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The need to quantify engineered nanoparticles (ENPs) in the environment is due to
the increasing incorporation of these particles in the daily products, which threatens
human health and can possibly impact natural systems. Ceria NPs (CeO»NPs) and
titanium dioxide NPs (TiOoNPs) are two of the most used ENPs in the world. In this
study their occurrence was determined in river waters with accurate and relevant
techniques such as single particle ICP-MS (spICPMS). In the Loire River (France), the
variation of both CeO»NPs and TiOoNPs could be assessed locally, with an increase
of the concentrations near a wastewater treatment plant (WWTP) outlet as well as in a
lake connected to the river and dedicated to outdoor activities. In the upstream river
water, supposedly less impacted by NPs, 6.4 + 1.2 x 10* part mL~"! Ce-bearing
and 13.4 £+ 1.8 x 10% part mL~" Ti-bearing particles were measured. These values
increased to 33.9 + 3.4 x 10% part mL~" Ce-bearing and 80.3 + 3.4 x 10* part mL~"
Ti-bearing particles near the WWTP outlet. Equivalent size for sphere distributions
ranged from 24 nm to 70 nm for CeO» and from 80 nm to 500 nm for TiO, in
the river water. In the lake, a raise of the concentrations has been observed with
38.3 +2.0 x 10* part mL~" and 71.6 &+ 2.1 x 10* part mL~" containing Ce and Ti,
respectively, with similar size distributions. FEG-SEM imaging confirms the occurrence
of Ce- and Ti-bearing particles in the water samples. On the contrary, NPs seem to
undergo strong heteroaggregation in the Loire river water. The Ce/La elemental ratios
does not evolve from upstream to downstream the WWTP outlet, suggesting that a
natural origin cannot be excluded to explain the increase observed in NPs number
concentration. On the contrary, the Ce/La ratio increases in the outdoor activities
center, which suggests the contribution of NPs potentially related to the cars parked
nearby. Besides, elemental ratios Ti/V and Ti/Y have been assessed to highlight an
anthropogenic source of Ti in both sampling sites, possibly to the sunscreens used
during the summer.
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INTRODUCTION

Engineered nanoparticles (ENPs) are of great importance thanks
to their small size which gives them specific properties, especially
valuable in different areas such as medicine (Zhang et al., 2008),
biology (De et al., 2008), or industry (Piccinno et al., 2012). Ceria
(CeO,NPs) and titanium dioxide NPs (TiO,NPs) are among the
most used NPs in the world (Keller and Lazareva, 2014, Hochella
et al,, 2019). CeO,NPs are mostly selected for their high oxygen
storage capacity (Zhang et al., 2011), their ability to absorb UV
(Lima et al., 2009) and their low redox potential (Ce?t/Ce*t; Van
Hoecke et al.,, 2009). They have several applications, especially
in the automobile industry as a diesel fuel additive and as
part of catalytic converters. Because of their anti-inflammatory
properties (Hirst et al., 2009), these ENPs are also useful in
medicine. Regarding TiO,NPs, their UV blocking properties and
their white color make them very interesting to be incorporated
in daily products such as sunscreens, toothpaste, food (as an
additive) and paints (Weir et al., 2012). In addition, TiO,NPs are
usually coated with a protective layer of alumina or silica. This
layer is used to complex hydroxyl radicals (Serpone et al., 2007)
and superoxide anion radicals (Virkutyte et al., 2012) produced
by TiO,NPs, which are harmful for human health. It is also
known to decrease the photocatalytic activity of TiO,NPs. In
addition, TiO,NPs constitute the largest release of nanomaterials
into the environment (water, air and soil; Sun et al., 2016).
The increasing use of ENPs, notably by their incorporation
in daily products, raises questions about their release into the
environment (Keller and Lazareva, 2014), about their fate and
behavior in such complex media (Nowack and Bucheli, 2007;
Wagner et al., 2014; Lead et al,, 2018), but also about their
toxicity (Navarro et al., 2008; Kahru and Dubourguier, 2010).
The mobility of NPs (Cary et al,, 2015) is difficult to assess,
especially as modeled concentrations have been estimated at
ng L7! to ug L= (Gottschalk et al., 2013; Nowack et al., 2015).
In addition, the very low concentrations make ENPs difficult
to be quantified among natural NPs geochemical background.
That is why the use of trustworthy analytical tools allowing the
detection and quantification of ENPs in the environment, at
relevant concentrations, is required.

Single  particle  Inductively  Coupled  Plasma-Mass
Spectrometry (spICPMS) is an innovative technique that
can determine particle size distribution and particle number
concentration. In the early 2000s, this method was firstly applied
to colloids (Degueldre and Favarger, 2003, 2004; Degueldre et al.,
2004, 2006a,b) and more recently to ENPs (Laborda et al.,, 2011;
Mitrano et al.,, 2012). Lately, a study underlined that spICPMS
presented limitations in terms of minimum size detection (Lee
et al., 2014). Few applications of spICPMS in environmental
matrix have been assessed, especially in aquatic media. Most
studies are about silver ENPs detected (Mitrano et al., 2012;
Tuoriniemi et al., 2012; Wang et al., 2020) or spiked (Telgmann
et al., 2014) in wastewater samples (Polesel et al., 2018) and
in natural waters (Mitrano et al., 2014; Yang et al., 2016). One
study deals with the detection of ZnONPs in water by using
both a binding resin and spICPMS (Hadioui et al., 2015). The
fate of several ENPs was also studied during the drinking water

treatment process, showing that ENPs were detected and quickly
removed after the first water treatment step (Donovan et al.,
2016a,b). To our knowledge, the studies conducted by Gondikas
et al. (2014) revealing the release of TiO,NPs from sunscreens in
the Old Danube Lake during 1 year of sampling, in the Meuse
and Ijssel rivers (Peters et al., 2018) and the one conducted by
Reed et al. (2017), revealing elevated Ti-containing particles
during bathing hours in a stream used for recreation are the only
ones applying the spICPMS technique for TiO,NPs evidences in
a natural matrix at relevant environmental concentrations. While
this study efficiently assessed the temporal variation of TiO,NPs
concentration at one single point, no spatial investigation of the
ENPs dynamics was performed.

The aim of the present study was to assess the occurrence
of NPs potentially resulting from anthropogenic activities in
a complex environmental system, the Loire River. Particularly,
some potential ENPs inflows were investigated: a direct water
release considering sunscreen use in a recreational area (TiO,NPs
for instance), an indirect airborne contamination involving fuel
burning (automobile use with CeO,NPs), and NPs released
from a wastewater treatment plant (WWTP). The occurrence
of TiO,NPs and CeO,NPs at different locations in the Loire
River watershed were determined with two powerful analytical
tools: spICPMS and FEG-SEM imaging, specifically dedicated
to the NPs detection in complex environmental matrices. These
tools were combined with a geochemical approach involving
the use of elemental ratios for the determination of the NPs
origins and sources.

MATERIALS AND METHODS
Field Settings

The site study is located around the city of Orléans (France),
along the Loire Rive which is 1,012 km long and is one of the
largest river in Europe. Indeed, the Loire River drains an area of
117,000 km? (Camenen et al., 2016) and constitutes one of the
major input of water discharge in the Atlantic Ocean with 26 km?
per year (Figueres et al., 1985; Grosbois et al., 2000). The Loire
River basin (20% of France territory) can be divided into three
smaller basins: the Upper Loire, the Middle Loire, and the Lower
Loire which correspond to 18, 24, and 65% of the basin area,
respectively (Minaudo et al., 2015). In its upper basin, the Loire
River drains old plutonic and volcanic rocks such as granites,
gneisses, and mica schists (Grosbois et al., 2000; Dhivert et al.,
2015), whereas in its middle basin, where Orleans is seated, 200 to
6 million years old carbonate deposits from Paris basin dominate
(Négrel et al., 2000). For this study, seven sampling sites were
chosen from upstream to downstream the Orléans city (Figure 1).

The sampling campaign took place during two sunny days
of September 2014: 15th and 16th, where the water level was
low. A first sampling site, called LS1, has been chosen upstream
from Orléans city, at Jargeau city. Given its location, this site
was postulated to be the one the least affected by anthropogenic
activities of Orléans. In Orleans city, LS2 site is located before the
WWTP outlet where two sampling points were selected (LS3 and
LS4). At the downstream of these points, water sample has been
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FIGURE 1 | Loire River sampling sites from LS1 (in Jargeau city) to LS7, in Orleans city.

taken up on LS5, at the very end of the Orleans city. LS6 and LS7
are located close to an outdoor activities center where people can
swim into a lake which water has underground connections with
the Loire River.

Water Chemistry

On site measurements on surface waters were performed
including pH, dissolved oxygen, conductivity, and temperature.
Water samples were filtered through 0.22 pm acetate cellulose
syringe filters and stored in Falcon tubes (PP). An aliquot of
the water sample was acidified with distilled 16N HNO3 for
dissolved trace and major cations analysis. Another one was
kept unacidified for the anions and the alkalinity analyses.
Concentrations of major anions and cations were determined
by ionic chromatography (Thermo Fisher Scientific ICS 1100)
and Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES, Thermo Fisher Scientific iCAP 6200), respectively.
Alkalinity was measured by automatic titration with 1072 mol
L~! HCI with a Titrando 809 from Metrohm. Moreover, Loire
River water was also filtered through 0.7 pm glass microfiber
filters to measure the non-purgeable organic carbon (NPOC)
in the filtrate after acidification with 85% H3POy, using a
Shimadzu Total Organic Carbon Analyzer (TOC V CSH). For

each sampling site, around one liter of Loire surface water (bulk
water) was collected in view of spICPMS analysis. Suspended
matters were also collected on 0.2 pm polyethersulfone filters,
picked up, and freeze-dried prior to FEG-SEM analyses. Total
concentrations in bulk water samples of Al, Sc, Ti, V, Cr, Mn,
Fe, Co, Cu, Zn, Sr, Y, Ag, Cd, and Pb as well as REE except
Pm) in water were obtained by performing evaporation of the
bulk water followed by acid digestion with distilled 27N HF/16N
HNOs at 1:1 ratio at 95°C overnight. Samples were then diluted
with 2% HNO3 before ICP-AES and ICP-MS analyses. Total and
dissolved trace element concentrations were measured with a
High Resolution-ICP-MS (Thermo Fisher Scientific ELEMENT
II). If the measured concentrations were too high (especially, in
total fractions, superior to 10 ppb), samples were analyzed by
ICP-AES (Thermo Fisher Scientific iCAP 6200).

Single Particle ICP-MS (spICPMS)

A High Resolution Thermo Fisher Scientific ELEMENT II
ICP-MS was used in single counting mode for spICPMS
measurements. The number of measurements was fixed at 10,000
data with a dwell time of 1 ms and a settling time of 1 ms. Besides,
the flow rate was measured manually in triplicate, during the
analysis day, at 0.2 mL min~!. Calibration curves were made in
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the same matrix as the samples: the sample LS1 was ultrafiltered at
500 Da then used for dilution (from 50 to 1,000 ppt) of gold (Au),
cerium (Ce) and titanium (Ti) SCP Science with 10 ppm stock
solutions. Furthermore, using the second method called “particle
size” and described by Pace et al. (2011), 5 ppt of gold NPs
with a 15 nm size (BBInternational) were used to determine the
transport efficiency (12% in low resolution and 6.4% in medium
resolution). 14°Ce and 4’Ti were measured in low and medium
resolutions, respectively. spICPMS technique requires diluted
samples to have single particle events. Similarly to standards, each
bulk water samples as well as AuNPs suspension were diluted
with LS1 500 Da ultrafiltered water, with the objective to disturb
as less as possible the chemical equilibriums of samples while
diluting as well as to eliminate any matrix effect. Ultrafiltered
LS1 sample also served as a blank during analyses. Several
dilutions were assessed (2, 5, 10, 100, and 1,000), and the 5-fold
dilution was chosen as the best compromise between a minimum
number of particles and an accurate peak resolution. Samples
were measured in triplicate (3 times 10000 data) which allows
calculating averages and standard deviations.

Data treatment procedure was provided by Colorado School
of Mines coming from Pace et al. (2011) and could be sum
up as following: at first, count intensities were classified as a
function of their frequency. The lowest intensities represented the
dissolved ions and higher intensities accounted for NPs. Different
methods exist to determine the threshold between dissolved and
NPs such as iterative algorithms with 30 (Mitrano et al., 2012) or
50 (Tuoriniemi et al., 2012), a K-mean clustering algorithm (Bi
et al.,, 2014), a deconvolution method (Cornelis and Hassellov,
2014), or simply by using the first minimum as the limit between
dissolved and NPs (Mitrano et al,, 2014). In our study, the
threshold between dissolved and NPs species was determined
experimentally by measuring LS1 500 Da ultrafiltered water in
single counting mode. LS1 water sample was chosen as the least
impacted with NPs. Actually, below this threshold, all measured
species are considered in a non-particulate form referred here as a
“true dissolved state.” Then, the frequency versus count intensity
of LS1 500 Da ultrafiltered water was simultaneously drawn with
the unknown sample to determine the cut-off between dissolved
and NPs. Consequently, if the distribution for the dissolved ions
can be measured and drawn, the threshold between dissolved and
NPs can be determined, experimentally.

In spICPMS, the detection limit in size depends on several
factors such as the instrument sensitivity or the background noise
level. Indeed, a chart proposed by Lee et al. (2014) summarizes the
detection size limit for 40 elements including Ce and Ti where the
minimum size for 4°Ce is around 10 nm, and for *°Ti, around
80 nm. Among the several approaches tested by Tharaud et al.
(2017) to reduce the Ca interference while measuring TiO; in
solutions, we decided to use with a High-Resolution ICPMS).
Furthermore, in the Loire River, a high concentration of calcium
was measured (~600 nmol L™!) and this element has an isobaric
interference with *3Ti, the most abundant isotope of titanium
(73.8%). Hence, the third most abundant isotope 47T} was chosen
(7.3%) as suggested by Gondikas et al. (2014) who faced the same
issue. This has a direct consequence on the smallest detected size
which will be high for Ti (>80 nm).

FEG-SEM

A TESCAN MIRA 3 XMU Field Emission Gun - Scanning
Electron Microscopy (FEG-SEM) was used for imaging particles
collected on 0.2 pm filters using a secondary electron detector
(Everhart-Thornley detector) and a YAG-doped scintillator
backscattered electrons detector (Autrata type detector). Only
pictures obtained with the backscattered electrons detector are
shown in this study, as this detector highlights the compounds
with an important averaged atomic number. Elemental analyses
were performed by Energy Dispersive X-ray Spectroscopy (EDS)
on the targeted particles in samples using an EDAX team system
[ApolloXPP silicon drift detector (SDD)]. Samples were prepared
as followed: freeze-dried suspended matters were dispersed in
absolute ethanol, and ultrasonicated in a bath during 10 min.
Samples were dispersed onto aluminum stubs and dried at 45°C
in an oven for approximately 4 h. Afterward, samples were
cleaned with an argon plasma cleaner (GAMBETTI Colibri) to
remove traces of impurities. Then, samples were coated with
a 1.5 nm layer of platinium-paladium using a CRESSINGTON
208HR sputter coater prior to SEM-EDS analyses. In each sample,
between 5 and 10 particles containing the NPs of interest (Ti-
or Ce-containing NPs) were identified by this technique, among
over approximately 40 particles scanned per sample.

RESULTS

Evolution of the Water Chemistry Around
Orleans City

Along the Loire River, the pH value remained relatively constant
(8.07 £ 0.22), with a light increase in LS3 and LS4 (8.24)
close to the WWTP outlet, with respect to LS1 measurement
(7.71; Supplementary Table S1) whereas dissolved O, (8.82 mg
L™1), alkalinity (2.83 meq L™!) and the NPOC concentration
(4.43 4 0.08 mg L™ !) remain constant. Besides, the conductivity
was lower at LS3 (230 uS cm ™) than at LS1 (248 uS cm™1). Close
to the outdoor activities center, in the lake connected to the Loire
River (LS6 and LS7 sites), the chemical composition of the water
presented significant contrasts with respect to the Loire River,
particularly regarding the pH values (8.84 and 8.76 for LS6 and
LS7, respectively), dissolved O, concentrations (13.76 mg L1
and 11.81 mg L™!), and NPOC concentrations (3.91 % 0.05 mg
L~=! and 3.79 £ 0.03 mg L™!). The alkalinity and conductivity
were also higher in LS7 where the values were found at 3.50 meq
L~!and at 261 pS cm™!, respectively.

NPs Profile Along the Loire River

Figure 2 shows the particle number concentrations of Ce and Ti
as well as the Ti/Ce ratio of particle number concentrations in
Orleans city (Figure 2A) and in the lake dedicated to the outdoor
activities center (Figure 2B), both compared with the upstream
water (LS1) taken as site of reference.

The particle number concentration for Ce was
measured at 6.4 + 12 x 10* part mL~! containing Ce
at LS1, upstream Orleans city (Figure 2A). It rose up to
33.9 + 3.4 x 10* part mL~!, at LS3, before decreasing down
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FIGURE 2 | Ce and Ti particle number concentration (PNC, left-hand side
axis) and Ti/Ce PNC ratio (right-hand side axis) in the river water measured by
spICPMS along (A) Orleans city (LS1 to LS5) and (B) in the outdoor activities
center (LS6 and LS7 compared with LS1).

to 5.6 & 0.7 x 10* part mL~!, downstream the WWTP outlet
(LS5). At LS6 and LS7 (Figure 2B), the particle number
concentrations were high, similar to the concentration
measured in LS3, with 38.3 + 2.0 x 10* part mL™! in LS6
and 40.3 £ 1.0 x 10* part mL~! containing Ce in LS7.

A similar trend was obtained for Ti-bearing NPs with
13.4 4 1.8 x 10* part mL™! measured at LS1, and an increased
concentration at LS3 with 80.3 & 3.4 x 10* part mL~!.
Downstream, the concentration decreased with 14.0 + 1.1 x 10*
Ti-bearing part mL~! detected, at LS5 (Figure 2A).
Water samples collected at LS6 and LS7 contained
71.6 &+ 2.1 x 10* part mL~! and 67.7 & 3.6 x 10* part mL~!
containing Ti, respectively (Figure 2B), which were significantly
higher than the concentration found in the Loire River upstream
section. The ratio of the particle number concentrations of
Ti over Ce was also represented in Figure 2. The Ti/Ce ratio
increased gradually downstream LS1, especially near LS4, but is
lower in LS6 and LS7.

Making the assumption that particles were spherical and in
oxidized states, spICPMS analysis for all sampling sites gave a
CeO,NPs equivalent size for sphere distributions ranging from
24 nm to 70 nm (Figure 3). For TiO,NPs, the equivalent size

for sphere distributions (Figure 4) ranged between 80 nm and
500 nm for all sampling sites.

Variation of Trace Elements Total

Concentrations

Figure 5 shows the total concentrations (dissolved + particulate)
of Ce and La measured in bulk samples after the acid digestion,
at the different sampling sites from LS2 to LS5 in the Loire River
(Figure 5A) and in the lake at LS6 and LS7 sampling sites, both
compared to LS1 (Figure 5B).

Ce concentration increased from LS1 (2.29 4 0.04 nmol L™!)
up to LS3 (7.48 £ 0.14 nmol L~!), and then decreased at LS5
(1.99 £ 0.01 nmol L™1). In the same way, La concentration rose
up from LS1 (1.09 & 0.02 nmol L~!) to LS3 (3.52 & 0.02 nmol
L~!). Then, the concentration decreased when reaching the
downstream part of the studied area (0.92 £ 0.01 nmol
L~!). Regarding LS6 and LS7 sampling sites (Figure 5B), Ce
concentration also increased (~3.00 £ 0.05 nmol L™1). On the
contrary, La concentration measured in LS6 and LS7 remained
approximately constant (~1.30 £ 0.01 nmol L™1).

The variations of Al and Ti total concentrations along
the Loire River are displayed in Figure 6. Similarly to Ce
concentration, Ti concentration increased from LS1 to LS3
(0.10 £ 0.01 and 0.68 + 0.01 pmol L™1, respectively) and then
decreased downstream the Orléans city at LS5 (0.14 & 0.00 pumol
L™1). In the water samples, concentrations in Al were higher than
Ti concentrations, but the trend observed along the river was
similar: a lower value at LSI site with 2.10 + 0.05 pmol L1, an
increase in LS3 up to 18.05 £ 0.49 wmol L™! and a decrease at
LS5 site to 3.51 + 0.06 jumol L™1. In LS6 and LS7 (Figure 6B),
both Ti and Al display concentrations higher than in LS1, with
0.15 4 0.01 pmol L~! and 0.34 + 0.01 wmol L™! for Ti in
LS6 and LS7, respectively, and with 3.36 £ 0.05 pwmol L~! and
10.36 & 0.22 umol L~ ! for Alin LS6 and LS7, respectively.

FEG-SEM Characterization

Figure 7 shows the particles observed with FEG-SEM imaging
and analyzed by EDS for chemical composition.

At LS6 and LS7 sampling points, Ce-bearing particles were
observed in the suspended matter. These particles displayed
different sizes, typically ranging from 155 x 240 nm up to
850 x 1000 nm, as shown in Figures 7A,B for LS6 and LS7,
respectively. It must be emphasized that these Ce-containing
particles also contained some La, according to the EDS spectra.
For all FEG-SEM observations (n = 56), sizes of the detected
particles were bigger than the equivalent size for sphere
distribution calculated by spICPMS.

Ti-bearing particles were observed in suspended matter of all
the samples, as shown for the two sampling sites LS2 and LS3 in
Figures 7C,D. In LS2, for example, an aggregate of NPs can be
observed stick, or deposited, on the surface of a diatom. Actually,
the aggregate was 560 nm large and 670 nm long and contained
primary particles with sizes smaller than 100 nm. In Figure 7D
(LS3), the Ti-bearing particles were usually larger (400 £ 50 nm)
and longer (880 £ 50 nm). In addition to titanium, elements
such as sodium, silicon, and iron were detected in the particles,
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as displayed in the EDS spectra. One has to notice that in each
sample the detected NPs were aggregated or deposited onto larger
structures such as mineral phases, and no individual NPs were
observed in these samples.

DISCUSSION

Detection of CeO,NPs and TiO>NPs in

the Loire River
Ce and Ti-bearing particles were truly observed by SEM-EDS
in the Loire River waters and the associated particle number

concentrations (PNC) determined by single counting ICPMS.
The spICPMS measurements show an increase of the PNC for
both Ce and Ti in the LS3 sampling point area, downtown
Orleans city, which is close to the WWTP outlet (Figure 2A).
Besides, an increase of the particle number concentrations is
also measured for both elements at LS6 and LS7 (Figure 2B),
as compared with the lower values at the upstream point (LS1).
However, in spite of these high PNC, particles were rarely
observed by SEM-EDS at the nanoscale size and more frequently
at the microscale. This is partly explained by the occurrence of
large mineral phases in SPM that can hide the NPs dispersed
on the sample. In addition, the particles seem to undergo
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heteroaggregation with these mineral phases. This can either
happen naturally in the environment or be an artifact caused
by the ethanol dispersion and drying process used for sample
preparation. Additional tries were performed by direct deposition
of bulk river water onto the stub (data not shown), in order to
get rid of this potential artifact, but the formation of carbonates
during the drying process makes the NPs detection even harder.
Yet, more “nano” TiO, particles should be observed by SEM-
EDS, since the equivalent size for sphere distributions (Figure 4)
measured by spICPMS ranged between 80 nm and 500 nm for
all sampling sites. This suggests that the PNC of TiO,NPs in the
river water is too low regarding the SPM content in river water,

and thus inadequate for SEM-EDS. The spICPMS results display
a CeO,NPs equivalent size for sphere distributions ranging from
24 nm to 70 nm (Figure 3) and could not provide information
about particles bigger than 100 nm, as those observed in the
samples by SEM-EDS.

The size distributions of CeO,NPs and TiO, NPs (Figures 3, 4)
assessed with spICPMS are not Gaussian, as observed in most
of the spICPMS studies where standards of monodispersed
NPs are used (Laborda et al, 2011; Mitrano et al., 2012).
In the present study, all the sampling sites display the same
long tailed NPs size distribution. At least two populations of
size can be observed for Ti in some samples (notably, LS3
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sampling site), with equivalent size for spherical distributions (Gondikas et al., 2014; Lee et al., 2014; Reed et al., 2017). The
from 80 nm to 200 nm and from 200 nm to 500 nm. long tail observed for size distributions is also due to the
These values are in the same order of magnitude than the occurrence of larger particles in the samples, as seen in the study
ones determined by Lee et al. (2014) where the minimum of Reed et al. (2012) where the authors analyzed polydispersed
equivalent sizes for sphere detected in a river water sample samples by spICPMS. The hypotheses made during spICPMS
were estimated at 33 nm and at 186 nm, for CeO, and TiO;, data treatment (spherical NPs and in oxidized state) imply the
respectively. The instrument settings and *Ca-%8Ti interference, indirect assumption that particles analyzed are anthropogenic.
that prevent using the most abundant Ti isotope, are responsible ~However, this latter hypothesis is weakened by SEM-EDS
for the high minimum equivalent size for sphere values and analyses that mostly displayed particles containing impurities
also for the shape of the diagram determined by spICPMS and rather mixed with other natural phases: EDS analysis
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volume is typically larger than the particles size, and could have
interacted with the surrounding substrate during measurements,
thus showing additional elements that are not truly present in
the analyzed NPs.

One question is the relative stability of the two types of
NPs, which can be afforded through the Ti/Ce particle number
concentration ratio and compared with LS1 upstream point.
At LS1, the ratio is equal to 2. Then, Ti/Ce ratio rises up to
2.5 near LS3 showing an important contribution of Ti rather
than Ce from the WWTP outlet. Conversely, as comparison
with LS1 value, Ti/Ce ratio decreases at LS6 and LS7 (1.5)

which indicates a major contribution of Ce from the outdoor
activities center.

Influence of the Water Chemistry on the

NPs Stability

Both the natural organic matter (NOM) and the ionic strength
can play an important role on the stability of the NPs. Indeed,
the NPOC concentrations were quantified at 4 mg L™! showing
the occurrence of NOM in the river waters. Besides, the NOM
in the river can stabilize the ENPs released in the environment.
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This is the case of TiO3, ZnO, and CeO,NPs which aggregates are
stabilized at 300 nm with the occurrence of NOM in mesocosm
freshwater (Keller et al., 2010). This heteroaggregation NPs-
NOM can explain the high size value found in spICPMS and
in SEM-EDS, especially for Ti-bearing particles. In another
study, NOM stabilizes CeO,NPs (from 2.2 mgC L~! in an algal
medium) and prevents the formation of larger aggregation of the
NPs (>1 pm; Van Hoecke et al., 2011). Moreover, CeO,NPs are
supposed to be insoluble at pH higher than 7 (Dahle et al., 2015).
In the case of the Loire River, the studied CeO,NPs are supposed
to be insoluble and are probably aggregated with sizes higher
than 100 nm. They could not be detected by spICPMS but some
particles with micrometer sizes were measured by SEM-EDS.
Contrary to LS3 water chemistry, the results show that in the
Loire River, a particular chemistry is observed at LS6 and LS7
sampling points (Supplementary Table S1). For instance, ionic
strength is determined at 2.50 mmol L™! in LS3 water sample,
which is similar to LS1 sampling point (2.65 mmol L~!) but the
values are higher for LS6 and LS7 (2.84 mmol L™! and 2.97 mmol
L1, respectively). The same observation can be done for the pH
and the dissolved oxygen values. So, even if the outdoor activities
center water comes from the Loire River, the water chemistry
is particular at these sampling points. The ionic strength plays
an important part in the stabilization state of the ENPs. Indeed,
fast aggregation of TiO,NPs can happen with an increase of the
ionic strength (variation of the concentration of CaCl, from 0.01
to 0.1 mM; Thio et al, 2011). This could suggest that in the
Loire River, TiO,NPs are mostly aggregated in homoaggregation
process. In a more realistic case, Gondikas et al. (2014) measured
the hydrodynamic sizes of a TiO, cosmetic grade at mg L~! level

in MilliQ water, filtered lake water and unfiltered lake water as
a function of time. They also suggested that TiO,NPs undergo
fast aggregation in the Danube water. However, for all the cited
studies, the concentrations used in the experiment are higher
than the one found in the environment (mg L~! instead of g
L~! or ng L™!) which can have an importance on the behavior
of the NPs studied in aquatic systems. Yet, homoaggregation is
unlikely to happen in the Loire River and it was not observed
in the SEM-EDS analyses but a heteroaggregation with mineral
phases or NOM could occur more often. So, TiO,NPs are
expected to be aggregated with mineral phases since the aquatic
system is relatively close to the Danube water.

Attempt for the CeO>NPs and TiO>NPs

Origin Determination

The use of elemental ratios is the key for understanding the
potential origins of these NPs (Figures 5, 6). Indeed, Ce and La
are often associated in the environment (Montafio et al., 2014;
Dahle and Arai, 2015). For instance, Ce and La are present in
natural minerals such as monazite [(Ce, La, Nd, Th, PO4)] and
natural NPs can originate from the weathering of such minerals.
This association could be seen with the EDS spectra (Figure 7)
where two particles among several analyzed were measured at
different sizes but suggested that the particles are mainly from
a natural origin. In Figure 5A, when compared to LS1 (Ce:
2.29 + 0.04 nmol L™! and La: 1.09 £+ 0.02 nmol L™1), the
total concentrations of both Ce (7.48 + 0.14 nmol L™!) and La
(3.52 & 0.02 nmol L™!) increased at LS3. The elemental ratio
of Ce/La is also estimated at 2.10 & 0.05 for LS1. From LSI
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TABLE 1 | Elemental ratios of Ti over Al, V, and Y in the digested bulk samples.

LS1 Ls2 LS3 LS4 LS5 LS6 LS7
TI/AL 0.047 + 0.002 0.052 + 0.002 0.0380 + .001 0.034 + 0.001 0.040 + 0.001 0.044 + 0.001 0.033 + 0.001
TV 428 £0.17 6.32 £0.26 17.39 £0.27 9.95 £0.24 5.52 £0.21 3.50 £0.04 6.39 £0.13
TIrY 87.35 + 3.60 117.10 £ 4.89 168.48 & 4.34 110.34 £1.73 97.85 4+ 1.91 145.43 £ 3.90 241.65 +4.23

to LS5, the elemental ratios are constant: an averaged value of
2.11 is found for these sampling sites. Consequently, along the
Loire River, in Orleans city, several origins of Ce-bearing particles
can’t be distinguished and only a natural origin for CeO,NPs
is not excluded.

For LS6 and LS7 sampling sites, only the total concentration
of Ce increased (2.76 4+ 0.02 nmol L™1), whereas the La total
concentration decreased (0.97 + 0.03 nmol L™1). Moreover,
the dissolved concentrations of Ce (0.03 £ 0.00 nmol L™1)
and of La (0.02 + 0.00 nmol L™1) are insignificant as
comparison with the total concentrations of these elements
showing that an important contribution originates from the
particles (Supplementary Table S2). Besides, the elemental ratio
of Ce/La rises up to 2.85 &= 0.08 in LS6 and reaches 2.33 £ 0.04
in LS7. At these sampling points, the high Ce concentration
and the high Ce/La elemental ratio show the occurrence of
anthropogenic Ce-bearing particles such as CeO;NPs. This
anthropogenic source can be explained by the cars present
in the free access parking lot at the outdoor activities center
where the NPs can originate from the catalytic converters,
and from fuel additive (Piccinno et al, 2012) by indirect
airborne contamination.

In Figure 6, for titanium, Ti/Al elemental ratio is studied
because TiO, ENPs are often coated with an alumina layer to
prevent TiO, ENPs to become harmful for our health, when
incorporated into sunscreens (Serpone et al., 2007; Virkutyte
et al.,, 2012). Actually, an acid digestion was also performed on
three different TiO, ENPs and the Ti/Al elemental ratios were
found equal to 4.1 & 0.1, 5.3 £ 0.1, and 8.0 = 0.1, consistently
with the higher Ti content in the core relatively to the Al
content in the coating.

Al total concentrations are higher than Ti total concentrations
because of the important background of Al in the Loire
River waters. An important increase of Al concentration is
observed near LS3 (18.05 £ 0.49 wmol L™!) which leads to
a decrease of the Ti/Al elemental ratio (0.038 & 0.001). The
LS3 elemental ratio value is lower than the one calculated
at LS1 (0.047 %+ 0.002), which indicates an important release
of Al at this sampling point, probably due to the WWTP
outlet, where Al could be used as a flocculent in the WWTP
process. Besides, the dissolved concentrations of Al and of Ti
are negligible for all sampling points (Supplementary Table S2).
For instance, at LS3, 0.30 £ 0.00 pmol L™! are measured for
Al dissolved concentration and 5.79 4 0.05 nmol L™! for Ti
dissolved concentration. Since Al concentration is very high in
LS3 sample water, the occurrence of Ti NPs is hidden while
using these elemental ratios. Indeed, the spICPMS results show,
at this sampling point, the highest Ti-bearing nanoparticles
concentration in the Loire River (80.3 + 3.4 x 10* part mL™h).

The measured Ti/Al elemental ratios are very low in LS6
(0.044 £ 0.001) and LS7 (0.033 % 0.001) sampling sites even if
an increase of the particle number concentrations is measured
(LS6: 71.6 & 2.1 x 10* part mL~! and LS7: 67.7 & 3.6 x 10* part
mL~!). Here again, the occurrence of Ti-bearing nanoparticles
is not excluded due to the high Al concentrations and the low
Ti/Al ratios. However, the same order of magnitude has been
observed in the Danube recreational lake with Ti/Al elemental
ratios ranging from 0.04 to 0.055, during the bathing season
(Gondikas et al., 2014) which is close to the results observed in
the Loire River. Besides, as suggested by Gondikas et al., other
elemental ratios can be used to assess the sources of the studied
NPs such as Ti/V or Ti/Y because they can be associated with
Ti in geogenic sample. In Gondikas et al. study, in the summer,
14.0 + 4.8 and 182 £ 20 were calculated for Ti/V and Ti/Y
ratios, respectively. By using these elemental ratios in the Loire
River (Table 1), Ti/V ratio is the highest of all sampling points
for LS3 sampling point, with 17.39 = 0.27 value which is in the
same order of magnitude than the ratio found in the Danube
recreational lake (14.0 & 4.8).

For Ti/Y, the ratios are also in the same order of magnitude
than the one found in the Danube recreational lake. In the
Loire River, two major increases of the elemental ratio were seen
in LS3 (168.48 £ 4.34) and LS7 (241.65 £ 4.23), suggesting
an anthropogenic origin of the NPs in these two sampling
points, probably due to the use of sunscreens during this
summer but also probably due to the whitening process near
the WWTP outlet.

CONCLUSION

The occurrence of CeO,NPs and TiO,NPs was determined
with the use of spICPMS and FEG-SEM imaging at relevant
environmental concentrations, displaying the NPs in the Loire
River with different equivalent size for sphere distributions
(CeO3: 24 nm to 70 nm; TiO,: 80 nm to 500 nm). The use
of elemental ratios (Ce/La) gave indications on the origins of
the NPs, whether the NPs originated from natural process or
from anthropogenic activities but it was not source-specific:
only assumptions on the NPs origins could be made. Indeed,
near the WWTP outlet, the occurrence of natural CeO,NPs
was determined (Ce/La elemental ratio stayed constant) whereas
in the outdoor activities center, CeO,NPs sources seemed to
be anthropogenic since Ce/La elemental ratios increased, due
to the cars in the parking lot. For TiO,NPs, the origins
could not be assessed with the use of Ti/Al ratios, due to
the high concentration of Al in the Loire River, hiding the
occurrence of TiO,NPs in the river. Instead, Ti/V and Ti/Y
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were assessed to complete the study showing an anthropogenic
impact coming from TiO,NPs (potentially related to the use of
sunscreens during the summer and to the whitening process
for the WWTP outlet). NPs containing Ce and Ti may
also undergo heteroaggregation with larger mineral phases,
which could also hide the occurrence of individual NPs in
FEG-SEM analyses. Further investigations still need to be
done on the other compartments of Earth such as the soils
or the sediments to better characterize and understand the
NPs cycle at relevant environmental concentrations. Moreover,
other techniques should be used such as the single-counting
Inductively-Coupled Plasma Time-of-Flight Mass Spectrometer
(spICP-ToF-MS) method that allows detecting several elements
in the same particle to better differentiate the natural NPs from
the ENPs and determine their origins without much assumption.
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