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wheel-brake interface, was partially possible based on the established particle classes. An average of 98.87 +
1.06 % of over 200,000 analyzed particles were automatically assigned to the pre-defined classes, with 84.68 +
16.45 % of particles classified as highly ferruginous. Manual EDX analysis further revealed, that heavy metal rich

particles were also present in the ultrafine size range well below 100 nm.

1. Introduction

Exhaust particle emissions have long been known to be harmful and
to cause diseases, such as inflammatory lung diseases and lung cancer
(Ghio et al., 2012; Totlandsdal et al., 2010). With modern day regula-
tions becoming stricter, exhaust emissions have declined throughout the
last decades reaching a point where automotive non-exhaust emissions
(NEE), such as brake and tyre abrasion, have surpassed engine exhaust
emissions as largest traffic derived contributors to urban PM;¢ pollution
(Grigoratos and Martini, 2014). Some NEE’s like automotive brake and
tyre particles, which will be included for the first time in the upcoming
EURO 7 norm, are currently undergoing legislatory processes (Storch
et al., 2023), however, most of them are still unregulated. Nonetheless
NEE’s are of rapidly growing interest for researchers worldwide, which
is due to their potential as environmental pollutants and hazardous
substances. NEE’s are mainly abrasion derived particles, formed from
braking processes or friction between wheels and roads/rails. While tyre
abrasion particles contribute greatly to the microplastic problem (Knight
et al.,, 2020), other NEE’s released from brake pads and train steel
wheels and rails consist mainly of heavy metals (Font et al., 2019; Gri-
goratos and Martini, 2015). Particles bearing high quantities of heavy
metals are known to induce chronic respiratory diseases and to facilitate
lung cancer via the formation of reactive oxygen species (ROS) through
the Fenton reaction causing DNA damage in the respiratory tract (Kanti
Das et al., 2014). Small particles are of special concern with PMy 5 being
able to penetrate deep into the lungs and particles smaller than 0.1 pm
depositing in the alveoli, eventually reaching the bloodstream via the
blood-air barrier (Bachler et al., 2015). Furthermore metal containing
nanoparticles (NP) were found to penetrate to the central nervous sys-
tem via uptake and transport in the olfactory nerve via the nasal route
(Hopkins et al., 2018; T. Fortoul et al., 2015) causing pro-inflammatory
responses (Trickler et al., 2014) as well as apoptosis due to increased
cytotoxicity of heavy metals (Niska et al., 2015).

While most techniques for elemental analysis, such as conventional
ICP-MS, are capable of measuring trace quantities of elements in whole
samples, they cannot distinguish, whether a certain element is distrib-
uted homogenously among all particles or if high quantities are present
in a small number of particles. While recently more specialized tech-
niques, such as single particle ICP-MS with time-of-flight based detec-
tion for chemical characterization of particles arise, they are still limited
regarding their measurable size range (Laborda et al., 2014) and are
generally more applicable to the analysis of aqueous and powder sam-
ples, instead of aerosols, which are normally sampled on filters. In
contrast, EDX analysis provides spectra for thousands of individual
particles regardless of their source, thus offering the possibility of
addressing the homogeneity of complex environmental samples. This
benefit is of special interest for the characterization of subway aerosols,
where highly redox active, copper-rich particles derived from sparking
at the catenary-pantograph-interface (Font et al., 2019) as well as
abrasion derived metallic and oxidic iron particles frequently occur
(Bendl et al., 2023; Font et al., 2019). Especially copper NP quantities
are critical in closed, poorly ventilated environments like subways,
given that they are considered to be among the most toxic particles in
mammals (Hejazy et al., 2018). In addition to their size and the chemical
composition, form factors play an important role in particle toxicity.
While the health impact of inhalable iron oxide particles is commonly
regarded as low, subway emissions have been shown to be of increased
cytotoxicity (Jung et al., 2012; Loxham and Nieuwenhuijsen, 2019)
linked to the large surface area of abrasion derived particles, which often

exhibit rough and splintery edges (Moreno et al., 2015).

Automated Imaging software offers a powerful solution for the
characterization of large amounts of individual features rendering them
an ideal tool for morphology-based particle characterization with the
SEM. If a particle is identified, its morphological data is automatically
measured and a subsequent EDX measurement is triggered by the soft-
ware supplying additional chemical data used for classification. A set of
classification boundaries is then applied to the dataset sorting the
analyzed features into pre-defined categories. Parameters utilized for
classification can either be directly measured geometrical values, such
as the length (also known as maximum feret diameter) and the perimeter
of a particle, or calculated values like the equivalent circular diameter
(ECD) and the aspect ratio as well as the elemental composition. This
approach can be utilized to accomplish a variety of objectives, such as
analyzing the homogeneity of particles, or solving so called “needle in a
haystack” problems, where small quantities of particles of interest (e.g.
copper particles from sparking at the catenary/ third-rail type power
supply) are scattered among a large number of other particles.
Furthermore, the Imaging Software ZEN core (Carl Zeiss) was used to
obtain high-resolution morphological data for the bulk of the particles.

The aim of this study was to demonstrate a new approach in detailed
elemental analysis of particles using automated SEM/EDX, which allows
almost all particles captured on the filter to be analyzed separately for
their elemental composition and morphology, and to be classified based
on the data obtained. This approach could have wide applications in
aerosol research and air quality measurement. We have demonstrated
this method in the context of mobile air quality measurements in the
Munich subway (Bendl et al., 2023), assessing the personal exposure of
commuters to harmful compounds such as heavy metals at the subway
platform. To the best of our knowledge, there is no published study on
individual particle compositions in subway systems worldwide with a
data-set of comparable size with over 200,000 particles automatically
analyzed and classified yielding detailed results with a statistically
relevant sample size.

2. Methods and materials
2.1. Sampling and studied location

All samples were collected in the Munich subway (Germany) in the
middle of the platform of the central station, called “Hauptbahnhof”
(line U4/U5), at exactly the same spot. As a housing for all the in-
struments, a self-made mobile measuring system consisting of an
aluminum ventilated box with omni-directional inlets (801565, TSI),
located in the breathing zone height of a seated person was used (Bendl
et al., 2023). The platform is located below ground in a depth of - 22 m
(DB Netz AG, 2023). A map of the Munich subway system with a photo
of the sampling site highlighted in the map, as well as the mobile
measurement device used in this study are shown in Fig. 1.

Sample 1 was collected on 17/5/2022 (14:08-17:08) using a pump
with a constant flowrate of 8.5 lpm (SG10-2, GSA) and a PMy 5 pre-
impactor (Sioutas, SKC; PMj 5 fraction). Sample 2 was collected using
the same set-up on 19/7/2022 (20:33-23:21), but without the pre-
impactor (PMiota fraction). Sample 3 was collected on 28/8/2023
(14:06-20:06) without any pre-impactor (PMot,) fraction) over a longer
period of time, therefore, a sampler with a lower flow rate of 2 Ipm was
used (BiVOC2V2, Holbach) to make sure that filters were not over-
loaded. The method can operate in a wide range of particle concentra-
tions, as long as there are enough particles on a filter to be statistically
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representative and individual particles are present, which do not overlap
due to overloading.

Particles were sampled on 47 mm polycarbonate (PC) track-etched
filters (Whatman, Nuclepore, 2 pm pore-size), with five silica wafers
(p-type boron dotted 5 x 5 mm, Ted Pella Inc.) placed on-top of each
filter, situated in vertically positioned filter-holders so that wafers were
at fixed positions over the whole sampling time.

To prevent contaminations, sampling for gravimetric analysis was
performed using an additional identical pump (SG10-2, GSA), 47 mm
filter holder, and a PC filter, which was weighed prior and after sampling
using a micro-balance (Cubis MCA2.7S-2S00-F, Sartorius) and pre-
conditioned (45 % RH, 22 °C) for 24 h in a weighing chamber
(pureGMC 18-EPA1065) with a corona discharger for filter charge
neutralization (Bendl et al., 2023).

All flowrates of the pumps were set/checked using a mass flow meter
(4043H, TSD.

2.2. Online particle measurements

During the sampling period, the PM size-distribution in the range of
0.3-10 pm was measured with a resolution of 1 Hz via an Optical Par-
ticle Sizer (OPS 3330, TSI). On-line data was corrected based on
gravimetry with a factor of 2.11 (Bendl et al., 2023). Particle number
concentrations (PNC) in the range of 10-700 nm were measured in 1 Hz
using a DISCmini from Testo.

2.3. Sample preparation

Samples with a diameter of 12 mm were cut from each filter and were
transferred to SEM pin stubs with conductive high purity EDX suitable
double-sided carbon adhesive pads in-between (Spectro-Tabs, Plano
GmbH company). Silica wafers were secured to SEM pin stubs with
conductive silver paint (EM-Tec AG15, Micro to Nano). Wafers and filter
punches were then stored in a desiccator under vacuum for 24 h to
ensure removal of volatile components that would otherwise contami-
nate the system. The wafer surface was left unaltered, while filter

Olympla-
Einkaufs-
2ontrum

Science of the Total Environment 915 (2024) 170008

samples were coated with a conductive carbon layer of approximately
10 nm, to minimize charging effects during analysis. Surface coating was
applied with a Q150T ES Plus sputter device (Quorum technologies)
utilizing a woven carbon fiber string (density 1.55 g/m, Quorum tech-
nologies) in pulsed cord evaporation mode.

2.4. SEM/EDX analysis

SEM micrographs were taken with the Inlens and SE2 detectors of a
Gemini Sem 360 (Carl Zeiss) field emission SEM at acceleration voltages
of 0.75-1.5 kV. Manual EDX analysis was conducted with an UltimMax
40 EDX detector (Oxford Instruments). Additionally, samples were
measured via the manufacturers Software ZEN core EM 3.5 to obtain
high resolution morphological data for the calculation of size and shape
descriptors. Particles were imaged with a 5 nm pixel size with a mini-
mum particle length of 100 nm and a minimum breath of 50 nm.

Automated SEM/EDX measurements were conducted with a Zeiss
Gemini 450 SEM equipped with an UltimMax 170 EDX detector and an
UltimExtreme windowless EDX detector from Oxford Instruments. The
UltimMax 170 is an ultra large area Silicon Drift Detector (170 mm?
detection area) equipped with a thin polymer window allowing high
count rates and, therefore, short acquisition times. The UltimExtreme is
a 100 mm? windowless detector with an optimized geometry and elec-
tron trap allowing to reach very small detector to sample distances and
thus large solid angles. It is optimized for low kV analysis and reaches
high count rates compared to conventional detectors, even with low
beam currents. The Software AZtec Feature (Version 6.0) was used for
automated detection of particles based on their mean gray value
measured with a backscatter electron detector (BSE). The electron yield
of a common BSE detector strongly depends on the mean atomic number
of the analyzed material (Calkovsky et al., 2023). In this way, particles
can be easily separated from the substrate (in this work carbon adhesive
pads and Si wafer) by gray values of the BSE detector, if particles are
heavier or lighter than the substrate. The automated particle analysis
was carried out at 15 kV for all samples as well as at 5 kV for the carbon
pad samples in order to reduce the interaction volume of the incoming
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Fig. 1. Studied area and mobile measurement system. 1. Map of the Munich subway system (Wikipedia, 2023) 2. Platform of U4,/U5 at the Munich central station (U-

Bahn Miinchen, 2023b) 3. Mobile measurement system used in this study.
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electrons to optimize the analysis for particles sizes well below 1 pm. At
15 kV the UltimMax 170 and at 5 kV the UltimExtreme was used to
collect the X-Ray data. Measurements with 15 kV were conducted with a
2 nA beam current. Image acquisition settings were chosen so that 1 pm
sized particles are described by at least 5 pixels. The smallest particles
measured are 770 nm in diameter (ECD), which corresponds to 3 pixels
in the image. EDX Spectra were acquired for 0.3 s per particle, which
results in approximately 40.000 counts. Measurements with 5 kV were
also conducted with a 2 nA beam current. Image acquisition settings
were chosen so that 200 nm sized particles, which is also the smallest
particle size that was measured, are described by at least 5 pixels. The
EDX spectra were acquired for 2 s per particle, which results in
approximately 200,000 counts. The longer acquisition was chosen to
measure a significant number of X-rays coming from the small particles.
The overlap in particle counts from 770 nm to 1 pm for filter measure-
ments at 15 kV and 5 kV was manually deleted from the 15 kV dataset to
avoid double counting of particles. The overlapping size region was
measured intentionally for normalization between the rates of auto-
mated particle recognition, later used for compiling size distributions.

The classification scheme was built and developed based on a
modified version of the technical cleanliness scheme provided by Ox-
ford Instruments GmbH. To address the differences between carbon
coated particles on filters and particles on silica wafers, as well as dif-
ferences due to particle sizes, three different versions of the scheme were
developed. Table S3 and Table S4 in the supplementary information (SI)
list the boundaries and rulesets for each class of the three schemes.
Classes were established based on a thorough scan of literature, to
represent the particle types that can be expected in the subway envi-
ronment, such as iron oxides and copper particles. Several classes like
the critical fibers class, which scans for asbestos like fibers and the
geological origin class scanning for silicates, salts and carbonates, were
also established since these classes are of general interest to public
health or offer insight into the interaction between the outside world
and the subway environment. In total 10 main classes were defined
during this stage, which were later divided into 31 subclasses, to allow
for a more accurate distinction. For example, the brake wear class was
subdivided into the two classes barium sulfate (BaSO4) and antimony
trisulphide (SbS3), since these are common additives used in the
manufacturing of brake pads (Grigoratos and Martini, 2015). Finally,
three rejection classes were integrated into the scheme to discard par-
ticles larger than the investigated size range of a sample (only 5 kV
measurements on filters) and artifacts caused from sample preparation,
such as scratches in the wafer structure and particles from the conduc-
tive silver paint (only wafer measurements).

Morphological descriptors such as the particles maximum (Xpmax)
and minimum (Xpp;,) feret diameter, area A, perimeter p and dynamic
shape factor x were directly obtained from the ZEN core and AZtec
Features Software, while other parameters, such as the equivalent
perimeter diameter (EPD), aspect ratio (AR), extent bulkiness,
compactness, circularity, roundness and solidity were calculated based
on Egs. (1) to (8) from the ISO 21363:2020. These values can be used to
address a particles shape, giving a numeric value that can be directly
compared to other particles.

ECD = a4 @
T

epp="2 )

n
AR = min 3
XFmax

X A

extent bulkiness = ————— @

XFmin XFmax
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The Zen core software additionally calculated the so-called convex
hull, which is the smallest convex set containing a given geometric ob-
ject. With this data the solidity and the convexity of particles were
calculated, given the Egs. (8) and (9) with the area of the convex hull A¢
and the perimeter of the convex hull Pc.

A
lidity = — 8
solidity Ac (8)
P
convexity = =< ©)
P
Furthermore, the equivalent aerodynamic diameter D4 was calcu-
lated based on the ECD, the particle density p, and the particles dynamic
shape factor via Eq. (8) given by Hinds (Hinds and Zhu, 2022). This
value is commonly used in aerosol research and allows for a direct
comparison of particle size data measured via a SEM to data obtained
from other devices such as an OPS.

PoXx

D, =ECD

For particles measured via the ZEN core software, additional data
regarding the legendre ellipse was also recorded. The legendre ellipse is
an ellipse with the centre in the object’s centroid and with the same
geometrical moments up to the second order as the original object area
(Besterci et al., 2001). These values were used to calculate the ellipticity,
elongation and dispersion of particles according to Egs. (11) and (12)
provided by Besterci (Besterci et al., 2001), where a is the semi-mayor
and b the semi-minor of the legendre ellipse.

ellipticity = % (€ND)

elongation = log, <g) 12)

Table S1 in the SI shows an overview of the shape describing
morphological features for different particle shapes to give a better
understanding of the meaning of each parameter. Morphological data
was acquired utilizing the extended particle analyzer feature from the
BioVoxxel plugin (Brocher, 2022) via the ImageJ image analysis soft-
ware. These morphological descriptors address a variety of parameters
that are relevant for the characterization of particle morphology. De-
scriptors like the AR, ellipticity, extent bulkiness as well as the
compactness and the roundness give a general understanding of the form
of a particle, while other parameters like the solidity and the circularity
describe the surface of a particle.

3. Results and discussion
3.1. Online measurements & gravimetric analysis

The online data obtained from stationary platform measurements are
listed in Table 1. In summary, PM and PNC concentrations were com-
parable for all three samples at the Hauptbahnhof U4/U5 platform,
despite the different sampling times. As discussed in our previous study
(Bendl et al., 2023), the PNC were similar to ambient background levels
at our suburban reference station located on the University campus
(GPS: 48°04°37.5"N 11°38°21.2"E) and its vicinity using walking mea-
surements. This observation, coupled with the absence of active
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Table 1
Online data from platform stationary measurements obtained via OPC and
DISCmini.

Date PM in pg m~3 PNC in size mode in
#/cm™3 nm
PM;o PM, 5 PM;

17/5/ 231 + 96 + 10 25+ 6099 + 630 56 +3
2022 52 3

19/7/ 218 + 85+8 26 + 7857 + 713 54 +3
2022 50 2

28/8/ 181 + 105 + 29 + 5074 + 1111 64 +7
2022 32 24 5

ventilation in the Munich subway system, and the location of the sur-
veyed subway platform in the city centre with substantial traffic, leads
us to conclude that the air exchange rate with the ambient air is rela-
tively low. This aligns with the findings of Kumar et al., 2023, and
suggest a low influence of traffic-related particles. The subway was
identified as a dominant source of PM on the platform, with high con-
centrations of coarse particles. While the size mode of the PNC was
outside of the range measured via the automated SEM/EDX approach,
the data from DISCmini showed that there was no noticeable increase in
the ultrafine fraction when entering the Munich subway system (Bendl
et al., 2023). Overall PM levels on the platform were relatively stable
over the sampling period suggesting that the samples were representa-
tive. Only small fluctuations in concentrations were observed, while
short term PMj 5 and PM;o peaks were associated with particle resus-
pension caused by incoming trains and piston effects (Bendl et al.,
2023).

Simultaneous sampling for gravimetric analysis was performed on
PC, PTFE and quartz filters and the PM 5 mass concentrations were
100.2 + 4.13, 103.2 + 1.65 and 102.9 + 5.66 pg m™°. Based on the
comparison between gravimetry and on-line measurements, the average
PMS, 5 effective density was estimated to be 2.1 g cm ™3, which was used
as a correction factor for on-line PM data. This gravimetric approach
also confirmed that PMs 5 collection on PC filters is comparable to quartz
and PTEFE filters (Bendl et al., 2023).

3.2. SEM/EDX analysis

High resolution automated morphological measurements on PC fil-
ters conducted via Zen core listed particles predominantly in the sub-
micron size, with the mode of the particle number between 200 and 300
nm, with similar distributions for the three different days. The size
distribution from the 19/7/2022 measured via ZEN core as well as the
size distribution of the iron oxides measured via AZtec Features and the
online OPS size distribution for the same day are plotted in Fig. 2. Since
automated imaging generally provides a value with the unit number or
number per area, while online measurements yield results with the unit
number per volume, these values were normalized to allow for com-
parison of these size distributions by normalizing the peak of each dis-
tribution to the value of 1. Size distributions of overall particles showed
a similar trend as the size distributions of iron oxide particles, with a
noticeable deviation around 1 pm where the transition between the two
automated SEM/EDX measurement sizes occurred and can most likely
be attributed to the different signal responses and, therefore, different
rates of recognized particles for measurements at 5 kV and 15 kV. The
online OPS size distribution showed the mode of particles at 300-400
nm and differed to the other distributions, most likely due to the lowered
counting efficiency of laser scattering based instruments at lower par-
ticle sizes (Heim et al., 2008) and the lowest measurable size of 300 nm
with the used instrument.

The dataset showed that the majority of particles was still in the size
range measurable via automated SEM/EDX imaging, thus proving the
validity of classification data for the Munich subway system. Manual
EDX analysis furthermore confirmed that there were no apparent
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differences in elemental composition between small particles compared
to particles above the set threshold for automated SEM/EDX analysis of
200 nm. Even though the online PNC size mode was found around 50
nm, there was no significant increase of PNC concentrations inside and
outside of the subway system (Bendl et al., 2023), suggesting that the
subway system does not produce copious amounts of ultrafine particles.

Particle shapes revealed an elongation of particles, which is
expressed by their average aspect ratios of 0.66 + 0.13 (17/5/2022 and
28/8/2022) and 0.65 4+ 0.13 (19/7/2022) as well as their roundness of
0.55 +0.14 (17/5/2022 and 19/7/2022) and 0.56 + 0.13 (28/8/2022).
These values are further supported by the results for the legendre ellipse,
which showed an average elongation of 0.68 + 0.41 (17/5/2022), 0.69
+ 0.40 (19/7/2022) and 0.66 + 0.39 (28/8/2022) and an ellipticity of
0.65 + 0.16 (17/5/2022 and 28/8/2022) and 0.64 + 0.16 (19/7/2022).
The surfaces of analyzed particles were mainly rough with a largely
increased surface area generally attributed to formation via abrasion
processes. The roughness of particle surfaces is expressed by their
average circularity of 0.78 + 0.12 (17/5/2022), 0.79 + 0.11 (19/7/
2022) and 0.81 + 0.10 (28/8/2022) as well as the solidity of 0.87 +
0.08 (17/5/2022), 0.88 + 0.07 (19/7/2022), and 0.88 + 0.06 (28/8/
2022). Table 2 summarizes the morphological data for subway particles
on PC filters measured via ZEN core. Overall morphological data showed
high intra-sample variance with almost no inter-sample variance sug-
gesting that different modes of particles are generated from the same
source with little seasonal influence. Considering that indoor environ-
ments are less susceptible to weather and temperature changes the
neglectable seasonal variance that was observed between samples can
be considered as reasonable.

Automated SEM/EDX based imaging of subway aerosols classified
the majority of particles as iron rich particulate matter (FePM). The
initial classification, however, contained several artifacts originating
mainly from scratches in the surface of the silica wafers and from the
pores of the filters. A manual correction of the dataset was therefore
conducted, where particles that had no elemental data associated to
them were deleted. Initial results showed average values of unclassified
particles at 3.29 + 3.77 % for the three wafer samples (W15), 0.71 +
0.22 % for the three filter samples measured at 15 kV (F15), and 11.74
+ 4.21 % for the fine particle fraction <1 pm of the same filter samples
measured at 5 kV (F5), which was lowered via manual data cleanup to
0.24 £+ 0.05 % (F15), 1.86 + 1.36 % (W15) and 1.30 £ 0.45 % (F5).
Fig. 2 shows the average percentages of the assigned classes for all three
F15 samples. Further diagrams of the average classification percentages
for F5 and W15 samples can be found in the SI in Fig. S3 and Fig. S4
together with Table S2, which shows the number of particles found in
each sample. Standard deviations shown for percentages of particle
classification indicate the variance between the three sampling days.

In total, 92.78 + 1.05 % of all particles (F15) were assigned to the
iron oxide class, while 4.28 + 1.49 % belonged to the three steel sub-
classes resulting in a total of 97.06 + 0.64 % of iron-rich particles. The
average iron oxide percentage for W15 samples was slightly lower at
84.93 + 5.48 % with an additional 8.75 + 2.23 % of steel particles
totaling at 93.68 + 3.28 % of iron-rich particles. The differences be-
tween these two sample types can be explained by the usage of two
different classification schemes that were applied to the samples, which
included Si percentages for the filter samples and C percentages for the
wafer samples resulting in particles falling below, or exceeding a certain
class threshold. F5 samples consisted of a total of 63.30 + 10.47 % of
iron-rich particles, with 62.69 + 10.16 % of all particles classified as
iron-oxides and only 0.61 + 0.32 % of steel particles. F5 samples showed
a large amount of iron bearing particles in the submicron size range,
however, the results were significantly lower than for particles >1 pm in
diameter (F15 samples), which is due to the higher number of carbo-
naceous particles in these samples. Zhang et al. (2022) stated that iron
was found in >75 % of particles (90 particles per sample) in Beijing,
China, while Jung et al. (2010) reported that 75-91 % of all analyzed
subway particles (300 particles per sample) in Seoul, South Korea were
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Fig. 2. Statistical information obtained via automated imaging. 1. Size distributions of particles from 19/07/2022 measured via ZEN core, iron oxides measured via
Aztec Features and online size distribution obtained by OPS. Highest numbers for size bins were normalized to 1 for easier comparison of different techniques. 2.
Average classification results of particles larger than 1 pm for filter samples measured at 15 kV. 3. Fe/O ratios of particles classified as iron oxides.
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Table 2

Morphological descriptors for subway particles on filter samples measured via the ZEN core Software.
Descriptor 17/5/2022 19/7/2022 28/8/2022
Particle count 45,640 68,447 87,287
AR 0.66 + 0.13 0.65 + 0.13 0.66 + 0.13
Extent bulkiness 0.66 + 0.07 0.66 + 0.07 0.67 + 0.06
Compactness 0.74 + 0.10 0.74 + 0.09 0.75 + 0.09
Circularity 0.78 + 0.12 0.79 + 0.11 0.81 + 0.10
Roundness 0.55 + 0.14 0.55 + 0.14 0.56 + 0.13
Solidity 0.87 + 0.08 0.88 + 0.07 0.88 + 0.06
Convexity 0.90 + 0.08 0.91 + 0.08 0.92 + 0.07
Ellipticity 0.65 + 0.16 0.64 + 0.16 0.65 + 0.16
Elongation 0.68 + 0.41 0.69 + 0.40 0.66 + 0.39

iron-rich. Higher percentages of FePM in the Munich subway can be
explained by the lower proportion of Cu rich particles due to the usage of
a third-rail type power supply, instead of a copper catenary and the
comparably low part of geological/ soil derived particles caused by the
depth of the subway station at which samples were drawn and lower air
exchange with the ambient air. These results suggest a similar origin of
iron rich particles in the subway systems all over the world.

Fig. 3 contains six SEM micrographs of typical iron oxide particles
found in the Munich subway system showcasing their overall form and
surface topography. Fig. 3.1 and Fig. 3.3 depict flake like iron-oxide
particles, which were commonly found throughout all samples, pre-
dominantly for particles >2 pm. Iron oxide particles exhibited rough and
often splintery shapes with large surface areas due to the jagged edges
often found on abrasion derived particles. This is expressed by their

Fig. 3. SEM micrographs of characteristic iron oxide particles found in the Munich subway system.
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circularity of 0.87 + 0.12 (F15 and W15), and 0.88 + 0.11 (F5). How-
ever, due to the comparably low magnification used for automated
SEM/EDX imaging, an underestimation of particles perimeter is likely
due to the limited number of pixels describing a particle. This is in
accordance with the significantly lower circularity of all particle classes
of 0.80 + 0.11 determined with Zen core, which utilized a higher
magnification for measurements. Since almost all particles found were
classified as iron-oxide particles, the value obtained via ZEN core can be
regarded as more probable.

The average aspect ratios for iron oxide particles were 0.62 + 0.13
(F15), 0.60 + 0.13 (W15), and 0.63 + 0.12 (F5) indicating an elonga-
tion of particles, which is visible in Fig. 3.2 and Fig. 3.4 as splintery
particles, mainly found in the <2 pm size range. This fact is also rep-
resented by the average roundness of iron oxide particles of 0.46 + 0.11
for particles >1 pm and 0.49 + 0.11 for particles <1 pm as well as an
extent bulkiness of 0.60 + 0.10 (F15), 0.61 & 0.10 (W15), and 0.62 +
0.09 (F5). Iron oxide particles were found in a fine mode at 484 + 198
nm and a coarse mode at 1534 4+ 1024 nm (W15) and 1853 + 796 nm
(F15). Morphological descriptors for iron oxide particles are summa-
rized in Table 3.

Particles classified as iron oxides consisted almost exclusively of iron
and oxygen with 14.13 + 4.51 wt% of carbon (based on wafer samples)
and 0.8 + 1.31 wt% (F15) to 4.39 + 2.67 wt% (F5) of Si. Other ele-
ments, mostly S, Cu, Na, Ca, Mg, Al and K, were also detected, but only at
average concentrations below 0.2 wt% for individual elements. These
values are in good agreement with data from Kumar et al. (2023) and
Moreno et al. (2015) who reported elemental compositions for iron rich
particles of 40.16-64.69 wt% for Fe, 9.08-32.47 wt% for O, 1.96-19.52
wt% for C, and 1.05-8.47 wt% for Si. Table 4 shows the average
elemental composition of iron oxide particles for the three sample types.
Furthermore the data obtained via SEM/EDX is in good agreement with
results published in our previous study (Bendl et al., 2023) obtained via
ICP-MS for the same days, which showed iron concentrations accounting
for up to 69 wt% of the PMj 5 fraction for the 17/5/2022.

The high average carbon percentages found in iron oxide particles
suggests that most of these particles originated from brake pads instead
of a low steel source, which would be attributed to the rails and wheels
as well as the third rail power conductor (Font et al., 2019; U-Bahn
Miinchen, 2023a). The high oxygen contents, which align neither with
the chemical composition of cast iron nor with steel, can be explained by
the high temperatures at the brake during particle formation facilitating
rapid oxidation in the environment (Wang et al., 2016). Fe/O ratios of
iron oxide particles <1 pm were less uniform than for those >1 pm
indicating a wider spread of oxidation levels in the submicron size range.
The average Fe/O ratio for small iron oxide particles was lower than for
larger iron oxide particles, which is presumably linked to their higher
surface area rendering them more susceptible to oxidation, while the
fraction of the oxidized surface layer in comparison to the unoxidized Fe
core also increases. Furthermore, there might be a slight underestima-
tion of iron contents in small particles due to the lower EHT of 5 kV
limiting the quantification of iron to the La line instead of the more
accurate Ko line. Fig. 2 shows the Fe/O ratios for iron oxide particles for
all sample types.

Metallic iron and steel particles, which also held a high share of
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subway particles at percentages between 0.61 and 8.75 % of all parti-
cles, where especially present in W15 samples. Filter samples consisted
almost exclusively of low alloy steel and metallic iron particles with
99.77 + 0.01 % (F15) and 100.00 % (F5), which is due to the less ac-
curate distinction between steel types without measured carbon con-
tents for these samples. The average Dy of steel particles in W15 samples
was 2146 + 1287 nm with a distribution of 94.50 + 1.84 % of low alloy
steel and metallic iron, 4.78 + 1.82 of high alloy steel, and 0.72 + 0.26
% of Cr-steel. These steel particles are attributed to abrasion of train
wheels and rails (Moreno et al., 2015), which are commonly made of
R260 or similar steel types (Aniotek and Herian, 2011).

While automated SEM/EDX analysis classified the majority of par-
ticles >200 nm as iron rich, even smaller particles of highly ferrous
nature were present in the samples. Manual SEM/EDX analysis also
revealed iron concentrations of similar levels compared to >200 nm
subway particles in NPs ranging from 30 nm to 200 nm. Concentrations
obtained from these measurements, which were obtained at 5 kV, are
less accurate due to the beam partially piercing the particle and subse-
quently exciting the underlying filter or wafer. Nonetheless, based on a
simulation of the penetration depth of electrons in a Fe;O3 substrate at
an EHT of 5 kV calculated via the Monte Carlo software (Fig. S1 and
Fig. S2 in SI), they can be considered reliable enough to give an esti-
mation of the elemental composition of particles <200 nm. From a
toxicologic viewpoint these particles, especially those NP in the sub 100
nm range, are considered to be critical due to their ability to reach the
bloodstream via deposition in the alveoli followed by translocation
throughout the whole body (Morawska and Buonanno, 2021; Thorley
et al., 2014). Additionally, NPs were reported to be transported across
the olfactory epithelium leading to accumulation in the brain (Hopkins
et al., 2018; T. Fortoul et al., 2015). Fig. 4 shows a 68 nm iron oxide
particle with its corresponding EDX spectrum as well as other small
heavy metal rich particles found in the samples.

FePM is generally considered less toxic than particles containing
other heavy metals such as Cu, however, FePM was shown to signifi-
cantly impair human health following inhalation in several studies
(Beck-Speier et al., 2009; Lay et al., 1999). While Fe can be generally
considered as innocuous if ingested orally due to bounding of iron to
proteins and chelating in the digestive system that prevent the genera-
tion of ROS (Morgan et al., 2020), the lung does not possess a pathway
for coping with large amounts of unliganded ferrous or ferric iron (Ghio
et al., 2009). Carcinogenic potential of long-term exposure to low-dose
FeoO3 nanoparticles resulting in neoplastic-like transformation of
human small airway epithelial cells via formation of ROS was reported
by Stueckle et al. (2017) emphasizing the significance of sub 100 nm
iron rich particles in the subway, to which commuters are exposed on a
daily base. Furthermore, particles formed by physical abrasion, mainly
grinding and crushing, are suggested to exhibit significantly different
toxicological responses compared to combustion derived Fe particles,
such as fly ash, due to their rough, often flake like shape (Morgan et al.,
2020). Generation of ROS from heavy metals via Fenton-like reactions
requires the metal proportion of particles to be soluble putting a large
significance on bioavailability of heavy metal rich PM (Longo et al.,
2016; Zhang et al., 2008). Increased toxicity for subway FePM was re-
ported in several studies (Jung et al, 2012; Loxham and

Table 3

Morphological descriptors for iron oxide particles obtained via the Aztec Features software.
Descriptor Wafer 15 kV Filter 15 kV Filter 5 kV
ECD in nm 1534 + 1024 1853 + 796 484 + 198
EPD in nm 1936 + 1813 2256 + 1380 572 + 288
D4 in nm 1832 + 976 2200 + 808 606 + 230
AR 0.60 + 0.13 0.62 + 0.13 0.63 + 0.12
extent bulkiness 0.61 + 0.10 0.60 + 0.10 0.62 + 0.09
compactness 0.67 + 0.09 0.67 + 0.09 0.70 + 0.08
circularity 0.87 + 0.12 0.87 + 0.12 0.88 + 0.11
roundness 0.46 + 0.11 0.46 + 0.11 0.49 + 0.11
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Table 4
Average elemental compositions of iron oxides for filter and wafer samples.

Science of the Total Environment 915 (2024) 170008

Element Wt% for Filter 15 kV Wt% for Wafer 15 kV Wt% for Filter 5 kV

C ND 14.13 + 4.51 ND

(0] 32.58 + 6.00 27.37 + 3.17 45.53 + 13.06
Si 0.80 + 1.31 ND 4.39 ES 2.67
Fe 66.30 + 6.88 58.13 + 6.63 49.58 + 14.14
Other elements 1.12 + 5.32 0.36 + 3.10 4.88 + 6.46

Nieuwenhuijsen, 2019) with a twofold increase in DNA damage
compared to Fe;03 or Fe304 particles alone (Karlsson et al., 2008). An
investigation of various PM sources including wood combustion, tyre
wear, street PM and subway particles conducted by Karlsson et al.
(2006) showed subway aerosol as the most genotoxic with significantly
increased DNA damage, which cannot solely be explained by enlarged
surface areas, but was attributed by them to a highly reactive surface of
these particles. Additionally, iron rich PM is often accompanied by other
heavy metals, such as Cu, Mn, Cr and V, further enhancing its potential
to generate ROS compared to pure iron and iron oxide particles.
Furthermore, the small clearance between trains and the tunnel walls
leads to resuspension of sedimented particles via the so called “piston-
effect”, which can temporarily cause high particle concentrations in the
surrounding air by pushing the air in front of the trains and creating a
strong suction behind them (Walther and Bogdan, 2017). These short-
term exposures to high PM concentrations might be reduced in the
Munich subway system compared to other cities, by the usage of a
specialized vacuum train called “VakTrak, which is used to clean the
track bed from waste and debris and filters out resuspended particles
down to 100 nm (Trambahn.de, 2023). Additionally, the Munich
transport network (MVG) operating the subway is planning the instal-
lation of platform screen doors in the future (mvg.de, 2023), which some
studies showed to mitigate commuters’ exposure (Kim et al., 2012; Son
et al., 2013).

While these iron oxide and steel particles are well reported in the
literature and are linked to abrasion at the rail-wheel-brake interface
(Moreno et al., 2015) other distinct chemical profiles linked to the
emission of subway trains were only scarcely found. Except from iron
oxide and steel particles, the third most abundant class was carbona-
ceous particles present at concentrations of 1.01 + 0.15 % (F15), 23.62
+14.61 % (F5), and 2.35 + 1.62 % (W15). While carbonaceous particles
are normally related to automotive traffic, only minor amounts of soot
chains, typical for the incomplete combustion of fuels, were found in all
samples. Instead, carbonaceous particles were almost exclusively found
in the submicron size range with an average aerodynamic diameter of
385 + 136 nm, but also to some degree in the size range of 1388 + 804
nm (W15) to 1641 + 354 nm (F15). Automated classification of carbo-
naceous particles, however, is only accurate for Wafer samples since no
carbon was measured in filter samples and the classification was based
on the assumption that particles consisting of >75 wt% of O have to be
carbonaceous in order to be solid, since all other elements except C were
measured. Furthermore, manual EDX measurements confirmed that
these particles were in fact carbonaceous and present in high quantities,
even though their carbon content could not be accurately quantified.
The small fraction of carbonaceous particles (F5) showed similar
morphological characteristics as iron oxide (Yang et al., 2016) particles
with an average roundness of 0.43 + 0.12 and a circularity of 0.84 +
0.13. These values indicate a similar, abrasion derived source, possibly
generated from frictional wear of graphite contact blocks used in the
current collectors of third-rail type power supplies (Yang et al., 2016) or
from other sources, such as electric motor brushes employed in newer
trains as well as brake pads (Moreno et al., 2015).

Font (Font et al., 2019) analyzed motor brushes used in the Barce-
lona subway system, which showed Zn, Ti, Ba, Sn, and Cr as the main
impurities of the carbon nanotubes, which are employed in these
brushes. Carbonaceous particles in F5 samples contained 7.53 + 5.21 wt

% of Fe and 0.27 + 0.51 wt% of Cu with no other metal concentrations
above the limit of detection for EDX analysis. This elemental composi-
tion, even though actual values are most likely lower due to the missing
carbon content in these samples, contradicts motor brushes as main
source of carbonaceous particles in the Munich subway environment
and points towards brake wear as the most likely source. The fact that
submicronic carbonaceous particles contained iron and copper also
renders the assumption that these particles might be artifacts from the
sputtering process improbable. The F5 sample from the 28.8 showed
especially high amounts of carbonaceous particles in the submicron
fraction indicating a high temporal variability of these particles with a
total range of 10.31 % (19.7) to 43.97 % (28.8).

Heavy metal bearing particles, linked to wear and abrasion of brake
pads, such as BaSO4 and SbS3 (Grigoratos and Martini, 2015), were also
present at concentrations of 0.05 + 0.01 % at an average size of 2286 +
936 nm (F15) and 0.09 + 0.05 % at an average size of 1459 + 416 nm
(W15). F5 samples did not show significant amounts of brake wear
particles due to the general lack of Sb rich particles in all subway sam-
ples and the insufficient EHT to excite the La line of the more frequently
occurring Ba. Since the M-line of Ba, which can be observed at an EHT of
5 kV, is overlapping with the L-Lines of Fe, it could not be used for
determination of Ba presence due to the ubiquitous nature of Fe in the
subway environment. Abbasi et al. (2012) reported peaks for railway
break wear in the ultra-fine size range at around 100 nm; two fine peaks
- one dominant at 300-400 nm and one at 500-600 nm - and a coarse
peak at 3-7 pm, which were found under all test conditions. In contrast,
Hagino et al. (2016) showed the coarse peak in the range of 1.2-3.5 pm.
Furthermore, lijima et al. (2007) showed that heavy metals associated to
brake wear are predominantly found in the coarse fraction. This is in
good accordance with data from the Munich subway, which showed the
carbonaceous fraction of brake wear at 385 + 136 nm and the heavy
metal rich brake wear fraction in the coarse mode between 1459 + 416
nm — 2286 + 936 nm.

Average heavy metal concentrations, except for iron were present at
low levels, however, they were found to be distributed inhomogeneously
throughout the samples. Fig. 5 depicts an EDX map of the F15 sample
from 28/8/2022 illustrating the distribution of metals such as Cu and Al.

Classification results listed non-ferrous metal rich particles at per-
centages of 0.10 + 0.01 % (F15), 0.14 + 0.07 % (F5) and 0.90 + 0.30 %
(W15) for the non-ferrous metals and 0.25 + 0.15 % (F15), 2.00 + 1.44
% (F5), and 0.09 £ 0.03 % (W15) for non-ferrous oxides. Most of these
heavy metal containing particles were classified as metallic copper or
copper oxide particles and are often attributed by literature to sparking
at the catenary-pantograph interface, often consisting of Cu alloys (Zhou
etal., 2022). However, these catenary-pantograph type power collectors
are not utilized in the Munich subway. Wafer samples contained an
average of 0.42 + 0.02 % of copper rich particles, while filter samples
contained at average 0.31 + 0.14 % (F15) and 2.11 £+ 1.52 % (F5).
Samples taken on the 19/7/2022 showed significantly higher levels of
Cu metal and oxide particles with Cu oxides reaching a level of 4.04 % in
the F5 sample. These results show that while average numbers of Cu rich
particles are fairly low, they can temporally reach high dosages, causing
potential threads to commuters’ health. Third-rail type power supplies,
which are also used in the Munich subway, consists of either a graphite
or a copper current collector (Yang et al., 2016) and might, therefore,
contribute to copper rich emissions in subway tunnels. However, given
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Fig. 4. Manual EDX data of small particles taken at 5 kV. 1. 68 nm iron oxide particle found in wafer sample from 28/8/2022. 2. 64 nm copper oxide particle found
in wafer sample from 19/7/2022. 3. 208 nm iron oxide particle with Cu and Pb encrustations found in wafer sample from 28/8/2022.
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Fig. 5. EDX overview of sample from 28/8/2022 at 15 kV.

the low levels of copper in comparison to other subway systems (Bendl
et al., 2023), it is likely that the current collectors are made of graphite,
which is in good agreement with the high levels of carbonaceous par-
ticles found in the Munich subway system. These results point towards
brake wear as the most likely source of copper in the subway tunnels,
which is commonly used as marker for automotive brake wear (Gri-
goratos and Martini, 2015).

Cu particles found in the Munich subway system were found in two
size modes. Cu particles in F15 and W15 samples had a particle size
between 2029 + 741 nm (F15) and 1432 + 589 nm (W15) while the
majority of Cu particles was found in F5 samples at an average particle
size of 445 + 191 nm. The average elemental compositions for the
combined Cu oxides and Cu metal classes for all samples are given in
Table S5 in the SI. These copper rich particles can be considered as
critical to the human health since particles between 1 and 2.5 pm end up
in terminal bronchi (Sankhe et al., 2019) and particles smaller 1 pm can
even reach the pulmonary alveoli (Costa et al., 2016), where the gen-
eration of ROS can induce several diseases (Boukhenouna et al., 2018;
Kanti Das et al., 2014). Especially temporary high concentrations, such
as in the F5 sample from the 19/7/2022, where 4.04 % of all particles
were copper rich, are critical considering that respirable copper particles
are considered to be the most toxic heavy metal bearing particles in
mammals (Hejazy et al., 2018). Fig. 4.2 contains a SEM micrograph of a
64 nm copper particle, together with its associated EDX spectrum
highlighting the high mass percentages of copper that could be found
even in particles smaller than 100 nm.

Apart from pure copper oxides, some iron-oxide particles were
observed to contain encrustations of other heavy metals, such as Cu and
Pb. An exemplary SEM micrograph of a 208 nm particle with its EDX
spectra is shown in Fig. 4.3. For these particles, which contain a variety
of heavy metals, the overall toxicity is hard to predict, however, studies
suggest that the toxicity is higher than the sum of the toxicity of the
individual heavy metals. Sun et al. reported that mixed heavy metals in
PM, 5 samples from smeltery districts in China showed an increased rate
of apoptosis in A549 cells compared to the single metals (Sun et al.,
2022).

Furthermore, non-anthropogenic sources of particles, mostly of
geological origin, were observed in the Munich subway system. A total
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of 0.57 + 0.07 % (F15) and 1.99 + 0.66 % (F5) was assigned to silica,
aluminosilicates and other various silicate types, while none were found
in wafer samples, which is due to the fact that Si was excluded from
these samples. These soil derived particles were presumably brought
into the subway system by commuters or were transported to the plat-
forms via ventilation from the streets above. The second most prominent
detected non-anthropogenic particle source was the salts and carbonates
class at 0.69 + 0.24 % (F15), 0.77 + 0.66 % (F5) and 0.97 + 0.47 %
(W15) dominated by calcium carbonate.

4. Conclusions

Automated SEM based morphological analysis of subway particles
showed a high intra-sample variance, but almost no variance between
samples, which were taken at the same place at different time and sea-
sons suggesting the same dominant source, which is relatively stable
over time. Particles found in the Munich subway system displayed rough
edged splintery surfaces, indicated by their average circularity of 0.78 to
0.81, as well as an average solidity of 0.87 to 0.88. The main mode of the
particle number was observed in the size range from 100 to 300 nm
peaking at 175-200 nm. Two main types of particle morphologies, a
flake like shape for particles >2 pm and an elongated shape for particles
<2 pm, were predominantly found throughout all samples.

Of the over 200,000 particles analyzed via automated SEM/EDX
imaging, 98.87 + 1.06 % were automatically assigned to the pre-defined
classes. Automated SEM/EDX based classification of the subway aerosol
revealed the highly ferruginous nature of subway particles compliant
with literature from other subway systems around the globe. In total,
84.68 + 16.45 of all particles were found to be of iron rich nature with
an average Fe concentration of these particles of 49.58-66.30 %
depending on the particle size. Other heavy metals, mainly copper ox-
ides, were found either as pure particles or as encrustations embedded
into larger iron oxide particles. These high levels of Fe rich and other
heavy metal bearing particles, which were also found in the size range
well below 100 nm, could pose a threat especially to vulnerable groups,
such as pregnant women and old and young people, if they are exposed
to subway aerosol for prolonged periods of time.

These results highlight the desirability of reducing commuters’
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exposure, for which other studies showed the installation of platform
protection doors as one of the feasible mitigations. Another feasible
mitigation to limit the exposure to short-term high particle concentra-
tions due to the piston-effect might be improvement of the ventilation
system and a more frequent removal of sedimented particles via
specialized vacuum trains.

The suitability of automated SEM/EDX based imaging was demon-
strated for the in-depth characterization of micro-environments, such as
non-exhaust emissions. The technique described in this paper can be
used to address the homogeneity of a wide variety of different emission
sources, or to study their contribution to complex environmental sam-
ples. It can be used stand-alone or as a complement to other filter
analysis techniques, such as ICP-MS, where the added value is mainly
information on the distribution of elements in different particle sizes,
which can have a major impact on health risks.
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