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Preparation and properties of CeO sols stabilized by polyvinyl alcohol
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The CeOz sols stabilized by polyvinyl alcohol (PVA) were obtained from solution of cerium nitrate (IIT) in the presence of hydrogen peroxide and
ammonia. X-ray diffraction, transmission electron microscopy, the pH metric method, ultraviolet spectroscopy and infrared spectroscopy were used
to investigate the compositions and properties of the sols. It was observed that the PVA stabilizes the colloidal solution of cerium dioxide. The
stability of the solution depends on the mass content of PVA and pH. The surface of various CeOz particles exhibiting the property of an acceptor
interacts with OH groups of PVA. CeOz sol with 5 wt.% PVA and pH 8.55 (particle size 67 nm) has sun protection properties (UVA/UVB = 0.64)

and is characterized by low photocatalytic activity, cytotoxicity and genotoxicity.
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1. Introduction

Ultraviolet radiation is very important in human life. UV rays have exhibitedanalgesic and sedative effects.
Strictly metered-dose UV irradiation stimulates the production of antibodies, thus increasing the resistance of humans
to infection.Despite its important role in medicine, the harm of ultraviolet radiation on health exceeds the benefits.
The ultraviolet range of the spectrum is conventionally divided into several regions. The most dangerous region of
UV-radiation is UV-B radiation with wavelengths ranging from 290 to 320 nm [1]. The long-term effects of UV B on
human skin can cause the incidence of skin cancer, including cutaneous melanoma, and photo aging of the skin [2].
Currently, inorganic UV filters based on ZnO and TiO, are widely used to protect the skin from well-known carcino-
genic effects of ultraviolet light in cosmetic creams, including sunscreen. However, these metal oxides also have some
disadvantages; numerous studies have shown that titanium and zinc oxide nanoparticles have high photocatalytic ac-
tivity [8—10]. The authors of the work [11] showed that titanium dioxide is a photocytotoxic substance to the fibrous
region of the skin. Analysis of the literature shows that approximately 20 years ago researchers proposed to use cerium
dioxide as an inorganic UV filter [12—14]. This oxide over titanium and zinc oxides has several advantages, among
which it should be noted a yellowish color of the substance (close to the skin color), transparency in the visible region
of the spectrum, the ability to effectively absorb UV radiation [15,16], decrease in photocatalytic activity with decrease
in particle size [17]. Information about CeOy photocatalytic activity which provided in the literature is ambiguous.
It is believed that CeO5 has a low photoactivity due to the large band gap (3.19 eV) and rapid recombination of pho-
togenerated charge carriers. Photocatalytic activity is increased due to the addition of metal additives [18] or metal
oxides [19-21] in cerium dioxide. The authors of [22] found that CeO, nanoparticles reduce oxidative DNA damage
caused by UV irradiation. Other authors indicate that cerium dioxide exhibits photocatalytic properties [23—26]. The
comparative analysis of literature indicates that state of the oxide surface and the presence of defects [25,26] and Ce>™
state [27] in the composition of oxide affect its photocatalytic properties and depend on conditions of its preparation.

Despite the large number of known synthetic methods, today there is an open question related to the development
of new methods of producing of CeOs sol, which take into account the possibility of high-quality purification from
reaction by-products and unreacted substances. Also, important task is searching a new non-toxic stabilizers, allowing
obtaining stable sols with biologically relevant pH values. Polyvinyl alcohol (PVA) can be used as such a non-toxic
stabilizer, which forms adsorption layers on the surface of dispersed particles and contributes to Van der Waals London
interactions. It is known [28,29] that PVA is usually weakly charged at neutral pH and therefore the stabilization of
nanoparticles in the sol is due to electrostatic repulsion.

The aim of this study is obtaining sol of CeOs with PVA from cerium (III) nitrate solution and investigating
photocatalytic, toxic and sunscreen properties of sol.
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2. Experimental procedure
2.1. Materials

Cerium nitrate (IIT) hexahydrate (purity 99.9 wt.%) was purchased from Novosibirsk plant of rare metals. PVA-
16/1 was purchased from company “Nevinnomyssky Azot”. The solution of ammonia (25 wt.%) and the solution
of hydrogen peroxide (30 wt.%) were purchased in the JSC “Base No. 1. Distilled water was used throughout the
experiments. Methyl orange (MO) was purchased from Alfa Aesar.

2.2. Synthesis of CeO- sols

Procedure for preparing of light yellow and transparent CeO; sols is as follows. The aqueous solution of PVA
(5 wt.%) was added to the solution of Ce(NOj3)3 (C=0.001 M) in a 1:5 volume ratio under magnetic stirring (3 K/min).
The aqueous solution of HyO2 (30 wt.%) was then added to form a red color of Ce(OH)3OO0OH. This solution was
heated to 90 °C with constant stirring for 45 minutes. The aqueous solution of ammonia (0.03 — 1.5 ml 24 wt.%) was
then added and left to mix at 90 °C for more 3 hours. Finally, prepared sol was allowed to air cool. The formation of
cerium dioxide can be represented by the following reaction equation:

QCQ(N03)5 + H202 + 6NH3 . HQO = 2C602 + 6NH4N03 + 4H20

The particles of cerium dioxide in the solid phase were obtained by the same method, using 2 wt.% solution of PVA
and 0.5 ml solution of ammonia 24 wt.%. After several hours in such light yellow and transparent CeOs sol, the
oxide particles coagulate and precipitate. The precipitate was filtered, washed with distilled water and dried at room
temperature.

2.3. Characterization methods the composition and properties of sols

X-ray diffractograms (XRD) of solid samples (CeO2) were recorded on a Rigaku Miniflex 600 powder diffrac-
tometer (CuKa emission) at a voltage, and current of 40 kV and 15 mA, respectively. The range 260 = 10 ° —90 ° at
a rate of 2 °min~! was used to identify the crystalline structure. The samples’ phase compositions werefound using
the ICSD PDF-2 database. The average crystallite size was calculated from the XRD peak (111) using the Scherer
0.9\

cosf’
with a JEOL JEM-2100F transmission electron microscope (TEM) operating at 200 kV. The acid-base properties of
the CeO, surface were studied using a Multitest pH meter by a procedure described in work [30]. The change pH of
the cerium dioxide suspension in bidistilled water over time from the moment of formation until reaching the electro-
chemical equilibrium was detected according to the pH meter readings with the combined glass electrode ESC-10605.
IR spectra of PVA, sols of CeOq with PVA and dried at 90 °C sols of CeO, with PVA were measured on an Agilent
Cary 630 FTIR spectrophotometerin the frequency range 400 — 4000 cm™'. The absorption and transmission spec-
tra of sols in the visible region in ultraviolet were removed relative to the aqueous solution of PVA and relative to
air (PE-5400 UF spectrophotometer). The average size of cerium dioxide particles in the sol was determined by the
“turbidity spectrum” method. The method is based on the use of the Rayleigh equation for colloidal systems with low
concentration, the dispersed phase of which does not absorb incident light and is optically isotropic [31].

The photocatalytic activity was evaluated for the decomposition of MO (as a model reaction) under UV light
irradiation. For this, we used samples of the dried CeO5 sol with PVA, as well as samples of CeOy particles without
PVA, which were separated from the sol with higher oxide content. The 42 ml solution of MO (concentration of
12.760 g/1) and 0.425 g of the sample were placed into a reactor of quartz glass. The mixture was kept in the dark
under magnetic stirring for 1 h to reach sorption—desorption equilibrium. Next, the reaction mixture was placed under
an Iy excimer ultraviolet lamp with A = 342 nm and exposed to UV radiation for 1 h with constant stirring. Every
10 min, we took an aliquot, which was centrifuged to separate the precipitate, and then the absorbance of the mother
liquor was measured. The methyl orange concentration was determined spectrophotometry method on a PE-5400 UF
spectrophotometer (cuvette length 10 mm, filming step 1 nm). The wavelength for the measurement was 461 nm,
which is the maximum characterized adsorption wavelength of MO. The absolute accuracy limit in the transmission
measurement was +0.5 %.

In this paper, we performed an analysis of the sun protection characteristics of cerium dioxide sols on middle
(UVB) and near (UVA) UV ranges. To assess the effectiveness of skin protection in the UVB range, the UVA/UVB
ratio was determined according to [32]:
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High-resolution images and selected area electron diffraction (SAED) patterns were observed
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TABLE 1. Properties of sols CeO, with PVA 5 wt. %

V NHj initial, ml | pH value | Particle size, nm | Aggregative stability
0.03 8.11 — —
0.10 8.31 60 +
0.30 8.46 63 +
0.50 8.55 67 +
1.50 9.49 68 —

The UVA/UVB value is the ratio of the mean absorption in the near and middle UV ranges. The efficiency of the
photoprotective action of sol in the UVA range was estimated in units of the critical absorption wavelength [33]:

The study of the sun protection properties of sol was carried out by the method of experimental model of ultraviolet
erythema in rats according to the guidelines for preclinical studies of drugs [34]. Male rats (Rattusnorvegicus forma
alba) of the Wistar line with an average weight of 250 + 25 g (n = 5) were used as a test system. All rats were
divided into two groups — experimental and control. An object of study in the form of an ointment was applied to
the hairless area of the skin on the abdomen of animals of the experimental group. On a similar area of the skin of
animals of the control group was applied only ointment base ¢ PVA. Acute erythema in experimental animals was
caused by irradiation with UV rays of these skin areas at a dose of 1 MED (minimum erythemic dose) [35]. Animals
during experimental were under combined etheric-xylazine anesthesia. A laboratory source of ultraviolet radiation
with a power of 250 W with a natural ratio of UVA and UVB radiation intensities was used. The irradiated areas
were exposed for 10 minutes. The severity of erythema and edema of the skin was assessed visually immediately,
after 0.5; 1; 2 and 3 hours, as well as the next day after irradiation on a conditional 4-point scale. The values of scale
were: 0 — no erythema, 1 — very weak erythema, 2 — weak erythema, 3 — moderate erythema, 4 — clearly expressed
erythema [36].

Genotoxicity of CeOs sols with PVA was investigated using Allium cepa test [37]. This technique is based on the
influence of the environment on the growth of the roots of Allium cepa bulbs. For the experiment sol of CeO, with
PVA (prototype), solution of PVA (placebo) and H-O distilled (control sample) were used. Sol was diluted with water
in a ratio of 1:49. The PVA solution was also diluted. Experiments were duplicated 4 times. Bulbs were sprouted
for three days while kept at room temperature. On the 4th day the bulbs were taken out. The length of the roots
was measured. After that they were fixed with a clamp Clark. For microscopic examination the crushed cytogenetic
preparations were prepared by the standard method. The toxic effect was determined by the length of the roots.

The cytotoxicity of the CeOssol with PVA was assessed on monocytes isolated from whole blood of a healthy
person by magnetic separation using MTT test [38]. CeO, tablets of the test substances are poured in to 2 ml of cell
suspension and allowed to incubate for 144 hours at 37 °C and 5 % CO,. For the test, a 96-well plate was used.
After 144-hour incubation of monocytes with test substances, 100 pl of cell culture suspension was placed in each
well. Before the transfer of cells from the culture cup to the 96-well plate for the MTT test, the cell suspension was
re-suspended. Then, 10 ul of MTT working solution was introduced into each well and incubated for another 3 hours
in a COs incubator with 5 % CO5. After 3 hours, the tablet was removed from the CO5 incubator and the medium in
each well was replaced with a DMSO solution. After that, using a tablet reader Tecan Infinite F50, the optical density
of each well was determined at 490 nm, and the measured background absorption at 620 nm was subtracted.

3. Results and discussion
3.1. Characteristics sols CeO3 with PVA

It was found that the stability of sols is influenced by the amount of PVA and the pH value of sols, which is
determined by the volume of ammonia. The sols of CeOy with PVA up to 5 wt.% and values pH of 8 — 11 are not
formed. The oxide particles coagulate in the process of obtaining sols. The stability of CeO5 sols with 5 wt.% PVA
depends on pH values. Some properties of sols and their stability are summarized in Table 1.
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The as-prepared sols were light-yellow and transparent. The pH values of the stable sols were slightly basic. The
average size of the colloidal particles in such sols was characterized by comparable values. The average colloidal
particle size in the filtered sol with pHvalue of 9.49 was 68 nm. Consequently, an increase in the particle size of more
than 70 nm in the studied solutions leads to their coagulation. The morphology of the CeO5 nanocomposites of sols
with pH = 8.31 and pH = 8.55 was investigated by the TEM analysis, which is shown in Fig. 1(a, b). Fig. 1 shows
that the CeOs nanoparticles don’t have a pronounced cut and are agglomerated, regardless of the pH of the sols. The
degree of agglomeration tends to decrease with increasing of pH sols. Electron diffraction data additionally indicate
the polycrystalline nature of nanocomposites. The particle size of CeOs in sol with pH = 8.31 is in the range of 2 nm
to 4 nm with a narrow particle size distribution. For a sol with pH = 8.55, the size of CeO5 nanoparticles reaches from
4 nm to 10 nm and particles have a more regular spherical shape.

F1G. 1. TEM images of CeO5 nanoparticles in sols with pH = 8.31 (a) and pH = 8.55 (b)

It is known [39,40], that the sun protection properties increase with increasing the size of particles in the sol. The
sol with pH = 8.55 was stable and has a maximum particle size. This sol was investigated in this work.

Figure 2(a) shows the diffraction pattern of CeQO, particle prepared from sol with PVA 2 wt.%. Diffraction
peaks at 20 = 28.54352, 33.09498, 47.46177, 56.349266, 59.089647, 69.44741, 76.61854, 79.03574 and 88.37222°
correspond to the cubic phase (111), (200), (220), (311), (222), (400) (331) (420) and (422) cerium dioxide (from
JCPDS card 00-034-0394).

The average crystallite size is 12.81 nm. Fig. 2(b) shows the diffraction pattern of the dried at 60 °C sol CeO-
with PVAS wt.%. (pH = 8.55). This sample contains a lot of amorphous phase. Diffraction peaks are wide and weak.
The average crystallite size is 2.07 nm and is comparable with the value of nanocrystallites in sols (TEM).

The analysis of the IR spectra of solid PVA, PVA in an aqueous solution, sol of CeOy with PVA and dried at
60 °C sol of CeO5 with PVA was performed to understand the interaction between CeO5 and PVA in the sol. Fig. 3(a)
shows absorption bands are observed at frequencies characterizing valent O—H bond vibrations (3400 — 3200 cm ™)
and C—H bond (2905 cm™!) in the IR spectrum of solid PVA. A wide band of vibrations of O-H bonds indicates the
formation of various associates in the solid phase of PVA [41].

The region of vibrations below the frequency of 1500 cm™! corresponds to the valent vibrations of C—O group
(1239 cm™1), deformation vibrations of O—H groups (1140 cm ™!, 1081 cm™*) and —-CHa— groups of various types:
scissors (1414 cmfl); fan and torsion (915 cm™ !, 838 cm™! syndio- and isotactic PVA structures, respectively [42]
(Fig. 4).
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FI1G. 2. XRD patterns of coagulated particles CeOs (a) and dried sol CeO5 with PVA (b)
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The frequencies of valent vibration of O—H groups (3042 and 3229 cm '), C—H group (2873 cm™ '), C-O group
(1279 cm™1) and deformation vibration of the O—H group (1040 cm™!), ~CH,-group of an isotactic structure PVA
(826 cm™ 1) are also observed in the infrared spectrum of the dried sol of CeOs with PVA (Fig. 3(b)). In addition, in
the IR spectrum of this sample there is apeak at frequency 714 cm™', which correspond to the deformation vibrations
of the -CHy— group pendulum type. Proof of the interaction of CeOy with PVA is a change in the intensity of the
observed absorption bands of valent and deformation vibrations and a shift of their wavelengths to the low-frequency
region compared to the IR spectrum of PVA without CeOs, as well as a shift in equilibrium towards the formation of
the syndiotactic structure of PVA. The IR spectra of an aqueous solution of PVA and sol of CeO, with PVA are less
informative because of the very wide absorption bands (Fig. 3(c, d)). However, when comparing them, a difference is
also observed, especially in the region of vibrations of -CHs— groups.

The properties of the surface of CeO» were evaluated by the pH-metry method. The samples of CeO4 obtained
from sol with PVA 5 wt.% (pH = 8.11) were placed in bidistilled water and pH values of suspension over time were
measured with constant stirring. Fig. 5 shows sharp decrease in pH of an aqueous suspension of CeOs to 3.95 during
the first 60 seconds.

pH
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F1G. 5. Changes inpH of CeO, suspension over time

Such a change in pH indicates that the process of desorption of adsorbed water molecules from air from the
surface of cerium oxide proceeds by the reaction:

CGOQ_x 'yHQOabS = CeOg_z . yOH7 + yHJr.

Changing the pH of the aqueous suspension of CeO; after 60 seconds isdue to the interaction with the surface of
the CeO; liquid water by dissociation mechanism. Equilibrium in the reaction of water dissociation on the surface of
CeO; occurs at pH = 4.96:

CeOoq_, + ZHQO}iq_ = CeOsq_, - zOH™ + ZHT.

Consequently CeOs is Lewis acid and can hold PVA with donor pairs of OH-group electrons. It is known [43], that
part of the oxygen atoms on the surface of CeO5 are absent in the corresponding crystallographic positions. Oxygen
vacancies are formed, the effective degree of oxidation on the cerium atoms decreases to 43, and the cerium atoms
can exhibit acceptor properties.

Figure 6 shows that in the UV spectrum of sol CeO, with PVA there are two broad absorption maxima at 305 and
275 nm, which characterize the content in the oxide not only Ce™* , but also Ce ™, respectively [44], which indirectly
indicates the presence of oxygen vacancies in cerium dioxide.

Based on the above, interaction of the PVA with the surface of CeO; can be represented following scheme (Fig. 7).

This interaction leads to the fact that the CeOs particles are located at a distance from each other and cannot
coagulate [45].
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3.2. Photocatalytic, toxic and sunscreen properties sols

Before studying the photocatalytic activity of the samples (dried sol of CeO2 with PVA and particles CeO5 with-
out PVA) under ultraviolet radiation, all samples were immersed in the setup reactor and kept in the dark for saturation
adsorption. Equilibrium of adsorption was achieved after 60 min. Absorption capacity is possible due to oxygen va-
cancy defects on the surface of CeOs, which is confirmed by UV spectroscopy and pH metric analysis. Photocatalytic
destruction of an aqueous solution of MO under UV irradiation is shown in Fig. 8.
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F1G. 8. Photocatalytic degradation of MO aqueous solution by sol CeO2 with PVA (a) and particles

CeO5 without PVA under UV irradiation

The photocatalytic activity of the dried sol with PVA and particles CeOy without PVA obtained from the sol
is very small. Fig. 8 shows that the presence of PVA reduces the sorption of MO on CeOs particles, but practically
doesn’t effect on the rate of photocatalysis and the degree of conversion of MO. The destruction of MO in the presence
of a sample of CeO, with PVA occurs after 40 min and amounts to 6.2 %, and for the sample of CeO5 without PVA —
after 20 minutes is 2.6 %. An increase in the time of exposure to UV radiation (8 h) on the suspension does not lead
to further decomposition of MO. Photodegradation reaction MO was adapted to the Langmuir—-Hinshelwood model.
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The slope of In(Cy/C') plotted versus irradiation time (min) indicates the reaction rate constant of the sample. The
rate constant of the reaction was measured as 2.2 - 10~ min~! for sample with PVA and 0.9 - 10~ min~" for sample
without PVA. Small photocatalytic activity under UV irradiation is explained by recombination processes [46].

The sol of CeO4 with PVA is characterized by the value of the critical wave absorption A\¢ = 353 nm, which
corresponds to “good” sunscreen properties on the classification of the FDA. Sol TiO, 1 wt.% is characterized by
Ac = 364 nm and UVA/UVB = 0.36 [40]. The value of the UVA/UVB for sol CeOy with PVA is 0.64. Ultraviolet
irradiation of the control areas of the exposed skin of rats for 10 minutes leads to the formation of ultraviolet erythema.
Erythema intensity of 4 points is observed in all control areas of the skin with applied ointment base with PVA. After
a day, the intensity of erythema drops to 3 points. Irradiation of the test sites applied with ointment base and fill with
PVA/CeO- causes erythema intensity at 1 point. The absence of erythema (0 points) was observed at all experimental
sites a day after irradiation. There were no cases of unscheduled death and complications in animals.

The results of the study of toxicity of sol CeOy with PVA and solid CeO, obtained from sol are show in Fig. 9.
Fig. 9(a) shows, that the sol of CeO, with PVA inhibits the growth of the roots of Allium cepa. The results of
microscopic examination of the roots of Allium cepa bulbs after their exposure in the sol of CeOy with PVA indicate a
large number of heterochromatin clumps in the cell nuclei of the experimental samples. This feature is not anomalous,
andmay indicate some genotoxic activity forthe sol. Fig. 9(b) shows that the optical density of samples after incubation
of monocytes with solid COs is significantly lower than that of intact cells. The average percentage of surviving
lymphocytes was only 35.196 %. This indicates the cytotoxicity of cerium dioxide.
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F1G. 9. Toxic properties of samples: the length of the roots of Allium cepa during exposure to
samples (a), the optical density of the samples in the MTT test (b)

3.3. Conclusions

The CeO; sols stabilized by PVA 5 wt.% were obtained from solution of cerium nitrate (III) in the presence of
hydrogen peroxide and different ammonia content. The sol remains stable at pH values ranging from 8.31 to 8.55.
The size of colloidal particles in sols increases with increasing pH. The maximum size of the CeOs particles, which is
not subjected to coagulation in the presence of 5 wt.% PVA is 67 & 1 nm. The surface of cerium dioxide nanoparticles
is characterized by acceptor properties due to the presence of Ce™>. OH-groups of PVA are adsorbed onto the Ce ™
surface by a donor-acceptor mechanism. Interaction of PVA with the surface of CeO5 nanoparticles prevents their
agglomeration in the sol.

The sol of CeO- stabilized by with 5 wt.% PVA (pH = 8.55) has sun protection properties, which are not inferior
to the properties of TiOs sols [5]. The sol in anointment base reduces the intensity of erythema in experimental
animals irradiated with ultraviolet rays, while displaying low toxicity. The photocatalytic activity of this sol is weakly
expressed.
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