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The Paraiba do Sul River Basin (PSRB), faces multiple pollution sources that may release rare earth elements
(REE), yet data on their natural and anthropogenic levels remain scarce. This study provides the first
spatiotemporal assessment of REE distribution in the PSRB, investigating total (TC), 0.45 um filtered (FC),
and labile (LC) concentrations in surface waters along seven distinct sites in Sdo José dos Campos city
during both wet and dry seasons. Labile concentrations were determined using passive samplers via the
diffusive gradients in thin films (DGT) technique. Sum of TC (S.TCREE) ranged from 4.8 to 24 ng mL™?,
depending on the site and campaign. Sum of FC (> FCREE) were higher than those reported for other
Brazilian and pristine global rivers (ranged from 2.3 to 20 ng mL™}) also depending on site and campaign.
Maximum sum of LC (S_LCREE) was lower than 1.3 ng mL™™. The high 3_FCREE/S_TCREE ratio observed
(mean value of approximately 60% for both the wet and dry campaigns), combined with the low
> LCREE/Y"TCREE ratio (mean values of around 8% in the wet season and about 3% in the dry season),
suggests that a substantial portion of REE is associated with particulate matter rather than being in labile
complexes or truly dissolved form. While the FC showed limited seasonal variability, DGT results revealed
a strong positive correlation between REE atomic number and lability during the dry season (r = 0.91).
This trend was not observed in the wet season, likely due to increased hydrological variability, colloidal
mobilisation, and complexation with dissolved organic carbon (DOC). The transport of REE in the PSRB
was strongly influenced by colloids and the presence of Fe, Mn, and Si, particularly affecting light REE.
The integration of DGT concentrations with equilibrium-based chemical speciation modelling enabled

Received 24th June 2025 a more comprehensive assessment of REE speciation in the PSRB. Positive La, Gd, and Yb anomalies at
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polluted sites indicate anthropogenic inputs, with La and Gd as potential emerging contaminants.

DOI: 10.1035/d5va00187k Combining DGT and conventional sampling effectively assessed REE speciation and complexes lability,

rsc.li/esadvances supporting environmental monitoring and risk assessment.

Environmental significance

This study employed speciation modelling, 0.45 um filtration and the DGT technique to investigate REE fractionation in the Paraiba do Sul River, a complex
system subject to multiple inputs. The combined approach enabled the characterisation of the relationship between labile and filtered fractions, facilitating the
assessment of contamination sources (e.g., natural weathering versus industrial discharge) and enhancing REE speciation. Overall, the integration of filtration,
DGT, and speciation modelling proved essential for distinguishing dissolved, colloidal, and labile REE fractions. These findings underscore the value of DGT as
a monitoring tool and its applicability in environmental risk assessment of freshwater ecosystems.

REE in industries has intensified, and they are now considered
indispensable in modern sectors such as energy generation, the

1. Introduction

Rare earth elements (REE) comprise a group consisting of the
lanthanides according to IUPAC definition." They are charac-
terised by similar physicochemical behaviours, which impart
chemical uniformity.> Sometimes Y due to similar ionic radius
and chemical behaviour to REE is considered a REE.? The use of
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development of new materials, aerospace, and electronics.?
However, due to increasing demand and mineral exploitation,
these elements are increasingly entering the environment
through improper disposal.*

The fate of REE remains uncertain, governed by factors such
as their physicochemical properties, specific applications in
various materials, industrial effluent discharge from both large-
and small-scale enterprises, and the disposal of end-of-life
products, including electronic waste and photovoltaic panels.

Environ. Sci.: Adv.


http://crossmark.crossref.org/dialog/?doi=10.1039/d5va00187k&domain=pdf&date_stamp=2025-11-24
http://orcid.org/0000-0002-7132-1851
http://orcid.org/0000-0001-5637-1968
http://orcid.org/0000-0002-4030-9905
http://orcid.org/0000-0002-1111-9758
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5va00187k
https://pubs.rsc.org/en/journals/journal/VA

Open Access Article. Published on 24 November 2025. Downloaded on 1/20/2026 10:41:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Advances

The environmental impacts associated with these processes
remain insufficiently documented, as noted by Dang et al.> Once
introduced into aquatic ecosystems, REE can be sequestered by
sediments, which act as a long-term reservoir.*” Any distur-
bance in this environment can release REE retained in sedi-
ments into the water body, potentially causing adverse effects
on aquatic fauna.*®

The Paraiba do Sul River Basin is an important industrial
hub, contributing approximately 10% of the national Gross
Domestic Product. This vast area extends across three states in
the Southeast region, covering approximately 57000 km?
distributed among Sdo Paulo (13 605 km?), Rio de Janeiro (22
600 km?), and Minas Gerais (20 500 km?). In addition to serving
as a water supply source, the Paraiba do Sul River is also used
for industrial purposes and as a recipient of effluents. Accord-
ing to Gomes et al.,” along its course, the river supplies water to
industries located along its banks and is also essential for the
agricultural sector and human consumption, serving an esti-
mated 16.5 million people in 2015. Sdo José dos Campos,
located in the central portion of the Paraiba do Sul River basin,
stands out as an important economic centre in the metropolitan
region of the Paraiba valley. The city ranks third in economic
output among Brazilian interior cities, with a Gross Domestic
Product of 45.2 billion in 2021, according to IBGE data,'® mainly
driven by the significant presence of industries such as aero-

space, automotive, electronics, logistics, and chemical
manufacturing.
1.1. Concentration of REE in river water

REE concentrations are generally higher in rivers than in
seawater, with freshwater levels reaching several
hundred ng L. Light REE (LREE) like Ce are typically more
abundant than heavy REE (HREE) such as Er. Determining REE
is analytically challenging due to their ultra-trace levels and
potential interferences. Inductively coupled plasma mass
spectrometry (ICP-MS) is the most sensitive and widely used
technique for the accurate analysis of REE.

Regional studies, particularly in Europe and Brazil, have
demonstrated how both geology and human activity influence
REE distribution. For instance, in Germany and the Nether-
lands, the sum of REE concentrations (including yttrium) in
seawater typically reaches around 10 ng L', whereas in fresh-
water, concentrations range from 26 to 280 ng L '. When
comparing total and “dissolved” REE concentrations, studies
on rivers such as the St. Lawrence and Athabasca indicate that
less than 20% of REE exists in the “dissolved” phase."

Horbe et al.** investigated REE concentrations in the middle
and lower Madeira River (Amazon region — northern Brazil) and
reported that filtered samples exhibited the highest concentra-
tion of Ce (0.3 ng mL "), while Er had the lowest (<0.01 ng mL ™).
Sum of REE concentrations (> _REE) ranged from 0.53 to 0.74 ng
mL ", depending on the site. In the Canuma tributary (Amazon
region — northern Brazil), Ce also displayed the highest concen-
tration (0.22 ng mL™'), whereas Er and Dy had the lowest
concentrations (<0.01 ng mL ™). The authors reported a >_REE of
0.42 ng mL~". Research by de Campos and Enzweiler*® in the
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Atibaia River and the Anhumas Stream (southeastern Brazil) re-
ported “dissolved” concentrations of Y REE ranging from 0.20 to
0.31 ng g~ " for upstream points and from 0.59 to 0.69 ng g~ "
downstream. Ce had the highest concentration (0.31 ng g~ ),
while Er had the lowest (0.0002 ng g™ %).

1.2. Speciation and chemical fractionation of REE in river
water

REE in surface freshwater can exist as suspended particles,
colloids, or dissolved trivalent cations (including their
complexes), depending on environmental characteristics and
REE sources.™ Their speciation is influenced by factors such as
natural organic matter (NOM), pH, inorganic ligands, and
competing cations.”> At pH 5-7, the truly dissolved REE fraction
(REE*" ions) constitutes only a minor proportion of the total
REE concentration in solution due to their strong affinity for
oxides and organic matter."* Anthropogenic activities, such as
urban waste disposal and agricultural runoff, can increase REE
concentrations, alter pH, and modify speciation.”>'® Studies
have shown correlations between REE and pH, with organic
matter playing a key role in their mobility."”*®

Several analytical techniques are available for REE fraction-
ation and speciation in aquatic systems, including filtration
(0.22-0.45 pm), ultrafiltration, chromatography, field-flow
fractionation, electrochemical methods,> and the diffusive
gradients in thin films (DGT) technique. Ultrafiltration studies
indicate that REE in the “dissolved fraction” are primarily
associated with colloidal particles.”* However, REE chemical
fractionation, particularly regarding complexes lability (using
DGT), remains poorly explored in river water. Understanding
REE complexes lability can support the distinction between
natural and anthropogenic inputs, since different sources may
introduce REE in distinct chemical forms with contrasting
lability. However, most importantly, complexes lability provides
robust information on the analytes’ bioavailability.

The DGT technique is an in situ passive sampling method
applied in water, sediment, and soil environments." It is based
on Fick's First Law of Diffusion, where a concentration depletion
across the diffusive layer generates a flow of species (labile and/or
“free”) towards a binding resin, allowing quantification of their
concentrations.?® Advantages of DGT include assessment of labile
behaviour of the complexes, multi-element detection, minimal
sample preparation, and valuable in situ data. However, its
limitations include difficulties in distinguishing specific REE
species and the inability to provide information on the inert
fraction.” Chelex-100 immobilised in polyacrylamide hydrogel is
the conventional binding layer for REE uptake via DGT,* though
alternative binding layers have been proposed, such as one
designed for uranium mine drainage.**

Most DGT applications focus on REE release from soils or
sediments**~” while others examine REE speciation in seawater
and groundwater.”®* Only three studies have applied DGT to
REE speciation in river water. Dahlqvist et al.*® investigated Nd
in the Kalix River (Sweden), showing that only 10% of Nd was
taken up by DGT, suggesting strong colloidal binding, while
uptake increased to 43% in seawater due to carbonate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complexation. Andersson et al.** also studied the Kalix River,
confirming DGT uptake of both dissolved and colloidal REE.
Lastly, Canovas et al.** examined REE speciation at the conflu-
ence of the Odiel and Tinto rivers (Spain), finding strong asso-
ciations between REE complexes and iron oxide colloids. Their
data showed particulate REE concentrations ranging from 0.129
t0 0.591 ng mL ™', while DGT-measured REE ranged from 0.62 to
0.208 ng mL ™', with negative Ce anomalies and positive Gd
anomalies. Despite these studies, a comprehensive investiga-
tion of REE speciation/fractionation (using DGT) in a complex
river system influenced by multiple inputs has not yet been
conducted.

The main objective of this study was to evaluate the lability of
REE complexes in river water using the DGT technique,
combined with size fractionation (0.45 pm). This approach
potentially allows identification of the relationship between the
labile (LF) and filtered (FF) fractions, aiding in the determina-
tion of contamination sources (e.g. natural weathering of rocks
versus industrial discharge) and, more importantly, improving
REE speciation. The study focuses on the Paraiba do Sul River,
given its high potential for contamination due to industrial and
domestic waste inputs.

2. Materials and methods

2.1. Sampling and study area

Water samples were collected in Sdo José dos Campos, Sdo Paulo,
Brazil located within the Atlantic Plateau, in the Taubaté Basin.
The Sdo José dos Campos region predominantly features the
pindamonhangaba formation, characterised by a well-developed
meandering fluvial system.* Sampling was carried out in
September 2021 (dry season) and February 2022 (wet season) at
seven different sites along the Paraiba do Sul River (Fig. 1).

The selected locations follow an upstream-to-downstream
sequence and were chosen based on their contamination charac-
teristics and proximity to industrial areas. The sites are as follows:

Site 1: the lowest point of the Paraiba do Sul River within the
city of Sdo José dos Campos, located upstream of a petroleum
refinery that discharges treated effluent into the river; Site 2: the
confluence point where waters from Sites 3 and 4 mix, located
immediately upstream of a petroleum refinery that discharges
treated effluent into the river; Site 3: a tributary of the Paraiba
do Sul River that receives untreated sewage from non-
industrialised neighbourhoods in the city; Site 4: a site
located upstream of Site 3 in the Paraiba do Sul River, selected
to assess the local influence on water quality at Site 2; Site 5:
a central location within the city; Site 6: a tributary of the
Paraiba do Sul River that flows through industrialised neigh-
bourhoods; Site 7: the uppermost point of the river downstream
of the city of Sdo José dos Campos, designated to evaluate the
influence of inflows from the neighbouring municipality.

2.2. Equipment, materials and solutions

Samples were analysed using an inductively coupled plasma
mass spectrometer (ICP-MS, Thermo Scientific, model iCAP-RQ,
Germany). To reduce spectral interferences, the APEX-Q system
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(Elemental Scientific, Omaha, NE, USA) was employed due to its
ability to minimise oxide ion formation (<0.3%). Also, the APEX-
Q enhances aerosol transport to the inductively coupled
plasma, and consequently provides better limits of detection
(LOD). Nitrogen (N,) was used as an additional gas. The aerosol
was introduced into a heated cyclonic spray chamber (140 °C),
followed by transport to a Peltier-cooled multipass condenser (2
°C). All instrumental conditions used in the ICP-MS analyses are
detailed in Table SM1 of the SI.

To verify the accuracy of the analyses, a reference material
(SLRS-6, NRC, Canada) was used. The results for the reference
material are presented in Table SM2 of the SI. The LOD and
limits of quantification (LOQ) for REE determination were
calculated according to IUPAC recommendations.**

Conventional DGT materials were obtained from DGT
Research Limited (Nanjing, China). Membrane filters with
a 25 mm diameter (cellulose nitrate membranes: 0.45 pm pore
size and 0.115-0.145 mm dry thickness) were purchased from
Sartorius (Germany). Ultrapure water (18 MQ-cm), used in all
solutions, was obtained from a water purification system (Milli-
Q® Direct, Millipore, USA). Sub-boiling (double-distilled) nitric
acid was prepared from analytical-grade acid (Merck, Germany).

2.3. Water samples for total and filtered concentrations

After collection, samples for total concentration (TC) were
acidified in the field with 2% HNO; (v/v). To obtain the “di-
ssolved” concentration (filtered concentration = FC), water
samples (50 mL) were filtered in the field using a syringe filter
with hydrophilic polytetrafluoroethylene (PTFE) a 0.45 um pore
size and subsequently acidified with 2% HNO; (v/v). Approxi-
mately 500 mL of water was collected for the determination of
major ions. Prior to analysis, samples were refrigerated to
prevent the proliferation of biological agents. The Eh, pH,
conductivity, and temperature of the river water were also
measured in the field. Major cations were determined by
inductively coupled plasma optical emission spectrometry (ICP
OES), and major anions were determined by ion chromatog-
raphy. For the determination of minor cations by ICP OES, an
aliquot of a 500 mL natural water sample was acidified to 2%
HNO; (v/v). For the determination of major anions and cations,
a separate aliquot of the same sample was filtered only, without
acidification, prior to analysis by ion chromatography. These
parameters were analysed at a collaborating laboratory from
another UNESP unit; the original and official report of the
analyses is provided Fig. SM1 and SM2 of SI.

Total carbon contents were determined as previously re-
ported.* Concentrations of major elements, ions, and cations
are presented in Tables SM3.1 and SM3.2 of the SI.

2.4. DGT measurements

At the same sites where water samples were collected (1 to 7),
DGT devices were deployed - in triplicate — for approximately 24
hours. Conductivity, pH and temperature were measured at
each site before and after deployment. The DGT devices were
deployed at a depth of 0.5 m from the surface and 1.0 m from
the riverbank.

Environ. Sci.: Adv.
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Fig. 1 Sampling sites (1-7) along the Paraiba do Sul River.

The DGT samplers were assembled using a Chelex-100 resin
binding layer, followed by a polyacrylamide diffusive gel
(thickness 0.8 mm; pore size: 5 to 10 nm) and a cellulose nitrate
filter (2.5 cm, pore size = 0.45 pm, thickness ~0.13 mm).** In
the laboratory, after retrieval, the devices were disassembled,
and the binding gels were eluted with 2 mL of 1 mol per L HNO;
for 24 hours. The eluted solutions were then analysed by ICP-
MS. The accumulated REE mass (M) in the DGT devices was
calculated using the following equation (eqn (I)):

M= Ce(Vel + Vgel)/fe (I)

where C. = REE concentration in the eluate. V,; = volume of
HNO; added to the binding gel (2 mL); Vg = binding gel
volume (mL); f. = elution factor.

Elution factors were obtained from Huang et al.**: La (0.87), Ce
(0.85), Pr (0.88), Nd (0.87), Sm (0.86), Eu (0.86), Gd (0.88), Tb (0.86),
Dy (0.84), Ho (0.87), Er (0.84), Tm (0.87), Yb (0.85), Lu (0.88).

The eqn (II) was used to determine the labile concentration
(Cpgr or LC):

Cpgr=LC =M x AgID x t x A (Im)
where Ag = diffusive gel thickness (cm) plus filter membrane =
0.093 cm; D = diffusion coefficient (cm> s~ '); ¢ = immersion
time (s); A = device window area (cm®) = 3.14 cm”.

Diffusion coefficients (10°® cm® s™') were obtained from
Garmo et al. and Yuan et al.>*®: La (4.36); Ce (4.30); Pr (4.28); Nd
(4.94); Sm (4.44); Eu (4.44); Gd (4.38); Tb (3.95); Dy (4.34); Ho
(4.11); Er (4.31); Tm (4.13); Yb (4.33); and Lu (4.13). All diffusion
coefficients were corrected by the deployment temperature
according to the Stokes-Einstein equation.*
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Given that water flow at the deployment sites was sufficiently
high, correction for the thickness of the diffusive boundary
layer was considered negligible.

2.5. Statistical test and REE normalization

Normality was assessed for the datasets subjected to parametric
analyses. Specifically, we tested the distributions of the TC, FC,
LC of La, Ce, Pr, Nd, Gd, Dy, Er, and Yb using the Shapiro-Wilk
test (a = 0.05). As some datasets did not meet the assumption of
normality (e.g. Pr and Gd), non-parametric tests were applied for
all data set.

TC, FC and LC of La, Ce, Pr, Nd, Gd, Dy, Er, and Yb were
compared between sampling events (dry and wet seasons) using
the data set from all sampling points using Wilcoxon Signed-Rank
test. Sm, Eu, Ho, Tm, and Lu were not included in the analysis
because their concentrations were below LOD at all sampling sites
(Eu, Ho, Tm, and Lu) or at most sites (Sm) in the wet campaign.
Kruskal-Wallis test was used to compare differences between LREE
and HREE at each site, for the same reason (non-normal distri-
bution). Correlation was assessed using simple linear regression
analysis. To identify anomalies, the REE data were normalised and
plotted according to a well-established approach®-** using the Post-
Archean Australian Shale (PAAS) standard. The equations used to
calculate the anomalies are provided in the SI.

3. Results and discussion

3.1.
River

Total, filtered and labile concentration in Paraiba do Sul

Tables 1 and 2 show TC, FC and LC of REE across all sites. For
TC at all sites and in both campaigns, Ce had the highest

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 First sampling campaign (dry season). Total concentrations (TC, mean values), filtered concentrations (FC, mean values), and labile
concentrations (LC, mean values) measured by DGT. Values in ng mL™*. Concentrations below the limit of detection (LOD) were replaced by
LOD/2 (shown in red). The maximum and minimum concentrations of > TC (bold and dark grey) and Y FC (grey) for each site are highlighted

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7

TC FC LC TC FC LC TC FC LC TC FC LC TC FC LC TC FC LC TC FC LC

La 2.6 0.94 0.024 22 0.93 0.017 0.99 0.91  0.0035 2.7 0.65 0.013 22 0.64 0.040 1.1 1.0 0.039 1.056 0517  0.049
Ce 5.5 22 0.089 3.7 2.10 0.099 23 22 0.017 5.5 14 0.051 3.7 14 0.069 24 1.8 0.080 | 2.404 0958  0.157
Pr 0.56 0.23 0.002 0.40 023 0.0070 | 0.23 022 0.0035 | 0.62 0.16 ~ 0.0035 | 0.46 0.16 0.007 0.29 0.23 0.006 | 0254  0.123  0.003
Nd 1.7 0.84 0.032 13 0.88 0.023 0.65 0.82 0.009 1.8 0.61 0.013 13 0.58 0.025 0.69 0.93 0.032 | 0.899 0489 0.018
Sm 033 0.14 0.0035 0.36 0.14  0.0035 0.24 0.13 0.0035 0.28 0.11 0.0035 0.19 0.098 0.0035 0.15 0.15 0.0035 | 0.144 0.076 0.0035
Eu 0.057 0.028 0.0030 | 0.082 0.023 0.0030 | 0.048 0.023 0.0030 | 0.073 0.019 0.0030 | 0.054 0.018 0.0030 | 0.028 0.027 0.0030 | 0,027 0.011 0.0030
Gd 0.29 0.13 0.011 0.41 0.14 0.007 0.15 0.12 0.0030 | 0.32 0.096  0.0035 | 0434  0.086 0.0070 | 0.18 0.52 0.007 | 0.144  0.059  0.006
Dy 0.15 0.074  0.0035 | 0.13 0.074  0.0030 | 0.083  0.062 0.0030 | 0.163  0.045 0.0030 | 0.138  0.052 0.0030 | 0.092 0.072  0.0030 | 0.076  0.036  0.0030
Ho 0.0040  0.0040  0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040
Er 0.080  0.039  0.0040 | 0.064  0.042 0.0040 | 0.042  0.036 0.0035 | 0.073  0.029 0.0040 | 0.057  0.027 0.0040 | 0.036  0.041  0.0040 [ 0.043  0.019 0.0035
Tm  0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045
Yb 0.063  0.029  0.0040 | 0.052  0.036  0.0040 | 0.038  0.031 0.0035 | 0.048 0.023 0.0035 | 0.038  0.025 0.0040 | 0.024  0.030 0.0040 [ 0.032  0.018 0.0035
Lu 0.026  0.026  0.026 | 0.026  0.026  0.026 | 0.026  0.026  0.026 | 0.026  0.026  0.026 | 0.026 _ 0.026 _ 0.026 | 0.026  0.026 _ 0.026 | 0.026 _ 0.026 _ 0.026

REE 114 4.7 0.21 8.7 4.6 0.21 4.8 4.6 0.09 11.6 32 0.14 8.61 3.12 0.20 5.02 4.83 0.22 S.11 2.34 0.28
Mean _ 0.87 0.36 0.02 0.67 0.36 0.02 0.37 0.35 0.01 0.89 0.24 0.01 0.66 0.24 0.02 0.39 0.37 0.02 0.39 0.18 0.02
SD 1.59 0.64 0.02 111 0.61 0.03 0.65 0.63 0.01 1.61 0.41 0.01 1.12 0.41 0.02 0.69 0.55 0.02 0.69 0.29 0.04

Table 2 Second sampling campaign (wet season). Total concentrations (TC, mean values), filtered concentrations (FC, mean values), and labile
concentrations (LC, mean values) measured by DGT. Values in ng mL™*. Concentrations below the limit of detection (LOD) were replaced by
LOD/2 (shown in red). The maximum and minimum concentrations of > TC (bold and dark grey) and Y FC (grey) for each site are highlighted

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7

TC FC LC TC FC LC TC FC LC TC FC LC TC FC LC TC FC LC TC FC LC

La 20 1.1 0.10 26 1.5 0.098 16 13 0.17 1.8 1.1 0.86 1.5 0.74 0.18 2.1 1.4 0.20 1.6 1.1 0.13
Ce 4.4 2.0 0.21 5.2 2.7 0.26 4.4 4.0 0.70 4.1 22 0.23 32 1.5 0.41 6.4 3.6 0.52 3.7 22 0.27
Pr 0.64 0.42 0.018 0.72 0.49 0.018 1.6 13 0.029 0.58 0.43 0.070 0.54 0.25 0.034 0.74 0.53 0.044 0.55 0.44 0.023
Nd 1.5 0.71 0.066 1.7 0.88 0.059 0.89 0.81 0.093 1.30 0.75 0.050 1.2 0.60 0.11 2.0 1.3 0.15 12 0.75 0.080
Sm 0.11 0.0045  0.011 0.13  0.0045 0.025 | 0.0045 0.0045 0.016 | 0.063 0.0045 0.010 | 0.042 0.035 0.019 0.21 0.061 0.027 | 0.054 0.0045 0.014
Eu 0.012  0.0045 0.0090 | 0.017 0.0045 0.0080 | 0.0045 0.0045 0.010 | 0.0045 0.0045 0.0090 | 0.0045 0.0045 0.009 | 0.037 0.0045 0.009 | 0.0045 0.0045 0.0080
Gd 0.18 0.095 0.010 0.22 0.12 0.010 0.68 0.74 0.015 0.15 0.088  0.020 0.13 0.080  0.016 0.29 0.19 0.026 0.14 0.099  0.013
Dy 0.10 0.022  0.0070 | 0.13 0.043  0.0060 | 0.085  0.070 0.0090 | 0.082  0.028 0.010 | 0.070  0.042 0.0090 | 0.18 0.10 0.017 | 0.083  0.032  0.0090
Ho 0.0040  0.0040  0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040 | 0.0040 0.0040 0.0040
Er 0.043  0.0050 0.0050 | 0.058  0.015 0.0030 | 0.049  0.033 0.0050 | 0.032 0.0050 0.0060 | 0.028  0.018 0.0050 | 0.086  0.052  0.010 | 0.032 0.0090 0.0050
Tm 0.0045  0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045 | 0.0045 0.0045 0.0045
Yb 0.13 0.10  0.0040 | 0.15 0.11 0.0040 | 0.13 0.12  0.0040 | 0.12 0.10  0.0060 | 0.12 0.054  0.0040 | 0.17 0.15 0.010 0.12 0.10  0.0040
Lu 0.026  0.026  0.026 [ 0.026  0.026  0.026 | 0.026  0.026  0.026 | 0.026  0.026  0.026 | 0.026  0.026  0.026 | 0.026  0.026  0.026 | 0.026  0.026  0.026
REE 9.1 4.5 0.45 11 59 0.53 239 20.1 1.09 8.3 4.7 131 6.87 3.36 0.83 123 7.42 1.05 7.52 4.77 0.59
Mean 0.70 0.35 0.04 0.84 0.45 0.04 1.84 1.55 0.08 0.64 0.36 0.10 0.53 0.26 0.06 0.94 0.57 0.08 0.58 0.37 0.05
SD 1.28 0.60 0.06 1.53 0.81 0.07 4.43 3.61 0.19 1.19 0.65 0.24 0.94 0.44 0.12 1.79 1.03 0.15 1.07 0.65 0.08

concentrations (2.3-6.4 ng mL™"), while Ho (<0.008 ng mL ™)
had the lowest concentrations. Sum of TC ()} TCREE) ranged
from 4.81-23.8 ng mL ', depending on the site and campaign.
The sum also includes REEs with concentrations below the
LOD, which were estimated as LOD/2, following standard
practice for handling censored environmental data.***® For FC
in all sites and campaigns, Ce had the highest value concen-
tration (0.96 to 4 ng mL™"), while Ho (<0.008 ng mL ") showed
the lowest concentrations. The sum of FC (Y FCREE) ranged
from 2.3 to 20.1 ng mL ™", depending on the site and campaign.
The sum of LC (3_LCREE) ranged from 0.21 to 1.3 ng mL ™,
depending on the site and campaign. Sum LC concentrations
(3_LCREE) ranged from 0.21 to 1.3 ng mL ", depending on the
site and campaign.

When comparing Y FCREE for Paraiba do Sul River with
northern Brazilian rivers, the maximum ) FCREE reported for
the Madeira River was about 38 times lower."

© 2025 The Author(s). Published by the Royal Society of Chemistry

>"FCREE data previously reported for the Atibaia River'
indicate elevated contamination, since this river receives efflu-
ents from four wastewater treatment plants in the industrial city
of Campinas (Brazil). Even under such conditions, the } FCREE
reported for the Atibaia River was considerably lower as
compared with the > FCREE measured in the Paraiba do Sul
River (approximately 28 times higher)*

When FC data from global rivers such as the USA (Mis-
sissippi), New Guinea (Sepik), Scotland (Luce), Canada (Fraser)
and France (Dordogne) is taken as ref. 11, > FCREE 0.06, 0.26,
1.12, 0.52, and 0.20 ng mL ', were also low as compared with
> _FCREE (Tables 1 and 2), even for minimum values obtained
from Paraiba do Sul River (for Site 7, dry season = 2.3 ng L™").

Thus, comparison of > FCREE obtained from Paraiba do Sul
River (in the region Sao José dos Campos) with previous results
reported for Brazilian and worldwide rivers clearly shows high
levels of REE in Paraiba do Sul River. For instance, Y FCREE

Environ. Sci.: Adv.
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values reaching 20 ng mL ", significantly surpassing reference
values reported for unimpacted rivers, where > FCREE values
often range from 0.1 to 1 ng m L™ "%

This finding can be attributed to anthropogenic (as previ-
ously mentioned) and/or geological background influences.
There is potential REE presence in Sdo José dos Campos due to
the area's natural geological makeup, which includes REE-rich
minerals like monazite and xenotime.*?

To our knowledge, few papers have simultaneously reported
both > TCREE and ) LCREE (using DGT), limiting the possi-
bility of direct comparison with our findings.?®

The high > FCREE/Y TCREE ratio observed (mean value of
approximately 60% for both the wet and dry campaigns),
together with the low Y LCREE/Y TCREE ratio (mean value of
around 8% for the wet season and about 3% for the dry season),
suggests that a substantial portion of REE is bound to particu-
lates. This is common in rivers with high suspended particulate
matter loads due to erosion, runoff, or anthropogenic
disturbance.®

3.2. Dry and wet campaigns

Discussion of seasonal differences in TC was not within the
scope of this study, as this fraction is highly variable, reflecting
fluctuations in suspended particulate matter rather than
genuine geochemical trends.** Instead, we focused on FC and
LC, which provide more reliable insights into seasonal
dynamics. Most REEs were already present in FC (Fig. 3 and 4),
consistent with literature showing their predominant transport
in dissolved or colloidal forms (Goldstein and Jacobsen, 1988;
Pourret et al., 2007).*>* Ultimately, the main purpose of deter-
mining TC was to assess how well FC represents dissolved REEs,
and the combined use of FC with in situ speciation (DGT) is, we
believe, one of the most innovative aspects of our study.

Site ranking (from highest to lowest) of FC (dissolved frac-
tion) of each REE and ) FCREE are presented in Fig. 2. These
findings suggest a seasonal influence on LREE concentrations,
particularly for La, Ce, and Pr. In contrast, for HREE, the highest

2 7 4
Wet season

10 HNMODN

2 3457 -36

Dry season Sites

View Article Online

Paper

FC values were mainly observed at Sites 1 and 6 in the dry
season and at Site 6 in the wet season. The Paraiba do Sul River
is influenced by a tropical climate, with a wet season charac-
terised by intense rainfall and increased runoff. During this
period, weathering®® of REE-rich minerals such as monazite and
xenotime is enhanced. These minerals are likely released into
the river through erosion and hydrological processes,
increasing REE concentrations in the water column.*® Increases
in some REE concentrations may also reflect enhanced
desorption and mobilisation due to higher water flow and
turbulence. The dynamic hydrology of the wet season facilitates
the release of LREE from particulates and sediments into the
dissolved phase.*”

In addition to natural geogenic sources (e.g. Site 1), anthro-
pogenic contamination is also likely, particularly at Sites 6 and
3. Site 6 is a tributary of the Paraiba do Sul River that flows
through industrialised neighbourhoods, while Site 3 receives
untreated sewage from non-industrialised residential areas.
The elevated LREE concentrations observed at Site 1 during the
dry season - located upstream of a petroleum refinery - may be
due to geogenic sources (e.g., weathering of REE-rich rocks like
monazite/xenotime) or due to diffuse rural/agricultural input
from phosphate fertilisers.

The presence of REE at Site 2 may be associated with the use
of Ce and La in personal care products, such as cosmetics.”
Gadolinium is another potential urban contaminant,
commonly introduced into aquatic systems through its use as
a contrast agent in magnetic resonance imaging (MRI) proce-
dures. La and Ce may also be linked to industrial sources at
Sites 6, 2, and high-technology manufacturing (Site 6).” Pr and
Nd may also enter the river at Site 6 through their use in high-
tech applications, including the production of permanent
magnets, glass additives, catalysts, and electronics.”*® Dy, Er,
and Yb, which are used in the aerospace and electronics
industries for applications such as optical fibres and permanent
magnets, may also account for the elevated HREE concentra-
tions observed at Site 6.”*® In contrast, no elevated REE
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Fig. 2 Site ranking (from major to minor). (2.1) Gray bar represents the sum of REE filtered concentration (}_FCREE) in each site (1-7). (2.2) The
white bar represents the site's number containing the maximum filtered concentration (FC). The numbers above the bars represent the

concentrations in ng mL™* of each REE.
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concentrations were observed at Site 7, suggesting minimal
influence from the neighbouring city.

Although the trends discussed above are plausible, our set of
the data were not sufficient to demonstrate statistically signifi-
cant differences in FC concentrations between the studied sites,
either when grouped as LREE and HREE or when considered
individually (Kruskal-Wallis test). The same absence of site-
related differences was observed for TC values. However,
when comparing seasons, significant differences emerged: at
the 95% confidence level, FC values for La, Ce, Pr, and Yb were
higher during the wet season. The seasonal variation obtained
for three out of the four LREE, can be explained considering
that LREE are often associated with iron and manganese oxides
in sediments.*” When these oxides are resuspended due to
increased flow, they can release bound REE into the water
column, enhancing their mobility.**

However, although Nd is also classified as an LREE, no
statistically significant increase in its concentration was
observed during the wet season. Possible explanations for this
finding include: (1) while LREE are commonly associated with
Fe and Mn oxides in sediments and can be released upon
resuspension, La, Ce, and Pr are more prone to remain in the
dissolved phase under wet conditions, whereas Nd tends to
adsorb more strongly onto particles, resulting in less variation
in its dissolved concentration;* (2) if the watershed is enriched
in La-, Ce-, and Pr-bearing minerals, these elements may show
greater increases during the wet season due to enhanced
weathering.*® This could contribute to their higher observed
concentrations relative to Nd; (3) while both Pr and Nd form
complexes with humic substance (HS) Pr may have a slightly
higher affinity for HS than Nd.** Therefore, if DOC levels
increase during the wet season, Pr concentrations in the FC may
increase more than those of Nd; (4) although both elements are
predominantly particle-bound, Pr appears to have a greater
tendency to associate with the dissolved or colloidal fraction.
Consequently, Nd, being more strongly particle-bound, would
remain relatively stable between seasons.>

Although a significant difference between seasons was
observed for three LREE, a significant difference among the
HREE was observed only for Yb. Explanations for this finding
may include the following: (1) due to its smaller ionic radius, Yb
may bind less strongly to mineral surfaces than other HREE,
making it more mobile and sensitive to seasonal changes. The
higher variation in Yb concentrations suggests a stronger
association with colloids or DOC, which likely increases its
transport during periods of high runoff in the wet season.;>* (2)
Yb may also form more stable complexes with HS present in
dissolved organic matter (DOM), enhancing its transport during
the wet season, when organic matter concentrations are typi-
cally higher;"#** (3) previous experimental studies have
demonstrated that Yb(u) ions exhibit specific adsorption
behaviours depending on the nature of the adsorbent and
environmental conditions. For instance, Emara et al.>® reported
that Yb(ur) shows reduced adsorption onto mineral surfaces in
the presence of organic ligands, supporting its increased
mobility in DOM-rich environments such as those found during
the wet season.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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When comparing LC (data obtained using DGT) during the
wet and dry campaigns, the concentrations of all analytes (La,
Ce, Pr, Nd, Gd, Dy, Er and Yb) were higher in the wet season. At
first, we could consider that the main factor affecting LC is TC.
However, in natural waters, especially during events like floods
or high organic material input, LC may not scale linearly with
TC. Therefore, this increase can be also attributed to enhanced
watershed runoff,’” desorption of REE from Fe and Mn oxides
due to sediment resuspension,®® and elevated levels of organic
matter, which may facilitate the mobilisation of REE into weakly
complexed or colloidal forms. These species can dissociate
during the DGT deployment period and contribute to the LC.**

The increase in the number of REE showing elevated
concentrations during the wet season clearly highlights the
limitations of evaluating REE behaviour using only FC data,
mainly for risk assessments where knowledge of element-
specific mobility and reactivity is of primary importance.
While FC captures both dissolved and colloidal species, DGT
selectively measures labile complexes, bioavailable REE species
that can dissociate from HS complexes, desorb from oxide
surfaces, and diffuse through the gel. Therefore, DGT results are
influenced by the stability of REE-complexes, their dissociation
kinetics, and the desorption rates from particulate surfaces.
Indeed, seasonal dynamics do not affect all LREE or HREE
equally. Some complexes exhibits distinctive behaviour due to
unique binding properties, local mineralogical sources, or
anthropogenic inputs. As such, elements whose complexes
become more labile during the wet season, as revealed by DGT,
are more readily available for uptake by aquatic organisms -
something that cannot be reliably predicted using FC alone.

These findings highlight the advantages of DGT over tradi-
tional sampling methods. In addition to providing a more direct
indication of bioavailable forms, DGT reflects the dynamic
geochemical processes — such as desorption and mobilisation-
that influence REE behaviour across hydrological conditions.
The increased lability of complexes of La, Ce, Pr, Nd, Gd, and Dy
observed during the wet season suggests that these elements
become more reactive and potentially more available for bio-
logical uptake. Therefore, DGT represents a valuable tool for
environmental risk assessments, particularly those concerning
REE toxicity and mobility in freshwater systems.

3.3.
Si

Filtered concentration and relationship with Fe, Mn and

In the wet sampling campaign, FC data showed strong corre-
lations between Y REE, > LREE, and > HREE and Fe, with R
values of 0.84, 0.83, and 0.84, respectively. For Mn, the corre-
sponding R values were 0.94, 0.94, and 0.88. With Si, correla-
tions were also high: 0.95 for Y REE, 0.99 for > LREE, and 0.95
for > HREE. These results indicate that filtered REE are not
entirely present in the truly dissolved phase but are significantly
influenced by colloidal interactions, particularly with Fe, Mn,
and Si. Mn oxyhydroxides appear to dominate LREE binding
within the colloidal phase, while Si plays a notable role in LREE
transport via colloidal silica-though its influence on HREE is
somewhat less pronounced, oxyhydroxides also contribute, at
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least partially, to the colloidal transport of HREE. Although the
correlations between Mn and Si and HREE were generally lower
than those observed for LREE, the data still suggest a non-
negligible association of HREE with colloidal material. It is
important to note, however, that when individual REE were
analysed, some variability was observed. Despite similarities in
general behaviour within the LREE and HREE groups, the
specific chemistry and complexation behaviour of each REE can
lead to differences in correlation strength. Therefore, while the
grouping into Y LREE and ) HREE helps to highlight broader
geochemical patterns, it does not eliminate the need to inter-
pret individual REE trends with caution. This distinction has
been clarified to ensure that the observed group-level correla-
tions are not overinterpreted.

The LREE exhibited high correlations with Fe (La: 0.82, Ce:
0.70, Pr: 0.83), Mn (La: 0.99, Ce: 0.67, Pr: 0.96), and Si (La: 0.99,
Ce: 0.71, Pr: 0.97). Among the HREE, only Gd exhibited high
correlations with Fe (0.84), Mn (0.98), and Si (0.97). No signifi-
cant correlations were found with Al. These findings suggest
that filtered REE such as La, Ce, Pr, and Gd are not purely di-
ssolved but are strongly affected by colloidal interactions,
particularly those involving Fe, Mn, and Si. Conversely, the data
suggest that colloidal interaction is not the principal mecha-
nism for the mobilisation of Nd, Dy, Er, and Yb during the wet
season.

3.4. Speciation of REE using software-based prediction and
DGT measurements

Fig. 3 and 4 show FF and LF for the dry and wet sampling
campaign, respectively. FF and LF were calculated by dividing
FC and LC by TC (as %). From Fig. 3 and 4, FF represents
a significant part of the TC (unfiltered samples): Mean values
per site were calculated for each element, yielding values of 52,
53,55,73,77,53, 64, and 70% for La, Ce, Pr, Nd, Gd, Dy, Er, and
Yb, respectively, in the dry sampling campaign; 63, 58, 70, 61,
68, 47, 39, and 77% for La, Ce, Pr, Nd, Gd, Dy, Er, and Yb,
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respectively, in the wet sampling campaign. In some cases, the
FF slightly exceeded 100% (Sites 3 and 6). This apparent
anomaly may result from minor underestimation of TC, likely
due to incomplete digestion or sample heterogeneity. Notably,
for some REE with FF close to 100%, the contribution from the
truly dissolved fraction can be higher (e.g. Gd may be associated
with medical effluents containing highly soluble Gd-chelates,
which can elevate FF values beyond 100% despite being oper-
ationally defined). As comparison, Neal*® obtained lower values
for FF: 35, 28, 34, and 36% (mean values) for La, Ce, Nd and Gd,
respectively; Sager and Wiche,' report FF values about 20% for
rivers waters.

Although FC and LC provide valuable information, predict-
ing all REE species is difficult. Integrating DGT data with
chemical speciation modelling improves interpretation. DGT
detects only species that are mobile and kinetically labile.
Modelling estimates equilibrium speciation based on thermo-
dynamic and environmental parameters. Together, they offer
a more complete and realistic view of REE behaviour in natural
waters.®® This approach (DGT combined with speciation
modelling) helps to: evaluate whether the concentrations of
labile complexes obtained by DGT are equivalent (or compa-
rable) to the concentrations of dissolved complexes predicted by
the model, suggesting in this case that all dissolved complexes
predicted by modelling are labile; and distinguish between
labile and non-labile metal complexes when the DGT-derived
concentrations are lower than those calculated by the model.

In this work CHEAQS Next (a computer program for calcu-
lating CHemical Equilibria in AQuatic Systems) was used. The
data entered into the software were those presented in Tables 1,
2, SM3.1, and SM3.2. If interactions between REE and DOM are
not considered, the concentrations measured in the FF cannot
be considered representative of the truly dissolved phase for any
of the analytes (Fig. 3 and 4). In fact, it is well established that
truly dissolved REE represent only a minor fraction of the total
REE concentration in natural waters.®>** This is because “free
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Fig.3 Filtered (FF) and Labile (LF) fractions for samples collected during the dry season as % of total concentration. FF = black bar. LF = white bar.
The bar represent standard deviation of measurement performed by DGT.
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Fig. 4 Filtered (FF) and Labile fractions (LF) for samples collected during the wet season as % of total fraction. FF = black bar. LF = white bar. The

bar represent standard deviation of measurement performed by DGT.

REE®” ions strongly interact with sorbent surfaces, particularly
iron and manganese oxides and particulate organic matter.*

At the pH values observed in all sites (pH 7.0-7.4), REE
undergo only weak hydrolysis,® and their solubility and speci-
ation are strongly influenced by the formation of complexes
with anions such as PO,*~, COs*", SO,>7, CI, and F,**% as
well as by the presence of competing cations and overall pH.
This assumption is supported by speciation data (please see
Tables SM3.1 and SM3.2) calculated in the absence of DOM
(dissolved organic material), which predicted that the soluble
fraction of REE would not exceed 5%.

When a HS concentration equivalent to 2.5 mg L™ " of DOC
(half the LOD) was considered in the speciation model (see
Tables SM3.1 and SM3.2), the solubility HREE (Gd, Dy, Er, and
Yb) was shown to be strongly influenced by complexation with
organic matter. In the wet season, the proportion of Gd asso-
ciated with organic material increased from 8% to 57%, and was
greater than 99% for Dy, Er, and Yb (except at Site 3, where
PO, concentrations exceeded 10 mg L™"). In contrast, LREE
(La, Ce, Pr, and Nd), the proportion predicted to be in soluble
organic form was less than 1% at all sites. A similar pattern was
observed for the dry season.

Even when a DOC concentration of 10 mg L' - the
maximum reported for the Paraiba do Sul River®™ - was
assumed, the soluble organic fractions of La, Ce, Pr, and Nd
were still predicted to be below 6% (e.g., Site 1, dry season).
Therefore, in the Paraiba do Sul River, filtered LREE (La, Ce, Pr,
and Nd) are likely to be partially associated with particulate
material smaller than 0.45 pum, such as colloids and nano-
particles, while HREE are more likely to be associated with
DOM.

The LF reflects the proportion of each REE that remains in
a readily exchangeable or weakly bound form - that is, not
strongly adsorbed onto particles or tightly complexed with
stable organic ligands. On average (considering all sites), LF of
La, Ce, Pr, Nd, Gd, Dy, Er, and Yb represented approximately 4,
6, 2, 3, 6, 6, 12, and 14% of the FC, respectively, in the dry

© 2025 The Author(s). Published by the Royal Society of Chemistry

season. In the wet season. LF of La, Ce, Pr, Nd, Gd, Dy, Er, and
Yb represented approximately 21, 15, 8, 11, 13, 23, 51 and 5% of
the FC, respectively. These data suggest that a considerable
portion of REE exists in non-labile (inert) forms.

Fig. 3 (dry season) suggests increasing lability from La to Yb
(R = 0.91; atomic number vs. LF), indicating that LREE
complexes are less labile than HREEs across most sites. This
trend reflects ionic radius contraction along the REE series —
LREEs are more readily scavenged onto particle surfaces,
whereas HREEs remain predominantly dissolved via strong
complexation with carbonate, phosphate, and organic ligands.®
These dissolved or weakly bound species are more accessible to
DGT, thus exhibiting higher measured lability. Previous studies
using DGT and sequential fractionation have indeed identified
REEs, including HREEs, as labile fractions in both sediments
and marshland soils.**”® Such findings reinforce our interpre-
tation of rising lability along the REE series (Arienzo et al.,
2022).*> During the dry season, lower flow conditions may
reduce dilution and favour geochemical conditions (e.g., redox
or pH shifts) that promote the mobilisation of HREE in more
labile complexes, soluble forms, either via natural weathering
or anthropogenic contributions.

The pattern observed in the dry season disappears in the wet
season (Fig. 4), where the correlation is no longer evident,
resulting in R = 0.11. Increased runoff introduces REE from
various diffuse sources (e.g., soils, urban input) in non-
equilibrated forms. Additionally, high colloidal loads enhance
the mobilisation of LREE-bound colloids, blurring geochemical
fractionation. Dilution effects further contribute to variability in
concentrations, reducing the clarity of any patterns. Essentially,
under dry conditions, REE mobility and speciation are more
controlled by geochemical equilibrium, revealing underlying
patterns such as increased HREE complexes lability, whereas in
wet conditions, hydrological variability dominates, masking
systematic behaviour across the lanthanide series.

When REE are separated into LREE and HREE, their corre-
lation with atomic number in the dry season remains strong,
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with R values of 0.98 and 0.84, respectively. In the wet season,
a moderate negative correlation (R = —0.71) is observed for
HREE. In the case of LREE, runoff and external inputs (e.g., soil,
industrial or urban discharge) may introduce REE in both labile
and non-labile complexes, disrupting geochemical consistency,
while colloidal mobilisation during high flow may affect lighter
REE unevenly. The moderate to strong negative correlation
among HREE indicates that complexes lability decreases with
increasing atomic number during the wet season. Possible
explanations for this behaviour include increased levels of DOC
during the wet season may alter complexation equilibria,
favouring the retention of heavier HREE in non-labile forms;
wet season inputs might also introduce mid-range REE (e.g., Gd
and Dy) in labile forms (e.g., from wastewater), skewing the
distribution and breaking the expected trend.

As compared with previous observations, DGT data confirm
that La, Ce, and Pr complexes all show notably increased labile
values in the wet season relative to the dry supporting the idea of
enhanced mobilisation of LREE due to runoff or desorption. Yb, in
contrast, shows a sharp decrease in labile fraction from dry to wet
season, suggesting that Yb is the only HREE with marked seasonal
variation.

DGT offers significant advantages over traditional sampling
methods by providing more accurate measurements of bioavail-
able REE and by reflecting the dynamic geochemical processes
influencing their behaviour. The increased reactivity of La, Ce, Pr,
Nd, Gd, and Dy during the wet season suggests a greater potential
for biological uptake. Therefore, DGT is essential for environ-
mental risk assessments concerning REE toxicity and mobility in
freshwater systems.

Based on the DGT results presented in this study, the
predominant species of each REE are proposed in Table 3.

Table 3 Behaviour and speciation of REEs in the Paraiba do Sul River
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3.5. Anomalies

REE anomalies can be useful for understanding geochemical
processes; for tracing source materials, revealing the presence
of specific minerals (e.g., monazite, xenotime) or rocks that
contribute to the observed REE signature; or to differentiate
between natural and anthropogenic sources in a study area.'>”*
Certain REE anomalies (e.g., positive gadolinium anomalies)
may result from human activities (such as the use of Gd-based
contrast agents in medical imaging), as previously reported for
the Atibaia River, SP, Brazil.**

To evaluate anomalies, FC concentrations were normalised
using PAAS (Post-Archean Australian Shales) concentrations.
Although PAAS reflects total shale-derived concentrations, REE
anomalies in natural waters are generally assessed using FC
(<0.45 or 0.22 pm). These represent the dissolved fraction rele-
vant to mobility, availability, and redox behaviour. TC include
non-reactive particulates, while the labile fraction reflects only
kinetically exchangeable forms and does not capture redox-
sensitive species such as Ce.**”>7® Partial exclusion of Ce(wv)
species may influence the interpretation of Ce anomalies
following normalization. Thus, FF were selected as the most
suitable basis for anomaly calculations.

Mean values for the dry and wet seasons were used for each
site. Fig. 5 shows PAAS-normalised concentrations for La, Ce,
Pr, Nd, Gd, Dy, Er, and Yb for Sites 1 to 7. Anomalies in PAAS-
normalised REE patterns reflect deviations from expected
geochemical behaviour, often due to specific redox, complexa-
tion, or anthropogenic processes that selectively enrich or
deplete individual REE in the FF. It can be seen from Fig. 5 that
the REE patterns are characterised by a gradual decrease from
LREE to HREE (LREE > HREE), indicating LREE enrichment
relative to HREE.

REE Dry season speciation

Wet season speciation

Notes/evidence

La Strongly bound to colloids (Fe/Mn
oxides); low lability (~6%)

Increased lability; desorption from
colloids during high flow

Low DOM complexation
(<6% even at 10 mg L~ DOC);
mobilisation linked to Fe/Mn oxides

Redox-sensitive; prone to
precipitation (Ce-PO,*");

Increased lability; likely desorbed

Little seasonal change; low lability

Strong DOM complexation (~57%)
and some colloidal association

Predominantly DOM-associated

>99% DOM-bound in wet season;

Ce Strongly bound to colloids; some

Ce-phosphate formation; low

lability moderately labile
Pr Colloidal bound (Fe/Mn oxides);

moderate lability from colloids
Nd Predominantly particulate-bound;

stable concentration despite runoff
Gd Moderate lability; correlated with

Fe/Mn
Dy Some particulate interaction;

moderate lability (>99%); high reactivity
Er Moderately labile; less SPM

interaction highly labile
Yb Highly labile (~11%); weak

adsorption to particles

Environ. Sci.. Adv.

Lability drops in wet season (~3%);
>99% DOM complexation

Ce anomaly at Site 4a; low DOM
interaction; influenced by PO,*~
and particulates

Very low DOM complexation (<6%);
seasonal behaviour due to Fe/Mn
interactions

Strongest particle association
among LREEs; minimal variation;
not DOM-bound

Urban contaminant (MRI); both
colloidal and DOM-bound pathways
present

DOM is dominant carrier during
wet season; elevated bioavailability
Strong DOM complexation;
seasonally persistent lability

Only HREE with seasonal drop;
DOM is dominant phase in wet
conditions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PAAS-normalized concentration for La, Ce, Pr, Nd, Gd, Dy, Er
and Yb for Sites 1 to 7. Data were obtained from filtered concentration.

Site 3 exhibits the most pronounced anomalies, particularly
for La and Gd, with significantly higher PAAS-normalised values
compared to other sites, suggesting potential contamination
from geological inputs (e.g., monazite weathering) or anthro-
pogenic influences. Site 6 also shows noticeable Gd enrichment,
which could indicate anthropogenic contamination. Pr values
are generally elevated at Site 3 and Site 6 (Fig. 5). However, data
from Fig. 5 strongly suggest that these potential contaminations
are consistent with anthropogenic influence when site charac-
teristics are considered: the relationship with Sites 6 and 3 is
evident. Sites 6 and 3 are tributaries of the Paraiba do Sul River
that flow through industrialised neighbourhoods (6) and serve
as the discharge site for untreated sewage from the city's non-
industrialised neighbourhoods (3), respectively.

Table 4 shows the calculated anomalies for all sites and REE.
Based on the principle that REE can form complexes that are
either strongly bound to colloids or particulates (non-labile) or,
alternatively, weakly bound (labile), it is possible to relate
anomalies (at least partially) to DGT-labile measurements. In
this context, positive anomalies in the FC of elements such as
Gd or Yb are interpreted as resulting from enhanced solubility
or mobility, often due to their association with DOM.
Conversely, REE such as Nd or Ce tend to bind more strongly to
Fe/Mn oxides or phosphate groups, forming less labile or
particulate-bound species. This results in negative anomalies in

Table 4 Anomalies for REE calculated from normalized data (PAAS
standard). Filtered concentrations were used for calculation

Ce Pr Nd Gd Dy Er Yb
Site 1 0.8 1.5 0.8 1.6 0.7 0.5 3.0
Site 2 0.8 1.5 0.8 1.5 0.7 0.6 2.5
Site 3 0.3 2.8 0.3 5.0 0.4 0.6 2.2
Site 4 0.8 1.6 0.8 1.6 0.7 0.5 3.7
Site 5 0.9 1.3 0.9 1.3 0.8 0.7 1.8
Site 6 0.9 1.3 0.6 3.1 0.5 0.7 1.9
Site 7 0.8 1.7 0.8 1.5 0.8 0.4 4.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the FF, due to reduced solubility and lower mobility. Data from
Table 4 support this observation, as the lability data indicate
that LREE complexes are largely immobilised by mineral
surfaces, whereas HREE are more readily exchangeable. Below,
detailed comments are provided for each site, considering
geochemical processes and anthropogenic influence.

Site 1: no La and Ce anomalies suggest low anthropogenic
influence upstream. The Pr anomaly can be explained by its
association with Fe/Mn oxyhydroxides rather than purely
colloidal transport. Yb's high anomaly is related to its weak
interaction with Fe/Mn oxides and its stronger association with
organic matter. Er depletion (low anomaly) likely results from
preferential adsorption onto particulates rather than oxidative
scavenging alone.

Site 2: moderate enrichment in Pr, Gd, and Yb suggests
mixing of urban and natural sources. Colloidal Fe/Mn oxy-
hydroxides likely influence LREE, while HREE (Yb) are trans-
ported via DOM.

Site 3: unlike La and Pr, which remain in a more mobile
form, Ce** can be selectively removed due to stronger Ce-PO,>~
binding (forming insoluble Ce-phosphate complexes), reducing
its concentration in the FF (0.45 pm). Extreme La enrichment
(3.14) may originate from cosmetics and personal care prod-
ucts. The strong Gd anomaly (5.01) is a known marker of MRI
contrast agents. Nd depletion aligns with its known tendency to
remain in particulate-bound phases rather than the dissolved
phase. Dy may have an affinity for DOC, but at this site, it is
likely partitioning onto particulates rather than remaining in
solution. LREE may be associated with wastewater-derived Mn/
Fe oxyhydroxides, making them less bioavailable (low DGT
lability). Yb has weak interactions with Fe/Mn oxides but forms
stable complexes with HS. This suggests that Yb remains mobile
due to organic complexation, increasing its presence in the FF.

Site 4: no La and Ce anomalies suggest minimal upstream
anthropogenic influence. Elevated Pr anomalies (1.57) suggest
natural fractionation and possible colloidal transport. Pr
anomaly is likely associated with Fe/Mn oxyhydroxides, similar
to other LREE. At Site 4, Pr's enrichment suggests that Fe/Mn
oxyhydroxides are present but not acting as strong scavengers,
allowing for some desorption into the filtered phase. Yb and Er
are HREE with weaker affinity for Fe/Mn oxyhydroxides. Their
strong enrichment suggests they are being transported
primarily as HS complexes rather than as colloidal-bound
species. This site likely acts as a geogenic control, providing
background REE levels for comparison. Data support the
observation that REE from natural weathering contribute to the
river's baseline levels.

Site 5: moderate Pr, Gd, and Yb enrichment suggests a mix of
natural and urban influences. Weak Ce depletion could indicate
some Fe/Mn redox cycling in urban areas.

Site 6: very high Gd anomaly (3.10), indicative of MRI
contrast agents from medical wastewater. Low Nd anomalies
reflect strong particle binding, reducing their dissolved
concentration. Dy may have an affinity for DOC, but at this site,
it is likely partitioning onto particulates rather than remaining
in solution. Pr may originate from high-technology
manufacturing and electronics. Elevated FC reflects high
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colloidal Mn-REE associations, not freely mobile complexes,
aligning with DGT showing low lability.

Site 7: no significant REE anomalies detected, supporting the
idea that the city's inputs are diluted downstream. Lower
concentrations indicate minimal inflows from neighbouring cities.

4. Conclusion

This study provides a comprehensive assessment of REE concen-
trations and speciation in the Paraiba do Sul River under con-
trasting seasonal conditions. Elevated concentrations of both total
and filtered REE, especially Ce, La, and Pr, were identified, with
S"REE in filtered samples reaching up to 20 ng mL ", far
surpassing typical values for unimpacted freshwater systems.

DGT measurements revealed clear seasonal trends in REE
complexes lability: while HREE complexes were more labile in
the dry season, this behaviour reversed or disappeared during
the wet season, likely due to increased runoff, colloidal inputs,
and DOC interactions. The enhanced lability of La, Ce, Pr, Nd,
Gd, and Dy complexes in the wet season highlights their
potential for greater biological availability.

Furthermore, the presence of pronounced anomalies, espe-
cially for Gd, underscores the influence of anthropogenic
sources such as medical and industrial effluents. The strong
correlations between REE and Fe, Mn, and Si suggest that
colloidal processes dominate REE transport, particularly for
LREE. Overall, the combined use of filtration, DGT, and speci-
ation modelling proved essential for distinguishing between
dissolved, colloidal, and labile REE fractions. These results
demonstrate that DGT is a valuable tool for monitoring REE
behaviour and support its use in environmental risk assessment
frameworks for freshwater ecosystems.
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