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ABSTRACT The combination of ultrasonic exposure on ceric phosphate gels with subsequent hydrothermal-
microwave treatment resulted in the formation of nanoscale NH,Ce5(PQO,); or KCey(POy); phases. The sun
protection factor (SPF) and protection factor against UV-A radiation (UVAPF) values for double ceric phos-
phates with the smallest crystallite sizes exceeded 4 and 3.5, respectively, which is much higher than the
values for samples consisting of larger particles. These results are superior to previously published values for
similar ceric compounds, and thus show promise for their application in sunscreens.
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1. Introduction

Modern sunscreens are cosmetic preparations containing organic or inorganic UV filters as active ingredients. The
use of organic UV filters in sunscreens is less preferred due to their potential to penetrate the skin barrier and to exhibit
systemic effects in the body, their relatively low photostability, and ability to generate reactive oxygen species under irra-
diation [1,2]. The latter drawback is also characteristic of commercial metal oxide UV filters, such as TiO5 or ZnO [3-5].
Phosphate compounds are considered as alternative inorganic UV filters because of their biocompatibility, high chemical
and thermal stability of the phosphate matrix [6-8]. Recently, crystalline cerium(IV) phosphates were reported to be
promising sunscreen candidates [9—12]. The primary method for synthesizing these compounds is through hydrothermal
treatment, which typically results in the formation of micron or submicron particles [13—19]. However, the size of the
inorganic components is a crucial parameter that can impact photoprotective properties, distribution uniformity over the
skin, and overall appearance of cosmetic compositions [20-22]. In this regard, an important task is to develop methods
for producing inorganic UV filter particles with a specific mean particle size and narrow size distribution. Previously, we
demonstrated the use of the hydrothermal-microwave method, instead of conventional hydrothermal treatment, to produce
particles of ammonium-cerium(IV) phosphates (NH,Ces(POy4)3, (NH4)2Ce(PO4)2-H20) in a wide size range by varying
the duration of synthesis and temperature [23]. It is also well known that ultrasonic treatment of the reaction mixtures
can reduce the particle size of products and promote their uniform distribution [24-26]. At the same time, the number of
papers is still limited which report on the influence of ultrasonic pre-treatment of heterogeneous precursors, such as gels,
on the products of hydrothermal synthesis.

This study investigates the effect of ultrasonication of ceric phosphate gels on their crystallization upon hydrothermal
or hydrothermal-microwave treatment, resulting in the formation of NH,Ceo(PO,4)3 or KCes(PO,4)3 samples. The influ-
ence of mean particle size and particle size distribution of the resulting samples on their UV shielding properties is also
studied.
© Kozlova T.O., Sheichenko E.D., Vasilyeva D.N., Kozlov D.A., Kolesnik 1.V., Tronev L.V.,

Teplonogova M.A., Baranchikov A.E., Ivanov V.K., 2024



216 T. O. Kozlova, E. D. Sheichenko, D. N. Vasilyeva, D. A. Kozlov, 1. V. Kolesnik, 1. V. Tronev, et al.

2. Experimental section

The following materials were used as received, without further purification: Ce(NOs3)3 - 6H20 (pure grade, Lanhit
Russia), potassium hydroxide (pure grade, Sigma Aldrich), phosphoric acid (85 wt.% aq, p = 1.689 g/cm?®, extra-pure
grade, Komponent-Reaktiv Russia), aqueous ammonia (25 wt.%, extra-pure grade, Khimmed Russia), isopropanol (extra-
pure grade, Khimmed Russia), glycerol (Sigma-Aldrich, 99.5 %), sodium dodecyl sulfate (99 %, Sigma-Aldrich), distilled
water.

First, ceric phosphate solution was synthesized according to the procedure reported earlier [27]. Briefly, nanocrys-
talline (4 — 5 nm) cerium dioxide (0.100 g) obtained by precipitation from Ce(NOj3)s - 6H20 aqueous solution [28] was
dissolved in concentrated phosphoric acid (5 ml) at 80 °C. The calculated molar ratio of Ce:P in the solution was 1:126.
The cooled solution was placed into an ultrasonic bath Bandelin Sonorex Longlife RK 1050 for 30 min, then 35 ml of
0.5 M aqueous ammonia solution or 1 M potassium hydroxide aqueous solution was added to the reaction mixture. The
obtained gels (~ 40 mL) were sonicated using Bandelin Sonopuls HD 3200 homogenizer operated at 20 kHz (200 W,
amplitude 20 %) and equipped with titanium horn (TT-13 titanium tip) for 1 h. The resulting suspensions were placed
in 100 ml Teflon autoclaves and treated under hydrothermal or hydrothermal-microwave conditions at 180°C for 24 h or
1 h, respectively. After cooling the autoclaves, the precipitates were repeatedly washed using distilled water and dried at
60 °C in air. The synthesis scheme is shown in Fig. 1.
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F1G. 1. The scheme of double ceric phosphates synthesis using ultrasonic-assisted hydrothermal-
microwave (HTMW) or conventional hydrothermal (HT) treatment

As a reference, NH;Ceo(PO,4)s and KCeo(POy4)3 samples, previously synthesized under hydrothermal conditions
without the use of microwave or ultrasonic treatment [19, 23], have been obtained. These samples were designated as
NCeP and KCeP, respectively.

Powder X-ray diffraction (PXRD) patterns were acquired with a DX-2700BH (Haoyuan, China) diffractometer, using
Cu K, 2 radiation in the 26 range of 5° — 80° with 0.02° 26 steps and a counting time of no less than 1 s per step. The
identification of the diffraction peaks was carried out using the ICDD database. The full-profile analysis of diffraction
patterns with quantitative determination of the coherent scattering domains (CSD) sizes, was performed using the Rietveld
method realized in the MAUD software (version 2.99).

Scanning electron microscopy (SEM) images were obtained using an Amber GMH (Tescan, Czech Republic) micro-
scope operated at an accelerating voltage of 5 kV using a secondary electron (Everhart-Thornley) detector. Particle size
analysis was carried out using the ImageJ software (version 1.53t). For each sample, the sizes of at least 150 particles were
measured, after which the particle size distributions were approximated by a lognormal function. Energy-dispersive X-ray
spectroscopy (EDX) was performed using an Ultim Max (Oxford Instruments, UK) detector at an accelerating voltage of
20 kV.

Fourier transform infrared (FTIR) spectra of the samples were recorded using an InfraLUM FT-08 (Lumex, Russia)
spectrometer in the range of 400 — 4000 cm ! in attenuated total reflectance mode.

Absorption spectra of NH4Cey(PO4)3 and KCez(POy4)3 samples for band gap (E;) determination were acquired
in a diffuse reflection mode on a Lambda 950 (PerkinElmer, USA) spectrometer in the 200 — 1000 nm range. The sun
protection factor (SPF) and protection factor against UV-A radiation (UVAPF) values were determined in accordance with
the ISO 24443-2016, the measurement procedure and calculation formulas have previously been reported [12]. For this
study, suspensions containing 10 wt.% of double ceric phosphates and 90 wt.% of a solution consisting of 9.9 wt.% H>O,
90 wt.% glycerol and 0.1 wt.% sodium dodecyl sulfate were prepared in an agate mortar. Then, 0.035 g of each suspension
was evenly spread over the surface of the 3M Transpore Tape 1527-2 film (27.5 cm? area). The total transmittance spectra
of the films coated with the suspensions were recorded in the range of 290 — 400 nm on a Lambda 950 (PerkinElmer,
USA) spectrometer using an integrating sphere (150 mm diameter). 3M Transpore Tape 1527-2 coated with a similar
formulation without adding double ceric phosphates, was used as a reference sample.
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3. Results and discussion

According to the PXRD data, after the hydrothermal treatment of the reaction mixtures obtained by mixing ceric
phosphate solutions with a 0.5 M NH4OH aqueous solution, NH4Ces(PO4)3 phase formed (Fig. 2a). Note, that in case
of hydrothermal treatment (24 h) of sonicated ceric phosphate gel an admixture of CePO4 with monazite structure (PDF2
[00-032-199]) was detected in the sample. The presence of Ce(III) phosphate admixture in the products of hydrothermal
treatment of ceric phosphate gels has been repeatedly reported [16,19,29,30], what may be due to Ce(IV) reduction under
specific synthesis conditions. Using the 1 M KOH aqueous solution as a precursor led to the single phase KCex(POy4)3
formation in all the cases (Fig. 2b). The unit cell parameters refinement as well as CSD evaluation were performed using
Rietveld analysis of the PXRD patterns for NH;Ceo(PO4)3 and KCes(PO4)3 phases (Table 1). The obtained results agree
well with previously published data and confirm that these double ceric phosphates are isostructural to each other [17,19].
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FI1G. 2. Powder X-ray diffraction patterns of the products of HTMW or HT treatment of ceric phosphate
gels formed upon the addition of 0.5 M NH,4OH (a) or 1 M KOH (b) to ceric phosphate solutions. The
corresponding Bragg peak positions are shown below

Based on the X-ray diffraction analysis results, it was found that the use of hydrothermal-microwave treatment in
comparison with conventional hydrothermal synthesis resulted in decreasing of NH,Ce2(PO4)3 and KCe2(PO4);3 particle
sizes. This is consistent with the findings of Tronev et al. [23], indicating the same dependence. Moreover, the same
trend is observed when comparing samples obtained with or without ultrasonic pre-treatment (Table 1). Thus, the phases
NH4Ces(PO4)3 and KCeo(PO4)3 with the least crystallite sizes of 60 and 65 nm, respectively, were obtained by combining
microwave and ultrasonic treatment of the reaction mixtures.

IR spectroscopy data (Fig. 3) confirm the results of the PXRD analysis, indicating that the type of hydrothermal treat-
ment and ultrasonic pre-treatment virtually has no influence on the structure of the samples. The general appearance of the
IR spectra of the samples obtained is almost the same and agree well with the previously reported data for NH4Ce2(PO,)3
and KCey(PO,)3 phases [17, 19]. In the regions of 1100 — 900 and 650 — 440 cm ™! the absorption bands are observed,
which are related to the stretching and bending vibrations of the phosphate anions, respectively [31, 32]. Furthermore,
the IR spectra of NH,Ce2(PO4)3 samples exhibit absorption bands at 2800 — 3300 cm ™! (broad) and 1425 cm ™! (sharp),
which correspond to the vibrations of the NHI ion [33-35].

The particle size dependence on the synthetic method used, as observed through X-ray diffraction analysis, is clearly
demonstrated in the scanning electron microscopy images (Fig. 4). Table 2 presents the mean particle sizes and standard
deviations obtained from lognormal distribution as determined from scanning electron microscopy data. The mean particle
sizes of KCe2(POy4)3 samples appear to be similar to the crystallite sizes determined from XRD data. The overestimation
of the corresponding values for NH;Cey(PO4)3 samples is explained by the anisotropic microstructure of this phase,
for which the length of single crystallites from SEM images was measured. Note that the most uniform particle size
distribution is achieved through the combination of microwave and ultrasonic effects (Fig. 5).
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F1G. 3. IR spectra for products of HTMW or HT treatment of ceric phosphate gels formed upon the
addition of 0.5 M NH,OH (a) or 1 M KOH (b) to ceric phosphate solutions

Based on the obtained data, the ultrasonic treatment significantly affects the crystallization of double ceric phosphates
under hydrothermal conditions. This observation is in line with the results of the previous studies, devoted to other inor-
ganic systems (see e.g. [36-38]). In particular, on the example of mixed oxide particles [39] and silicoaluminophosphate
molecular sieves [40] it was shown that preliminary ultrasonication inhibits the crystallite growth and leads to formation
of smaller crystals with more uniform size distribution.

TABLE 2. The mean particle sizes and standard deviation determined from the SEM images for
NH,4Ces(POy4)3 and KCeq(PO,4)3 samples

Sample

NCeP

NCeP_US

NCeP_US_MW

KCeP

KCeP_US

KCeP_US_MW

Mean
particle

275

352

244

138

105

58

size, nm

Standard

deviation,
nm

114 217 63 39 20 11

The UV-vis absorption spectra of NH,Ce2(PO,4)3 and KCe,(PO,4)s samples are almost identical within each series.
To determine the optical band gap, optical absorption spectra were rebuilt using Tauc plot for allowed indirect transition
(Fig. 6). The estimated E,; values of NH4Cey(POy4)3 (2.57 — 2.61 eV) samples coincide with the previously published
data [12,23]. The corresponding values for KCey(POy4)3 samples (2.63 eV) were determined for the first time and are
close to those of NH4Ces(POy)s3.

The SPF and UVAPF values obtained in accordance with the ISO 24443-2016 international standard are shown in the
Table 3. Note that the absolute values for the NCeP sample are lower than those for the NH4Ces(PO4)3 sample, obtained
earlier under similar conditions (SPF=2.7, UVAPF=2.5) [12]. However, even when considering the values presented in
the previous work, the NCeP_US_MW sample has the highest SPF and UVAPF values. The samples produced using both
ultrasonic and microwave treatment exhibit the highest UV protection properties. It is noteworthy that SPF and UVAPF
values for NCeP_US_MW and KCeP_US_MW samples are higher than previously reported corresponding values for other
ceric phosphates and even nanocrystalline cerium dioxide [12,41].

TABLE 3. Sun protection factor and UVAPF protection factor values for NH4Cey(POy4)3 and
KCey(POy)s3 samples

Sample | NCeP | NCeP_.US.MW | KCeP | KCeP_.US_.MW
SPF 1.9£0.1 4.0£0.2 3.3£0.3 3.94+0.4
UVAPF | 1.940.1 3.9+0.3 3.5+£0.5 3.5+04
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FIG. 4. SEM images of a) NCeP, b) NCeP_US, c) NCeP.US.MW, d) KCeP, e) KCeP_US,
f) KCeP_US_MW samples
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FI1G. 5. Size distribution of the particles of NH4Ce2(PO,4)3 and KCe2(PO,4)3 samples calculated from
SEM data. Solid lines correspond to the results of data fitting using a lognormal distribution function
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FIG. 6. Plots for band gap energy (indirect transition) determination for NH4Ceo(POy4)s (a) and
KCes(POy)3 (b) samples

Taking into account that the optical absorption spectra of NH4Ceo(POy4)3 and KCeo(PO,4)3 samples are similar within
each series, the increase in SPF and UVAPF values is likely due to the particle size decrease. Note, that some previous
studies [42—45] also have stated the impact of inorganic filler size on the sunscreens UV shielding effect. Smaller particles
contribute to a denser film formation that likely caused larger absorption in the UV region.

4. Conclusions

The study investigated the particle size distributions and UV radiation protective effects of isostructural NH,Ceo(PO4)3
and KCes(PO,)3 phases synthesized through hydrothermal and hydrothermal microwave methods, including those com-
bined with ultrasonic pre-treatment. It has been demonstrated that the sonication of starting ceric phosphate gels followed
by hydrothermal-microwave treatment allows for the production of double ceric phosphates with the smallest crystallite
sizes (approximately 60 nm) and the narrowest particle size distribution. For the first time, it has been shown that the
crystallite sizes of NH,Ce2(PO,4)3 and KCeo(POy)3 affect their UV shielding properties. The study revealed that the sun
protection factor and protection factor against UV-A radiation increase as the mean particle size of the materials decreases.
The SPF and UVAPF values obtained (up to 4) are significantly higher than previously published values for similar ceric
compounds.
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