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Abstract. This study presents an extensive intercomparison between a benchtop X-ray fluorescence (XRF) system and near
real-time XRF monitors (Xact 625 and 6251) for measuring elemental concentrations in ambient aerosols. The measurements
were conducted across three locations: Athens (Greece, March 2024), Nicosia (Cyprus, March—January 2023), and Dublin
(Ireland, December 2022—February 2023). The focus was on evaluating the chemical composition of particulate matter (PM)
and the impact of filter substrate choice on measurement consistency. The study specifically examines the elements Si, S, Cl,
K, Ca, V, Ti, Mn, Fe, Cu, Ni, Zn, Sr, and Pb. The results highlight that filter type plays a crucial role in ensuring accurate
measurements when utilizing the benchtop XRF system. At the Athens site, where PTFE filters were used, the agreement
between the Xact 6251 and the benchtop XRF system was stronger, with slopes generally closer to unity for most elements. In
contrast, quartz fiber filters at the Dublin and Nicosia sites led to systematic deviations, especially for light elements such as
S, Cl, and K, even after applying correction factors. For heavier elements like Fe, Mn, and Cu, the filter effect was less
pronounced, though some variation across sites remained. Zn consistently showed good agreement, while Pb exhibited weaker
correlation, possibly due to differences in the calibration curves of the two systems. Overall, this study not only evaluates
instrument performance across multiple environments but also provides practical guidance for mitigating filter-related artifacts

to enhance consistency in elemental aerosol measurements.
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1 Introduction

Particulate matter (PM) is a well-known major atmospheric pollutant, originating from both natural and anthropogenic sources,
with significant impacts on health (Ostro et al., 2015; Samoli et al., 2013) and climate (Chen et al., 2021). Composed of a
complex blend of chemical components, such as carbonaceous, ionic, and elemental species, the PM's composition varies
widely depending on sources and environmental conditions, which contributes to its diverse chemical and physical
characteristics.

The elemental analysis of atmospheric aerosols can offer information of critical value for health and source
apportionment studies, which are vital for understanding pollution sources (Manousakas et al., 2021; Hopke et al., 2020),
assessing population exposure risks (Megido et al., 2017; Caggiano et al., 2019), and implementing effective air quality
management strategies. Exposure to certain elements, including As, Ni, Cr, Cd, and Pb, has been associated with an elevated
cancer risk via inhalation (Aldekheel et al., 2023). These trace elements are also implicated in disrupting respiratory health by
impairing mucociliary clearance, weakening barrier functions, inducing airway inflammation, promoting oxidative stress, and
triggering cell apoptosis (Skalny et al., 2020).

Although elemental species do not substantially contribute to the overall mass of PM, they are crucial for accurately
identifying pollution sources. The chemical signatures of the processes are mirrored in the emitted aerosol particles, enabling
the use of specific elements to trace and allocate the sources of ambient aerosols effectively (Viana et al., 2008; Amato et al.,
2016; Diapouli et al., 2017). For example, crustal elements like Al, Si, Ca and Fe serve as indicators of mineral dust (Viana
et al., 2008; Jain et al., 2020); Cu and Zn are markers of brake and tire wear (Rhodes et al. 2012; Huang et al. 2018; Thorpe
and Harrison 2008); Br and Cl are indicators of coal combustion (Papagiannis et al., 2024); and V and Ni may point to heavy
oil combustion (Jang et al., 2007; Healy et al., 2009).

Clearly, the accurate assessment of the elemental composition of ambient aerosols is of vital importance. PM
emissions and atmospheric dynamics, influenced by factors like wind direction and precipitation, can fluctuate within hours,
affecting aerosol concentration and composition. Sampling on an hourly timescale (or at even higher time resolution) allows
for a more detailed understanding of emission, transport, and deposition processes, enabling the capture of rapid source
impacts. The recent advancements in high-time-resolution elemental analysis, especially by energy dispersive X-ray
fluorescence (ED-XRF) spectrometers such as the Xact 625 and Xact 625i (SailBri Cooper, Inc.), have significantly enhanced
the ability to identify and trace pollution sources with greater precision (Manousakas et al., 2022; Rai et al., 2020). In addition,
those near real-time XRF spectrometers (NRT-XRF) also allow automated sampling of both PM o and PM, s which greatly
enhances the information regarding aerosol composition (Furger et al., 2020).

A focused comparison of benchtop ED-XRF and NRT-XRF spectrometers, specifically regarding the measured
elemental concentrations, is essential to determine their effectiveness in elemental monitoring of ambient aerosols. While past
studies have evaluated the performance of NRT-XRF instruments, specifically the Xact 625 and 6251 (Windell et al., 2025),
these comparisons primarily involved ICP-MS (Furger et al., 2017; Tremper et al., 2018; Bhowmik et al., 2022) and, in only
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one case, the comparison of a benchtop ED-XRF spectrometer with an earlier Xact 6251 model (Cadeo et al., 2025). This
limited research underscores the need for a direct, updated comparison between current NRT and benchtop ED-XRF
instruments to validate their performance in real-world conditions and to assess whether NRT-XRF could potentially replace
traditional methodologies.

In addition to the need for direct instrument comparison, the choice of filter substrate significantly affects quantitative
PM analysis in ED-XRF spectrometry (Unga et al., 2025). Within many air quality monitoring networks, high-volume samplers
routinely employ quartz fiber filters because of their compatibility with subsequent analyses of organic and ionic species.
When extending these existing measurements to include elemental or metal characterization, it is often more practical to use
the already collected quartz filters rather than perform additional co-located sampling on Teflon filters. However, this approach
requires careful consideration of substrate-related effects. While many studies have examined Teflon and quartz fiber filter
differences for organic and ionic species (Vecchi et al., 2009; Khuzestani et al., 2017; Aikawa and Hiraki 2010), there is limited
literature regarding elemental characterization (Chiari et al., 2018; Yatkin et al., 2012). Chiari et al. (2018) emphasized the
challenges when working with quartz fiber filters, which can introduce self-absorption and matrix effects due to their thickness,
potentially leading to very high inaccuracies in concentration measurements, especially for lighter elements. Corrective
methods are therefore essential when using quartz fiber filters to obtain accurate elemental concentrations.

For the reasons above, this study focuses on a detailed comparison between a benchtop ED-XRF and near real-time
(NRT) XRF spectrometers (specifically the Xact 625 and 6251 models) for measuring elemental concentrations in ambient
aerosols, alongside an evaluation of filter substrate performance. Measurement campaigns were conducted in Athens, Greece
(March 2024), Nicosia, Cyprus (March 2022—January 2023), and Dublin, Ireland (December 2022—February 2023), including
quartz fiber and Teflon substrates for the comparison. Additionally, a dedicated filter substrate campaign was performed in
January 2024. The results will compare the two instrument types across different environments and timeframes, providing
insights into their consistency and applicability. Furthermore, the filter substrate comparison will assess the impact of Teflon
and quartz fiber filters on elemental quantification and offer practical recommendations for corrective procedures in aerosol

studies.

2 Experimental
2.1 Sampling and Study area

Athens N.C.S.R. “Demokritos” station (ATH-DEM):

Measurements in Athens, specifically in Agia Paraskevi, were conducted at the urban background monitoring station located
on the N.C.S.R. “Demokritos” campus (37°59'42.0"N, 23°48'57.6"E; 270 m above sea level) (Figure 1). This station is
approximately 7 km northeast of central Athens and is situated at the base of Mount Hymettus. The station is part of the

PANACEA National Infrastructure for Greece and provides representative data to the ACTRIS European infrastructure on
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urban background air quality due to its location, which is largely unaffected by direct emissions from urban PM sources
(Zografou et al., 2022, Eleftheriadis et al., 2021).

A 24-hour sampling campaign took place from March 5 to March 25, 2024, resulting in 21 PM, s samples. These
samples were collected using Teflon filters (PTFE Pall R2PJ047 with PMP support ring, 47 mm diameter, 2 um pore size) on
a low-volume sampler (Sequential 47/50-CD, Sven Leckel GmbH, Berlin, Germany) operating at a flow rate of 2.3 m%h. In
addition, an earlier campaign was conducted from January 13 to January 31, 2024, to investigate potential differences in
elemental composition when using different filter substrates. This included 21 PM;o samples collected on Teflon filters
(WHATMAN - PTFE, polypropylene-backed, pore size 1.0 um, diameter 47 mm) and 21 PM;, samples collected on quartz
fiber filters (PALLFLEX Tissue Quartz).

Cyprus Atmospheric Observatory (CAO-NIC):

Sampling was conducted at the Cyprus Atmospheric Observatory (CAO-NIC) urban background station of the Cyprus Institute
premises in Nicosia (Athalassa Campus; 35°08'27.6"N 33°22'51.6"E; 174 m above seal level) (Figure 1). The site is located in
a low-density residential area and is approximately 800 meters from the nearest major road and far from other significant
anthropogenic sources. The Athalassa Forest Park lies to the southeast of the institute, further contributing to the minimal local
pollution influences. Source apportionment studies (Bimenyimana et al., 2025; Bimenyimana et al., 2023; Christodoulou et
al., 2023) show that PM at the site originates from a complex blend of local and regional sources. Regional air masses vary
seasonally, bringing sulfate-rich air from Turkey and Eastern Europe in summer and dust mixed with anthropogenic pollutants
from the Middle East and North Africa during other seasons. Local sources include biomass burning, traffic, power generation,
and shipping activities.

PM, s particles were collected on 47-mm diameter quartz filters (Tissuquartz 2500QUAT-UP, Pall) at 10 m above
ground level (AGL)using a Leckel SEQ47/50 sampler operating at a flow rate of 2.3 m*h and utilizing. After collection, the
filters were placed in petri dishes and stored at -18 °C until further analysis. To ensure the proper functioning of the sampler,
regular flow checks were performed throughout the campaign. A total of 256 filters were utilized over the course of the
measurement period, from March 18, 2022, to January 17, 2023. Most samples were taken over 24-hour intervals, from 00:00
to 00:00 UTC. However, between December 16, 2022, to January 17, 2023, the sampling frequency was increased to every 8
hours corresponding to three collection periods: 02:00 — 10:00, 10:00 — 18:00, and 18:00 — 02:00.

Dublin Port Station (DUB-P):

Measurements were conducted in Dublin Port from 16 December 2022 to 7 February 2023 as part of the research project
Source Apportionment of Air Pollution in the Dublin Port Area (PortAIR) (Fossum et al., 2025). Aerosol physicochemical
properties and gaseous pollutants were measured using a suite of instrumentation housed in two containers. The monitoring
site (53°20'54.4"N 6°11'40.8"W) (Figure 1) was selected to be downwind of most port activity and close to the ferries, which

are a major daily source of shipping emissions (Fossum et al., 2024). A total of 54 PM, s samples were collected onto quartz

4
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fiber filters (Pallflex, 150 mm diameter), pre-baked for 3 hours at 850°C, using a high-volume sampler (model DHA 80,
Digitel) operating at a flow rate of 500 L min™'. Following collection, the filters were individually packed and stored in a

135 freezer at —18°C. until analysis.
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Figure 1: Locations of the measurement campaigns conducted in this study.
2.2 Instruments
2.2.1 Benchtop ED-XRF spectrometer

140 PM, s samples were analysed for major and trace elements using a high-resolution energy-dispersive X-ray fluorescence (ED-
XRF) spectrometer with advanced 3-D optics, the Epsilon 5 (PANalytical). The spectrometer features a side-window, low-
power X-ray tube equipped with a tungsten/scandium (W/Sc) anode. The characteristic X-ray radiation emitted by the samples
is detected by a germanium (Ge) detector, offering an energy resolution of approximately 150 eV full-width at half-maximum
(FWHM) at the Mn-Ka line (5.89 keV). To enhance measurement precision, the system employs six secondary targets (CaF-,

145 Ge, Mo, KBr, AlxOs, and LaBe) that polarize the X-ray beam, allowing for six optimized measurement conditions tailored to
the analysis of aerosol samples.

Calibration of the ED-XRF spectrometer was performed using a range of reference standards, including infinitely

thin, single-element, compound, and multi-element materials. Specifically, 27 Micromatter thin-film standards deposited on

6.3 um Mylar substrates were utilized, encompassing materials such as NaCl, MgF., GaP, SiO, KCl, CaF-, V, Fe, Cr, Co,

150 CuSy, Al, Ni, CsBr, Rbl, SrF2, Ge, Se, Ag, Sn, Sb, Pt, AgHg, CdSe, Pb, Au, BaF-, and Ce. Additionally, 22 multi-element
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standards were used, including one SRM 2783 standard and 21 UCDAVIS standards on polycarbonate and Teflon substrates.
The reported uncertainty for Micromatter standards is 5%, while for multi-element standards, it is 10%. Each sample underwent
a 60-minute analysis. The detection limits are calculated using the equation (Manousakas et al., 2018):

3/Bkg 1
It N

LoD =

(M

here, LoD represents the detection limit in pg/cm?, Bkg denotes the background counts of a field blank filter over a FWHM

region centered at the element’s principal peak centroid, I is the tube current in mA, t is the measurement time in seconds (s),

and S refers to the sensitivity in (Cz]::js) / (%). Figure 2a presents the detection limits for the measured elements on PTFE

and quartz fiber blank filters in ng m-3. To express the concentrations and detection limits in volumetric units (ng/m?), values
in pg/cm? were first multiplied by the effective area of the filter (cm?) and then divided by the total sampled air volume (m?).
This conversion accounts for the sampled air mass per unit volume and allows for direct comparison with ambient air quality
standards.

The Quality Assurance/Quality Control (QA/QC) protocol for analysis includes a series of procedures to ensure high
data quality and reliable instrument performance. The procedures involve: a) Weekly calibration of the Ge detector — The XRF
software automatically fine-tunes the energy channels to maintain optimal detector performance; b) Regular performance
evaluation using SRM 2783 — Weekly analyses of the multi-element reference material are conducted to verify analytical
accuracy and precision for each analyte; c¢) Daily monitoring with PTFE blanks — Selected PTFE blank samples are
systematically analysed to assess long-term reproducibility and ensure consistency across measurements. Limits of detection

for PTFE and Quartz fiber filters are presented in Table S1 in ng m™.

2.2.2 Near real-time (NRT) XRF spectrometers

The study utilized near real-time XRF spectrometers at three locations: Athens, Greece (ATH-DEM station, Xact 6251, Cooper
Environmental Services (CES), Beaverton, OR, 129 USA), Dublin, Ireland (DUB-P station, Xact 625 Cooper Environmental
Services (CES), Beaverton, OR, 129 USA), and Nicosia, Cyprus (CAO-NIC station, Xact 625i, Cooper Environmental
Services (CES), Beaverton, OR, 129 USA).

The Xact systems (625 and 6251) used in this study operate at a flow rate of 1 m3/h through a PM..s cyclone, collecting
particles on Teflon filter tape and analysing them hourly. During each cycle, the collected sample is irradiated using a 50 kV,
50 W Rh-anode X-ray tube, and the resulting fluorescence is recorded by a silicon drift detector. Spectra are processed using
the manufacturer’s software to quantify elemental concentrations. The instruments run continuously, with simultaneous
sampling and analysis, and routine QA checks (flow, calibration stability) performed daily and at campaign start/end. The Xact
625 deployed in Dublin (16 December 2022—7 February 2023) reported up to 24 elements (Si—U) and used a heated inlet (45
°C) when relative humidity exceeded 45%. The Xact 625i instruments in Athens (5—25 March 2024) and Nicosia (18 March

2022-17 January 2023) measured up to 35 elements (Al—Pb) under otherwise similar operating conditions.
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The limits of detection for the Xact 6251 and 625 are determined for each element using its sensitivity and the
background counts from a blank, unused section of the tape. The reported values correspond to 16 interference-free detection
limits. For this study, a 60-minute time resolution was used. The limits of detection for Xact 625 and 625i are calculated using
the equation (Rai, 2020):

[y Bkg tl
LoD, =2 =+

1
v st v @

where, oy represents the 68% confidence level detection limit, Bkg is the background count rate in counts/(s ud), t is the

live time in seconds (s), I is the current in pA, S is the sensitivity in (%) / (C'jn—gz) and V is the sample volume in m®. Figure

2b presents the LoDs of the Xact 625 and Xact 6251 spectrometers in ng/m?.

Quality assurance procedures for the Xact 625 and Xact 6251 included daily energy calibration, response-stability
checks for Cd, Cr, and Pb, and independent flow-rate verifications. The Xact 625 uses Palladium (Pd) as its internal calibration
standard, whereas the Xact 6251 uses Niobium (Nb). Tape blanks were collected before and after filter-tape changes to ensure
accuracy. Calibration with thin-film standards was performed when necessary to maintain measurement precision. The limits

of detection for both instruments are presented in Table S2 (ng m™).
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Figure 2: Limits of detections for the benchtop XRF spectrometer, for PTFE and Quartz fiber filters in ng m™. b) Limits of detections
for the Xact 625 and 625i for 60-minute time resolution.

3 Results
3.1 Impact of PTFE and Quartz fiber filter substrates on aerosol elemental analysis with ED-XRF

In this study, benchtop ED-XRF measurements were performed on quartz fiber filters at the CAO-NIC and DUB-P sites.

Because the characteristic X-ray signal response can depend on the filter matrix and thickness, it is essential to assess substrate-

7
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related effects prior to comparing data from the two systems. Evaluating the behaviour of PTFE versus quartz fiber filters
therefore provides a necessary basis to ensure that observed differences between the benchtop XRF and the Xact originate
from instrument performance and aerosol characteristics, rather than from substrate-induced analytical bias.

The comparison of ED-XRF measurements on PTFE and quartz fiber filters underscores the influence of aerosol
penetration into the quartz matrix, particularly affecting low-energy X-rays (light elements). PTFE filters, with a typical
thickness of 40—50 um, retain particles on the surface and are thus considered “infinitely thin” for XRF analysis (Chiari et al.,
2018). In contrast, quartz filters— with thickness approximately at 400-600 um —act as bulk substrates, with particles
depositing both on the surface and up to ~20 um deep (Castaneda et al., 1998; Zitnik et al., 2008). Additionally, SEM analysis
by Suarez-Pefia et al. (2016) confirmed the isotropic structure of quartz fibers, showing non-uniform voids and deep particle
penetration, especially for submicron aerosols. Particles <1 um can reach depths beyond 300 um, with those 0.1-0.5 um
accumulating in the inner layers (300—-600 um) due to Brownian diffusion, while larger particles are captured in the outer layers
via interception and impaction.

When using quartz fiber filters, attenuation effects impact the measurement of light elements by weakening low-
energy X-rays. Aerosol particles that penetrate the filter matrix experience filter attenuation, where emitted X-rays are absorbed
by the filter material before escaping. Additionally, the strong Si signal from quartz fiber filters not only hinders the precise
measurement of lighter elements (Na, Mg, and Al) but also significantly enhances the spectral background which further
complicates the detection of these elements, reducing measurement accuracy and sensitivity. In contrast, PTFE filters, which
retain particles on the surface, minimize this effect.

To assess the impact of filter type on ED-XRF measurements, we compared elemental concentrations from 21 quartz
fiber and 21 Teflon 24-hour PM.o filters (Section 2.1), evaluating differences due to particle penetration and X-ray attenuation.
Although this comparison was performed on PMio samples, it remains highly relevant to our PM, s dataset, as the elements
most affected by attenuation — S, Cl, K—are primarily associated with fine fraction aerosols. Gini et al. (2022) reported that
fine elemental Sulfur, mainly present as sulfate (SO+*"), originates from anthropogenic sources and is predominantly found in
the submicron range (0.1—1 pm). Similarly, potassium exhibits a bimodal distribution, but its fine fraction—linked to biomass
burning—remains the dominant one.

Linear regressions through the origin (y = ax) were performed to capture the proportional attenuation caused by the
quartz filters, without introducing a baseline offset, because both filters were exposed to the same aerosol loading. The
comparison between PTFE and Quartz fiber filters yielded strong correlations (R?> 0.95) across all analysed elements. Slopes
represent the ratio of Teflon to quartz fiber concentrations, with values above unity indicating attenuation by the quartz filter.
S exhibited the highest slope (1.87 £ 0.05), followed by C1 (1.51 £ 0.08) and K (1.48 £ 0.06), suggesting enhanced attenuation
(Table 1). In contrast, elements such as Ca (1.00 £0.01), Fe (0.95 + 0.08), showed slopes near unity, consistent with minimal

filter-induced effects for heavier elements.
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Table 1: Linear regression slopes for each element comparing quartz fiber and Teflon filters.

Element Slope
S 1.87+0.05
Cl 1.51£0.08
K 1.48 £0.06
Ca 1.00£0.01
Ti 0.95+0.02
Fe 0.95+0.01
Ni 1.04 £0.04
Cu 0.98 £0.02
Zn 1.07 £0.01

Based on these results, correction factors of 1.87, 1.51, and 1.48 were applied to S, Cl, and K measurements,
respectively, while no corrections were applied to Ca, Ti, Fe, Ni, Cu, and Zn due to slopes close to unity and negligible
substrate influence.

Additionally, from the recent study of Unga et al. (2025) on PMy, filters, it is shown that quartz fiber filters
systematically yield lower concentrations for light elements such as S, Cl, and K compared to Teflon substrates (~0.6—0.7
Caquart/ Creflon Tatios). Our results agree with this trend, as the Teflon/quartz fiber slopes obtained here for S (1.87), CI (1.51),
and K (1.48) (Table 1) correspond to inverse ratios of approximately 0.5-0.7, confirming similar attenuation effects in quartz
fiber substrates for light elements. Figure 3 displays the comparison of elemental concentrations between Teflon and quartz

fiber filters for S, K, Ca, and Fe.
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Figure 3: Comparison of Elemental Concentrations: Teflon vs. Quartz Filters of S (a), K (b), Ca (c) and Fe (d).

To further investigate attenuation effects, we simulated the characteristic intensities of S, Cl and K as a function of
quartz fiber thickness utilizing the XMI-MSIM code (Schoonjans et al., 2013). The simulation incorporated the X-ray
excitation energy (3.69 keV), spectrometer geometry, and detector characteristics of the Panalytical Epsilon 5 ED-XRF system.
For quartz fiber thicknesses ranging from 1 to 450 pm, the normalized X-ray intensity showed a marked decrease due to
absorption within the filter matrix. At 100 pm, the transmitted intensity dropped to approximately 0.30 for S, 0.36 for Cl, and

0.46 for K, confirming significant attenuation for lighter elements as the thickness of the quartz fiber filter increases (Figure

4).

10
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Figure 4: Normalized intensity of S, Cl and K as a function of quartz fiber thickness filter using the XMI-MSIM simulation code.
3.2 Comparative Analysis of NRT-XRF Monitors and Benchtop XRF Spectrometer: Data Processing

For the comparison between the NRT-XRF monitors (Xact 625 and Xact 6251) and the filter samples analysed by the benchtop
XRF spectrometer, the hourly Xact measurements from corresponding days were averaged to match the 24-hour filter sample
periods. Each 24-hour cycle included 23.5 hourly values from the Xact instruments, while the remaining half hour is utilized
for the system’s calibration check. For calculating the 24-hour average value, any hourly values reported below the LOD were
substituted with LOD/2. Additionally, when quartz fiber filters were used, the measured concentrations of S, Cl, and K were
multiplied by correction factors of 1.87, 1.51, and 1.48, respectively (Table 1).

For the quantitative analysis only values above the limit of quantification (LOQ) were used in the comparison, to
ensure accuracy and reliability. The LOQ, defined as three times the limit of detection, represents the lowest concentration
that can be quantified with acceptable precision and accuracy.

Linear regressions were performed using the model y=ax+b, as including an intercept allows detection of systematic
offsets between instruments and avoids biasing the slope, consistent with best practice in instrument inter-comparison studies.
In addition, 95% confidence intervals from the least-squares fit were included in the regression plots to illustrate the uncertainty

in the relationship between the instruments.

3.3 Benchtop XRF (PTFE) vs Xact 625i

Teflon filter samples analysed using the benchtop XRF system were compared with the corresponding Xact 6251 measurements
for eight elements (Si, S, Cl, K, Ca, Ti, Fe, and Zn). The linear regression slope and coefficient of determination (R?) for each

element are summarized in Table 2. Figure 5 presents the regression curves for Si, S, Fe, and Zn, while Figure 6 shows the
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time series graphs for S and Fe. Regression plots and time series for the remaining elements are provided in the Supplementary

Information (SI).

Table 2: Summary of linear regression slopes and R? values for each element at the ATH-DEM, CAO-NIC, and DUB-P stations.

ATH-DEM station CAO-NIC station DUB-P station
Element Slope R? Slope R? Slope R?
Si 0.94+£0.19 0.88 - - - -
S 0.97+0.01 0.99 1.20+£0.07 0.49 1.58 £0.06 0.93
Cl 1.18 £0.09 0.95 3.10+0.18 0.62 2.63+0.13 0.89
K 0.66 +0.03 0.94 0.89 +0.02 0.83 0.78 +£0.13 0.42
Ca 0.54 +0.04 0.88 1.72 £0.03 0.93 2.03+0.30 0.66
Ti 0.72+0.13 0.84 1.43+0.03 0.94 - -
\% - - - - 1.37 +£0.06 0.96
Mn - - 1.05+0.06 0.81 - -
Fe 0.66 +0.03 0.94 1.47 £0.03 0.91 1.63+0.37 0.29
Ni - - - - 1.25+0.12 0.78
Cu - - 0.67 +0.05 0.72 - -
Zn 0.89+£0.10 0.77 1.02 £0.03 0.87 136 £0.13 0.81
Sr - - 0.63+0.17 0.51 - -
Pb - - 0.46+0.14 0.15 - -

Only four measurements for silicon (Si) were above the limit of quantification (LOQ) for the Xact 6251, reflecting
the spectrometer’s limited sensitivity for this element. This highlights one of the key limitations of the Xact 625i compared to
the benchtop XRF system—its generally higher limits of detection (LoDs) in the lighter elements like Si, which can hinder
accurate quantification, particularly for elements with low ambient concentrations. Nevertheless, for the Si data points above
the LOQ), a slope of 0.94 +0.19 (R?=0.88) was observed, indicating strong agreement between the instruments. In contrast,
sulfur (S) exhibited excellent performance across both systems, with a slope of 0.97 4+ 0.01 and an R? of 0.99, demonstrating a
near-perfect correlation and underscoring the Xact 625i’s robustness in measuring this element. Chlorine (Cl) demonstrated a
slope of 1.18 £0.09 (R>=0.95), indicating a strong correlation with a slight deviation from unity. Potassium (K) showed a
slope of 0.66+0.03 (R?2=0.94), suggesting consistent trends despite a systematic difference in concentrations. Calcium (Ca)
and titanium (T1) exhibited slopes of 0.54+0.04 (R?=0.88) and 0.72+0.13 (R?=0.84), respectively. Iron (Fe) displayed a
slope of 0.66+0.03 (R?=0.94), indicating strong agreement. Although the slopes below unity suggest systematic
underestimation by the Xact 6251 for some elements, the consistently high R? values confirm reliable and reproducible trends
across both systems. Zinc (Zn), with a slope of 0.89+0.10 (R2=0.77), showed moderate correlation, where the slope near

unity reflected comparable measurements, while the lower R? indicated greater variability.
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The average slope of 0.82 and average R? of 0.91 indicated a strong overall correlation between the benchtop XRF

spectrometer and the Xact 6251, suggesting that both instruments produced consistent measurements across most elements.

The slope slightly below 1 implied a systematic difference in quantification, where the Xact 625i tended to report lower values

compared to the benchtop XRF.
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Figure 5: Comparison of elemental concentrations in ng m™ for Si, S, Fe, and Zn for the ATH-DEM station. The blue lines indicate
the LOQ threshold for the benchtop XRF spectrometer, while the red lines represent the corresponding threshold for the Xact 625i
continuous elemental monitor. The grey line represents the 1:1 reference line, while the green line represents the linear regression
fit. Data points below the LOQ were excluded from the analysis to ensure accurate comparison between the two instruments and
are highlighted in red, distinguishing measurements with higher uncertainty.
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Figure 6: Time series graphs comparing S and Fe concentrations (ng m=) from March 5 to 25, 2024, show strong agreement for S,
while Fe exhibits a consistent deviation, with lower values reported by the Xact 625i. This suggests differences in the calibration
curves for heavier elements between the instruments. The red and blue lines indicate the LOQ thresholds for the Xact 625i and the
benchtop XRF spectrometer, respectively.

3.4 Benchtop XRF (Quartz Fiber) vs Xact 625i

At the CAO-NIC site, benchtop XRF measurements were performed on quartz fiber filters. Table 2 presents the linear
regression slopes and R? values for each element, compared with the corresponding Xact 6251 measurements. Figure 7 presents
the regression curves for S, Cl, K and Zn, while Figure 8 shows the time series graphs comparing K and Zn. Regression plots
and time series for the remaining elements are provided in Supplementary Information (SI).

Sulfur (S) exhibited a slope of 1.20 = 0.15 (R? = 0.49), reflecting moderate agreement between the instruments and
some remaining variability after correction. Chlorine (Cl) presented a slope of 3.10 + 0.18 (R? = 0.62), indicating a moderate
relationship with higher variability relative to unity, which may relate to particle penetration and absorption within the quartz
matrix as well as potential chloride volatility (e.g., ammonium chloride loss). Potassium (K) showed a slope of 0.89 £0.07 (R?
= 0.83), demonstrating good agreement between systems. While the applied correction factors substantially improved the
comparability of light-element measurements, minor residual differences remain. These are likely linked to the heterogeneous
structure and variable porosity of quartz fiber filters, which can influence attenuation differently between batches, along with
instrument-specific and site-dependent aerosol characteristics. Thus, small deviations are expected, but overall, the applied
corrections significantly enhance consistency and reliability across the two platforms.

Calcium (Ca) and titanium (T1) displayed slopes of 1.72 £ 0.03 (R?=0.93) and 1.43 £ 0.03 (R? = 0.94), respectively,
both showing high correlation and comparable measurements. Manganese (Mn) had a slope of 1.05 + 0.06 (R? = 0.81),
indicating strong agreement. Iron (Fe) exhibited a slope of 1.47 + 0.03 (R? = 0.91), reflecting a consistent trend between
instruments. Copper (Cu) had a slope of 0.67 + 0.05 (R?=0.72), suggesting a moderate correlation with some variability. Zinc

(Zn) presented a slope of 1.02 = 0.03 (R? = 0.87), indicating highly comparable measurements. Strontium (Sr) exhibited a
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slope 0f 0.63 £ 0.17 (R>=0.51), indicating moderate agreement with some residual variability, while lead (Pb) remained lower

at 0.46 £ 0.14 (R? = 0.15), reflecting weaker correlation and higher measurement uncertainty.

In addition to the overall agreement, several distinct events were observed where elemental concentrations peaked

simultaneously in both the Xact 625i and the benchtop XRF measurements, particularly for calcium (Ca), titanium (T1), iron

(Fe) and manganese (Mn). During these events, the time series from both instruments showed consistent patterns, indicating

that they captured the same atmospheric variability. However, the Xact 6251 consistently reported higher concentrations, which

is likely attributable to differences in the calibration procedures between the two instruments.
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Figure 7: Comparison of elemental concentrations in ng m for S, Cl, K and Zn for the CAO-NIC station. The blue lines indicate
the LOQ thresholds for the benchtop XRF spectrometer, while the red lines represent the corresponding thresholds for the Xact
625i continuous elemental monitor. The grey line represents the 1:1 reference line, while the green line represents the linear
regression fit. Data points below the LOQ were excluded from the analysis to ensure accurate comparison between the two
instruments and are highlighted in red, distinguishing measurements with higher uncertainty.
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Figure 8: Time series graphs comparing K and Zn concentrations in ng m™ from 16 March 2022 to 18 January 2023. The red and
blue lines indicate the LOQ thresholds for the Xact 625i and the benchtop XRF spectrometer, respectively.

3.5 Benchtop XRF (Quartz Fiber) vs Xact 625

Figure 9 presents the regression curves for the elements S, CI, V, and Ni, while Figure 10 shows the time series graphs for Cl
and Zn. Regression plots and time series for the remaining elements are provided in the Supplementary Information (SI).
Benchtop XRF measurements were performed on quartz fiber filters collected at the DUB-P site. Sulfur (S) displayed a slope
of 1.58 + 0.06 (R? = 0.93), indicating strong agreement between the instruments. Chlorine (CI) showed the highest slope at
2.63 +0.13 (R*=0.89), suggesting a systematic difference while maintaining a strong correlation. Potassium (K) had a slope
of 0.78 + 0.13 (R* = 0.42), reflecting a weaker correlation and more variability in the measurements. Calcium (Ca)
demonstrated a slope of 2.03 £+ 0.30 (R?= 0.66), indicating a notable deviation from unity with moderate agreement. Vanadium
(V) exhibited a slope of 1.37 = 0.06 (R? = 0.96), reflecting excellent correlation and comparable measurements. Iron (Fe)
showed a slope of 1.63 + 0.37 (R?= 0.29), indicating substantial variability and a weaker relationship. Nickel (Ni) had a slope
of 1.25 £0.12 (R?= 0.78), representing reasonable agreement with some deviation. Zinc (Zn) displayed a slope of 1.36 = 0.13
(R?=0.81), showing a strong correlation between the two instruments. Table 2 presents the linear regression slopes and R?
values for each element at the DUB-P station.

The average slope of 1.6 and average R? of 0.7 for the DUB-P campaign indicated a moderate overall agreement
between the benchtop XRF spectrometer and the Xact 625. Although the correlation varies across elements, the results
highlight consistent trends for most elements, with stronger agreement for sulfur (S), vanadium (V), and zinc (Zn), while

potassium (K) and iron (Fe) exhibited greater variability.
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fit. Data points below the LOQ were excluded from the analysis to ensure accurate comparison between the two instruments and
are highlighted in red, distinguishing measurements with higher uncertainty.
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Figure 10: Time series graphs comparing Cl and Zn concentrations (ng m—) at the Dub-P station, show a systematic difference, with
the benchtop XRF consistently reporting lower concentrations than the Xact 625. This suggests that the quartz fiber filter may
introduce systematic deviations, particularly for light elements, while differences in calibration curves between the instruments
could also play a role. The red and blue lines indicate the LOQ thresholds for the Xact 625 and the benchtop XRF spectrometer,
respectively.

4 Discussion

The effect of filter type on measurement consistency is evident across the three sites. At ATH-DEM (PTFE filters)
the comparison between the Xact 6251 and the benchtop XRF spectrometer shows slopes consistently closer to unity for most
elements. The consistently high R? values (> 0.77) across most elements suggest minimal variability, meaning the continuous
XRF monitors provides results comparable to those from the benchtop XRF. However, it has to be noted that while the
agreement for Si is encouraging, it also highlights the generally higher limits of detection (LoDs) of the Xact 625i for lighter
elements (K and below), which can limit its sensitivity in low-concentration environments. Other elements, such as chlorine
(Cl), iron (Fe), and potassium (K), also show high R? values (> 0.77) despite deviations in slope, suggesting systematic
differences rather than random variability. These systematic deviations are likely due to differences in instrument calibration,
as each system may utilize distinct reference standards. Overall, the better alignment at ATH-DEM is likely aided by the lower
X-ray attenuation associated with PTFE filters. Cadeo et al., (2025) recently reported strong agreement between the Xact 6251
and benchtop XRF using Teflon filters in Milan, with R? values up to 0.99 and slopes generally near unity for most elements,
particularly metals. Similarly, our Athens comparison using PTFE filters showed high consistency across eight elements
(average slope = 0.82, average R? = 0.91), with S and Si near unity and K, Ca, Ti and Fe showing slopes below one but strong
correlations (R? > 0.84). Both studies therefore confirm that the Xact 6251 performs robustly on Teflon substrates, providing
reliable elemental time-series information with element-specific slope differences.

Despite the application of correction factors, the quartz fiber filter sites (DUB-P and CAO-NIC) continue to exhibit

systematic deviations, particularly for lighter elements such as S, CI, and K. Notably, S shows substantial higher concentrations
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at DUB-P, with a corrected slope of 1.58 £0.06, compared to a closer-to-unity value of 1.20+0.07 at CAO-NIC. This
difference is notable, especially considering the strong correlation at DUB-P (R?=0.93), which implies consistent tracking of
variability but a persistent offset in absolute values. One possible explanation for this discrepancy lies in the instrumental
differences between the two sites: DUB-P employed the Xact 625, while CAO-NIC used the newer Xact 6251. This suggests
a potential improvement in calibration or measurement accuracy in the upgraded version. Additionally, iron (Fe) shows poorer
agreement at DUB-P, whereas elements like vanadium (V), nickel (Ni), and zinc (Zn) display relatively better performance.
This contrast may reflect slight calibration mismatches or performance limitations specific to the older Xact 625 model.

At the CAO-NIC site, the comparison with the Xact 6251 reveals both strong correlations and systematic differences
across elements. Several elements, including Ca, Ti, Fe, Mn, and zinc (Zn), exhibit high R? values (> 0.81) and slopes near
unity, indicating good agreement between the continuous and benchtop XRF systems. In contrast, chlorine (Cl) shows an
elevated slope of 3.10£ 0.18 (R? = 0.70), continuing the pattern seen at DUB-P, where the slope is 2.63 £0.13 (R? = 0.89). CI
is the most noteworthy element, with substantial deviations in slope at both sites, even after the application of correction
factors. Despite efforts to account for the attenuation effects, the difference in slope for Cl is far more significant than for other
light elements. This suggests that there may be an underlying issue with the Cl measurement itself, which may be attributed to
the volatility of the element. Additionally, peak events in elemental concentrations—particularly for Ca, Ti, Fe, and Mn—
were observed in both instruments, confirming their ability to track atmospheric variability. However, the Xact 625i
systematically reported higher concentrations, further supporting the role of calibration differences. Despite those differences,
the overall strong average R? of 0.73 and the robust agreement for many mid-to-heavy elements underscore the utility of the
Xact 6251, while reinforcing the need for caution when interpreting light elements on quartz filters.

Overall, the filter type significantly influences measurement consistency. PTFE filters, as used at ATH-DEM, result
in stronger agreement and more stable measurements across most elements. Quartz fiber filters, used at DUB-P and CAO-
NIC, exhibit greater variability for light elements; however, correction efforts mitigate these effects and improve overall
comparability, especially for S and K. Figure 11 presents the comparative concentration plots for the elements S, CI, K, Ca,

Ti, Fe and Zn between the continuous and benchtop XRF systems.
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5 Conclusions

This study conducted an extensive intercomparison between a benchtop ED-XRF and NRT-XRF spectrometers (Xact
625 and 625i) to evaluate their performance in measuring elemental concentrations in ambient aerosols across three locations:
Athens (Greece), Dublin (Ireland), and Nicosia (Cyprus). A key focus was the influence of filter substrate of measurement
results.

The findings highlight that filter type plays a critical role in the quantification of light elements. At the Athens site,
where PTFE filters were used, the agreement between instruments was stronger, with slopes closer to unity and high R? values,
indicating stable and consistent performance. In contrast, at the Dublin and Nicosia sites, which used quartz fiber filters,
deviations were observed for sulfur (S), chlorine (Cl), and potassium (K) due to X-ray attenuation in the quartz matrix.
Applying correction factors substantially improved agreement for S and K, demonstrating their effectiveness in mitigating
substrate-related effects. For Cl, however, a residual positive bias remained likely influenced by both quartz interactions and
chloride volatility. In addition, variability in quartz fiber filter composition, porosity, and thickness across filter batches may
introduce inconsistent attenuation behaviour, complicating the application of a universal correction factor. Overall, while
corrections enhanced comparability, quartz substrates still present challenges for light-element quantification. For heavier
elements such as iron (Fe), manganese (Mn), and copper (Cu), the impact of filter type was less pronounced, but variations
were still present across sites. Zinc (Zn) maintained good agreement across all locations, whereas lead (Pb) exhibited weaker
correlation, suggesting additional influencing factors beyond filter type. Differences in the use of different calibration standards
of the two instruments may have contributed to these discrepancies.

Overall, this study underscores the complexity of intercomparisons between different XRF instrument types and filter
substrates, particularly for light elements. Quartz fiber filters, in particular, introduce greater variability due to enhanced X-
ray attenuation. Therefore, when using quartz fiber filters in ambient aerosol studies, it is essential to implement element-
specific correction protocols and consider substrate-related uncertainties during data interpretation. For more reliable and
consistent measurements, especially of light elements, PTFE filters are recommended. Additionally, harmonization of
calibration procedures across instruments may help reduce discrepancies. These findings highlight the importance of carefully
selecting both instrumentation and filter media in XRF-based aerosol analysis to ensure data comparability across monitoring

networks.
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