Environmental Research 293 (2026) 123787

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/envres

Contents lists available at ScienceDirect

Environmental Research

Copper- and lead-based nanoparticles in freshwater sediments:

L))

Check for
updates

Spatiotemporal trends and environmental impact

a,b,”“

Mavro Luci¢

, Janja Vidmar "“®, Radmila Milaci¢ Séancar “®, Janez S¢ancar @,

Bor Arah “®, Nevenka Mikac *®, Maja Ivani¢ °®, Zeljka Fiket *®, Neda Vdovi¢*

& Division for Marine and Environmental Research, Ruder Boskovi¢ Institute, Bijenicka cesta 54, Zagreb, Croatia
b Department of Environmental Sciences, Jozef Stefan Institute, Jamova 39, Ljubljana, Slovenia

¢ Jozef Stefan International Postgraduate School, Jamova 39, 1000 Ljubljana, Slovenia

d Center for Electron Microscopy and Microanalysis, Jozef Stefan Institute, Jamova 39, Ljubljana, Slovenia

ARTICLE INFO

Keywords:

Metallic nanoparticle
Single-particle ICP-MS
Freshwater sediment
Mixed-effects model
Spatiotemporal distribution
Environmental impact

ABSTRACT

Metallic nanoparticles (MNPs) from anthropogenic activities pose emerging risks to aquatic ecosystems, yet their
environmental distribution and occurrence remain poorly characterized due to the analytical complexity of
quantifying NPs in sediment matrices. Here, we determine the size and quantify the mass and number con-
centrations of Cu- and Pb-containing NPs across 31 river and lake sediments in Croatia over a three-year period
using single-particle inductively coupled plasma mass spectrometry (sp-ICP-MS). Based on measurements from
diverse catchments, Cu NP number concentrations ranged from 1.49 x 10® to 1.06 x 10'° particles/g with
particle sizes of 26.8-46.0 nm, while Pb NPs ranged from 1.42 x 10 to 7.63 x 10%° particles/g with smaller sizes
of 19.1-26.4 nm. Mixed-effects models revealed spatial heterogeneity dominated temporal patterns, with
catchment-scale factors explaining 72-91 % of concentration variance. This spatial structure reflected distinct
anthropogenic sources, with Cu NPs from agricultural activities and Pb NPs from legacy mining sites and in-
dustrial emissions. In particular, agricultural sites showed elevated levels of bioavailable Cu, with extracted NPs
representing up to ~11 % of total Cu, thus identifying hotspots of ecological concern. While Pb NPs are pre-
dominantly associated with stable mineral forms such as PbS, the very high concentrations detected at certain
sites (up to 25.4 pg g~ for Pb NPs) represent a persistent contamination reservoir with potential for remobili-
zation under changing environmental conditions. This study reports the occurrence of Cu and Pb NPs in fresh-
water sediments and provides a basis for assessing the environmental risks of MNPs.

1. Introduction

bulk metal analysis cannot adequately access (Lead et al., 2018; Worms
et al., 2025). This complexity has led to significant challenges in accu-

Metal-based nanoparticles (MNPs) have emerged as widespread
environmental contaminants in aquatic systems, with freshwater sedi-
ments serving as critical repositories that record both contemporary and
historical contamination patterns. These particles, typically ranging
from 1 to 100 nm, originate from diverse geogenic and anthropogenic
sources including industrial processes, mining, urban runoff, vehicle
emissions, and agricultural activities (Bundschuh et al., 2018; Li et al.,
2023; Worms et al., 2025). Unlike bulk metals, MNPs exhibit unique
physicochemical properties that fundamentally alter their environ-
mental behavior, bioavailability, and ecological impact. Particle size
directly influences transport mechanisms, aggregation kinetics, and
dissolution rates, creating complex exposure scenarios that traditional

rately assessing environmental concentrations and associated risks. Most
environmental NP concentration estimates have been generated indi-
rectly by combining global production data with assumed release rates
through modeling approaches that incorporate contaminant transport
principles (Gottschalk et al., 2011, 2023; Keller et al., 2023). While these
studies provide valuable insights, they are constrained by significant
uncertainties arising from oversimplified assumptions and limited
consideration of key environmental fate processes, including agglom-
eration, heteroaggregation, dissolution, and phase transformations
(Azimzada et al., 2021). Consequently, reliable risk assessments for NPs
require experimental measurements of actual exposure concentrations,
supported by spatially and temporally resolved data on particle
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composition, size distribution, and source identification across different
regions (Gottschalk et al., 2011; Li et al., 2023; Luci¢ et al., 2025).

Research on environmental NPs over the past decade has predomi-
nantly focused on specific nanomaterials, with silver (Ag), cerium (Ce),
zinc (Zn), and titanium (Ti) NPs dominating the scientific literature
(Azimzada et al., 2021; Tou et al., 2021; Vidmar et al., 2022; Zheng
et al., 2025). While these studies have established fundamental under-
standing of key fate processes and distribution patterns of MNPs in
aquatic environments, critical knowledge gaps remain regarding copper
(Cu) and lead (Pb) NPs in river and lake sediments. Both metals have
substantial environmental presence (Luci¢ et al., 2025; Zhao et al.,
2025). This research gap is particularly concerning given the wide-
spread application and environmental relevance of these metals. Cu NPs
are increasingly used in antimicrobial coatings, including antifouling
paints following the ban of tributyltin, as well as in water treatment
systems, agricultural fungicides, and electronic components due to their
unique antibacterial, antifungal, and catalytic properties (Ghosh et al.,
2025; Keller et al., 2017). Agricultural applications alone represent a
major diffuse source to aquatic systems. Their widespread release poses
significant ecological risks through multiple pathways. Cu NPs exhibit
toxicity to aquatic organisms through multiple pathways, including
direct NP effects (oxidative stress, membrane damage, and ion homeo-
stasis disruption) and the release of dissolved Cu?" ions through disso-
lution, with effects observed across trophic levels from bacteria to fish
(Ghosh et al., 2025). Beyond direct toxicity, Cu NPs can disrupt sediment
microbial communities and critical biogeochemical processes such as
nutrient cycling and organic matter decomposition. Similarly,
Pb-containing NPs enter environmental systems through multiple
anthropogenic pathways. These include atmospheric deposition from
industrial sources, historical use of tetraalkyl lead in gasoline (which
represents the largest source of global Pb contamination), weathering of
legacy Pb-containing materials, and mining activities (Bacic et al., 2021;
Schindler et al., 2022; Zhao et al., 2025; Zerdoner et al., 2025). Pb NPs
pose particularly severe toxicological risks due to their neurotoxic ef-
fects on aquatic organisms, particularly during critical early life stages
(Ng et al., 2018). Additionally, Pb NPs have been shown to inhibit
acetylcholinesterase activity and induce oxidative stress in aquatic or-
ganisms, with effects linked to swimming dysfunction and broader
physiological impairments (Chiang et al., 2016). Despite the rapid in-
crease in global production and environmental release of Cu-based and
Pb-based NPs and their well-documented ecotoxicological concerns,
systematic field studies reporting measured concentrations, size distri-
butions, and spatiotemporal trends in freshwater sediments are still
lacking. These data are essential for accurate risk assessment of these
ubiquitous contaminants.

The development of single particle inductively coupled plasma mass
spectrometry (sp-ICP-MS) has revolutionized the ability to characterize
MNPs in complex environmental matrices. This technique provides
simultaneous quantification of particle size distributions, number con-
centrations, and mass concentration, enabling discrimination between
particulate and dissolved metal fractions that is crucial for under-
standing environmental fate processes (Li et al., 2025). Size analysis of
MNPs using sp-ICP-MS relies on the fundamental assumption that all
detected nanoparticles are spherical with known chemical composi-
tions. This assumption becomes problematic when analyzing environ-
mental samples, where MNPs exhibit complex and variable
compositions that deviate from idealized conditions (Worms et al.,
2025). Additional limitations include sp-ICP-MS monitoring only single
metal isotopes per acquisition, providing no compositional information
on element associations within individual particles. Analysis requires
non-acidified sample introduction to preserve particle integrity, which
can result in particle losses through aggregation, settling, and adsorption
in the introduction system. Despite these size characterization and
compositional limitations, sp-ICP-MS remains a powerful and reliable
technique for quantitative analysis of MNP concentrations in environ-
mental samples.
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To address these identified knowledge gaps, this study employed sp-
ICP-MS analysis to quantify Cu and Pb NP concentrations, size distri-
butions, and spatiotemporal patterns in freshwater sediments across
multiple river and lake systems in Croatia over a three-year sampling
period (2019-2021). This was complemented by scanning electron mi-
croscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS)
for source identification and particle characterization. To our knowl-
edge, this represents the first investigation of Cu and Pb NP occurrence
in real-world freshwater sediments spanning diverse geochemical
compositions, providing critical baseline data on the extent and vari-
ability of these contaminants in aquatic environments. At the regional
scale, this work addresses critical data requirements for transboundary
river basin management such as the large catchments (e.g. Danube,
Drava, Sava, Neretva), where coordinated monitoring frameworks
require standardized methodologies and baseline concentrations for
emerging contaminants across multiple countries.

The specific objectives were to: (1) characterize and quantify Cu and
Pb NPs in freshwater sediment samples across multiple river and lake
systems, (2) assess temporal trends in MNP contamination, (3) evaluate
spatial distribution patterns and controlling factors, and (4) assess po-
tential environmental risks and fate implications for Cu and Pb NPs in
freshwater systems.

2. Materials and methods
2.1. Sample collection

The sampling strategy covered diverse geological and environmental
settings, including degree of anthropogenic influence (Fig. Al,
Table A1). This aimed to establish thresholds that distinguish natural
levels of MNPs from anthropogenic contamination. The sediment sam-
ples were collected from 31 locations across diverse lithological units
and geochemically variable regions, comprising 26 river sediments, 3
lake sediments, and 2 artificial reservoir sediments (Fig. 1, Table A1).
Multiple sampling points were established along larger rivers to ensure
comprehensive coverage. Major river systems include the Sava River,
which flows through Zagreb (~1.1 million inhabitants) and Slavonski
Brod (~49,000 inhabitants) and receives urban-industrial effluents; the
Drava River, which carries legacy contamination from historical Pb-Zn
mining operations in Slovenia; and the Danube River, which is
impacted by agricultural runoff, municipal wastewater, and industrial
discharges. Additional urban-industrial centers include Karlovac
(~49,000 inhabitants), characterized by historical textile, chemical, and
metal-processing industries; Sisak (~47,000 inhabitants), with histori-
cal iron and steel production; and Osijek (~108,000 inhabitants),
dominated by agriculture and chemical manufacturing. The sampling
design encompasses geochemically diverse units, spanning carbonate-
dominated Dinaric karst regions to siliciclastic Pannonian Basin sedi-
ments (Fig. A1). Sediment samples were collected during summer low-
flow conditions (July-August) in 2019, 2020, and 2021 to minimize
seasonal hydrological variability and ensure comparability across sam-
pling years. River sediments were collected using a spatula along the
river channel in areas protected from strong currents where fine-grained
material naturally accumulates. At each location, a minimum of three
subsamples were collected at 50 m intervals, according to standard
practice in sediment sampling and homogenized to produce a composite
sample representative of the sampling site (ISO 5667-12, 2017). Lake
sediments were obtained from boats using a Van Veen grab sampler,
with sampling focused on the approximate central lake areas. Immedi-
ately following collection, sediments were wet-sieved using ambient
water to prevent chemical alteration, and suspensions containing par-
ticles <63 pm were preserved in 1 L plastic bottles. In the laboratory,
suspensions were allowed to settle under gravity, excess water was
carefully decanted, and the remaining material was freeze-dried (Free-
zone 2.5, Labconco Corporation, Kansas City, MO, USA) and stored at
4 °C in the dark until analysis to minimize oxidation and degradation.
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Fig. 1. Sediment sampling locations.

2.2. Metal analysis of bulk samples

Metal concentrations of Pb and Cu in bulk samples were determined
using high-resolution inductively coupled plasma mass spectrometry
(HR-ICP-MS) with an Element 2 instrument (Thermo Finnigan, Bremen,
Germany). Prior to analysis, samples were digested using a microwave
digestion system (Multiwave 3000, Anton Paar, Graz, Austria) following
a two-step procedure with identical heating programs (15-min ramp to
180 °C, 40-min hold): (I) 5 mL HNOj3 (65 %, pro analysis, Kemika,
Zagreb, Croatia) + 1 mL HCI (37 %, VLSI Grade, Rotipuran, Carl Roth,
Karlsruhe, Germany) + 1 mL HF (47-51 %, for trace analysis, Fluka,
Buchs, Switzerland); (II) 6 mL H3BO3; (40 g L7!, Fluka). Following
digestion, samples were diluted ten-fold, acidified with HNO3 (67 %, s.
p., Fluka), to obtain 2 % (v/v) HNOs, and indium (In, 1 pg L™1) was
added as an internal standard. Analytical quality control was ensured
through simultaneous analysis of procedural blanks and certified refer-
ence materials, including soil reference material NCS DC 773902 (GBW
7410) and stream sediment reference material NCS DC 73309 (GBW
07311). Recovery rates ranged from 90 to 100 % depending on the
target element. Detailed methodological information is provided else-
where (Fiket et al., 2017).

2.3. Extraction of Cu and Pb NPs from sediment samples

The extraction procedure for NPs was based on a previously devel-
oped protocol for solid environmental samples (Lucic et al., 2025). Each
sample was extracted and analyzed in duplicate. Extraction efficiency of

NPs from sediments with varying geochemical compositions was eval-
uated using Cu and Pb NP suspensions spiked to sediments and analyzed
in triplicate. Two sediment types were tested: carbonate-rich (KV) and
siliciclastic sediment (GI) (Fig. 1; Table A1), which characteristics are
described in detail in Vdovic et al. (2021). Suspensions of CuO NPs (20
wt%, US Research Nanomaterials, Houston, TX, USA; nominal size
25-55 nm determined by transmission electron microscopy (TEM)) and
PbO NPs (2 wt%, Nanoshel — Intelligent Materials Private Limited,
Punjab, India; nominal size 45-55 nm determined by scanning electron
microscopy (SEM)) were added to sediment to achieve a target con-
centration of 100 pg g~ for both Cu and Pb NPs. After 24 h of NP in-
cubation, sediment samples (200 mg) were dispersed in 20 mL of 2.5
mM tetrasodium pyrophosphate (TSPP) and agitated for 24 h at 300 rpm
using an orbital shaker (Edmund Biihler GmbH, Germany), followed by
sonication for 20 min in an ultrasonic water bath (Iskra PIO, Sentjernej,
Slovenia). After settling for 3 h according to Stokes' law, the supernatant
was collected from a height of 0.5 cm above the settled material, cor-
responding to particles <450 nm. Details can be found in Lucic¢ et al.
(2025).

2.4. Electron microscopy analysis

Based on elevated metal concentrations, samples from sites Mi, Ne,
D6, Kr, Su, and Cs were selected for detailed scanning electron micro-
scopy (SEM, Apreo 2S) coupled with energy dispersive X-ray spectros-
copy (EDXS, Ultim Max SDD 100 mm?). The supernatants obtained from
the sediment extracts were shaken with Milli-Q water for 24 h. One to
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two drops of each supernatant were then deposited onto silicon wafers
and analyzed for morphological structure and chemical composition.

2.5. Sp-ICP-MS analysis

Single particle ICP-MS measurements were performed using a model
7900 ICP-MS instrument from Agilent Technologies (Santa Clara, CA,
USA) equipped with a quadrupole mass analyzer. Operating parameters
(summarized in Table A2) were optimized for plasma robustness and
sufficient sensitivity. Cu and Pb in aqueous standard solutions were
analyzed for their most abundant isotopes: 63Cu (69.2 %) and 2°8pb
(52.4 %). Cu was analyzed in helium collision mode (4.3 mL min~! He
gas flow), while Pb was analyzed in no-gas mode. Because environ-
mental particles consist of various chemical forms (oxides, sulfides,
mixed phases), all sp-ICP-MS measurements report Cu and Pb NP con-
centrations and calculate particle sizes by assuming pure metallic
composition (Cu: 8.96 g cm™>; Pb: 11.34 g cm™>) for standardization.
The detection limits for particle size were 19.9 nm for Cu and 12.3 nm
for Pb. Measurements were conducted in time-resolved analysis (TRA)
mode to collect intensity signals from individual particles as they were
vaporized and ionized in the plasma. A short integration dwell time of
100 ps per reading was employed. Sample flow rate was determined
daily by pumping a known mass of Milli-Q water at room temperature
(N = 3) at a peristaltic pump speed of 0.1 rotations/s. Transport effi-
ciency was determined using the “particle size' method (Pace et al.,
2011) with a suspension of 53 nm gold nanoparticles (Au NPs) supplied
by nanoComposix (San Diego, CA, USA) at a known concentration (0.05
mg mL~1). The suspension was appropriately diluted with milli-Q water
to achieve an Au NP concentration of 132 ng L. For calibration, dis-
solved Au standards (0, 0.1, 0.5,1, 5, and 10 pg L) were prepared from
a stock standard solution of ionic Au (1000 mg L™ in 2 % (v/v)
HC1/0.5 % (w/v) thiourea solution (Inorganic Ventures, Christiansburg,
VA, USA) using Milli-Q water. For all samples, dilution factors (5000 x
for Cu and 10000 x for Pb) were adjusted to ensure that the number of
detected particles during 1-2 min of acquisition exceeded 100 (to reduce
random error governed by Poisson statistics to <10 %) while remaining
below 3800 (to limit relative bias from multiple particle events to <3
%), assuming a transport efficiency of 0.10 (10 %), sample flow rate of
0.33 mL min’l, and dwell time of 100 ps (Table A2).

Signal intensity data from sp-ICP-MS measurements were processed
using spCal software (Lockwood et al., 2021), an open-source Python--
based platform that provides transparent data processing through its
interactive graphical interface. Particle events were identified and
separated from background signals using Poisson-based statistical
filtering. The detection thresholds were 6 counts for Cu NPs and 7 counts
for Pb NPs. Particle diameters were subsequently calculated from the
particle mass assuming spherical geometry, incorporating
element-specific mass fractions and density values. Nanoparticle re-
covery was evaluated using multiple metrics for comprehensive char-
acterization. The mean particle diameter recovery (Rp) was calculated
as follows:

Sed

R

where Rgeq is the mean diameter of particles detected in the spiked
sediment sample, and Rg is the mean diameter of particles in the spike
solution prepared in Milli-Q water. The particle number concentration
recovery and two mass recovery metrics (particle mass and total mass
recoveries) were calculated using the following equation:

(Rsea — Rc)
s

Ry (%) = x100 (2)
where Rgeq is the concentration of the relevant metric (number of par-
ticles, particle mass, or total mass of element) in the spiked sediment
sample, R¢ is the concentration of the same metric in the non-spiked
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control sediment sample, and Rg is the concentration of the same
metric in the spike solution. Total mass recovery is based on the mean
signal value from the time-resolved analysis data over the specified
range and represents the sum of particulate and ionic mass recovered.

To estimate the relative proportion of potentially bioavailable metal
fractions, we compared the mass of detected NPs with the total metal
mass determined by sp-ICP-MS according to the equation:

Dissolved fraction = 1 - (NP mass / Total metal mass) 3)

The dissolved fraction, defined as the difference between these
values, represents metal present as dissolved ions and NPs below the
instrument's size detection limit. Details are provided in Appendix A.

2.6. Statistical analysis

All particle number, mass concentration, and size data were log-
transformed to meet statistical assumptions. Analyses were performed
in R (R Core Team, 2023), with results considered statistically signifi-
cant at p < 0.05. Model assumptions were verified using residual plots.
Linear mixed-effects models were used to analyze temporal changes of
Cu and Pb NPs (Brown, 2021). Because multiple samples were collected
from the same river/lake across different years, these models accounted
for within-site correlation. Three model structures were compared using
Akaike Information Criterion (AIC): (1) simple linear regression, (2)
mixed-effects models with random river/lake intercepts, and (3) linear
models with fixed river/lake effects. The best-fitting model was selected
for each response variable, and temporal trends were calculated as
annual percent change with 95 % confidence intervals. To determine
whether overall trends were consistent across individual catchments,
separate linear regressions were fitted for each river/lake. Spatial vari-
ation in MNP distributions was assessed using the same mixed-effects
modeling framework. River/lake effects were evaluated using likeli-
hood ratio tests for random effects models or ANOVA F-tests for fixed
effects models. The proportion of variance explained by spatial differ-
ences was quantified through variance decomposition and pairwise
differences between river/lakes were evaluated using Tukey's post-hoc
tests when appropriate.

Cumulative probability plots of particle mass concentrations were
used to identify geochemical anomalies by detecting gaps or breaks in
the distribution, where anomalous values separate from the main con-
centration mode. Unlike parametric methods that identify outliers even
in normal distributions, this approach detects only discontinuities
indicative of genuinely distinct populations, thus avoiding false posi-
tives in unimodal data (Matys Grygar et al., 2023).

3. Results and discussion
3.1. Cu and Pb NPs recovery from spiked sediments

To evaluate the extraction efficiency of NPs from sediments with
varying geochemical compositions, spike recovery experiments were
conducted using Cu and Pb-based NPs (Table A3). Before spiking, both
NP suspensions were characterized by sp-ICP-MS to verify their particle
size distributions. The measured mean size was 53.3 & 30.9 nm for CuO
NPs, consistent with the nominal 25-55 nm range determined by TEM,
and 27.5 £+ 12.0 nm for PbO NPs, which is slightly smaller than the
nominal 45-55 nm range determined by SEM, possibly reflecting dif-
ferences in measurement methods. Time-resolved scans and size distri-
butions are provided in Fig. A2-A7. Spike recovery experiments using
freshly added NPs may not fully represent extraction efficiency for aged
environmental NPs that have undergone prolonged weathering and
strong matrix binding; nevertheless, they provide valuable insights into
how sediment geochemistry influences extraction performance and NP
characteristics. Two distinct sediment types were tested: carbonate-rich
sediment from Visovac Lake (KV; 331 g kg™! of Ca) and siliciclastic
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sediment from Glina River (Gl; 11.4 g kg’1 of Ca). Particle size re-
coveries varied from 91.3 to 101.3 % for Cu NPs and 105.1-111.7 % for
Pb NPs across both sediment matrices. Particle number recoveries
ranged from 103.4 to 107.8 % for Cu NPs and 61.4-63.7 % for Pb NPs,
while particle mass recoveries were 100.6-132.6 % for Cu NPs and
70.6-105.5 % for Pb NPs. These recovery rates demonstrate consistent
extraction efficiency across different sediment geochemistries. Although
extraction methodologies have been reported for Cu NPs in soils
(Navratilova et al., 2015) and marine sediments (Li et al., 2023), and for
Pb NPs in sewage sludge (Lucic et al., 2025), validation across solid
environmental matrices with contrasting geochemical compositions re-
mains limited. Recovery data for Pb NPs in freshwater sediments are
entirely absent from the literature. The present recovery rates, ranging
from 91 to 132 % across both carbonate-rich and siliciclastic matrices,
indicate the robustness of the extraction methodology for diverse
freshwater sediment types and provide a foundation for future envi-
ronmental investigation of MNPs.

3.2. Concentration of Cu- and Pb NPs and SEM-EDS characterization

3.2.1. Concentrations of Cu and Pb in bulk sediment and NP fraction

Complete ICP-MS and sp-ICP-MS data for Cu- and Pb-containing NPs
across all samples and three sampling years are provided in Appendix A.
Total Cu concentrations ranged from 4.4 to 79.9 pg g~ ' (mean: 30.3 pg
g™ 1), comparable to Groatian soil averages (29.7 pg g~1), with elevated
levels reflecting anthropogenic inputs from agriculture and industry
(Halamic et al., 2012). Pb concentrations showed greater variability
(10.7-359 pg g~ 1; mean: 60.1 pg g~ 1), exceeding the Croatian average
(38.4 pg g 1) due to legacy mining and industrial emissions. All sites
remained below the Probable Effect Concentration (PEC) for Cu (149 ug
g’l), while two locations (Dr6 and Kr) exceeded the Pb PEC threshold
(128 pg g~ 1), indicating probable adverse biological effects (MacDonald
et al., 2000).

NP concentrations followed similar spatial patterns to total metals
but at proportionally lower levels. Cu NPs ranged from 0.091 pg g~ " at
JK to 4.63 pig g~ ! at KR, while Pb NPs varied from 0.078 pg g~! at JP to
25.4 ug g~ ! at D6. Cu NPs exhibited sizes ranging from 26.8 to 46.0 nm
(mean 33.1 nm), while Pb NPs were consistently smaller, ranging from
19.1 to 26.4 nm (mean 22.5 nm). Cumulative probability analysis
identified inflection points corresponding to Tukey inner fence (TIF)
boundaries at 1.94 pg g ! for Cu NPs and 6.46 ug g~ ! for Pb NPs (Fig. 2).
These thresholds were exceeded at six locations for Cu NPs (S, Kr, Su, Dr,

T v O
[H H [
& (B H
& ii: ig *
1o ‘
ey | 'J
X e ¥
= o | 1
2 % i}
= [
2 2 - 1
S 1
1
e o S | |:
o © i
g I
= 9 14
s I
S (1
£ — TH
= 1
Q 0 - K
Vi
- 1 — = TIF: 1.94 ugig
° I - P95:2.11 uglg
o : : : - P98:2.51 pglg
T T T T T
0 1 2 3 4

Cu NPs Mass Conc (pg/g)

Environmental Research 293 (2026) 123787

Du, Mi) and three locations for Pb NPs (Kr, Dr5, Dr6) (Fig. A8). For
comparison, the 95th and 98th percentiles occurred at higher concen-
trations (Cu: 2.11 and 2.51 pg g~ '; Pb: 8.53 and 12.64 pg g~ 1). These
TIF-derived thresholds, based on distribution breaks rather than arbi-
trary percentiles, provide robust criteria for identifying anthropogenic-
ally enriched sites that require targeted risk assessment. Derived from
sites spanning diverse geochemical compositions, these thresholds may
be applicable to other freshwater systems. The highest NPs concentra-
tions generally corresponded to locations with elevated total metal
levels, indicating that NPs abundance is closely linked to overall
contamination intensity.

This study revealed substantially higher NP mass concentrations
than those previously reported for sediments. Study of marine sediments
(Li et al., 2023) showed the particle number concentrations ranging
from 2.91 x 10° to 1.81 x 108 particles/g and mass concentrations of
0.001-0.102 pg g~ !, with larger particle sizes of 46.8-85.1 nm. Simi-
larly, a study on Daya Bay sediments in China (Ying et al., 2024) re-
ported Pb NP concentrations ranging from 4.70 x 107 to 1.66 x 10°
particles/g with particle sizes of 47-78 nm, and Cu NPs ranging from
2.72 x 107 to 3.76 x 108 particles/g with sizes of 33-42 nm. The NP size
distributions in our study align well with the Daya Bay findings for Cu
NPs but show notably smaller size ranges than those observed in Laizhou
Bay (Li et al., 2023) and much smaller ranges for Pb NPs compared to
Daya Bay (Ying et al., 2024). These differences likely reflect variations in
contamination sources and environmental conditions influencing par-
ticle size distributions. The contrasting geochemical conditions between
freshwater and marine environments play a critical role. The high ionic
strength in seawater promotes particle aggregation and sedimentation,
while dissolved organic matter in both systems can stabilize NPs through
electrostatic repulsion, thereby affecting their size distributions and
transport behavior (Amiri and Behin, 2025; Li et al., 2023). The smaller
NP sizes observed in freshwater sediments may pose greater ecological
risks due to enhanced bioavailability, increased organism-particle in-
teractions, and size-dependent toxicity mechanisms (Bundschuh et al.,
2016).

3.2.2. SEM-EDS characterization of contaminated samples

Based on elevated bulk metal and NP mass concentrations, samples
from six sites (Mi, Ne, D6, Kr, Su, and Cs) were subjected to detailed
SEM-EDS analysis to determine particle compositions and potential
anthropogenic sources (Fig. A9-A12 and Table A4-A7). We focused on
characterizing sites with visible anthropogenic contamination signals to
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Fig. 2. Cumulative probability distributions of Cu and Pb NP mass concentrations in analyzed sediments. Vertical dashed lines represent Tukey Inner Fence (TIF),
95th percentile (P95), and 98th percentile (P98) values. The TIF values (1.94 pg g~* for Cu NPs and 6.46 pg g~ for Pb NPs) identify statistically significant shifts in
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identify source-specific particle signatures, rather than analyzing natu-
rally occurring Cu- and Pb-containing particles that may be present at
background levels. Although natural weathering of Cu- and Pb-bearing
minerals contributes to the total NP pool, the selected sites are loca-
tions where anthropogenic inputs likely influence their elevated con-
centrations, and most exceed statistically determined threshold values.
The elemental composition of Cu-bearing particles suggested possible
agricultural origins. Notably, sediments at the Cs location (Fig. A9)
contained Cu-Zn particles with high metal concentrations (Cu: 13.71 at
%; Zn: 8.17 at%, Table A4), a signature consistent with Cu-Zn fungicide
formulations widely used in vineyard disease control (Imfeld et al.,
2020). Particles at site Ne (Fig. A10) had slightly lower concentrations of
Cu-bearing particles (3.41-6.70 at%, Table A5) that were systematically
associated with elevated Ca content (14.0-23.7 at%), suggesting agri-
cultural runoff where Cu-rich particles likely become mixed with lime-
stone amendments and the carbonate-rich soils (Imfeld et al., 2020).

Pb-containing particles from the D6 (Fig. A11, Table A6) exhibited
characteristic Pb:S ratios of 1.12 (atomic), which closely match galena
(PbS) stoichiometry and confirm their origin from weathered Pb-Zn
mining operations in the upstream Meza River in Slovenia (Bao et al.,
2021; Zerdoner et al., 2025). In contrast, Kr sediments (Fig. Al2,
Table A7) contained Pb-Sb intermetallic particles with atomic contents
of 1.75 at% Pb and 1.65 at% Sb (1.06 ratio), suggesting use of bulk
Pb-Sb alloys in applications such as cable sheaths, lead-acid battery
grids, and automotive accumulators (Chen et al., 2025).

3.3. Spatiotemporal variations in Cu- and Pb-containing NPs

3.3.1. Temporal variations of MNPs

Metallic NP concentrations in river sediments displayed contrasting
temporal patterns over 2019-2021 (Fig. 3 and A13), with Cu and Pb NPs
showing different environmental behaviors. Cu NPs showed complex
temporal dynamics characterized by non-significant overall trends: mass
concentrations exhibited a slight increasing tendency (2.65 % annually,
p = 0.521) while particle concentrations showed a declining trend
(—4.18 % annually, p = 0.120) (Table A8). Analysis of individual rivers
and lakes revealed significant temporal trends in a limited number of
catchments: 3 out of 19 (16 %) for mass concentrations and 4 out of 19
(21 %) for number concentrations, exhibiting mixed patterns of both
increases and decreases (Table A9). However, Cu NP particle sizes
showed significant overall increases of 2.18 % annually (p < 0.001),
with mean sizes increasing from 30-34 nm in 2019 to 34-46 nm by 2021
in multiple locations, particularly evident in JP and Bo (Fig. 4). In
aquatic environments, CuO NPs undergo aggregation processes strongly
influenced by water chemistry parameters including pH, natural organic
matter and phosphate concentrations (Conway et al., 2015; Wang et al.,
2016). Similar temporal increases in NP size have been observed in
modeling studies of freshwater lake systems, where nanoCuO from
antifouling paints accumulated predominantly in sediments due to
particle attachment through sorption and heteroaggregation, with con-
centrations continuously increasing over a 101-year period (Ross and
Knightes, 2022). These aggregation processes are particularly relevant
for this study, where lower hydrodynamic energy promotes particle
interactions that increase mean NP sizes.

In contrast, Pb NPs demonstrated significant overall declining trends
across both concentration metrics: mass concentrations declined by
7.86 % annually (p = 0.024) and particle concentrations decreased by
7.66 % annually (p = 0.003), suggesting regional reduction in
contamination (Table A10). Despite these significant overall trends in
mass and number concentrations, individual river/lake analysis
revealed that only 3 and 4 out of 19 catchments (16 and 21 %) showed
statistically significant trends for these metrics, with mixed patterns of
both increases and decreases. Notable declines in mass and number
concentrations occurred at sites Bo, Cs and JK (—24.3 % to —48.8 %). Pb
NP sizes remained temporally stable (0.09 % annual change, p = 0.789),
with only two lakes (AP and JP) showing significant size trends with low
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percent change (Table A10). This demonstrates that Pb NPs maintain
consistent physicochemical properties during transport and deposition.

These contrasting temporal patterns reflect fundamentally different
fate processes. Cu NPs are prone to aggregation with increasing particle
sizes despite relatively stable mass concentrations, whereas Pb NPs show
declining concentrations with stable particle characteristics. Global
temporal analysis of heavy metals in river sediments from 1970 to 2018
demonstrates that primary pollution sources have shifted from mining
and manufacturing to waste discharge, with rigorous emission standards
proving effective at controlling point sources of contamination (Niu
et al., 2021). The declining Pb NP trends observed in our study validate
this pattern and likely reflect sustained reductions in atmospheric
deposition resulting from the global phase-out of leaded gasoline, which
historically accounted for most Pb pollution entering aquatic systems
through atmospheric transport and subsequent deposition (Bacic et al.,
2021; Schindler et al., 2022). However, exceptionally low discharge
rates in some freshwater environments during 2021 cannot be excluded
as a contributing factor, as reduced flow typically results in lower
contaminant mobility (Luci¢ et al., 2022; Trostle et al., 2018). In
contrast, Cu NPs represent ongoing environmental challenges from
diffuse agricultural sources (including fungicides, pesticides, and bio-
solids) and industrial applications (particularly antifouling paints) that
remain less comprehensively regulated. While annual sampling effec-
tively captures broad temporal trends, it misses seasonal variations and
episodic hydrological events that can significantly influence NP trans-
port and deposition. More frequent sampling would help distinguish
source reductions from transport-related concentration changes,
providing better insight into short-term NP dynamics.

3.3.2. Spatial variations of MNPs

River sediments showed strong spatial variability in MNP distribu-
tions across the study region, with Cu and Pb NPs displaying distinct
patterns across catchments (Fig. 5 and A14). Cu NPs demonstrated ev-
idence for spatial variation, with fixed river/lake effects providing
optimal model fit (all river/lake effects p < 0.001) (Table A11). Spatial
variance analysis demonstrated that river/lake explained 72 % of total
variance in mass concentrations, 85 % in particle number concentra-
tions, and 44 % in particle size variation (Fig. 6; Table A12). Individual
river/lake analysis revealed 42-50 % of catchment pairs differed
significantly after Tukey adjustment, indicating moderate heterogeneity
in pairwise comparisons. Notable spatial patterns included Kr as the
most contaminated Cu NP location (4-10 x 10° particles/g, 1.06-4.63
Hg g'l), followed by major rivers Sava (2-6 x 10° particles/g, 0.43-2.67
ng g 1) and Drava (3-8 x 10° particles/g, 0.62-2.47 pg g 1), while
protected areas like JP and JK maintained consistently low concentra-
tions (0.1-0.8 x 10° particles/g, 0.02-0.39 pg g~ 1). The approximately
10-50-fold concentration differences observed between highly impacted
(Kr) and pristine sites (JP, JK) fall within the range of spatial variability
predicted by probabilistic material flow models for Swiss rivers, where
NP concentrations varied by factors of up to 370 across 543 river sec-
tions due to spatially variable emissions and local dilution (Gottschalk
et al., 2011). The high proportion of variance explained by Cu NP con-
centrations reflects their fundamental controls: (1) geographic distri-
bution of emission sources, such as agricultural activities (copper-based
fungicides and pesticides), industrial effluents, urban wastewater
discharge, and nanoCu-based antifouling paints, which vary with pop-
ulation density, land and water use patterns; and (2) local dilution ca-
pacity, which differs based on catchment -characteristics and
hydrological regime (Gottschalk et al., 2011; Lucic et al., 2022; Trostle
et al., 2018).

Pb NPs demonstrated even more extreme spatial dominance with
fixed river/lake effects explaining 89 % of mass concentration, 91 % of
particle number concentration, and 80 % of particle size variance
(Table A12). Individual river/lake analysis showed that 60-66 % of
catchment pairs are statistically different, indicating more extensive
spatial heterogeneity than Cu NPs. The most heavily contaminated sites
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Fig. 3. Temporal trends of (A) Cu and (B) Pb NP mass concentrations across three sampling years.
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Fig. 4. Temporal trends of (A) Cu and (B) Pb NP size distribution across three sampling years.
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Dr6 and Kr contained 6.83-7.63 x 10'° particles/g with 19.7-25.4 g
g_l mass concentrations (Fig. 5 and A14). This extreme contamination
at Dr6 is supported by upstream PM;o, measurements along the Meza
River, located approximately 150 km upstream (Zerdoner et al., 2025),
where airborne Pb NPs showed elevated concentrations (26.3-131 pg
g™ 1), establishing a clear source-to-sink relationship. Major rivers
including the Sava and Drava exhibited intermediate to high Pb NP loads
(2-5 x 10'° particles/g), around 300 times higher than pristine sites,
which had concentrations of 1-3 x 10° particles/g and mass concen-
trations of 0.03-0.43 pg g~ !. Notably, even Pb NP particle sizes showed
strong spatial structure (80 % variance explained) with 38 % of catch-
ment pairs significantly different, demonstrating that sources and pro-
cesses governing their distributions are highly site-specific. This spatial
heterogeneity reflects the fundamental role of local factors in governing
NP distributional patterns, including industrial point sources (particu-
larly lead smelters and battery manufacturing), historical mining leg-
acies, atmospheric deposition, land use patterns, and geological
characteristics (Bundschuh et al., 2018; Luci¢ et al., 2022; Zerdoner
et al., 2025). Additionally, the combination of different aging processes
compared to Cu NPs, greater stability of Pb NPs in aquatic environments,
and more direct source-to-sediment pathways (e.g., atmospheric

deposition) limits the homogenization processes that would otherwise
equilibrate size distributions across catchments. The consistently
stronger spatial structure for Pb NPs suggests minimal downstream
transformation, whereas Cu NP distributions reflect more diffuse sources
(agriculture, urban runoff) that are effectively homogenized through
hydrological processes.

3.4. Environmental impact of Cu and Pb NPs

To assess the environmental impact of Cu and Pb NPs in the analyzed
sediments, we quantified the proportion of NPs relative to the total
metal content (determined after acid digestion) and calculated the
amount of dissolved fraction (see Appendices A). The proportion of
extracted NPs from the total metal varied considerably across locations,
ranging from 0.89 % to 11.60 % (mean 2.99 %) for Cu and 0.40 %-9.74
% (mean 3.59 %) for Pb. Positive correlations with mass concentrations
suggest that NPs are more readily extracted at higher environmental
levels. The dissolved fraction showed statistically significant negative
correlations with NP characteristics, including mean size, particle mass,
and number concentrations (Fig. A15, Table A13). This relationship
reflects fundamental differences in metal partitioning. Samples with
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Fig. 6. Spatial trends of (A) Cu and (B) Pb NP size distribution across different catchment areas.

high dissolved fraction contain proportionally fewer detectable parti-
cles. Spatial patterns revealed distinct differences in metal forms
depending on the source. Agricultural sites (Su, Cs, AP, Mi) exhibited
high dissolved fractions (0.9-1), whereas urban-industrial sites
demonstrated lower values (0.6-0.8). This pattern aligns with SEM-EDS
characterization showing that agricultural sites contain more reactive
Cu forms (CuO, Cu(OH),, CuSO4 from fungicides) while urban-industrial
sites contain more stable forms such as sulfides (Luci¢ et al., 2025).
These differences have direct toxicological implications. Cu toxicity
involves time-dependent dual pathways; the dissolved Cu?* ions domi-
nate short-term exposures, while nanoparticulate Cu drives chronic ef-
fects through oxidative stress and membrane damage (Ma et al., 2017).
At environmentally relevant concentrations, CuO NPs dissolve within
days to weeks (Gao et al., 2017), so both forms coexist in sediments.
Agricultural sites with high dissolved fractions (0.9-1) therefore present
dual exposure, containing readily bioavailable ionic Cu that causes acute
toxicity and reactive Cu NPs that cause chronic particle-mediated ef-
fects. Two of these sites (Su, Mi) exceed the 1.94 pg g~' threshold,
indicating elevated NP concentrations coupled with high bioavailability.
This represents a concerning combination for aquatic organisms.

Pb NPs displayed different behavior with lower and more variable
dissolved fraction (0.4-0.9) across river and lake sediments. The
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relationship between proportion of extracted NPs and dissolved fraction
for Pb was more complex than for Cu, reflecting the diverse nature of Pb
sources and their mineral forms in sediments. Mining-derived PbS par-
ticles from the Drava River showed lower to intermediate values of
dissolved fraction (0.37-0.68) with correspondingly higher proportion
of extracted NPs (4.11-8.94 %), indicating that even relatively stable
sulfide phases can be effectively mobilized under specific geochemical
conditions. In contrast, industrial Pb-Sb alloy particles at Kr exhibited
more uniform values of dissolved fraction (0.56-0.63) with moderate
proportion of extracted NPs (2.87-5.20 %). These results align with
findings from Lucic et al. (2025) for sewage sludge samples (dissolved
fraction values of 0.54-0.80), which receive inputs from different urban
sources including atmospheric deposition, stormwater runoff, and in-
dustrial discharges. The elevated Pb NP concentrations at sites Dr and Kr
(7.55-25.4 ug g~ 1), exceeding the 6.46 pg g~! background threshold,
correspond with total Pb levels (197-359 pg g~ 1) known to cause
ecological effects on benthic organisms (Besser et al., 2015). Further-
more, high nanoparticulate PbS concentrations present significant
long-term ecological risks. PbS exhibits the fastest metal release rate
among common metal sulfides (i.e., CuS or ZnS) under increasing dis-
solved oxygen and decreasing pH conditions (Chou et al., 2018). These
factors can be triggered by flooding events and climate-driven soil
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acidification in future scenarios (Jones et al., 2019).

Our findings offer practical support for implementing EU environ-
mental directives concerning emerging contaminants. While NPs are not
yet explicitly regulated under the Water Framework Directive (WFD)
2000/60/EC, the European Chemicals Agency (ECHA) revised the
REACH Annexes in January 2020 to include nanomaterials. However,
guidance for sediment assessment remains limited (Thit et al., 2024).
Our validated methodology and threshold values may help address this
gap by providing essential tools for nanomaterial risk assessment in
sediment matrices. This work is a critical step toward establishing
monitoring frameworks and environmental quality criteria for NPs as
regulatory attention increasingly focuses on these emerging
contaminants.

4. Conclusions and environmental implications

This study provides systematic baseline data on the occurrence,
concentration, and trends of Cu and Pb NPs in freshwater sediments,
addressing a critical knowledge gap in environmental NP research. We
developed and validated a robust extraction and characterization
method that reliably recovers metal-based NPs from complex sediment
matrices. This method offers a practical tool for future monitoring,
especially since NPs remain outside the specific regulatory scope of the
Water Framework Directive (2000/60/EC). Our results reveal strong
spatial heterogeneity in NP concentrations driven by localized anthro-
pogenic sources. The statistically derived thresholds of 1.94 pg g™ ! for
Cu NPs and 6.46 pg g~ ! for Pb NPs can serve as screening values for
identifying elevated contamination in similar environmental settings.
The amount of dissolved fraction for Cu is higher at agricultural sites,
indicating greater metal reactivity and potential bioavailability in these
areas. Given the well-established high toxicity of Cu and Pb NPs to
freshwater organisms, particularly the smaller and more reactive par-
ticles observed in this study, these findings are relevant for ecological
risk assessment and environmental management. Although further
validation is recommended in regions with different lithology, climate,
or anthropogenic pressures, this work provides a solid foundation and
practical tools to support future regulation, monitoring, and mitigation
of metal-containing NPs in freshwater ecosystems.
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