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Environmental significance

Overlooked impact of surface hydroxylation on
the solubility of less-soluble compounds: a case
study of CeO,7

Tatiana V. Plakhova, @2 Anna Yu. Romanchuk, ©2 Anastasia D. Konyukhova,?
Irina F. Seregina,® Alexander E. Baranchikov, @®® Roman D. Svetogorov, (DR
Maxwell W. Terban, @ Viadimir K. lvanov ®®¢ and Stepan N. Kalmykov@*a

Unexpectedly, the solubility of CeO, nanoparticles (NPs) at 25 °C does not depend on particle size, but is
significantly affected by the sample's thermal pre-treatment. The classical interpretation of NPs'" solubility
proposed by the Gibbs-Thompson or Kelvin equations fails to describe the experimental data on CeO,
solubility obtained in this study. Thermal treatment did not change the samples’ morphological
characteristics, while slightly affecting NP hydroxylation and local crystallinity. The differences in the
solubility of dried and non-treated CeO, particles were most noticeable at pH < 4, and dissolved cerium
concentration was much lower in the case of the dried sample. After prolonged storage (up to 4.5 years)
of CeO, NPs in aqueous media, the solubility of dried samples gradually increased, while for non-treated
samples it remained unchanged. Based on the example of CeO,, the dissolution laws of other less soluble
nanomaterials should be reconsidered.

In view of the high demand for CeO,-based materials, understanding their dissolution behaviour is imperative. Ceria nanoparticles, whether freshly made
and fully hydroxylated or dried, may exhibit distinct environmental behaviours, as surface hydroxylation is crucial in determining their catalytic and
biological properties. Unexpectedly, hydroxylated CeO, nanoparticles exhibit greater long-term stability than dried ones which significantly advances our

understanding of nanoscale materials' dynamics in environmental science. Analogies between cerium dioxide and actinide dioxides are vital for
environmental considerations, emphasising the necessity of comprehending the influence of water on the long-term behaviour of these materials and the

potential spread of radionuclides through groundwater systems.

Introduction

Rapid advances in nanoscience and nanotechnology, in
the 21st century, have created a growing demand for
nanomaterials possessing unique properties for various
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fields of application, from catalysts and accumulators to
pharmaceuticals. A decrease in particle size to a few
nanometres leads to a significant increase in surface-to-
volume ratio and the emergence of wunusual effects
responsible for size-specific properties, e.g., optical,
magnetic and  catalytic."™*  Mass  production  of
nanomaterials inevitably results in their release into the
environment. The impact of engineered nanoparticles
(NPs) on biosystems remains debatable and is probably
strongly related to their physicochemical properties.””
Living organisms can easily absorb NPs through ingestion,
respiration, or both, increasing NPs' exposure to the
ecosystem.® In addition, various analytical techniques have
revealed that a very large number of NPs could exist in
the environment as a result of natural NP production.’
NPs can be dissolved in biological media, leading to the
release of toxic metal ions.'® Thus, the dissolution of
natural and engineered NPs can have significant
consequences for ecotoxicity.
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A relevant factor to the issue of NPs in the environment is
that they might be thermodynamically unstable and tend to
reduce surface energy by coarsening via dissolution/
precipitation processes.’! Nevertheless, recent advances in
measuring the surface enthalpy of metal oxide materials™
indicate that some solids could be thermodynamically stable
as NPs, under certain conditions."*™” For example, Navrotsky
et al'® showed size-related thermodynamic differences
among iron oxide phases. A lower surface enthalpy allows
oxyhydroxides to exist with larger surface areas, and to be
more thermodynamically stable than anhydrous oxides.
Along with the possible coarsening of particles, this
phenomenon must be taken into account when predicting
NPs' spread in the environment. This is especially important
for the environmental concerns over the radioactive
nanoparticles. The insights in the interaction of actinide
oxides with aqueous media must be taken into consideration
when regarding nuclear fuel storage or disposal."®

Cerium dioxide (CeO,, ceria) is a multifunctional
material that has great promise for many technological
applications, including catalysts, sensors, biomaterials,
etc.?°>* Based on theoretical predictions, CeO, is considered
to be very poorly soluble in water.”® Thus, it could be a
suitable model for understanding the processes occurring
with other less soluble functional materials in the
environment. At the same time, experimental data on CeO,
behaviour in aqueous media are fragmentary. There are
virtually no empirical thermodynamic or kinetic constants
(the solubility product value, dissolution rate constants, etc.)
that can adequately model or predict CeO, solubility. The
dissolution of CeO, and other inorganic materials is
strongly influenced by particle size, the composition of the
aqueous media, the pH value and reduction potential. A
solubility study of 5 nm CeO, NPs at 0.01 M ionic strength
has been reported earlier, with a reductive dissolution
model proposed for data interpretation.”® There have also
been several studies where CeO, NP dissolution has been
investigated in media of biological and environmental
significance.>’ *° Some recent studies have demonstrated a
dependence of CeO, solubility on the particle size.>”*"*?
However, it is worth noting that in these studies, the
presence of anionic phosphate species in the solution could
trigger the formation of cerium phosphate phases,
subsequently affecting the overall solubility.

The present study investigated the solubility of CeO, NPs
and associated processes (dissolution and phase
transformation) in aqueous media with low ionic strength, to
provide deeper insights into the size effect and the specific
impact of the hydroxylated oxide surface, and to establish a
solubility product. The present work also evaluated short-
term and long-term CeO, behaviour in solutions at different
pH values, and a careful assessment of the effects of NPs'
size, thermal treatment and other subtle factors on CeO,
solubility was made. The data obtained provide some
unexpected information on the dissolution trends of less
soluble substances.
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Experimental

CeO, NP synthesis procedure

Aqueous stock solutions of Ce(NO3);-6H,0 (Sigma Aldrich) of
0.001 M and 0.8 M concentrations were prepared using
MilliQ water. For CeO, NP precipitation, the stock solutions
were added to a five-fold volume excess of 3 M aqueous
ammonia, under continuous stirring at room temperature.
Yellow precipitates were formed, which were separated by
centrifugation and washed three times with MilliQ water to
remove soluble admixtures. For further characterisation,
CeO, samples were prepared in three different ways.
Hereafter, non-treated samples refer to as-prepared CeO, NPs
after the synthesis procedure without any further treatment;
samples dried at 40 °C refer to as-prepared CeO, NPs after
drying overnight in an ambient environment at 40 °C;
samples dried at 150 °C refer to as-prepared CeO, NPs after
drying overnight in an ambient environment at 150 °C. In
addition to conventional drying approaches, the freeze-drying
method was used (LS-1000 lyophilic dryer). The as-prepared
CeO, precipitate was frozen at -52 °C and dried at a pressure
of 0.32 mm Hg; the temperature during the drying process
did not exceed 0 °C.

Solubility study

The NPs' solubility was studied using the undersaturation
method. A small amount of CeO, NPs (non-treated, dried at
40 °C or dried at 150 °C) in the form of concentrated aqueous
suspension was put into polypropylene tubes. Overall cerium
concentration in CeO, NP suspensions was 0.01 M. pH values
were fixed in the range of 1.5-6 by the successive addition of
dilute solutions of NaOH and HClO,. The pH values of the
resulting suspensions were determined using an InLab
Expert Pro pH electrode (Mettler Toledo). Solubility studies
were performed at a constant ionic strength (0.01 M NaClO,).
CeO, NP suspensions were stored in a laboratory thermostat
at 25.0 £ 0.5 °C.

To analyse the concentration of dissolved cerium, the
liquid phase was separated from the CeO, NPs by
centrifugation using a Beckman Coulter Allegra 64R
centrifuge. The duration and speed of centrifugation for the
complete separation of the solid phase were calculated from
the rotor parameters, for each sample individually. To verify
the separation efficiency of the solid phase, ultrafiltration
(Millipore filter, 3 kDa) and ultracentrifugation (Beckman
Optima TLX Ultracentrifuge, TLA-110 rotor) were used.
Aliquots of the samples were analysed as a function of the
pH value or equilibration time ranging from a few days to a
few years. Cerium concentration in the samples was
measured by inductively coupled plasma mass spectrometry
(ICP-MS) on an Agilent 7500C inductively coupled plasma
quadrupole mass spectrometer. The device was controlled
using ICP-MS-TOP ChemStation software (version G1834B).
Before the measurements, the mother liquids, after solid
phase separation, were diluted with an extra pure 2% HNO;
solution. To calculate cerium concentration in the samples,
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the calibration curve was obtained, by analysing standard
solutions with cerium concentrations of 5, 20 and 100 pg L™".
The detection limit was about 10~ M. For each measurement
by ICP-MS, the standard error was within 10%.

Analysis of solid substances

For solid phase characterisation before and after dissolution
experiments, X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), high energy
resolution  fluorescence  detected X-ray absorption
spectroscopy (HERFD-XAS) and pair distribution function
(PDF) analysis were used.

Synchrotron-based XRD measurements were performed
using the X-ray structural analysis (XSA) beamline of the
Kurchatov Synchrotron Radiation Source (NRC “Kurchatov
Institute”,  Moscow).  For  synchrotron-based = XRD
measurements, CeO, NP samples were placed in synthetic
vacuum oil and mounted on a 20 um nylon CryoLoop. The
measurements were performed in the transmission mode,
using a Rayonix SX-165 CCD detector at a wavelength of 0.80
A. Raw 2D scattering images were integrated using the Fit2D
software program. The PDF database was used for the
identification of the crystalline phases. The particle size of
nanocrystalline ceria was calculated using the Scherrer
formula and the coefficient of anisotropy (K-factor) was set to
0.94. Line profiles for (111) and (200) reflections were fitted
to pseudo-Voigt functions. Particle size was calculated from
the full width at half-maximum (FWHM) of (111) and (200)
diffraction lines, taking into account instrumental
broadening. Instrumental broadening was calculated using
the Caglioti formula.*

A microstructural evaluation was performed using a Jeol
2100F transmission electron microscope operating at an
accelerating voltage of 200 kV. Electron diffraction patterns
were recorded using the same instrument. To obtain data on
average size and distribution from HRTEM images, the
diameter of more than 200 particles was calculated.

HERFD-XAS experiments were performed using the BM20
beamline of the European Synchrotron Radiation Facility,
Grenoble (France).’* The incident energy was selected using
the (111) reflection from a double crystal Si monochromator.
Rejection of higher harmonics was achieved using two Rh
mirrors working at an angle of 2.5 mrad relative to the
incident beam. HERFD-XAS spectra were measured using an
X-ray emission spectrometer®® at a 90° horizontal scattering
angle. The sample, analyser crystal and photon detector
(avalanche photodiode) were arranged in a vertical Rowland
geometry. The Ce HERFD-XAS spectra at the L; edge were
obtained by recording the maximum intensity of the Ce Lo,
emission line (4839 eV) as a function of the incident energy.
The emission energy was selected using the (331) reflection
of five spherically bent Ge crystal analysers (with R = 1 m)
aligned at a 80.7° Bragg angle. The size of the beam at the
sample was 400 pum horizontally and 80 pum vertically. A
combined (incident convoluted with emitted) energy
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resolution of 1.2 eV was obtained, as determined by
measuring the FWHM of the elastic peak. Samples for the
HERFD-XAS measurements were prepared as wet pastes and
sealed with single Kapton confinement (of 25 micron
thickness).

X-ray total scattering measurements were performed using
the beamline P02.1 of PETRA III at the Deutsches Elektronen-
Synchrotron (DESY). Rapid acquisition data collection®® was
used with a Varex XRD 4343CT detector (2880 x 2880 pixels,
150 x 150 um? each) and a sample-to-detector distance of
281.03 mm. The incident energy of the X-rays was 59.795 keV
(A = 0.20735 A). Samples were loaded into 0.8 mm inner
diameter glass capillaries. A LaBs standard was measured at
room temperature for calibration of the detector geometry.
Calibration, polarisation correction and azimuthal
integration to 1D diffraction patterns were performed using
Fit2D software.’” Background subtraction of an empty
capillary measurement and normalisation of the 1D
diffraction intensities were carried out to obtain the total
scattering structure function, F(Q), which was Fourier
transformed to obtain the PDF, G(r), using PDFgetX3 within
the xPDFsuite.”®*? The range used in the Fourier transform
was 0.3-23 A™! for 8 nm NPs and 0.5-23 A™ for 2 nm NPs.
Structure refinements were performed using PDFgui and
Diffpy-CMI (for use of the log-normal spherical distribution
damping model).">*" The crystal structure of CeQ, (Fm3m)
was refined to the resulting PDFs, including the lattice
parameter a, isotropic atomic displacement parameters for
Ce and O, a parameter to account for correlated motion d;, a
spherical damping correction to account for average
crystallite size and a scale factor. The contribution of the
instrumental profile was determined by structure refinement
to the LaBg standard: Qgamp = 0.02906 A™".

Results
CeO, particle characterisation before dissolution experiments

Cerium dioxide nanoparticles were synthesised using a
chemical precipitation method.** It is generally accepted that
the solubility product constant of particles smaller than 100
nm depends substantially on particle size, and the difference
is most significant when the size decreases from 10 to 1
nm.** Thus, the conditions for CeO, synthesis were designed
to obtain NPs in this size range. Data from the literature for
ceria NPs suggest that thermal treatment has a strong
influence on biological impact.** Therefore, in addition to
size variation, the samples were heat treated under different
conditions. Special attention was paid to CeO, NP analysis
before and after drying.

Fig. 1 and S1f show data characterising the structure of
non-treated and dried CeO, NPs before the dissolution
experiments. According to high-resolution transmission
electron microscopy (HRTEM) data, aggregates of crystalline
NPs were formed during chemical precipitation (Fig. S1a and
bt). Particle size distributions for both samples confirmed a
relatively low polydispersity, which has a close fit to a
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Fig. 1 (a) Schematic representation of non-treated and dried CeO, NPs. Non-treated CeO, particles obtained by chemical precipitation in solution
possessed a high degree of surface hydroxylation.*? (b) Comparison between the Ce Ls HERFD-XAS spectra of non-treated and dried CeO, NPs.
(c) Enlarged view of the pre-edge HERFD-XAS spectra of non-treated and dried CeO, NPs compared with the pre-edge spectrum of cerium(in)
sulfate. (d) X-ray scattering intensity profiles of CeO, samples obtained by X-ray total scattering measurements. (e) The corresponding reduced pair
distribution functions G(r) were obtained by Fourier transformation (FT) of the data with Qmax = 23.0 A™.

lognormal function (Fig. Slc and df). According to HRTEM
data, average NP diameters were 2.3 + 0.4 nm and 7.8 + 1.2
nm for the samples synthesised from 0.001 M and 0.8 M
Ce(NO3)3, respectively. X-ray diffraction (XRD) data indicated
that all the samples were single-phase and corresponded to
cubic CeO, (PC PDF 81-792) (Fig. S2t). Crystallite sizes
calculated from XRD data were 2.3 + 0.2 nm for CeO,
prepared from 0.001 M Ce(NO;); and 8.8 + 0.9 nm for CeO,
prepared from 0.8 M Ce(NOj);. Diffraction data and
transmission electron microscopy data obtained are in good
agreement with each other, indicating that CeO, samples

Environ. Sci.: Nano

consist of single crystalline particles with no internal grain
boundaries. Based on the results presented above, the
samples will be referred to as “2 nm” for CeO, prepared from
0.001 M Ce(NO;); and “8 nm” for CeO, prepared from 0.8 M
Ce(NO;);.

Fig. 1b shows the full high energy resolution fluorescence
detected X-ray absorption experimental spectra (HERFD-XAS)
of CeO, NPs of 2 nm diameter, both non-treated and dried,
compared with bulk CeO,. Measurements were carried out at
the Ce L; edge, which means that the electron was excited by
the incident X-rays from the 2p orbital of Ce at an energy of

This journal is © The Royal Society of Chemistry 2024
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5723 eV. The spectra reveal the presence of dipole-allowed
2p-5d transitions (main edge transitions in the energy range
5720-5730 eV) and dipole-forbidden, but quadrupole-allowed,
2p-4f transitions (at the pre-edge in the energy range 5715-
5720 eV). The main edge peaks in the L; HERFD-XAS spectra
of 2 nm CeO, were essentially broader than those obtained
from bulk CeO,. This size effect in the spectra has already
been discussed,** and is related to electron delocalisation at
the surface of the 2 nm NPs, where the high surface-to-
volume ratio has an impact. The effect of surface
modification is clearly seen in the HERFD-XAS spectrum for
2 nm NPs dried at 40 °C and 150 °C (Fig. S4t). The spectral
structure sharpened and the separation between the main
edge peaks (due to the splitting of the Ce 5d states into the
e; and t,, transitions in the cubic Ce crystal structure®)
became more visible. These surface modifications may be
associated with a decrease in the hydroxylation of the surface
after drying.”> In a recent study conducted by Ghosalya
et al.*® using the X-ray photoelectron spectroscopy method at
ambient pressure it was found that hydroxyl groups were
present in 2 nm and 5 nm particles. Ghosalya et al. observed
that surface hydroxylation decreased as the temperature
increased, with changes in the spectra starting at 50 °C.
Thus, the results obtained in the current study are consistent
with existing reports.

An enlarged view of the pre-edge spectra of non-treated
and dried CeO, is presented in Fig. 1c. The pre-edge structure
of the non-treated and dried 2 nm NPs revealed the presence
of the Ce(iv) oxidation state only. The characterisation of
CeO, NPs dried at 150 °C is presented in Fig. S31 (XRD data)
and Fig. S41 (HERFD-XAS spectra). These data are in good
agreement with previously reported results confirming the
absence of Ce(m) in CeO, NPs prepared by chemical
precipitation  techniques and dried under various
conditions.”>***” Based on XRD data, it is apparent that the
sizes of the CeO, crystallites remain unchanged upon drying
of the samples (Fig. S3t). Specifically, the crystallite sizes, as
determined using the Scherrer equation, are found to be 2.1
+ 0.2 nm and 2.4 + 0.2 nm after drying at 40 °C and 150 °C,
respectively. This observation indicates that the sample
drying does not have any noticeable effect on the sample's
crystallinity; however, the examination of HERFD-XAS
suggests modifications in the surface hydroxylation caused
by thermal treatment (Fig. 1a).

Pair distribution function (PDF) analysis was used to
further study the local structuring of the 2 nm and 8 nm
NPs before and after heat treatment.”” Fig. 1d shows
scattering intensity profiles for the samples of CeO, NPs
investigated and a CeO, reference. The corresponding
reduced pair distribution function G(r) is shown in Fig. 1le.
A model of the damping of G(r) was refined in order to
extract the average crystallite size: approximately 2.0 nm
and 8.5 nm, respectively, in agreement with XRD and
HRTEM results. In particular, the effect of crystallite size on
the 2 nm samples could be better described by a lognormal
spherical distribution,*® but the mean value and width

This journal is © The Royal Society of Chemistry 2024
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parameters of the distribution were too highly correlated to
enable the provision of reliable values, in this case.
Refinement of the crystal structure of CeO, to the local
structure in the PDFs consistently resulted in a slight
contraction of the lattice parameter for both NP sizes, and
in an increase in the atomic displacement parameters and
crystallite size for the samples dried at 40 °C (Fig. S5, Table
S1t), suggesting increases in both a compressive
homogeneous strain and an inhomogeneous strain.* It is
important to note the simplicity of the models used,”
which, in the present case, do not account for
distinguishing core and surface features, but they do
suggest a structural modification associated with the drying
process. Since the mild temperatures used are unlikely to
have had a significant impact on the CeO, core structure,
this suggests that the removal of hydroxyl groups may lead
to some surface relaxation.

To summarise the results of the dried and non-treated
samples studies, the mild drying (40 °C and 150 °C) process
did not affect the morphology, particle size distribution or
stoichiometry of CeO, NPs, but it did slightly affect
hydroxylation and structural strain.

CeO,, dissolution experiments

Fig. 2a and b show the dissolution kinetics at pH = 4.1 + 0.2
for 2 nm and 8 nm CeO, samples, both non-treated and
dried at 40 °C and 150 °C. In each case, the time dependence
of cerium concentration in the solution can be approximated
by linear regression in the range of 1 to 50 days in y = C(¢)
coordinates (Fig. S6T). Thus, the CeO, dissolution process
could be attributed to a zero-order reaction and be
independent of the concentration of initial reagents.
Dissolution rate constants for CeO, samples are reported in
Table S2.f For both 2 nm and 8 nm samples, the rate
constants for non-treated samples are five times higher than
those of the dried ones. This indicates the higher reactivity of
the non-treated samples in comparison with the dried
samples. The rate constants of dried CeO, samples' (40 °C
and 150 °C) dissolution are very close to each other.

After 50 days of CeO, interaction with a solution, the
concentration of dissolved cerium was virtually unchanged;
thus, it might be supposed that a steady-state condition had
been reached in all systems studied, at this point. The
concentrations of cerium in the solution in the presence of
NPs in the non-treated CeO, samples (2 nm and 8 nm), once
the steady-state condition had been reached, were quite
similar. Heat treatment did, however, lower ceria solubility by
at least half an order of magnitude (Fig. 2a and b). After 160
days from the beginning of the dissolution process at pH =
4.1 + 0.2, the cerium concentration values for the 2 nm CeO,
NPs were 8 x 10> M for non-treated samples and 2 x 107> M
for the dried samples. After the same dissolution time, for 8
nm NPs, the concentrations of cerium in the solution were 7
x 10> M for the non-treated sample and 2 x 10> M for the
dried sample. Interestingly, there was no significant
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difference in cerium concentration in the supernatant liquid
between the samples dried at 40 °C and 150 °C.

Fig. 2c and d show the dependences of cerium concentration
in the solution in the presence of the CeO, NPs under steady-
state conditions, as a function of pH. The data were collected
two months after the beginning of the experiment and the
effect of decreasing solubility for the dried CeO, can be
observed in a wide range of pH values. The difference in cerium
concentrations for non-treated and dried samples was much
more significant at low pH (pH < 4) and was nearly eliminated
under neutral conditions. There was, however, still no
significant difference in dissolved cerium concentration
between the 2 and 8 nm CeO, samples (Fig. S77).

To gain a deeper insight into the origins of the observed
phenomenon, the solubility of freeze-dried CeO, NPs was also
examined. Freeze drying is a low-temperature dehydration
process that involves freezing the product and removing ice by
sublimation under low pressure. This method produces
samples with low aggregation and higher mesoporosity than
with conventional drying.”*"** The literature suggests a higher
hydroxyl group content in freeze-dried samples than in heat-
dried samples.”® Phase stability and stoichiometry

Environ. Sci.: Nano

conservation during freeze-drying were confirmed by XRD and
HERFD-XAS measurements (Fig. S3 and S47). In Fig. 2c and d,
the cerium concentration in solution in the presence of freeze-
dried CeO, NPs is shown using blue squares. These values are
closer to the concentration of dissolved cerium in the presence
of non-treated CeO, at the same pH values and the trend is
observed in the dissolution of both 2 and 8 nm freeze-dried
NPs. Thus, the solubility behaviour of freeze-dried CeO, NPs
resembles that of non-treated samples.

Previously, the dissolution kinetics of cerium dioxide in
various media were studied in short-term experiments only -
from several hours to several months.>”?®>* The long-term
behaviour (over a matter of years) of CeO,-based
nanomaterials in solutions is poorly understood. At the same
time, the long-term processes could profoundly influence
NPs' ecological and health risk assessments. The dependence
of cerium concentration in solution on pH over different time
periods is presented in Fig. 3. These data demonstrate that
the dissolution of 40 °C dried CeO, NPs is very slow. Even
after 4.5 years of solid/liquid interaction, the cerium
concentration in the solution was still increasing. The
concentration of cerium in solution in the presence of non-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Cerium concentration in 0.01 M NaClO, solution in the presence of non-treated and dried CeO, 2 nm NPs at different pH values and

times of dissolution. Red hatching - the model of CeO; reductive solubility, calculated using logKceo,/ces+ = 25.8 * 0.3 and logKs, = -59.3 £ 0.3 (/
= 0.01).2° Grey hatching - the model of CeO, solubility without redox reactions, calculated using logKs, = -59.3 * 0.3 (I = 0.01).%° (b)
Synchrotron-based XRD patterns and (c) Ce Ls HERFD-XAS spectra of non-treated and dried CeO, after initial particle dissolution for 4.5 years.
The inset depicts an enlarged view of the pre-edge HERFD-XAS spectra of CeO, samples after dissolution, along with cerium(i) sulfate. (d)
Schematic representation of the dried CeO, dissolution mechanism based on particle dissolution and gradual hydroxylation of the particle surface.

treated CeO, particles did not change noticeably in the same
experimental time period.

Non-treated and dried CeO, samples were analysed after
prolonged contact with the aqueous media to determine the
origins of solubility differences. XRD was used to investigate
possible changes in the crystallinity of the samples (Fig. 3b
and S8t). The HERFD-XAS method was applied to exclude the
possibility of trivalent cerium formation in the crystalline
structure of CeO, NPs during dissolution and to assess any
changes in the degree of surface hydroxylation (Fig. 3c).
HRTEM was used to further analyse the morphological
features of NPs after dissolution (Fig. S71). No significant
changes in the structure and morphology of NPs after contact
with the solution were revealed. This suggests that the
solubility of NPs is controlled only by the subtle changes
occurring with the particles during drying. These differences
and the possible mechanism of dissolution of non-treated
and dried particles are described in the “Discussion” section.

A thermodynamic description of the dissolution process is
necessary for calculating the solubility product constant (Ki).
There is a hypothesis in the literature that, in the case of
incomplete separation of the solid phase and the solution,
so-called eigencolloids within the size range of 1.5-2 nm may

This journal is © The Royal Society of Chemistry 2024

remain in the solution.**”*® In particular, Neck et al. revealed
such phenomena while studying the solubility of thorium
and plutonium dioxides.’””*® When no, or insufficient, phase
separation occurs, the measured Th(v) and Pu(w)
concentrations in the aqueous phase are generally ~2.5
orders of magnitude larger. Thus, many studies have
proposed the use of ultrafiltration or ultracentrifugation to
calculate the K, of dissolved actinide oxides to minimise the
influence of eigencolloids on the value of the constant.
Because CeO, eigencolloids could influence the
experimental results, different ways of separating NPs from
the solution were used in the present study. Generally, high-
speed long-term centrifugation was used for solid separation
from the solution. In several cases, ultracentrifugation was
also used, to rule out experimental error and the possible
incomplete separation of CeO, NPs. The results obtained
showed no differences in the concentration of dissolved
cerium after different types of centrifugation of the same
sample (Table S31). Thus, the CeO, NP solubility product
constant could be calculated from the experimental results.
The dissolution of cerium dioxide under pH < 7 is
accompanied by the formation of Ce(m) aqueous species.
Thus, CeO, solubility data could be fitted based on the
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reductive  dissolution thermodynamical model.*® The
concentration of dissolved cerium, in the case of the
dissolution of the 40 °C dried CeO, sample, constantly
increased under a pH of 1.5-6; the system was far from a
thermodynamic equilibrium (Fig. 3a). Therefore, calculating
the solubility product constant from these experimental data
may be erroneous. The cerium concentration in solution for
non-treated CeO, samples remained practically unchanged
for 4.5 years. This suggests that the non-treated CeO, NPs/
water system was closer to the thermodynamic equilibrium
than the dried CeO, NPs/water system, so the solubility
constant could be estimated based on experimental data for
non-treated CeO,. The solubility product constant for non-
treated CeO, was logKy, = —-59.3 + 0.3 at ionic strength
0.01 M.

Discussion

Summarising the experimental results, the following
abnormalities in the solubility behaviour of CeO, should be
highlighted. Unexpectedly, the solubility of CeO, NPs did not
noticeably depend on particle size, in the range of 2-8 nm,
while the solubility of non-treated samples was much higher
than that of the dried ones. The differences in the solubility
of dried, and non-treated, CeO, nanoparticles decreased
significantly when the pH of the media increased from 1.5 to
6. There was no apparent difference in the solubility of NPs
dried at 40 °C and 150 °C. The prolonged storage (up to 4.5
years) of CeO, NPs in aqueous media caused the dissolution
of dried samples to gradually increase, while for non-treated
samples, it remained virtually unchanged. The phase
structure, morphology and cerium oxidation state in NPs
remaining in solution were preserved during long-term
dissolution in the case of both non-treated and dried CeO,.

It is generally accepted that the solubility of a particle
increases as size decreases. This phenomenon results from
the increased chemical potential found at curved surfaces,
which is the basis for particle growth, according to Ostwald
ripening.'" Apparently, this is not an applicable description
for the CeO, NPs studied here, and possibly, nor is it for
other less soluble particles. Next, there will be a discussion of
the process of dissolution of CeO,, with an attempt to explain
the observed abnormal experimental observations.

The solubility of CeO, is controlled by a few monolayers
on the surface, which cannot be properly probed by any of
the sophisticated techniques considered in this work. This
hypothesis is in line with previous studies that have revealed
that the dissolution process of cerium dioxide and other less
soluble substances is not representative of the bulk phase,
but is rather controlled by the surface processes of a few
monolayers of the corresponding oxide.*®>*%°%>  After
chemical precipitation, a significant amount of hydroxyl
groups is present on the surface of CeO, particles. Some
studies have proposed considering particles of metal dioxides
obtained from solutions as being particles with a core/shell
structure, or even proposed judging the hydroxylated surface
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layer as a microphase.®® The surface of hydrated NPs is not a
simple, planar, sharp boundary, but is better thought of as a
perturbed boundary region.'® When particles are extremely
small, such perturbed regions are dominant and the notions
of “phase” and “surface” become ambiguous. Any drying
processes should lead to a decrease in the degree of
hydroxylation.*> Therefore, the complex surface layer of 2 and
8 nm CeO, particles originating from the synthesis and post-
synthesis treatment could control solubility and be the
reason for the solubility of particles of different sizes being
the same.

Since the dissolution of cerium dioxide occurs by the
mechanism of reductive dissolution, the surface state plays a
vital role. The reductive dissolution of cerium dioxide occurs
due to the interaction of surface Ce(wv) ions and a partially
negative electronic charge on water oxygen.>® According to
HERFD-XAS (Fig. 1b), even a mild drying, at 40 °C, leads to
modification of the particle surface, which is most likely
associated with the removal of hydroxyl groups during
drying.*> According to local structure refinements for non-
treated and dried CeO, NPs of various sizes, consistent
changes in cell parameters and displacement parameters
upon the drying of 2 nm and 8 nm NPs also suggest some
structural modifications (Table S1t). These modifications are
likely to be driven by changes in the surface environment of
NPs due to decreased hydroxylation. Consequently, the
affinity to water oxygen atoms of the dried surface may
decrease, so reducing the potential of the cerium reduction
reaction. Thus, the solubility of the dried CeO, particles
decreases in comparison with that of the non-treated
samples. This hypothesis was confirmed indirectly by the fact
that the solubility of freeze-dried samples was quite close to
the solubility of non-treated particles (Fig. 2), because freeze-
drying preserves the original surface properties.

Further confirmation of surface-derived CeO, dissolution
is provided by the pronounced difference in the solubility of
the non-treated and dried particles under different pH values.
The thermodynamic stability of Ce(m) in solution is the
driving force behind reductive dissolution. At the same time,
the influence of Ce(m) on the dissolution of CeO, weakens
with increasing pH.*> A decrease in the dissolved cerium
concentration difference in the case of the dissolution of
dried and non-treated samples, with an increase in pH, was
also observed.

Last but not least is the question that arises from the
analysis of experimental data as to why the dissolution of
dried particles constantly increases for 4.5 years and tends to
the values of non-treated samples. According to existing
literature data for some oxides, surface energy depends not
only on particle size, but also on morphology, dopants,
surface hydroxylation, etc.'™'®®*®> Hydration lowers surface
energy by 20-30%."° Such an effect has been observed only at
the nanoscale and has been reported for Al,O;, Fe,03, TiO,,
Sn0,, UO, and other systems."**®®* Thus, the dried surface
should have the highest surface enthalpy and relax its high-
energy surface sites by water adsorption. Over time, water

This journal is © The Royal Society of Chemistry 2024
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molecules may dissociate on the surface of the dried particles
to repair incomplete bonding geometries on the initial
surface. Thus, the surface of the dried CeO, tends to return
to its original highly-hydrated and more energetically
favourable state (Fig. 3d). All these factors affect one of the
most essential CeO, macro properties — the solubility of the
particles.

We hypothesize that the effect of surface hydroxylation
could also be observed in other low soluble compounds.
Here, one possible example could be PuO,, with the crystal
structure beign similar to that of CeO,. Although the effect of
drying on dissolution has not been studied yet for PuO,, it
should be noted that this compound tends to form fluorite-
type crystalline nanoparticles and the solubility product
constants of CeO, and PuO, are quite close 0708
Furthermore, the influence of surface hydroxylation on
dissolution behaviour was observed earlier for HfO, and
Mg0.°’® The solubility of metal hydroxides or X-ray
amorphous oxides, such as Zr(OH), or ThO,(am), has been
shown to decrease after thermal treatment due to the
crystallization during ageing or drying.”'”’* Based on our
findings, it is also reasonable to consider surface
hydroxylation when describing the solubility mechanism in
nanocrystalline systems of ZrO, and ThO,.

Conclusions

The hydrated surface of cerium dioxide is an important feature
that determines CeO, particles' properties, including solubility.
Non-treated CeO, nanoparticles exhibit a much higher
solubility than dried ones, across a wide pH range (pH 1.5-6),
suggesting that the hydroxylated surface catalyses dissolution
processes. Meanwhile, the dissolution of dried CeO, gradually
increases with time, on the evidence of a 4.5 year observation
period. This probably happens because water dissociates on
the dried CeO, particle surface, to complete bonding
geometries and return it to the hydrated state. Comparison of
the experimental and literature data leads to the conclusion
that the hydrated surface significantly reduces surface energy
at the nanoscale, which ensures the stabilisation of NPs for a
long time. Particles’ stability and solubility play a crucial role in
their bioactivity (biopersistence, toxicity, etc.) and, of course, in
the key technological processes (e.g., in catalysis). Therefore,
the NPs' surface hydroxylation and their stability should be
considered in all fields associated with nanomaterial
application and regulation.

Abbreviations

NPs Nanoparticles

XRD X-ray diffraction

HRTEM High-resolution transmission electron
microscopy

HERFD-XAS High energy resolution fluorescence detected
X-ray absorption spectroscopy
PDF Pair distribution function
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