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Abstract

The potential hazard posed by nanomaterials can be significantly influenced by transforma-
tions which these materials undergo during their lifecycle, from manufacturing through to
disposal. The transformations may depend on the nanomaterials’ own physicochemical
properties as well as the environment they are exposed to. This study focuses on the mech-
anisms of transformation of cerium oxide nanopatrticles (CeO, NPs) in laboratory experi-
ments which simulate potential scenarios in which the NPs are exposed to phosphate-
bearing media. We have experimented with the transformation of four different kinds of
CeO; NPs, in order to investigate the effects of nanoparticle size, capping agent (three were
uncapped and one was PVP capped) and oxidation state (two consisted mostly of Ce** and
two were a mix of Ce>*Ce**). They were exposed to a reaction solution containing KH,POy,
citric acid and ascorbic acid at pH values of 2.3, 5.5 and 12.3, and concentrations of 1mM
and 5mM. The transformations were followed by UV-vis, zeta potential and XRD measure-
ments, which were taken after 7 and 21 days, and by transmission electron microscopy after
21 days. X-ray photoelectron spectroscopy was measured at 5mM concentration after 21
days for some samples. Results show that for pH 5 and 5mM phosphate concentration,
CePO, NPs were formed. Nanoparticles that were mostly Ce** did not dissolve at 1mM
reagent concentration, and did not produce CePO,4 NPs. When PVP was present as a cap-
ping agent it proved to be an extra reducing agent, and CePO, was found under all condi-
tions used. This is the first paper where the transformation of CeO, NPs in the presence of
phosphate has been studied for particles with different size, shapes and capping agents, in
a range of different conditions and using many different characterisation methods.
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Introduction

Nanoparticles (NPs) can be defined as materials with at least one dimension between 1 and
100 nm, and that possess unique physicochemical properties that differ from the bulk [1-3].
The global market for nanomaterials (NMs) already exceeds 10 million tons with products
underpinned by nanotechnology having a global value of €2 trillion [4]. With employment in
the NMs sector at about 400,000 in Europe alone, the industry contributes significantly to the
economy and its products are improving the quality of human life [4]. Due to the expanding
use of NMs in products their discharge to the environment is rapidly increasing and having
knowledge of how they behave and change under different conditions is very important [5,6].
Most published work to date has focused on pristine NPs, which can be structurally and chem-
ically distinct from their aged counterparts and may behave differently and have different tox-
icity [7].

Cerium oxide nanoparticles (CeO, NPs) have a broad range of industrial applications, includ-
ing as additives in glass and ceramics, fuel-cell materials, in the automotive industry as a catalyst
in diesel, as a polishing material or as a UV blocking agent [8-11]. Due to these widespread
applications, CeO, NPs are likely to come into contact with natural sinks such as soil and sedi-
ments. For this reason, CeO, NPs have been used for a number of plant studies [11-13].

A feature of CeO, NPs that influences their likely lifecycle is their chemical stability; they
are generally considered to be sparingly soluble in aqueous media, before and after uptake by
animals or plants [2,14]. It is generally accepted that in its bulk form CeO, has a fluorite struc-
ture found in 99.99% of the material, which is a very stable configuration, and this accounts
for its limited solubility [15]. CeO, NPs have a larger specific surface area than the bulk and
have the ability to cycle between oxidation states (Ce’* and Ce**) with very little required
energy [2,16], and this depends on the oxygen partial pressure and the pH in the surrounding
medium [17]. It has been observed that Ce** oxides can be soluble, contrary to what has been
observed for Ce** oxides [18,19].

Most NPs used in commercial applications are mass produced, uncapped, have large size
distributions [20,21], and are likely to aggregate or dissolve when exposed to natural systems
releasing ions, NPs and small aggregates, all of which are likely to stay in the environment, and
large aggregates, which will sediment in water [2]. The presence of a surface coating on manu-
factured NPs may significantly modify their surface chemistry, compared with the uncoated
equivalents [22]. Coating NPs with biocompatible/organic polymers increases dispersion/sta-
bility, decreases nonspecific interactions with cells and proteins and reduces their toxicity [23-
25].

Different chemicals can react with CeO, NPs following environmental release or interac-
tions with organisms, inducing dissolution or chemical transformations; phosphate in particu-
lar can be found in nutrient solutions and soils, and could lead to formation of cerium
phosphate (CePO,) NPs, which have a high chemical stability and low expected toxicity
[26,27]. A number of reports have described how the interaction of phosphate anions with
CeO, NPs diminishes the superoxide dismutase-mimetic activity while increasing the
observed catalase-mimetic activity [28-30]. Zhang et al. (2012) found that organic acids, such
as citric acid, promoted CeO, NPs dissolution, and that reducing substances (ascorbic acid)
played a key role in the transformation process, generating Ce>* ions which then reacted with
phosphate in the media [14]. It has been shown that phosphates/phosphorous bind preferen-
tially to CeO, NPs with excess Ce’" sites in comparison to CeO, NPs with excess Ce** sites
[31]. Dahle et al. (2015) studied the dissolution of CeO, NPs and found this was only signifi-
cant at pH < 5, while the dissolution rate was inversely proportional to the surface area of the
NPs studied [19]. Our aim in the present work was to assess if factors beyond the pH, notably
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concentration of the phosphate, the size of the NPs, different oxidation states and different
capping agents play a role in the formation of CePO, NPs.

We selected four different types of CeO, NPs: Ce NM-211 and Ce NM-212 from the Joint
Research Center (JRC) repository [32], uncoated CeO, NPs from a commercial source [33],
and PVP-capped CeO, NPs synthesised in the Birmingham lab [2,34]. We used two different
phosphate solution concentrations (1 and 5 mM) and three different pH values: 2.3, 5.5 and
12.3. The concentrations of phosphate were chosen to assess the effect of moderate versus high
phosphate concentration; ImM phosphate is used in Hoagland hydroponic solution [35] and
5mM would have an excess of phosphate. Cells and tissues are likely to contain high amounts
of phosphate which could have a substantial influence on the biological activity of CeO, NPs
[30]. Organic matter, or an artificial reducing agent, must be added to a hydroponic solution
to create a strong oxygen demand similar to that of flooded soils [36], which is why we added
citric and ascorbic acid. Hydroponic systems and non-aerated soils, such as wetlands, are gen-
erally present in a reducing environment [37], while plant roots also secrete reducing sub-
stances, such as catechol and reducing sugars [14]. The pH values used were chosen to
promote different phosphorus speciation, in the root zone this element can be found as PO,™,
HPO,”, and H,PO, ions; the last two ions are the main forms of phosphorus taken up by
plants [36]. The dependence of the speciation of phosphorus on pH is shown in S1 Fig, sup-
porting information (SI), where it can be observed that at pH 2 H;PO, and H,PO, are found,
while at pH 5 100% of phosphorus is present as H,PO,’; and at pH 12 HPO,> and PO5* are
found. The largest amount of phosphate available in a nutrient solution is presented when its
pH is slightly acidic (pH 5) [36]. The transformations of the different CeO, NPs when sub-
jected to these various conditions of phosphate concentration and pH were followed by UV-
vis, zeta potential and X-ray diffraction (XRD), which were measured after 7 and 21 days of
static incubation at room temperature and in the dark, and by transmission electron micros-
copy (TEM) after 21 days; X-ray photoelectron spectroscopy (XPS) was measured at 5mM
concentration after 21 days.

Methodology
CeO, nanoparticles

Four different CeO, NPs were used and their main properties and characterization data are
shown in Table 1. Two CeO, NPs were provided as a powder from JRC nanomaterial reposi-
tory (Ispra, Italy) and as a part of a FP7 funded project (NanoMILE, www.http://nanomile.eu-
vri.eu/) with the code name Ce NM-211 and Ce NM-212 [32]. Particles were dispersed in
ultrahigh purity (UHP) water to have a final concentration of 10 mg/ml to create a stock sus-
pension. The protocol was adapted from the nanogenotox protocol [38] as follows: the sample

Table 1. Test substances used, characterization performed in the lab.

Code Test material Surface chemistry Core size- nm | Hydrodynamic diameter (DLS)- | Zeta potential at pH
(STEM) nm and PDI 7 (mV)
Ce NM- Cerium (IV) | Uncoated, produced by precipitation, yellowish powder, 54+2 346 + 14 43+1
211 oxide spherical (0.68 + 0.05)
Ce NM- Cerium (IV) | Uncoated, produced by precipitation, yellowish powder, 17 £ 10 258 + 14 56 +1
212 oxide cubic (0.51 +0.08)
PROM-Ce | Cerium (III, IV) Uncoated, produced by hydrothermal synthesis, 47+1 1722 50.3 £ 0.7
oxide yellowish solution, 3.1%, spherical (0.272 + 0.009)
Cel0 Cerium (I, IV) | 10K PVP-capped, prepared by hydrothermal method, 7+2 42+0.2 0.43 +0.03
oxide yellow solution, 2mg/L, spherical (0.21+0.02)
https://doi.org/10.1371/journal.pone.0217483.t001
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was weighed, UHP water was added and it was vortexed for 2-3mins. A probe sonicator
(Sonics & materials INC; model vex130; ultrasonic processors— 130 W; resonance frequency of
probe- 20 kHz) was then used with an amplitude of 75% and cycle time of 0.5, Ce NM-211
was sonicated for 1 min and Ce NM-212 for 5 mins, which was found to be the minimum
treatment time beyond which no further reduction in mean particle size was observed by
dynamic light scattering (DLS).

We also used uncapped CeO, NPs (PROM-Ce) as a 3.1% suspension obtained from a com-
mercial source [33], supplied as part of the NanoMILE project and produced by a continuous
one-step hydrothermal synthesis [39]. Finally, a 4™ set of particles, PVP-capped CeO, NPs
(Cel0) were produced in house, by using a published methodology for the synthesis of PVP-
capped CeO, NPs, using 10K PVP as the capping agent [2,34].

Ageing of CeO, NPs with phosphate at different pH

The particles were added to two different solutions of 1 mM and 5 mM of KH,PO,, citric acid
and ascorbic acid, similar to the conditions used by Zhang et al. (2012), and the pH was
adjusted to 2.3, 5.5 and 12.3, similar to those used by Dahle et al. (2015).

The final concentrations of the Ce NM-211, Ce NM-212 and PROM-Ce in the suspensions
were 496 mg/L, used for TEM measurements, and 6200 mg/L, used for XRD measurements;
and 0.4 mg/L for the Cel0 (due to having a low initial concentration). Two concentrations
were used due to the fact that at least 200mg of powder was needed for XRD. After 7 and 21
days of static incubation, the highest concentration suspensions were dried out in an oven at
50°C for three days and used to measure XRD. For Cel0, we did not obtain any XRD peaks
due to the combined fact of the small size of the particles coupled with the excess PVP masking
any peaks. The less concentrated suspensions were used for UV-vis and zeta potential, at 7 and
21 days, and for TEM observation, after 21 days.

Time points were selected based on papers where plants were exposed to particles, Zhang
etal. (2012) exposed cucumber plants to CeO, nanoparticles for 21 days [14], in a different
study Wang et al. exposed lettuce to CeO, NPs for 10 days [40]. We observed that before 7
days of exposure no significant changes were found (in preliminary studies not shown).

Characterisation

XRD analysis was performed using a Powder Diffractometer Bruker D8 Autosampler, with a
current voltage of 40 kV, 30 mA, an X-ray source of Cu Ka, 1.5406 A, a slit size of 1 mm, and a
transmission measurement geometry. Reactions of three of the four NPs, namely Ce NM-211,
Ce NM-212 and PROM-Ce, were recorded by XRD diffractograms after 21 days for the parti-
cles in 1 mM solutions and after 7 days and 21 days for the particles in 5 mM solutions.

TEM samples were prepared by partially, but not fully, drying a drop of the particle solution
on a copper mesh 400 holey carbon film (Agar scientific) at room temperature [41]. The grid
was washed several times with UHP water and re-dried. Images were obtained using a JEOL
1200EX (accelerating voltage 80 kV), and recorded using Gatan Digital Micrograph software.
Energy dispersive X-ray spectra (EDX) were measured with a JEOL 2200FS TEM/STEM oper-
ated at 200 kV. Data was analysed using Gatan Digital Micrograph and Image J. Aberration-
corrected STEM was performed on the pristine particles, as well as EELS for PROM-Ce.
Images were recorded with a high angle annular dark field (HAADF) detector in a JEOL
JEM2100F STEM equipped with a CEOS spherical-aberration probe corrector and a Gatan
Enfina EELS.
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UV-Vis absorption spectra were measured with a 6800 Jenway double beam UV-Vis spec-
trophotometer, collected over a wavelength range of 200-800 nm, with a 10cm long pathway
quartz cuvette.

DLS and zeta potential measurements were obtained using in a Malvern Zetasizer Nano ZS.
Size measurements for the pristine NPs were performed at 21°C in low volume disposable
cuvettes and at least five concordant measurements were recorded to calculate a mean z-aver-
age size. Zeta potential measurements were performed at 21°C and repeated at least 5 times
per sample using a low volume zeta cell which was washed with ultra-high purity (UHP) water
in between each sample.

XPS characterisation was carried out at Karlsruhe Institute for Technology (KIT) in Ger-
many. Samples were prepared by placing a drop of the 5mM PROM-Ce and Cel0 disper-
sions on the surface of silicon wafer, which was allowed to air-dry overnight. XPS
measurements were performed using a K-Alpha+ XPS spectrometer (ThermoFisher Scien-
tific, East Grinstead, UK). Data acquisition and processing using the Thermo Avantage soft-
ware is described elsewhere [42]. All prepared samples were then analysed using a
microfocused, monochromated Al Ko X-ray source (400 um spot size). The K-Alpha+
charge compensation system was employed during analysis, using electrons of 8 eV energy,
and low-energy argon ions to prevent any localized charge build-up. The spectra were fitted
with one or more Voigt profiles (BE uncertainty: +0.2eV) and Scofield sensitivity factors
were applied for quantification [43]. All spectra were referenced to the C 1s peak (C-C,
C-H) at 285.0 eV binding energy controlled by means of the well-known photoelectron
peaks of metallic Cu, Ag, and Au, respectively.

Results and discussion
XRD analysis

Figs 1 and 2 show the diffractograms for the CeO, NPs before and after ageing. Ce10 NPs were
previously tested and found to produce no diffraction peaks due to the fact that the particles
were too small and their weak diffraction signal was masked by the presence of PVP. For the
pristine NPs, the peaks found at 20 = 28, 33, 47 and 56° represent miller indices (111), (200),
(220) and (311), respectively [44]. In the case of Ce NM-212 it can be observed that the peaks
were appreciably sharper which indicates higher crystallinity [45]. Fig 1 shows the results for
the particles after 21 days at different pH and 1 mM phosphate. In most cases no CePO, peaks
were observed, which could mean that at 1 mM concentration the reaction was not complete
in most cases, except for Fig 1C at pH 5, which could be related to the initial concentration of
citric and ascorbic acid.

However, at a 5 mM concentration, as shown in Fig 2, CePO, peaks were observed for the
particles at pH 5 after 21 days of exposure (Fig 2B, 21 and 2P), and were not observed for the
particles at pH 2 (Fig 2A, 2H and 20) and 12 (Fig 2C, 2] and 2Q), which could mean that no
CePO, was formed at those pH values. The CePO, that seems to be formed after the exposures
at 5mM and pH 5 for Ce NM-211 and Ce NM-212 presented clear peaks at 20 = 28, 42, 48.5
and 52° (Fig 2B and 2I), which represent miller indices (120), (-103), (103) and (-232), respec-
tively [46]. In the case of PROM-Ce two clear peaks were observed after ageing at 5 mM and
pH 5 (Fig 2P), 26 = 28, 42°, corresponding to (120) and (-103), respectively. For PROM-Ce
1ImM pH 5 (Fig 1C) only 1 peak was observed at 20 = 42°, which corresponds to (-103) plane
of CePO,.

These XRD results show that both concentrations of the reagents, the presence of acid and
a reducing agent, and pH have an influence on the formation of CePO, NPs. It is important to
state that XRD is a bulk technique and results might differ from other methods used, and due
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Fig 1. XRD and TEM results for ImM phosphate. XRD results (top) obtained for Ce NM-211 (A), Ce NM-212 (B) and PROM-Ce (C) after 21 days at different pH in
1mM phosphate solution. TEM results obtained for Ce NM-211 (D-G), Ce NM-212 (H-K) and PROM-Ce (L-O), showing pristine NPs (D, H, L), and after 21 days at pH 2

(E,1, M), pH 5 (F, ], N) and pH 12 (G, K, O).

https://doi.org/10.1371/journal.pone.0217483.9001

to this fact more techniques are needed to assess the transformations. Another limitation of
this technique is that transformations resulting in nanocrystalline or amorphous material may
not produce any diffraction peaks [47].

Other studies have observed the influence of pH in the formation of CePO,, Li et al. (2014)
observed a pH dependent biological transformation process that resulted in phosphate deposi-
tion on the particle surface of rare earth oxides (REO) and stripping of phosphate groups from
the lysosomal membrane lipids [48]. In that study, they observed that CeO, NPs remained
substantially non-transformed, unlike other REOs studied, due to the fact that CeO, was
highly insoluble at both pH 7 and 4.5. Mirshafiee et al (2018) observed extremely low solubility
of CeO, NPs in acidic fluid as a result of its high thermodynamic stability [49]. Dahle et al.
(2015) found that CeO, NPs were insoluble at pH > 7 and that the addition of phosphate to
CeO, NPs inhibited the release of Ce species from the NPs [19]. We believe that at pH 2 and
12 the dissolution of the CeO, NPs is very limited, this way there is not enough Ce’* present to
react with the phosphate in solution. Also, at pH 2 H;PO, and H,PO,  are found in solution,
while at pH 12 we find HPO4>" and PO5*, which are not the most reactive phosphate specia-
tion forms [36].
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Fig 2. XRD and TEM results obtained for 5mM phosphate. XRD results obtained for Ce NM-211 (A-C), Ce NM-212 (H-])
and PROM-Ce (O-Q) after 1 week and 21 days at different pH in 5mM phosphate solution. TEM results after 21 days for Ce
NM-211 (D-G), Ce NM-212 (K-N) and PROM-Ce (R-U), corresponding to pristine particles (D, K, R), pH 2 (E, L, S), pH 5
(F, M, T) and pH 12 (G, N, U).

https://doi.org/10.1371/journal.pone.0217483.9002

TEM and EDX analysis

The particles were analysed by TEM after 21 days (Figs 1-3 and S2-54), and samples at 1 mM
pH 5 were measured with EDX (S5-513 Figs), as well as Cel0 at 5 mM and all pH values and
PROM-Ce at 5mM and pH 5. We observed aggregation of the particles in all cases, at all con-
centrations and pH values, as well as some physical transformations under certain conditions.
Agglomeration/aggregation could have had an effect on particle dissolution and formation of
CePO,, but this was ruled out by using two different concentrations (which were needed for
the different methods) and obtaining similar results.

According to the EDX results, for Ce NM-211 and Ce NM-212 at 1 mM no phosphorus
peak was observed by EDX at pH 5 (S5 and S6 Figs), which agrees with the results obtained by
XRD. A phosphorus peak was observed at 1 mM and pH 5 for Ce10 and PROM-Ce (S7 and S8
Figs), and for PROM-Ce needle-like structures could be observed (Fig 1N), similar to the ones
obtained by Zhang et al. (2012) under very similar conditions.

At 5 mM reagent concentration, a phosphate peak was observed by EDX for Cel0 at every
pH (S9-S11 Figs), which leads us to believe that PVP could be acting as an extra reducing
agent and inducing a faster and more complete dissolution of the NPs [50]. We also observed
a physical transformation for Cel0 and the formation of “sea-urchin” like structures at pH5
(Fig 3), which were similar to the ones observed by Li et al. (2014) for other REOs. A phospho-
rus peak was also observed when PROM-Ce at 5 mM pH5 was measured by EDX (S12 Fig) as
well as an even distribution of the P throughout the “sea urchin” structures observed (Fig 2T)
when a compositional map, using EDX, was produced (513 Fig). It is important to note that
pH 5, which is not uncommon in acidic soils, appears to be the optimum pH to produce
CePO, NPs at both reagents concentrations, and leads to physical and chemical transforma-
tions for the smaller particles. In the case of larger particles where Ce** is the predominant oxi-
dation state, Ce NM-211 and Ce NM-212, EDX showed the presence of P at 5mM and pH 5
(data not shown), which agrees with the XRD results obtained, which show a clear, albeit lim-
ited, formation of CePQ,.

There is a significant composition difference between Ce NM-211 and Ce NM-212, com-
pared to PROM-Ce and Cel0, which may explain why the former did not show any evidence
of transformation to CePO, at 1 mM pH 5 and only limited evidence at 5 mM. Whilst Ce** is
the predominant oxidation state found in the JRC particles (>90%) according to the JRC
repository characterization data [32], PROM-Ce is represented by a mix of Ce’ and Ce** (S14
Fig), as is Cel0 [34]. It is known that Ce*" oxide is less soluble than Ce** oxide [19], in the lat-
ter case, the dissolution of CeO, NPs was induced by the presence of organic acids (ascorbic
acid in this work), which can be secreted by plants’ roots [51]. Therefore, Ce** containing par-
ticles dissolve more easily and release cerium in the oxidation state required to react with phos-
phate and form CePO,. After dissolution, for any Ce*" released, a valence change to Ce”" is
needed to form CePOy,, this is a critical step according to Zhang et al. (2012) and can be
achieved with the addition of reducing agents.

Nanoparticle size could have played a role in the case of Ce NM-212; Schwabe et al. (2015)
found that the capacity of the CeO, NPs to adsorb phosphate decreased with increasing parti-
cle size in three NP groups, in accordance with the decrease in specific surface area available
for sorption [52]. Gui et al. (2015) also observed that CeO, NPs with smaller size have a higher
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Fig 3. STEM and TEM images obtained for Cel0. Images obtained for the pristine Cel0 particles (STEM and TEM) and at different
concentrations of phosphate and different pH after 21 days (TEM).

https://doi.org/10.1371/journal.pone.0217483.9003

specific surface area and can be expected to show higher reactivity [53]. Dahle et al. (2015)
observed that phosphate absorption gradually decreased with increasing pH for small CeO,
NPs, and larger NPs had a pH independent behaviour. Large CeO, NPs contained more
exchangeable Ce”" than smaller NPs, which could mean that the exchangeable Ce’* facilitated
the precipitation of CePO, at the CeO,-water interface [19].
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Particle shape could have also influenced the reaction in the case of Ce212, which were the
only cubic shaped particles, while the others were mostly spherical. Zhang et al. (2017) found
that rod-like CeO, NPs had the highest chemical reactivity towards phosphate compared to
octahedral, cubic and irregularly shaped NPs in hydroponic cucumber plant media similar to
the one used in this study [54].

UV-vis and zeta potential

The particle’s UV absorbance was measured at the beginning of the exposure, after 7 days
and after 21 days, an example of a successful and an unsuccessful transformation to CePO,
are shown in Fig 4. At time zero, a large peak at around 260 nm can be observed, which cor-
responds to the absorption spectrum of ascorbic acid [55], and in some cases can still be
observed after 7 days (observed for Ce NM-211 ImM pH2 and 5, and 5mM pH2; for Ce
NM-212 1mM pH2 and 5 mM pH 2 and 5, and for PROM-Ce 5mM pH2 and 5). The ascor-
bic acid reducing the CeO, NPs becomes oxidised to dehydroascorbic acid which does not
show a peak in the recorded range [56]. At 21 days a spectrum that differed from the pris-
tine particles can be observed where the reaction could have been complete. The peaks for
Ce’* can be observed at 200 nm and for Ce** at ~ 300-320 nm, and in the case of the aged
particles a clear increase in the Ce’* can be observed compared to the pristine particles.
Reactions that had a different spectrum after 21 days were Ce NM-211 ImM pH 12 and 5
mM pH 5 and 12, and Ce NM-212, PROM-Ce and Cel0 at ImM and 5mM at all pH values.
An ascorbic acid peak could still be observed after 21 days for some of the particles where
the transformation was not successful (Ce NM-211 1 mM pH 2, shown in Fig 4, and pH 5,
and 5mM pH 2), possibly implying that the first step of the transformation was not success-
ful, the dissolution with citric acid.

Fig 5 shows the zeta potential results measured for PROM-Ce at 5 mM and different pH.
No trend was observed in any case, but we found that at 21 days the final zeta potential value
seems to be negative (S15-21 Figs), except for most particles at pH 2. Our results agree with
Cornelis et al. (2011) and McCormack et al. (2014), where they found that surface adsorption
of phosphate to CeO, NPs caused a negative zeta potential [57,58]. McCormack et al. (2014)
stated that the phosphate ion concentration has a direct effect on the NP zeta potential by
modifying the outer Helmholtz plane and compressing the double layer as the ions concentra-
tion increases [58].

UV-vis Ce NM-211 1mM pH 2

1,4
| w—Qh v 1,2
o 1 2 a2
c — Oristine
7 days 208
s 0,6 e O 0
21 days g 0’4
| < 7 days
— pristine 0,2 ’
0 w21 days
500 200 300 400 500 600

A (nm)

Fig 4. UV-vis spectra. UV-vis spectra for a complete reaction (PROM-Ce 5mM pH5) and an incomplete reaction (Ce NM-211 ImM pH?2).
https://doi.org/10.1371/journal.pone.0217483.9004
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Fig 5. Zeta potential obtained for PROM-Ce 5mM. The graph shows results at different pH values and different times.

https://doi.org/10.1371/journal.pone.0217483.9005

XPS

The oxidation state of the Ce was determined via XPS for the PROM-Ce and Ce-10 samples at
5mM and all pH values after 21 days (Fig 6). For the Ce211 and Ce212 samples, only a partial
characterisation could be achieved and the inconclusive results are not shown here. Béche

et al. (2008) reported that Ce** shows two doublets composed of peaks at 880.9, 885.0, 899.1
and 903.5 eV whilst the multiplet structure of Ce*" is composed of 6 peaks at 882.1, 888.1,
898.0, 900.9, 906.4, and 916.4 eV [34,59,60]. The satellite peak at 916.7 eV is characteristic of
Ce**and well separated from all other ones [61].

According to the results obtained, 5mM PROM-Ce at pH 2 and 5 contained predominantly
Ce’" (violet peaks), whereas at pH 12 Ce was present as a mixture of +3 (violet peaks) and +4,
clearly shown by the peak at ~ 917 eV, together with the multiplet (red peaks) [60]. In the case
of Ce10 NPs at 5mM and pH 2, almost exclusively Ce>* was present. In the case of pH5 and 12,
only Ce’" was evidenced, which supports the observations made with EDX.

Conclusions

We have studied the ageing of different CeO, NPs under different conditions mimicking expo-
sure to environments where phosphate and a range of pH may be occurring. We found that
concentration of the reagents, particle size, oxidation state, capping agent, the presence of
organic acids and reducing agent, and pH all have an effect on the formation of CePO, particles.
All CeO, NPs transformed to CePO,4 at 5mM reagent concentration and pH 5. At ImM
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Fig 6. Ce 3d XP spectra for the PROM-Ce samples (left) and Cel0 samples (right) at 5mM and different pH values. The violet filled peaks belong to Ce** whereas the
red ones and the peak at ~917 eV belong to Ce**.

https://doi.org/10.1371/journal.pone.0217483.9006

concentration and pH 5 the reaction was only complete for PROM-Ce and Cel10. It has been
observed that for some plant species (e.g., corn and wheat), deficiency of P can increase the
potential phytotoxicity of CeO, NPs and enhance the accumulation of Ce (mainly in the form
of Ce’™) in plants [40,62]. The particle’s oxidation state played a key role in the dissolution of
the CeO, NPs and the formation of CePO,, thus Ce NM-211 and Ce NM-212, which contained
mainly Ce*" and were therefore already fully oxidised, did not dissolve at ImM pH 5, whereas
PROM-Ce and Cel0 (which were a mix of Ce** and Ce*") did. In the case of Ce10 we think that
the PVP had an additional reducing effect, thus permitting a more efficient formation of CePO,
particles at every condition used. CeO, NPs in the environment could follow the type of trans-
formations observed in this work, thus it is very important to assess how NM:s transform during
ecotoxicological assays. Further studies are needed in environmentally relevant conditions, such
as natural and waste waters or soils where natural organic matter is present.

Supporting information

S1 Fig. Speciation of PO, > ions. Expressed as mole fraction of total P and in solution as a
function of pH.
(TIFF)

S2 Fig. STEM and TEM images obtained for Ce NM-211. Images obtained for pristine Ce
NM-211 (STEM) and at different concentrations of phosphate and at different pH after 21
days (TEM).

(TIFF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0217483 June 7, 2019 12/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217483.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217483.s002
https://doi.org/10.1371/journal.pone.0217483.g006
https://doi.org/10.1371/journal.pone.0217483

@ PLOS|ONE

Phosphate transformation of cerium dioxide nanoparticles

$3 Fig. STEM and TEM images obtained for Ce NM-212. Obtained for pristine Ce NM-212
(STEM) and at different concentrations of phosphate and at different pH after 21 days (TEM).
(TIFF)

$4 Fig. STEM and TEM images obtained for PROM-Ce. Images for pristine PROM-Ce
(STEM) and at different concentrations of phosphate and at different pH after 21 days (TEM).
(TIFF)

S5 Fig. EDX results obtained for Ce NM-211 at ImM and pH 5 after 21 days of exposure. It
can be observed that no P peak was found.
(TIFF)

S6 Fig. EDX results obtained for Ce NM-212 at ImM and pH 5 after 21 days of exposure. It
can be observed that no P peak was found.
(TIFF)

S7 Fig. EDX results obtained for PROM-Ce at 1mM and pH 5 after 21 days of exposure. It
can be observed that a P peak was found.
(TIFF)

S8 Fig. EDX results obtained for Cel0 at 1mM and pH 5 after 21 days of exposure. It can
be observed that a P peak was found.
(TIFF)

S9 Fig. EDX results obtained for Cel0 at 5mM and pH 2 after 21 days of exposure. It can
be observed that a P peak was found.
(TIFF)

$10 Fig. EDX results obtained for Cel0 at 5mM and pH 5 after 21 days of exposure. It can
be observed that a P peak was found and “sea urchin” structures were observed.
(TIFF)

S11 Fig. EDX results obtained for Cel0 at 5mM and pH 12 after 21 days of exposure. It can
be observed that a P peak was found.
(TIFF)

$12 Fig. EDX point spectrum results obtained for PROM-Ce at 5 mM and pH 5 after 21
days of exposure. It can be observed that a P peak was found when the “sea urchin” structure

was measured (spectrum 1).
(TIFF)

$13 Fig. EDX map obtained for PROM-Ce at 5 mM and pH 5 after 21 days of exposure. It
can be observed that a Ce (green) and a P (red) signal were found throughout the “sea urchin”

structures.
(TIFF)

S14 Fig. STEM-EELS spectra acquired on different spots of the same PROM-Ce nanoparti-
cle. We observed a co-existence of Ce** and Ce** valence states for each nanoparticle.
(TIFF)

S15 Fig. Zeta potential values for Ce NM-211 at ImM. Different pH values and different
exposure time points are shown.
(TIFF)
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S16 Fig. Zeta potential values for Ce NM-212 at 1mM. Different pH values and different
exposure time points are shown.
(TIFF)

S17 Fig. Zeta potential values for PROM-Ce at 1mM. Different pH values and different
exposure time points are shown.
(TIFF)

S18 Fig. Zeta potential values for Cel0 at ImM. Different pH values and different exposure
time points are shown.
(TIFF)

S19 Fig. Zeta potential values for Ce NM-211 at 5mM. Different pH values and different
exposure time points are shown.
(TIFF)

$20 Fig. Zeta potential values for Ce NM-212 at 5mM. Different pH values and different
exposure time points are shown.
(TIFF)

S21 Fig. Zeta potential values for Cel0 at 5mM. Different pH values and different exposure
time points are shown.
(TIFF)

S1 Data. Raw data zip file. Includes the raw data used for all graphs presented.
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