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Given limited information on airborne metal-containing NPs—a highly bioaccessible fraction of metals
relevant to human exposure—in the upper Meza Valley, a historic mining area in Slovenia, this study aimed
to assess their presence in PMyq air filters from the region using the spICP-MS method. The extraction
procedure, refined using a certified reference material of PMyo-like fine dust deposited on filters, achieved
an extraction efficiency of 9.1% for Zn- and 14.0% for Pb-containing NPs after two hours of ultra-
sonication in 10 mM sodium pyrophosphate. The method proved effective for detecting metal-containing
NPs in PMjg from mining and smelting areas, as demonstrated by a case study from the upper Meza
Valley. SpICP-MS analyses identified both Zn- and Pb-containing NPs in PM;q samples, with 0.6-3.8% of
Zn and 0.3-1.7% of Pb extracted as NPs. Additionally, SEM-EDS analysis confirmed the presence of Zn-

Received 29th April 2025, and Pb-containing (nano)particles of different chemical compositions. This study is the first to report the
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occurrence of metal-containing NPs in PM;q from this region. Although they represent only a small frac-
tion of total Zn and Pb in the samples, NPs are more bioaccessible and thus more relevant for assessing
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1. Introduction

The presence of persistent contaminants in the environment,
primarily generated by human activities such as agriculture,
traffic, industry, and mining, poses a significant global threat
to ecosystems and human health. These contaminants can be
transported through the air, facilitated by suspended particles
like aerosols and dust to which substances with low volatility
may be attached. This airborne transport serves as an impor-
tant pathway for the redistribution of contaminants from loca-
lized sources to larger environmental areas. One of the main
contributors to air pollution is airborne particulate matter
(PM), which is a complex mixture of solids and aerosols com-
posed of particles that vary in size, shape, and chemical com-
position. Based on their size, PM can be classified into three
categories, including PM;, (coarse particles with diameters
smaller than 10 pm), PM,; (fine particles with diameters
smaller than 2.5 pm), and PM, ;, which is also referred to as
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local population’s exposure to these particles.

ultrafine particles or atmospheric nanoparticles, describing
particles with diameters smaller than 100 nm. The hazard
posed by PM to humans is highly dependent on its size and
size distribution. PM;, has been linked to adverse health
effects such as respiratory and cardiovascular diseases." A
study by Liu et al, covering over 600 cities in multiple
countries, found that a 10 pg m™* increase in the 2-day average
of PM;, concentration was associated with a 0.44% rise in
daily all-cause mortality, a 0.36% increase in daily cardio-
vascular mortality, and a 0.47% increase in daily respiratory
mortality.2 PM,,, which are also known as airborne nano-
particles (NPs), present an even greater concern, as they can
remain suspended in the air for longer periods and be trans-
ported over longer distances. Due to their small size, they can
be inhaled into much deeper regions of the lungs and can
enter the bloodstream very quickly and efficiently. NPs are also
more susceptible to biological uptake and, therefore, most
relevant in terms of bioavailability.> Moreover, PM may
mobilize very high concentrations of potentially toxic elements
(PTEs) such as Pb, As, Zn, and Cd, which can, after deposition,
accumulate in soil, water, and vegetation. Some PTEs are carci-
nogenic (e.g., As, Cd, Cr) and can impact nervous function,
damage vital organs, and cause DNA damage. Long-term
exposure to these elements is linked to Alzheimer’s and
Parkinson’s diseases, muscular dystrophy, and multiple scler-
osis.” For instance, exposure to Pb can cause neurotoxic effects

This journal is © The Royal Society of Chemistry 2025
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such as learning or behavioral problems, including speech,
intelligence, attention, behavior, and mental processing pro-
blems, particularly in children.’

As metal-containing NPs form a growing category of sub-
stances found in the atmosphere with implications for human
health, understanding their occurrence, fate, and behavior in
the environment is essential. For this purpose, suitable
analytical techniques for collecting airborne NPs and deter-
mining their concentration, chemical composition, and size
are of paramount importance. Airborne NPs are typically col-
lected using air sampling filters made of e.g., quartz, teflon, or
polycarbonate, or by using cascade impactors, electrostatic or
thermal precipitators, and liquid impingers, to name a few,
each tailored to capture particles of different sizes and specific
analysis needs. Filters designed for PM sampling effectively
collect a wide range of particle sizes, including NPs (PMg ).
The collected samples can be analyzed using gravimetric ana-
lysis to determine the total mass of PM, electron microscopy to
assess the particle size and morphology, and energy-dispersive
X-ray spectroscopy or inductively coupled plasma mass spec-
trometry (ICP-MS) to determine their chemical composition.
Most of these techniques lack the sensitivity or selectivity
required to detect target NPs, which are often present at low
concentrations, among a mixture of particles with varying
sizes and chemical compositions naturally found in the PM
matrix. ICP-MS only offers data on the elemental composition
of bulk PM samples, rather than on individual NPs. However,
when operated in single particle (sp) mode, spICP-MS extends
its capability by providing information on the size and concen-
tration of individual NPs within the PM. SpICP-MS has been
recognized as a suitable method for studying the occurrence of
metal-containing NPs at environmentally relevant concen-
trations, offering sensitive and element-specific detection of
NPs.®® This is achieved by utilizing the established elemental
analysis capabilities of ICP-MS while performing measure-
ments on an individual particle basis.”*° In principle, a liquid
sample containing NPs must be diluted sufficiently to ensure
that the NPs enter the plasma individually, where they are
vaporized, atomized, and ionized. The resulting positively
charged ion packets are then transported to the detector,
which records them as signal bursts by monitoring fast transi-
ent signals, with each burst corresponding to a single NP. The
size of each burst is proportional to the mass of NPs, while the
frequency of these bursts corresponds to the particle number
concentration. By combining this data with information on
the particle composition, shape, and density, the size and size
distribution of NPs can be obtained. The spICP-MS method
therefore provides simultaneous quantification of NP mass
concentration, size characterization of NPs, and allows the
detection of both dissolved and particulate forms of an
element. Due to the ability to differentiate between dissolved
and nanoparticulate forms, spICP-MS allows monitoring of the
potential dissolution of NPs during the sample treatment. It
also provides valuable data on the particle number concen-
tration, which is a very relevant measure of exposure to air-
borne NPs.

This journal is © The Royal Society of Chemistry 2025
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To measure airborne metal-containing NPs using
spICP-MS, both online and offline approaches for sampling
and detection have been applied. Cen et al. demonstrated the
applicability of a rotating disk diluter coupled with spICP-MS
for direct sampling, online dilution, and characterization of
airborne NPs.'' However, since the proposed setup is not
widely accessible in most analytical laboratories, offline
methods are more commonly used. This involves collecting
airborne NPs on PM filters, from which they are subsequently
extracted into a liquid phase for analysis by spICP-MS. It is
important that the extraction process efficiently recovers NPs
from PM samples and at the same time does not create con-
ditions whereby particle aggregation/agglomeration or dis-
solution occurs, leading to the loss of NPs. Therefore, strong
acids that could dissolve the NPs should be avoided. Current
methods for extracting NPs from PM filters typically involve
aqueous extraction by immersing filters in water or other
extraction solutions, often combined with ultrasonication to
aid in dislodging the NPs from the filter surface. For instance,
Bland et al. employed ultrasound-assisted extraction in de-
ionized water to analyze PM, s filters for metal-containing par-
ticles.'? Similarly, Torregrosa et al. explored different extraction
approaches (e.g., direct immersion, hard cap espresso, ultra-
sound-assisted, and microwave-assisted extraction) and
different extraction solvents (including trisodium citrate,
ammonium hydroxide, potassium nitrate, etc.) to recover artifi-
cially deposited standards of AuNPs and PtNPs from air
filters."?

The limited number of existing studies on the spICP-MS
analysis of metal-containing NPs in PM air filters and similar
environmental samples, such as road dust, either do not
report on the efficiency of the extraction procedure, or the
extraction recoveries reported are not quantitative.>'>'* The
estimation of trueness is a key aspect of validating any analyti-
cal procedure that consists of an extraction method and sub-
sequent analysis. However, few if any studies have evaluated
the trueness of spICP-MS for determining airborne NPs, which
is partially due to the lack of certified reference materials
(CRMs) with known NPs concentration and size in a PM
matrix. In the absence of such CRMs, an alternative approach
for assessing trueness could involve spiking a PM matrix with
a known amount of (certified reference) standards of target
NPs with defined particle sizes, as has been done for other
environmental matrices such as road dust, road runoff sedi-
ments, and soils."*'® However, there are currently very few
CRMs available for pristine metal-containing NPs, whether in
suspension or powder form, that can be used for spiking.
Moreover, the detailed validation of the method may not be
needed if the scientific objective of the study is simply to
establish the presence or absence of NPs in a certain environ-
mental matrix.

The upper Meza Valley in Slovenia is heavily polluted with
potentially toxic elements (PTEs) due to its history of mining
and smelting lead and zinc ore, along with the large volumes
of mining waste that have been deposited in the area.'”° In
addition to the high concentrations of PTEs found in the soil
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and sediments, the inhabitants of the area are exposed to
these elements daily, mainly by inhalation and/or ingestion of
dust. Regular monitoring of Pb concentrations in PM;, by the
Slovenian Environment Agency in Zerjav, where a Pb smelter
used to operate and where a Pb-recycling and Pb-battery pro-
duction site is now located, showed an increase in Pb annual
average concentrations from 250 to 700 ng m~> between 2010
and 2021.>' Although the region has been extensively studied
for the presence of PTEs, there have been no reports on their
occurrence in the form of NPs in PM, which, if inhaled, could
be highly bioaccessible and pose a potential risk to human
health.”?

Therefore, the aim of this study was to assess the presence
of metal-containing NPs in PM,, air filters collected from the
upper Meza Valley using the spICP-MS method. The focus was
on Zn-, Pb-, As-, and Cd-containing NPs, as they are the most
likely to occur in the PM;, from mining and smelting areas. To
achieve that, the method of extraction of NPs from PM,, col-
lected on filters was improved. For this purpose, a certified
reference material of PM,-like fine dust, closely reflecting the
composition of real PM;, samples, was deposited onto PM;,
quartz fiber filters, and the ultrasound-assisted extraction of
metal-containing NPs was refined for their subsequent ana-
lysis by spICP-MS. The results of this study, therefore, offer
additional insights into the presence, concentration, and size
characteristics of airborne metal-containing NPs in areas
heavily affected by mining activities.

2. Materials and methods

2.1. Collection of PM,, samples

PM,, samples were collected in the upper Meza Valley, in the
town of Zerjav, at two different sampling locations and in two
different years (2018 and 2021), as detailed in Table S1.f
Sampling at location 1 (in 2018) was performed using a high-
volume DIGITEL DHA-80 sampler with 150 mm quartz fiber
filters. The filters were changed automatically every 24 hours
at a predetermined time. The airflow through the filter was
720 m*® day~". Sampling at location 2 (in 2021) was performed
using a reference low-volume sampler, Leckel SEQ 47/50, with
pre-annealed 47 mm quartz fiber filters. The filters were
changed automatically every 24 hours at a predetermined
time. The airflow through the filter was 55.2 m® day . The
filter size and airflow did not impact the amount of PM col-
lected, as the surface area-to-airflow ratio was comparable
between the locations. The amount of PM collected on the
filters for all samples ranged from 1 to 2 mg, depending on
the levels of PM;, in the environment on a given day. For
filters of smaller sizes (47 mm from location 2), the entire
filter was used for extraction and subsequent spICP-MS ana-
lysis, allowing for only one replicate. The filters of larger sizes
(150 mm from location 1) were cut into two circles before ana-
lysis, each with a diameter comparable to the smaller filters,
enabling two replicates for analysis. All filters were dried over-
night at 60 °C and weighed before the analysis.
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2.2. Extraction of NPs from PM,, samples

The procedure used for extracting metal-containing NPs from
PM,, filters was based on ultrasound sonication, which has
been previously reported as an effective approach for the
extraction of PM from air filters.'>'*** The two parameters
further optimized in this study were the sonication time and
the type of extraction solvent (MilliQ water, 10 mM sodium
pyrophosphate, 1% citric acid, and 1% aqueous ammonia
solution), while the concentrations of extraction solvents were
adapted from the work of Torregrosa et al.'* The sonication
times of 0.5 h, 1 h, and 2 h were tested with 10 mM sodium
pyrophosphate, which proved to be the most suitable extrac-
tion solvent (please refer to the Section 3.1.2). The extraction
procedure was optimized using the PM,, quartz fiber filters
(MN QF-10, 47 mm, Macherey-Nagel, Diren, Germany), onto
which a suspension of certified reference material ERM-CZ120
(PM;¢-like fine dust, obtained from European Commission
Joint Research Centre, Geel, Belgium) was applied. ERM-CZ120
is certified for a total concentration of Zn (1240 mg kg™"), Pb
(113 + 17 mg kg™'), As (7.1 + 0.7 mg kg™"), and Cd (0.90 =
0.22 mg kg™'). The ERM-CZ120 suspension was prepared by
weighing 20 mg of ERM-CZ120 powder into 50 mL of MilliQ
water, resulting in a 0.4 mg mL™" PM;qlike fine dust suspen-
sion. The resulting suspension was sonicated using an ultra-
sonic bath, operated at 40 kHz for 30 min. Five mL of the
ERM-CZ120 suspension were applied to PM,, filters, retaining
approximately 2 mg of PM;,-like fine dust. A schematic of the
extraction optimization procedure is shown in Fig. S1.}

The optimized extraction procedure involved placing dried
quartz filters containing approximately 2 mg of PM;, collected in
the upper Meza valley into 50 mL polypropylene (PP) graduated
tubes to which 20mL of 10 mM sodium pyrophosphate was
added. The samples were subjected to bath sonication (Sonis,
Iskra PIO, Sentjernej, Slovenia), operated at 40 kHz frequency for
2 h. The extracts were afterward quantitatively transferred to
30 mL PP graduated tubes, while the filters and 50 mL tubes
were rinsed with 5 mL of sodium pyrophosphate, which was com-
bined with the rest of the extract. During the extraction, the filters
partially disintegrated, resulting in the presence of filter fibers in
the extracts. As this could lead to clogging of the ICP-MS nebuli-
zer, the fibers needed to be removed before spICP-MS analysis.
Since the centrifugation could not remove quartz fibers from the
extracts, filtration through 12-25 pm black ribbon filters
(Schleicher&Schuell GmbH, Dassel, Germany) was applied. To
minimize the risk of adsorptive losses of metal-containing NPs,
the 12-25 um filters were first pre-equilibrated. This involved
passing 5 mL of MilliQ water and 1 mL of the sodium pyropho-
sphate through the filter and discarding the solution. This step
was repeated three times to ensure proper filter pre-equilibration
before filtering the extracts.

2.3. Determination of total element concentration in PM;,
samples and extracts

To follow the mass balance of the extraction procedure, the
total concentration of Zn, Pb, Cd, and As in each extraction

This journal is © The Royal Society of Chemistry 2025
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step was determined using ICP-MS following microwave-
assisted digestion, as described in the ESIL.f The samples ana-
lyzed included quartz filters with PM;, samples before and
after extraction (dried overnight at 60 °C), solutions of the
extracts, filtered extracts (passed through 12-25 pm filters),
and the ERM-CZ120 water suspension. After digestion,
samples were diluted with MilliQ water (resulting in a 1%
HNO; solution) and subsequently analyzed using a 7700x
quadrupole ICP-MS instrument (Agilent Technologies, Tokyo,
Japan). ICP-MS operating parameters, presented in Table S2,}
were optimized daily for the highest sensitivity. Quantification
was based on external calibration by measuring Zn, Pb, Cd,
and As ionic standards prepared in 1% HNOj;, covering the
concentration range of 0.5-500 pg L™, and an online internal
standard of 25 pug L™' Rh in 1% HNO;. A multielement stan-
dard solution Multi VI, containing 1000 mg L™" of Zn, Pb, Cd,
and As, and single element standard solutions of 1000 mg L™"
Rh from Merck Ltd were used for calibration. Each sample was
digested in parallel. A certified reference material for trace
elements in surface water (SPS-SW1, Spectrapure standards,
Oslo, Norway) was used to verify the accuracy of the ICP-MS
analysis. The measured values were in good agreement with
the certified values (Table S371). The filtrates (i.e., solutions
passing through the quartz filter during the deposition of the
ERM-CZ120 suspension onto the filters) were acidified with
20 pL of concentrated HNO; and measured directly by ICP-MS
to determine whether any element was retained on the quartz
filter.

2.4. Single particle ICP-MS analysis of extracted NPs

SpICP-MS analyses of metal-containing NPs, including those
containing Zn, Pb, As, and Cd, were performed in the filtered
extracts on a 7900x quadrupole ICP-MS instrument (Agilent
Technologies). SpICP-MS operating parameters, presented in
Table S2,t were optimized daily for the highest sensitivity. A
multi-element batch was used for consecutive measurements
of four elements in time-resolved mode. The signal intensity of
the ®°Zn, 2°8pb, "*As, and '*'Cd isotopes was recorded consecu-
tively for 60 s for each isotope with a dwell time of 0.1 ms. An
accurate sample flow rate was determined daily by weighing
MilliQ water introduced as a sample at a peristaltic pump
speed of 0.1 rotations per second (N = 3). Before spICP-MS ana-
lysis, the sample extracts were diluted with MilliQ water (2x for
extracts in MilliQ water and 1% citric acid, 5x for extracts in
1% aqueous ammonia solution, and 10x for extracts in 10 mM
sodium pyrophosphate) to ensure that the number of particles
detected during one acquisition time ranged between 100 and
2000. This adjustment aimed to detect a sufficient number of
particles for statistical purposes, while minimizing bias due to
multiple particle events. Another consideration in selecting
the optimal dilution factor was to maintain a low baseline
signal, which could otherwise be increased due to spectral
interferences and/or the presence of dissolved analytes (as in
the case of the extraction with 1% citric acid).

As the concentrations of As- and Cd-containing NPs in the
filter extracts were below the detection limit, only Zn- and Pb-
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containing NPs were quantitatively analyzed by spICP-MS. The
transport efficiency was determined daily according to the par-
ticle size method.>* This involved analyzing a 50 nm AuNP sus-
pension prepared from a stock suspension (BBI Solutions,
Cardiff, UK), which contained 56.8 mg L™" of citric-acid-coated
AuNPs with an average particle diameter of 50 + 3 nm, diluted
to a concentration of 0.142 pg L. Additionally, ionic Au stan-
dards (prepared from a single Au ICP Standard Certipur form
Merck Ltd) were prepared at concentrations of 0 pg L™, 0.5 pg
L% 1.0 ug L', and 5.0 pg L™, Particle mass quantification
was based on calibration curves prepared from different con-
centration levels of ionic Zn and Pb standards (ranging from
0.5 pg L™ to 100 pg L™"). The impact of four extraction sol-
vents on the transport efficiency, ICP-MS response, and linear-
ity of ionic standard calibration curves was thoroughly investi-
gated, as detailed in the ESI (Table S4f). Briefly, the particle
size method was selected for calculating transport efficiency by
analyzing AuNP and ionic Au standards prepared in MilliQ
water. The particle size method was selected as the particle
diameter of the AuNPs in the stock standard solution used to
determine transport efficiency is less susceptible to change
over time compared to the particle number concentration. The
latter can decrease over the storage time of the AuNPs stock
solution due to aggregation/agglomeration, particle settling,
and/or particle adhesion to the container walls. The ICP-MS
ionic response for NPs in MilliQ water, sodium pyrophosphate,
and citric acid was determined using matrix-matched ionic
standards, whereas the ionic standards for NPs in aqueous
ammonia solution were prepared in 0.1% aqueous HNOs;.
Particle mass was converted to particle diameter by assuming
spherical mono-elemental particles consisting of Zn (Zn mass
fraction 1.0, with a density of 7.13 g cm ™) or Pb (Pb mass frac-
tion 1.0, with a density of 11.35 g cm™>). These assumptions
introduce significant bias in determining particle sizes, poten-
tially leading to their underestimation. As a result, the particle
size information reported by spICP-MS in this study is only
qualitative. For creating particle size distribution graphs, bin
sizes of 5 nm and 2 nm were used for Zn- and Pb-containing
NPs, respectively.

Data processing was performed using the Single
Nanoparticle Application Module within the MassHunter 5.2
Workstation Software (Version D.01.02, Build 708.1, Agilent
Technologies) in the “Peak Integration Mode”. The smallest
particle diameter observed in the particle size distribution of
filter extracts was considered as the minimum detectable par-
ticle diameter. The lowest signal intensity threshold above
which events were considered to be NPs was manually set at a
value corresponding to a particle diameter of 55 nm for Zn-
and 18 nm for Pb-containing NPs (i.e., smallest particle size
LODs observed in filter extracts using MilliQ water - please see
Table S7t). The application of the same threshold for all
samples ensured that a direct comparison of particle mass
and number concentrations, as well as median particle dia-
meters, was possible between samples. The mass fraction of
Zn- and Pb-containing NPs in PM,, samples was calculated by
comparing the particle mass concentration determined by
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spICP-MS with the total Zn and Pb mass concentration deter-
mined in digested samples by ICP-MS. Moreover, Pearson cor-
relation coefficients (PCC) were calculated to assess potential
correlations between the particle number or mass concen-
tration and the total mass concentration of the corresponding
elements determined in the PM,, samples from the upper
Meza Valley. The summary of all calculations used in this
study is presented in the ESI (eqn (S1)-(S10)T).

2.5. SEM-EDS analysis of the extracted NPs

As the spICP-MS technique requires information on the NP
composition, shape, and density for accurate sizing, the shape,
size, and elemental composition of Zn- and Pb-containing NPs
in the filtered extracts were determined by scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS) in the
backscattered electron (BSE) and secondary electron (SE)
modes. For this purpose, Verios G4 HP SEM (Thermo Fisher
Scientific, Waltham, MA, USA) coupled with an AZtec Live EDS
system (Oxford Instruments, Abingdon, UK) was used. EDS
measurements were performed with a resolution of around
1 pm, which did not allow the chemical composition of indi-
vidual particles to be investigated at lower dimensions. Further
details on sample preparation and EDS measurements are pro-
vided in the ESL{

3. Results and discussion

3.1. Extraction procedure optimization

The first objective of this study was to further improve the
extraction of metal-containing NPs from PM,, samples based
on the ultrasound-assisted procedure adapted from the exist-
ing literature'>'*?? for their subsequent analysis by spICP-MS.
To the best of our knowledge, no certified reference materials
for metal-containing NPs in a PM matrix or pristine (certified
reference) standards for the target NPs exist for spiking the
corresponding PM matrix. Therefore, in this study, the optim-
ization of the extraction procedure was performed using a cer-
tified reference material of PM,¢-like fine dust (ERM-CZ120),
which closely mimics the composition of real PM,, samples
and has a consistent and homogenous composition of Zn, Pb,
As, and Cd. However, this material is only certified for the
total concentration of the target elements and lacks infor-
mation on the potential presence or absence of these elements
in nanoparticulate form. According to the certification report,
the particle size distribution of ERM-CZ120 material, as deter-
mined by dynamic light scattering (DLS) in a dispersion, indi-
cates the aerodynamic diameter of the particles, consisting of
10 vol% of particles below 1.75 pm, 16 vol% below 2.49 um, 50
vol% below 7.59 pm, 84 vol% below 15.01 pm, and 90 vol%
below 20 pm.>® However, the chemical composition of these
particles and the percentage of particles smaller than 100 nm
is unknown. The presence of NPs containing Zn, Pb, As, and
Cd was therefore assessed by spICP-MS analysis of the
ERM-CZ120 material suspended in MilliQ water. For this
assessment, dilution factors of 500x were applied for Zn- and
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Pb-containing NPs, and 5x for Cd- and As-containing NPs.
Since the concentrations of As- and Cd-containing NPs were
below the detection limit (only 1 Cd-containing particle and 4
As-containing particles were detected in the 5x diluted
sample), only Zn- and Pb-containing NPs were analyzed quan-
titatively. The particle number and mass concentrations, par-
ticle diameter, and mass fraction of Zn- and Pb-containing
NPs determined by spICP-MS in the ERM-CZ120 water suspen-
sion are given in Table S5.f The mass concentration of Zn and
Pb present in the ERM-CZ120 as NPs was found to be 65.3 mg
of Zn-containing NPs per kg of the sample (representing
5.26% of the total Zn content in ERM-CZ120) and 12.8 mg of
Pb-containing NPs per kg of the sample (corresponding to
11.3% of the total Pb content in ERM-CZ120). The mean par-
ticle sizes, calculated from particle mass based on the assump-
tion of spherical mono-elemental particles, were determined
to be 87 nm for Zn- and 32 nm for Pb-containing NPs. The par-
ticle number-based size distribution obtained by spICP-MS
analysis of the ERM-CZ120 water suspension (Fig. S41) shows
that the sizes of Zn-containing NPs range from 55 nm to over
200 nm, while those of Pb-containing NPs range from 18 nm
to more than 100 nm. However, different geometry and chemi-
cal composition would result in different particle diameters.

3.1.1. Optimization of extraction duration. The
ERM-CZ120 material characterized for the presence of Zn- and
Pb-containing NPs (described above) was applied to quartz
fiber filters, and NPs were extracted into solution using the
ultrasound-assisted extraction procedure, as described in
Section 2.2. Different extraction durations (30 min, 1 h, 2 h)
were tested using 10 mM sodium pyrophosphate as the extrac-
tion solvent to achieve the highest extraction efficiency
(Fig. S51). While longer sonication times correlated with
increased extraction of Pb-containing NPs, no clear trend was
observed for Zn-containing NPs, leading to the conservative
selection of a 2 hour sonication time for further testing.

3.1.2. Optimization of extraction solvent. To further
improve extraction efficiency, several solvents were tested,
including MilliQ water, 10 mM sodium pyrophosphate, 1%
citric acid, and 1% aqueous ammonia solution. After the
extraction in different solvents, total Zn and Pb concentrations
were first determined by ICP-MS in different fractions, includ-
ing the filtrate (i.e., the solution that passed through the filter
during the application of the ERM-CZ120 suspension), the
extracts, and the filters after extraction, to follow the mass
balance of the extraction procedure. The results presented in
Fig. 1 showed that most of the Zn and Pb were retained on the
filters during the deposition of the ERM-CZ120 suspension,
with only about 2% passing through. This demonstrated that
the quartz fiber filter with deposited ERM-CZ120 was a suit-
able test material for optimizing the procedure for extracting
airborne particles, offering a reliable approximation of the
PM,, samples. The highest percentage of total Zn in the
extract was achieved in 10 mM sodium pyrophosphate (90%),
while 1% citric acid was most effective for Pb (66%), followed
by 10 mM sodium pyrophosphate (55%). However, the stan-
dard deviation of the calculated fractions was high (up to

This journal is © The Royal Society of Chemistry 2025
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20%), especially in the case of Zn, as some of the replicate
measurements were below the detection limit.

To achieve higher accuracy and precision in quantifying Zn-
and Pb-containing NPs in air samples at environmentally low
concentrations, a spICP-MS method was applied, offering
more sensitive detection of NPs compared to the ICP-MS deter-
mination of total element content (Tables S6 and S7t). Before
spICP-MS analysis, the extracts were filtered through a
12-25 pm filter to remove the fibers of the partially disinte-
grated quartz filters. The unwanted retention of NPs on the
12-25 um filter was checked by comparing the number of par-
ticles in the filtered ERM-CZ120 water suspension with those
in the unfiltered suspension. The results showed that 68 + 9%
of the Zn- and Pb-containing particles passed through the
filter, with good filtration repeatability and without altering
the particle size distribution (Fig. S6T). After filtration, the par-
ticle concentrations and size distributions of Zn- and Pb-con-
taining NPs extracted from PM,, samples were determined by
spICP-MS. Table 1 shows the extraction recoveries of Zn- and
Pb-containing NPs extracted from PM,, filters with
ERM-CZ120 using the four extraction solvents. The extraction

recovery was calculated by comparing the concentration of Zn-
and Pb-containing NPs in the extracts, as determined by
spICP-MS, with their expected concentration in the
ERM-CZ120 sample deposited on the quartz filter, following
the equations eqn (S9) and (S10).f The highest extraction
recoveries based on particle mass concentrations for Zn- and
Pb-containing NPs were achieved in 10 mM sodium pyropho-
sphate (9.14% and 14.0%, respectively), followed by 1%
aqueous ammonia solution (6.61% and 7.21%, respectively),
while the lowest extraction recoveries were obtained in 1%
citric acid (2.95% for Zn- and 2.92% for Pb-containing NPs). A
similar trend was observed for particle number concentrations,
with sodium pyrophosphate showing the highest efficiency
(11.0% for Zn- and 21.8% for Pb-containing NPs). These
results differ from the findings of Torregrosa et al, who
reported better recoveries for extracting PtNPs from micro
quartz filters using direct immersion in a 1% aqueous
ammonia solution (20.1 + 1.3%) and a 9 + 2% recovery in 1%
disodium pyrophosphate.'® Similar to our findings, the lowest
recovery was reported for 1% citric acid (1.12 + 0.18%). In the
same study, the authors reported 84 + 2% recoveries achieved

Table 1 Extraction recovery based on particle number and mass concentration, mean particle size, and mass fraction of Zn- and Pb-containing
NPs in ERM-CZ120 extracted from PMy filters using different extraction solvents. Results represent the average values with a standard deviation of

six replicates

Zn Pb

Extraction recovery” (%) Extraction recovery® (%)

Based on Based on Mean Based on Based on Mean
Extraction particle particle particle Mass fraction particle particle particle Mass fraction
solvent number conc.  mass conc.  size (nm) of NPs” (%) number conc.  mass conc.  size (nm) of NPs” (%)
MilliQ water 5.25+3.14 3.57 +1.36 82+4 3.80 £ 0.30 6.84 +3.14 4.24 £2.01 301 6.99 +4.19
10 mM sodium 11.0 £ 2.9 9.14 + 2.69 94 +£2 1.96 + 0.67 21.8+3.0 14.0+3.4 28+1 7.12 + 0.88
pyrophosphate
1% citric acid 0.737 £ 0.189 2.95 +1.29 152 +10 0.157 £ 0.075 0.857 + 0.166 2.92+1.18 54+4 0.185 + 0.062
1% aqueous 11.2 £+ 4.2 6.61 +2.45 85+1 5.46 +1.64 8.85 +2.95 7.21+1.98 29+1 29.6 +10.9

ammonia solution

“ Extraction recovery was calculated following eqn (S9) and (S10).1 ” Mass fraction of NPs was calculated following eqn (S8).1

This journal is © The Royal Society of Chemistry 2025
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after ultrasound-assisted extraction of PtNPs from filters in
ammonia solution. This is significantly higher compared to
the extraction recoveries obtained in our study after applying
ultrasound-assisted extraction of ERM-CZ120 from filters in
10 mM sodium pyrophosphate. It is important to note that the
recoveries reported by Torregrosa et al. were obtained for sus-
pensions of manufactured single-element NPs applied to air
filters. In contrast, our study used certified reference material
resembling PM;-like fine dust, which more accurately reflects
the composition of real PM;, samples. Specifically, matrix
effects from airborne PM retained on the filter can influence
the accuracy and precision of NPs determination, as also
demonstrated by Torregrosa et al'’ Therefore, it is more
appropriate to compare our method’s performance with
studies that have extracted and detected metal-containing NPs
from more realistic environmental samples. For example,
Folens et al. quantified PtNPs in road dust by spICP-MS follow-
ing an ultrasonication extraction procedure using stormwater
runoff for leaching.® The authors reported an extraction
efficiency of 2.7%, which is as low as those obtained in our
study. Similarly, Avramescu et al. reported an extraction
efficiency of 1.28 + 0.14% for a road dust composite spiked
with CeO, NPs following water extraction with sonication.'*
The authors selected water as an extractant to isolate only the
readily bioavailable NPs from the road dust. In our study,
higher extraction recoveries for Zn- and Pb-containing NPs in
PM,, samples were achieved using sodium pyrophosphate,
which enhances NPs extraction and promotes their dispersion.
In summary, the recoveries observed in our study cannot be
considered low, especially when compared to the studies refer-
enced above, which report similar or lower extraction efficien-
cies for various types of NPs from different environmental
samples.

The influence of different extraction solvents on the size
and size distribution of the extracted NPs was further investi-
gated. The mean particle sizes (Table 1) and particle size distri-
butions (Fig. 2) of Zn- and Pb-containing NPs in ERM-CZ120
extracted from PM,, filters with MilliQ water, 10 mM sodium
pyrophosphate, and 1% aqueous ammonia solution were
similar to those in ERM-CZ120 suspended in the corres-
ponding extraction solvents (Table S5t). This suggests that
extraction in these solvents had little impact on particle size,
meaning it did not cause significant aggregation, dissolution,
or selective size fractionation. In contrast, extraction with 1%
citric acid resulted in significantly larger mean particle sizes
(152 nm for Zn- and 54 nm for Pb-containing NPs) compared
to other extraction solvents and the ERM-CZ120 suspended in
0.5% citric acid (90 nm for Zn- and 34 nm for Pb-containing
NPs, Table S57). The size distribution for particles extracted
with 1% citric acid also shifted towards larger sizes (Fig. 2C
and G), most likely due to partial dissolution of Zn- and Pb-
containing NPs, as evidenced by the increased baseline signal
for Zn and Pb after extraction (Fig. S7t). Consequently, a
higher particle detection threshold had to be applied, resulting
in elevated size LOD (114 nm for Zn- and 41 nm for Pb-con-
taining NPs after extraction with 1% citric acid, versus approxi-
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mately 65 nm for Zn- and 20 nm for Pb-containing NPs after
extraction with other solvents) (Table S77).

As can be further evidenced from Table 1, the mass fraction
of Zn- and Pb-containing NPs was the highest in 1% aqueous
ammonia solution, followed by MilliQ water and 10 mM
sodium pyrophosphate, and the lowest in 1% citric acid. The
mass fractions of Zn- and Pb-containing NPs in ERM-CZ120
after extraction from the filters (e.g., 3.80% for Zn- and 6.99%
for Pb-containing NPs in MilliQ water) were generally lower
than those obtained for the suspensions in the corresponding
extraction solvents (e.g., 5.26% for Zn- and 11.3% for Pb-con-
taining NPs in MilliQ water) (Table S5t). This could indicate
selective particle size fractionation during the application of
the ERM-CZ120 suspension to the quartz filters, approximately
30% particle loss due to filtration of the extract through a
12-25 pm filter, and/or particle dissolution during extraction,
particularly with 1% citric acid.

Summing up, the highest percentages of extracted Zn and
Pb in both total and nanoparticulate fractions were achieved
using 10 mM sodium pyrophosphate without affecting the par-
ticle size distribution. The optimized extraction procedure
involved sonication of the PM,, filter in 10 mM sodium pyro-
phosphate for 2 h, followed by filtration of the extract through
a pre-conditioned 12-25 pm filter.

3.2. Determination of total element concentration in PM;,
samples from the upper MezZa Valley

The total mass concentration of elements in seven PM;j,
samples, collected at different locations and times (Table S17),
was determined by summing the element concentrations
measured in the extracts and filters after extraction (see eqn
(S1)—(S4)t). Only Zn and Pb were detected in the samples,
while the concentrations of As and Cd were below the detec-
tion limit. The total Zn and Pb concentrations in the collected
PM;, samples ranged from 857 to 1848 mg kg™ and from
3798 to 26413 mg kg™, respectively, as shown in Table 2.
While the Zn concentrations in the collected samples were
similar to those in the ERM-CZ120 material (1240 mg kg™"),
the Pb content was significantly higher compared to the
ERM-CZ120 (113 + 17 mg kg™ "), indicating the possible contri-
bution of Pb to air pollution in the upper Meza Valley. The
total concentrations of both Zn and Pb were significantly
higher on the PM;, samples collected in June and August 2021
at location 2 (samples 4, 5, 6, and 7) compared to the samples
collected in October 2018 at location 1 (samples 1, 2, and 3).
The observed differences in Zn and Pb concentrations may be
attributed to the location and/or the presence of Saharan dust,
which was elevated in June 2021. In June 2021, the Slovenian
Environment Agency reported increased PM,, levels, along
with elevated concentrations of some elements, particularly Al
and Fe, due to the presence of Saharan dust across Slovenia.>®
The latter could lead to an increased amount of PM;, to which
elements can be attached.>”**

To compare the obtained results with the annual limit
value of Pb in airborne PM,***° set to 500 ng m~>, the total Zn
and Pb mass concentrations per volume of filtered air were cal-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Particle size distribution obtained by spICP-MS for Zn- and Pb-containing NPs in ERM-CZ120 extracted from PMy, filters using different
extraction solvents. Zn-containing NPs are presented in Figures (A-D), and Pb-containing NPs are presented in Figures (E—H). The particle size distri-
bution of ERM-CZ120 suspended in the relevant extraction solvent is presented for comparison (grey histograms).

culated for each PM,, sample collected in the upper Meza
Valley (Table S8t). The average values for location 1 (samples
1-3) and location 2 (samples 4-7) were calculated and com-
pared to the annual limit value of Pb in airborne PM. The

This journal is © The Royal Society of Chemistry 2025

average total Pb concentration at location 1 (the year 2018) was
139 ng m~>, while at location 2 (the year 2021) it was 504 ng
m™>, Samples 4 and 5, with Pb concentrations of 634 ng m™>
and 660 ng m~>, respectively, were the only samples to exceed
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Table 2 Total Zn and Pb mass concentrations, particle number and mass concentration, mean particle size, and mass fraction of Zn- and Pb-con-
taining NPs in PM,o samples collected in the upper MezZa Valley. Total Zn and Pb mass concentrations were determined by ICP-MS with a repeatabil-
ity better than 3%, while the other parameters were determined by spICP-MS and represent the average values with the standard deviation of two

replicates

Total mass Particle number Particle mass Mean particle Mass fraction
Sample conc. (mg kg™) conc. (particles per kg) conc. (mg kg™") size (nm) of NPs (%)

Zn
1a 857 + 26 (2.30 + 0.81) x 10" 29.8 +18.0 105+ 6 3.47
1b 964 + 29 (2.31+0.12) x 10" 36.6 +14.4 106 £ 2 3.79
2a 1122 + 34 (2.93 £ 0.28) x 10" 9.76 £2.19 89 +2 0.870
2b 921 + 28 (2.72 £ 0.72) x 10" 16.2+1.2 96 +1 1.76
3a 998 + 30 (2.13 £ 0.81) x 10" 8.20 + 3.06 88+7 0.822
3b 1028 + 31 (1.87 £ 0.00) x 10" 6.15 £ 0.58 903 0.598
4 1476 + 44 (7.47 + 1.38) x 10" 30.1+1.6 90 +5 2.04
5 1676 + 50 (6.31 +2.30) x 10" 26.1%1.2 92+8 1.55
6 1335 + 40 (5.05 + 0.75) x 10> 33.1+3.6 100 + 4 2.48
7 1848 £ 55 (6.67 £ 0.75) x 10" 39.0 + 4.6 96+3 2.11

Pb
la 5560 + 167 (1.54 + 0.25) x 10" 30.6 + 3.4 2720 0.550
1b 5883 + 176 (1.72 + 0.18) x 10" 26.3 * 6.2 26+ 0 0.447
2a 4372 £131 (1.61 + 0.06) x 10" 32.0+12.4 271 0.732
2b 4251 + 128 (1.46 + 0.06) x 10™* 30.8 1.6 27+0 0.724
3a 3942 + 118 (1.88 £ 0.15) x 10" 40.1 +34.2 252 1.02
3b 3798 + 114 (1.76 + 0.24) x 10" 65.4 + 37.4 28+2 1.72
4 14733 + 442 (3.36 + 0.45) x 10" 131+£10 301 0.888
5 18 846 + 565 (3.23 £ 0.03) x 10" 123 + 49 30£1 0.650
6 26413 792 (2.04 + 0.09) x 10" 81.3+1.7 300 0.308
7 22925 + 688 (1.96 + 0.05) x 10" 65.2 + 22.4 30+ 1 0.285

the annual limit value for Pb, which aligns with the presence
of Saharan dust and elevated PM;, levels. Similarly, the
average total Zn concentration was higher in 2021 (41.8 ng
m™* at location 2) than in 2018 (28.3 ng m™ at location 1).

3.3. Determination of metal-containing NPs extracted from
PM,, samples of the upper Meza Valley

The presence of metal-containing NPs in the extracts of PM;,
samples from the upper Meza Valley was assessed by using the
optimized extraction procedure (see Section 3.1) followed by
spICP-MS analysis. The analysis confirmed the presence of Zn-
and Pb-containing NPs in all of the analyzed extracts, indicat-
ing their occurrence in PM;, samples. The corresponding par-
ticle number and mass concentration, mean particle size, and
mass fraction of the extracted Zn- and Pb-containing NPs are
presented in Table 2. The highest number concentrations of
Zn- and Pb-containing NPs were observed in PM;, samples 4,
5, 6, and 7, all from location 2. The particle number concen-
trations of Zn-containing NPs ranged between 1.87 x 10" par-
ticles per kg (location 1) and 7.47 x 10" particles per kg
(location 2), and between 1.46 x 10"* particles per kg (location
1) and 3.36 x 10™* particles per kg (location 2) for Pb-contain-
ing NPs. There was a significant difference (¢-test, p < 0.05)
between the particle number concentration of Zn-containing
NPs in PM;, samples collected in June and August 2021 (4, 5,
6, 7) and October 2018 (1, 2, 3). The mass concentrations of
Zn-containing NPs ranged between 6.15 mg kg™ (location 1)
and 39.0 mg kg™ (location 2), and between 26.3 mg kg™*
(location 1) and 131 mg kg (location 2) for Pb-containing
NPs. A significant difference (¢-test, p < 0.05) was observed in

4580 | Analyst, 2025, 150, 4572-4585

the particle mass concentration of Pb-containing NPs between
PM,, samples collected from location 1 and those from
location 2. In contrast, the mass concentrations of Zn-contain-
ing NPs did not differ significantly between the two locations.
The calculation of the Pearson correlation coefficient (PCC) to
evaluate potential relationships among various particle para-
meters (including particle mass and number concentration, as
well as total element concentration) in each PM,;, sample
revealed a very strong correlation between the number and
mass concentrations of Pb-containing NPs (PCC = 0.95).
Additionally, total Zn concentration exhibited a very strong cor-
relation with the number concentration of Zn-containing NPs
(PCC = 0.91), while total Pb concentration showed a strong cor-
relation with the mass concentration of Pb-containing NPs
(PCC = 0.64).

The mean particle size of Zn-containing NPs ranged from
88 nm to 106 nm, and from 25 nm to 30 nm for Pb-containing
NPs. The mass fraction of (nano)particulate Zn extracted from
PM,, samples ranged from 0.598 to 3.79%. The highest mass
fraction of Zn NPs was found in sample 1, consistent with the
presence of larger Zn-containing NPs in this sample (Fig. 3A).
In contrast, the size distribution of Pb-containing NPs (Fig. 3B)
and the percentage of Pb present in NP form (0.285-1.72%)
across different samples showed smaller variability.
Interestingly, the mass fraction of Pb-containing NPs in the
collected PM;, samples was significantly lower than in the
ERM-CZ120 extracts (7.12 + 0.88%, see Table 1). This suggests
that Pb in the PM;, samples from the upper Meza Valley was
likely bound to coarser airborne particles,"® which were less
efficiently extracted into the solution, leading to a smaller

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Particle size distribution of (A) Zn-, and (B) Pb-containing NPs in PM;o samples collected in the upper Meza Valley. The samples were
extracted from PMy filters using an optimized extraction procedure and analyzed by spICP-MS.

mass fraction of Pb-containing NPs. There was no significant
difference (t-test, p > 0.05) between the mass fraction of Zn-
and Pb-containing NPs in PM;, samples collected in June and
August 2021 (4, 5, 6, 7) and October 2018 (1, 2, 3).

To further assess the anthropogenic contribution to the Zn-
and Pb-containing NPs in the studied PM,, samples, both par-
ticle mass concentrations as well as total element concen-
trations were normalized to the total aluminum (Al) concen-
tration determined in each sample. The samples were com-
pared based on the location (or year of sampling), and whether
the Saharan dust was present at the time of sampling. The
ratios of total concentrations (Zn/Al and Pb/Al) and particle
mass concentrations (Zn NPs/Al and Pb NPs/Al) differed across
samples collected on different days (Table S9t). At location 1,
sample 3 had the highest Zn/Al, Pb/Al, and Pb NPs/Al ratios,
while its Zn NPs/Al ratio was comparable with those of
samples 1 and 2. Sample 3 also showed the highest Pb NPs/Al
ratio among all 7 samples. This suggests the anthropogenic
contribution of Pb-containing NPs in sample 3 is more likely.
At location 2, sample 6 had the highest values for all four
ratios, again indicating an anthropogenic origin of these par-
ticles. No significant difference was observed between samples
collected in 2018 and 2021, likely due to the high variability in
daily measurements. When comparing samples 4 and 5 (col-
lected during the presence of Saharan dust) with other
samples, they showed lower Zn/Al, Pb/Al, Zn NPs/Al ratios,
with similar or lower Pb NPs/Al ratios. However, the only sig-
nificant difference (t-test, p < 0.05) was observed for the Zn
NPs/Al ratio.

3.4. SEM-EDS analysis of metal-containing NPs extracted
from PM,, samples of the upper Meza Valley

To complement the spICP-MS results, extracts of PM;, filters
from the upper Meza Valley were analyzed using SEM-EDS to
determine the shape, size, and elemental composition of
(nano)particles that contained Zn and Pb. The analysis
revealed that Zn- and Pb-containing particles of different sizes,
shapes, and elemental compositions were present in all the

This journal is © The Royal Society of Chemistry 2025

investigated samples, with most being multi-elemental, con-
taining elements such as Pb, Zn, S, O, Fe, Sn, Cr, and Ca
(Fig. 4). Based on the EDS spectra, Pb-containing particles
were almost solely composed of Pb sulphate (Fig. 4A-C), while
Zn was found in oxides with minor amounts of Ca and Al
impurities (Fig. 4H) or Fe-Al oxides with minor amounts of Zn,
Cr, and Mg impurities (Fig. 4G and I). Some particles also con-
tained minor atomic percentages of both Pb and Zn (Fig. 4D-
F), while the high Si content in the EDS spectra of samples
shown in Fig. 4A, E and F was a result of the silicon plate used
as a base for sample droplet deposition and the silicon filter
fibers. Previous studies on metal-bearing phases in the attic
and household dust™ and snow’" from the upper Meza Valley
area suggest that the chemical composition of metal-contain-
ing particles could reflect their sources. According to these
studies, the presence of Pb sulphate particles in our samples
may suggest primary Pb-smelting, while Fe-oxides with traces
of Zn, Cu, and Pb may be associated with mining and mechan-
ical processing of mine waste.”> However, as SEM-EDS can
only provide rough qualitative data on particle composition,
accurate identification of their sources remains challenging.
SEM images in Fig. 4 further show that both Zn- and Pb-
containing particles exhibited spherical and rectangular
shapes. Pb-containing particles were predominantly arranged
individually, while Zn-containing and mixed Pb-Zn particles
were also aggregated. Although larger particles and the aggre-
gates/agglomerates (in the pm range) were present, the study
focused only on particles in the nanometer scale to allow
direct comparison with the spICP-MS results. SEM-EDS identi-
fied particle sizes ranging from 93 nm to 900 nm (Fig. 4),
which were larger than the particles detected by spICP-MS ana-
lysis. Comparing SEM results with spICP-MS data is not
straightforward due to biases in particle size determination
from spICP-MS, which relies on assumptions about particle
composition, density, and shape that are often unknown in
environmental samples. The mean particle sizes determined
by spICP-MS in the PM;, filter extracts from the upper Meza
Valley were therefore only indicative, based on the assumption
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Fig. 4 SEM images, EDS spectra, and elemental composition of particles in filtered extracts of PM;g samples from the upper Meza Valley. Pb-con-
taining particles are presented in Figures (A—C), a mix of both in Figures (D—F), and Zn-containing particles are presented in Figures (G-I).

of spherical particles consisting solely of Zn or Pb, while EDS
spectra revealed that particles were primarily sulphates and
oxides with minor Zn and/or Pb content. As the molar fraction
of the element in NP decreases (from NPs containing the pure
element to NPs containing relevant sulphates/oxides), the par-
ticle diameter calculated by spICP-MS increases. For example,
assuming a Pb sulphate (PbSO,) composition with a mass frac-
tion of Pb 0.684 and density of 6.29 g cm™>, the mean particle
diameter would increase to 37 + 1 nm, resulting in a particle
size distribution containing particles as large as 100 nm

4582 | Analyst, 2025, 150, 4572-4585

(Fig. S81). However, even the recalculated sizes of PbSO, par-
ticles determined by spICP-MS were, in general, still smaller
than those observed by SEM (Fig. 4A-C). Discrepancies in par-
ticle size measurements between spICP-MS and SEM-EDS can
be further attributed to the complexity of the sample matrix
combined with the physical limitations of the SEM-EDS
method. The PM;, filter samples contained a variety of par-
ticles of different compositions and sizes, with only a small
fraction comprising Zn and Pb, making their identification by
SEM-EDS difficult. The requirement for dry samples in SEM

This journal is © The Royal Society of Chemistry 2025
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led to a potential increase in particle size due to recrystalliza-
tion, and the use of sodium pyrophosphate created a thin film
that further hindered particle detection (Fig. S9%).
Additionally, the resolution of the EDS (~1 pm) posed chal-
lenges for analyzing small particles in such real environmental
samples. All these limitations highlight the importance of
combining both spICP-MS and SEM-EDS techniques for a com-
prehensive analysis of airborne metal-containing NPs at low
environmental concentrations.

4. Conclusions

This work aimed to refine an analytical procedure for the
extraction and spICP-MS detection of metal-containing NPs in
airborne PM;, particles from areas with mining, smelting, and
similar industries. The two-hour ultrasound-assisted extraction
of PM,, filters in 10 mM sodium pyrophosphate gave the
highest extraction efficiency of all the extraction solvents tested
without changing the original properties of NPs. Although
extraction in 1% citric acid resulted in comparable or even
higher extraction efficiencies for the total concentrations of Zn
and Pb, spICP-MS results showed that 1% citric acid caused
the partial dissolution of NPs. The proposed analytical pro-
cedure was demonstrated to be fit for purpose for real PM
samples, as shown by its application to Zn- and Pb-containing
NPs in PM;, samples from the upper Meza Valley, Slovenia, a
former mining and smelting area. To the best of our knowl-
edge, this study is the first to report the presence, concen-
tration, and size of metal-containing NPs in PM;, from this
region. The total Zn concentration ranged from 857 to
1848 mg kg™, while the total Pb content varied between 3798
and 26 413 mg kg™ ". In the PM;, extracts, only a small fraction
of Zn (0.598-3.79%) and Pb (0.285-1.72%) was found in the
form of NPs. SEM-EDS analysis further confirmed the presence
of particles of different sizes, shapes, and chemical compo-
sitions, primarily as sulphates and oxides that at least partially
contain Zn and/or Pb, or have these elements attached to their
surface. While direct size comparisons between SEM-EDS and
spICP MS are not possible, the spICP-MS method proved sensi-
tive enough to detect metal-containing NPs at concentrations
as low as those found in PM;, samples. While no established
or recommended annual limit values exist for metal-contain-
ing NPs in airborne PM, the presence of Zn- and Pb-containing
particles in PM;, filters from the upper Meza Valley, despite
being only a small fraction of the total Zn and Pb, suggests
that the local population is exposed to these airborne NPs with
a potential risk for their health.

This work has highlighted the importance of NPs analysis
and the need for methods that can efficiently extract metal-
containing NPs from environmental samples. While the exist-
ing literature reports an extraction efficiency of around 2%,
this work improved it to around 9% for Zn- and 14% for Pb-
containing NPs. However, further method improvement is
necessary, alongside the development of matrix-matched stan-
dard reference materials.

This journal is © The Royal Society of Chemistry 2025
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