when measuring

these samples.
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Correction to: Application of a Fourier Transform Infrared (FTIR) Principal
Component Regression (PCR) chemometric method for the quantification of
respirable crystalline silica (quartz), kaolinite and coal in coal dusts from
Australia, United Kingdom and South Africa.

Peter Stacey*++, Francis Clegg++, Gary Rhyder# and Christopher Sammon++.

*Health and Safety Executive, Science Division, Harpur Hill, Buxton,
Derbyshire, SK17 9JN, United Kingdom

++Sheffield Hallam University, Materials and Engineering Research Institute,
Sheffield, S1 1WB United Kingdom

#Pickford & Rhyder Consulting Pty Ltd, PO Box 975, Ryde NSW 1680,
Australia.

The focus of this article was on the principal component regression (PCR)
chemometrics model, however, some results for the partial least squares
regression (PLSR) were also provided for comparison. The average and
standard deviations of the percentage differences from the assigned target
values for kaolinite and coal dust with the PLSR model did not include results
from the most recently added data. Table 1 is provided below with corrected
values for all data excluding values below the limits of detection. For
comparison, results for the PCR model are also included.

In addition, there was a difference in the limit of detection calculated for kaolinite
when using the PCR model, which changed from 25 ug to 20 pg.

Table 1. For each analyte and chemometric model, averages and standard
deviations of the percentage differences from the assigned target values.

Chemometric | Statistic Analyte

Model Quartz Kaolinite Coal

PLSR Average 4.0% 13.6%* 37.5%*
Standard deviation 15.8% 36.3%* 67.4%*

PCR Average 0.78% -1.57% 15.5%
Standard deviation 154 % 17.5% 62.3%

*denotes values with a significant change
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Supplementary Information

Application of a Fourier Transform Infrared (FTIR) Principal Component
Regression (PCR) Chemometric Method for the Quantification of Respirable
Crystalline Silica (Quartz), Kaolinite, and Coal in Coal Mine Dusts from
Australia, UK, and South Africa.

*++

Peter Stacey***, Francis Clegg*™ , Gary Rhyder” and Christopher Sammon™**.

X-ray diffraction conditions for the qualitative scans shown in Figure 1.

A scan of a 10 mm diameter pellet of pressed coal dust powder was taken using
an X-pert pro MPD X-ray diffraction instrument with Bragg #Brentano focusing
geometry. Each material was scanned from a 2 theta angle of six degrees to a 2
theta angle of 70 degrees at a rate of 0.03 degrees per step of 120 s. The
instrument used a line from a broad focus copper tube operated at 50 kW and
45 mA with 10 mm mask in front of a one degree fixed divergence slit which
irradiated sample spinning at 1 rotation per second. A nickel filter was placed in
front of the copper tube. An array detector was used with a detection area set at
2.12 degrees.

X-ray diffraction analysis for the determination of the assigned target values.
Measurement conditions for quantitative analysis

For quartz, the instrument used the second set of standard instrumental
conditions described in Table Al of the International Standards Organization

(ISO) standard method ISO 16258-1; 2015 (ISO, 2015). The instrument was

fitted with a broad focus copper tube set at 50 kW and 45 mA, automatic
scattering and receiving slits set to provide an illumination length of 18 mm, and

DQ buUubD\ GHWHFWRU ZLWK WKH GHWHFWLRQ DUHD VH
area of the three most intense XRD positions of .-TXDUW] DW DQJOHV R
26.6 and 50.1 degrees were measured for 600 seconds, 420 s and 600 s,
UHVSHFWLYHO\ IRU HDFK GHJUHH LQWHUYDO
cantered on the measurement intensity. The total sample analysis time was

about 30 minutes. Tube drift was corrected using the measurement of an
aluminium plate as an external standard. The average of the results obtained

from the three intensites ZDV XVHG DV WKH TXDUW] uDVVLJQHGY
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For kaolinite, the area of the two most intense diffraction positions free from
TXDUW] LQWH U HeduedsdpF12. 2awd 25 were used for quantification. A

scan of a sample was collected from 6 to 60 degrees in steps of 0.02 and 60 s

per step. The total scan time was 25 minutes. Each measurement intensity was
TXDQWLILHG XVLQJ D U D Q JH awrtage/ gfRheGhio] teddits 7 KH
obtained from each of the kaolinite measurement intensities was used as the
NDROLQLWH PLQGHSHQGHQWY YDOXH

Figure S1. X-ray diffraction scans for two coal dusts from the United Kingdom.
The bottom scan is UK coal 1 and the top scan is UK coal 2. The top scan is
offset by 1.4. The following letters denote the intensities that are attributable to
a mineral in the coal dust. Only significant phases are identified. K denotes
Kaolinite (Al;Si,Os(OH)4), | denotes lllite (Kgg5Al2(Alpe5Siz35010)(OH)2), Q
denotes .-quartz (SiO,), P denotes pyrite (Fe,S), G denotes a graphite (C,
anthracite) D denotes dolomite (CaMg(CO3),) and A is for Analcime (NaAlSi,Og)

Analyte Number of | Percent Standard Standard
principal Explained error for the | error of the
components Variance calibration prediction

Quartz 3 99.5 % 9.1 ug 9.4 ug

Kaolinite 6 99.2 % 13 ug 13 ug

Coal 7 99.6 % 24 ug 27 ug

Table S1. Number of principal components and statistics for the PLSR method
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The PLSR model used the sample calibration and validation samples with the
same assigned target values as the PCR. The spectra were processed in the
same way. The only difference in treatment was the type of chemometric model

applied to the spectra.

Figure S2. Change in slope and intercept with number of principal components
for the reduced calibration set for quartz when using the FTIR PCR method
relative to the XRD assigned value.

Figure S3. Quartz, a comparison of the values predicted by the FTIR PCR
method and the target XRD assigned values obtained from the calibration and

validation samples
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Figure S4. Kaolinite, a comparison of the values predicted by the FTIR PCR
method and the target XRD assigned values obtained from the calibration and

validation samples

Figure S5. Durrans coal dust, a comparison of the values predicted by the FTIR
PCR method and the target XRD assigned values obtained from the calibration
and validation samples
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Figures S6 to S8 compare the predicted values obtained from the PLSR model
with the target values for quartz, kaolinite and coal assigned to the samples
generated from the bulk powders. Samples were generated from Bulk 1, Bulk 2,
Bulk 8 Bulk 9, Bulk 10, UK Coal 1 and UK coal 2. Also shown are the results for
13 additional samples with artificial mixtures of Durrans coal dust, kaolinite and
HSE quartz standard. Durrans coal dust was mixed with the HSE quartz
standard A9950 and pure kaolinite powder. In addition, 16 samples from a

South African coal used in previous work were also included in the evaluation.

Figure S6. Quartz measured using direct -on-aerosol filter FTIR with PLSR
PHWKRG FRPSDUHG DJDLQVW WKH PHDVXUHG DVVLJQH
Science and Research centre. The linear line represents the ideal 1:1

relationship.
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Figure S7. Kaolinite measured using direct -on-aerosol filter FTIR with PCR
method (A) using 2 principal components and the PLSR method (B) using 6
principal components. The x axis is the measured assigned value using XRD at

+6(fV 6FLHQFH DQG 5HVHDUFK FHQWUH h&@Kéal OLQHDU

relationship.

Figure S8. Coal dust measured using direct -on-aerosol filter FTIR: A
comparison between the PCR method (A) using 18 principal components and
the PLSR method (B) using 7 principal components a. The linear line represents
the ideal 1:1 relationship.
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Figure S9. Precision of the PLSR method when measuring quartz in coal dust
samples from various sources with 3 principal components.
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Table S1. Proportions of each analyte in each prediction sample

Bulk 1 S1 13.40 17.47 69.13
Bulk 1 S2 15.16 18.41 66.43
Bulk 1 S3 16.94 19.77 63.29
Bulk 1 S4 16.63 19.96 63.42
Bulk 1 S5 12.64 14.44 72.92
Bulk 2 S1 10.50 11.95 77.55
Bulk 2 S2 11.36 13.23 75.41
Bulk 2 S3 13.22 14.41 72.36
Bulk 2 S4 13.49 13.34 73.16
Bulk 8 S1 4.98 60.67 34.35
Bulk 8 S2 5.33 61.19 33.48
Bulk 8 S3 5.90 74.97 19.13
Bulk 8 S4 6.05 74.27 19.68
Bulk 8 S5 5.10 69.91 24.99
Bulk 8 S6 6.64 84.87 8.49
Bulk 9 S1 10.65 8.10 81.25
Bulk 9 S2 21.24 13.02 65.74
Bulk 9 S3 22.81 13.93 63.26
Bulk 9 S4 6.17 4.87 88.95
Bulk 9 S5 12.17 7.60 80.23
Bulk 9 S6 10.10 7.77 82.13
Bulk 10 S1 12.19 59.00 28.81
Bulk 10 S2 10.64 63.03 26.33
Bulk 10 S3 10.83 58.63 30.54
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Sample Identification

Percentage of analyte

Quartz | Kaolinite | Coal Dust
Bulk 10 S4 11.75 69.79 18.46
Bulk 10 S5 11.61 64.54 23.85
Bulk 10 S6 11.82 64.30 23.88
Durrans S1 1.82 26.42 71.76
Durrans S2 3.14 39.49 57.36
Durrans S3 7.29 37.53 55.18
Durrans S4 8.68 37.09 54.23
Durrans S5 12.00 33.17 54.83
Durrans S6 13.51 32.01 54.48
Durrans S7 31.34 31.02 37.65
Durrans S8 29.61 30.31 40.07
Durrans S9 33.18 31.08 35.75
Durrans S10 27.31 26.76 45.93
Durrans S11 28.46 24.16 47.39
Durrans S12 25.54 21.32 53.14
Durrans S13 17.05 37.18 45.77
South African S2 19.50 40.09 40.41
South African S3 23.55 40.34 36.12
South African S4 3259 | 5441 13.00
South African S5 23.31 | 39.93 36.76
South African S6 24.18 | 42.37 33.46
South African S7 23.40 | 43.98 32.62
South African S8 24.32 48.56 27.12
South African S9 25.58 4477 29.65
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Sample Identification

Percentage of analyte

Quartz | Kaolinite | Coal Dust
South African S10 3.73 0.00 96.27
South African S11 7.08 0.00 92.92
South African S12 5.20 0.00 94.80
South African S13 9.10 0.00 90.90
South African S14 6.73 0.00 93.27
South African S15 7.44 0.00 92.56
UKCoall S1 5.81 24.6 69.6
UKCoall S2 5.22 19.8 75.0
UKCoall S3 4.20 19.1 76.7
UKCoall S4 4.00 12.3 83.7
UKCoall S5 3.57 14.4 82.0
UKCoall S6 3.65 11.7 84.6
UKCoall S7 4.17 14.0 81.9
UKCoall S8 3.59 12.7 83.7
UKCoall S9 3.95 11.8 84.2
UKCoall S10 3.79 18.5 77.7
UK Coal2 S1 0.51 0.00 99.5
UK Coal2 S2 0.00 0.00 100.0
UK Coal2 S3 1.12 6.05 92.8
UK Coal2 S4 0.91 7.77 91.3
UK Coal2 S5 0.97 8.56 90.5
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Chapter. 8 Discussion and

conclusions
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8.1 Discussion

A new technique for the regulatory measurement of respirable crystalline silica

needs to demonstrate:

a) An ability to specifically measure crystalline silica (e.g. to distinguish
between crystalline and amorphous phases).

b) An ability to be quantitative and demonstrate a correlation between
instrument response and the mass of RCS particulate collected onto a filter.

c) It § potential to accurately quantify RCS (quartz or cristobalite) in samples
from workplaces with different characteristics e.g. different particle size

distributions and matrices.

Ideally, for the measurement of RCS, a new technique also needs to
demonstrate better performance in terms of limits of detection and
measurement uncertainty when compared with the established methods of
FTIR and XRD.

The capabilities of a Raman microscopy mapping method to provide a
guantitative regulatory measurement for RCS with a low limit of detection in a

range of matrices were demonstrated in Chapters 3, 4 and 5.

8.1.1 Quantitative measurement of RCS

The feasibility study, described in Chapter 3, was the first article that
demonstrated the potential for a quantitative Raman spectroscopy
measurement of RCS on silver filters. Another feasibility study examining the
potential to use Raman spectroscopy for near real time quantitative analysis of
aerosols of RCS was also published by the National Institute for Occupational
Safety and Health (NIOSH) in the United States, a year later.}’® Subsequently,
the HSE and Sheffield Hallam University were invited to participate in a
laboratory comparison as a prerequisite for the inclusion of a Raman
spectroscopy method in the NIOSH manual of analytical methods; which is an

internationally recognised resource of methods for occupational hygiene
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analyses. Raman spectroscopy is a potential candidate for use as a near real-
time instrument because it provides a very sensitive measurement when the
sample is concentrated into a small deposit area.”®*’” A Raman measurement
system has recently (2021) been developed by a Swiss company for end-of-
shift monitoring.!”® The measurement system used in Chapters 3 to 5 was a
Raman microscope with automated stage movement and an autofocusing
microscope objective. The microscope lens improves the Raman response
because it focuses the laser energy into a defined area for the efficient
collection of the emitted photons (Figure 17). The selection of the appropriate
numerical aperture objective is a compromise between Raman band intensity
and the measured sample volume. Raman band intensity is reduced when
measuring larger sample volumes with lower numerical apertures (section
1.6.8.5). A mapping process (Figure S2, Chapter 5) facilitated by the automatic

stage:

a) Increases the proportion of the measured sample to improve precision.
b) Reduces operator selectivity of the fields of view and the potential for

operator bias.

The representativeness of spectral collection is an important consideration. For
a single spectrum, collected using a microscope, the minimum focal volume of
the laser is defined by the numerical aperture of the objective lens (Section
1.6.8.5) and wavelength of the laser. In theory, the minimum diameter of a focal

area is given by:

5% 6

L
€L —

(23)

Where d is its diameter, , is the laser wavelength in pm and NA is the numerical

aperture of the objective.

With a depth of focus in air ( @)B®f about:

@T o= @4
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The largest diameters and focal depths are found for the longest wavelengths.
In theory, the minimum focal diameter and depth of focus are 2.4 um and about
19.6 pm for a x20 objective with a numerical aperture of 0.4, when using a
0.785 um laser used in this work. The area represents a small proportion of a
typical sample deposit area of 10 mm or 15 mm. However, Everall observed
that there is a large out-of-focus contribution of photons collected by the
objective.!”® Values of d and df do not consider laser wave fronts and
imperfections in the focusing of laser light into the focal point (lens aberrations)
or energy passing beyond the focal plane. Wave fronts from the circular
objective lens, form rings of constructive and destructive interference around an
area of most intensity. The minima, due to destructive interferences of
wavelengths, are more distinct with higher numerical aperture objectives (Figure
27).

Reproduced with the permission of Nikon instruments Ltd

Figure 27. A representation of the size of an airy disc for high and low
numerical aperture objectives showing the extension beyond the

wavelength limited focal area and dest  ructive interference occurring at P1.

Interactions can also occur with the sample or filter substrate. Some laser
photons will penetrate the sample layer and interact with the substrate beneath,
which produces its own phonons and Rayleigh scattering. Penetration of light

into the substrate will depend on the absorbance of the material. In a powder,
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multiple reflections from the air particle interface will contribute to the
penetration of light.**® Metal filters used in this work will enhance backscattering
since they are highly reflective.'® The penetration of photons into metal is low,
however, the filter surface is porous and undulating (Chapter 5, Figure S4),
which may enhance internal reflectance and scatter.*®® Images indicate that the
sample area emitting photons differs from that captured by the objective. Figure
28 (A) shows an image taken with a Keyence VHX6000 digital microscope of
the effect of the laser when making mapping measurements across the surface
of a polytetrafluorethylene filter coated with a thin layer of aluminium. The
aluminium was deposited from plasma. The same objective and measurement
parameters were applied as described in Chapters 3, 4 and 5. For Figure 28A,
the laserhas pUHMPMRGW KH DOXPLQLXP RII WKHe [éhgih\0flddelf vV VXU
area affected by the laser is 100 um. Figure 28B shows an image of a hole
created by the laser through a thin gold coated polycarbonate filter placed on a
reflective silver filter. In this case only 10% power was applied rather than
100%. The area in the centre of the hole showing the silver filter is about 60 pum

X 80 pm.

Figure 28. (A) The pattern observed when aluminium  was removed from
the surface of a polytetrafluorethylene filter when its surface was mapped
using a 785 nm laser at 100 % power for three accumulations of 7 seconds

at each position with a x20 objective and numerical aperture of 0.4. (B)

The hole formed i n a gold coated polycarbonate filter placed on a silver

filter when measured with the same parameters at 10 % power.
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The area contributing photons to the objective is smaller. Figure 29 shows the
results an experiment where a quartz plate (2 mm depth) was mapped in 1 um
increments using a x20 objective with a numerical aperture of 0.4 at 100%
power. A line of measurements was taken from the quartz to the surface of a
thin foil.

The diameter of maximum intensity is observed as the slope of decreasing band

intensity as the measurements move over the foil.

Figure 29. The approximate diameter of the area contributing most
photons collected by a x20 objective (NA 0.4) (between the dotted lines)
when measuring the surface of a quartz  plate in 1 um steps over a metal

foil.

The area of the sample contributing most intensity is about 11 um in diameter,
although, some photon contribution originates from positions much further than
this distance. This experiment indicates that substrate interactions can
significantly increase the origin of the phoWRQV FROOHFWHG E\ WKH RE
probable that the angular range at which the objective collects photons is a
significant constraint.”® The area mapped remains a small proportion of the total
sample and, therefore, for precise measurements, it is important that the

uniformity of the sample deposit is considered.

A consistent particle density per mass loading of the deposit was maintained
using a filtration process with bespoke funnel and masks with matching internal

diameters to reduce the spread of deposit. The calculation of an average
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integrated band area from multiple spectra achieved a relatively consistent
value with small variability (Figure 30). The standard deviation of the cumulative
average values for a 15 mm diameter deposit are shown since this deposit area
provided the lowest particle density. For a 15 mm diameter deposit, the
percentage standard deviation of the cumulative average from the 50™ to the
90" spectra ranged from 1% at 1000 ug to 9% at 14 ug. A percentage of 2%
was obtained at 14 ug by limiting the calculation to the values between the 80"

and 90" spectra.

Figure 30. The cumulative average Raman band integrated area for the
measurement of quartz powder A9950 over a 15 mm diameter deposit on
silver filters (A) and the measurement of quartz collected with the HSE

miniature sampler onto 13 mm diameter quartz fior e filters (B).

It was found that, the mapping process and the recording of an average area
response from accumulated spectra is an advantage in instances of
interference including the effects of fluorescence (Chapters 3 to 5).
Interferences exert less influence when the density of particles is spread across
the surface of a filter, as a thin layer (where the effects of absorption are not
observable due to the reduced proximity or density of particles). Fewer particles
are within the analysis volume of the focused laser spot at low mass loadings.
Exceptionally problematic spectra can be removed from the averaging
calculation, so long as sufficient spectra are included, since the average patrticle
density for these measured volumes should be fairly consistent (Figure 30).
Analysts can also employ strategies when the particle density is too high.
Additional sample preparation can either reduce the concentration or increase

the deposit area (Chapter 5). One advantage is that Raman intensity is directly
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proportional to the deposit area; assuming the same measurement parameters
are used and subject to the consideration of the presence of interferents'’®
(Figure S2. supplementary information, Chapter 5); so the same calibration is
potentially applicable to different deposit diameters. For example, calibrations
for RCS measurements, collected several years apart, were coincident when
corrected for the different deposit diameters of 5 mm and 10 mm (Figure S2,

Chapter 4).

A linear correlation between instrument response and mass of analyte was
demonstrated for several diameters of deposit onto 0.45 um pore size silver
filters. These deposits were, 5 mm 10 mm and 15 mm in diameter. Two

instances where the measurement diverged from a linear correlation were:

a) Due to the influence of absorption of the Raman photons when
measuring loadings of 20% quartz in hematite in a 5 mm diameter
deposit (Chapter 3).

b) Due to multilayers of sample when measuring more than 1 mg of quartz

in a 15 mm diameter deposit (Chapter 5)

8.1.2 Influence of absorption

Coloured particles, such as iron oxides, absorb Raman photons and can reduce
expected band intensity from RCS particles, when in close proximity. X-ray
diffraction measurements have similar issues when using copper radiation and

measuring RCS in a matrix of iron compounds*®?

(section 1.5.3.1). Hematite is
one of the most frequently encountered coloured iron compounds in workplace
samples, which can either be emitted as part of the workplace aerosol (brick
dust) or be formed in an analytical process which ashes the aerosol filter (the
oxidation of iron compounds in respirable coal or foundry dust). Chapter 3
demonstrated a critical mass (particle density) below which absorbance of
Raman photons is not significant when measuring RCS in a matrix of hematite.
The Raman band intensity was significantly reduced when measuring more
than 5 pg of quartz in an artificial mixture containing 80 % hematite, deposited
into a 5 mm diameter circular area. Increasing the deposit area to reduce the

particle density may help reduce the effect of Raman absorption (Chapter 5). In
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principle, a 15 mm diameter deposit would increase the critical mass at which
absorption is significant by 9 times; however, the increased area can also
reduce measurement sensitivity if the same measurement parameters are
applied. Alternatively, a higher magnification objective will, provide greater
Raman band intensity and have a smaller sampling volume (and so is less likely
to include other absorbing particles). Higher magnification objectives were not
evaluated in this work and a specialised method to measure samples from
these environments may need development. Fortuitously, workplace aerosols
would rarely contain as much as 80% hematite; however, the capability of
Raman to measure workplace samples with highly coloured sample deposits
(e.g. brick or foundry dust) has yet to be demonstrated.

8.1.3 Influence of particle density

It was found that the band area intensity did not deviate from a linear
relationship with mass when an 8.2 pg.mm? density of respirable quartz
particles were uniformly spread over the surface of a filter (Chapter 5). In these

circumstances, Equation 20 could be simplified to:
+L- O (25)

This equation will also hold true for real samples before consideration of other
sample effects; such as absorption.

For quartz, this density of sample equates to a 4.7 um depth of particles
assuming the median diameter of the HSE standard quartz A9950 is 1.39 um
and these patrticles are deposited uniformly in a 15 mm diameter deposit (with
hexagonal packing). The point at which the response increases per unit mass is
where the sample is approximately 3 to 4 layers of particles deep. At this level
of particle density, the plane of focus has moved from or close to the substrate
surface to the surface of the particles. The additional contribution of Rayleigh
and Raman scattered photons to the sample volume from adjacent particles

and scatter at the particle and air surface interface®®

may increase Raman
response when photons travel through these multiple layers (Chapter 5).

Coincidently, significant (about 10%) attenuation of XRD response occurs at
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about the same particle density®® which, in this case is primarily associated with
the depth at which penetration of X-rays starts to significantly affect the
measurement response due to absorption. In other work, Schrader et al.
showed a linear increase of Raman response with sample depth (in mm) for
powders of various particle diameters which reached a plateau more quickly for
smaller particles.®® This is not the same as observed in this work. In this work,
there is a linear Raman response which is proportional to the mass of analyte
which then increases when a particular particle density is achieved. The plateau
for multi-layered particles (in mm) represents the point at which further Raman
scattering of a sample is no longer achievable, and is observed at a greater

sample depth.

8.1.4 Improvements in the limit of detection (LOD)

Chapters 3, 4 and 5 and recent work by NIOSH'® " demonstrated the
capability of Raman spectroscopy to provide a LOD that is lower than current
established XRD and FTIR methods. Table 7 compares LOD results obtained in
this study for Raman spectroscopy and XRD (shaded areas) with recent work
from NIOSH for Raman spectroscopy and FTIR. In this work, improvements in
LOD were found for all analytical techniques (XRD, Raman spectroscopy and
FTIR); when compared with published values for current analytical methods
(Table 4). For XRD, FTIR, and Raman the lower LOD in terms of mass is due to
the concentration of the sample into an area where the instruments provide
more sensitive measurements (Chapters 4 and 5). The noise does not change
since all the measurements are collected with the same parameters. For FTIR,
the sample is concentrated into the diameter of the emission from the FTIR
source (which is usually 6 to 8 mm in diameter). For XRD, more intensity was
obtained when the sample deposit diameter is 15 mm or less.*®® For Raman
microscopy, like other optical techniques, a band response is obtainable from a

very small area of the deposit which represents a small volume of particulate.
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8.1.4.1 Limits of detection determined by XRD.

%6 (1 IRU ZRUNSODFH H[SRVXUH VWDWHY WKDW Wi
WKDW LV GHWHFWDEOH ZLWK D JLYHQ OHYHO RI FRQ
standard also notes that this can be achieved from three standard deviations
measurement of blank filters, whilst accepting that the error of false negatives at
this point is potentially 50%.'®* This point represents the lowest possible
intensity response where a decision can be made that the analyte is present or
not. It does not represent the mass that would be reliably detected as it is not
observable on every occasion. This value was used to compare the lowest LOD
achievable by XRD in ideal conditions with that obtained using Raman

spectroscopy using a similar approach (Chapter 5).

Alternatively, the limit of detection for method evaluation is typically defined as
an intensity height that is 3x the background noise and represents the point
where probability of false negatives is less than 1%. Observed intensity
between the two represents the range of mass values where there remains a
possibility of a false negative when measuring calibration type samples with no

interference.

For a method evaluation LOD, noise was calculated as three standard
deviations of the differences between the observed background intensity and a
polynominal line drawn along the midpoint of the background. For the most
sensitive XRD intensity at 26.6 degrees measuring a 15 mm diameter deposit,
three standard deviations of the background noise (1.99 counts/second)
provided an estimate for an ideal corrected intensity height for a ratio of 3x the
noise of (5.97 counts/second). For XRD, an area intensity is a much smaller
number than the intensity height in terms of count rate because the x axis is in
terms of tenths of a degree. Therefore, the relationship between corrected
height and corrected area for the calibration material was calculated (Area =
0.156 x height + 0.115). For the measurement conditions applied, an initial
estimate of the area intensity was obtained by multiplying a standard deviation
of the noise by 1.66 2 and then the ratio was tested by measurement. Figure
31 shows the test of the estimated XRD mass of 3 ug for an intensity height

ratio of about 3 for the measurement of quartz A9950 deposited onto a 15 mm
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diameter area. The average noise to corrected peak height ratio for three
replicate samples at 3.3 pg was 3.3. In comparison, the lowest detectable mass
with a 50% level of confidence for false negatives determined from
measurements of blank filters or solely from three standard deviations of the

noise was 1.1 ug.

Figure 31. Atest of the X-ray diffraction limit of detection from 11 pg to 1
pg for the measuremen t of quartz standard A9950 depo sited into an 15

mm diameter area onto 0.4 5 pum pore size silver filters

In practice the LOD is much higher than these figures when measuring real
workplace samples. It is often necessary to confirm the presence RCS with the
observation of the secondary intensities due to the number of interferences that
coincide with the most sensitive. The value of 3 ug reported in Table 7 is slightly
less that that previously recorded in literature of 5 pg when using the NIST
1878a quartz standard which applies a 15 mm diameter deposit.”” The mass
values for the intensities recorded at these LODs were calculated without using
intercept, which was assumed as zero. The value of zero was within the 95%
level of confidence for the intercept coefficient and the calculated mass values
were closer to the known masses from the test samples. Including the intercept
brings the mass values for the LOD closer to that published in the NIOSH
method 7500.°’
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There remains uncertainty, about the application of the calibration coefficients to
calculate an LOD in terms of mass and concern that the intercept coefficient
PD\ LQWURGXFH D BMXDXHI RiRIOMEHIsp noted by previous

reseachers.*®

For example, in Chapter 4, it was observed that, for XRD, the application of
both the intercept (c) and slope regression (m) coefficients for the linear
calibration relationship (y = mx + c), rather than just the slope coefficient, can
play a role in reducing the comparability of XRD results with Raman
spectroscopy when close to its LOD. XRD intensity for quartz at 2 } degrees of
26.6 was observed below the calculated LOD of 5.6 pg for a 10 mm diameter
deposit; when a calibration intercept coefficient was applied to calculate mass
because it was significantly different from zero. The LOD excluding the intercept
coefficient was 2.0 pg. In principle, the LODs for FTIR and XRD are not
expected to be significantly different from an ideal intercept of zero when the
sample deposit is completely included within the areas of most analytical
sensitivity. A negative intercept may occur when analyte mass exists outside
the analysis area and is not contributing to the measured response (e.g. when
measuring RCS on a 25 mm diameter aerosol filter following the direct on-filter
measurement approach). Intercepts should be less probable for deposits of 10
mm in diameter since the area providing most intensity for XRD is about 15 mm
in diameter. Therefore the lower mass value of 2 pug was probably a better

estimate for the LOD in this case.

The current HSE method uses the direct on-aerosol filter analysis approach
which is less time consuming and potentially cheaper; however, respirable
samplers are not yet designed to contain 15 mm diameter filters. Whilst smaller
diameter aerosol filters or deposit areas may allow lower limits of detection, the
critical mass at which sample absorption occurs, due to the depth of deposit,
will decrease. This may be an issue for some types of samples with a minor
content of RCS®® because the measurement may under-record the true mass of

analyte due to matrix absorption.
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Table 7. Limits of detection obtained in this work compared with other

recent studies .

Technique | Description Number of | Calculated limits
measurements | of detection (ug)
X-ray Indirect 15 mm diameter area on silver 10 1to3
Diffraction | filters
Direct on 13 mm diameter PVC aerosol 10 2.3 (1.51t0 3)
Indirect 10 mm diameter area on silver 8 2.0*
Raman Indirect 15 mm diameter area on silver 10 x 90 0.21
Indirect 10 mm diameter area on silver 10 x 90 0.26
Aliquots 5 mm diameter area® 5 x 50 spectra 0.049
1, 1.5 and 3 mm diameter areas*’® 3 x 15 spectra 0.055 to 3
Infrared Direct on 9 mm diameter PVC aerosol 12 0.5t01.5
filter'®®
Cascade laser focused into 1.7 mm area Not Known 0.33
deposit™®’

Note: Shaded areas denote the LODs determined in this work. LOD values for XRD are all calculated with a zero

intercept coefficient.

*Lowest XRD mass observed was 1 pug and 2 pg is the value of the LOD when an intercept coefficient is set to zero to
calculate the mass. The average LOD is 5.6 pug when the intercept coefficient is applied with the slope coefficient to

calculate a mass value.

8.1.4.2 Limits of detection for Raman spectroscopy methods

For the Raman microscope method, the LODs reported in Table 7 were
determined from three standard deviations of measurements made on blank
filters.’®* The filters contained residues of clean PVC filters that were processed
through a plasma asher. LODs determined using this approach were more
representative of the analysis of samples than those obtained from measuring
calibration type filters. All analyses used the same measurement conditions on
the various diameters of sample deposit. LODs were also determined from
three standard deviations of the variability of the spectral noise, which were
lower than those in Table 7. When using a mapping method, the variability
increases for both the number of spectra with observable Raman bands and the
average band intensity collected as the particle density decreases. LODs

calculated from three standard deviations spectral noise are representative of
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what is potentially detectable in single spectrum, although, they are not
necessarily realistic for the particle density detectable with the mapping method
from a specified number of spectra. In practice, an analyst may need to observe
more than a single observation to be confident that the method LOD is
achieved. In Poisson counting statistics, (commonly used in electron
microscopy methods) the equivalent of three observations are needed to
achieve a 99 % level of confidence.

For Raman spectroscopy, it was not possible to verify the LODs by preparing
samples of known masses. The pipetting of aliquots at these loadings would be
variable and no reference method exists that could verify the amount of analyte.
An assessment of the validity of the method LOD is obtainable from measured
samples. For example, for the 5 mm deposit method, the lowest calibration
standards of 0.250 pg recorded an average of 192,000 counts and 7 spectra
whilst two process blanks reported significant measurements of about 0.130 pg
from 3 spectra. It is therefore feasible that one spectrum or a small number of
spectra are recorded from 50 fields with a band intensity area equating to the
method LOD of 0.05 pg.

As an additional measure the LODs for the 5 mm and 15 mm diameter deposits
were checked following a similar strategy outlined for the XRD measurement.
The range of noise was estimated by multiplying the median standard deviation
of the scatter from a polynomial line fitted to the midpoint of the background
from 476 scans by 3. The ideal corrected height for band intensity (for intensity
with 1% probability of false negatives) was estimated by multiplying the range of
noise by 3.0. The band area was estimated from the trend line equation of
values of band height and band area for low intensity bands observed at
464 cm™. Estimates for the 5 mm and 15 mm diameter deposits were 0.037 ug
and 0.199 ug respectively. In absolute terms, these values are very close to

those reported in the articles (Table 7).

In comparison to the standard FTIR and XRD methods, Raman spectroscopy

obtained the lowest LOD for all diameters of deposit. When applying the same

measurement parameters, reducing the sample deposit area increases the

sample concentration, which leads to a proportional increase in sensitivity.
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However, increasing concentration may also increase the potential for
absorption (all techniques), fluorescence (XRD and Raman spectroscopy), and
for interference (all techniques) from other particles (section 1.7.8). The effect of
interference on the LOD is not yet quantified for Raman spectroscopy; however,
chemometric models or multicomponent calibrations are a promising solution for
removing interference from FTIR spectra (Chapters 6 and 7) which could also
be used for Raman spectroscopy. In practice, the analyst may have to balance

the desired LOD with an optimum particle density for measurement.

8.1.5 Measurement of samples collected from inside a respirator

There are industrial processes that may expose workers to high RCS
concentrations above the WEL, even when good control practice is applied and
respiratory protective equipment (RPE) is then also required to further reduce
exposures. Chapter 4 describes the successful application of a Raman
spectroscopy method to measure samples collected inside respirators to
potentially determine the actual exposure of workers when wearing respirators
or workplace inward leakage ratios. Respirators are normally tested under
laboratory conditions to achieve a nominal standard of protection; however they
are expected to have a poorer performance when worn in the workplace. An
assigned protection factor (APF) is a performance rating attributed to a
respirator when worn in workplace conditions and is a ratio of the proportion of
anticipated leakage of workplace dust particles. For example, an APF of 20 is a
rating assigned to a classification of respirator commonly used to protect
workers from emissions of RCS called a filtering face-piece 3 (FFP3). An APF
of 20 implies the respirator is capable of reducing the aerosol concentration by
at least twenty-fold, so that the in-respirator concentration is expected to be
1/20™ of that outside. Other respirators with higher numbered APF ratings are
also used to protect workers from RCS, which would potentially further reduce
the mass available for measurements. The measurement challenge is further
complicated because workers are advised to take a break when wearing tight
fitting respirators for more than an hour, which will reduce the sampling time
and mass of dust collected by an in-respirator sampler. An achievement in this
work (Chapter 4), is that the LOD for Raman spectroscopy was potentially
sufficient for in-respirator sampling to permit a sampling period of 1 h when the
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worker was exposed to the WEL (over an 8 h shift) with a respirator performing
to an APF of 20.

8.1.6 Comparison with particle number and mass metrics

Chapter 4 provided an opportunity to compare mass and number concentration
inward leakage ratios. The exposure of a worker wearing a respirator is difficult
to assess since in-respirator measurements are not generally available,
however, it may be estimated by applying a correction to the results obtained
from personal samples taken outside the respirator. The correction is based on
the APF which is calculated from the 5" percentile of workplace data; however,
few workplace studies have been conducted and none specifically for RCS
exposures. The development of a miniature respirable sampler to fit inside a
respirator may permit the study of analyte specific inward leakage ratios when
worn in the workplace.*® Particle number counting is the metric generally used
by instruments for tests to assess the fit of RPE on a worker, since they provide
a very sensitive measurement, although, the derived inward leakage ratios
might not directly correspondtoa ZRUNHUfV H[SRVXUH LWhidNdHUPV R
needed for comparison with a WEL. Chapter 4 uses three instruments to
compare three metrics (Table 8).

Table 8. Metrics and particle diameter range for instruments used to

compare inward leakage ratios

Instrument Metric Particle diameter range
Portacount Particle number concentration 0.02 ymto 1 pm
MiniWRAS E Particle number and particle mass | 0.01 pm to 32 pm

concentration*

Raman spectroscopy Mass of crystalline silica Respirable range
100% collected from 1 um and below
with a median at 4 um and 0.1 % at 16

pm

*Mass concentration is calculated from the particle density and assumes the aerosol is relatively pure

Several effects were observed. Firstly, there was a correlation between the

mass median aerodynamic diameter (MMAD) outside and inside the respirator
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with a coefficient of determination of 0.89 when measured using the miniWRAS.
This correlation could indicate the MMAD of particles inside a respirator is
predictable; however, this has not yet been confirmed for workplace data.
Secondly, the proportion of RCS inside the RPE decreased with reducing mass
concentration of RCS in the test chamber. The reducing RCS proportion could
be attributable to measurement bias. The respirable dust is measured
gravimetrically with a relatively high LOD and a positive bias for the total mass
at values close to the LOD would reduce the calculated proportion of RCS. This
reduction of the percentage of RCS is potentially a demonstration of a limitation
of using techniques with a relatively high LOD. Thirdly, at higher ILRs, the RCS
mass-based values or miniWRAS mass and number ILRs were not comparable
ZLWK WKH QXPEHU FRQFHQWUDWLRQ YDOXHV
instrument (Chapter 4, Figure 10). Fundamental differences between each
metric and the measured patrticle size range of each instrument are probably
the cause of differences in the measured concentrations and ILRs. Mass
measurements are biased towards the largest particles since these contain the
most mass. For example, one spherical particle of 10 um contains the same
mass as 1000 particles of 1 pum in diameter with the same density. The
Portac R X Q,Wvich is used in RPE fit testing, collects a very limited particle
size range, when compared with the other instruments (Table 8), which may
account for the differences observed for relatively high inward leakage ratios.
Low numbers of larger particles leaking into the respirator at low concentrations
of ILR (less than 3) resulted in more comparable values between the miniWRAS
and the other methods listed in Table 8. Higher in-respirator concentrations may
increase the frequency of the measurement of larger particles which may result

in differences because they contain significantly more mass as a result of their

FROC

larger particle volumes. $OWKRXJK WKHVH GDWD DUH OLPLWtE

instruments with a wider particle diameter measurement range are needed to
measure RPE inward leakage performance in the workplace for comparison
with WELs in terms of mass. These instruments with wider particle size
measurement ranges would need to be compared with the established
measurement approaches, especially with those methods that can measure the

analyte of concern.
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8.1.7 Comparability of Raman with XRD measurements of RCS

XRD and Raman spectroscopy are considered complementary.*®® Chapters 4
and 5 demonstrate that there are similarities in the nature of the response
detected by each respective instrument; although the XRD response is related
to the scattering of X-rays and the Raman response results from atomic
vibrations. In a crystalline solid, the instrument response of both is determined
by the atomic structure. For Raman spectroscopy, the atomic vibrations initiated
by the laser are represented by a phonon wave of vibrating nuclei through the
lattice. Any scattered Raman photon received by the detector is projected
through the centre of a Brillouin zone in the reciprocal crystal lattice, since this
represents the volume for the largest amplitudes of the molecular vibrations. For
XRD, the X-ray radiation is scattered by a plane of atoms through the reciprocal
lattice. Larger atoms cause more scatter. In X-ray diffraction, the Brillouin zone
represents the area for diffraction vectors that fulfil the requirements of the
Bragg equation (Equation 5) n, = 2dSin }. Therefore, the detected response
from both techniques is projected through the reciprocal lattice (the Brillouin
zone) and for RCS both responses are dependent on the crystallinity of the
material®® and the size of the particle (Chapter 5). This is the similarity that
connects both instruments. The behaviour of the measurement responses for
both techniques are similar before taking into account the different mechanisms
associated with absorption of Raman photons and XRD absorption of copper
radiation by contaminant particles. For both techniques, the measurement
response is narrow and intense when measuring a material with a high degree
of crystallinity and becomes broader and flatter as the crystallinity decreases
and the atomic structure becomes more disordered. Therefore, integrated area
rather than band height must be applied for Raman measurements of RCS to
provide more consistent measurements comparable with XRD values (Chapter
5). The limitations of the collection optics and not the focal volume are
considered the main explanation for lower Raman band responses (Chapter 5)

when measuring dust with larger particle diameters (greater than 7 um).%

Good comparability of results between XRD and Raman spectroscopy was
achieved for RCS analysis of 119 aerosol samples from emissions derived from

cutting and polishing of natural and artificial stones (Chapter 5). Some of these
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matrices were challenging because they contained high proportions of
potentially interfering minerals and low proportions of quartz (5% to 10%). On
average, Raman spectrometry reported slightly higher values (about +11% for
RCS and about 6 % for the thoracic crystalline silica) than the XRD analysis
when measuring the same samples. Further analysis, presented here, shows
that the variability of results at low measured values were explained by the type
of stone or the higher LOD of the XRD. Figure 32 presents the results for the
impactor samples by stone type (Chapter 5, Figure 6). Samples with relatively
minor interferences (sandstone or engineered stone) obtained very comparable
results (coefficients of determination = 0.99). Comparison of Raman
measurements against the LOD of the XRD (results around 2 pg in Figure 32)
was one exception. Figure 32 shows that many of the Raman results were less
than the XRD values for the Diorite and more than the XRD values for the
sintered stone samples. Coefficients of determination and trend line coefficients

are shown in Table 9.

Figure 32. Comparison between X-ray diffraction (XRD) and Raman
spectroscopy measurements of respirable crystalline si lica collected on
impactor samples by stone type (sandstone, engineered stone, diorite and

sintered stone).
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Table 9. Trend line coefficients and coefficients of determination for a
comparison of XRD with Raman measurements of RCS on Sioutas
impactor samples from four stone types.

Stone Type Raman Mass measurement Trend line coefficients Coefficient of
range (Ug) determination
Sandstone 0.73 pg to 719 pg y=1.13x-6.33 0.996
Engineered stone 1.3 ug to 1082 g y =0.987x - 0.529 0.990
Diorite LOD (0.21ug) to 36.7 ug y =0.598x + 1.17 0.843
Sintered LOD (0.21pug) to 26.7 pg y =0.401x + 7.03 0.255

There are several reasons for the poor correlations between results from

samples of Diorite and sintered stones.

x Firstly, the diorite and sintered stones contained less than 10%
crystalline silica and 66% of the reported XRD LOD values were for
these stones.

x Secondly, all of the reported mass values were below 50 ug; where the
reliability (uncertainty) of the XRD measurements was poorer and
approaches its limit of quantification.**

x Thirdly, both these stones contained significant mineral interferences for
XRD. For example, the diorite contained a Feldspar mineral known as
anorthite (Figure 20) and the sintered stone contained Zircon (Figure

S10, supplementary information, Chapter 5).

There are two advantages for Raman spectroscopy. Firstly, a Raman band
SURILOH ILWWLQJ RSWLRQ ZDV DYDLODEOH ZLWK WK
which was able to model and compensate for the effect of coincident bands
(Figure S11, supplementary information, Chapter 5); whereas, for XRD the
current practice was to correct the background positions using expert
judgement. Profile fitting routines are available for XRD, although they are not
commonly used for analysis of RCS on filters due to the difficulties of resolving
low intensity coincident reflections.'® Secondly, the Raman bands for zircon
and quartz in the sintered stones are fully resolved (Figure S9, supplementary
information, Chapter 6) whereas they are coincident for XRD; hence many XRD

results are higher than those for Raman spectroscopy.

199



8.1.8 Dealing with spectral interferences

The effect of interference on the uncertainty of RCS measurements is not
included in uncertainty evaluations from method validation studies because of
the wide variety of workplace atmospheres and proportions of components.
Therefore, few articles quantify its effect (section 1.7.8) which can, in some
circumstances, be significant for both XRD and FTIR. Instruments like FTIR
have advantages because they are cheaper, provide a fast analysis, easy to
operate and maintain, are potentially portable and can provide a
multicomponent analysis (Chapters 6 and 7). These advantages may facilitate
their wider use, although their effectiveness in the presence of interference is
thought to be poorer than XRD. A substance of particular interest is the clay
silicate, kaolinite; which interferes with quartz, and is commercially quarried in
Great Britain as china or ball clay. Kaolinite was the most common interference
found in workplace samples when using FTIR.®® Chapter 6 demonstrated a
significant bias (average = + 18%) for RCS measurements in kaolinite and coal
mine dust with the current FTIR MDHS 101 method and using a single
component Beer-Lambert law calibration. Application of a PCR chemometric
model significantly improved the comparability of results with the XRD method
and reduced bias caused by the kaolinite. The same developed chemometric
models can also be potentially applied to the analysis of samples of pure china

or ball clay.

Multivariate approaches, like chemometrics, investigate the whole spectral
region and are able to deconstruct the magnitude of the influence of
interference. Whilst some recent work has been done using PLSR models for
the measurement of quartz (section 1.8) none has sought to develop
multicomponent analysis to include other potentially hazardous substances in
the same material. Chapters 6 and 7 demonstrated the successful application of
the PCR and PLSR chemometric models to the prediction of quartz, kaolinite

and coal in coalmine dusts.

A key element that distinguishes an analyte of interest is the number of principle
components since these values usually represent the features in spectra that

are most attributable to that analyte. A large number may over model the
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spectrum and risk association with spectra features attributable with other
analytes. For Chapter 7, 18 principal components were derived for coal dust by
the PCR model, which is more than the number of discernible spectral features
in the spectral range. By comparison, the number of principal components (3
and 2) for quartz and kaolinite matched the most significant spectral features for
these minerals. However, the relatively high number of principal components
from the PCR coal model provided more values that matched the mass on the
filter attributable to the coal dust mass, whereas, PLSR model tended to over
predict the coal values using 7 principal components. Both the PCR and PLSR
models distinguished between the anthracitic and the poorly crystalline coals
with high kaolinite. Differences between coal types (source of the coal) were
more evident for the PLSR model. The type of coal can vary from mine to mine.
Each type of coal may have spectral features within the spectral range that are
distinctive. The higher number of principal components for the PCR model
potentially compensates for the more prominent spectral features found for
some coal types. For example, a distinct spectral feature at about 900 cm™ for
the anthracitic coal dusts. The large number of components may reduce these

distinctions.

The main finding for Chapter 6 was that there were no significant differences
between predictions from the PCR and PLSR when a similar number of
principal components (PCs) were used for each model. The advantage of PLSR
to determine a calibration using fewer PCs than the PCR process was
compensated for by the P D Q X | D F Vgoftwadd,) Which provided a PC number
selection option for processing the PCR. An additional process was
implemented to check for the most appropriate number of PCs. A comparison of
the significance of the intercept and slope from regressions of the predicted and
measured target values reasonably indicated the optimum PC number.
Optimum PCs were indicated when the slope and intercept comparing the
predicted and assigned target values for a set of samples were not significantly
different from one and zero. These PCs were different from those initially
calculated by the software for the PCR calibration. Use of a derivative spectral
processing option also helped reduce the background associated with the

aerosol filter and removed the need for the measurement of a clean unused
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filter for spectral subtraction, which may help reduce the cost, complexity, and
time of analysis. These findings are likely to inform the revision of the HSE
method MDHS 101.

The development of a PCR or PLSR model using artificial mixtures of three
main components in coal mine dust was a key feature of this work (Chapters 6
and 7). Use of artificial mixtures was found to be an efficient way of developing
a widely applicable model, because a combination of different proportions can
be generated in laboratory conditions. Use of real workplace samples is
problematc bHFDXVH RI WKH GLIILFXOW\ RI PHDVXULQJ D u!
of interference and the cost of visiting a variety of work sites to collect
representative samples. Rationally, it is not necessary to measure every
combination of mine dust to identify the appropriate number of PCs and
generate a new calibration. In addition, it is not always necessary to consider
minor components (less than 10 % in the bulk material) because they are not
necessarily collected at low loadings (less than 1 mg) or significantly affect the
spectral bands of the analyte of interest. To test this, samples, generated from a
range of coalmines from Australia, South Africa and the United Kingdom were
used to challenge the performance of the PCR model, developed with artificial
mixtures of the main components (Chapter 7). Modifications were required to
train the model for circumstances at the extreme range of mixtures. These
modifications involved the addition of more calibration and validation samples

with low quartz proportions and mixtures with very high proportions of kaolinite.

An innovative approach was applied to characterise the performance of the
PCR and compare this to international performance criteria for regulatory
occupational hygiene measurements. The uncertainty equation relating to a
calibration was used to determine the analytical method uncertainty when
applied to regressions of the FTIR PCR method predicted and measured or
MNQRZQY Xbé&xahtpe of its application is provided for some key RCS
exposure concentrations that were proposed as international exposure
standards.™° Filter loadings of 26 pg, 53 pg and 103 pg would be the masses of
analyte collected on an aerosol filter for key RCS concentration values of

0.025 mg.m, 0.05 mg.m™ and 0.1 mg.m™ respectively; if using a respirable
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sampler at a flow rate of 2.2 L.min™ over a full 8 h shift. The analytical method
uncertainty for these key masses is 26%, 13% and 6.5% respectively when
using the FTIR PCR method. These values for the analytical method uncertainty
indicate that the international requirements for expanded uncertainty (when
multiplied by 2 to estimate the 95 % level of confidence) are exceeded for
masses of quartz collected on filters equating to concentrations of 0.025 mg.m’
3 and when it is combined with the sampling uncertainty estimate of 10.1%
prescribed in ISO 24095 for the nominal flow rate. Expanded uncertainty for an
RCS concentration of 0.05 mg.m™ is close to the international requirements and
probably acceptable in practice for full shift (8 h) sampling. Therefore, it is
important to sample for as much of the full shift as possible to obtain the most
reliable results when assessing potential RCS exposures around 0.05 mg.m™.
The analytical method uncertainty estimates in Chapter 7 are based on the
measurement of real samples with matrix interferences rather than the
estimates based on the analysis of samples of pure quartz which is usually the
case. In comparison, the average within laboratory precision for the FTIR direct
on-aerosol filter method is 5.3% when measuring filters of pure quartz in a PT
programme; where the lowest loading was about 80 pg.'*? This suggests that
the estimate of uncertainty with real samples with interference is reasonable,
when compared with the precision at 100 pg of RCS for the PCR method.
However, there remains a contribution of additional variability compared with
the measurement of quartz alone and it may still be possible to improve the
chemometric model. A major limitation of this work is the time needed to
prepare standards and assess the DVVLJQXKIBY| uYWOGis< tine intensive
process limited the number of samples produced to test the models. The XRD
measurements, used in this work to set the assigned values, will also contribute
to the higher than expected uncertainty. The XRD technique is just as variable
as the FTIR measurements;** **° calibration coefficients can cause noticeable
changes in target values when the calibration range is altered (Chapter 7) and
intercept coefficients for the XRD can cause bias at low RCS masses (Chapter
4). Some institutes adopt a logarithmic trend line between mass and XRD
response for low loadings because it is thought the true relationship at these

loadings is curved.>® To reduce uncertainty further, there is a need for a highly
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sensitive, precise reference technique that is relatively unaffected by

interference.

8.1.9 Regulatory measurement at concentrations lower than the current WEL
in Great Britain.

In many countries, there is pressure to further reduce exposure limits for RCS
because there is no known concentration at which a health effect is not
observed in some proportion of the working population. However, the reliability
of measurements at proposed RCS concentrations lower than the current WEL

in GB has not always been considered sufficient™*° for regulatory purposes.

The expanded uncertainty is a key indicator of a method § suitability to provide
values to assess against exposure limits.'** For practical reasons, many
method validation studies in this topic area only examine the performance with
samples of pure quartz or cristobalite. Sample contamination, with interfering
components, will add to the variability of these analyses; so estimates of
method performance, such as uncertainty precision, are less accurate for some
matrices (e.g. granite dust). Recovery methods can improve measurement
sensitivity by providing the opportunity to concentrate the sample but may also
increase variability (section 1.7.4). Higher flow rate respirable dust samplers
could improve uncertainty estimates ffor concentrations lower than 0.1 mg.m,
as they collect more mass on a filter; however there are none that offer a flow
rate at or above 4 L.min™, that currently work with a direct on-aerosol filter
measurement approach. Replacement of existing equipment to use higher flow
rate samplers is also potentially costly for hygienists. When using XRD or FTIR,
none of the existing uncertainty or method performance estimates would be
sufficient for research to investigate in-respirator or lung tissue measurements
of RCS, where there is a need to accurately measure more than 10x below the

LODs of the current analytical methods.

Raman spectroscopy has demonstrated its potential to provide measurements
of RCS at lower exposure concentrations than are currently achievable when
using existing recognised methods (Chapters 3, 4, and 5). Very similar

analytical method uncertainty (intermediate precision) values were obtained for
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XRD and Raman spectroscopy, when measuring the same filters with a 10 mm
diameter deposit (Chapter 4). This suggests the expanded uncertainty between
XRD and Raman spectroscopy is very similar despite the increase in sensitivity
of the Raman technique. The advantage of Raman spectroscopy is its lower
LOD which helps this technique potentially meet all the requirements of 1SO
20581 at lower RCS concentrations; subject to a number of specific criteria.
Chapter 4 postulated that an RCS concentration of 0.01 mg.m™ for full shift an
8-hour sample could potentially fulfil all the international requirements for a
regulatory measurement if the deposit is about 10 mm in diameter, if samples
are classifiable as thin layered (less than a couple of microns in depth), they are
free from interferents and the sampling uncertainty is not greater than 10.1%
(based on the nominal flow rate). However, Raman band measurements from
individual spectra at low mass loadings (less than 5 pg) on samples free from
interference were of relatively low intensity. More practically, Raman
spectroscopy could be the technique of choice, when assessing exposure
concentrations as low as the Occupational Safety and Health Administration
(OSHA) action level for RCS of 0.025 mg m™, since the required measurement
UDQJH ITURP [ WR [ WKH H[SRVXUH VWDQGDUG LV
capabilities.

Further development is needed for the routine application of Raman
spectroscopy. There are many types of workplace atmospheres and industry
sectors where exposure to RCS occurs. Any new method needs to demonstrate
its universal applicability or the limitations of its applicability. This is to ensure
that it is not incorrectly applied to particular circumstances or workplaces (e.g.
due interferents) and reports erroneous results that lead to incorrect actions to
control RCS exposures. This is ethically important because of the relationship
between an RCS exposure measurement and the potential for worker ill-health.
The performance of Raman spectroscopy when measuring workplace samples
containing hematite (e.g. from brick manufacture, some construction samples or
from foundries) remains a gap in knowledge that needs investigating since
these are particularly challenging samples. In addition, a demonstration of the

comparability of results between national laboratories when measuring these
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more challenging samples would also further establish the capability of the

Raman technique for industry and establish its wider use.

Chemometric methods using PCR and PLSR also offer the potential to improve
confidence in the performance of the FTIR or Raman techniques when
measurements are made in the presence of interference. Chapters 6 and 7
demonstrated their application for multicomponent analysis of quartz, kaolinite
and coal in complex mixtures of coal mine dust. Ideally, application of the
chemometric method should reduce the variability and bias of the analytical
method. The additional bias and variability caused by the influence of kaolinite
on the measurement of quartz following the current MDHS 101 method is
shown in Chapter 7. Chapters 6 and 7 both demonstrate the potential for these
mathematical multivariate calibration processes to reduce bias. The uncertainty
estimates for the chemometric methods are promising, although, there remains

some additional contribution to uncertainty from the presence of interferences.
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8.2 The potential for further improvements for RCS measurements

and future work.

Raman spectroscopy remains a field where advances are in development to
further improve measurement sensitivity and suppress fluorescence, if it should
occur from a particular sample or spectrum. Inert noble metal nanoparticles,
spread over the surface of a sample or as part of a substrate, provide localised
electromagnetic fields for Surface Enhanced Raman spectroscopy (SERS),
which increases band intensity’®® by x10* to x10°. A suitable SERS substrate
may further facilitate its application for a direct on-aerosol filter measurement
approach or for near real-time measurements of RCS. It is reported that these
SERS effects depend on the quality and consistency of distribution of the

enhancing material in its required state™ **!

which might not be sufficient for
accurate quantitative analysis. Although, a recent multi-laboratory study
obtained total precision estimate of about 13% to 28% when measuring an
analyte on solid gold or silver substrates using a 785 nm laser.®? Tip Enhanced
Raman Spectroscopy (TERS) overcomes some of the issues of SERS because
it can apply the enhanced effect more uniformly across the surface of a
sample.’®* TERS employs a small tip (about 10 nm), coated with a noble metal,
which is positioned close to the surface of particles. The electromagnetic field of
the noble metal coated tip is designed to resonate with the choice of laser
wavelength employed for excitation. This permits a consistent application of the

induced electromagnetic field to each sampling position®*

and potentially
provides a consistent response per volume of material measured. Substrates
for SERS have also progressed.’® Consistently applied and stable SERS
mediums were sprayed by printing ink jets onto paper filter substrates and
analysed using a near infrared laser.'®® These printable mediums may facilitate
the development of a direct on-aerosol filter measurement approach, when
applied to the filters used for aerosol sampling. However, the addition of these
materials may also reduce the size of the filter pores and increase pump
backpressure during sampling. Relatively inexpensive and readily available
fused quartz (amorphous) or alumina aerosol sampling filters may provide a
suitable framework to support SERS active coatings. Continuous aluminium

films may also provide a cheaper alternative for SERS, compared with the gold
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and silver, and could, potentially, be spray-coated onto these aerosol filters.
Aluminium films were found to provide strong enhancement when used with the
785 nm laser wavelength , which was thought to be due to the presence of the

oxide layer.***

In this work, detector saturation occurred in the occasional spectra from a
mapping measurement but rarely prevented a measurement result since
sufficient spectra were collected from other fields of view. Detector saturation
occurs more frequently at high loadings close to 1 mg. It is possible that
fluorescence, which can cause detector saturation, is not a widespread problem
that affects workplace samples; however, this has not yet been fully
established. Enhancement of the Raman signal, with use of SERS or TERS,
may also help because the fluorescence becomes a proportionally smaller part
of the photons detected. Another approach to improving sensitivity is to use a
shorter wavelength laser (e.g. UV) as the scattering is inversely proportional to
the wavelength of the laser. However, shorter wavelength lasers have a greater
propensity to induce fluorescence, when susceptible particles are also present;
which can swamp the detector with more photons resulting in detector
saturation. The more commonly employed Stokes Raman band shift is
measured and more affected by fluorescence, which itself is a change to a
longer wavelength, than anti-Stokes Raman bands. Anti-stokes Raman
scattering has recently been the subject of study.’®® Approaches that take
advantage of the differences in the nature of the two photon producing effects
(Raman scattering and fluorescence) are also potentially able to resolve sample
fluorescence. Fast pulsed lasers, with Kerr gates, take advantage of the time
difference between the emission of the Raman photon (in pico-seconds) and
the time lagged nature of the fluorescence effect, however, there are additional
losses of intensity through the optics and Kerr gates. Other methods use
wavelength phase modulation with high frequency ultrasound or from the laser
source to differentiate between the Raman photon emission and the longer
wavelength fluorescence based on the known decay times for each photon
effect.'® The more applicable of these approaches is probably the use of two
narrowly spaced laser wavelengths from the same laser. The Raman spectrum

is based on the shifted combination of these laser wavelengths whereas the

208



fluorescence is dependent on the individual wavelengths of the laser'® which
may reduce the magnitude of fluorescence by shifting the excitation energy for

the Raman effect.

FTIR measurements could also be developed further. A much faster analysis
total time is a key advantage for FTIR compared with XRD and Raman
spectroscopy. An improvement in uncertainty precision could be obtained by
increasing the area of the measured sample (Figure 5, Chapter 7) with multiple
measurements and still obtain an analysis result in under 10 minutes. Two

separate but partially coincident independent measurements could also reduce

the uncertainty by 3. Although, this may require modification of the sample
holder in the FTIR to move the sample slightly horizontally in the beam to obtain
two independent values rather than two measurements of the same position.
Multiple measurements of sub-fractions from the sample may also potentially

reduce the influence of particle size on the FTIR absorbance (section 1.7.6).

The chemometric methods now need further development to improve their
universal applicability and encourage their widespread use. To this end, it is
more useful to have a single model applicable to all the possible combinations
of workplace atmospheres, so there are no limitations for its application. It is
possible a single principal component vector, which would be less susceptible
to interference, that may satisfactorily predict RCS results for all types of
samples from different workplace atmospheres; however, this is still to be
HYDOXDWHG ,WfV PRUH OLNHO\ WKHh2Weededvtbl tkstHV R |
determine the type of workplace atmosphere from a spectrum. For example, a
principal component analysis may have to perform a cluster analysis to classify
the sample and then process it through a particular PCR or PLSR process.
Computational artificial neural networks may have a role in facilitating this type
of analysis without the need for involvement of laboratory-based measurement

1% For construction tunnelling, mining or quarrying, these

specicialists.
processes could be coupled with artificial intelligence (self-learning) processes
to handle on-site data from multiple sources to look for patterns in exposure
levels or trends in geology and anticipate higher exposures before they occur.

This innovation could have a major impact to reduce exposures since currently
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instruments are not able to anticipate high exposure events. Near real time
measurements are potentially possible especially when the sample is collected
into a smaller diameter area than is usually measured for current aerosol
sampling.’®’ The characterisation of the performance of these methods to
measure more complex and challenging feldspar concentrations (granite dusts,
section 1.7.7) remains a knowledge gap that would potentially help establish the
applicability of these chemometric methods to most workplace atmospheres
since these are very challenging matrices for both XRD and FTIR (section
1.7.7).

A study with Feldspar minerals would further demonstrate the usefulness of
chemometric models or multicomponent calibrations for routine measurement of
RCS in complex matrices; since Feldspar interference can be particularly
FKDOOHQJLQJ ZKHQ XVLQJ ;5" DQG )7,5 6XFK D VWXC
PDSY WR VXSSRUW VHSDUDWH LQGX¥Wdbahn REFWRUV
measurements. A series of chemometric FTIR methods developed and
validated in a number of reference laboratories would potentially help ensure
the consistency of workplace RCS measurements, since these chemometric

methods are potentially transferable from instrument to instrument.

For XRD, the limit of detection was improved by concentrating the deposit into
15 mm. Further improvements might be obtained if instruments had smaller
focusing diameters which would bring the detector and source closer to the
sample. Currently, the distance to detector can be between 180 mm to 240 mm
for laboratory based instruments. Shorter focal distances are available with

benchtop instruments and may offer improvements in sensitivity.*’
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8.3 Conclusion

The research described in this thesis, relating to the development of a different
technique (Raman spectroscopy) and potential further refinements to existing
established methods (XRD and FTIR), has advanced the science of RCS
measurement to support occupational hygiene assessments. There are now
more options for reliable measurements at key concentrations below the current
WEL where a health risk remains. This work has achieved its principal

objectives which were to:

X Investigate the potential of Raman spectroscopy to measure dust collected
on filters containing RCS obtained from a miniature aerosol sampler

developed by a team at the Health and Safety Executive.

X To investigate the performance of Raman spectroscopy:

a) when measuring aerosol particles from natural and industrial processes
of the most common polymorphs of crystalline quartz and cristobalite;

b) when measuring different particle size fractions within the respirable
range;

c) when measuring samples collected from behind respirators.

x To compare the performance of XRD and FTIR analytical techniques

specified in international methods for RCS.

x To investigate the use of de-convolution data processing techniques to
remove the effect of interfering components to improve both the existing and

novel approaches.

Raman spectroscopy was investigated and many aspects of its performance
measuring RCS were characterised. Raman spectroscopy is a viable new
technique with limits of detection that are capable of measuring RCS specific
respirator inward leakage concentrations with short sampling times, given for

example a tight fitting respirator might be worn for an hour or less. Furthermore,
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a gquantitative measurement of RCS particulate collected onto a filter using

Raman spectroscopy is possible for a range of conditions.

The Raman spectroscopy work demonstrated a quantitative linear correlation
between mass of analyte and response for various diameters of deposit area (5
mm to 15 mm) and when using a mapping approach to collect spectra from a
more representative proportion of the sample. It was found that the depth of the
sample deposit was not a factor influencing Raman response when measuring
quartz A9950 and the sample was a thin layer (about 3.7 layers of particles 1.39
um in diameter). The equation for Raman intensity could potentially be modified
for aerosol particulate on filter surfaces to exclude depth of deposit. Additional
Rayleigh and Raman scattering was considered the cause of a divergence from
the linear regression, at loadings greater than 1 mg for a deposit area of 15 mm
in diameter; where Raman intensity increased with the increase of filter
loadings where XRD response would be attenuated by absorption. This
divergence may occur at lower mass loadings for smaller diameter deposits. , W [V
possible that this effect will occur for other respirable-sized powders.

The mapping approach and use of the cumulative average integrated band area
was found to be robust when occasional instances of fluorescence or
interference occur. The occasional spectra with too much interference can be
removed from an average Raman band area calculation for the Raman
response from accumulated spectra, if sufficient representative spectra are

collected from the sample.

The robustness of the Raman method developed in this work was confirmed
when measuring 119 realistic samples from stonemasonry work. Generally, the
mass values and proportions of quartz in the samples when measured using
Raman spectroscopy were highly correlated with XRD, which was used as a
reference method. Raman spectroscopy was shown to be potentially better than

XRD when the measurements were not as highly correlated.

Crystallinity of quartz particles was found to be a dominate factor influencing the
Raman response. The Raman response closely matched the theoretical

crystallinity of particles of various diameters. In addition, the reported mass
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values from Raman and XRD were similar when measuring quartz dusts of

different particle diameters.

Reduction in the size of the deposit area was found to improve the limit of
detection for all the analytical techniques. Raman spectroscopy obtained the
lowest LODs (~ 0.25 pg) when compared with established XRD and FTIR

methods.

The development and application of a Raman analytical method was
demonstrated for the measurement of RCS specific inward leakage ratios,
which will form the basis of experiments to further compare mass and number
concentration inward leakage ratios for respirators to assess their protective
performance. Initial results on limited samples suggest that instruments with
wider measurement ranges than those currently employed for fit testing should
be used for workplace studies to compare with WELs. Further work is needed to
confirm this finding.

This work demonstrated the potential for chemometric processes combined with
FTIR to provide a multicomponent analysis of more than one hazardous
component from a single filter. This potentially facilitates better quality
information about the exposure of workers to dusts, since this approach can
evaluate exposure to more than one hazardous substance. Respirable coal and
quartz dust are the examples given in the two articles; although, these
chemometric methods might also be useful for other mixed dust scenarios e.g.
wood and other minerals in construction dust carpentry or amorphous and

crystalline silica.

Chemometric methods were found to have a valuable role to play in reducing
the bias of FTIR measurements with interference and for improving the
confidence in the reliabilty of RCS measurements when measuring
concentrations as low as, 0.05 mg.m=. These chemometric models are
potentially universally applicable when samples are included in the calibration
and validation that are representative of the extreme range of circumstances

encountered.
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This research demonstrated the use of unweighted calibration uncertainty to
estimate the analytical method uncertainty for the chemometric FTIR principal
component regression method. This was applied to the predictions for quartz,
kaolinite and coal measurements in mine dusts particulate from Australia, South
Africa and the United Kingdom collected onto aerosol filters. The equation for
calibration uncertainty was found to be a useful approach to employ when it is
difficult to prepare replicate samples for precision estimates. The overall
expected proportion of samples for a standard uncertainty of measurements
(60%) was close to the number that would be included within the calculated
estimates of standard analytical method uncertainty using the calibration
uncertainty equation. This approach is less time consuming than preparing and
measuring replicates and may also be useful to use to supplement or verify

limited precision data.

Raman spectroscopy provides excellent potential for sufficiently sensitive
measurements which are capable of supporting an evaluation of short-term
task-specific activities in the workplace. Some practical limitations remain to be
able to apply Raman spectroscopy measurements for the direct on-aerosol filter
measurement approach and to confirm that the technique is capable of
measuring the wide variety of mixtures of RCS dusts found in workplaces. In
particular, brick and foundry dust samples will need further examination as
these types of samples might potentially be challenging due the presence of

photon absorbing particles and Raman band interferents.
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