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Abstract: Exposure to coal dust from mining-related activities has historically been linked to sev-
eral preventable but incurable respiratory diseases. Although the findings of numerous biological
studies have determined that the physicochemical and mineralogical aspects of dust particles greatly
influence both cytotoxic and proinflammatory pathways, robust datasets which quantitatively define
these characteristics of coal dust remain limited. This study aims to develop a robust characterisation
routine applicable for real-world coal dust, using an auto-SEM-EDS system. In doing so, the study
addresses both the validation of the particle mineralogical scans and the quantification of a range
of coal particle characteristics relevant to respiratory harm. The findings presented demonstrate
the application of auto-SEM-EDS-XRD systems to analyse and report on the physicochemical and
mineralogical characteristics of thousands of dust-sized particles. Furthermore, by mineralogically
mapping the particles, parameters such as liberation, mineral association and elemental distribution
can be computed to understand the relationships between elements and minerals in the particles,
which have yet to be quantified by other studies.

Keywords: auto-SEM-EDS; particle characterisation; coal dust related diseases; liberation; element
distribution

1. Introduction

The exposure to coal dust has been well recognised as a critical health issue for
both mine workers and communities proximal to collieries. Through epidemiological
research, links have been established between coal dust exposure and various preventable
but incurable diseases. These include coal workers’ pneumoconiosis, chronic obstructive
pulmonary disease, and emphysema [1–5].

Previous studies have shown that particle-cell reactions and their products play a
vital role in the pathway of disease development [6–10]. In particular, the biologically
reactive mineralogy present in coal particle composites has been established as a trigger for
inflammatory reactions [11–14]. Thus, it is generally understood that a detailed physico-
chemical and mineralogical characterisation of the dust is needed to effectively understand
the inter-relationships between the inherent properties of the particles and their impact
on lung physiology. However, datasets quantitatively describing coal dust characteristics
remain limited in the range of characteristics considered. This has contributed to the lack
of consensus regarding the toxic agents leading to coal dust related diseases [15–19].

The ability to assess the individual particle characteristics of coal dust has been
explored by studies using SEM-EDS (scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy) analysis to manually assess the particle size, shape, and
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composition of particle populations [20–23]. However, obtaining high particle counts
for statistical analysis using such methods can be time consuming. Other studies have
used a semi-automated Computer Controlled-SEM-EDS routine [24–26] for the selection
of particles and extraction of raw data on physicochemical particle characteristics. This
routine reports on the physical characteristics of the particles, but the mineralogy only
considers phase abundances without describing their texture. There are also studies
which use automated mineralogical analysis systems that identify and classify particles
scanned across a predefined area using commercial software packages [27–33]. The software
developed for auto-SEM-EDS systems provides additional functionality to mineralogically
map particles and quantitatively assess textural aspects of particles [32,34,35]. The FEI
QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) has
been used to mineralogically map particles [31,35–38]. However, the application has mainly
been in the context of natural dust, mineral processing, and the geo- and material sciences.
Recent studies have utilised the FEI Mineral Liberation Analyser to assess physical and
mineralogical characteristics of coal dust [29,30]. However, to date the application of such
systems has focused on extracting particle size and composition-related information.

These studies highlight the potential for automated mineralogical systems to serve as
a robust tool for providing quantitative reporting of mineral specific characteristics of coal
dust. As particle reactivity has been linked to pulmonary responses, this should provide
additional dimensions for assessing the bio-reactivity of problematic minerals. Currently,
no study has presented a description of a rigorous and generalisable characterisation rou-
tine using an auto-SEM-EDS system to analyse coal dust or dust-sized particles. This is
despite its potential to provide both rapid analyses of thousands of particles and detailed
particle characterisation datasets. In this study, an auto-SEM-EDS workflow was concep-
tualised for coal dust particles utilising an FEI QEMSCAN instrument. In this context,
this study aims to develop and demonstrate: (1) quantitative definitions for a range of
coal particle characteristics relevant to respiratory harm for application to real-world coal
dust; (2) an auto-SEM-EDS protocol to analyse dust-sized coal particles as a case study;
and (3) a demonstration of the application and rigorous validation of the characterisation
data reported.

2. Protocol Description and Setup
2.1. Approach

As all auto-SEM-EDS systems operate through a combination of a hardware and
software platforms, to perform image analysis and data processing the development of
a workflow for a given material should consider: (1) what information is to be extracted
from the measurement? (2) which settings/choices need to be defined to reliably obtain
this information? and (3) how confidence in the reported data can be increased? In this
context, a generalised workflow is presented to highlight the key steps taken to perform a
successful particle analysis measurement across auto-SEM-EDS systems (see Figure 1).

Based on this workflow, the two primary considerations to inform aspects of the mea-
surement setup are the bulk material and objective particle properties. This is particularly
relevant for the sample mounting, measurements settings and mineral identification. To
perform mineral identification of the sample, auto-SEM-EDS systems employ a user-defined
reference list of mineral compositions. This needs to be developed based on the material,
and further requires the use of complementary analyses to provide a positive identification
for the major phases present.

In addition to the primary analysis of the sample, the complementary analyses provide
an objective set of information with which to optimise the mineral identification list and
assess the performance of the measurement.
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Figure 1. Generalised workflow describing the key elements required for the analysis of the physico-
chemical and mineralogical characterisation of dust-sized particles using auto-SEM-EDS systems.

Ultimately the study provides a demonstration of the discussed workflow utilising
the FEI QEMSCAN as the auto-SEM-EDS system. However, such a workflow can also be
applied to similar tools such as the FEI Mineral Liberation Analyser, TESCAN TIMA-X
mineral analyser or the ZEISS Mineralogic, thus highlighting its broader applicability across
different instruments.

2.2. Outline of Particle Characteristics Investigated

To address the objective output of the workflow, a description of the key particle
characteristics relevant to particle toxicity and inflammation in the lung was first outlined
(see Table 1). Based on this, sets of rules were then defined to extract mineral grades,
element distributions and both general and mineral specific data from the particle scans. To
provide a quantitative definition for each characteristic, the equations are further described
for the various characteristics as listed in Table 1.
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Table 1. List of the particle characteristics considered in the study and their relevance to various
biological factors related to toxicity and inflammation in the lung.

Characteristics
Investigated

Relevance to Respiratory Toxicity and
Inflammation References

Mineral and
element distributions

Minerals serve as hosts for reactive
elements as well as providing surface
reactive sites potentially producing
harmful bio-reactive compounds.

Elements can also be leached into the
lung fluids where they can

biogeochemically react depending on
their form

[12,13,39]

General particle characteristics

Particle size

Determines the probability of where the
particle may be deposited and

potentially phagocytosed (digestion of
foreign material by defence cells called

macrophages)

[40,41]

Particle roughness and
shape

Surface texture and particle shape have
been found to impact phagocytosis

irrespective of the size and volume of
the particles

[42,43]

Mineral specific characteristics

Liberation and association

Phases which are encapsulated and/or
associated with non-reactive phases

will be rendered inert, thus the degree
to which a phase is liberated will
impact its potential bio-reactivity

[44,45]

2.2.1. Mineral and Element Distributions

To quantify the mineral compositions and element distributions of scanned particles,
the QEMSCAN and similar software-based auto-SEM-EDS initially isolate particles from
the background by utilising differences in the BSE (backscattered electron) brightness.
Following this, each particle is overlayed on a predetermined grid defining the pixel size
and the point spacing where X-ray analysis is conducted. Utilising the collected spectra,
each pixel is assigned a mineral/phase identity based on predetermined criteria, for the
QEMSCAN this is defined as a Species Identification Profile (SIP) list.

To determine both the abundance of the minerals/phases present and elemental
distribution, the user must provide specific detail on the basic characteristics of each min-
eral/phase such as the density and chemical composition (see Supplementary Section S1).

These characteristics are computed in a “primary list” which consolidates multiple SIP
entries into mineral or chemical groupings to which the composition and specific gravity
of each mineral/phase can be assigned. Once assigned, both the mineral mass and the
elemental distributions can be calculated by the software. As the primary list tends to be
extensive, a user-defined “secondary list” is created to further consolidate the minerals into
the most abundant phases and high-level groups constituting the bulk mineralogy.

In the case of the elemental distribution, each element listed is computed by back-
calculating the element chemistry from the mineral formula defined in the primary list,
relative to their respective abundances (see Supplementary Section S1 for detail on the
mineral compositions used). Based on this, the weight percentage of each element is
computed as the sum of the percentage element of interest in each of its host minerals,
multiplied by the respective mass abundance of each host mineral.
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2.2.2. Particle Size

The reporting of particle size is highly dependent on the technique employed, however,
for two-dimensional image analysis of particles the Equivalent Circular Diameter (ECD)—
represented in Equation (1)—is the most widely used parameter [46]. To account for the
resolution at which the scan is set, the area of a given particle is multiplied by the area of a
single pixel. This was done to obtain a more accurate representation of the particle area,
scaled by resolution.

Particle size = 2 ×
√

((n pixels × Area of 1 pixel)/π) (1)

2.2.3. Particle Shape

Currently, studies utilising Computer-Controlled SEM-EDS routines to define the
shape of coal dust particles primarily assess this by quantifying the aspect ratio of the parti-
cle [24,25,47]. While this may give the user an idea of how needle-like or circular a particle
is, a metallurgical-based study using the QEMSCAN proposed a categorisation of particle
shape using the parameters roundness and aspect ratio [37] (further defined in Table 2).
Their analysis showed that by a combination of these two parameters, the resulting data
matrix could be used to define zones of particles with similar shape properties that describe
more than just particle elongation (represented in Table 3). This study demonstrates the
broader applicability of this alternative particle shape description on dust-sized particles.

Table 2. Description of the formula and visual depiction for both aspect ratio and roundness.

Descriptor Description Formula Visual Description

Roundness

The ratio of the
surface area of an

object over the area of
a circle with a

diameter equal to the
maximum diameter
of the object. Scaled
to values between 0

and 1

4×n pixels
π×Long axis2

1 

 

 

  

         

                           

Aspect ratio
(inverse)

The ratio of an
object’s length over

width. The inverse of
such can be taken to

scale the values
between 0 and 1

Short axis
Long axis

 

2 

 

 

  

                                 

Table 3. Shape categories as defined in [37]. Each category represents a zone in the matrix of aspect
ratio and roundness values. Selected false colour images illustrate the different categories.

Shape Category Round Elongate and Smooth Equant Angular Elongate and Angular

 

3 

 

 
  

 

4 

 

 
  

 

5 

 

 
  

 

6 

 

 

  

 

7 

 

 

  
Aspect ratio 0.5–1 0–0.5 0.5–1 0.5–1 0–0.5
Roundness 0.75–1 0.4–0.75 0.4–0.75 0–0.4 0–0.4

2.2.4. Particle Roughness

In addition to the matrix defining shape (based on ranges of aspect ratio and round-
ness), a “diagonal division” of the matrix was suggested to distinguish roughness as a
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textural characteristic over a range of aspect ratios [48]. This division takes the form of
a straight line, representing the shape matrix as a Cartesian plane, where roundness and
aspect ratio are a function of one another.

For the gradient and constants, values were chosen based on a qualitative assessment
of the particle divisions. This resulted in three roughness categories namely, Jagged,
Intermediate and Smooth (Equations (2)–(4), respectively).

Jagged = Roundness > 0.75 × Aspect ratio + 0 (2)

Intermediate = Roundness ≤ 0.75 × Aspect ratio − 0.05 (3)

Smooth = Roundness > 0.75 × Aspect ratio + 0.05 (4)

2.2.5. Mineral Liberation and Association

The liberation of potentially harmful phases from geological materials and their
associations with otherwise inert or soluble phases have been discussed as influential
factors relating to the bioaccessibility of potentially toxic elements from mineral assem-
blages [44,45]. While no study has defined liberation in this biological context, the concept
of mineral liberation is well-established in the field of process mineralogy.

In its classical definition, liberation is defined by the percentage volume occupied
by a mineral of interest (MOI) in the total volume of a particle [49]. For auto-SEM-EDS
systems, liberation is classed by bound ranges in the percentage area of a target phase [50].
By adapting this concept to understand the potential bioreactivity of minerals, based on
their accessibility, this study developed a measure for the degree to which a target phase is
either liberated or encapsulated (further defined in Table 4).

Table 4. Description of the liberation classes defined for this study.

Liberation Classes Percentage Area Range of Target Phase Example of False Colour Particles
(MOI-Quartz)

Liberated % Area MOI ≤ 100 and% Area MOI ≥ 70

 

8 

 

 

  Moderately liberated % Area MOI < 70 and% Area MOI ≥ 40

 

9 

 

 

  Mostly encapsulated % Area MOI < 40 and% Area MOI ≥ 10

 

10 

 

 

  
Fully encapsulated % Area MOI < 10 and% Area MOI ≥ 0

 

11 

 

 

 MOI-mineral of interest, Quartz-pink, Clays-green, Carbonaceous matter-black.

2.3. Instrumentation

For this study, the basic elements of the auto-SEM-EDS system used included: a
QEMSCAN 650F field emission gun-scanning electron microscope (FEG-SEM); two Bruker
ASX XFlash 6 series Energy Dispersive Spectrometers (EDS); and commercial image analysis
and processing software packages.

As auto-SEM-EDS systems may be fitted with different SEMs, it should be noted that
the use of a FEG-SEM over a tungsten filament-SEM greatly improves both the stability
and reproducibility of the delivered electron beam over several hours [51]. As a result,
FEG-SEMs can acquire high-resolution and better-quality BSE scans than their counterparts.

Furthermore, by coupling the SEM hardware with EDS detectors, the software devel-
oped for auto-SEM-EDS systems facilitates the communication between the SEM and EDS
detector, allowing for the high-speed acquisition of X-ray spectra for element identification
from silicon drift detectors [52] (such as the Bruker ASX XFlash 6 series detector).
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In combining the two sets of scan information (BSE and X-ray) as a raster matrix, auto-
SEM-EDS systems are able to develop mineral maps of the scan based on the classification
of the measured spectra to a reference library of synthesised X-ray spectra of minerals and
their expected BSE grey level ranges.

2.4. Measurement Setup
2.4.1. Sample Mounting Methodology

To prepare the material for auto-SEM-EDS analysis, the sample must be mounted
in a material that provides adequate contrast from the sample when imaged on a BSE
(Backscattered electron) greyscale. Unlike more conventional ore/rock preparation methods
using epoxy resin, the BSE contrast between the epoxy and the carbonaceous matter is
nearly identical [53]. Without a significant level of discrimination between the background
and the carbonaceous matter, both the volume of carbonaceous matter and the definition of
particle boundaries may be misidentified or inaccurate. As a result, carnauba wax has been
favoured in the preparation of coal for SEM analysis, due to its low BSE contrast relative to
carbonaceous matter [32,53] (see Figure 2 for an example image of blocks).
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Figure 2. Annotated example of prepared sample blocks containing 25 mm diameter carnauba wax
remounted in 30 mm diameter resin.

In addition to the specific use of wax over epoxy for the mounting coal samples, the
incorporation of graphite particles as a ‘filler’ to separate touching particles cannot be
used for coal as this would affect the estimation of carbonaceous matter. Thus, the sample
preparation is aimed at producing a monolayer of the material.

For this study, 0.2 g of the coal particle samples were cast in 25 mm diameter carnauba
wax moulds that were subsequently recast in epoxy resin to generate 30 mm diameter
blocks (recasting in epoxy was used to provide stability to the sample block). The blocks
were subsequently polished to reveal the surface of the block and smoothen the surface to
a flat and level finish (see Supplementary Section S2 for a full description of the wax block
preparation procedure).

2.4.2. SEM Measurement Conditions

In execution of the measurement, the QEMSCAN was set to run at a beam energy of
15 keV, accelerating current of 9 nA, working distance of 13 mm and 1000 times magni-
fication across all the samples. Prior to analysis, the BSE detector was calibrated on the
quartz, copper, and gold standards. Additionally, the brightness and contrast of the scan
was calibrated against the gold standard and faraday cup. Both calibration steps were
conducted to ensure confidence in the BSE measurement. A further X-ray calibration was
conducted on the copper standard to ensure confidence in the X-ray spectra captured by
the EDS detector.

Apart from the operational setup for the SEM, the software requires the user to define
the scanning and field parameters. For this study, the field of view was divided into areas
sized at 500 µm with a 200 µm overlap (see Figure 3a,b for visual context). With respect to
the scan, a resolution of 0.98 × 0.98 µm pixels with a point spacing of 1 µm was chosen to
aid in the identification of features in the particles, given that they ranged between 25 and
~2 µm (see Figure 3c for visual context of the point spacing).
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Figure 3. Visualisation of the simulated field and scan settings. (a) represents a view of the simulated
block and the fields defined across the block, (b) displays a scaled image of the field sizes relative to a
simulation of the expected particle sizes within a field, and (c) shows a representation of the point
spacing across a given particle where each grid block shows a point where the X-ray spectra will be
analysed.

To ensure that the scan could effectively select particles, both size exclusion criteria
and a “separate touching particles” processor were included to refine the selection of
particles during the measurement. Based on repeat measurement runs (data not shown) it
was determined that defining a minimum limit for the exclusion criteria is important for
dust-sized material. This was observed from measurements which ran with no lower limit
and were subsequently shown to contain a high proportion of single pixel artefacts.

To improve on this, the size exclusion criteria were set in the particle range between
30 and 2.5 µm. Furthermore, as the QEMSCAN cannot confidently determine detailed
information on particles with less than 5 pixels, due to its maximum theoretical pixel
spacing and interaction volume of the electron beam, a post-processing filter removing all
particles less than 5 pixels was used to remove particles which would otherwise produce
pixel-based artefacts. Additionally, a separate post-processing rule was applied to remove
the wax pixels from the scan and further disaggregate touching particles from the process.

2.4.3. Optimising Mineral Identification: Development of Pixel Classifiers

The cornerstone of developing mineral maps for auto-SEM-EDS relies on a combi-
nation of the BSE and X-ray information acquired. For the QEMSCAN this is a result of
a two-stage process. The first stage involves spectral analysis and element identification
from the X-ray data using what is known as the spectral analysis engine [45]. During
the measurement, the EDS detector collects fast and reliable low-count energy spectra for
each pixel, to be used in the classification of minerals. Using this as the raw spectrum,
the spectral analysis engine fits a synthesised X-ray spectrum to the raw spectrum which
allows the software to report the element concentrations of the synthesised spectrum.

In the second stage, a Species Identification Protocol (SIP) list is used to translate the
element concentrations reported by the spectral analysis engine to minerals and compare
the element ranges in mineral compositions to those defined for each pixel. As the EDS
information captured reflects multiple iterations of low count spectra (<1000 photons)
of a single high-count spectrum, statistical variation may occur in the reported element
concentrations [54]. Additionally, element ranges may differ from ideal compositions due
to natural chemical variation in the minerals. Thus, the SIP list displays the composition as
element ranges to account for such variation. To develop a robust and reliable SIP, various
optimisation stages were employed to refine the mineral definitions used in the final maps.

Primarily, the basis of the minerals reported in the SIP originated from the minerals
commonly reported in coal [55]. Compositions for each mineral were extracted from the
built-in reference library and were duplicated for each mineral to create a “simulated” and
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“measured” entry (where the measured entry was manually altered based on the element
ranges observed in the sample). Initially, a drill core sample from a local mine was used
to develop compositional entries for the carbonaceous matter (this was not present in the
reference library) and to adjust the measured entries for quartz and clays, such as kaolinite
and illite (as these comprised ~ 90% of the mineral matter in the drill core analysed).

Figure 4a highlights the classification performance of the generated SIP in distinguish-
ing the carbonaceous matter versus mineral matter in the drill core standard. A coarse
sample of wash product ultrafines (<180 µm in size) was subsequently set in the carnauba
wax to generate compositional ranges to differentiate the wax background from the car-
bonaceous matter (Figure 4c further highlights the classification performance of the SIP
and contrast between background and sample).
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Figure 4. Images of the coal standards prepared to calibrate the initial SIP list. (a) represents the false
colour mineral map of the drill core, below is the corresponding Back Scattered Electron (BSE) image
to assess how the features were captured (b). (c) represents the false colour mineral map of the coarse
particle standard, which was used to distinguish and assess the carbonaceous matter from the wax
and the clays from the quartz, accompanied by the BSE image below (d). Note the greyscale contrast
for both BSE images was changed to aid visual interpretability.

In combination with the mineral composition refinement, the BSE ranges were com-
pared for the main phases (carbonaceous matter, quartz, and clays) and the background to
define another degree of discrimination in cases where element ranges may be similar. This
was particularly evident when analysing the dust-sized samples, as the balance between
composition-based discriminators and the BSE difference between background and sample
played a critical role in the mapping of the sample.
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The drill core and coarse particle standards were again used to extract individual
pixel information of the BSE ranges of the phases mentioned above. In Figure 5a, the BSE
information from 33,307 pixels—extracted from a field image of the drill core (Figure 4a)—
showed a narrow and unimodal BSE distribution range for carbonaceous matter.
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Figure 5. Frequency distribution of the BSE ranges for carbonaceous matter (CM) and wax. (a) shows
the BSE ranges for pixels defined as carbonaceous matter in the drill core standard. (b) shows the
BSE ranges for pixels defined as carbonaceous matter in the coarse particle standard.

To contrast this with the ranges of the wax background, BSE information extracted
from the coarse particle standard (194,615 pixels, based on Figure 5) revealed a slight
overlap in ranges between the carbonaceous matter and wax (Figure 5b). However, the
overlap was considered marginal and by determining the cut-off ranges between the
elements present in carbonaceous matter versus wax, proper discriminations could be
made between the background and the carbonaceous matter.

2.5. Complementary XRF and XRD Data

To assess the accuracy of the measurement two levels of data validation were employed.
In the first level, the major element chemistry measured by the QEMSCAN was compared
against an externally measured major element chemical assay using X-ray fluorescence
spectrometry (XRF). The measurement was conducted by the Central Analytical Facilities,
Stellenbosch University, Stellenbosch, South Africa, using a PANalytical Axios Wavelength
Dispersive spectrometer on homogenised fusion disks. Major elements were analysed
on a fused glass disk using a 2.4 kW Rhodium tube. Matrix effects in the samples were
corrected by applying theoretical alpha factors and measured line overlap factors to the
raw intensities measured with the SuperQ PANalytical software.

Secondly, the mineral abundances quantified by the QEMSCAN measurement were
compared against mineral abundances determined through X-ray diffraction (XRD). The
measurement was conducted by XRD Analytical and Consulting using a Malvern Pana-
lytical Aeris diffractometer with a PiXcel detector and fixed slits with Fe-filtered Co-Kα

radiation. A randomly ordered powder mount of the sample was prepared for analysis
using the back-loading method. From this, the diffraction patterns were measured in the
scan range 5.0000–80.0002◦ of 20 with a step size 0.0217◦ and a count time of 48.195 s per
step. To identify and quantify the crystalline phases from the diffractogram, the Bruker
DIFFRAC.EVA software was used by applying the Rietveld refinement method [56]. The
amount of carbonaceous matter could not be quantified by the diffractogram due to its
amorphous structure. Hence, to determine an estimate of the carbonaceous matter, the
XRD results were normalised to the percentage of mineral matter using (Equation (5))
established in [57].

% mineral matter = %ash(SO3 free) × 100/(100 − (%CO2 + %H2O + %S)) (5)
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In applying this method, the ash content of the coals was determined using the ASTM
D3174-12 methodology for obtaining the ash in coal. Furthermore, the percentages of
CO2, H2O and S in the relevant minerals identified were obtained from the Webmineral
mineralogy database [58].

3. Application and Evaluation of the Auto-SEM-EDS-XRD Protocol: A Case Study
3.1. Sample Description and Preparation

For this study, a sample set of bituminous coals from South Africa, Brazil and Mozam-
bique were used as a case study to obtain a variety of particle populations and particle
characteristics. For context, the description of each sample is represented in Table 5.

Table 5. Description of samples presented in the study, their replicate type and the D50 representing
the median particle size determined from the Malvern Mastersizer 2000.

Sample Name Replicate Type Description D50
(µm)

Br-Dis Single block with duplicate scans Brazilian coal discard 7.70

SA-UF2
Repeat block was made, blocks

represent two separate sampling
batches of the parental coal

South African
ultrafine thickener

underflow
9.53

Br-PyC Single block with duplicate scans
Brazilian coal pyrite
concentrate (waste

product)
10.42

Mz-ROM1 *,†
Repeat block was made, blocks
represent a single batch of the
parental coal sub-samples into

two splits

Mozambican coal run
of mine -

Mz-ROM2 *,†
Mozambican coal run

of mine -

* Coals Mz-ROM1 and Mz-ROM2 are from the same sampling batch but are different split samples; † Coals that
displayed hydrophobic properties, no reading size could be collected.

Upon receipt, the samples were coarse (ranging from 5 cm to 180 µm) and thus
required milling to reduce the particle size to the size range of dust. To achieve this, a
process was developed to reduce the final particle size of the population to approximately
25 µm or less applying methods defined by previous authors [12,59–61] (further described
in Supplementary Section S3).

Although this study acknowledges that applying laboratory-based methods to gener-
ate dust-sized particles may not be representative of real-world coal dust, the practicality
of using dust-sized coal particles was viewed as sufficient to develop critical aspects of
the workflow, namely, the composition classification and size requirements needed to
successfully run the measurement.

To cross-check the relevance of the samples as representative of an inhalable fraction,
the relative proportion of sub-10 µm particles was quantified using the Malvern Mastersizer
2000. In all cases, the particle size reduction methods used produced particle populations
with approximately 50 percent of the final sample containing particles <10 µm in size
(tested on 17 independent coals, data not shown). Reliable Malvern measurements were
not possible to obtain for some of the coal samples due to their natural hydrophobicity,
which impaired the Malvern measurement. Instead, these samples were assumed to follow
the trend of the non-hydrophobic coals as they were prepared using the same methods. All
samples could be classified as dust-sized. Sub-samples of each coal were prepared for the
QEMSCAN analysis using a benchtop rotary sample divider and micro rotary riffle splitter.

To evaluate the performance of the characterisation data reported, a subset of wax
blocks was chosen to assess the representativity between replicate scans and blocks (refer
to Table 5). Based on an analysis of these samples, the relevance of measurement represen-
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tativity is discussed with respect to a validation of the mineralogical and chemical analyses
using the complementary XRD and XRF data.

3.2. Measurement Validation

In assessing the consistency and accuracy of auto-SEM based reports, an understand-
ing of the representativity of the measurement is important in the context of potential
sources of uncertainty. The bulk mineralogy or mineral grades, as reported by QEM-
SCAN, (see Figure 6) represents a baseline for understanding the representativity of the
measurement.
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For the samples analysed, the combination of carbonaceous matter, quartz, clays, and
pyrite accounted for approximately 80–95 percent of the sample by mass%. To assess the
reliability of these reported abundances, the 95% confidence limits were calculated for
each mineral based on the number of points analysed [62] (see Figure 6). Through the
uncertainty assessment, an error of less than 1% mass abundance was reported for all
the phases identified. By assessing the uncertainty related to the mineral grades it was
generally found that when the grades were lower the magnitude of the uncertainty was
higher relative to the value, as displayed in Figure 6.

To provide a means of validating the representativity of measurements, two assess-
ments relating to the mineral abundances and major element chemistry were made. The
first assessment involved comparing the abundance of the major phases between the
QEMSCAN and XRD analyses (see Figure 7).

Based on the comparison reported in Figure 7, a reasonable level of similarity for both
sets of replicate measurements was established (R2 > 0.8 for M1 and 2). Furthermore, by
assessing the mean differences between the two analysis methods per phase, it was found
that measurement 1 (M1) presented a lower percentage difference with respect to the XRD
abundances than measurement 2 (M2). Sample SA-UF2 displayed the greatest disparity
between measurements, with M2 reporting 16, 6, and 4 mass% more carbonaceous matter,
clays, and quartz, respectively, than M1. As the measurements were conducted on two
separate blocks, processed from different preparation batches, it can be assumed that the
variation observed could be attributed to sub-sampling of batches from the starting bulk.
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Figure 7. Parity charts for the main minerals and carbonaceous matter between the QEMSCAN and
XRD analyses. (a–d) show the parity for carbonaceous matter, clays, quartz, and pyrite, respectively,
where the parity for both measurement 1 (M1) and measurement 2 (M2) have been contrasted.

For the performance of measurements 1 and 2 in identifying pyrite, it was observed
that sample Br-PyC showed the greatest disparity between measurements compared to the
other samples (3 mass% difference between measurements 1 and 2). As the measurements
were acquired from the same block, the discrepancies relating to the composition between
scans could be a result of the number of points analysed. Further analysis on the level of
confidence expressed by the number of points counted revealed that for M1 with 35,056
pyrite points an error of ~1 mass% was determined. By contrast, M2 with 9045 points
displayed an error of ~3 mass%. This confirms that the deviation in pyrite content in M2
could be because of sampling-related errors based on the number of points analysed.

Ultimately, based on the comparative deviation between the QEMSCAN and XRD
analyses coupled with an understanding of the source of uncertainty, the measurements
analysed can be considered representative of the bulk sample within 3.6% error by mass on
average.

For the second validation assessment, the major element chemistry back-calculated by
the QEMSCAN using supplied mineral compositions (see Supplementary Section S3), and
a measured chemical assay conducted by XRF analysis were compared. For Al, Si and Fe
(Figure 8a), it was generally found that there was a reasonable level of similarity for both
sets of replicate measurements (R2 > 0.9).
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QEMSCAN and an independently measured chemical assay performed by XRF. (a) shows elements
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3.3. Elemental Distributions

The mean difference reported for Al, Si, and Fe between the two analysis methods
was 0.84, 0.85, and 1.1 wt.%, respectively, for measurement 1 and 0.83, 1.35, 1.29 wt.%,
respectively, for measurement 2. As the differences were found to be less than 2 wt.%, the
compositions were determined to be representative relative to the standard chemistry.

Parity charts for the minor elements Ti and Ca (<1.5 wt%) are shown in Figure 8b.
The Pearson coefficient between the calculated and measured assay for Ti was 0.77 for M1
and 0.54 for M2, suggesting that Ti may not be fully accounted for in the defined mineral
compositions.

The Pearson coefficient for Ca showed a poor indication of agreement with the mea-
sured and calculated assay data. The random nature of the errors further suggests that
the error is neither related to measurement nor identification related errors. As Ca can
be found in multiple minerals, as opposed to Ti (which was accounted for in rutile), the
uncertainty derived from the calculation of Ca may be compounded by the uncertainty of
its host minerals.

Ultimately, the mean deviation in Ca reported between the calculated and measured
assay were found to be 0.56 (±0.28) and 0.65 (±0.29) wt.% on average for M1 and M2,
respectively. In the context of these results, it should be acknowledged that the parities
reported are mostly indicative of the accuracy between major and minor phases, as derived
from the four samples. Ultimately, the mineral and element distributions are optimised to
obtain a general best fit for the major element chemistry. As such, this entails a compromise
between the overall fit and the fit of major and minor phases.

By extracting the contribution of selected elements (Si, Fe and Ca) within each mineral
identified, the elemental deportment amongst host minerals was extracted as a percentage
of the total element content (see Table 6). To obtain a more accurate indication of the element
distributions, the percentages were normalised to the element concentration measured by
XRF. By normalising the data, confidence in the accuracy of the element distributions was
strengthened by utilising the XRF chemistry.

Regarding the distributions of Si, which mainly was reported in quartz and clays, the
Ca and Fe were found to be distributed amongst several host mineral groups (see Table 6
and Supplementary Section S1 for reference on mineral groups and chemical formula). As
the presence of some minerals may be difficult to distinguish based on the nature of how
the mineral identification is performed, XRD analysis was used to positively confirm the
presence of the minerals described. In the case of minerals identified by the QEMSCAN but
present at levels too low to be detected by XRD (chalcopyrite, goethite, hematite, siderite,
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sphalerite, ankerite and apatite), the composition was tightly constrained to the reference
mineral chemistry to ensure confidence in their presence.

Table 6. Representation of the percentage distribution of Si, Fe and Ca between the various minerals
calculated from the QEMSCAN dataset; errors reported are based on the deviation between measure-
ment 1 and 2). The presence of the unmarked minerals was positively confirmed with XRD, while
the remaining minerals classified by the QEMSCAN would have been present below the detection
limit of XRD based on the abundance of each element.

Mean Element Distribution: Si (% in total)

Minerals Br-Dis SA-UF2 BR-PyC Mz-ROM1&2

Clays 61.91 (±0.32) 62.43 (±0.51) 18.11 (±0.11) 4.13 (±0.00)
Quartz 38.09 (±0.32) 37.57 (±0.51) 81.87 (±0.11) 1.53 (±0.00)

Mean Element Distribution: Fe (% in total)

Ankerite 0.02 - - -
Chalcopyrite *,† 0.03 1.27 (±0.03) <0.01 -

Goethite *,† 0.27 (±0.01) 0.36 (±0.01) <0.01 * -
Hematite † 0.49 (±0.01) 8.89 (±0.22) 0.06 (±0.01) -

Jarosite 0.19 - 0.03 -
Pyrite 89.18 (±0.22) 40.15 (±0.17) 79.24 (±0.37) 74.93 (±0.00)

Rhomboclase 5.52 (±0.13) 2.00 (±0.04) 15.75 (±0.19) 3.87 (±0.00)
Siderite † 3.19 (±0.00) 46.14 (±0.02) 0.09 (±0.00) 18.85 (±0.00)

Sphalerite *,† 0.03 (±0.00) 0.30 <0.01 -
Szomolnokite 2.30 1.05 (±0.02) 4.83 (±0.18) 2.31 (±0.00)

Mean Element Distribution: Ca (% in total)

Ankerite † 0.26 - - -
Apatite † 6.33 (±0.02) 0.36 - 0.48
Calcite 85.57 (±0.00) 50.44 (±0.03) 35.85 (±0.17) 87.91 (±0.00)

Dolomite - 0.36 (±0.00) 0.17 4.50 (±0.00)
Gypsum 7.97 (±0.01) 49.02 (±0.03) 64.06 (±0.17) 7.12 (±0.00)

* Trace abundance < 0.01%; † Not confirmed by XRD but below detection limit.

3.4. General Particle Characteristics
3.4.1. Size Distributions

To assess the reliability of the QEMSCAN in providing a consistent analysis of the
particle sizes and their distributions for dust-sized particles, the distribution of particle
sizes was assessed for each sample by determining the cumulative frequency of particles
reporting to size categories (<5, <10, <15, . . . , <25).

The results in Figure 9 indicate that for Br-Dis, and Mz-ROM1&2, the particle size
distributions were nearly the same for both sets of replicate measurements (Figure 9a,d,
respectively). Similarly, the size distributions between blocks 1 and 2 of SA-UF2 were
found to be highly similar, even though the resulting measurements were found to be
compositionally dissimilar (see Figure 9b). Such findings support the notion that for
sample SA-UF, the differences between measurements can be related to the variability
in the sample batches and not measurement-related errors. For sample with Br-PyC, the
particle size distributions were found to differ on average by 5 mass%, resulting in a 1.28 µm
difference in the mean size. This may again be a result of the difference in the number of
particles between measurements.

It was also observed that the particles in Br-Dis and Br-PyC were coarser on average
than the particles in SA-UF2 and Mz-ROM1&2 (see Figure 9). In accordance with this
observation, it was determined that samples SA-UF2 and Mz-ROM1&2 produced a greater
proportion of particles less than 5 µm than samples Br-Dis and Br-PyC. Considering that
the parental coals were crushed, and both SA-UF2 and Mz-ROM1&2 contain appreciable
amounts of carbonaceous matter, it was suggested that a higher abundance of more easily
friable carbonaceous matter may result in a greater proportion of fines. This was tested by
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assessing the mass% of carbonaceous matter in the fine particles (<5 µm class) compared to
the coarser particles (>5 µm) (see Figure 10).
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A high abundance of fines was reported for coals which composed >50 mass% car-
bonaceous matter (51 mass% for SA-UF2 and 74 mass% for Mz-ROM1&2, respectively),
relative to the other samples (mass% fines was 22 and 24%, respectively). Furthermore, a
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significant proportion of these particles were found to compose of carbonaceous matter (61
and 90% for samples SA-UF2 and Mz-ROM1&2, respectively). While it was clear that the
fines mostly comprise carbonaceous matter in Mz-ROM1&2, SA-UF2 displayed appreciable
amounts of clays in the fines (see Figure 10). Considering that the bulk composition of
SA-UF2 comprised of ~36% clays, such observations may suggest that either a portion
of the fines may be composed of clay grains or that there is a strong association of the
carbonaceous matter with the clays.

Between the coals which contained the lowest mass of carbonaceous matter (33 and
10 mass% for Br-PyC and Br-Dis, respectively) a low abundance of fines was reported
(10 mass% for Br-PyC and 3 mass% Br-Dis, respectively). By assessing the composition
of fines, approximately 70% and 33% of the fines were composed of carbonaceous matter
for Br-PyC and Br-Dis, respectively. Considering that Br-Dis contained extremely low
abundances of carbonaceous matter in the bulk (~12 mass%), this may account for the
low proportion of carbonaceous matter in the fines relative to other minerals such as clays
and quartz.

Based on the observations described, the abundance of carbonaceous matter in a
coal may impact its propensity to generate fines. However, samples SA-UF2 and Br-Dis
highlight that when coals are crushed, inherently fine-grained minerals such as clays can
additionally contribute to the proportion of fines. The presence of associations or texture
needs to be considered when assessing the composition as a function of particle size,
since the particle population includes both grains (particles containing a single phase) and
composites (particles containing a mixture of phases).

3.4.2. Shape and Roughness

In this study, the total population of particles per sample was classified using the shape
and roughness categories defined in Sections 2.2.3 and 2.2.4, respectively. The percentage of
particles reporting to each class was subsequently determined for both shape and roughness
(see Tables 7 and 8, respectively).

Table 7. Percentage of particles reporting to each shape class defined as a proportion of the total
population (errors reported are based on the deviation between replicates).

Particle Population: Distributed by Mean% Abundance Reporting to Shape Classes

Particle Classes Br-Dis SA-UF2 Br-PyC Mz-ROM1&2

% Round 0.03 (±0.01) 0.72 (±0.30) 0.18 (±0.05) 0.42 (±0.01)
% Equant 47.26 (±5.08) 70.50 (±4.57) 65.84 (±5.44) 71.74 (±0.77)

% Elongate and smooth 0.02 (±0.00) 0.11 (±0.04) 0.04 (±0.00) 0.13 (±0.00)
% Elongate and

angular 8.27 (±1.37) 8.92 (±1.55) 5.06 (±1.83) 7.72 (±1.34)

% Angular 44.43 (±3.70) 19.78 (±2.76) 28.91 (±3.73) 19.97 (±0.58)
Total% abundance 100 (±0.00) 100 (±0.00) 100 (±0.00) 100 (±0.00)

Table 8. Percentage of particles reporting in each roughness class defined as a proportion of the total
population (errors reported are based on the deviation between replicates).

Particle Population: Distributed by Mean% Abundance of Reporting to Particle Roughness Classes

Roughness Classes Br-Dis SA-UF2 Br-PyC Mz-ROM1&2

% Jagged 83.03 (±5.06) 51.96 (±10.87) 78.46 (±2.43) 54.92 (±1.40)
% Intermediate 12.94 (±3.09) 29.59 (±2.70) 15.97 (±2.61) 29.75 (±0.61)

% Smooth 4.04 (±1.97) 18.45 (±8.16) 5.58 (±0.18) 15.33 (±2.01)
Total% abundance 100 (±0.00) 100 (±0.00) 100 (±0.00) 100 (±0.00)

For particle shape, the results from Table 7 show that most of the particles were re-
ported as equant (roughly box-like or ball-like) or angular across all the samples (mean
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across samples: 64 (±11.34), 28 (±11.58) mass% for equant and angular particles, respec-
tively). This may be a result of the milling processes, which in turn fracture the material to
produce such shapes.

Based on the results on particle roughness in Table 8, the majority of the population
analysed reported to the jagged and intermediate classes, while only a minor percentage
of particles reported smooth (mean abundance across samples 67 (±4.24), 22 (±1.12) and
10 (±3.49) mass%, respectively). Such observations are consistent with the particle shapes
reported as a function of the breakage mechanism involved in the milling process [63,64].

3.5. Mineral Specific Particle Characteristics: Liberation and Association

In addition to determining the bulk mineralogy in the particle population, the QEM-
SCAN software allows users to quantitatively determine the composition of the individual
particles within the population. For this study, the degree to which the main minerals
(clays, quartz, and pyrite) were liberated was assessed by determining the cumulative
liberation yield (CLY) based on the liberation classes defined in Section 2.2.5. Additionally,
95% confidence limits were computed for each class using methods outlined in [65].

Across the samples analysed, the liberation of particles containing clays was found to
vary based on the CLY profiles for each sample (see Figure 11). For Br-Dis, SA-UF2, Br-PyC
and Mz-ROM1, the percent of liberated particles was 64 (±0.33), 46 (±2.42), 3 (±7.65), and
22 (±4.92)%, respectively. This suggests that when some coals are crushed a substantial
portion of the clays may occur as liberated grains, while for others the clays more readily
occur as composites.
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Figure 11. Assessment of the liberation for clay containing particles across the sample analysed using
the cumulative liberation yield, where the uncertainty is expressed as the 95% confidence limits. For
reference, the number of particles containing clays is represented per sample as “n”.

Regarding the liberation of quartz, represented in Figure 12, little variation was
reported across the samples (the percent of liberated quartz was found to be 22 (±2.85),
46 (±8.69), 31 (±4.46), and 43 (±7.61) mass% for samples Br-Dis, SA-UF2, Br-PyC and
Mz-ROM1, respectively). These results indicate that quartz derived from pulverised coal
tends to mostly occur in composite particles.

Furthermore, it was observed that the magnitude of the confidence limits displayed a
dependence based on the number of particles containing quartz. For samples Br-Dis and
Br-PyC, which obtained relatively high particle numbers, the confidence limits displayed
no overlap between liberation classes (see Figure 12a). However, for samples SA-UF2 and
Mz-ROM1, with considerably lower particle numbers, a higher magnitude of error resulted
in an overlap between liberation classes (see Figure 12b).
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Figure 12. Assessment of the liberation for quartz-containing particles across the sample analysed
using the cumulative liberation yield, where the uncertainty is expressed as the 95% confidence
limits. For reference, the number of particles containing quartz is represented per sample as “n”.
(a,b) contrast the impact of high and low particle numbers on uncertainty, respectively.

For samples SA-UF2 and Mz-ROM1 the liberation of particles containing pyrite could
not be reliably determined as the particle numbers were too low (2 and 7 particles, respec-
tively). The results for samples Br-Dis and Br-PyC in Figure 13 show that Br-Dis displayed
a higher proportion of liberated pyrite grains than Br-PyC (13 (±7.32) and 0.44 (±2.03)
mass%, respectively). Even though Br-Dis displays a slightly higher liberation than Br-PyC,
the majority of the particles containing pyrite were still composites.
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Figure 13. Assessment of the liberation for pyrite-containing particles across the sample analysed
using the cumulative liberation yield, where the uncertainty is expressed as the 95% confidence limits.
For reference, the number of particles containing pyrite is represented per sample as “n”.

Mineral associations for the non-liberated fraction as well as the percentage of liber-
ated particles were computed and are presented in Figure 14. The results indicate that the
composite particles containing clays are mostly associated with carbonaceous matter. How-
ever, in some coals, notable associations between the clays and quartz were also observed
(36, 28, and 19% association for Br-Dis, Br-PyC, and Mz-ROM1, respectively). Additionally,
for Br-PyC, minor associations of the clays with pyrite and sulfates were reported (~7%
association for both minerals).
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Figure 14. Representation of the particle liberation and association grouped by clays, pyrite, and
quartz-containing particles. The liberated fraction described grains of either clays, quartz, or pyrite,
whereas the associations depict the proportion of boundary minerals/carbonaceous matter associated
with unliberated grains in each mineral group.

Particles containing pyrite were mostly associated with carbonaceous matter, as well
as sulfates. The latter association was particularly significant in the case of Br-PyC (67%
association) but was found to vary across the samples (19, 10, 3% association for Br-Dis,
Mz-ROM1 and SA-UF2, respectively). As pyrite can readily oxidise to sulfates in the
presence of oxygen and water, such an association may allude to the state of weathering
the mineral has undergone. Apart from sulfates, the pyrite-containing composites showed
minor associations with additional minerals such as quartz, clays, and siderite in Br-Dis
(10, 17 and 2% association, respectively) and clays, other sulfides, and siderite in SA-UF2
(9, 9 and 3% association, respectively).

Concerning the associations with quartz composites, carbonaceous matter was deter-
mined to be the predominantly associated phase with quartz across the samples. This was
with the exception of sample Br-Dis, which showed only 36% association of carbonaceous
matter with quartz. For this sample, the quartz was strongly associated with clays (60%
association) in comparison to the other samples where this association was only weak (14,
19 and 25% association for Br-PyC, Mz-ROM1 and SA-UF2, respectively). Additionally, it
was found that the quartz displayed minor associations with pyrite and sulfates for Br-PyC
(5 and 10% association, respectively).

3.6. Limitations and Broader Implications of the Dataset

Through this study, an auto-SEM-EDS-XRD protocol was developed for the particle
analysis of coal dust using the dust-sized coal particles. By applying laboratory-based
methods to generate dust-sized particles, this study recognises that the particles analysed
may not be representative of real-world coal dust. However, the analysis of dust-sized coal
particles in the absence of real-world dust provided a practical means with which to develop
the protocol to suit both the composition classification and size requirements needed to
successfully run the measurement. Thus, despite such a limitation, the applicability of the
protocol renders itself useful to real-world samples and the analysis of several coals which
can be used to develop large datasets of particle information as a prerequisite for future
biological testing of the material.

Through recent research, it has been demonstrated that geoanthropogenic activities
at collieries can produce variation in the characteristics of coal dust [30,47]. The results
of this study have indicated that the amount of carbonaceous matter—and in some cases
clays—may influence the proportion of fines produced when coal is crushed. Furthermore,
it was proposed that the breakage induced by crushing and milling coal produces particles
that are mainly equant and angular. Ultimately, these properties could have significant
implications in terms of potential health risks post-exposure.
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In the context of developing a nuanced understanding of bio-accessibility, auto-SEM-
EDS systems such as the QEMSCAN provide a quantitative measurement for mineral
liberation and associations. As mineral associations have been found to impact the way cer-
tain reactive minerals behave in biological systems, the quantification of such information
may prove useful in the interpretation of dose–response testing. Similarly, information of
the element distributions within host minerals provides a more nuanced understanding of
the bio-accessibility of potentially harmful elements than a standard chemical assay.

Despite these advantages and opportunities, the QEMSCAN system (or any equivalent
platform) requires a substantial initial time investment to set up a robust SIP list, as well
as repeated scans to optimise field and scan parameters to the size range of dust particles.
Additionally, the data need to be validated to understand whether the measurement is
representative of the bulk sample, and if sufficient particles were analysed to obtain the
level of accuracy needed for the application.

As a result, it is recommended that an auto-SEM-EDS-based protocol should include
the collection of independently analysed mineralogical (e.g., QXRD) and elemental data
(supporting chemistry datasets). Recent work aimed at understanding the uncertainties in
quantitative mineralogy from auto-SEM-EDS analyses demonstrated the effectiveness of
bootstrap resampling methods to determine uncertainties in the reported data [66].

Ultimately, such exercises should be considered essential components of a dust char-
acterisation routine, as such datasets can form critical primary information for decision-
making. While the accuracy of the measurement can be verified based on its mineral grades
and element composition, it should be recognised that the auto-SEM-EDS scans generated
from polished blocks generate cross-sectional images of the particles. This entails that the
results obtained for general physical characteristics such as particle size will not be com-
parable with other methods which have a fundamental difference in the way the particle
image is acquired [67]. As such, the particle information extracted from auto-SEM-EDS
should be carefully considered for its intended application and should be compared against
complementary datasets, where possible, to ensure a robust analysis.

4. Conclusions

Previous studies, utilising auto-SEM-EDS systems to characterise coal dust particu-
lates, have mainly focused on determining mineral compositions and establishing size
distributions for a population of particles. While such information can be considered
as baseline characteristics to establish an understanding of the potential risk associated
with the dust, the auto-SEM-EDS protocol developed in this study targets a much wider
range and provides a quantitative definition of particle properties—such as host mineral
chemistry represented as element deportment, particle shape, and mineral liberation and
association data.

Considering that toxicological studies have found direct and indirect relationships
between these characteristics and respiratory damage, the ability to characterise a wide
array of particle-related properties has significance for both assessment and management of
coal dust related health risks and as prerequisite information for further biological testing.

Through an applied demonstration of the protocol, data reports from repeat measure-
ments were rigorously validated. Based on an assessment of the sources of uncertainty, it
was determined that errors in the protocol may arise from sampling-related uncertainty
determined by the number of particles analysed. Ultimately, the results presented show the
use of the developed protocol to effectively determine both general and mineral specific
particle characteristics from auto-SEM-EDS systems similar to the QEMSCAN, highlighting
how such tool can be utilised for the reliable analysis of dust-sized coal.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/resources11120114/s1, Supplementary Section S1: Mineral and
carbonaceous matter formulae used in study [58,68,69]; Supplementary Section S2: Wax block prepa-
ration: general casting methodology; Supplementary Section S3: Particle breakdown methods;
Supplementary Section S4: Ash methodology and Supplementary Section S5: XRF analysis informa-
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tion; Sheet 1: Mineral distributions, Sheet 2: CM estimation for XRD analysis, Sheet 3: Liberation and
confidence intervals.
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