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Complex Aerosol Characterization
by Scanning Electron Microscopy
Coupled with Energy Dispersive
X-ray Spectroscopy

Anders Brostrem'-2, Kirsten I. Kling'®, Karin S. Hougaard? & Kristian Mglhave!™

Particulate matter (PM) air pollution is a central concern for public health. Current legislation relies on
a mass concentration basis, despite broad acceptance that mass alone is insufficient to capture the
complexity and toxicity of airborne PM, calling for additional and more comprehensive measurement
techniques. We study to what extent scanning electron microscopy coupled with energy dispersive
X-ray spectroscopy (SEM/EDS) can be applied for physicochemical characterization of complex
aerosols, and investigate its potential for separating particle properties on a single particle basis,
even for nanosized particles. SEM/EDS analysis is performed on impactor samples of laboratory
generated aerosols, consisting of either NaCl, Halloysite fibers, soot-like Printex90 agglomerates,

or their combination. The analysis is automated and performed as EDS maps, covering a statistically
relevant number of particles, with analysis times of approximately one hour/sample. Derived size
distributions are compared to scanning mobility particle sizer (SMPS) and electric low-pressure
impactor (ELPI) results. A method is presented to estimate airborne number concentrations and size
distributions directly from SEM results, within a factor 10 of SMPS and ELPI outcomes. A classification
scheme is developed based on elemental composition, providing class-specific information with
individual particle statistics on shape, size, and mixing state. This can identify primary particles for
source apportionment and enables easy distinction between fibrous and dense particle classes, e.g. for
targeted risk assessments. Overall, the SEM/EDS analysis provides a more detailed physicochemical
characterization of PM than online measurements, e.g. SMPS and ELPI. The method has the potential
to improve assessments of PM exposure and risk, and facilitates source identification, even without
prior knowledge at sampling.

Particulate matter (PM) is present in both ambient and occupational settings and constitutes a major public
health concern. Epidemiological and toxicological studies have linked inhalation of PM to a broad spectrum of
acute and chronic health effects, among others in the cardiovascular, respiratory and immune systems as well as
to cancer and reproductive effects'. Not surprisingly, PM exposure is recognized as a major contributor to the
global burden of disease>®. Globally, exposure to outdoor PM, ; was estimated to account for 4.2 million deaths
and 103.1 million disability-adjusted life-years in 2015’

Despite the well-known problem of PM pollution, the related exposure and risk assessments are exceptionally
challenging, due to the complex nature of air pollution particles. The overall number concentration can vary from
thousands to millions per cubic centimeter, while each individual particle can vary in shape, composition, mixing
state, and orders of magnitude in size. Additionally, particles are in constant equilibrium with their surroundings.
Therefore the physicochemical properties of individual particles will change throughout their airborne lifetime.

Current exposure limits and guidelines are mass based. In ambient environments PM is regulated by mass
concentrations of particles with aerodynamic diameters below 2.5 and 10 um (PM, ; and PM,, respectively).
In the occupational setting, exposure limits for mass concentrations are set for inhalable and respirable particle
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fractions, with lower exposure limits for specific particles with known adverse health effects. In the past, mass
has proven a useful and simple dose metric in the association of PM exposure relative to adverse health effects.
However, mass fails as dose metric for aerosols dominated by small particles, since these do not contribute sig-
nificantly to the overall mass"$, though they can still contribute to toxicity due to their high surface area to
volume ratio’. The mass metric paradigm also comes up short for insoluble high aspect ratio fibers and highly
reactive particles®'%, as such particle characteristics may be associated with substantial risks even at low PM
mass exposure. Oppositely, risk may be overestimated for exposures dominated by harmless particles e.g. soluble
salts'>. It is therefore broadly accepted that mass is not the ideal metric for risk assessments'®. This brings a need
for additional descriptive measures. Particle surface area and reactivity, shape, size, number, composition, and
mixing state are among the most important properties'>!>!718, but none of these particle properties are adequate
descriptors on their own and probably a combination of metrics are needed'”'®. This highlights the importance
of detailed physicochemical characterization of particle populations to supply the most relevant dose metrics for
risk assessments and to help identify aerosol sources for preventive measures.

Particle size distributions (PSD) can be measured with high time resolution by a wide range of commer-
cially available instruments, including the Electric Low Pressure Impactors (ELPI), Diffusion Chargers (DC),
Scanning Mobility Particle Sizers (SMPS), Condensation Particle Counters (CPC), and Optical Particles Sizers
(OPS). These instruments are crucial for visualizing the evolution of particle populations during work processes
or during ambient conditions. However, none of these give information on particle surface area, reactivity, shape,
composition, or mixing state. There are instruments available that can measure chemical composition at a high
time resolution; for example the Aerosol Mass Spectrometer (AMS), though it is primarily used in atmospheric
studies, since it is difficult to transport and needs careful calibration'®-?'. Furthermore, the AMS cannot give
information on particle morphology or mixing state, as it measures size by time of flight (TOF), and chemical
composition in the form of particle ensemble integrated mass to charge ratio spectra (m/z)"°. A combination of
several measurement techniques are therefore needed when characterizing complex aerosols, in order to over-
come their individual shortcomings.

SEM/EDS analysis of impactor-collected samples has the potential to bring many of the relevant parameters
on a single particle level, including size, number, shape, elemental composition, and mixing state as well as esti-
mates on surface area?-°. Furthermore, aerosol particles can be sampled directly onto SEM appropriate surfaces
with small portable impactors. Such samples can then be stored and transported to the microscope for analysis,
making it suitable for workplace measurements. The method has been demonstrated and applied in atmospheric
research to study the influence of particles on climate and weather?’-*. Here it was also proven a useful tool for
source identification, as it was capable of distinguishing soot from mineral dust, sea spray salts, and fly ash in
atmospheric settings®**>. However, the method is to date not well established in indoor environments, workplace
settings, or for particle sizes approaching the nano range, where it is primarily used qualitatively.

In this paper we explore the potential to evolve and improve the quality of SEM/EDS measurements for relia-
ble quantification of aerosols. We evaluate how SEM/EDS can be applied in detailed physicochemical characteri-
zation to give particle properties of relevance for toxicity and source identification. We furthermore study to what
extent SEM/EDS allows for automatic identification and separation of these properties on a single particle basis
when analyzing complex aerosols, enabling a much more detailed characterization compared to other established
aerosol instruments.

To do so, we demonstrate the characterization of aerosols consisting of several particle types, using SMPS,
ELPI, and SEM/EDS analysis of samples collected by impaction, building on our previous work?®. Four closed
chamber experiments were conducted, where four different aerosols consisting of NaCl, carbon black (Printex90),
Halloysite fibers, and a mixture of the three were dispersed, sampled, and analyzed to create aerosol samples
that would model a very complex workplace exposure scenario. The PSD measured by SMPS, ELPI, and SEM/
EDS analysis were compared, demonstrating that SEM/EDS analysis can indeed provide important and detailed
information on e.g. shape characteristics, composition, and mixing state on single particle basis. Finally the possi-
bilities and limitations in the use of impaction based SEM/EDS are discussed relative to the provided information.

Methods

Aerosols and choice of PM.  The three types of particles were chosen as they possess significantly different
physicochemical properties, each representing a unique class of real-life particles. The variation in properties also
challenge the capabilities of the SMPS, ELPI, and SEM/EDS analysis.

The NaCl aerosol was generated by atomization (and subsequent drying) of a solution containing 1.0 g NaCl
(purity >99.0%, Sigma-Aldrich, USA) in 500 ml nanopure water, to give particles in the size range 40-150 nm.
NaCl particles were chosen as they are abundantly present in ambient air samples. Furthermore, all alkali halides
are known electron beam sensitive compounds®~*. This poses a challenge when performing SEM/EDS analysis,
where the elemental composition, shape, and size of individual particles may change during measurements. These
effects can be minimized by using relatively short EDS map dwelltimes, as shown in previous work*.

The Halloysite aerosol was generated with a brush generator, aerosolizing a Halloysite powder (Dragonite
HP™, Applied Minerals Inc., New York, US; CAS: 1332-58-7). Halloysites were chosen due to their fibrous shape,
which can cause adverse health effects in humans, making a reliable quantification of high importance!®*!-%,
Halloysites are naturally-occurring hollow aluminosilicate clay mineral fibers (Al,Si,05(OH),. nH,O) with a den-
sity of 2.54 g/cm?, widths of 20-150 nm, and lengths ranging from 0.05 to 1.5 um, resulting in aspect ratios (AR) of
5-10**. The fibrous shape can be an issue for the SMPS and ELPI instruments, since the charge distribution, and
aerodynamic behavior of fibers can be very different from that of spheres*~*%. The aerodynamic diameter of fibers
is typically governed by their width, while their electric mobility is also influenced by their length?. Therefore a
significant difference was expected between PSD of electric mobility diameter (SMPS) compared to aerodynamic
diameter (ELPI)*.
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Figure 1. Schematic overview of the experimental setup. The HEPA filter inlet was left open to the room, in
order to equilibrate the pressure as instruments pulled air from the chamber.

The Printex90 aerosol was generated by aerosolizing a carbon black Printex90 powder (Orion Engineered
Carbons, Frankfurt, Germany, CAS# 1333-86-4), also using the brush generator. Printex90 was included as a
model for diesel exhaust particles and soot, making it a highly relevant compound to study. The Printex90 used
in this study consists of carbon based spherical particles with a reported density of 2.1 g/cm? and diameters of
approximately 14 nm, which has been shown to form agglomerates ranging from <100 nm to micrometer sizes™.
The Printex90 particles will challenge the SEM/EDS analysis because of their small size and the limited contrast of
carbon in SEM images but also due to the pure carbon composition, which is similar to the carbon based Formvar
substrate of the TEM grids.

Experimental setup. A set of batch experiments were conducted where each of the four aerosols were
generated in a closed 0.5 m? Plexiglas chamber. The Plexiglas chamber was installed with 3 inlets and 3 out-
lets. Polyvinyl chloride (Tygon TM) tubing (ID =4.8 mm) was used for all connections, and was kept as short
as possible, 30-50 cm, to minimize electrostatic losses'. One outlet was connected to a SMPS, consisting of a
Classifier 3082, Neutralizer 3088, DMA 3081, and a CPC 3776 (TSI Inc., USA). The SMPS was operated in low
flow mode (0.31/min) with an aerosol to sheath flow ratio of 1:10, detecting particles in the size range 17.5-
532.8 nm. Another outlet was connected to an ELPI (Dekati Ltd, Finland). The ELPI requires a flowrate of 101/
min, so air sampled from the chamber was diluted with HEPA filtered room air from an air pump, using a dilu-
tion ratio of 1:10. The final outlet was used to collect aerosol particles for SEM/EDS analysis, using a three stage
cascade impactor (MINI). The three stages have cut-off diameters (D) of 1.36, 0.59, and 0.073 um, respectively.
The first impactor stage was smeared with impactor grease (Dekati Ltd, Finland) to remove large particles and
ensure minimal bounce to lower stages. The second stage was equipped with a Nickel disc, as the substrate of the
TEM grids were found to break upon impaction of the larger particles®®. The final MINI stage was installed with
commercially available 400 mesh nickel TEM grids coated with a 25-50/1 nm Formvar/Carbon film (Electron
Microscopy Sciences (EMS), USA). All impactor samples were collected with a sampling time of 5seconds. A
schematic overview of the experimental setup is shown in Fig. 1.

Constant atmospheric pressure in the chamber was ensured by connecting a HEPA filter at one of the inlets.
Another inlet was connected to a constant output atomizer model 3076 (TSI, USA), which was operated at a back
pressure of 2 bar. The atomizer produced the NaCl aerosol, which passed through two diffusion dryers model
3062-NC (TSI, USA) installed with freshly dried silica gel before reaching the Plexiglas chamber. The final inlet
was connected to a PALAS Brush Generator (RBG 1000, Karlsruhe, Germany), which was operated at 1200 rpm
with a feedrate of 110 mm/h and a backpressure of 1 bar, resulting in a flowrate of 2.8 m*/h. The brush generator
was loaded with either Halloysite powder, Printex90 powder, or with a mixture of the two. The brush generator
consists of a piston that can be raised, feeding the loaded powder into a rotating steel brush, which carries small
amounts of the powder into a flow of pressurized air, hence aerosolizing the powder.

The experiments were performed as batch experiments, where aerosol production with the atomizer, brush
generator, or both was limited to short bursts. This generated high particle number concentrations, which slowly
decreased over time. At several different concentrations for each aerosol, impactor samples were collected for
analysis by SEM/EDS. The chamber was vented between experiments for approximately an hour until particle
number concentrations dropped to levels near the initial background concentration, to ensure minimal cross
contamination between experiments.

Electron microscopy. The sampled TEM grids and nickel plates were analyzed in high vacuum mode with
an Everhart-Thornley Secondary Electron (SE) detector in a Nova NanoSEM 600 (Thermo Fisher Scientific (for-
mer FEI), The Netherlands). All samples were analyzed at 10 keV, using an aperture size of 50 um and a spot
number of 3.5 with a 0.16 nA probe current. An XFlash FlatQuad (Bruker Nano, Germany) EDS detector was
used to measure the elemental composition of particles by mapping the entire imaged area as detailed in our
previous work*’. Maps from the second stage of the impactor were acquired with a pixel dwelltime of 256 s with
acquisition times of approximately 4 minutes, while maps from the third stage were acquired with 128 ps dwell-
time resulting in roughly 8 minutes/map, due to a larger image size. The EDS analysis was only performed on the
complex impactor samples, while SE imaging was used for analysis of all samples containing a single primary
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Figure 2. Total number concentration (top) and size distribution (bottom) time series plots measured by
ELPI over the course of all aerosol experiments. Gray areas on the top plot indicate experiment periods, with
the studied aerosol specified at the top of the plot, while the white areas indicate times where the chamber was
flushed with clean air. Dotted vertical lines indicate collection of the impactor samples studied in detail, while
the dashed vertical lines indicate particle production from the brush generator or atomizer.

particle type. To give a representative sample description, all impactor samples were analyzed by acquiring a series
of images or maps in a straight line going through the center of impaction, according to the method described by
Brostrem et al.*. Previously the imaging routine was only verified for the 3 impactor stage, but as we observed
similar deposition patterns on the 2™ stage in this work, we chose to apply the method here as well. A fresh TEM
grid and Ni disc were also investigated to ensure no particles were recognized on clean samples. Images of the
clean samples are presented in Fig. 1 in the Supplementary Material. Here it was found that particles with an
equivalent circular diameter below 400 nm could not be distinguished on the rough surface of the Ni disc, while
the TEM grids allowed detection of particles down to ca. 20 nm.

The ESPRIT 2 software (Bruker Nano, Germany) was used for analysis of all map data, while a custom python
3.6 code with the openCV package®?, was used to analyze SE images (available on request). All maps and images
were segmented with a manually set global threshold, to distinguish particles from the substrate. Particles touch-
ing the edge of the frame were excluded from the analysis. The area (A), perimeter (P), length (L), and width (W)
were determined for each individual particle. The length and width were determined by fitting the smallest freely
rotating box around each particle, with the longest dimension taken as the length, and the shortest taken as the
width. From these measures the equivalent circular diameter (D= 2V/(A/T)), aspect ratio (AR =L/W), and cir-
cularity (Ci=4mA/P?) were calculated. In the remainder of this work, all SEM particle sizes are reported as D,
For EDS analysis, the spectra from each pixel within the contour of a single recognized particle were summed
and analyzed as one spectrum. The bremsstrahlung X-ray contribution was accounted for using the SEM fitting
option in ESPRIT with relevant fitting areas identified automatically. The Cliff-Lorimer quantification model was
used for quantification, as it ignores most matrix interactions and is therefore suited for thin electron transparent
samples*1°35¢ Maps acquired on the Ni disc samples were quantified with the standardless P/B-ZAF method,
as matrix interactions could no longer be ignored.

Results and Discussion

An overview of the experimental process is provided by the time series plot of the size distributions and total
number concentrations measured by ELPI throughout all aerosol experiments in Fig. 2. A similar plot of data
from the SMPS is presented in Fig. 2 in the Supplementary Material.

Size distribution comparison. A summary of findings from SEM analysis of each aerosol impactor sample
is provided in Table 1, along with mean total number concentrations measured by the ELPI and SMPS.

Typical SE images before and after segmentation from both stages of the four aerosol samples are shown in
Figs. 3 and 4 in the Supplementary Material. The recognized particles were binned according to their D, using
the size bins of the ELPI. Particle number densities for each size bin and each sample were determined by nor-
malizing particle counts with the total imaged area. This allows comparison between number densities found on
the same stage for different samples. However, a comparison between the two stages cannot be made directly, as
the particle sizes and impact area on the 2°¢ stage are significantly larger than those of the 3" stage, giving little
overlap in the PSD as shown in Fig. 3. Finally, the particle count in each bin was divided by the ELPI bin width to
give number densities in the form dNgg,,/dlogDp.

For comparison with SMPS and ELPI measurements the average size distribution was determined from
scans covering 3 min before to 3 min after impactor sampling. To ease comparison between all size distributions,
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Resolution, | Imaged Area, Coverage,

Aerosol Stage, # | Niyg # | nm/px um? Ny, # | pmy/pmy, 2 Ngmps» €m~> | Ngrpp cm™

2 — — — — — 5.2-10° 6.5-10°
NaCl

3 25 7.3 4823 4594 | 0.020

2 10 33.2 30854 241 0.016 3.1-10° 3.8-10°
Halloysite

3 19 5.5 1630 3731 | 0.026

2 12 33.2 37025 210 0.031 3.8-10° 4.7-10°
Printex90

3 19 5.5 1630 3383 | 0.030

2 11 57.1 34030 498 0.048 1.5-10* 9.8-10°
Complex

3 12 7.3 2315 5797 |0.033

Table 1. A table showing the number of images (Nj,,,), image resolution, total imaged area in um? total
number of recognized particles from both impactor stages for each of the sampled aerosols (N,,) and the

particle coverage on each grid, determined from total area covered by particles divided with the total imaged
area (Coverage). Additionally the average total number concentrations measured by the SMPS and ELPI from

3 min before to 3 min after impactor collection are also reported (these were the same for all 2" and 3™ stage
samples of the same aerosol). No impaction spot was observed on the second stage of the pure NaCl sample, and
therefore an image series of this stage was not acquired.

results were converted to the same size scale. Therefore, the SMPS size distributions were resized using the ELPI
size bins, before converting to dN/dlogDp (the data before conversion is shown in Fig. 5 in the Supplementary
Material). The ELPI binned PSDs for each aerosol obtained by SMPS, ELPI, and from SEM analysis of the 27 and
3 MINI stages are presented in Fig. 3. It should however be noted, that the equivalent diameters reported by the
three methods may not be directly comparable, and could lead to some of the observed biases.

NaCl particles are compact cubes, meaning that the equivalent diameters reported by the ELPI and SMPS
should be in good agreement with SEM results. This fits well with our observations, where all instruments found
one mode centered at the 96-156 nm bin. The reported sizes are consistent with the approximately 100 nm sizes
expected from atomizing a solution of NaCl*. The modes determined by SMPS and ELPI are slightly broader
towards the smaller sizes compared to the SEM mode, but this is expected as the mode spans below the 3¢ stage
Ds, at 73 nm, from where a decreasing particle fraction is collected. No particles were observed on the 2™ impac-
tor stage, which primarily collects particles larger than 590 nm, consistent with the SMPS and ELPI results.

For the Halloysite aerosol, the SMPS shows a main mode near its upper detection limit at 256-382 nm as well
as a much smaller mode near its lower detection limit. Here it should be mentioned that the SMPS size range
stops at 532.8 nm. An artificial number reduction can therefore occur in the 382-604 nm bin, which is only par-
tially within the SMPS size range, compared to the fully resolved 256-382 nm bin. Taking this into account, the
main SMPS mode is consistent with the ELPI measurements. The ELPI covers a broader size range, showing a
mode centered at the 604-949 nm size bin. The ELPI also detects an additional smaller mode at the 31-55nm bin.
This smaller ELPI mode could be linked to the SMPS mode at the lower detection limit, with the size offset result-
ing from differences in their reported equivalent diameters. An overall good agreement is found between the
SMPS and ELPI PSDs despite anticipated discrepancies, as the electrical mobility of fibrous particles is influenced
by their length whereas the aerodynamic behavior is more associated with their width*. The agreement between
the methods could result from fibers gathering in bundles with shapes close to that of large spheres. This was sup-
ported when investigating the 2" stage impactor sample, shown in Fig. 3 in the Supplementary Material. The PSD
from the SEM analysis of the 2°¢ Halloysite stage showed one mode, peaking across two bins from 382-949 nm,
which fits very well with the SMPS and ELPI results. However, the 3 stage PSD shows a single mode peaking at
the 55-96 nm bin, which is at a concentration minimum of the SMPS and ELPI distributions.

The Printex90 aerosol shows a PSD almost identical to that of the Halloysite aerosol for the SMPS and ELPL
Again the SMPS shows a mode not fully resolved at its upper size limit as well as an indication of a smaller mode
at its lower size limit. The highest ELPI concentration is at the 604-949 nm size bin, with a smaller mode at the
31-55nm bin. Since the primary particle size of the Printex90 powder is approximately 14 nm, the 604-949 nm
particles must be agglomerates consisting of thousands of primary spheres. Agglomerates have been reported in
previous studies of Printex90, but at significantly smaller sizes of 30-200 nm*®, though different aerosolizing tech-
niques were applied. It is possible that the brush generator acts as a soft aerosolizing method, producing very large
and loosely agglomerated particles. The SEM analysis of the 2" Printex90 stage shows the highest number density
at the 2470-3660 nm bin, which is much larger than the ELPI peak concentration. However, when inspecting the
SEM images, exemplified in Figs. 3 and 4 in the Supplementary Material, it is seen that many of the detected par-
ticles consist of overlapping micrometer-sized particles. These could have been airborne as individual particles,
and have formed via co-deposition. The 3™ stage of the Printex90 sample shows a single mode, almost identical
to that of the Halloysite 3™ stage, with the peak density at the 55-96 nm bin. Again this is in poor agreement with
the size distributions measured by SMPS and ELPI, which both display concentration minima in the 55-96 bin.

The complex aerosol should ideally be a mixture of the above, resembling a combination of all three size
distributions, assuming no agglomeration while airborne. The complex SMPS PSD displays a single mode at
the 55-96 nm bin, which is slightly below the mode observed for the pure NaCl aerosol. Sizes larger than the
55-96 nm mode show an elevated number concentration compared to the pure NaCl aerosol. This indicates the
presence of larger particles, consistent with the pure Halloysite and Printex90 aerosols. The broader size range
of the ELPI shows three modes centered at 31-55, 96-156 and 604-949 nm. The mode near 100 nm is consistent
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Figure 3. Particle size distributions of the four aerosols: NaCl (red), Halloysite (cyan), Printex90 (magenta),
and complex (green), determined by SMPS (top row), ELPI (second row), and SEM analysis of the 2™ (third
row) and 3™ (bottom row) MINI stage samples. Vertical dotted lines represent the relevant Ds, cut-offs for
the MINT stages, corresponding to 1.36, 0.59, or 0.073 um. The 2" stage should therefore collect particles
with sizes from 0.59-1.36 um, while the 3™ stage should collect particles from 0.073-0.59 um. Grey-shaded
areas are beyond the detection limit of the method, which for SMPS is from 16-533 nm, and for SEM/EDS
was determined based on measurements of the clean TEM grid and Ni disc. It should be noted that the
y-axis concentrations are not scaled between plots, and that SMPS and ELPI data are presented as number
concentrations (cm~3), while SEM data is presented as number densities (um~2) with uncertainties determined
from counting statistics as v/'N. SMPS and ELPI uncertainties are determined from standard deviations of
the averaged runs, covering the period from 3 minutes before to 3 minutes after impactor collection. Finally,
it should be noted that the diameters from each method may not be directly comparable as the SMPS reports
electrical mobility diameters, the ELPI reports aerodynamic diameters, while the SEM results are given in
equivalent circular diameters.

with the mode observed for the pure NaCl aerosol, while the 31-55 and 604-949 nm modes fit well with the pure
Halloysite and Printex90 measurements. As such, the complex aerosol measured by SMPS and ELPI resembles a
mixture of the three primary size distributions, but without prior knowledge it would not be possible to distin-
guish between particle types. The 2" stage of the complex aerosol shows a peak concentration at the 604-949 nm
bin, which fits well with the ELPI observations. The 3™ stage size distribution displays a single mode at 55-96 nm,
similar to the 3 stage Printex90 and Halloysite samples. This fits well with the SMPS measurements, while it is
in between the two lowest ELPI modes. Intriguingly, the correlation between the ELPI, SMPS, and SEM size dis-
tributions is better for the complex aerosol compared to the measurements of the pure Printex90 and Halloysite
aerosols.

It should be noted that some of the TEM grid squares broke upon particle impaction, with a total of 3, 1, 4, and
4 broken squares for the NaCl, Halloysite, Printex90, and complex samples respectively (see overview images in
Fig. 6 in the Supplementary Material). It was therefore not possible to pass the line of images needed for analysis
directly through the impact center for all of the imaged areas®. This is also seen in Fig. 6 in the Supplementary
Material, where an estimated orifice position and the imaged areas are indicated. This could reduce the rep-
resentation of particles near the upper collection limit for the 3 stage (590 nm), as these typically impact near the
center of impaction®’. However, as this would not produce any particles in the 55-96 nm range, it does not explain
the poor correlation between the 3™ stage size distribution and those determined by SMPS and ELPL

To further investigate the large discrepancies between the real time and SEM measurements, the images from
the pure Printex90 and Halloysite aerosols were carefully reviewed. Here it was noted, that the deposition patterns
on the 3" stage were not homogeneous. Instead they displayed several small areas with dense particle popula-
tions, as marked by red circles in Fig. 4. This pattern was especially prominent near the center of impaction, and
was most obvious on the Printex90 sample. These patterns strongly indicate that larger particles impacted onto
the substrate and either shattered upon impaction or bounced off the substrate, leaving smaller residual particles
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Figure 4. SE images showing examples of inhomogeneous particle densities on the 3" stage of the Halloysite
(left) and Printex90 (right) impactor samples. Areas with number densities significantly higher than the
surroundings have been circled in red dashed lines.

behind, as has also been reported in the literature®®-¢2. The same process may have occurred on the 2™ impactor
stage, but here it was not visible due to the rough surface of the Ni disc. It would however have decreased the
number of large particles and significantly increased the number of smaller particles, which could be transported
onwards to the 3" stage. This offers a viable explanation for the large discrepancies between the real time and SEM
size distributions.

The pure NaCl sample did not display the same impact patterns, indicating that the NaCl aggregates/crystals
did not break upon impact. Aerosol samples collected via impaction should therefore be carefully inspected for
non-homogeneous deposition patterns, i.e. small areas with dense particle population. Such areas could indicate
agglomerate fracturing, artificially increasing the number density of smaller compared to larger particles. Ideally,
impaction should not be used to collect aerosols containing large agglomerates, where alternative and softer sam-
pling methods are needed instead, e.g. filtration®, electrostatic sampling®%5, or thermophoretic sampling®®-55.
However, impaction is well suited for sampling homogenous, stable, and non-agglomerated materials.

A vital step in utilizing SEM/EDS for exposure assessments lies in linking the sample observations to the
properties of the original aerosol, as it is the exposure to airborne particles which is of interest. In previous
work?, an expression was proposed to link airborne concentrations (Cy p,, cm ) to the number density of
particles observed on samples from the 3 impactor stage (N, ,» tm~2). To do so, it is necessary to consider the
impactor collection efficiency at each particle size (Cefrpp» unitless) and the total volume of air that passed through
the impactor during sampling. The latter is calculated from the flow through the impactor (Q, cm?/s) and the
sampling time (¢, s). It is furthermore necessary to account for the influence of several complex contributions,
including the effective particle collection area, particle wall loss, and particle bounce. The effect of each of these
contributions are difficult to measure and may depend on particle characteristics e.g. size, type, and physical
state as well as impactor characteristics e.g. design, wall material/roughness, and impaction surface. In previous
work, a simple approach was taken, where a parameter (A,;) was estimated from calibration experiments with
polystyrene latex beads (PSL). Here an A,y value of (1.12 £ 0.60)-10° um? was found, and airborne concentrations
were given by:

Ay
* Nimp,Dp

CEM,D P —
P QutsCrpyp (1)

In this work the expression is tested by estimating number concentrations for each size bin of the NaCl sample,
which is compared to SMPS and ELPI results in Fig. 5. Due to the impaction artefacts observed on the Halloysite,
Printex90, and complex samples, the expression could not be used for those data.

It is seen that the shape of the NaCl PSDs are similar for the EM, SMPS, and ELPI data. This indicates that the
impactor SEM/EDS analysis can reproduce airborne size distributions. However, the airborne number concen-
trations estimated from Eq. (1), are factors of 8-9 lower than the SMPS results, and factors of 5-10 lower than the
ELPI data, if sizes near and above the 2" stage D are excluded. The A gfactor is therefore apparently too low for
the NaCl experiment. There are several possible explanations for the observed discrepancies. The most probable
explanation is the installation of impaction plates in the 1* and 2" impactor stages, which were not installed when
the A s parameter was determined. The installation of the two additional impactor stages alters the flow through
the impactor and could increase diffusion or wall losses, thus requiring a higher A,z parameter to correct. Many
previous studies have investigated bounce and losses in impactors, but never in relation to microscopy analysis. It
is therefore clear that the impactor can for now only be used to get an estimate of the total particle number con-
centrations within a factor of 10. However, additional work on calibration with multiple stages and an improved
understanding of the impactor will increase precision of particle number measurements. Considering that the
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Figure 5. Airborne number concentrations estimated using Eq. (1) from EM data of the 3'4 impactor stage of
the NaCl experiment (blue), compared to airborne concentrations measured by SMPS (left in red) and ELPI
(right in green). Error bars on the EM data include counting statistics, the uncertainty of the A s parameter, and
uncertainties of the C.; expression estimated by altering Dy, according to previously determined uncertainties
(73 +8nm). The uncertainties of the SMPS and ELPI data are represented as the standard deviation of the
averaged SMPS or ELPI scans. Dark grey areas are outside the SMPS size detection limits, while the hashed
area represents particles too small to be recognized during EM analysis. It should be noted that the diameters
from each method may not be directly comparable as the SMPS reports electrical mobility diameters, the ELPI
reports aerodynamic diameters, while the SEM results are given in equivalent circular diameters.

ELPI and SMPS are measuring with differences of up to a factor of 5 on the complex aerosol, the impaction
method appear to enable an independent measure with far more additional information than the two standard
methods.

Elemental particle classification. To demonstrate measurements of elemental composition by SEM/EDS
analysis, the 2" and 3™ stage samples of the complex aerosol were analyzed by EDS mapping. Maps can display
the distribution of elements within the imaged area as EDS spectra are available for each pixel. To increase the
counting statistics, individual pixel spectra are summed in 4 x 4 pixel areas, which decrease the map resolution,
but gives a higher map quality with more reliable counts. Examples of maps from the 3™ impactor stage are shown
in Fig. 6. A similar figure for the 2" stage is shown in Fig. 7 in the Supplementary Material.

As seen from Fig. 6, mapping can be used to visualize the spatial distribution of elements in a sample, dis-
tinguishing particles of different composition, even without any prior knowledge of the sampled aerosol. Clear
orange NaCl particles are observed from the overlaying yellow Cl and red Na maps, cyan colored Halloysite fibers
from the overlaying blue Al and green Si maps, and magenta Printex90 particles from the C map. Maps can there-
fore identify primary particle types and give information on the mixing state of agglomerates, as seen on the over-
lay of all maps at the top center image. It is however necessary to consider co-deposition, which can artificially
increase the number of agglomerates when particles deposit on top of each other. This can have a major influence
both on the aerosol mixing state, but also on the aerosol PSD as shown by Kandler et al.**. They recommend
sample coverages of 0.03-0.05, which are similar to those in this study (see Table 1). When fulfilling these require-
ments, the method can differentiate primary particle types and agglomerates in an unknown aerosol sample, and
give indications of the PM sources by distinguishing e.g. soot, metal particles, minerals, and salts. The method
can thus bring relevant information for PM exposure, risk assessments, and pollution abatement strategies®-"2.

Maps, such as the one presented in Fig. 6, must be interpreted with care. For instance, all elements show an
elevated number of X-ray counts on the bulk Ni grid at the bottom of the image. This increase is not related to
the presence of the elements, but simply from the elevated number of X-rays in the spectrum background, due
to a stronger interaction between the electron beam and bulk Ni grid. Normally this is corrected by peak fitting
algorithms and background subtraction procedures, but these are highly uncertain due to the low X-ray count
in each 4 x 4 pixel area. The same phenomenon may occur for large bulk particles, which can display traces of
elements that are not actually present. This uncertainty is reduced, when the composition of individual particles
are investigated, as the X-ray counts from particles consisting of hundreds to thousands of pixels are significantly
higher than the 4 x 4 pixel areas of the map, thus allowing higher quality background corrections. For cases with
non-beam sensitive particles, the acquisition time can be increased, allowing better counting statistics and more
reliable maps, albeit at the cost of longer analysis time.

To identify which particle types dominate the different PSD size ranges, it is necessary to distinguish particles,
using a classification scheme. Since the primary particle types can be visualized directly from the EDS maps, the
relevant classes are already known. Additionally, the mixing state of all particles is visible from the EDS map, and
the classification scheme can therefore be setup and perfected by iteratively altering the composition criteria to
ensure that particles fall into distinct categories. This procedure was used to setup a classification scheme that
differentiate between the particle types of the complex sample. Particles were divided into eight different classes,
depending on their individual elemental composition. Since Si was specific to Halloysite fibers, while Na and CI
were specific for NaCl particles, it was found that thresholds of >1 at% were optimal to distinguish these classes.
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Figure 6. Top left: A Secondary electron image of an area of the complex aerosol sample from the 3™ stage. Top
middle: An overlay of all elemental maps of the secondary electron image. Individual element maps of C, O, Ni,
Al Na, Si, and Cl are shown in the remaining images, with the given element marked in the left bottom corner
of each map. Maps were generated by summing pixel EDS spectrain 4 x 4 areas and converting the X-ray count
in each element energy region to a normalized pixel intensity of a given color. The online deconvolution setting
in the ESPRIT software was used to correct for possible peak overlaps.

A much higher criterion of >60 at% was needed for the Printex90 class, as all particles displayed significant car-
bon content due to the TEM grid substrate. Additional classes were set up to identify agglomerates of the primary
particle types, using combinations of the primary class criteria. Oxygen is not included as it is present in many
different compounds and substrate, and would not help to distinguish different particle classes. The eight classes
are listed in Table 2, along with their respective elemental concentration criteria.

An example of a SE image from the 3™ impactor stage of the complex aerosol sample overlaid with relevant
elemental maps are shown in Fig. 7, along with the corresponding classified image made with the scheme and
color codes presented in Table 2. The original SE image is displayed in Fig. 8 in the Supplementary Material.

From Fig. 7 it is seen that the classification scheme presented in Table 2 is able to distinguish primary particles
and agglomerates, as well as separate agglomerates into relevant classes consisting of combinations of the primary
particles. It can however be challenging to produce a classification scheme, which functions at all particle sizes.
Especially small sizes, with limited X-ray counts, can present an overestimated number of carbon based particles,
as the substrate contributes substantially but highly varying to the overall X-ray count. This could be improved by
increasing the pixel dwelltime, which would increase the X-ray count and lower the uncertainty from counting
statistics, but would also increase the analysis time and the risk of beam damage. One might run a fast map for
beam sensitive elements such as Cl in NaCl and then a longer one for elements that can withstand irradiation.
Additionally, it can be challenging to define when a particle is an agglomerate®*. For example, if a 70 nm NaCl
particle coagulates with a 1 um Printex90 particle, should it still be considered an agglomerate, despite limited
contribution from the NaCl particle to the overall physicochemical properties. Still, it is possible to generate a
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Figure 7. A SE image overlaid with relevant EDS maps (left) from the complex aerosol collected at the 3
impactor stage, along with the classified particle image (right). Classification was made with the scheme
presented in Table 2. Color codes of the classified image are stated in Table 2.

Classes C,at% | Si,at% | Na,at% | Cl,at% | Color
NaCl — — >1% >1% Red
Halloysite — >1% — — Cyan
Printex90 >60% | — — — Magenta
NaCl + Printex90 >60% | — >1% >1% Orange
NaCl + Halloysite — >1% >1% >1% Blue
Halloysite + Printex90 | >60% | >1% — — Green
All >60% | >1% >1% >1% Purple
Unclassified <60% | <1% <1% <1% White

Table 2. Elemental composition criteria of the particle classification scheme used to divide individual particles
into classes of primary or agglomerated particles. The class “All” refers to agglomerates containing all three
compounds (“NaCl+Halloysite+Printex90”). The colors listed in the last column correspond to those used in
the classified particle image in Fig. 7.

classification scheme, based on the EDS map without any prior knowledge of the sample, which can distinguish
between most primary particle classes and their agglomerates. This provides information on the mixing state of
the entire aerosol, and allows for class specific size and shape information, which can be presented as class sepa-
rated size distributions as shown in Fig. 9 in the Supplementary Material. Alternatively, the aerosol mixing state
can be displayed as the relative abundance of each class in the overall PSD, as exemplified in Fig. 8.

Figure 8 shows that approximately 40% of all particle sizes on the 2" impactor stage consist of Halloysite and
Printex90 agglomerates, while the primary Halloysite fibers are almost exclusively seen below 2 um. Printex90
particles are observed at all particle sizes, but has the highest relative abundance at the larger sizes above 2 um.
These observations are consistent with the 2™ stage pure aerosol samples, where the Printex90 mode was found
at much larger sizes (2470-3660 nm) than the pure Halloysite mode (382-949 nm), seen in Fig. 3. Additionally, a
complete absence of NaCl is observed on the 2" stage, consistent with their smaller sizes, though agglomerates of
NaCl could still occur. This could be explained from a limited X-ray contribution of Na and Cl when agglomerat-
ing with micrometer sized Halloysite or Printex90 particles.

For the 3 stage, 20-30% of all particle sizes consist of Halloysite and Printex90 agglomerates, while pure
Printex90 particles dominate sizes below 100 nm, making up almost 40% of the analyzed particles. This is consist-
ent with the 3" stage pure Printex90 size distribution observed in Fig. 3, where the mode is located at 55-96 nm.
Some of the small particles classified as Printex90 could also be misclassifications due to the higher substrate
contribution. The relative abundance of Printex90 particles decreases with size to a minor constituent above
200nm. The NaCl particle class is only found at sizes below 500 nm, with the highest abundance observed from
100-200 nm. The individual size distribution of the NaCl class, seen in Fig. 9 in the Supplementary Material,
shows that the mode is located at 96-156 nm, consistent with the NaCl PSD in Fig. 3. The NaCl+Halloysite class
is a minor constituent at all sizes of the aerosol, accounting for 5-10%. The Halloysite particles become the most
abundant above approximately 200 nm, reaching 30-50% of the overall particle number. Note that the number
of particles also drop with increasing size, so when examining the pure Halloysite size distribution presented in
Fig. 9 in the Supplementary Material, it is seen that the classified Halloysite mode is located from 156-256 nm.
This is at a substantially larger size than the Halloysite PSD in Fig. 3, where the mode is located at 55-96 nm.
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Figure 8. The relative abundance of particle classes in each size bin of the size distributions found on the 2"
(top) and 3™ (bottom) stage of the complex aerosol sample. The number of particles in each bin is written
above the size bin, which corresponds to the numbers of the complex sample in Fig. 3. The All class refers to
agglomerates consisting of NaCl, Halloysite, and Printex90 particles.

Finally, a fraction of unclassified particles are also observed at sizes below 100 nm, most likely due to the low
X-ray yield of the small particles, making it difficult to give accurate composition measurements. Future research
should verify the aerosol mixing state reported by SEM/EDS analysis through comparison to alternative measure-
ment techniques e.g. aerosol mass spectrometry.

The SEM/EDS analysis also provides morphological information on each individual particle, which can be
combined with the elemental class information. This makes it possible to generate aspect ratio (AR) shape distri-
butions for each class in the aerosol, as shown in Fig. 9.

From Fig. 9 it is seen that the AR distribution of NaCl is very narrow and centered close to 1, with only
a few particles presenting ratios above 1.5. This fits very well with the dense and cubic shapes expected for
NaCl particles. The Printex90 AR distribution is centered at 1.3-1.4, which is less square than the NaCL
Additionally the distribution is much broader displaying a significant number of particles with AR as high
as 2. This indicates that the Printex90 class contains a significant number of agglomerates, since the primary
spheres should have AR values close to 1. The Halloysites show a much broader AR distribution, ranging
from 1.2 to 6, which reflects their fibrous shape and is consistent with AR values reported previously***. All
agglomerate classes involving Halloysites (All, Printex90 + Halloysite, and NaCl + Halloysite) display rel-
atively broad AR distributions, typically extending up to 3 or 4, whereas the other classes (NaCl, Printex90,
NaCl + Printex90, and Unclassified) rarely show AR higher than 2. It is therefore clearly seen that the particle
shape of the Halloysite class differs significantly from the two other primary particles, and that this shape is
descriptive for all agglomerates involving Halloysites. Shape distributions can therefore be an important tool
for distinguishing fibers from other particle shapes, even without any prior knowledge of the sample. This can
be crucial in risk assessment of particle aerosols, as the fibrous shape and high AR are associated with adverse
health effects*>*.

Conclusion

Four aerosols consisting of NaCl, Halloysites, Printex90, or a mixture of the three (complex) were measured
by SMPS and ELPI, and characterized by SEM/EDS analysis of impactor collected samples. The PSDs derived
by SMPS and ELPI were in good agreement for all four aerosols (Fig. 3), despite expected discrepancies for the
fibrous particles. It is possible that the brush generator used for aerosolizing the powders, produced large and near
spherical agglomerates of the smaller primary particles, resulting in similar shapes and similar size distributions
for the two particle types. This was supported by observations of large um sized agglomerates on the 2" impactor
stage. The SMPS and ELPI measurements were consistent with the impactor-SEM size distributions for the NaCl
and complex aerosol samples. However, large discrepancies were observed for the Halloysite and Printex90 aero-
sols (Fig. 3). This was caused by agglomerates, which shattered or bounced upon impaction, leaving behind small
residue particles (Fig. 4). As a result, the number densities of small particles were overestimated relative to larger
ones. It was therefore concluded that impactor samples should be scanned for such deposition patterns, in which
case alternative and softer collection methods should be used.

Airborne number concentrations were estimated, based on number densities of the NaCl impactor sample,
using a previously and experimentally derived expression. These were compared to SMPS and ELPI measure-
ments, showing good agreement for the PSD shapes, but airborne concentrations were underestimated by a fac-
tor of 5-10 (Fig. 5). This was probably due to discrepant conditions during derivation of the expression and the
present impactor collection. Additional work is needed on calibration of the impactor, to enable more precise and
reliable particle number estimates, which combined with the highly detailed characterization by SEM/EDS, can
supply many of the relevant parameters for exposure and risk assessments of particles.
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Figure 9. Aspect ratio distributions for each particle class detected on the 3 stage of the complex aerosol
sample. Particles were divided into AR bins with a width of 0.1. Particle numbers on the y-axis include all
particles in the given class detected across all 12 images.

It was shown that SEM/EDS maps can visualize the spatial distribution of elements within the entire analyzed
area, allowing quick and direct identification of primary particle types and agglomerates without prior knowledge
of the sample (Fig. 6). This insight was used to develop and implement a classification scheme, dividing individual
particles into relevant classes based on their elemental composition (Table 2). The classification scheme was opti-
mized by iterative alteration of the class criteria and comparison between the classified image and elemental maps
(Fig. 7). It was shown that the classification performed well for larger sizes. Some discrepancies were observed for
small particles with limited X-ray counts. This could be improved by increasing the map dwelltime, but would
also increase the analysis time and risk of beam damage. The particle classification enabled plotting of the relative
abundance of each class in the overall PSD (Fig. 8), which describes the aerosol mixing state. The observations
matched well with measurements of the individual NaCl, Halloysite, and Printex90 aerosols, showing that the
SEM/EDS analysis is capable of differentiating between particle types in complex aerosols. The classification also
allowed class separated size and shape analysis (shown in Fig. 9 in the Supplementary Material and in Fig. 9). A
class specific aspect ratio distribution was demonstrated, where the fibrous nature of the Halloysite particles was
easily distinguished, along with the dense cubic structure of the NaCl particles.

Overall, it was shown that SEM/EDS analysis of impactor collected samples can provide a detailed charac-
terization of aerosols, beyond those achievable by SMPS and ELPI. The analysis can provide sufficient particle
data for statistical analysis of a sampled aerosol population within 1-2hours per sample, and the acquisition
process can be automated to minimize user intervention except for the initial setup. The analysis output includes
particle size, shape, mixing state, and elemental composition for each individual particle. Thus, particles can
be classified based on their physicochemical properties, distinguishing primary particles and agglomerates in
complex aerosols. This also permits class specific analyses, which is particularly relevant in exposure scenarios
with multiple PM sources, where source apportionment is needed e.g. during ambient conditions”*~"? or where
a complex aerosol is generated directly from a single source such as during welding. Additionally, identification
of specific particles can be targeted, e.g. based on iron content or fibrous structure'*2. However, further research
is needed to improve the link between SEM/EDS sample observations and the original aerosol and to verify the
SEM/EDS reported aerosol mixing state by comparison to other measurements techniques. Alternative sampling
methods should also be investigated for sampling of aerosols with weakly bonded agglomerates, as these are not
well suited for collection by impaction. SEM/EDS analysis can bring crucial knowledge on particle properties of
high relevance for PM risk assessments, exposure assessments, epidemiological studies, and the development of
preventive strategies for PM pollution.

Received: 7 November 2019; Accepted: 23 April 2020;
Published online: 04 June 2020

References
1. Handy, R. D. & Shaw, B. J. Toxic effects of nanoparticles and nanomaterials: Implications for public health, risk assessment and the
public perception of nanotechnology. Heal. Risk Soc 9, 125-144 (2007).
2. Baccarelli, A. et al. Exposure to particulate air pollution and risk of deep vein thrombosis. Arch. Intern. Med. 168, 920-927 (2008).

SCIENTIFIC REPORTS | (2020) 10:9150 | https://doi.org/10.1038/s41598-020-65383-5


https://doi.org/10.1038/s41598-020-65383-5

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.

16.
17.

18.
19.

20.
. Canagaratna, M. R. et al. Chemical and microphysical characterization of ambient aerosols with the aerodyne aerosol mass

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.

38.
39.

40.
41.
42.

43.

44,

. Sun, Q. et al. Long-term air pollution exposure and acceleration of atherosclerosis and vascular inflammation in an animal model.

J. Am. Med. Assoc 294, 3003-3010 (2005).

. Schraufnagel, D. E. et al. Air Pollution and Noncommunicable Diseases: A Review by the Forum of International Respiratory

Societies’ Environmental Committee, Part 1: The Damaging Effects of Air Pollution. Chest 155, 409-416 (2019).

. Brauer, M. et al. Exposure assessment for estimation of the global burden of disease attributable to outdoor air pollution. Environ.

Sci. Technol. 46, 652-660 (2012).

. Landrigan, P. J. et al. The Lancet Commission on pollution and health. Lancet 391, 462-512 (2018).
. Tong, S. Air pollution and disease burden. Lancet Planet. Heal 3, e49-e50 (2019).
. Saleh, Y. et al. Exposure to atmospheric ultrafine particles induces severe lung inflammatory response and tissue remodeling in mice.

Int. J. Environ. Res. Public Health 16 (2019).

. Saber, A. T. et al. Particle-induced pulmonary acute phase response may be the causal link between particle inhalation and

cardiovascular disease. Wiley Interdiscip. Rev. Nanomedicine. Nanobiotechnology 6, 517-531 (2014).

Boulanger, G. et al. Quantification of short and long asbestos fibers to assess asbestos exposure: A review of fiber size toxicity.
Environ. Heal. A Glob. Access Sci. Source 13,1-18 (2014).

Cakmalk, S. et al. Metal composition of fine particulate air pollution and acute changes in cardiorespiratory physiology. Environ.
Pollut. 189, 208-214 (2014).

Calderon-Garciduenas, L. et al. Combustion- and friction-derived magnetic air pollution nanoparticles in human hearts. Environ.
Res. 176, 108567 (2019).

Antonini, J. M., Taylor, M. D., Zimmer, A. T. & Roberts, J. R. Pulmonary responses to welding fumes: Role of metal constituents. J.
Toxicol. Environ. Heal. - Part A 67, 233-249 (2004).

Saber, A. T. et al. Particle-Induced Pulmonary Acute Phase Response Correlates with Neutrophil Influx Linking Inhaled Particles
and Cardiovascular Risk. PLoS One 8, €69020 (2013).

Cassee, E R., Héroux, M. E., Gerlofs-Nijland, M. E. & Kelly, E. J. Particulate matter beyond mass: Recent health evidence on the role
of fractions, chemical constituents and sources of emission. Inhal. Toxicol. 25, 802-812 (2013).

Park, M. et al. Differential toxicities of fine particulate matters from various sources. Sci. Rep. 8, (2018).

Sayes, C. M. & Warheit, D. B. Characterization of nanomaterials for toxicity assessment. Wiley Interdisciplinary Reviews:
Nanomedicine and Nanobiotechnology vol. 1 660-670 (John Wiley & Sons, Inc. WIREs Nanomed Nanobiotechnol, 2009).
Braakhuis, H. M., Park, M. V. D. Z., Gosens, I, De Jong, W. H. & Cassee, F. R. Physicochemical characteristics of nanomaterials that
affect pulmonary inflammation. Part. Fibre Toxicol 11, 18 (2014).

Jayne, J. T. et al. Development of an aerosol mass spectrometer for size and composition analysis of submicron particles. Aerosol Sci.
Technol 33, 49-70 (2000).

Jimenez, J. L. et al. Ambient aerosol sampling using the Aerodyne aerosol mass spectrometer. J. Geophys. Res. D Atmos. 108 (2003).

spectrometer. Mass Spectrom. Rev. 26, 185-222 (2007).

De Temmerman, P. J. et al. Measurement uncertainties of size, shape, and surface measurements using transmission electron
microscopy of near-monodisperse, near-spherical nanoparticles. J. Nanoparticle Res 16,2177 (2014).

Bau, S., Witschger, O., Gensdarmes, F,, Rastoix, O. & Thomas, D. A TEM-based method as an alternative to the BET method for
measuring off-line the specific surface area of nanoaerosols. Powder Technol. 200, 190-201 (2010).

Li, W. et al. A review of single aerosol particle studies in the atmosphere of East Asia: Morphology, mixing state, source, and
heterogeneous reactions. J. Clean. Prod. 112, 1330-1349 (2016).

Niu, H., Hu, W,, Pian, W, Hu, M. & Zhang, D. Characteristics of dry deposited mineral particles associated with weather conditions
in the adjacent sea areas of East China during a cruise in spring 2011. Particuology 28, 86-92 (2016).

Yuan, Q. et al. Mixing state and fractal dimension of soot particles at a remote site in the Southeastern Tibetan Plateau. Environ. Sci.
Technol. 53, 8227-8234 (2019).

Ebert, M., Weinbruch, S., Hoffmann, P. & Ortner, H. M. The chemical composition and complex refractive index of rural and urban
influenced aerosols determined by individual particle analysis. Atmos. Environ. 38, 6531-6545 (2004).

Ebert, M. et al. Complex refractive index of aerosols during LACE 98 as derived from the analysis of individual particles. . Geophys.
Res. Atmos. 107 (2002).

Kandler, K. et al. Electron microscopy of particles collected at Praia, Cape Verde, during the Saharan Mineral Dust Experiment:
Particle chemistry, shape, mixing state and complex refractive index. Tellus, Ser. B Chem. Phys. Meteorol 63, 475-496 (2011).
Weinbruch, S., Wentzel, M., Kluckner, M., Hoffmann, P. & Ortner, H. M. Characterization of Individual Atmospheric Particles by
Element Mapping in Electron Probe Microanalysis. Mikrochim. Acta 125, 137-141 (1997).

Lieke, K. et al. Particle chemical properties in the vertical column based on aircraft observations in the vicinity of Cape Verde
Islands. Tellus, Ser. B Chem. Phys. Meteorol 63,497-511 (2011).

Kandler, K. et al. Size distribution, mass concentration, chemical and mineralogical composition and derived optical parameters of
the boundary layer aerosol at Tinfou, Morocco, during SAMUM 2006. Tellus, Ser. B Chem. Phys. Meteorol 61, 32-50 (2009).
Kandler, K. et al. Chemical composition and complex refractive index of Saharan Mineral Dust at Izafa, Tenerife (Spain) derived by
electron microscopy. Atmos. Environ. 41, 8058-8074 (2007).

Kandler, K. et al. Composition and mixing state of atmospheric aerosols determined by electron microscopy: Method development
and application to aged Saharan dust deposition in the Caribbean boundary layer. Atmos. Chem. Phys. 18, 13429-13455 (2018).
Bondy, A. L. et al. The diverse chemical mixing state of acrosol particles in the southeastern United States. Atmos. Chem. Phys. 18,
12595-12612 (2018).

Brostrem, A. et al. Improving the foundation for particulate matter risk assessment by individual nanoparticle statistics from
electron microscopy analysis. Sci. Rep 9, 8093 (2019).

Allen, H. C., Mecartney, M. L. & Hemminger, J. C. Minimizing transmission electron microscopy beam damage during the study of
surface reactions on sodium chloride. Microsc. Microanal. 4, 23-33 (1998).

Egerton, R. E, Li, P. & Malac, M. Radiation damage in the TEM and SEM. Micron 35, 399-409 (2004).

Cazaux, J. Correlations between ionization radiation damage and charging effects in transmission electron microscopy.
Ultramicroscopy 60, 411-425 (1995).

Brostrem, A., Kling, K. I., Hougaard, K. S. & Mglhave, K. Analysis of Electron Transparent Beam Sensitive Samples using Scanning
Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy. Microsc. Microanal. In Review, (2019).

Steenland, K. & Stayner, L. Silica, asbestos, man-made mineral fibers, and cancer. Cancer Causes Control 8,491-503 (1997).
Eypert-Blaison, C., Romero-Hariot, A., Clerc, E. & Vincent, R. Assessment of occupational exposure to asbestos fibers: Contribution
of analytical transmission electron microscopy analysis and comparison with phase-contrast microscopy. J. Occup. Environ. Hyg. 15,
263-274 (2018).

Yamani, M. El et al. Revision of French occupational exposure limits of asbestos and recommendation of measurement method: Can
the dimensional characteristics of the asbestos fibers (long, thin, short) be taken into account? Crit. Rev. Environ. Sci. Technol. 42,
1441-1484 (2012).

Pasbakhsh, P, Churchman, G. J. & Keeling, J. L. Characterisation of properties of various halloysites relevant to their use as
nanotubes and microfibre fillers. Appl. Clay Sci. 74, 47-57 (2013).

SCIENTIFIC REPORTS | (2020) 10:9150 | https://doi.org/10.1038/s41598-020-65383-5


https://doi.org/10.1038/s41598-020-65383-5

www.nature.com/scientificreports/

45.
46.
47.
48.
49.
50.
51.

52.
53.

54.
. TSIINC. Instruction Manual: Constant Output Atomizer (Model 3075/3076). (2003).
56.
57.
58.
59.

60.
. Rothenbacher, S., Messerer, A. & Kasper, G. Fragmentation and bond strength of airborne diesel soot agglomerates. Part. Fibre

62.
63.
64.
65.
66.
67.
68.
69.
70.
71.

72.

Koivisto, A. J. et al. Occupational exposure during handling and loading of halloysite nanotubes — A case study of counting
nanofibers. NanoImpact 10, 153-160 (2018).

Chen, B. T. et al. Performance of a scanning mobility particle sizer in measuring diverse types of airborne nanoparticles: Multi-
walled carbon nanotubes, welding fumes, and titanium dioxide spray. J. Occup. Environ. Hyg. 13,501-518 (2016).

Ku, B. K., Maynard, A. D., Baron, P. A. & Deye, G. J. Observation and measurement of anomalous responses in a differential mobility
analyzer caused by ultrafine fibrous carbon aerosols. J. Electrostat. 65, 542-548 (2007).

DeCarlo, P. E, Slowik, J. G., Worsnop, D. R., Davidovits, P. & Jimenez, J. L. Particle morphology and density characterization by
combined mobility and aerodynamic diameter measurements. Part 1: Theory. Aerosol Sci. Technol 38, 1185-1205 (2004).

Deye, G. J., Kulkarni, P. & Ku, B. K. Morphological characterization of carbon nanofiber aerosol using tandem mobility and
aerodynamic size measurements. J. Nanoparticle Res 14, 1-12 (2012).

Saber, A. T. et al. Inflammatory and genotoxic effects of nanoparticles designed for inclusion in paints and lacquers. Nanotoxicology
6, 453-471 (2012).

Asbach, C. et al. Silicone sampling tubes can cause drastic artifacts in measurements with aerosol instrumentation based on unipolar
diffusion charging. Aerosol Sci. Technol 50, 1375-1384 (2016).

Bradski, G. The OpenCV Library. Dr Dobbs J. Softw. Tools 25, 120125 (2000).

Watanabe, M. & Williams, D. B. The quantitative analysis of thin specimens: A review of progress from the Cliff-Lorimer to the new
(-factor methods. Journal of Microscopy vol. 221 (2006).

Cliff, G. & Lorimer, G. W. The quantitative analysis of thin specimens. J. Microsc 103, 203-207 (1975).

Jackson, P. et al. Pulmonary exposure to carbon black by inhalation or instillation in pregnant mice: Effects on liver DNA strand
breaks in dams and offspring. Nanotoxicology 6, 486-500 (2012).

Feng, J. Q. A computational study of particle deposition patterns from a circular laminar jet. J. Appl. Fluid Mech 10, 1001-1012
(2017).

Thalainen, M. et al. Experimental study on bounce of submicron agglomerates upon inertial impaction. Powder Technol. 268,
203-209 (2014).

Stahlmecke, B. et al. Investigation of airborne nanopowder agglomerate stability in an orifice under various differential pressure
conditions. J. Nanoparticle Res 11, 1625-1635 (2009).

Seipenbusch, M. et al. Interparticle forces in silica nanoparticle agglomerates. J. Nanoparticle Res 12, 2037-2044 (2010).

Toxicol 5,9 (2008).

Seipenbusch, M., Toneva, P, Peukert, W. & Weber, A. P. Impact fragmentation of metal nanoparticle agglomerates. Part. Part. Syst.
Charact. 24, 193-200 (2007).

Ogura, I, Kotake, M., Sakurai, H. & Honda, K. Surface-collection efficiency of Nuclepore filters for nanoparticles. Aerosol Sci.
Technol 50, 846-856 (2016).

Miller, A., Frey, G., King, G. & Sunderman, C. A handheld electrostatic precipitator for sampling airborne particles and
nanoparticles. Aerosol Sci. Technol 44, 417-427 (2010).

Fierz, M., Kaegi, R. & Burtscher, H. Theoretical and Experimental Evaluation of a Portable Electrostatic TEM Sampler. Aerosol Sci.
Technol 41, 520-528 (2007).

Thayer, D., Koehler, K. A., Marchese, A. & Volckens, J. A personal, thermophoretic sampler for airborne nanoparticles. Aerosol Sci.
Technol 45, 734-740 (2011).

Leith, D. et al. Development of a transfer function for a personal, thermophoretic nanoparticle sampler. Aerosol Sci. Technol 48,
81-89 (2014).

Miller, A., Marinos, A., Wendel, C., King, G. & Bugarski, A. Design optimization of a portable thermophoretic precipitator
nanoparticle sampler. Aerosol Sci. Technol 46, 897-904 (2012).

Belis, C. A., Karagulian, E, Larsen, B. R. & Hopke, P. K. Critical review and meta-analysis of ambient particulate matter source
apportionment using receptor models in Europe. Atmos. Environ. 69, 94-108 (2013).

Karagulian, E. et al. Contributions to cities’ ambient particulate matter (PM): A systematic review of local source contributions at
global level. Atmos. Environ. 120, 475-483 (2015).

Vallius, M. et al. Source apportionment of urban ambient PM2.5 in two successive measurement campaigns in Helsinki, Finland.
Atmos. Environ. 37, 615-623 (2003).

Roy, D., Singh, G. & Gosai, N. Identification of possible sources of atmospheric PM10 using particle size, SEM-EDS and XRD
analysis, Jharia Coalfield Dhanbad, India. Environ. Monit. Assess. 187, 680 (2015).

Acknowledgements

The authors acknowledge the Danish Centre for Nanosafety II at the National Research Centre for the Working
Environment as well as the National Centre for Nano Fabrication and Characterization at the Technical University
of Denmark for funding this study. In addition, this work was supported by the European Union’s Horizon 2020
research and innovation program under grant agreement No. 720815 (Nanopack). The presented results reflects
only the author’s views and not that of the Commission.

Author contributions

A.B. designed and conducted experiments, as well as analyzed the data and wrote the manuscript. K.X., K.H. and
K.M. contributed as advisors during the experiment design and data interpretation and furthermore provided
feedback and corrections for the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-65383-5.

Correspondence and requests for materials should be addressed to K.M.

Reprints and permissions information is available at www.nature.com/reprints.

SCIENTIFIC REPORTS | (2020) 10:9150 | https://doi.org/10.1038/s41598-020-65383-5


https://doi.org/10.1038/s41598-020-65383-5
https://doi.org/10.1038/s41597-021-00862-6
https://doi.org/10.1038/s41597-021-00862-6
http://www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020, corrected publication 2021

SCIENTIFIC REPORTS | (2020) 10:9150 | https://doi.org/10.1038/s41598-020-65383-5


https://doi.org/10.1038/s41598-020-65383-5
http://creativecommons.org/licenses/by/4.0/

	Complex Aerosol Characterization by Scanning Electron Microscopy Coupled with Energy Dispersive X-ray Spectroscopy

	Methods

	Aerosols and choice of PM. 
	Experimental setup. 
	Electron microscopy. 

	Results and Discussion

	Size distribution comparison. 
	Elemental particle classification. 

	Conclusion

	Acknowledgements

	Figure 1 Schematic overview of the experimental setup.
	Figure 2 Total number concentration (top) and size distribution (bottom) time series plots measured by ELPI over the course of all aerosol experiments.
	Figure 3 Particle size distributions of the four aerosols: NaCl (red), Halloysite (cyan), Printex90 (magenta), and complex (green), determined by SMPS (top row), ELPI (second row), and SEM analysis of the 2nd (third row) and 3rd (bottom row) MINI stage sa
	Figure 4 SE images showing examples of inhomogeneous particle densities on the 3rd stage of the Halloysite (left) and Printex90 (right) impactor samples.
	Figure 5 Airborne number concentrations estimated using Eq.
	Figure 6 Top left: A Secondary electron image of an area of the complex aerosol sample from the 3rd stage.
	Figure 7 A SE image overlaid with relevant EDS maps (left) from the complex aerosol collected at the 3rd impactor stage, along with the classified particle image (right).
	Figure 8 The relative abundance of particle classes in each size bin of the size distributions found on the 2nd (top) and 3rd (bottom) stage of the complex aerosol sample.
	Figure 9 Aspect ratio distributions for each particle class detected on the 3rd stage of the complex aerosol sample.
	Table 1 A table showing the number of images (Nimg), image resolution, total imaged area in um2, total number of recognized particles from both impactor stages for each of the sampled aerosols (Np) and the particle coverage on each grid, determined from t
	Table 2 Elemental composition criteria of the particle classification scheme used to divide individual particles into classes of primary or agglomerated particles.




