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Abstract. Knowledge of the chemical composition of partic-
ulate matter (PM) is essential for understanding its source
distribution, identifying potential health impacts of toxic
elements, and developing efficient air pollution abatement
strategies. Traditional methods for analysing PM compo-
sition, such as collection on filter substrates and subse-
quent offline analysis with, for example, inductively coupled
plasma mass spectrometry (ICP-MS), are time-consuming
and prone to measurement errors due to multiple prepara-
tion steps. Emerging near-real-time techniques based on non-
destructive energy dispersive X-ray fluorescence (EDXRF)
offer advantages for continuous monitoring and source ap-
portionment.

This study characterizes the Horiba PX-375 EDXRF mon-
itor by applying a straightforward performance evaluation in-
cluding (a) limit of detection (LoD), (b) identification and
quantification of uncertainty sources, and (c) investigation
and comparison of measurement results from three con-
trasting sites in Luxembourg (urban, semi-urban, rural). We
used multi-element reference materials (ME-RMs) from UC
Davis for calibration and performed measurements during
spring and summer 2023. The LoDs for toxic elements like
Ni, Cu, Zn, and Pb were below 3 ng m~3 at 1h time reso-
lution. Higher LoDs were observed for lighter elements (e.g.
Al Si, S, K, Ca). Expanded uncertainties ranged between 5 %
and 25 % for elemental concentrations above 20 ng m~3 and
were maximal for concentrations below 10 ng m~—3, reaching

60 %—85 %. Elemental analysis revealed S and mineral el-
ements (Fe, Si, Ca, Al) as dominant contributors to PMjj.
Although the PM mass contribution of toxic trace elements
(e.g. Zn, Cu, As) was generally very low, they were found to
be enriched at the urban site Belvaux and the semi-urban site
Remich compared to the more rural site Vianden. Our results
explained on average 51 %—74 % of the gravimetric PMg
mass at the three sites. The study highlights the suitability
and importance of the continuous PX-375 particle monitor
for future air quality monitoring and source apportionment
studies, particularly under changing emission scenarios and
air pollution abatement strategies.

1 Introduction

Airborne particulate matter (PM) is composed of chemical
species such as sulfate, nitrate, and ammonium (SNA); sea
salt; mineral compounds; trace metals; organic carbon (OC);
and elemental carbon (EC). Particle chemical composition
is typically determined by measuring SNA, sea salt content,
OC, and EC (Lee and Allen, 2012) but often does not in-
clude trace and major elements, which are metals, metal-
loids, or non-metals. Some trace elements are considered
toxic for humans under prevailing high exposure levels (e.g.
Pb, Zn, Ni, Cr, As) (Briffa et al., 2020), although EU an-
nual limit values only exist for Pb (0.5 ugm™3) (EU Direc-
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tive 2008/50/EC, currently under revision) and annual target
values only exist for Ni (20ngm~3) and As (6ngm—3) (EU
Directive 2004/107/EC). Redox active trace metals (e.g. Cu,
Zn, Ni, Fe) may be particularly harmful as they can lead to
the generation of reactive oxygen species and subsequent in-
flammation and oxidative stress (Pant et al., 2015; Daellen-
bach et al., 2020; Charrier and Anastasio, 2012). Such expo-
sures that mainly originate from tyre and brake wear of heavy
exhaust and non-exhaust vehicles can cause serious health
problems and ecosystem damages (Baensch-Baltruschat et
al., 2020; Beddows and Harrison, 2021; Al Mamun et al.,
2020). Under future emission reduction scenarios and more
sustainable agricultural practices (e.g. according to the EU
Zero Pollution Action Plan), a decline of the role of SNA in
the particle chemical composition is expected. For instance,
the European inorganic aerosol pollution load is currently
dominated by NH4NOs3 particles (Tang et al., 2021), which
will likely decrease with the application of efficient NH3
emission reduction strategies (Guo et al., 2018). In partic-
ular, natural dust (e.g. composed of the mineral elements Al,
Si, Fe, and Ca) is expected to play a key role for the non-
anthropogenic PM; 5 composition and associated health ef-
fects under future air pollution abatement scenarios (Pai et
al., 2022). Future prolonged drought periods and increased
aridity in some regions accompanied by extremely dry soils
will enhance wind-blown mineral dust emissions (Achakul-
wisut et al., 2019; Biintgen et al., 2021). Additionally, fre-
quent pyrogenic emissions from wildfires, prescribed burns,
and agricultural burning will contribute more strongly to the
atmospheric aerosol burden (Pai et al., 2022). Resuspension
from road dust contributes to the urban PM composition
(Maenhaut et al., 2005).

The discontinuous collection on filters and analysis of PM
samples using techniques such as inductively coupled plasma
mass spectrometry (ICP-MS), inductively coupled plasma
optical emission spectrometry (ICP-OES), particle-induced
X-ray emission spectrometry (PIXE), and X-ray fluorescence
spectrometry (XRF) suffer from several disadvantages, such
as high human cost and time, delivering compositional infor-
mation with a considerable time delay and at low temporal
resolution (Tremper et al., 2018), and subsequent difficulties
in the analysis of diurnal variations and extreme values. The
most common analytical method for discontinuous sampling
is ICP-MS, with the primary drawback being the requirement
for sample solubilization, whose effectiveness also depends
on the composition of the PM, thereby reducing the represen-
tativeness of the sample to be analysed, especially for criti-
cal elements to be dissolved, such as Ti, Cr, and Al (Celo
et al., 2010). However, recent works demonstrated the capa-
bility of ICP-MS for online analysis of PM (Ji et al., 2022).
Emerging real-time techniques such as laser-induced break-
down spectroscopy allow for detailed physicochemical char-
acteristics of individual particles, providing information on
formation mechanisms and fates of atmospheric particles, al-
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though mass concentrations cannot be determined with these
techniques (Heikkilé et al., 2024).

Energy dispersive X-ray fluorescence (EDXREF) is a state-
of-the-art and green-analytical chemistry method to perform
multi-element analysis of airborne PM (Bilo et al., 2024).
The method is non-destructive, does not require any sample
preparation and use of toxic solvents, and is not affected by
the molecular or atomic structure of the elements (Hyslop
et al., 2019). The recent technical advancement of EDXRF
methods and the increase in detector sensitivities nowadays
allow measurements with high temporal resolution for am-
bient dust monitoring (Furger et al., 2017; Tremper et al.,
2018; Asano et al., 2017). The importance of these near-
real-time EDXRF methods is currently underrated but will
increase in the future as the relevance of spatio-temporal vari-
ability assessments and source apportionment studies will
likely increase due to the changing chemical particle com-
position. Currently, two continuous EDXRF online instru-
ments exist, the Xact 625 ambient metal monitor (Sailbri
Cooper, Inc., US) (Park et al., 2014) and the PX-375 continu-
ous particulate monitor (Horiba, Japan) (Asano et al., 2017).
Only a few studies have performed online measurements of
particulate element mass concentrations up to now. For in-
stance, the Xact 625 was tested at a rural traffic-influenced
site in Switzerland for 3 weeks in summer 2015 (Furger et
al., 2017). In addition, it was evaluated at three contrasting
sites (traffic, urban background, and industrial) in the UK
for several months in 2014, 2015, and 2017 (Tremper et al.,
2018). The Horiba PX-375 monitor was deployed in Poland
near a moderately inhabited rural area (~ 1000 inhabitants)
for 1 month in summer 2018 (Mach et al., 2021). Creamean
et al. (2016) used the Horiba PX-375 for the characterization
of particles originating from long-range transport of mineral
dust and smoke from forest and grassland fires in the Pacific
Northwest to Colorado, US, for 1 week in late summer 2015.
Source apportionment of trace elements in PMj 5 was per-
formed using the Horiba PX-375 between April 2014 and
April 2015 at five different sites in Beijing (Li et al., 2017).
However, in contrast to studies using the Xact 625 (Tremper
et al., 2018; Furger et al., 2017), none of the previous stud-
ies with the Horiba PX-375 monitor include a rigorous qual-
ity control and uncertainty estimation. The detected metals,
metalloids, or non-metals can be used as tracers to identify
specific anthropogenic and natural pollution sources and as-
sociated health risks (Li et al., 2017; Park et al., 2014), and a
reliable uncertainty estimation provides the basis for source
apportionment. A major challenge for these online EDXRF
methods is the availability of accurate multi-element refer-
ence materials (ME-RMs) for instrument calibration (Bilo
et al., 2024). While the suitable Standard Reference Mate-
rial from the National Institute of Standards and Technology
(NIST) was discontinued, the UC Davis (UCD) Air Quality
Research Centre now produces multi-element reference ma-
terials with mass loadings corresponding to the range of at-
mospheric concentrations (Yatkin et al., 2018). Motivated by
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the need for a detailed performance evaluation of the Horiba
PX-375, the four scientific objectives of this paper are (a) to
investigate the limit of detection (LoD) under real environ-
mental conditions, (b) to identify and quantify the uncer-
tainty sources of the PX-375, (c) to evaluate the measurement
results collected during spring and summer at three contrast-
ing locations in Luxembourg (rural, semi-urban, and urban),
and (d) to assess the contribution of detected elements to the
total PMg.

2 Experimental
2.1 Measurement campaigns

With the help of the mobile air quality laboratory (environ-
mental measurement vehicle, EMV) of LIST (Trebs et al.,
2023), an elemental analysis of airborne PMjo was con-
ducted at three different locations in Luxembourg (rural,
semi-urban, and urban) in 2023 (Table 1, Fig. 1). The mea-
surements took place next to the LIST institute building
at Belvaux, which is located next to Belval — a district in
the southwestern part of Luxembourg (west of Esch-sur-
Alzette). The surrounding area includes a mix of residen-
tial, commercial, and industrial zones (with steel plants and
open slag dump sites in distances of 1-5 km). The EMV was
located at the roadside of a parking area. The second loca-
tion was at the Institut Viti-Vinicole (IVV) in Remich sit-
uated in the southeastern part of Luxembourg, within the
commune of Remich. The IVV is located within vineyards
along the Moselle River. The third sampling location was in
the northern part of Luxembourg, situated near the Vianden
water reservoir in the Ardennes region, with the surround-
ings dominated by agriculture. Compared to permanent air
quality stations the EMV offers an attractive alternative to
enhance the spatial and temporal resolution of ambient mea-
surements and identify specific pollution sources. The vehi-
cle is equipped with an X-ray fluorescence analyser (PX-375
Horiba, Japan) (Asano et al., 2017) that was carefully tested,
calibrated, and quality-controlled prior to, during, and after
the field campaigns. Standard meteorological measurements
such as air temperature and humidity (3 m), wind speed, and
wind direction (6 m) were measured at each location. Simul-
taneously, PM; o, PM» 5, and PM( data were collected with
an optical particle counter (GRIMM Aerosol Technik EDM
180-F, Ainring, Germany) with a time resolution of 1 min at
a height of 3 m. These data were averaged and aggregated to
match the time resolution of the PX-375.

2.2 Instrument description

The PX-375 was configured to measure ambient concen-
trations of 15 trace elements in particulate matter (PMj),
namely Fe, Al, Si, Ca, S, Mn, Zn, K, Ti, V, Cr, Ni, Cu, Pb, and
As. Air was sampled at a flow rate of 16.7 Lmin~! through
a PMjg inlet (manufactured by Met One Instruments, Inc.)
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Figure 1. Map of Luxembourg showing the three different sam-
pling locations (Belvaux near Esch-sur-Alzette, Remich, and Vian-
den; map taken from https://map.geoportal.lu, last access: 15 Octo-
ber 2024).

at a height of 3 m. The inlet is always heated when ambient
temperatures are below 40 °C. The time resolution can be ad-
justed from 30 min to 24 h and was set to 120 min (Belvaux,
Remich) and 180 min (Vianden). Although the instrument
can measure at a lower time resolution, these values were
chosen because relatively low PM g levels were expected and
increased sampling time decreases LoDs. The online PX-375
monitor applies reel-to-reel filter tape sampling with a none-
woven PTFE fabric filter, and the spot tape interval was set
to 100 mm. Non-destructive EDXRF analysis is applied to
determine the element concentrations. X-ray pulses are pro-
duced with an X-ray tube at two different incident photon
energy levels directed at the sample (15 and 50kV, auto-
matic switching). Elements are quantified accounting for the
conditions of the detector and its surroundings (air path and
window thickness). When the energy is assigned to the hori-
zontal axis and the pulse counts to the vertical axis, the val-
ues obtained by the multi-channel analyser are shown as a
spectrum on the LCD. The constituent elements are identi-
fied by the peak positions on the spectrum and quantitatively
analysed by the peak height. The analysis time was set to
500s for each energy level. The total PMjp mass concen-
tration of each sample is determined with beta-ray attenua-
tion. The next sample is collected on a clean spot of the filter
tape while the analyses are performed. The EDXRF unit con-
tains a complementary metal-oxide—semiconductor (CMOS)
camera for sample images, allowing the user to control the
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Table 1. Overview of sampling locations, periods, and site characteristics for the measurements with the Horiba PX-375 in Luxembourg.

Sampling
Location Longitude | latitude (WGS84)  period (2023)  Characteristics
Belvaux  5.94408° E|49.50606° N 1 -7 Mar Urban, nearby institute, mix of residential, commercial,
and industrial areas with occasional construction activities
Remich 6.35483°E[49.54535° N 11-19 May Semi-urban, within wine yard area, occasional constructions around
Vianden  6.14748°E|49.94704° N 29 Jun—6Jul  Rural, near large water reservoir and agricultural sites

accurate alignment of the filter tape such that the particle de-
position spot (diameter of 11.5 mm) is exposed to X-ray ir-
radiation (collimator size is 7 mm). Hence, the manufacturer
specifies an acceptable spot diameter tolerance of £ 2 mm.

2.3 Quality control procedures

To assure measurement quality, X-ray intensity checks, en-
ergy calibrations, and blank tests were performed after each
filter tape replacement. Additionally, the EDXRF unit was
initially calibrated using a blank filter tape and a traceable
Standard Reference Material (SRM-2783) from NIST. How-
ever, as this SRM was outdated and the product was dis-
continued, we re-evaluated the NIST calibration using two
freshly produced multi-element reference materials (ME-
RMs) from the UC Davis Air Quality Research Centre
(UCD-47-MTL-ME-233 and UCD-47-MTL-ME-234) with
different element loadings (Hyslop et al., 2019; Yatkin et
al., 2018). The calibration curves were derived by plotting
the detected blanks and elemental loadings of the UCD stan-
dards (ME-233, ME-234) versus the instrument response (in-
tensity x0) for each element. From the resulting scatter plots
with three data points, linear regression analysis was used
to obtain the equation to derive the air concentration of the
samples (mass scaled with sample spot area and sampled air
volume). Quality control of the calibration was performed
by monthly check standard procedures using the blank fil-
ter tape and a reference material, measuring three replicates
each time. Additionally, a Type A evaluation of uncertainty
(GUM, 2008) was conducted by a check standard procedure
including three sequential measurement series (each with
n = 10) of both ME-RMs from UCD and deriving the stan-
dard deviation (precision) and bias for each element.

The accurate alignment of the filter tape was checked by
manual inspection of the images of the CMOS camera and
ensuring that the sample spot deviation is within 2 mm.
Samples with a deviation of the deposition spot from the
X-ray irradiation position larger than +2 mm were flagged
and treated independently in the uncertainty estimation (see
Sect. 3.1.4).
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2.4 Determination of the limit of detection (LoD)

The limit of detection (LoD) reflects the precision of the in-
strument response when the concentration of the analyte is
zero (IUPAC, 1997). This comprises the detection capability
(sensitivity and selectivity) of the detector system, and the
variability of the system under realistic conditions (including
filter tape background). The LoD for each element was cal-
culated based on the conventional definition (Kellner et al.,
2004; TUPAC, 1997):

SLoD = Mb + 301, (1)

with up the arithmetic mean and oy, the standard deviation of
the intensity signal of the blank measurements. We measured
the same blank spot 10 times, moved the filter tape, and mea-
sured the new spot 10 times (in total three sets with n = 10
each). The oy, is calculated from the average of 3 standard
deviations (n = 3), one from each set of 10 blank analyses.
The concentration at the LoD (crop) is then calculated from
the analytical sensitivity (slope) of the calibration curve:

SLoD — Mb _ 30
slope slope

CLoD = 2)
All data points below the LoD were set to the respective LoD
value for each element.

2.5 Uncertainty estimation

For the estimation of the expanded measurement uncertainty,
we follow the Guide to the expression of uncertainty in mea-
surement (GUM, 2008). The GUM procedures rely on the as-
sumption that ideally all systematic errors (biases) have been
corrected. The Type A evaluation derives the standard uncer-
tainty by calculating the standard deviation of the mean of a
series of independent observations (time-dependent sources
of random error) based on check standard measurements (see
Sect. 2.3). The Type B evaluation for the PX-375 includes
the uncertainty of the ME-RMs provided by the UCD and
possible geometry misalignments in the instrument (devia-
tion of the particle deposition spot from the X-ray irradiation
position). According to GUM (2008) the combined standard
uncertainty for error sources that are independent from each
other is derived by the root sum square of the Type A and
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Type B standard uncertainties. The coverage factor k = 1.96
(95 % confidence level) is used as a multiplier of the com-
bined standard uncertainty to obtain the expanded uncer-
tainty u.,; for each element:

Ue; = k\/(aiz + uZ, + “gpot)’ )

where o; is the standard uncertainty to detect the mass of
the ith element (Type A uncertainty), expressed as standard
deviation calculated from the average of 3 standard devia-
tions (n = 3), one from each set of 10 check standard anal-
yses; upy is the standard uncertainty of the reference ma-
terial (Type B uncertainty) (Yatkin et al., 2018); and wugpot
is the spot uncertainty in case of misalignment of the filter
tape with the X-ray irradiation beam (Type B uncertainty).
The standard uncertainty of the reference material u.p, is de-
rived by dividing the expanded uncertainty in the RM cer-
tificate by the applied coverage factor of 2 (Yatkin et al.,
2018). The uspor was derived by assessing whether the spot
deviation is larger than +2 mm in each CMOS picture and
by calculating the erroneous crescent area (see Sect. 3.1.4).
This was done by assuming that the particle deposit on the
filter tape is homogenous. The uncertainty of the airflow is
ug =02 Lmin—! (1.2 %) and can be neglected.

3 Results and discussion
3.1 Instrument characterization
3.1.1 Limit of detection (LoD)

The lowest LoD values (< 3 ng m~3 at 1h time resolution)
were found for the elements Ni, Cu, Zn, and Pb (Table 2).
The LoDs of the light elements measured with the lower pho-
ton energy level of 15kV (Al, Si, S, K, Ca) were the highest,
with the maximal values found for Al (100 ng m~3) and the
lowest values for Ca (6.8 ng m~3). From the elements mea-
sured with the higher photon energy level of 50kV (Table 2)
Fe showed the highest LoDs (8.7 ngm™> at 1h time resolu-
tion). During the blank measurements, no signal was detected
for As.

The higher LoDs for Si, K, and Fe can be explained by the
presence of common contaminants in filter raw media or aris-
ing from EDXRF hardware (Hyslop et al., 2022). As some
parts inside the PX-375 are made of Al, we expect that the
high LoD values are due to marginal contamination during
filter tape installation.

In general, the hourly LoDs for Pb, K, Ca, Fe, Zn, and Mn
are comparable to those already presented for the PX-375
(Asano et al., 2017) (30 definition), while our LoDs for Si
and S are 2 to 3 times higher than in Asano et al. (2017) (see
Table 2). Moreover, except for Ti and Zn, the hourly LoDs
derived in this study are substantially higher than values pre-
sented in Creamean et al. (2016), which were provided by
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the manufacturer (Jessie M. Creamean, personal communi-
cation, 23 March 2023) and were thus not determined un-
der real environmental conditions. In Creamean et al. (2016)
the LoD values for Al were also maximal. Compared to the
hourly LOD values of elements measured by the Xact 625 in
Tremper et al. (2018) (30 definition), our LoD value for Si is
2 times lower, while the LoDs of all other elements are higher
than those of the Xact 625. However, it should be noted that
the LoD values are not directly comparable as the concentra-
tions of the reference material used for the calibration of the
Xact 625 are very high (nearly 1000 times higher than for the
PX-375) (Tremper et al., 2018).

3.1.2 Bias and accuracy

Systematic uncertainties are defined as non-random varia-
tions in the target variable that will decrease the accuracy of a
measurement. Figure 2 shows the bias (relative average devi-
ation) of the analysis result for each element for the two dif-
ferent UCD ME-RMs. The bias is below 5 % for the elements
Ti, V, Cr, Mn, Fe, Ni, Cu, and Ca and is between 5 % and
25 % for the other elements, with largest deviations for the
lighter elements (e.g. Al, Si, K). For most of the elements, the
relative average deviation has a different direction for UCD
#233 and UCD #234. This indicates that the observed differ-
ences are not systematic but part of the random uncertainty
(Brown et al., 2010). While we consider differences below
5 % to be insignificant and captured by the random uncer-
tainty, the large differences for Al, Si, and K are most likely
related to the calibration procedure. Figure 3a illustrates the
calibration curve for Fe showing a strong linear fit, while the
calibration curve for K (Fig. 3b) reveals deficiency in lin-
ear fit performance. The residuals indicated by red arrows
(+24 % for ME-233 and —5 % for ME-234) are comparable
to the deviations found for K during the check standard pro-
cedure (Fig. 2), indicating a good reproducibility. The same
was found for Al and Si, and we assume that this was re-
lated to uncertainty in element loadings of the RMs. We have
included this in the Type B uncertainty (Sect. 3.1.4). Conse-
quently, no systematic correction of the results was made.

In general, uncertainties are expected to be higher for el-
ements with potential for line interferences in multi-element
samples, as well as from self-absorption effects for the light-
est elements (Si, S, K and Ca) (Furger et al., 2017). If a vac-
uum or helium purge is not used as in our case, the sensi-
tivity of XRF decreases with lighter elements (Margui et al.,
2022). Under these conditions, light elements generally have
poor XRF sensitivity compared to transition metals (e.g. Cu)
as they produce X-rays of lower energy. This is also revealed
by their higher LoD values (Table 1).
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Table 2. Limit of detection (30 definition) of air concentrations for the 15 elements detected by the PX-375 using three different time

resolutions.

LoD [ng m_3] LoD [ng m_3] LoD [ng m_3]

Photon (1h sampling time,  (2h sampling time, (3 h sampling time,

Element energy level 1000 s analysis) 1000 s analysis) 1000 s analysis)
Al 100.0 49.9 333
Si 35.0 17.5 11.7
S 15kV 13.7 6.8 4.5
K 29.7 14.8 9.9
Ca 6.8 3.4 2.3
Ti 3.0 1.5 1.0
v 7.3 3.6 24
Cr 2.9 1.4 1.0
Mn 2.9 1.5 1.0
Fe 50kV 8.7 43 2.9
Ni 1.6 0.8 0.5
Cu 24 1.2 0.7
Zn 1.3 0.6 04
As - - -
Pb 22 1.1 0.7

mUCD-L1#233 ©UCD-L3 #234

30

bias (%)

-15 I

Ti V Cr Mn Fe Ni Cu Zn As Pb Al Si S K Ca

Figure 2. Instrumental bias (relative average deviation) derived
from 30 replicate check standard measurements using two differ-
ent ME-RMs produced by UCD for 15 elements. Error bars denote
the precision of the bias (see Fig. 4).

3.1.3 Type A uncertainty (precision)

The standard uncertainty (precision as standard deviation di-
vided by the mean of repeated measurement results) shown in
Fig. 4 is below 4 % for all elements (except for Pb). The ele-
ment loadings of ME-233 are about 2.6 times lower than for
ME-234 and correspond to relatively low atmospheric con-
centrations typical for a rural or remote regions. Figure 4 re-
veals that analytic precision is slightly reduced with lower
mass loadings (UCD-L1 #233) for several elements.
Relative precision for Fe, Al Si, S, K, and Ca was highest
because their absolute RM element loadings were at least a
factor of 10 higher than for the other elements (Fig. 4), which
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is consistent with their expected higher atmospheric concen-
trations. As standard uncertainty o; for the Type A uncer-
tainty estimation (Eq. 3) we have used the average absolute
precision for both RMs.

3.1.4 Type B uncertainty

According to the ME-RM certificates all elements have an
expanded uncertainty of 10 %, while 20 % was reported
only for Ti, As, and Si. These expanded uncertainties were
converted into standard uncertainties (i) and included in
Eq. (3). As we additionally found potential uncertainties of
the calibration curve of around 20 % for Al and K that were
identified as non-systematic (Fig. 3), we increased the Type B
RM uncertainty that can also be classified as calibration un-
certainty for these two elements to 20 % (see Sect. 3.1.2).
The identification of samples for which the deposition spot
is outside of specified limit by the manufacturer was done
manually (Fig. 5).

Ideally, this procedure should be done with an auto-
matic image detection and machine learning approach, which
is, however, outside the scope of this paper. During all
three measurement campaigns, only 1 % of the images were
flagged to be outside of the manufacturer limit due to a small
misalignment of the filter tape with the X-ray irradiation
beam. The erroneous crescent area was calculated for each
sample according to standard formulas using the erroneous
distance of both circle centres. The determined Type B un-
certainty (uspor) caused by this minor instrument misalign-
ment is about 2 % and can be neglected in the expanded un-
certainty calculations. This result was achieved due to the
careful filter tape position adjustment after replacing the filter

https://doi.org/10.5194/amt-17-6791-2024
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the linear curve fit for the data points. Residuals in panel (b) are indicated by red arrows (+24 % for ME-233 and —5 % for ME-234); the
standard error of the slope and intercept are 7 % and 10 %, respectively (r? =0.97). Instrument response data (intensity x0) are plotted on
the x axis and elemental loadings (scaled with sample spot area and the sampled air volume) on the y axis because standard uncertainty of
the ME-233 and ME-234 is larger than the precision (random variation) of the instrument (see text below).
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Figure 4. Average relative precision (standard deviation divided by
the mean) for 15 elements derived from 30 replicate check standard
measurements as a function of the elemental loadings of the two
different ME-RMs produced by UCD.

tape and when we noticed that the deposition spot deviated
from the X-ray irradiator. In previous campaigns before mak-
ing instrument adjustments the erroneous crescent area was
observed to be much larger. If this quality assurance is not
performed regularly, we estimate that the Type B uncertainty
(spot) can increase to 20 %.

3.2 Comparison of NIST and UCD reference materials

The PX-375 was initially calibrated with an outdated NIST
SRM (Sect. 2.3). Before re-calibration with the two ME-RMs
from UCD, we conducted a check standard procedure with
the initial NIST SRM calibration to test the agreement be-
tween UCD and NIST standards (Table 3).
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Figure 5. Sample images of the CMOS camera showing the devia-
tion of the particle deposition spot from the analysis area. The diam-
eter of the spotis 11.5 mm. Collimator size is 7 mm and corresponds
to the X-ray exposure spot size. The thin circle around the area in-
dicates a deviation of 1 mm (2 mm is allowed by the manufacturer).
Shown are the (a) deposition spot well within the specified limit and
(b) deposition spot near the edge of the specified limit, indicating a
deviation within the error margin of 2 mm.

It should be noted that loadings of the NIST standard and
UCD standards are different for most elements. NIST load-
ings were sometimes outside the range of corresponding air
concentrations (and quite different to those of UCD), espe-
cially for Fe (very high) and S (very low). Although the in-
strument response is linear, using very low standard materials
(as in the case of S for the NIST SRM), may introduce un-
certainty for higher concentrations. Furthermore, standards
that are much higher in concentration than air samples are a
limitation (Tremper et al., 2018). We found substantial dif-
ferences (30 %—140 %) between NIST and UCD standards
for six elements: Ti, V, As, Al, Si, and S (Table 3). Reason-
able agreement was found for all other elements (< 18 %),

Atmos. Meas. Tech., 17, 6791-6805, 2024
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Table 3. Relative differences (average of three values) between
measured element loadings of the UCD ME-RMs using the initial
calibration with the NIST standard.

UCD-47- UCD-47-

MTL-ME-233 MTL-ME-234

Difference Difference

to NIST to NIST

Element standard (%) standard (%)
Al —64 -9
Si 35 52
S 57 60
K —13 14
Ca -2 -9
Ti —140 —136
\% 89 89
Cr 24 23
Mn 16 10
Fe 6 -0.3
Ni —14 —18
Cu -7 —10
Zn -3 —10
As 37 30
Pb -7 5

Table 4. Mean PM|( concentrations for the three different cam-
paigns in Luxembourg during spring and summer 2023.

Belvaux PM|g Remich PM|g Vianden PMj
Instrument [ug m=3] [ug m_3] [ug m_3]
Grimm EDM 25 12.5 11.1
PX-375 16.4 11.5 10.8

with best agreement for Fe, Zn, and Ca (< 10 %). Obviously,
ageing of the NIST standard may have contributed to this
discrepancy. However, the results show the potential draw-
backs introduced by using different reference materials and
underline the need for universally recognized and certified
reference materials (Bilo et al., 2024).

3.3 Results of the monitoring campaigns with the EMV

The mean PMy concentrations during our campaigns are
listed in Table 4.

The comparability between Grimm EDM and PX-375 is
within 10 % at Remich and Vianden, but at Belvaux the
difference in mean PM( between the two instruments was
nearly 40 %, with substantially higher values for the Grimm
EDM. In contrast to Remich and Vianden, Belvaux was char-
acterized by frequent fresh pollution peaks from cars passing
the parking area next to the sampling location. Potentially,
the contrasting temporal PM patterns between the sites have
caused the different instrument performance, which will be
subject to further investigation.

Atmos. Meas. Tech., 17, 6791-6805, 2024

Table 5. Determined ranges of the relative expanded uncertainties
(ue) for the 15 elements.

Element ue (%)
Al 20-23
Si 19-35
S 9-11
K 19-25
Ca 9-6
Ti 18-69
v 5-70
Cr 5-70
Mn 5-85
Fe 8-40
Ni 20-80
Cu 10-85
Zn 9-42
As > 100
Pb > 100
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Figure 6. Relative expanded uncertainty (u¢) of the PX-375 exem-
plarily for Cr, Zn, Fe, Si, Al, and K as a function of the element
concentration measured during the Remich field campaign in Lux-
embourg in 2023 (the scale of x axis is logarithmic; the time reso-
lution of the instrument was 2 h).

For consistency, the contributions to the gravimetric PMjg
mass were calculated based on results from the PX-375 only.
The 15 measured elements were subdivided into three differ-
ent groups:

— mineral airborne elements (MAEs) including sulfur —
Fe, Si, Ca, Al, and S;

— hazardous airborne elements (HAEs) — Cu, Zn, Cr, As,
Ni, and Pb;

— other elements (OEs) — Mn, K, Ti, and V.
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Figure 7. Measured time series of MAEs, HAEs, and OEs by the PX-375 during the three field campaigns at (a—c) Belvaux, (d—f) Remich,
and (g-i) Vianden in Luxembourg during spring and summer 2023. The error bars denote expanded measurement uncertainties ue; derived

for each data point.

The toxic elements As, Ni, and Pb were often below the LoD
and will be excluded in detailed evaluations. Also, the con-
centrations of Ti and V were very low.

3.3.1 Measured time series with expanded
uncertainties

The ranges of the relative expanded uncertainties (i) of the
15 elements are shown in Table 5. The lowest relative u, val-
ues were determined for the elements with the highest am-
bient concentrations and the lowest Type B uncertainty (e.g.
S and Ca). Elements with a higher uncertainty of the ME-
RM showed minimal u. values of 18 % (e.g. Ti, Al, Si, K)
(Sect. 3.1.4). For the other elements, the lowest determined
ue values were 5 % (e.g. Cr and Mn) and 9 % (e.g. Fe, Zn).
The maximal relative u. values in each group were due to
prevailing extremely low concentrations. Figure 6 shows the
dependency of the relative u. on the measured concentra-
tion exemplarily for five elements. The u values strongly
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increase towards lower concentrations (< 10 ng m~>), which
is particularly obvious for Cr and Zn, reaching 50 % to 70 %
when approaching the LoD. The overall u, differences for
the elements also apparent at higher concentrations (e.g. for
K and Si) are due to their enhanced Type B uncertainties.
Figure 7 illustrates the results of the three campaigns, in-
cluding expanded measurement uncertainties during spring
and summer 2023. S, Zn, and K were the most ubiquitous
elements identified for MAE, HAE, and OE groups, respec-
tively. Concentrations of the mineral elements Fe, Al, Si, and
Ca were also elevated at all locations and were at least a fac-
tor of 10 higher than toxic and other elements. S was the most
ubiquitous element in our study, and despite the relatively
short measurement period the median PM( concentration of
S at the different sites in our study (1190 ngm™~3) is in agree-
ment with the median PM¢ of 1150 ng m~3 reported for Eu-
rope (Al Mamun et al., 2020). They also report that among
major metals/metalloids and MAEs, S has the highest me-
dian concentration in PMjg, which is in line with our study.

Atmos. Meas. Tech., 17, 6791-6805, 2024
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Table 6. Average relative contribution of minor trace elements to the total of analysed elements by the PX-375 combined for the three sites

Belvaux, Remich, and Vianden.

Tire) [%]  Viel [%]  Crpel [%]  Mnge [%]

Nirel [%]

Curel [%]  Zngep [%]  Asge) [%]  Pbye [%]

0.17 0.41 0.16 0.33

0.06

0.12 0.43 0.01 0.11

Table 7. Enrichment of minor (mainly toxic) elements at the urban site Belvaux and the semi-urban site Remich compared to the rural site

Vianden.

Enrichment factor

compared to rural Ti \% Cr Mn Ni Cu Zn As Pb
Belvaux 224 141 148 156 184 220 3.10 214 495
Remich 207 259 263 269 155 158 181 063 1.65

The increase/decrease in MAEs with wind speed is a typi-
cal pattern (Al Mamun et al., 2020; Tasdemir et al., 2006),
and increased MAE values were observed under dry con-
ditions when crustal emissions and resuspension from road
dust dominate. For some elements, such as K and S, the ori-
gin can be anthropogenic (biomass, plant residues) combus-
tion processes, fertilizer application (relevant for vineyards),
and crustal erosion, which implies that the diurnal variations
can be influenced by mixed source contributions. Concentra-
tions of toxic metals/metalloids (Cu, Zn, and Cr) reveal very
low concentrations at all locations (Fig. 7), and the concen-
tration levels of As, Pb, and Ni were mostly below the LoD
(not shown). A very recent study of Liu et al. (2024) analysed
pan-European results of several trace elements in PMjo and
found comparable concentrations for Cu, Zn, and Cr but sub-
stantially higher levels of Ti and Pb compared to our study,
although the results are not directly comparable due to the
different measurement periods and time resolutions.

The only study in Europe that used the PX-375 was con-
ducted at an urban site in Poland (Mach et al., 2021), where
the mean PM concentration (20.8 ug m—>) was comparable
to the urban site Belvaux in our study. However, their results
for the elements were contrasting because the concentration
of minerals (Fe, Si, and Ca) originating from soil-borne or re-
suspended roadside dust was lower, while some of the toxic
elements (As, Cu, and Ni) were substantially higher than at
Belvaux.

3.3.2 Relative contribution of elements

The contribution of the mean detected element concentra-
tions was clearly dominated by S and MAEs (Fig. 8). The
largest fraction of the determined mass at all three locations
was attributed to S and is mostly associated with particu-
late sulfate. From all determined elements, S occasionally
contributed 80 % (4 March, Belvaux, and 5 July, Vianden),
but its contribution also sometimes decreased down to 20 %
(13 May, Remich). The second largest fraction was con-
tributed by Si, followed by Al, Ca, Fe, and K and the sum
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of minor (mainly toxic) elements (Table 6) (Fig. 8). Over-
all, the elemental contribution to the chemical particle com-
position was comparable at the three different sites. Some
elements, such as Fe, Mn, and K, can be both of crustal ori-
gin and of anthropogenic origin (Fomba et al., 2018). For
the minor (mainly toxic) elements, Table 6 shows that their
sum contributed on average less than 2 % to the total of anal-
ysed elements, which indicates a low mass contribution of
non-exhaust traffic emissions. V, Mn, and Zn account for the
largest fraction of the analysed minor elements. Despite the
low mass contribution of toxic trace elements like Zn and
Cu to the overall PM mass, their role in enhancing particle
oxidation potential (Molina et al., 2023) can lead to severe
health effects under chronic exposure.

The element contributions represent a complex mix of the
geographical origin of emission sources and meteorological
conditions, and the wind direction measured at a receptor site
is not necessarily representative of the air mass origin and
the source distributions (Petit et al., 2017). Additionally, the
chemical source profile (i.e. percentage of species with re-
spect to total gravimetric PM mass) varies with location and
depends on parameters such as traffic (volume and pattern,
fleet characteristics), road surface characteristics, and the ge-
ology and climate of the region (Pant et al., 2015). Table 7
shows the enrichment of toxic trace elements at the urban
site Belvaux and the semi-urban site Remich compared to the
most rural site Vianden. Despite their low PM mass contri-
bution, most minor (mainly toxic) elements had statistically
significantly higher concentrations (¢ test, p < 0.05) at Bel-
vaux (except V, Cr, Mn) and Remich (except As) compared
to Vianden. In particular, Zn, Cu, and Pb exhibited roadside
enrichment at Belvaux and likely had a contribution from
sources related to traffic emissions. The enrichment of As
at Belvaux is probably due to emission from the steel indus-
try. However, it should be considered that measurements at
the different locations were not made simultaneously, and lo-
cal meteorology and temporal traffic intensity can influence
these results.
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Figure 8. Relative cumulative elemental concentrations (stacked)
indicating the contribution of analysed elements by the PX-375
during the three field campaigns at (a) Belvaux, (b) Remich, and
(¢) Vianden in Luxembourg during spring and summer 2023. “Mi-
nor” refers to elements listed in Table 6.
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Figure 9. Relative S and Si fractions of the analysed elements by the
PX-375 versus the ratio PM» 5/PMj( (measured with the Grimm
EDM 180-F) combined for the three field campaigns at Belvaux,
Remich, and Vianden in Luxembourg during spring and summer
2023. Included are linear fits with 95 % confidence bounds (red lines
for S and black lines for Si).

Figure 9 illustrates that the relative fraction of elemen-
tal S increased with the PM» 5/PMj ratio since most S is
attributed to SOZ_ in finer particles related to combustion
emissions (Fang et al., 2017). In contrast, the relative fraction
of Si decreased with the PM, 5 /PM ratio due to the fact that
mineral elements such as Si are often found in the coarse-
mode particles due to their high abundance in the crust, but
they may also originate from construction activities or resus-
pended road dust (Maenhaut et al., 2005).

The correlations in Fig. 9 are stronger for Si (r> =0.5)
than for S (2 = 0.36) due to the likely presence of S also in
crustal dust, i.e. in coarser particles (Maenhaut et al., 2005).
The mobilization of metals (e.g. Cu, Fe) by acidification due
to the presence of SOi_ is likely to remain an important fac-
tor in future aerosol oxidation potential and the health effects
studies of PM (Fang et al., 2017). It was also recently found
that aerosol oxidative potential was correlated with the ele-
ments S, K, Fe, As, Zn, Ca, Mn, and Cu (Molina et al., 2023).
The near-real-time determination of particulate Si is gaining
more attention due to its role as a tracer to estimate the sec-
ondary aerosol contribution to PMj 5 (Lu et al., 2019) and to
quantify primary and secondary particle sources (Yang et al.,
2020). Si quantification with conventional ICP-MS methods
involves the need for laborious and complex filter extraction
or microwave acid digestion procedures (Yang et al., 2002;
Bilo et al., 2024). Our results demonstrate that the PX-375
instrument constitutes a valuable and effective method to de-
tect chemical aerosol properties and element contributions in
near real time, although the measurement uncertainties will
impact the source distribution determination of the elements.
For instance, positive matrix factorization (PMF) solutions
are influenced by random uncertainties in the measurement
data even when the optimal weighting coefficients and num-
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ber of factors are set (Chen et al., 2010; Christensen and
Schauer, 2008).

3.3.3 Contribution to the gravimetric aerosol mass
(PMyo)

MAE:s are largely associated with crustal matter originating
from soil, resuspended roadside dust, and construction activ-
ities. The total gravimetric mass of crustal matter (CM) in the
PMj¢ samples for the three sites is estimated as (Maenhaut
et al., 2005)

CM = 1.16- (1.90 Al 4 2.15Si + 1.41Ca
+1.67Ti + 2.09Fe). )

CM accounted for 19 % in Belvaux, 31 % in Remich, and
15 % in Vianden to the total PMy mass, revealing the pre-
ponderance of CM at the semi-urban Remich site. On one
hand, this was related to some nearby construction activities
but also due to soil emissions during cultivation of the vine-
yards under relatively dry conditions during the measurement
campaign. Although the contribution of crustal matter to the
PMp mass in Remich was exceptionally high, the overall
results are comparable to other studies (Fomba et al., 2018;
Maenhaut et al., 2005). The fraction of CM in Vianden was
relatively high compared to typical rural background sites
(Schwarz et al., 2016), revealing that this rural site was ex-
posed to anthropogenic emissions from agriculture and road
dust resuspension under dry weather conditions.

We converted the detected average concentrations to gravi-
metric contributions from brake wear (7.5 [Cu]) and tyre
wear (35 [Zn]) (Fomba et al., 2018), resulting in values be-
low 1 % for all three sites, with the lowest values at the ru-
ral site Vianden. The detected concentration of S was con-
verted to sulfate (3 [S]), and its contribution to total PMjg
was 31 % at Belvaux, 41 % at Remich, and 34 % at Vian-
den. Hence, our analyses with the PX-375 explained on av-
erage 52 %, 74 %, and 51 % of the gravimetric PMp mass at
Belvaux, Remich, and Vianden, respectively. Potential con-
tributors to the undetermined PM( mass are ammonium, ni-
trate, EC, OC, and minor fractions of sea salt depending on
the origins and transport pathways of the air masses arriving
at each of the sites (Hopke et al., 2020). Primary biological
particles may also constitute a considerable portion of PMjg
(Frohlich-Nowoisky et al., 2016).

4 Summary and conclusions

Although future air pollution abatement scenarios anticipate
a decrease in the organic and inorganic aerosol burden due to
reduction of fossil fuel emissions, substantial amounts of PM
(> Sugm™?) from non-anthropogenic sources are expected
to be present (Pai et al., 2022). Moreover, large emissions
of non-exhaust PM by, for example, the abrasion of brakes,
clutches, and tires of heavy electric vehicles will likely be the
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dominant traffic sources. Measurements made by the PX-375
cover a large fraction of these semi-natural and non-exhaust
particles, mainly including natural dust (crustal elements)
and toxic elements attributed with resuspended road dust.

This study presents a comprehensive performance eval-
vation of the Horiba PX-375 continuous particulate mon-
itor and its application for multi-element analysis of air-
borne particulate matter (PM1g) in Luxembourg. The PX-
375 demonstrated low limits of detection (LoD) for several
elements, particularly Ni, Cu, Zn, and Pb, with values be-
low 3ngm™3 at 1 h time resolution. Higher LoD values were
observed for lighter elements such as Al and Si, likely due
to marginal contamination and the inherent characteristics of
the EDXRF hardware. The instrument exhibited high preci-
sion, with standard uncertainty (Type A) below 4 % for most
elements, except Pb. Type B uncertainties, particularly re-
lated to the calibration with multi-element reference materi-
als, contributed significantly to the overall measurement un-
certainty. Elemental analysis during the spring and summer
campaigns in Luxembourg revealed that mineral elements
(Fe, Al, Si, Ca) dominated the PMg composition, contribut-
ing significantly more than hazardous elements (Cu, Zn, Cr,
As, Ni, Pb). Sulfur (S) was the most prevalent element, pri-
marily associated with particulate sulfate, and showed sig-
nificant variability depending on meteorological conditions
and emission sources. The contribution of mineral elements
indicated substantial inputs from crustal sources and resus-
pension of road dust, especially under dry conditions. Toxic
trace elements accounted for less than 2 % of the total PM g
but were enriched at the urban and semi-urban site compared
to the rural location.

The ability of the PX-375 to provide near-real-time data
on multiple elements enhances our capability for spatio-
temporal variability assessments and source apportionment
studies. Despite the challenges associated with the calibra-
tion and manual control of the accurate filter tape alignment,
the PX-375 offers a viable alternative to traditional discontin-
uous sampling methods, providing valuable insights into the
composition and sources of airborne PM with high time reso-
lution. The study underscores the need for universally recog-
nized and certified reference materials to ensure consistency
and accuracy in elemental analysis across different monitor-
ing instruments. The application of the Horiba PX-375 in
Luxembourg highlights its potential for enhancing air quality
monitoring and source apportionment efforts, contributing to
a better understanding and management of atmospheric pol-
lution.
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