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a b s t r a c t

During their lifecycle, many engineered nanoparticles (ENPs) undergo significant transformations that
may modify their toxicity, behaviour, and fate in the environment. Therefore, understanding the possible
environmentally relevant transformations that ENPs may undergo as a result of their surroundings is
becoming increasingly important. This work considers industrially produced ceria (CeO2) and focuses on
a particle library consisting of seven zirconium-doped variants (Ce1-xZrxO2) where the Zr doping range is
x¼ 0e1. The study assesses their potential transformation in the presence of environmentally relevant
concentrations of phosphate. These ENPs have an important role in the operation of automotive catalysts
and therefore may end up in the environment where transformations can take place. Samples were
exposed to pH adjusted (c. 5.5) solutions made up of either 1mM or 5mM each of KH2PO4, citric acid and
ascorbic acid and the transformed particles were characterised by means of DLS e size and zeta po-
tential, UV/VIS, TEM, FT-IR, EDX and XRD. Exposure to the phosphate solutions resulted in chemical and
physical changes in all ceria-containing samples to cerium phosphate (with the monazite structure). The
transformations were dependent on time, ceria concentration in the particles (Ce:Zr ratio) and phos-
phate to ceria ratio. The presence of Zr within the doped samples did not inhibit these transformations,
yet the pure end member ZrO2 ENPs showed no conversion to phosphate. The quite dramatic changes in
size, structure and composition observed raise important questions regarding the relevant form of the
materials to investigate in ecotoxicity tests, and for regulations based on one or more dimensions in the
nanoscale.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Once released into the environment, which can occur at any
point during their lifecycle, ENPs undergo complex interactions
with the abiotic and biotic constituents of their surroundings,
leading to a range of competing possible transformations. These
interactions and transformations are dependent on the intrinsic
ENP properties and the environmental exposure scenario (extrinsic
conditions). They vary from ENP to ENP as a function of their
physicochemical properties, i.e. composition (Mitrano et al., 2015),
size (Nowack and Bucheli, 2007; Rickerby and Morrison, 2007),
shape/structure, surface area, charge, surface coating and chemical
e by Baoshan Xing.

.
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reactivity of the surface and solubility (Kim et al., 2010; Aydin et al.,
2012; Thwala et al., 2013; Karakoti et al., 2012; Labille et al., 2010),
and depend on the pH, alkalinity, salt and biomolecule composition
of the receiving environment (Lynch et al., 2014a).

Transformations that ENPs undergo can be described as chem-
ical (e.g. redox reactions), physical (e.g. agglomeration), and bio-
logical/biomolecular (Mitrano et al., 2015; Lowry et al., 2012; Louie
et al., 2014). These transformations can determine the fate,
behaviour and toxicity of ENPs (Mitrano et al., 2015; Lowry et al.,
2012; Markiewicz et al., 2018; Lynch et al., 2014b). Therefore, un-
derstanding and determining these transformations could help to
understand better the benefits or risks of these materials in
different applications (Mitrano et al., 2015). Furthermore, it is
important to understand and characterise the changes as they
occur over time (Karakoti et al., 2012) as this is not yet well un-
derstood (Mudunkotuwa et al., 2012). Indeed, depending on how
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Ceria and zirconium doped ceria ENPs (received from
Promethean Particles Ltd.) used in this work. Their
composition can be described by the formula: Ce1-
xZrxO2, where x¼ 0e1.

Code Chemical Formula

Ce-A CeO2

Ce-B Ce0.9Zr0.1O2

Ce-C Ce0.75Zr0.25O2

Ce-D Ce0.48Zr0.52O2

Ce-E Ce0.25Zr0.75O2

Ce-F Ce0.1Zr0.9O2

Ce-G ZrO2
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rapidly the transformations occur, theremay be none of the original
ENP present in the environment within a matter of minutes, raising
important questions regarding which is the appropriate form to
test for hazard and risk assessment, and indeed if the ENP trans-
forms completely (e.g. dissolves to ionic species or transforms into
larger sub-mircon or sub-millimeter particles) it may no longer fall
under nano-specific testing guidelines.

This paper describes the physical and chemical changes induced
on ceria (CeO2) and zirconium doped ceria (Ce1-xZrxO2) ENPs on
exposure to laboratory prepared phosphate solutions representa-
tive of likely environmental compositions of common soil pore
waters. ENPs reaching soils, e.g. from road-surface run-off or as a
result of air-borne deposition via rainfall for ceria ENPs utilised in
catalytic conversters, may thus be exposed to phosphate-rich so-
lutions, thus understanding their tranformations is essential to
understand their environmental fate and ecotixicological hazard.

The uses of ceria are numerous, for example in optics, micro-
electronics, solid oxide fuel cells, solar cells, catalysis, bio-medical
applications, oxidation resistance materials, UV absorbents and
filters, antireflective coatings, abrasives for chemical mechanical
planarization and metallurgical and glass/ceramic applications
(Rajeshkumar and Naik, 2017; Briffa et al., 2017; Kuchibhatla et al.,
2012). Zirconium doped ceria ENP systems are one of the most
studied mixed-metal oxides in the literature due to their important
role in the operation of automotive catalysts (Mudunkotuwa et al.,
2012).

Literature has shown that rare earth oxides (REOs) interact with
intracellular phosphates and transform at a low pH (Li et al., 2014),
as a result of phosphate deposition on the particle surface following
stripping of phosphate groups from the lysosomal membrane lipids
(Li et al., 2014). However, unlike other REO ENPs studied, CeO2
remained substantially nontransformed; the justification proposed
by the authors for the lack of dissolution of CeO2 is related to the
lower solubility product, Ksp (10�53) in water of tetravalent CeO2
compared to the trivalent REOs (Ksp, 10�21), coupled with the fact
that the CeO2 is highly insoluble at both pH 7 and 4.5 (Abreu and
Morais, 2010). It is well known that CeO2 ENPs are more soluble
under acidic conditions and that Ce (III) ions have high binding
affinity to phosphate groups, which can change their ultimate fate
and toxicity (Li et al., 2014; Zhang et al., 2012; Rui et al., 2015; Singh
et al., 2011). Thus, despite the lack of transformation under the
specific conditions of the aforementioned study, phosphate-driven
transformations are likely to happen in the environment, due to the
ease with which CeO2 reacts with phosphate (Singh et al., 2011) as
well as the abundant natural presence of phosphorous and its
compounds in the environment. Zhang et al. (2012) investigated
the biochemical transformation of ceria ENPs in cucumber plants
and observed that organic acids (e.g., citric acids) promoted CeO2
dissolutionwhile reducing substances (e.g., ascorbic acids) played a
key role in the transformation process, generating Ce (III) ions
which then reacted with the phosphate present in the medium.
CeO2 ENPs were transformed into needle-like CePO4 clusers on the
epidermis and in the intercellular spaces of cucumber roots, and to
Ce-carboxylates in the shoots, despite the very low water solubility
of CeO2 in aquatic environments. CeO2 ENP uptake was also
observed in cilantro, but the CeO2 ENPs were not transformed
(Morales et al., 2013), suggesting that intermediates such as organic
acids are required to first dissolve or reduce the Ce(IV) to Ce(III).

To systematically investigate the effect of phosphate on the
transformation of CeO2 ENPs, the effect of phosphate concentra-
tion, time and increasing amounts of Zr-doping of CeO2 ENPs was
assessed by exposing the range of Ce1-xZrxO2 ENPs to phosphate
solutions (containing equimolar concetrations of citric and ascorbic
acids) and carrying out physical and chemical characterisation of
the ENPs at time 0, 7 days and 21 days. The ENPs were exposed to
solutions of either 1mM or 5mM of monopotassium phosphate,
with equimolar concentrations of reducing agents citric acid and
ascorbic acid, whilst the pH of the solutions was adjusted to c. 5.5.

The phosphate concentrations were chosen to span the range of
typical soil phosphate concentrations and thus allow assessment of
the influence of phosphate concentration on the transformation.
1mM phosphate is used in Hoagland hydroponic solutions widely
used for plant growth experiments, while 5mM results in an excess
of phosphate such as could occur in areas prone to high agricultural
run-off (Trejo-T�ellez and G�omez-Merino, 2012). Ascorbic and citric
acid are common organic acids found in soils and have been
identified to play significant roles in soil productivity (Adeleke
et al., 2017). Organic acids dissolved in soil pore water are on the
order of 10�3 to 10�2 mmoldm�3 (Quideau and Bockheim, 1997).
These act as the reducing agents required to induce CeO2 ENP
transformation, i.e. by reducing Ce(IV) to Ce(III), and are able to
create a strong oxygen demand similar to that of flooded soils (e.g.,
wetlands) (Lowry et al., 2012; Lissner et al., 2003; R€omer et al.,
2019). The pH value was chosen based on previous studies by the
authors (R€omer et al., 2019), and the selected pHwas the onewhere
the largest degree of transformation of undoped CeO2 ENPs took
place, due to the fact that at this pH 100% of the available phos-
phorus is present as H2PO4

�. Finally, the optimum pH range for most
plants is between 5.5 and 7.5.

2. Methodology

The ceria and zirconium doped ceria ENPs shown in Table 1
were used as received from Promethean Particles Ltd., Notting-
ham, UK (https://www.prometheanparticles.co.uk). STEM images
for these particles are shown in Table S1 in the supporting infor-
mation. All came as concentrated aqueous dispersions (~2.5wt %
particles). Monopotassium phosphate (Fisher Scientific), citric acid
(Fisher Scientific) and ascorbic acid (Sigma-Aldrich) were also used
as received from the supplier. Samples Ce-Ae Ce-G (Table 1), which
ranged from 100% CeO2 to 100% ZrO2 with varying Ce:Zr ratios in
between, were exposed to laboratory prepared phosphate solutions
based on the method of Zhang et al. (2012). Solutions containing
1mMor 5mMof each of monopotassium phosphate, citric acid and
ascorbic acid were prepared and the pH of the phosphate solution
was adjusted to c. 5.5. For each concentration (1mM and 5mM
exposed) two series of samples were prepared (as some charac-
terisation techniques required more concentrated samples).

� One where 1mL of the ENP dispersion was added to 4mL of the
phosphate solution (resulting in concentrations ranging from
0.15mM Ce: 4� 10�3mM (1mM) or 0.02mM (5mM) P for
sample Ce-A to 0mM Ce: 4� 10�3mM (1mM) or 0.02mM
(5mM) P for sample Ce-G).

� One where 0.08mL of the ENP dispersion was added to 4.92mL
of the phosphate solution (resulting in concentrations ranging

https://www.prometheanparticles.co.uk
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from 1.16� 10�2mM Ce: 4.92� 10�3mM (1mM) or 0.0246mM
(5mM) P for sample Ce-A to 0mM Ce: 4.92� 10�3mM (1mM)
or 0.0246mM (5mM) P for sample Ce-G).

Ageing was performed for 7 or 21 days at room temperature in
the dark.

Samples were characterised as described below at time 0, day 7
and day 21 of exposed to the phosphate solutions.

Samples were characterised by means of dynamic light scat-
tering (DLS), both for sizing and zeta potential, and UV/VIS spec-
troscopy before any exposure to phosphate (pristine ENPs), as well
as immediately after phosphate solution addition, and at days 7 and
21 of exposure. For these analyses both the samples having a lower
Ce:P ratio (i.e. the 0.08mL samples) and higher Ce:P ratio (i.e. the
1mL samples) were used. Pristine, 7 day old and 21 day old samples
having a higher Ce:P ratio (i.e. the 1mL samples) were further
characterised by means of X-ray Diffraction (XRD), Fourier Trans-
form Infrared Spectroscopy (FT-IR), Transmission Electron Micro-
scopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDX).

DLS measurements were performed on a Malvern Zetasizer
(nano ZS) at 20 �C with samples equilibrated for 2min before the
measurements were started. Ten consecutive measurements of the
“as prepared”, time 0 (i.e. immediately upon addition of phosphate
solution) and 7 and 21 day aged samples were collected and
Fig. 1. DLS size histograms for the series of Ce1-xZrxO2 ENP samples A-G exposed to 1mM
function of time.
averaged to calculate the mean size. The same instrument was used
to obtain the zeta potential of the “as prepared”, time 0 and 7 and
21 day aged samples at 21 �C with samples equilibrated for 2min
before measurements were started. Three consecutive measure-
ments were collected and averaged to calculate the zeta potential.

UV/VIS absorption readings were recorded in 10 cm quartz cu-
vettes for the more diluted samples (formed of 0.08mL of the ENP
dispersion) by means of a Jenway 6800 UV/vis spectrophotometer.
A background spectrum was first obtained using ultrapure water
followed by three sample readings, scanning from 800 to 220 nm.
FT-IR spectra were obtained using a Varian 660-IR FT-IR Spectro-
photometer on a few mg of sample which has been dried in a
Gallenkamp hot box oven with a fan at 50 �C for 3 days. Prior to
samples being analysed background scans were carried out.

TEM samples were prepared on copper grids coated with a thin
film of holey carbon (Carbon film on 300 mesh Copper grids
3.05mm) via the drop method using the higher Ce molar concen-
tration samples (i.e. from the 1mL ENP dispersions). This involves
placing a drop of sample on the surface of the grid which was held
stationary and suspended bymeans of TEM tweezers. The drop was
allowed to stand on the grid for a period of half an hour to an hour
to allow the ENPs to adhere to the surface of the grid. Following this
the grids were gently dipped repeatedly in ultrapure water to
remove any loose material and excess salts from the grid. Any
(left) and 5mM (right) phosphate solution (KH2PO4, citric acid and ascorbic acid) as a
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excess water that remained was carefully removed with a tissue.
The grids were allowed to air-dry and kept covered to prevent any
contamination from taking place. Imaging was carried out using a
JEOL 1200 TEM at an accelerating voltage of 80 kV, and a JEOL 2100
TEM (accelerating voltage 200 keV) and EDX spectroscopy was
carried out using the JEOL 2100 TEM. Inca software was used to
analyse the EDX spectra obtained.
3. Results and discussion

Phosphate ageing of the zirconium doped ceria ENPs resulted in
both physical and chemical transformations for all ceria containing
samples. Firstly, colour changes were noticed immediately upon
addition of the 4mL of phosphate solution, both 1mM and 5mM,
to the ENPs. As the amount of ceria present within the Zr-doped
CeO2 ENP samples decreased, the colour changed from their
initial purple-grey to white. Over time following the phosphate
addition, the darker coloured samples became lighter in colour
while the lighter coloured samples became darker. The final result
was that the samples all looked yellow. No noticeable colour change
was observed for the more dilute ENP samples.

DLS results (Fig. 1 (the raw data for which is shown in the
supporting information (SI) S2 file)) revealed an immediate
decrease in particle size upon phosphate addition. This is due to the
change of the medium environment influencing the conductivity
and electric double layer surrounding the ENPs. This initial
decrease is followed by an increase in particle size, presumably as a
result of the physical and chemical transformations taking place.
The extent of the size increase is proportional to the Ce:Zr ratio
Fig. 2. TEM image of a) pristine CeO2 (sample Ce-A) ENPs b) sample Ce-B showing sea-urch
on samples aged for 21-days in 5mM phosphate solution. The full set of particles, timepoi

Fig. 3. Zeta Potential of Ce1-xZrxO2 ENP samples A-G exposed to 1mM
within the sample (i.e. increasing from sample A to G). Phosphate
concentration (Ce:P ratio) was found to influence the trans-
formations also, as some changes, such as the increase in size be-
tween 7 and 21 days, were more noticeable for the 5mM exposure
compared to the 1mM exposure.

The entire range of TEM images (obtained on the JEOL 1200) for
all samples are shown in Table S2 in the SI, and representative
examples are presented in Fig. 2. The images reveal the physical
transformations that took place over time upon exposure of the
ENPs to the phosphate solutions. Samples show transformation
from spherical particles (Fig. 2a) to needle-shaped crystals growing
outwards from a central point, that result in particles resembling
sea-urchin structures as seen in Fig. 2b. Samples A to F all showed
some form of this physical transformation. The degree of trans-
formations decreased from sample A to sample G as the ceria
concentration decreased, with sample G (100% ZrO2) showing no
transformation (Fig. 2c). Transformations thus decreased with the
decrease in ceria content of the ENPs, from sea-urchins to needles
to no transformation. Furthermore the degree of transformations
observed varied between the samples exposed to the 1mM and
5mM phosphate solutions, with the greater concentration showing
a greater extent of transformations. This evidences that phosphate
concentration influenced the extent of transformation.

The sea-urchin formation appears to take place in a number of
steps. Firstly the primary ENPs appear to decrease in size compared
to the size of the pristine particles which is proably due to CeO2
dissolution and reduction in the presence of citric and ascorbic acid,
as observed from the UV/VIS results and discussed below. Once Ce
(III) ions are generated they then react with the phosphate present
in shaped particles c) sample G showing no transformation. Images b and c were taken
nts and phosphate concentrations are provided in the SI Fig. S1.

(left) and 5mM (right) phosphate solution as a function of time.



Fig. 4. FT-IR spectra for pristine (left) and 21 day 5mM phosphate aged (right) samples
A-G (top to bottom). The stretching peak for P-O at 960 cm�1 is present for Ce-A. The
weak peak seen for the aged Ce-containing samples at 1153 cm�1 can be attributed to
P¼O stretching.
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in the medium. CePO4 has a relatively low solubility in water
(0.04 ± 0.04 millimolal), and as such reprecipitates rapidly (Tropper
et al., 2013). This reprecipitation nucleates on the remaining sur-
faces of the original particles leading to formation of needles, which
over time result in formation of larger sea-urchin like structures
having a size of circa 200 nm. It is important to note that the
resultant particles have different surface properties to the original
particles which can affect reactivity and possible particle in-
teractions within the environment or human body, which could in
turn influence toxicity. The alterations in size and the needle-like
structures can also play a role in bioavailability and uptake, which
again impacts on toxicity.

Zeta potential results (Fig. 3 (the raw data for which is shown in
the SI S3 file)) show that immediately upon addition of the phos-
phate solution the zeta potential values change from positive stable
values of 34e53mV to negative stable values of �36 to �43mV for
the 1mM phosphate solution and to �38 to �49mV for the 5mM
phosphate solution. In the presence of the new media containing
KH2PO4, citric acid and ascorbic acid, a change in electrolyte con-
centration and pH (c. 5.5) occurs. Citric acid and ascorbic acid are
electrostatically attracted to the initially positively charged ENP
surfaces and bind, leading to highly negatively charged surfaces.
The pH and ionic strength-driven association of the acidic groups
from the citric acid and ascorbic acid on the surface of the ENPs
further enhances the negatively charged surfaces. The phosphate
ions then increase the surface charge density and change the
charge of the ENP surface by displacing the acidic groups on the
surface of the ENPs (Nelson et al., 2000). The fact that the highest
Zr-containing ENPs remain highly negative confirms that there are
no phosphate transformations as the surface of the ENPs stays
negative meaning that the initially bound acidic groups remain on
the surface.

Between t¼ 0 and t¼ 7 days limited changes are observed in all
samples, whether exposed to 1mM or 5mM of phosphate, with the
exception of the 100% CeO2 ENP (Ce-A) exposed to 5mMwhere the
zeta potential value increases significantly towards 0. The phos-
phate ions begin to displace the absorbed acid groups increasing
the surface charge of the ENPs. This is influenced by the exposure
duration, the phosphate solution concentration and the Ce surface
available. Hence, the zeta potential of sample Ce-A exposed to
5mM increases most significantly.

By day 21, a more pronounced effect on the zeta potential values
of the samples is observed, implying that time influences trans-
formations and behaviour. The surface of the ENPs with the asso-
ciated acid groups have more opportunity to be displaced by the
phosphate groups at longer times.

In general, samples Ce-A, Ce-E and Ce-G follow the same trend
regardless of the phosphate concentration. Samples Ce-B and Ce-D
remain stable in the 1mM solution but not the 5mM solution
implying that the increased concentration results in faster changes
taking place. Samples Ce-C and Ce-F are unstable after 21 days in
the 1mM solution but stable in the 5mM solution indicating that
the relationship between the phosphate concentration and the ENP
sample composition is a determining factor in the transformations.

FT-IR (Fig. 4 (the raw data for which is shown in SI S4 file))
shows the stretching peak for P-O at 960 cm�1 present in the
spectrum of the exposed sample Ce-A. This indicates a chemical
change from CeO2 to cerium phosphate (CePO4). The P-O peak is
shadowed in samples Ce-BeCe-G due to aneOH bending peak seen
at 937 cm�1 for all zirconium containing samples. The weak peak
seen for the aged samples at 1153 cm�1 can be attributed to P¼O
stretching. This peak is not observed for sample Ce-G (ZrO2 ENP). In
fact, no spectral differences are noted between the pristine and
phosphate aged sample Ce-G, implying no chemical transformation
took place for the ZrO2 ENPs even after 21 days.
On analysing the UV-VIS spectra (Fig. S1 in the SI (the raw data
for which is shown in SI S6 file)) the pristine spectra, sample Ce-A
clearly shows the cerium (IV) absorbance peak between 300 and
400 nm. This is due to the charge-transfer transition between O 2p
and Ce 4f bands (Herrling et al., 2013; Tsunekawa et al., 2000). The
intensity of this peak decreases to non-existent across samples Ce-
BeCe-G as the cerium concentration decreases to 0 in sample Ce-G,
the pure ZrO2 ENP. The pristine Ce-G spectrum shows a peak at c.
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240 nm which literature has attributed to both tetragonal and
monoclinic ZrO2 (Ranga Rao and Sahu, 2001) and a peak near
290 nm which can be attributed to interstitial Zr3þ ions in the
monoclinic lattice (Kumari et al., 2009).

On addition of the phosphate solution a strong peak can be seen
immediately at c. 270 nm, which is most likely due to presence of
ascorbic acid adsorption at the ENP surfaces, and could well be
overshadowing the Ce (III) peak. Between day 7 and day 21, only
differences in peak intensity were noticed with no significant peak
position changes recorded, indicating that no new transformations
were occurring, but rather that the initial transformations were
continuing to intensify (i.e. the amount of CePO4 deposition as
needle-like structure increased in samples Ce-A to Ce-F).

The XRD spectrum (Fig. 5 (the raw data for which is shown in SI
S5 file)) for pristine CeO2 ENPs (Ce-A) shows peaks (indicated with
green stars) at 2q¼ 28, 47 and 56 ⁰ representingmiller indices (111),
(220) and (311) respectively (Lawrence et al., 2011). ZrO2 ENPs (Ce-
G) at the other end of the sample spectrumwas identified as having
a monoclinic structure, which is the structure adopted by ZrO2 at
room temperature. Peaks (indicated with black stars) are observed
at 2q¼ 28.2, 33.8, 35.1, 50.3 and 57.7 ⁰, representing miller indices
(111), (002), (200), (122) and (222) respectively (Joint committee on
powder, 2001). Pristine samples Ce-BeCe-F showed both CeO2 and
ZrO2 influenced lattice peaks since they are composed of Ce1-
xZrxO2. As the series progresses from Ce-B to Ce-F as expected
similarities pertaining to CeO2 decrease and those pertaining to
Fig. 5. XRD patterns for the pristine (left) and 21 day 5mM ph
ZrO2 increase, as shown in Fig. 5.
XRD revealed and confirmed the chemical transformations un-

dergone by the Ce1-xZrxO2 ENP series following exposure to the
phosphate solutions. After 21 days an increase in crystallinity could
be noted at both phosphate concentrations. All cerium containing
samples (Ce-AeCe-F) show peaks attributed to cerium phosphate
(CePO4). The CePO4 monazite peaks (indicated with blue stars) are
most clearly seen in sample A. These are found at 2q¼ 25, 27, 28, 41
and 48.5 ⁰ representing miller indices (020), (200), (120), (013) and
(103) respectively. The CePO4 peaks become less obvious as the
series progresses from sample Ce-A to Ce-F as a result of the
reduced Ce available for dissolution and re-precipitation as CePO4.
Sample G shows peaks belonging to the starting reaction reagent
potassium phosphate (indicated with red stars), and ZrO2. No
transformationwas observed for the ZrO2 ENPs, confirming that the
ceria is the material undergoing transformation. Most notably,
these results indicate that the ZrO2 does not inhibit the trans-
formation of the ceria within the doped samples.

The EDX results (Table 2) show sample Ce-A to contain potas-
sium, cerium, phosphorous and oxygen and, as expected, to lack
zirconium. Samples Ce-BeCe-F show the presence of all the same
components as Ce-A along with zirconium. Furthermore, the nee-
dles and core of the sea-urchin structures do not differ in compo-
sitional components, which suggests that the CePO4 is diffusing
into the core of the particles also before precipitating. The spectrum
for Ce-G shows no cerium but identifies potassium, zirconium,
osphate aged (right) samples Ce-A-Ce-G (bottom to top).



Table 2
TEM images and EDX spectra for samples Ce-B, Ce-C and Ce-G exposed to 5mM phosphate solution for 21 days. The remaining samples are provided in the SI Table S3.

Sample Image EDX Spectrum

Sample B

Sample C

Sample G
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phosphorous and oxygen. The potassium and phosphorous are due
to the initial reaction reagent, namely potassium phosphate, and
are in the background rather than being ENP-associated.
4. Conclusion

This work studied the environmentally relevant phosphate
induced transformations of zirconium-doped cerium dioxide ENPs,
such as those used extensively in automotive catalysts, and the
factors influencing the degree of transformation. To date, these
transformations had only been observed for pure CeO2 ENPs and
not for doped CeO2 ENPs, highlighting that the presence of doping
does not inhibit transformations.

In the study, a series of zirconium-doped cerium dioxide (Ce1-
xZrxO2) ENPs with varying Ce:Zr ratios (Zr-doping amounts from
0 to 100%) were exposed to environmentally realistic phosphate
solutions (i.e. relevant pH, ionic strength, and small reducing
molecules such as citric acid and ascorbic acid), resulting in physical
and chemical transformations for all ceria-containing ENPs. Ceria
and ceria-rich samples underwent transformation to larger parti-
cles growing into characteristic “sea urchin”/needle-like of chem-
ical composition CePO4/Ce1-xZrxPO4. Furthermore these samples
underwent compositional transformation to phosphate-bearing
phases. The transformations were dependent on time, ceria con-
centration, and phosphate to ceria ratio. The degree to which the
transformation takes place varied depending on the Ce:Zr ratio and
the phosphate solution concentration. The ZrO2 ENPs showed no
transformation to phosphate. However, the presence of zirconium
within the doped samples did not inhibit these transformations for
the Ce-containing ENPs.
The transformations observed in this work could occur in nature
under ordinary environmental conditions, when ceria and ceria-
containing ENPs find their way into phosphate-bearing media
such as soil pore water at some stage during their lifecycle. These
transformations can occur to different extents as seen depending
on the conditions. Such changes in physical and chemical proper-
ties can easily induce transformations to materials with a new
range of physicochemical properties that in turn influence the
behaviour and possibly the toxicity of the ENPs. The present study
highlights the importance of understanding the transformations
undergone by ENP in the environment, in order to make informed
decisions as to the particle form to test for ecotoxicity as part of risk
assessment and regulation. It is clear that the rapid transformations
of the Ce1-xZrxO2 ENPs to >200 nm sea-urchin Ce1-xZrxPO4 particles
will have dramatic consequnces for their bioavailability and uptake
by organisms, likely reducing their toxicity, but the needle-like
structures may lead to physical damage such as membrane punc-
ture, or may induce inflammatory processes such as frustrated
phagocytosis if the particles are too large to be engulfed by mac-
rophages for example.
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