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Abstract. This study presents an extensive intercompar-
ison between a benchtop X-ray fluorescence (XRF) sys-
tem 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
2022—-January 2023), and Dublin (Ireland, December 2022—
February 2023). The primary focus was on comparing the
performance of these near real-time and benchtop XRF sys-
tems for determining the elemental composition of partic-
ulate matter (PM), alongside evaluating the impact of fil-
ter 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 625i and the benchtop XRF system was stronger,
with slopes across the evaluated elements generally remain-
ing closer to unity compared to the quartz substrates. In con-
trast, 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 heav-
ier 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 cali-
bration curves of the two systems. Overall, this study not
only evaluates instrument performance across multiple en-
vironments but also highlights how filter substrate selection
impacts the comparability of these techniques, emphasizing
the need for substrate-specific considerations to enhance con-
sistency in elemental aerosol measurements.

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
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as carbonaceous, ionic, and elemental species, the composi-
tion of PM varies widely depending on sources and environ-
mental conditions, which contributes to its diverse chemical
and physical characteristics.

The elemental analysis of atmospheric aerosols can of-
fer information of critical value for health and source ap-
portionment studies, which are vital for understanding pol-
lution 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 qual-
ity management strategies. Exposure to certain elements, in-
cluding 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 respi-
ratory 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, en-
abling 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); and
V and Ni may point to heavy oil combustion (Jang et al.,
2007; Healy et al., 2009).

Consequently, the accurate assessment of the elemen-
tal composition of ambient aerosols is of vital importance.
Traditionally, this elemental characterization has relied on
laboratory-based, offline techniques such as Inductively Cou-
pled Plasma Mass Spectrometry (ICP-MS), Particle Induced
X-ray Emission (PIXE), and benchtop ED-XRF. While ICP-
MS offers high sensitivity, it involves destructive and time-
consuming sample preparation, whereas PIXE and benchtop
ED-XRF provide non-destructive alternatives.

PM emissions and atmospheric dynamics, influenced by
factors like wind direction and precipitation, can fluctuate
within hours, affecting aerosol concentration and composi-
tion. 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 en-
ergy dispersive X-ray fluorescence (ED-XRF) spectrometers
such as the Xact 625 and Xact 625i (SailBri Cooper Inc.,
2026), the PX-375 (HORIBA, 2026) and the ElvaX PmX-
5050 (Elvatech, 2026), have significantly enhanced the abil-
ity to identify and trace pollution sources with greater time
resolution (Manousakas et al., 2022; Rai et al., 2020). In ad-
dition, when equipped with an optional switching inlet sys-
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tem, those near real-time XRF spectrometers (NRT-XRF)
also allow alternating automated sampling of both PMjg
and PM; 5 which greatly enhances the information regarding
aerosol composition (Furger et al., 2020). However, a crit-
ical difference between offline benchtop and online in-situ
ED-XRF measurements is the trade-off between time reso-
lution and mass loading. The higher temporal resolution of
NRT-XREF inherently results in lower collected PM mass per
sample. Consequently, online measurements must frequently
contend with elemental concentrations that are much closer
to the instrumental detection limits compared to traditional
24 h offline samples.

A focused comparison of benchtop ED-XRF and NRT-
XRF spectrometers, specifically regarding the measured el-
emental concentrations, is essential to determine their effec-
tiveness in elemental monitoring of ambient aerosols. While
past studies have evaluated the performance of NRT-XRF
instruments, specifically the Xact 625 and 625i (Windell et
al., 2025), these comparisons primarily involved ICP-MS
(Furger et al., 2017; Tremper et al., 2018) and, in only 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 in-
struments to validate their performance in real-world condi-
tions.

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). It
is important to clarify that while NRT-XRF monitors like the
Xact systems operate exclusively using continuous Teflon fil-
ter tape, offline sampling allows for different substrates to be
selected prior to benchtop analysis. Consequently, the eval-
uation of filter choice in this study pertains specifically to
the offline samples and how they compare against the stan-
dardized Teflon tape measurements of the Xact. Within many
air quality monitoring networks, high-volume samplers rou-
tinely employ quartz fiber filters because of their compati-
bility with subsequent analyses of organic and ionic species.
When extending these existing measurements to include ele-
mental 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 when comparing these offline measurements
to the NRT-XRF data. 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 el-
emental 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, poten-
tially leading to very high inaccuracies in concentration mea-
surements, especially for lighter elements. Corrective meth-
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ods 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 environ-
ments and timeframes, providing insights into their consis-
tency and applicability. Furthermore, the filter substrate com-
parison will assess the impact of Teflon and quartz fiber fil-
ters on elemental quantification and offer practical recom-
mendations 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; 270m above sea level)
(Fig. 1). This station is approximately 7 km northeast of cen-
tral 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 urban background air quality due
to its location, which is largely unaffected by direct emis-
sions from urban PM sources (Zografou et al., 2022; Eleft-
heriadis et al., 2021).

A 24 h sampling campaign took place from 5 to 25 March
2024, resulting in 21 PM» 5 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 2.3m>h~!.
Concurrently with the offline filter sampling, near real-time
PMj; 5 elemental concentrations were measured continuously
using an Xact 6251 spectrometer. Over this same period (5
to 25 March 2024), the instrument collected a total of 498 h
samples. In addition, an earlier campaign was conducted
from 13 to 31 January 2024, to investigate potential dif-
ferences in elemental composition when using different fil-
ter substrates. This included 19 PMjo samples collected on
Teflon filters (WHATMAN - PTFE, polypropylene-backed,
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pore size 1.0 um, diameter 47 mm) and 19 PM( samples col-
lected on quartz fiber filters (PALLFLEX Tissue Quartz).

Cyprus Atmospheric Observatory (CAO-NIC):

Sampling was conducted at the Cyprus Atmospheric Ob-
servatory (CAO-NIC) urban background station of the
Cyprus Institute premises in Nicosia (Athalassa Cam-
pus; 35°08'27.6” N 33°22/51.6” E; 174 m above sea level)
(Fig. 1). The site is located in a low-density residential area
and is approximately 800 m 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 influ-
ences. Source apportionment studies (Bimenyimana et al.,
2026, 2023; Christodoulou et al., 2023) show that PM at
the site originates from a complex blend of local and re-
gional sources. Regional air masses vary seasonally, bring-
ing sulfate-rich air from Turkey and Eastern Europe in sum-
mer 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, 5 particles were collected on 47 mm diameter quartz
filters (Tissuquartz 2500QUAT-UP, Pall) at 10m above
ground level (a.g.l.) using a Leckel SEQ47/50 sampler op-
erating at a flow rate of 2.3 m3 h~L. After collection, the fil-
ters were placed in petri dishes and stored at —18 °C un-
til 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 18 March 2022, to 17 Jan-
uary 2023. Most samples were taken over 24 h intervals, from
00:00 to 00:00 UTC. However, between 16 December 2022
to 17 January 2023, the sampling frequency was increased to
every 8h corresponding to three collection periods: 02:00-
10:00, 10:00-18:00, and 18:00-02:00. Alongside the offline
filter collection, an Xact 625i spectrometer was deployed to
monitor near real-time PM; 5 elemental composition. During
the full measurement period from 18 March 2022 to 17 Jan-
uary 2023, the Xact 625i successfully collected and analysed
6554 h samples.

Dublin Port Station (DUB-P):

Measurements were conducted in Dublin Port from 16 De-
cember 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 physic-
ochemical 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) (Fig. 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 PMjy 5 sam-
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Figure 1. Locations of the measurement campaigns conducted in this study.

ples were collected onto quartz fiber filters (Pallflex, 150 mm
diameter), pre-baked for 3 h 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 individu-
ally packed and stored in a freezer at — 18 °C until analysis. In
parallel with the high-volume sampling, near real-time PM; 5
elemental measurements were conducted using an Xact 625
spectrometer. Throughout the campaign period (16 Decem-
ber 2022 to 7 February 2023), the instrument collected a total
of 1887 h samples.

2.2 Instruments
2.2.1 Benchtop ED-XRF spectrometer

All offline PM» s samples collected across the three mea-
surement sites were analysed for major and trace elements
using a single high-resolution energy-dispersive X-ray flu-
orescence (ED-XRF) spectrometer with advanced 3-D op-
tics, the Epsilon 5 (PANalytical), located at the N.C.S.R.
“Demokritos” campus in Athens, Greece. The spectrome-
ter 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 ger-
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manium (Ge) detector, offering an energy resolution of ap-
proximately 150 eV full-width at half-maximum (FWHM) at
the Mn-Keo line (5.89 keV). To enhance measurement preci-
sion, the system employs six secondary targets (CaF,, Ge,
Mo, KBr, Al,O3, and LaBg) 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 mate-
rials. Specifically, 27 Micromatter thin-film standards de-
posited on 6.3 um Mylar substrates were utilized, encom-
passing materials such as NaCl, MgF,, GaP, SiO, KCl, CaF,,
V, Fe, Cr, Co, CuS,, Al, Ni, CsBr, Rbl, SrF», Ge, Se, Ag, Sn,
Sb, Pt, AgHg, CdSe, Pb, Au, BaF;, and Ce. Additionally,
22 multi-element standards were used, including one SRM
2783 standard and 21 UCDAVIS standards on polycarbonate
and Teflon substrates. The reported uncertainty for Micro-
matter standards is 5 %, while for multi-element standards, it
is 10 %. Each sample underwent a 60 min analysis. Prior to
the final quantitative intercomparison, all reported ambient
sample concentrations were blank-corrected by subtracting
the average elemental concentrations measured on the corre-
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Figure 2. (a) Limits of detections for the benchtop XRF spectrometer, for PTFE and Quartz fiber filters in ng m~3. (b) Limits of detections

for the Xact 625 and 625i for 60 min time resolution.

sponding field blank filters. The detection limits are calcu-
lated using the equation (Manousakas et al., 2018):

_ 3Bkg 1
- It S

LoD €))
here, LoD represents the detection limit in ugcm™2, Bkg
denotes the background counts of a field blank filter over
a FWHM region centered at the element’s principal peak
centroid, / is the tube current in mA, ¢ is the measure-
ment time in seconds (s), and § refers to the sensitivity in
(S /( %). Figure 2a presents the detection limits for the
measured elements on PTFE and quartz fiber blank filters
in ngm~3. However, because the quartz matrix (SiO,) pro-
duces a massive intrinsic Si background, quantifying ambient
aerosol Si on these substrates is unfeasible. Consequently, the
mathematically calculated instrumental LoD for Si on quartz
is considered physically meaningless in this context and has
been excluded from all relevant figures and tables. To ex-
press the concentrations and detection limits in volumetric
units (ngm™3), values in ugcm ™2 were first multiplied by
the effective area of the filter (cm?) and then divided by the
total sampled air volume (m3). 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 proce-
dures involve: (a) Weekly calibration of the Ge detector — The
XRF software automatically fine-tunes the energy channels
to maintain optimal detector performance; (b) Regular per-
formance 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 sam-
ples are systematically analysed to assess long-term repro-
ducibility and ensure consistency across measurements. For
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daily instrument stability QA/QC checks, a specific PTFE fil-
ter was repeatedly measured to assess instrumental drift over
time, providing a constant reference point to monitor instru-
ment performance. Limits of detection for PTFE and Quartz
fiber filters are presented in Table S1 in the Supplement in

ngm™3,

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 625i,
Cooper Environmental Services (CES), Beaverton, OR, 129
USA), Dublin, Ireland (DUB-P station, Xact 625 Cooper En-
vironmental Services (CES), Beaverton, OR, 129 USA), and
Nicosia, Cyprus (CAO-NIC station, Xact 625i, Cooper Envi-
ronmental Services (CES), Beaverton, OR, 129 USA). Both
the Xact systems (625 and 625i) used in this study operate
at a flow rate of 1 m3>h~! through a PM> 5 cyclone, collect-
ing particles on Teflon filter tape and analysing them hourly.
Specifically, the systems utilize a step-and-measure operat-
ing sequence: after particulate matter is collected on a dis-
tinct spot of the tape for one hour, the tape advances. This
moves the newly collected sample directly under the X-ray
tube for analysis, while simultaneously, the next hourly sam-
ple begins collection on the fresh section of tape now posi-
tioned at the sampling inlet. During each analysis cycle, the
advanced sample is irradiated using a 5S0kV, 50 W Rh-anode
X-ray tube, and the resulting fluorescence is recorded by a
silicon drift detector. Spectra are processed using the manu-
facturer’s software to quantify elemental concentrations. The
instruments run continuously, with simultaneous sampling
and analysis, and routine QA checks (flow, calibration sta-
bility) are performed daily and at campaign start/end.

While sharing the same core analytical principles, the Xact
625 and Xact 625i represent different generations of the tech-
nology, leading to several operational and hardware differ-
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ences. The Xact 625 is the earlier model, whereas the Xact
6251 is an upgraded version with expanded capabilities. A
primary difference lies in their analytical scope: the older
Xact 625 deployed in Dublin (16 December 2022-7 Febru-
ary 2023) was configured to report up to 23 elements (Si—
Pb), while the newer Xact 6251 instruments (two distinct but
identically configured units) in Athens (5-25 March 2024)
and Nicosia (18 March 2022-17 January 2023) measured up
to 35 elements (Al-Pb), reflecting the 625i’s expanded hard-
ware capability. Both 6251 units operated with identical hard-
ware settings and calibration protocols, ensuring no relevant
analytical differences between the sites. Furthermore, the in-
ternal calibration standards differ between the two; the Xact
625 uses Palladium (Pd) as its internal calibration standard,
whereas the Xact 6251 uses Niobium (Nb).

The limits of detection for the Xact 625i and 625 are de-
termined for each element using its sensitivity and the back-
ground counts from a blank, unused section of the tape. The
reported values correspond to 1o interference-free detection
limits. For this study, a 60 min time resolution was used. The
limits of detection for Xact 625 and 625i are calculated using
the equation (Rai, 2020):

LoDy, = 22 = VBkerT L )
Vv Stl VvV

where, o( represents the 68 % confidence level detection
limit, Bkg is the background count rate in counts/(spA), ¢
is the live time in seconds (s), [ is the current in pA, S is the
sensitivity in () /(225) and V is the sample volume in
m?>. Figure 2b presents the LoDs of the Xact 625 and Xact
625i spectrometers in ngm™ (as reported by the manufac-
turer).

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 veri-
fications. Tape blanks were collected before and after filter-
tape changes to ensure accuracy. Calibration with thin-film
standards was performed when necessary to maintain mea-
surement precision. The limits of detection for both instru-
ments are presented in Table S2 (ngm™3).

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 per-
formed 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-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 en-
sure that observed differences between the benchtop XRF
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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 pen-
etration 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 approxi-
mately at 400-600 pm — act as bulk substrates, with particles
depositing both on the surface and up to ~ 20 um deep (Cas-
taneda et al., 1998; Zitnik et al., 2008). Additionally, SEM
analysis by Sudrez-Peiia 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 im-
pact the measurement of light elements by weakening low-
energy X-rays. Aerosol particles that penetrate the porous
quartz matrix experience filter attenuation, as the emitted
low-energy X-rays are absorbed by the thick filter material
before escaping. Additionally, the substantial Si matrix from
quartz fiber filters not only hinders the precise measurement
of lighter elements (Na, Mg, and Al) but also enhances the
spectral background and peak overlaps. While these matrix
effects and batch-to-batch filter variations pose analytical
challenges, the required correction factors are often compa-
rable to the slopes derived from empirical intercomparisons.
Furthermore, several studies have successfully demonstrated
that with opportune calibrations and correction protocols,
ED-XRF can be reliably performed on quartz filters, even for
light elements (Yatkin et al., 2012; Gupta et al., 2021; Dinoi
et al., 2024; Poti et al., 2025; Unga et al., 2025). Regarding
network standardization, the recent ACTRIS/GAW standard
procedures for aerosol in-situ measurements (CAIS-ECAC,
2024) suggest the use of thin PTFE or polycarbonate filters
for XRF, reserving quartz fiber filters for inductively coupled
plasma (ICP) measurements. It is important to note, however,
that this is a suggestion for a standard operating procedure
within a research network aimed at maximizing comparabil-
ity, rather than an absolute methodological limitation.

To assess the impact of filter type on ED-XRF mea-
surements, we compared elemental concentrations from 21
quartz fiber and 21 Teflon 24 h PM| filters (Sect. 2.1), eval-
vating differences due to particle penetration and X-ray at-
tenuation. The selection of elements for this specific sub-
strate analysis was strictly limited to those with ambient con-
centrations consistently exceeding the limit of quantification
(LOQ) on both filter types during the campaign period. El-
ements falling below this threshold were excluded to en-
sure the reliability of the derived regression slopes. Since
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Table 1. Linear regression slopes and RZ values for each element
comparing Teflon and quartz fiber filters, from the measurement
campaign (13 to 31 January 2024 — ATH-DEM station) to explore
potential differences in elemental composition when using different
filter substrates.

Element Slope R%  Pair of Samples above LOQ
S 1.874+0.05 0.98 17/19
Cl 1.51+0.08 0.95 19/19
K 1.484+0.06 0.97 19/19
Ca 1.00+0.01 099 19/19
Ti 0.95+0.02 0.99 10/19
Fe 0.95+0.01 0.99 19/19
Ni 1.044+0.04 095 8/19
Cu 0.984+0.02 0.99 11/19
Zn 1.074+0.01 099 18/19

substrate-induced X-ray attenuation predominantly impacts
low-energy X-rays, the elements meeting this mutual > LOQ
criterion provided sufficient data to fully evaluate the atten-
uation effects for lighter elements, which was the primary
objective of this dedicated comparison.

Although this comparison was performed on PMjg sam-
ples, it remains highly relevant to our PM; 5 dataset, as the
elements most affected by attenuation — S, CI, K — are primar-
ily 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 pre-
dominantly found in the submicron range (0.1-1 ym). Sim-
ilarly, potassium exhibits a bimodal distribution, while its
coarse fraction is strongly influenced by local dust resuspen-
sion and Saharan dust transport — particularly in the Eastern
Mediterranean — its fine fraction, linked to biomass burning,
remains the dominant contributor to K in PMj3 5.

Linear regressions through the origin (y = ax) were per-
formed 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. Prior to
forcing the linear regressions through the origin to derive the
correction factors, standard unforced regressions were eval-
uated. The resulting intercepts were confirmed to be statisti-
cally compatible with zero (p > 0.05), justifying the use of
a zero-intercept model. 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 Cl (1.51=£0.08)
and K (1.48 £0.06), suggesting enhanced attenuation (Ta-
ble 1). In contrast, elements such as Ca (1.00£0.01), Fe
(0.95 £ 0.08), showed slopes near unity, consistent with min-
imal filter-induced effects for heavier elements.

Based on these results, correction factors of 1.87, 1.51,
and 1.48 were applied to S, Cl, and K measurements, re-
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spectively, 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 PM filters, it is shown that quartz fiber filters system-
atically yield lower concentrations for light elements such
as S, Cl, and K compared to Teflon substrates (~ 0.6-0.7
Cquartz / Crefion ratios). Our results agree with this trend, as
the Teflon/quartz fiber slopes obtained here for S (1.87),
Cl1 (1.51), and K (1.48) (Table 1) correspond to inverse ra-
tios of approximately 0.5-0.7, confirming similar attenua-
tion effects in quartz fiber substrates for light elements. Fig-
ure 3 displays the comparison of elemental concentrations
between Teflon and quartz fiber filters for S, K, Ca, and Fe.

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 excita-
tion 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 um, the
normalized X-ray intensity showed a marked decrease due
to absorption within the filter matrix. At 100 um, the trans-
mitted 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 in-
creases (Fig. 4). It is important to note that these simulated
theoretical values were not utilized to derive the analytical
correction factors applied to our dataset; rather, they serve
as independent physical validation for the severe, element-
specific attenuation behaviour observed in our empirical in-
tercomparison.

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 625i) and the filter samples analysed by the
benchtop XRF spectrometer, the hourly Xact measurements
from corresponding days were averaged to match the 24 h
filter sample periods. Each 24 h cycle included 23.5h val-
ues from the Xact instruments, while the remaining half hour
is utilized for the system’s calibration check. For calculat-
ing the 24 h 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 concen-
tration that can be quantified with acceptable precision and
accuracy. Building on this, the following inclusion criterion
was applied to select the final suite of elements evaluated
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for each site: an element was only included in the intercom-
parison analysis if its measured concentrations were consis-
tently above the LOQ for both the benchtop ED-XRF and
the respective Xact instrument. Consequently, the specific
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elements reported vary by measurement site depending on
local atmospheric concentrations and the instrumental detec-
tion limits. If an element is reported for one site but excluded
from another, it indicates that ambient concentrations at the
excluded site fell predominantly below the detection capa-
bilities of either the benchtop or the NRT-XRF system. This
methodology directly explains why a larger number of ele-
ments are evaluated for the CAO-NIC station compared to
ATH-DEM and DUB-P; the ambient aerosol mass loadings
and elemental profile at CAO-NIC simply yielded a broader
range of elements that successfully met this mutual > LOQ
threshold. Furthermore, Aluminum (Al) was explicitly ex-
cluded from all intercomparisons due to known hardware-
related interferences in the NRT-XRF systems, which create
an unstable background and limit reliable quantification for
this specific element.

Linear regressions were performed using the model y =
ax + b, as including an intercept allows detection of system-
atic 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-
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squares fit were included in the regression plots to illustrate
the uncertainty in the relationship between the instruments.

To further assess the robustness and representativeness of
the dataset, the number of samples with concentrations above
the limit of quantification (> LOQ) relative to the total num-
ber of samples was evaluated for each site, instrument, and
element (detailed in Table S3). For major elements such as
sulfur (S), potassium (K), and iron (Fe), both the benchtop
ED-XRF and the continuous Xact monitors achieved near
100 % detection rates across all three campaigns, ensuring
highly robust datasets for the subsequent regression analy-
ses. Notably, for several trace metals, the Xact monitors suc-
cessfully quantified a substantially higher number of samples
> LOQ compared to the benchtop system. For instance, at
the CAO-NIC site (out of 256 total pairs), the Xact 6251 de-
tected titanium (Ti) in 255 samples versus 128 for the bench-
top, manganese (Mn) in 154 versus 66, and copper (Cu) in
146 versus 75. Similarly, at the DUB-P site (out of 50 total
pairs), the Xact 625 quantified vanadium (V) in 46 samples
compared to 23 for the benchtop, and nickel (Ni) in 49 com-
pared to 30, highlighting the high sensitivity of the contin-
uous monitors for these specific trace elements. Conversely,
the benchtop ED-XRF demonstrated superior sensitivity for
very light elements, as evidenced at the ATH-DEM site (out
of 21 total pairs) where it successfully quantified silicon (Si)
in all 21 samples, whereas the Xact 6251 exceeded the LOQ
in only 4 instances.

3.3 Benchtop XRF (PTFE) vs Xact 625i at the
ATH-DEM station (5-25 March 2024)

Teflon filter samples analysed using the benchtop XRF sys-
tem were compared with the corresponding Xact 625i mea-
surements for eight elements (Si, S, Cl, K, Ca, Ti, Fe, and
Zn). The linear regression slope and coefficient of determi-
nation (R?) for each element are summarized in Table 2. Fig-
ure 5 presents the regression curves for Si, S, Fe, and Zn,
while Fig. 6 shows the time series graphs for S and Fe. Re-
gression plots and time series for the remaining elements are
provided in the Supplement.

Only four measurements for silicon (Si) were above the
limit of quantification (LOQ) for the Xact 625i, reflecting
the spectrometer’s limited sensitivity for this element. This
highlights one of the key limitations of the Xact 625i com-
pared 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 el-
ements 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. While this slope is near unity, the
very limited number of valid data points (n = 4) precludes
robust statistical conclusions; therefore, this result should
be interpreted with caution as a preliminary observation of
comparability rather than definitive agreement. In contrast,
sulfur (S) exhibited excellent performance across both sys-
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tems, with a slope of 0.97 +0.01 and an R? of 0.99, demon-
strating a near-perfect correlation and underscoring the Xact
6251’s robustness in measuring this element. Chlorine (Cl)
demonstrated a slope of 1.18 £0.09 (R? =0.95), indicat-
ing a strong correlation with a slight deviation from unity.
Potassium (K) showed a slope of 0.66 4 0.03 (R*=0.94),
suggesting consistent trends despite a systematic difference
in concentrations. Calcium (Ca) and titanium (Ti) 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 a strong linear correlation, though
the slope well below unity reflects a systematic difference,
with the Xact 6251 reporting lower concentrations relative to
the benchtop system. Although the slopes below unity sug-
gest 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 corre-
lation, where the slope near unity reflected comparable mea-
surements, while the lower R? indicated greater variability.
The average slope of 0.82 and average R? of 0.91 indicated
a strong overall correlation between the benchtop XRF spec-
trometer and the Xact 6251, suggesting that both instruments
produced consistent measurements across the elements eval-
uated in this study. 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.

3.4 Benchtop XRF (Quartz Fiber) vs Xact 625i at the
CAO-NIC Station (18 March 2022-17 January
2023)

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
Fig. 8 shows the time series graphs comparing K and Zn.
Regression plots and time series for the remaining elements
are provided in Supplement.

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 (CI)
presented a slope of 3.1040.18 (R? =0.62), indicating
a moderate relationship with higher variability relative to
unity, which may relate to particle penetration and absorp-
tion 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 cor-
rection factors improved the comparability for elements like
K, significant discrepancies remain evident, particularly for
S and Cl. These pronounced residual differences are likely
linked to the heterogeneous structure and variable porosity
of quartz fiber filters, which can influence attenuation dif-
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exhibits a consistent deviation, with lower values reported by the Xact 625i. This suggests differences in the calibration curves for heavier
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respectively.
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Table 2. Summary of linear regression slopes and R? values for each element at the ATH-DEM, CAO-NIC, and DUB-P stations. The
intercomparisons correspond to the benchtop ED-XRF offline filters versus the near real-time Xact monitors: ATH-DEM (Xact 625i vs.
Teflon filters), CAO-NIC (Xact 625i vs. quartz fiber filters), and DUB-P (Xact 625 vs. quartz fiber filters).
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Figure 8. Time series graphs comparing K and Zn concentrations in ng m~3 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.

ferently between batches, along with instrument-specific and
site-dependent aerosol characteristics. Thus, rather than mi-
nor deviations, the remaining variability highlights the per-
sistent limitations of quartz substrates. While the empiri-
cal corrections mitigate the most severe attenuation effects,
achieving high consistency and reliability across the two
platforms for the lightest and most sensitive elements re-
mains highly challenging.

Calcium (Ca) and titanium (Ti) displayed slopes of
1.72£0.03 (R*=0.93) and 1.43+0.03 (R? =0.94), re-
spectively, both showing high correlation and comparable
measurements. Manganese (Mn) had a slope of 1.05 4 0.06
(RZ2=0.81), indicating strong agreement. Iron (Fe) ex-
hibited a slope of 1.47+£0.03 (R%2=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 1.0240.03 (R*> =0.87), indicating highly com-
parable measurements. Strontium (Sr) exhibited a slope
of 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 correla-
tion and higher measurement uncertainty.

In addition to the overall agreement, several distinct events
were observed where elemental concentrations peaked si-
multaneously in both the Xact 6251 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, in-
dicating that they captured the same atmospheric variability.
However, the Xact 625i consistently reported higher concen-
trations, which is likely attributable to differences in the cal-
ibration procedures between the two instruments.

Atmos. Meas. Tech., 19, 3491-3509, 2026

3.5 Benchtop XRF (Quartz Fiber) vs Xact 625 at the
DUB-P Station (16 December 2022-7 February
2023)

Figure 9 presents the regression curves for the elements S, Cl,
V, and Ni, while Fig. 10 shows the time series graphs for Cl
and Zn. Regression plots and time series for the remaining el-
ements are provided in the Supplement. Benchtop XRF mea-
surements 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 instru-
ments. Chlorine (CI) showed the highest slope at 2.63 +0.13
(R? = 0.89), suggesting a systematic difference while main-
taining a strong correlation. Potassium (K) had a slope of
0.78 £0.13 (R2 = 0.42), reflecting a weaker correlation and
more variability in the measurements. Furthermore, as ob-
served in the time series (Fig. S4), K exhibits a clear sys-
tematic bias where the Xact 625 consistently reports higher
concentrations than the benchtop XRF. Calcium (Ca) demon-
strated a slope of 2.03 4 0.30 (R? = 0.66), indicating a no-
table deviation from unity with moderate agreement. Vana-
dium (V) exhibited a slope of 1.37 £0.06 (R? =0.96), re-
flecting a strong linear correlation, though the slope indi-
cates a systematic difference in quantification between the
two instruments. Iron (Fe) showed a slope of 1.63 4+ 0.37
(R? =0.29), indicating substantial variability and a weaker
relationship. The lower correlation coefficients and greater
variability observed for these specific elements (Fe, Ca, and
K) — especially when compared to the stronger alignments
seen at the ATH-DEM and CAO-NIC stations — are largely
attributable to systematic differences in the calibration curves
between the older Xact 625 model used at this site and the
benchtop XRF system. 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 instru-
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Figure 9. Comparison of elemental concentrations in ng m~3 for S, Cl, V and Ni for the DUB-P station. The blue lines indicate the LOQ
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distinguishing measurements with higher uncertainty.

ments. 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.

4 Discussion

The effect of filter type on measurement consistency is ev-
ident 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 (R? =
0.77-0.99) across most elements suggest minimal variabil-
ity, meaning the continuous XRF monitors provides results
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comparable to those from the benchtop XRF. However, it
has to be noted that while the agreement for Si is encour-
aging, it also highlights the generally higher limits of detec-
tion (LoDs) of the Xact 625i for lighter elements (K and be-
low), which can limit its sensitivity in low-concentration en-
vironments. Other elements, such as chlorine (Cl), iron (Fe),
and potassium (K), also show high R? values (R2 =0.94-
0.95) despite deviations in slope, suggesting systematic dif-
ferences rather than random variability. These systematic de-
viations are likely due to differences in instrument calibra-
tion, 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 be-
tween the Xact 6251 and benchtop XRF using mixed cellu-
lose ester membrane filters (MCE) in Milan, with R? values
up to 0.99 and slopes generally near unity for most elements,
particularly metals. Similarly, our Athens comparison using
PTEFE filters showed high consistency across eight elements
(average slope = 0.82, average R>=0.91), with S and Si
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Figure 10. Time series graphs comparing Cl and Zn concentrations (ng m~3) 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.

near unity and K, Ca, Ti and Fe showing slopes below one
but strong correlations (R2 = 0.84-0.94). The smaller subset
of elements reported in our ATH-DEM campaign, compared
to the Milan study, simply reflects the differing local ambi-
ent atmospheric concentrations, as additional elements at our
site predominantly remained below the mutual quantification
thresholds of the instruments. Both studies therefore confirm
that the intercomparison between the Xact 625i and benchtop
XRF is highly robust when thin, low-attenuation filters (such
as PTFE or MCE) are used for offline sampling, confirming
the continuous monitor’s ability to provide reliable elemental
time-series information.

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 con-
centrations 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 con-
sistent tracking of variability but a persistent offset in abso-
lute 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 625i. This suggests a potential improvement in cali-
bration 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 limita-
tions specific to the older Xact 625 model. Furthermore, as
established in Sect. 3.1, these instrumental differences are
severely exacerbated by the inherent physical properties of
the quartz fiber filters. Unlike thin PTFE, quartz filters are
thick, non-uniform substrates that allow for variable and deep

Atmos. Meas. Tech., 19, 3491-3509, 2026

aerosol penetration into the matrix. This structural complex-
ity generates a high spectral background that can vary signif-
icantly from one filter to the next. Even with rigorous field
and laboratory blank subtraction, this inherent filter-to-filter
spectral and physical variability introduces residual uncer-
tainty that disproportionately may impact the quantification
of elements.

At the CAO-NIC site, the comparison with the Xact 625i
reveals both strong correlations and systematic differences
across elements. Several elements, including Ca, Ti, Fe, Mn,
and zinc (Zn), exhibit high R? values (R? = 0.81-0.94) and
slopes near unity, indicating good agreement between the
continuous and benchtop XRF systems. In contrast, chlo-
rine (Cl) shows an elevated slope of 3.10 £ 0.18 (R2=0.70),
continuing the pattern seen at DUB-P, where the slope is
2.63+0.13 (RZ =0.89). Cl is the most noteworthy element,
with substantial deviations in slope at both sites, even after
the application of correction factors. Despite efforts to ac-
count 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 con-
centrations — particularly for Ca, Ti, Fe, and Mn — were ob-
served in both instruments, confirming their ability to track
atmospheric variability. However, the Xact 625i systemati-
cally reported higher concentrations, further supporting the
role of calibration differences. Despite those differences, the
overall strong average R” of 0.62 and the robust agreement
for many mid-to-heavy elements underscore the utility of the
Xact 6251, while reinforcing the need for caution when inter-
preting light elements on quartz filters.

Overall, the filter type significantly influences measure-
ment consistency. PTFE filters, as used at ATH-DEM, result
in stronger agreement and more stable measurements across
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Figure 11. Comparison of elemental concentrations of S, Cl, K, Ca, Ti (Ti was not detected in DUB-P), Fe, Zn in ng m~3 for all stations.

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 over-
all 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.

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
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(Cyprus). A key focus was the influence of filter substrate
on 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 in-
struments 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), chlo-
rine (Cl), and potassium (K) due to X-ray attenuation in the
quartz matrix. Applying correction factors substantially im-
proved agreement for S and K, demonstrating their effective-
ness in mitigating substrate-related effects. For Cl, however,
a residual positive bias remained likely influenced by both
quartz interactions and chloride volatility. In addition, vari-
ability in quartz fiber filter composition, porosity, and thick-
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ness across filter batches may introduce inconsistent attenu-
ation behaviour, complicating the application of a universal
correction factor. Overall, while corrections enhanced com-
parability, 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 inter-
comparisons between different XRF instrument types and
filter substrates, particularly for light elements. Quartz fiber
filters, in particular, introduce greater variability due to en-
hanced 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 re-
liable and consistent measurements, especially of light ele-
ments, PTFE filters are recommended. Additionally, harmo-
nization of calibration procedures across instruments may
help reduce discrepancies. These findings highlight the im-
portance of carefully selecting both instrumentation and filter
media in XRF-based aerosol analysis to ensure data compa-
rability across monitoring networks. Ultimately, this study
confirms that near real-time XRF monitors (like the Xact
6251) are highly reliable, state-of-the-art instruments capa-
ble of capturing high-resolution temporal dynamics. How-
ever, they are not designed to replace traditional filter-
based benchtop systems. While NRT monitors can techni-
cally be adapted to analyze offline filters for a limited num-
ber of measurements, routine operation in this manner is
extremely time-consuming and practically unfeasible. The
two instrument categories address fundamentally different
analytical needs; offline analysis remains indispensable for
high-throughput sample processing, physical sample archiv-
ing, and multi-technique chemical characterization. There-
fore, working in tandem with NRT systems — rather than
viewing one as a substitute for the other — allows for a highly
comprehensive and robust understanding of ambient aerosol
elemental composition.

Data availability. The dataset containing the near real-time PM> 5
elemental concentrations measured by the Xact spectrometer at the
Cyprus Atmospheric Observatory Nicosia station (CAO-NIC) has
been made publicly available on the Zenodo repository by our co-
authors. This specific subset of the study data can be accessed at
https://doi.org/10.5281/zenodo.18873401 (Pikridas et al., 2026).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/amt-19-3491-2026-supplement.
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