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Field study

This study marks the first recorded case of TiO, nanoparticle pollution in Chilean rivers, indicating significant
progress in understanding the distribution of nanowaste and its effects on a global scale. By investigating four
different locations, including the outlet of a wastewater treatment plant during summer, winter and spring, the
research revealed varied concentrations of TiO, nanoparticles, with a notable range between 17.6 pg L™ during
the summer and 22.9 pg L~} in spring in downstream river sections. The study used transmission electron mi-
croscopy to characterize nanoparticles, observing sizes between 10 and 206 nm, and an EDS detector confirmed
titanium proportions of 4.84 % to 20.35 % by dry weight. These TiO, nanoparticles, predominantly in Rutile and
Anatase forms, denote a significant environmental presence, especially considering the low population densities
of the sampling areas. The findings highlight the urgent need for international awareness and routine monitoring
of nanowaste, advocating for preventive actions in the production of nanomaterials and adaptive management
strategies in tune with the dynamic nature of water systems and environmental changes, both for places densely
and sparsely populated.

1. Introduction potential environmental hazard, as the oversight of post-use disposal

practices can lead to ecological disturbances. Such disruptions may

Over time the nanotechnology industry has become among the most
versatile, improving various chemical substances with unique properties
according to their use, function, and fate (Yadav & Ahmaruzzaman,
2022). The characteristics according to which these substances are
classified as nanoparticles are size below 100 nm and defined structures
with specific functions that form molecular agglomerates or aggregates
with weak or strong bonds that allow them to react with other compo-
nents of the medium (Ale et al., 2019; Cascio et al., 2015; Zhang et al.,
2022). However, the efficacy and long-term stability of these nano-
particles remain poorly understood, particularly for those engineered
with a specific application in mind without adequately considering their
eventual environmental disposal. This gap in understanding represents a
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contribute to imbalances in natural processes, affecting ecosystem ho-
meostasis (Banerjee & Roychoudhury, 2019; Deng et al., 2017; Fan
et al., 2019; Kim et al., 2011; Oukarroum et al., 2013; Stegemeier et al.,
2017).

In recent years, TiO, nanoparticles have been incorporated into
various everyday and domestic products. They can be found in cosmetic
additives (Morais et al., 2022), medications (Farshbaf et al., 2022), and
foods (dos Santos et al., 2020). TiO4 has chemical stability properties as
an amphoteric oxide, and is an n-type semiconductor, which makes it
sensitive to light, absorbing mainly UV radiation, making it the most
used photocatalyst to degrade organic molecules. It is also used as a
white pigment, anticorrosive coating, gas sensor, UV-ray absorber in
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cosmetic products, and generally in the ceramic industry (Khan et al.,
2020, 2023; Rai et al., 2019).

Synthetic nanoparticles of TiOy lack trace elements within their
structure and typically exhibit a size below 100 nm, white pigmentation,
and an isoelectric point less than 3. Their composition primarily consists
of anatase and/or pure rutile, sometimes coated with small amounts of
aluminum and/or silica to enhance technological properties. The affin-
ity of these nanoparticles with organic matter is contingent upon the
type of surfactant they are associated with. Consequently, one can
anticipate the presence of nanoparticulate structures associated with
various forms of organic matter, including lipids or in their free form
(Campos et al., 2022; Liao & Liao, 2007). TiO nanoparticle production
accounts for around 37 % of total nanoparticle production, and it is one
of the most used nanomaterials worldwide (Yadav & Ahmaruzzaman,
2022); this statistic implies a high probability that TiO5 will be found as
waste in natural water bodies due to increases in the use of these
products (Keller et al., 2010).

There are studies that show the existence of these nanoparticles
downstream of urban settlements (Bauerlein et al., 2017). Comple-
mentarily, anthropogenic input of TiOy nanoparticles through waste-
water treatment plants inside and outside the facilities has been reported
in different parts of the world (Westerhoff et al., 2011), as well as their
input through water runoff of rain to different river systems (Boenisch,
2020; Nabi et al., 2021). The quantification and identification of
nanoparticles allow evaluating the long-term effects on ecosystems
exposed to TiOy nanoparticles; This information can help define possible
scenarios after the release of nanoparticles to the environment, consid-
ering bioavailability and transport in aqueous solutions. In Chile it has
been shown that existing wastewater treatment systems do not have
adequate technology to eliminate emerging contaminants (Rozas et al.,
2016). Therefore, it does not guarantee that nanowaste is removed
within the system. Furthermore, there is an information gap due to the
lack of studies on nanopollutants, so there is not enough evidence to
expand current regulations and prevent the degradation of the water
available in Chile for consumption, this being an important issue to
address, especially in through new scenarios due to the effect of climate
change. The Biobio River is one of the main rivers in Chile, it has a
network of rivers that contribute to the drainage basin and has a high
socioeconomic value for the region and the country, providing various
ecosystem services, including water extraction for irrigation in the
agricultural and forestry industry, drinking water supply and hydro-
electricity. energy production, among others (Diaz et al., 2018).
Currently, the Biobio basin supplies drinking water to 1.2 million peo-
ple, who in turn discharge domestic water through the main wastewater
treatment plants, closing the cycle of use and reuse of this resource. This
is why it is important to quantify the life cycle of TiO, nanoparticles,
considering that there is currently no monitoring of the consumption of
the products that contain them, so it is necessary to know the quantities
and ways in which they enter the systems. aquatic after its application.

The objective of this study is to explore the presence of TiO3 nano-
particles in one of the main rivers of Chile, determining the concentra-
tions, morphologies and sizes of these nanoparticles.

Furthermore, the study seeks to evaluate the environmental influ-
ence on the origin of TiO,, differentiating anthropogenic and natural
sources.

2. Material and methods
2.1. Study area and samples collection

Situated in south-central Chile, the Biobio River spans between lat-
itudes 36°42' S and 38°49'S, and longitudes 71° W to 73°20' W, covering
a catchment area of 24,264 km?. At 380 km in length, it stands as one of
Chile’s largest basins. Its hydrological profile is complex, featuring nival
origins in the Alto BioBio region and pluvial contributions in its middle
course, which often result in seasonal flooding, predominantly in the
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winter and spring months (Caro, 2004). Human activities variably
impact the river along its course, exploiting its resources for a range of
purposes. This is set against a backdrop of significant biological pro-
cesses and hydrodynamic shifts that are seasonally driven.

This study examines the influence of human activities on nano-
particle dissemination in the Biobio River, integrating both anthropo-
genic and natural seasonal fluctuations. Sampling was strategically
conducted in line with the distinct climatic seasons of the southern
hemisphere—specifically during the summer, winter, and spring of
2022. The research was carried out at four key locations along the river:
Alto BioBio, Santa Barbara, Hualqui, and Hualpén, chosen to elucidate
the gradient of contamination. Annex A in the supplementary materials
provides a comprehensive overview of the sampling sites, methodolo-
gies, and results, complete with detailed Tables and figures

At each sampling site, 3 surface water samples were collected no
more than 30 cm from the surface in 1 L amber glass bottles in triplicate
and in 10 L HDPE-quality plastic jugs. Before their use, the bottles and
jugs were washed with phosphate-free neutral detergent and then with
10 % hydrochloric acid (Sigma Aldrich, EMSURE® ACS, ISO, Reag. Ph
Eur) for at least 24 h. They were subsequently rinsed three times with
running water and then submerged in ultrapure water (Easy pure,
Centro-EULA, Chile) for 24 h. To dry the glass bottles, they were kept in
a stove at 60 °C for another 24 h. The jugs were dried in open air face
down, avoiding contact with any type of trace contaminants, for 24 h.
During the sampling, before each sample was taken the bottles and jugs
were primed three times with surface water from each sampling point
before the definitive water samples were taken. The bottles with samples
were handled with nitrile gloves to avoid any contamination from
outside the sampling location. The samples were stored in the dark at 4
°C until further analysis.

2.2. ICP and ICP-MS analysis

The methodology for sample preparation and elemental analysis via
ICP-MS and ICP was carried out with precision. Initially, the samples
were subjected to digestion: each was homogenized and placed in Teflon
containers, each with a capacity of 50 mL. To this, 3 mL of Suprapur®
concentrated nitric acid was added. The mixture was then heated until
the volume was reduced to 10 mL. Subsequently, the concentrates were
transferred to 50 mL plastic volumetric flasks, supplemented with an
additional 5 mL of nitric acid, and then diluted to the marked volume
with ultrapure water.

Elemental concentrations of titanium (Ti), with a limit of detection
(LOD) of 0.02 nug L_l, niobium (Nb, LD 0.001 pg L_l) and vanadium (V,
LD 0.085 ug L) were quantified. These analyzes aimed to distinguish
natural titanium dioxide (TiO2) nanoparticles from those of anthropo-
genic origin, following the approach suggested by Nabi (2021). The
determination was carried out using an ICP-MS (Thermo Scientific iCAP
RQ). Additionally, iron (Fe, LD 1 pg L_l), manganese (Mn, LD 1 pg L™H
and aluminum (Al, LD 5 pg L) were incorporated into the study and
evaluated by ICP using an optical emission spectrophotometer (Perkin
Elmer Optima 8000).

Calibration of the analytical instruments was performed using Cer-
tipur TiCly in HCI (1000 + 2.00 g L~! Ti), a vanadium (V) ICP standard
(1000 mg L) and a niobium (Nb) standard (1000 + 5 ug mL™D.Ina
mixture of nitric and hydrofluoric acid). Multielement standards for Fe,
Mn, and Al were used for ICP analysis (Baird & Bridgewater, 2017).

2.3. Nanoparticle detection using TEM and VP-SEM with EDS detector

The methodology for nanoparticle observation and analysis used a
Talos F200 G2 transmission electron microscope (Thermo Scientific)
equipped with a high-resolution CETA 16M CMOS camera. This
configuration, including an in 3D.

Sample preparation involved triplicate transfers to 50 mL Falcon
tubes, followed by a 10 min sonication period. This was followed by a
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tiered centrifugation protocol: 500 rpm for 4 min, 3500 rpm for 5 min
and finally 5000 rpm for 30 min, with meticulous pipetting of the sample
after each step, as recommended by Phillipe et al. (2022). Samples were
then mounted on Formvar/carbon coated TEM 200 mesh copper grids
and dried at 60 °C, 10 uL drops were concentrated onto the grid as many
times as necessary to ensure a smooth and homogeneous grid surface.
low magnification.

The comparative analysis used a titanium (IV) oxide standard
(mixture of rutile and anatase, particle size < 100 nm) prepared at 10 pg
L~! for TEM observation, following the same procedures applied to the
water samples.

Additional observations were made using a Zeiss EVO MA10 variable
pressure scanning electron microscope (VP-SEM) with an Oxford x-act
EDS detector, where AZtec 6.0 SP1 software facilitated data analysis.
Samples were coated with carbon to a thickness of 10 nm and spot
spectra were acquired using automated settings over a period of 6 min.

For nanoparticle dimension analysis, ImageJ version 1.54c, a Java-
based open source imaging software, was used.

2.4. Statistical analyses

The Shapiro-Wilk test was applied to assess the normality of the data
distribution of each recorded variable. In addition, Kruskal-Wallis was
used to determine the existence of statistically significant differences in
the recorded variables according to the “Location” and “Season” factors.
Finally, an analysis of variance (ANOVA) was carried out to determine
the existence of statistically significant differences in the recorded var-
iables according to the “Location” and “Season” factors. The program
used was Statistical analysis was conducted using R Studio version 4.3.1.

3. Results and discussion

In the four sampling points studied, a clear similarity was evident
according to their physicochemical characteristics and seasonal varia-
tions (summer, winter and spring) in the Alto Biobio and Santa Barbara
sites located in the upper middle zone of the river, according to the
recorded field data. The same similarity is observed in the Hualqui and
Hualpén sampling points located in the lower part of the river. However,
these last two points differ from the two points mentioned above. These
differences stand out even more when the factor of the gradient of urban
activity is considered, since as one advances along the course of the
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river, urban settlements increase and with it the discharges from the
treatment plant into the river (Vera et al., 2013). Therefore, the Hualqui
and Hualpén sampling sites are the ones with the greatest urban influ-
ence because the main wastewater treatment plants are located, and
according to the information provided by the Superintendence of the
Environment (2019), they treat the domestic waters of more than 559,
908 inhabitants (To view the map and location of the sampling points,
see Fig. 1 of Annex A in supplementary material).

In Fig. 1 (dendrogram), the previously mentioned observations are
visually depicted. A sizable cluster encompasses all the assessed local-
ities along the Biobio River, emphasizing the notable similarity between
the localities of Alto Biobio and Santa Barbara across multiple stations.
Within the second group, comprising the towns of Hualqui and Hualpén,
a substantial divergence is evident during winter compared to the rest of
the localities.

The dendrogram clearly illustrates the subdivision of the four sam-
pling points based on their chemical and physical characteristics into
two distinct groups. The upper-middle course is characterized by the
grouping of Alto Biobio and Santa Barbara, while the lower course of the
Biobio River accommodates the points of Hualqui and Hualpén.

3.1. ICP-MS analyses

The ICP-MS analyzes of the water samples showed the presence of
total Ti in all sites in concentrations of the order of ug L™}, with higher
concentrations found in Alto Biobio in summer 24.6 pg L1, Hualqui in
winter 39.5 pg L™ and Hualpén in spring 22.9 ug L' (Fig. 2). The
analysis carried out for total Ti, Al, Fe, V, Nb and Mn, in surface waters,
shows the existing profile in the sampling areas, with the predominant
presence of Fe and Al and, to a lesser extent, Mn, while for Nb and V
values were below the detection limit. It is important to describe the
concentration of the elements mentioned above to contrast with Ti and
thus be able to establish the possible origins of TiO2 present in the
surface water (Vidmar et al., 2022).

Fig. 2 illustrates the fluctuation in total Ti concentrations (left Y-axis)
along the river in correlation with measured flow (right Y-axis), during
summer, winter, and spring. The summer data reveal a gradual increase
in Ti concentrations from Santa Barbara to Hualpén, this coincides with
the decrease in flow in this period of the year, evidencing the concen-
trations of solutes in the river. However, surprisingly, in Alto Biobio,
characterized by minimal human interference, in the same season the
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Fig. 1. Similarity analysis (dendrogram) based on untransformed data matrix of variables recorded in surface water at different locations along the course of the

Biobio River in different seasons.
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Fig. 2. Total Ti results obtained via ICP-MS by campaign in the Biobio River and flows at the different sampling points; from left to right: Alto Biobio, Santa Barbara,
Hualqui, Hualpén. The standard error bar represents the analysis of three samples taken at the same sampling point in each season.

highest concentration was recorded with 24.6 ug L.

This unexpected result may be attributed to the influence of Ti
concentration resulting from ice melting on the mountain. With a river
flow of 135 m® 57}, the lowest among all points measured, the Ti peak
could be linked to atmospheric transport of nanoparticles from urban
areas. These particles may condense and encapsulate in the coldest
mountain points during winter, subsequently releasing between spring
and summer.

This hypothesis finds support in the research of Azimzada et al.
(2020), which highlights climatological influences, particularly in cold
climates, on the transport of TiO, nanoparticles (Azimzada et al., 2020).
On the other hand, it should be noted that in Andean areas at the
sampled points, the type of soil through which the river passes contains
Ti minerals in nature, highlighting magnetite-ulvospinel (Fe;TiO4) and
ilmenite-Hematite (FeTiO3).

According to a report from the National Geological Service of Chile
in 2003, the soil formations present in the basin influence the compo-
sition of the water that flows over the territory. The upper part, where
the river originates, is composed of sedimentary volcanic rocks, sand-
stones, paraconglomerates, andesitic and dacitic lavas and in-
tercalations of ignimbrites, limonites and limestones. The soils are
mainly composed of OM2c, KT2 and PPI3 and according to these
geological codes (see Fig. B in supplementary materials) these have high
Fe contents and formation of Fe oxides, explaining the high concentra-
tions of Fe found in surface waters, these soils being the main soils that
They naturally present Fe-Ti interactions (Henriquez, 1978). Further-
more, according to reports from the General Directorate of Water of
Chile (DGA, 2022), in this area of the upper middle course the flow is
much lower than at the mouth of the river (Fig. 1); Therefore, there is an
effect of the concentration of Ti in the area. According to this effect and
considering the effects of evaporation in summer, it would be interesting
in a future study to sample Andean lakes to analyze the possibility of
nanoparticles arriving through atmospheric transport. In the midstream
Santa Barbara region, analysis of variance of Ti, Al, and Fe concentra-
tions (Fig. 4) demonstrated minimal seasonal fluctuation, with Ti levels
remarkably consistent, ranging only between 10 and 12 pg L7!
throughout the year. This stability likely reflects river flow dynamics

and local soil composition, suggesting that the Santa Barbara site can
serve as a reference point for establishing natural background levels
against which contamination can be measured. Therefore, future studies
should consider incorporating an upstream sampling location to differ-
entiate between baseline Ti contributions from the Alto Biobio region
and potential nanoparticle contaminants arising from urban activities in
Santa Barbara. The third sampling site is located in Hualqui, located in
the lower part of the river basin. At this sampling point, the highest Ti
concentration is found in winter (39.5 pg L™!) compared to the other
sampling points sampling. This is not unexpected, since upstream of
Hualqui is the confluence of another important river in the hydrographic
basin that contributes to the main course of the Biobio River. This has a
spring with soil formation characteristics similar to the Biobio River, it
rises in a lake located in the middle of volcanic sequences where other
studies reported the existence of TiO5 concentrations (Vera et al., 2013).
Another important factor to consider is that this tributary river also
receives interactions from large cities located in the middle course of the
region and that could enhance the contributions of Ti (Albornoz Tapia,
2019). Therefore, the Ti peak observed at the Hualqui sampling point is
not surprising, especially in winter due to precipitation that contributed
to an increase in the flow of the Laja River of around 700 mm year ! in
2022 (DGA, 2022), which could drag these particles towards the Hual-
qui area.

At the last sampling point, few of the Ti contributions observed could
be of natural origin, since the soil in the area is of type CPg and Q1,
formed by conglomerates, breccias, sandstones, shales and limestones
that interact with contributions of Ca and Si, not related to basaltic soils
linked to oxide minerals that affect natural Ti contributions; Therefore,
the Ti concentrations observed in Hualpén in summer (17.6 ug L),
winter (22.3 pg L) and spring (22.3 pg L™!) are mostly of anthropo-
genic origin.

The mixed behavior of the sampled river, with increases in flow in
spring and winter, makes it difficult to establish a relationship between
anthropogenic and natural contributions of Ti. The use of Fe and Al for
the normalization of Ti allows us to date the natural and anthropogenic
contributions of Ti (Fig. 3) in summer, winter and spring. When con-
trasting this information with spatial analysis (Fig. 4) of the
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Fig. 3. Ti/Al element ratio in grayscale and Ti/Fe in red scale; variations by season and sampling point are shown.

concentrations of Ti, Al, Fe and Mn, a marked trend of lower variability
is observed in the upper course of the Biobio River compared to the
lower course, where the Hualqui points are located and Hualpén.
Additionally, an increase in the concentration of Al and Fe was observed
along the course of the river to the lower part. On the other hand, for Ti,
in Hualpén an increase in concentration is observed as time passes
during 2022. This information reveals and confirms a greater influence
of anthropogenic contributions that are enhanced by temperature gra-
dients in different areas. sampled. The temperature contrast in the lower
part of the river is between 0.3 and 5 °C greater than in the upper course,
which causes greater evaporation of water. Furthermore, increasing
drought conditions have been recorded in the area in recent years,
decreasing the amount of water available and at the same time
concentrating solutes in the river (Yevenes et al., 2018). Such conse-
quences of climate change are among the important reasons. Regulate
and control emissions of micropollutants that enter aquatic systems with
characteristics similar to the Biobio River.

In a future study it would be important to complement this research
with isotopic analyzes of the elements Ti, Al and Fe to more precisely
trace their origins. For their part, these results coincide with studies on
contributions from soils and rivers carried out in other parts of the
world, in which it has been estimated that the proportion of TiO2 in
minerals is approximately 0.25-0.95 % of the total, a very low figure.
percentage (Greber et al., 2021). Despite the difficulty in interpreting
the origin of the TiO, nanoparticles, these data allow inferences to be
made about the sampling points that are important to consider to
construct an adequate mineralogical baseline and to be able to trace the
origins of the dual-origin nanoparticles that enter the rivers. with
characteristics similar to those of the Biobio River.

Another tracer of the anthropogenic origin of TiO2 nanoparticles is
Mn. This is related to TiO, nanoparticles, since it is used in the doping of
synthetic anatase and rutile structures (Sukhdev et al., 2020), for energy
harvesting and storage products (Latif et al., 2022), dyes and disposal in
the paper industry (Mohamed et al., 2007). The results obtained by the
ICP-MS show that for the points of Alto Biobio and Santa Barbara where
Ti is strongly related to natural sources, since the Mn quantified for those
points is below the detection limit in the summer months and winter,
which would corroborate that the nanoparticles present are not related
to an anthropogenic origin, however in the same sampling seasons, in

the sites of the lower course of the river, concentrations between
12.3-19.6 pg L™! could be detected. 1 of Mn marking the existence of
statistically significant differences between sampling stations deter-
mined by the Kruskal-Wallis test (see Table in annex c), in addition the
concentrations of Mn present statistically significant positive relation-
ships with conductivity.

According to field observations, between the Santa Barbara and
Hualqui points, the activity in areas near the river is industrial, with pulp
plants and the active construction (2023) of a series of wind farms in
areas that directly impact the Biobio River and its tributary rivers. These
industrial activities could explain the increase of Ti in water samples.

In the principal components graph (Fig. 5), Axis PC1 reflects 80.22 %
of the total variance, explained by the variability of the concentrations
of Fe and Al, which according to the ordination analysis appear to be
different between localities in the upper middle zone and the lower zone
of the Biobio River. Furthermore, the variance captured by the PC2 axis
(16.52 %) reflects the variability in conductivity values in Hualqui and
Hualpén between different stations. This could be a consequence of the
concentrations of solutes in the lower area of the river, where there is
also estuarine influence, since the Hualpén sampling point is located
almost at the mouth of the Biobio River.

In this sense, soils can represent a source of nanoparticles for the
surface water of the Biobio River. For example, in agriculture, Fe
nanoparticles are used to increase nutrient absorption and germination
(Santas-Miguel et al., 2023). Consequently, the application of nano-
agrochemicals could increase their content in the soil and crops (Rajput
et al., 2021). According to the CONAF Territorial Information System,
Hualqui covers an area of 2,694 hectares of agricultural land (Corpo-
racion Nacional Forestal, 2020). This site could represent a seasonal
source of nanoparticles transported by runoff with winter precipitation,
which could end up into river watersin Hualpén.

3.2. TEM analysis

To analyze the TiO, nanoparticles through TEM in the surface water
samples, the shapes and sizes of the standard of Titannium (IV) oxide
nanoparticles, mixture of rutile and anatase at 10 pg L' in MilliQ water
were compared (Fig. 6 A and B). The first observation in the prepared
standards is the agglomerates of different defined shapes found in the
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Fig. 4. Spatial variation of the most representative variables recorded in surface water along the course of the Biobio River. The locations are presented by decreasing

elevation from left to right. Center lines in the boxes represent mean values.

standards, ranging from sizes < 100 nm as individual nanoparticles to >
100 nm in agglomerates. Despite these observations, it is possible to
identify the forms of anatase (Fig. 6-A) and it is more difficult to identify
Rutile (Fig. 6-B) according to the Bravais lattices (ladonisi et al., 2014;
Sengupta & Sarkar, 2015).

Regarding surface water samples, nanoparticle structures were found
less frequently in the Alto Biobio; However, those that were observed
were cubic (Fig. 6-C) and oval (Fig. 6-D) in shape, with sizes in the range
between approx. 120-230 nm. These structures are associated with the
organic matter of the samples, which is expected since TiO5 nano-
particles of natural origin tend to be hydrophobic and have a greater
affinity for this matter, unlike manufactured TiO, nanoparticles that

have a wide coating variability. which can be hydrophilic or hydro-
phobic (Campos et al., 2022).

At the Santa Barbara sampling point it was more common to find
defined structures of TiO, nanoparticles in nanometric sizes < 100 nm.
The observed nanoparticles were in individual states with tetragonal
shapes characteristic of Anatase with one side with a size of 46 nm
(Fig. 6-E) and tetragonal agglomerates characteristic of Rutile (Fig. 6-F).
These shapes are consistent with TiO, nanoparticle structures synthe-
sized using Pechini methods (Hajizadeh-Oghaz, 2019; Vargas Urbano
et al., 2011). According to field observations, the sampling site was
influenced by camping activities, so the presence of the observed
nanoparticles is a consequence of this activity, identifying Santa Barbara
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Fig. 5. Principal component analysis (PCA) based on variables recorded in surface water at different locations along the course of the Biobio River in different

seasons, represented by different colors.

as the first point in this study where the entry of TiO3 nanoparticles from
recreational activities on the river.

At the Hualqui sampling point (Fig. 6-G,H,I and J) nanoparticle
structures were observed more frequently than in Alto Biobio and Santa
Barbara, observing different types of structures that coincide with some
observed at the previous points. Fig. 6-D and J show shapes and sizes
that agree with those observed in the Alto Biobio, with a size of
approximately 229 nm (Fig. 6-D) and 259 nm (Fig. 6-J), while Fig. 6 G
and H, and show similarity to the homoagglomerate observed at the
Santa Barbara sampling point (Fig. 6-F), with a size of < 100 nm each.
However, in Hualqui heteroagglomerated forms are observed, as seen in
Fig. 6 G and I, where the nanoparticles are superimposed in different
ways, which can be explained because at this point there is an increase in
conductivity due to the concentration of solutes in the area, along with
an increase in pH that promotes heteroagglomeration of nanoparticles
(Labille et al., 2015). It is important to describe this, since these con-
ditions promote the interaction of nanoparticles with other components
in the environment, such as organic matter (Fig. 6-H), heavy metals,
emerging contaminants and any other compounds present in surface
water, increasing the probability of ecological risks. as the negative ef-
fects of settleable colloidal nanoparticles increase (Morelli et al., 2018),
causing interaction with substrate-removing species that forage or bury
themselves in the sediment (Bhagat et al., 2020).

This mixture of structures found in Hualqui is consistent with the
increase in total Ti concentrations found at this sampling point, showing
the coexistence of TiO, nanoparticles of natural and anthropogenic

origin. Although TEM and ICP-MS analyzes are not sufficient to distin-
guish between the two origins (Philippe et al., 2018), it is possible to
demonstrate their existence at sizes < 100 nm and larger.

Regarding the last stretch of the river, at the Hualpén sampling point,
nanoparticle structures were observed more frequently, especially in
summer and spring. The observed nanoparticle structures are well
defined and have sizes between 50-200 nm. In this area there is a direct
discharge from a wastewater treatment plant, which provides tangible
evidence that the synthetic nanoparticles contained in everyday prod-
ucts are not retained during domestic water purification processes, and
enter aquatic ecosystems without any filter type. Fig. 6-K, L, M and N
show nanoparticles with very defined tetragonal and octahedral shapes,
with a length range of approximately 85-120 nm. These structures can
be clearly seen in the anatase and rutile phases. Rhombohedral shapes
characteristic of the brookite TiO, phase are also seen (Fig. 6-K and N).
The anatase octahedrite structures are slightly larger than those of rutile
and share structural similarities, as stated by Akakuro (2020). If we
compare the frequency of nanoparticle sightings at this sampling point
with the total Ti concentration determined (Fig. 2), it can be concluded
that the concentration of TiO, nanoparticles at this point is approxi-
mately 17.6-22.9 pg L™! between summer and spring. Furthermore,
fewer agglomerates of nanoparticles and more defined structures are
observed than the colloids observed in the Alto Biobio (Fig. 6-D).

To finish verifying the existence of the TiO, nanoparticles observed,
SEM-DLS analysis was carried out on the surface water samples. These
analyzes confirmed the Ti content in them, in quantities between 4.84 %
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Fig. 6. Transmission electron microscope (TEM) analysis of standard of Titannium (IV) oxide nanoparticles, mixture of rutile and anatase (MKCR1332) and of
surface water samples at each sampling point: A and B: anatase and rutile standards at concentrations of 10 pg L ™! and size < 100 nm; C and D: Alto Biobio samples; E
and F: Santa Barbara samples; G, H, I, and J: Hualqui samples; K, L, M, and N: Hualpén samples.
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and 20.35 % of the dry weight. The brightest crystals were analyzed first
and then the bottom of the sample, always finding the element present.
Element mapping revealed a uniform presence of Ti in all samples
indicating crystalline nature.

For the Hualpén sample, in Fig. 7-A, a cloud with bright spots is
observed that indicates the presence of metals, similar to those observed
in TEM when zooming in on the samples to reach nanometric scales, the
spectrum scanned over the particles indicates the high Ti content pre-
sent in the sample, as well as the presence of Fe and Al but to a lesser
extent in the scanned point, these results agree with the ICP-MS analyzes
where these same elements were observed predominantly, however at
Through SEM-DLS it is possible to observe the nanoparticles present in
the sample in a more localized way, so it can be discriminated when Ti
predominates and confirm that the nanoparticles observed in TEM are Ti

nanoparticles of anthropogenic origin.

According to the different sizes of TiO3 nanoparticles observed in the
water samples, it is important to note that we are in the presence of a
potential environmental risk, a situation that can be extrapolated to
countries demographically and geomorphologically similar to those
seen in this research. Authors have described that size is crucial to
determine whether synthetic nanoparticles have ecotoxicological ef-
fects; establishing that the size of 100 nm is considered a threshold to
establish different levels of toxicity (Banerjee & Roychoudhury, 2019),
because lengths less than 100 nm correspond to highly dangerous
nanoparticles, since they can enter cells without any difficulty (Mid-
depogu et al., 2018). On the other hand, nanoparticles between 100 and
200 nm have surface interactions with cells and can affect or limit
cellular functions, thus causing malfunctions in their biochemical
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Fig. 7. Scanning electron microscope analysis with DLS element detector of Hualpén surface water. A: nanoparticle images obtained via SEM; B, spectrum that

confirms the existence of elemental Ti.

processes (Perreault et al., 2012). Finally, nanoparticles with a size >
200 nm can aggregate or agglomerate, interacting with the same par-
ticle. According to what was mentioned above, in this study it was
possible to identify all the size ranges that are potential environmental
risk (see Table in annex D in complementary materials), taking a sense of
urgency to establish baselines to establish the contributions of elements
to surface water through of erosion or other natural processes to
determine the concentration of possible xenobiotics that violate the
stability of ecosystems through the ecotoxicological impacts of nano-
particles of anthropogenic origin.

4. Conclusion

Research on the presence and distribution of TiO, nanoparticles
within the Biobio River has yielded definitive results. In the four stra-
tegically chosen sampling locations, our study has determined that the
concentrations of TiO, nanoparticles varied significantly with season-
ality, recording concentrations that ranged between 17.6 pg L' and
39.5 pg L1 These findings indicate a complex interaction between
anthropogenic influences and natural river dynamics.

Using advanced TEM and VP-SEM analyses, we have observed a
variety of nanoparticle shapes and sizes, demonstrating the diverse na-
ture of TiOy nanoparticles in this river system. Our results have shown
that nanoparticles found in river surface waters span sizes from 10 to
206 nm, and a significant proportion exist in the form of rutile and
anatase.

Through precise ICP-MS and ICP measurements, we have quantified
not only Ti but also associated trace elements such as Fe, Mn, and Al,
further elucidating the physicochemical profile of the water samples.
This comprehensive analytical approach has revealed a marked trend in
the distribution and concentration of TiO, nanoparticles, suggesting
possible sources and transport mechanisms.

The evidence suggests that TiO, nanoparticles are present along the
river, regardless of proximity to urban activities, however an increase in
concentrations is observed downstream of urban settlements, particu-
larly defined structures corresponding to synthetic nanoparticles during
the seasons. winter and spring. These findings highlight the river’s role
as a sink for TiO, nanoparticles, with possible implications for the
ecology and human health of the basin.

This study provides a significant contribution to our understanding
of nanodebris in aquatic environments, demonstrating the widespread
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distribution of TiO2 nanoparticles in the Biobio River and establishing a
clear seasonal pattern in their appearance. This research lays the foun-
dation for future studies aimed at unraveling the complex fate and
transport mechanisms of nanoparticles in aquatic ecosystems.
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