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A number of nanomaterials based on halloysite nanotubes (HNT) decorated with CeO; were synthesized by the
precipitation method of aqueous cerium nitrate at room temperature without stabilizers in the presence of HNT. The
amount of nanoceria deposited in nanomaterials ranges from 0.99 to 19.15 % wt. Electron microscopy has shown that
the size of CeO; particles varies in the range of 2.6—17.5 nm. The cubic structure of cerium dioxide has been shown
by X-ray diffraction analysis of the samples. The characteristics of the porous structure were determined based on
low-temperature nitrogen adsorption/desorption isotherms. The specific surface area ranged from 31 to 54 m’/g. IR
spectroscopy determined the type of interaction between the modifier and the matrix. The Iyvs c.” /luvs > ratio in
nanocomposites was estimated from UV-spectra of diffuse reflectance; it varied in the range of 0.25 to 2.55. The
catalytic activity of the synthesized materials and halloysite nanotubes was determined by calculating the affinity
constant from kinetic data of the model reaction of hydrogen peroxide decomposition in the pH range of 8.0 to 11.0
and compared to the catalase enzyme and commercial nanosized CeQ,. The catalytic activity of pristine HNT
decreased with increasing pH. We can assume that the activity of the synthesized nanocomposites at pH range
9.0-11.0 is determined by the presence and properties of a decorator — nanoceria. The pH dependence of the activity
of the nanocomposites was shown to be extreme with the maximum in the pH range of 9.5—10.5. An extreme dependence
of the activity on the content of the decorator with a maximum for the sample of 3.19 % wt. CeO, was found.
Recalculation of the catalytic capability of nanocomposites to 100 % of the content of the decorator in them makes it
possible to analyze the factors that determine the activity of nanoceria. Under these conditions, the best catalytic
activity demonstrates by sample HNT-1CeO,, which contains 0.99 % wt. of the modifier and has a ratio of Ce**/Ce’*
0.25. It was found that the activity of nanoceria in nanocomposites decreases with: increasing Ce**/Ce’" ratio, i.e.
with decreasing the number of oxygen vacancies; with increasing cerium oxide content - due to aggregation of
nanocrystallites; and with increasing particle diameter due to the reduction of the surface. The activation energy (E,)
of the reaction of hydrogen peroxide decomposition by the nanocomposites and pristine HNT in the temperature range
of 20-40 °C at pH 10 was determined by kinetic data. The E, for pristine HNT is 170 kJ/mol. It has been shown that
the increasing content of nanoceria in nanocomposites leads to a decrease in the activation energy of the reaction of
hydrogen peroxide decomposition from 154 kJ/mol for the material with the lowest modifier content to 112 kJ/mol for
the nanocomposite with the highest amount of a modifier.

Keywords: cerium oxide nanoparticles, halloysite nanotubes, nanocomposites, catalytic activity, hydrogen
peroxide decomposition, activation energy

INTRODUCTION associated particles of other minerals, iron and
titanium oxides, cations of potassium, sodium,
calcium, magnesium, and natural organic
compounds. The length of HNTs is approximately
500 to 1500 nm, the outer diameter is
approximately 40 to 70 nm, the inner diameter is
10 to 20 nm [2]. The layered structure of HNTs
consists of tetrahedral (Si-O) and octahedral
(Al-O) linked sheets. Siloxane groups (Si—O-Si)
are located on the external surface. A small
number of silanol (Si-OH) and aluminol (Al-OH)
groups are formed on the edges and surface

Tubular nanomaterials are widely used for the
creation of organic and inorganic nanocomposites
because they have high hydrodynamic and
aerodynamic characteristics. Halloysite
nanotubes (HNTs) have a structure similar to
carbon nanotubes, but they are eco-friendly, have
higher biocompatibility and lower cost [1].
Halloysite is a natural aluminosilicate mineral
clay that has a hollow tubular structure. The
chemical formula for HNTs is Al,Si;Os(OH)s nH,0O,
where n = 0-2. The mineral contains impurities of

© A.M. Hrynko, A.V. Brichka, O.M. Bakalinska,
H.O. Kaleniuk, M.T. Kartel, 2025 425



A.M. Hrynko, A.V. Brichka, O.M. Bakalinska et al.

defects of HNTs. The surface internal lumen is
composed of aluminol groups (Al-OH) that may
be localized in the cavities of nanotubes. The
chemical differences in surface structures lead to
the formation of positive zeta potential for the
inner surface and negative zeta potential for the
outer surface depending on pH [3]. Halloysite
materials have the same chemical composition as
kaolin, dickit, cover, but have a different
structure. A feature of halloysite compared to
other similar minerals is the amount of water that
is located between the layers of a crystalline solid:
water molecules bind to the moist layers of the
walls, acting as an adhesive between them [4].
These structural features of HNTs make it
possible to modify the interlayer space and the
inner and outer surfaces of the nanotubes to obtain
nanocomposite  catalysts with  predictable
properties [5]. The outer siloxane surface is
negatively charged, porous, and unsuitable for
modification with organic molecules [6].
However, it can be modified with nanoparticles of
metals and their oxides, making it possible to
create effective catalysts for use in various
systems [7]. The aluminol groups on the inner
surfaces of the HNTs actively react with organic
molecules, for example, with organosilicon.
Despite the strong hydrogen bonds between the
aluminosilicate layers, some organic and
inorganic molecules are capable of intercalating
directly into the interlayer space [6]. These
nanocomposites can be used in the biomedical
industry because they are biocompatible and
provide prolonged release of modifier
nanoparticles from the interlayer space for several
days and months after application [8].

Cerium 1s a rare earth metal, with atomic
number 58, the second element of the group of
lanthanides. Cerium oxide nanoparticles are being
actively studied as promising agents for catalysis,
photocatalysis, solar cells, SOFCs, optical
devices, and UV absorbers due to their unique
redox properties. The capability of CeO;
nanoparticles to scavenge effectively reactive
oxygen species is used in the biomedical field to
treat effects caused by oxidative stress, such as
Parkinson's, Alzheimer’s, Huntington’s, multiple
sclerosis, ischemia, traumatic brain injury, aging,
and as therapeutic and antibacterial agents.
Nanoceria can exhibit catalytic activity similar to
the enzymes catalase, superoxide dismutase,
peroxidase, oxidase, and phosphatase depending
on the pH of the medium. At the nanoscale, both
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Ce*" and Ce*" ions coexist on the particle surface
and they can switch between three- and four
oxidation states. It leads to the formation of
surface vacancy sites, which are responsible for
the high catalytic activity of cerium oxide
nanoparticles. Increasing the surface-to-volume
ratio is accompanied by an increase in the
concentration of Ce*" ions and to compensate for
a charge deficiency, oxygen defects are created.
The catalytic activity of CeO, nanoparticles is
affected by wvarious factors, including size,
morphology, pH and surface defects
concentration, which are defined as the ratio of
Ce*"/Ce*" ions. Modification of substrates with
nanoceria allows improving the characteristics of
the obtained nanoparticles and reducing
agglomeration between them, which has a
positive effect on the catalytic activity [9-11].
Nanocomposites based on nanoceria and
HNTs have shown a remarkable prospect for
application as orally drug delivery system
[12, 13], as catalysts [14], corrosion inhibition
composite coatings [15], for membrane
modification [16]. The authors [17] synthesized a
number of HNT/CeO, nanocomposites with
different modifier content for UV protection. We
decided to use this method to synthesize a number

HNT-based nanocomposites with different
content of  nanoceria, analyze their
physicochemical  properties, aiming  to

experimentally determine the catalytic enzyme-
like activity of the synthesized materials in a
model reaction of hydrogen peroxide
decomposition at different pH medium, to find the
effective activation energy of the reaction of
hydrogen peroxide decomposition by synthesized
nanocomposites, pristine halloysite nanotubes
and nanoceria.

MATERIALS AND METHODS

Nanocomposites were synthesized by the
chemical deposition of cerium oxide in an
alkaline medium from aqueous solutions with the
presence of halloysite nanotubes (NaturalNano,
Inc.) according to the reaction:

4Ce(NOs)3+12NaOH+0O, = 4CeO,+12NaNOs+6H,0.

The nanocomposite suspension was filtered,
washed, and dried at 383 K. The samples of
HNTs/CeO, were synthesized with different
cerium oxide nanoparticles content in
nanocomposites 1, 3, 5, 12, and 20 % wt. and
designated as HNT-1CeO,, HNT-3CeO,, HNT-5CeOs,
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HNT-12CeO, and HNT-20CeO,, respectively.
The samples were characterized according to the
scanning (MIRA3 LMU, TESCAN) and
transmission  (Hitachi ~ H-800)  electron
microscope images using electron diffraction in
the selected area. The porous texture was
determined from nitrogen adsorption isotherms
measured at 774K with a NOVA 2200
(Quantachrome). The specific surface area of the
nanocomposites was calculated using the BET
method. The amount of nitrogen adsorbed at
relatively pressure of p/py = 0.95 was employed to
determine the total pore volume. Nitrogen
desorption isotherm profiles were used by the
DFT method to assess the volume and size of
pores. A Thermo Nicolet Nexus FT-IR
spectrometer was used to record the IR spectra of
HNT and nanocomposites in the range of
4000—400 cm™! in diffuse reflection mode with a
measurement uncertainty of £1.8 cm™' at room
temperature.

The enzyme mimetic activity of the pristine
HNT and nanoceria-containing materials and the
effective activation energy of the reaction were
determined in a model reaction of the
decomposition of hydrogen peroxide. A
volumetric method was used to examine the
kinetics of the decomposition of hydrogen
peroxide. The initial concentration of hydrogen
peroxide in solutions was determined by
permanganometric titration. The experiment was
conducted for 30 min with a constant stirring of
the reaction mixture having a total volume of
25 mL. The volume of oxygen released was fixed
with a precision of 0.02mL. The numerical
determination and comparison of the catalase
activity of nanomaterials and the enzyme catalase
were made using the concepts of the enzyme
reactions with the Michaelis constant (K, mM).
The maximum reaction rate was determined from
the kinetic data of the decomposition of substrate
solutions with a concentration of 1-10 % in the
pH range of 8.0 to 11.0 (borate buffer) by the
optimal catalyst weight. The Michaelis constant
was determined from the plot of the maximum
reaction rate versus concentration in the double
reciprocal Lineweaver—Burk coordinates. The
reliability of the approximation of the
linearization of the experimental data in almost all
cases exceeds 0.9. To facilitate the interpretation
of the obtained experimental data, the affinity

ISSN 2079-1704. X®TI1. 2025. T. 16. Ne 3

427

constant (K., mM ™' reverse to the Michaelis
constant) was used. The activation energy of the
reaction was determined based on the dependence
of the reaction rate constant (k, s') on the
reciprocal temperature. To determine the
activation energy of the reaction of the
decomposition reaction of hydrogen peroxide, the
experiments were carried out at the temperatures
of 20, 25, 30, 35, 40 °C (pH 10.0).

RESULTS AND DISCUSSION

The porous structure of the prepared samples
was studied by nitrogen physical
adsorption/desorption =~ measurements. The
distribution of pores by size for the pristine
halloysite nanotubes and the synthesized
HNT/CeO, nanocomposites (Fig. 1 @) indicates
that the porosity of the nanocomposites is
determined by the structure of the pristine HNT.
According to the classifcation of the International
Union of Pure and Applied Chemistry, the
adsorption curve (Fig. 1 b) belongs to the type
IV a adsorption isotherm, with a distinct
hysteresis loop, indicating capillary condensation
in the mesopores. The profile of the hysteresis
loop can be attributed to the H3 type. It is believed
that the type of hysteresis H3 is associated with
the slit-like shape of the pores.

The specific surface area and pore size of the
synthesized material are important factors in
determining the catalytic activity. The BET
specific surface areas (Sger), pore volumes (Vp)
and DFT pore sizes are calculated from the
isotherms (Table 1). The surface area, Sggr, of
HNT is 31 m%g and for nanocomposites varies
from 43 to 57 m%*/g. The total pore volume for
pristine HNTs is 0.23 cm?/g and for modified with
nanoceria increases within the range of
0.33-0.45 cm?/g.

The catalytic activity of the material is
determined by the dispersion and particle
distribution of the modifier in the nanocomposite.
TEM images of synthesized materials in light and
dark fields show small particles of nanoceria
deposited  on  eclongated  particles  of
aluminosilicates (Fig.2). TEM images of
synthesized materials in light and dark fields
provide. A dark field TEM image was used to
determine the sizes of cerium oxide nanoparticles
as more contrasting ones.
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Table 1.  Structural and sorption characteristics of nanocomposites HNT — CeO,
Material SBET, M?/g Ve, cm’/g Rpore, nm (DFT)

HNT 31 0.23 24
HNT-1CeO> 43 0.33 24
HNT-3CeO> 45 0.36 24
HNT-5CeO> 57 0.45 17
HNT-12CeO; 55 0.35 25
HNT-20CeO; 54 0.30 25

Fig. 2. TEM images in light (a) and dark () field of HNT-20CeO, nanocomposites

The content of CeO, in the synthesized
samples varies within the range of 0.99 to
19.15%. The analysis of images of
nanocomposites with different content of
nanoceria has shown that an increase in the
concentration of the modifier during the process
of synthesis leads to the formation of larger
decorator particles (Table 2). We conclude that
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the nanoscale carrier has a templating effect. The
small size of cerium particles is also explained by
the fact that a significant number of
heterogeneous contacts between nanotubes
contribute to the crystallization of small particles.

Electron diffraction studies of modifying
particles in the samples revealed reflexes
d(hkl) =3.12(111), 2.7(200), 1.89(220), and
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1.64 A (311), which indicates the cubic structure
of cerium dioxide (Fig.3). The significant
blurring of modifier signals can be explained by

the influence of the nanosized crystallites and the
low crystallinity of nanoceria.

Table 2.  Particle sizes and content of nanoceria and H,O in HNT/CeO; nanocomposites
Particle size Tuvs ce*/Tuvs ¢ in
Material e e CeO: content, % UV-spectra of E,, kJ/mol
distribution, nm .
nanocomposite
HNT
(d=30-70 - 0.00 - 170
1=250-4000)
HNT-1CeO> ND* 0.99+0.01 0.25 154
HNT-3CeO> 4.95 (2.6-7.3) 3.19+0.02 1.17 145
HNT-5CeO> 7.40 (3.9-10.9) 4.89+0.06 1.40 142
HNT-12CeO, ND* 12.17+0.21 2.02 132
HNT-20CeO, 10.05 (2.6-17.5) 19.15+0.04 2.55 112
CeOy 31.0 100.0 — 125

ND* — not determined

. ¥
ED

m

Fig. 3. Electronogram of particles in the nanocomposite is d (hkl) = 3.12 (111), 2.7 (200), 1.89 (220) and 1.64 A (311)

FTIR spectroscopy is widely used for
determining the behavior of the functional groups
in halloysite materials. The absorptions bands in
the infrared spectrum of halloysite at 3695 and
3622 cm™' are attributed to the stretching
vibration of the inner-surface of O-H groups of
halloysite. The bands at 3528-3470 cm™' are
attributed to the water between the layers. The
adsorbed water is indicated by the bending
vibration at 1647 cm™'. The stretching mode of
Si-O is observed as the peak at 1111 cm™', while
the stretching vibration band of Si—-O-Si is
observed at 1030 cm™'. The bands between 1000
and 400 cm™' belong to Si-O-Si, AI-O-H, and
O-H vibrations (at 796, 754, 689, 539, 469, and
433 cm™"). The typical Si—O-stretching bands of
halloysite are at 795 and 754 cm™'. The band
observed at 538cm' corresponds to the
deformation vibration of AI-O-Si. The FTIR
spectrum of the halloysite confirms that the band

ISSN 2079-1704. X®TI1. 2025. T. 16. Ne 3

429

at 912 cm™' belongs to the vibration of the inner
surface hydroxyl groups. The peak observed
470 cm™ is due to the deformation vibration of
Si-O-Si. The band at 3554 cm™' is assigned to the
adsorbed water molecules, while the band at
3603 cm™' is attributed to the isolated water
molecules  [18-21].  Described  structural
characteristics are observed in the FTIR spectrum
of the studied halloysite. A number of the
absorption bands with high reliability of reference
to structural fragments are discussed. Fig.3
shows the FTIR spectra of the studied halloysite.
The absorption bands at 3701 and 3631 cm™ in
the FTIR spectrum were assigned to the vibration
of halloysite Al-OH and Si-OH hydroxyl groups,
respectively. Adsorbed water has two signals at
3540 and 3442 cm™ belonging to the stretching
vibrations and at 1645 cm ™" attributed to bending
vibration. The band observed at 2979 cm™
corresponds to the C-H. The region below
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1200 cm™' shows bands due to the vibrations of
Al-O. The absorptions bands at 1020, 1112, 803,
761, and 712 cm™! attributed to the vibrations of
Si-O. The IR spectra of nanocomposites are not
significantly different from those of halloysite.

HNT

HNT-5Ce

No significant differences were found in the
spectra of the matrix and modified halloysite
nanotubes, and therefore we cannot assert or deny
the formation of chemical bonds between Ce
oxide and halloysite (Fig. 4).
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Both the size of nanocrystallites and the
presence of Ce’" ions on the surface (surface
defects) which is characterized by the ratio
Ce*'/Ce™ [22] determine the catalytic activity of
nanoceria. This was evaluated from the UV
spectra of diffuse reflection of HNT and
synthesized cerium-containing nanocomposites
(Fig. 5). In the spectrum of pristine HNT, a
number of maxima (the most intense at 254.2 nm)
related to impurities of iron, titanium, and others
in aluminosilicate were detected. The content of
these ions was determined by energy dispersion
analysis. The modification of HNT caused the
appearance of a signal from nanoceria in the
spectra. Maximum signals at 292.5 nm

400 500

A, NIn
Fig. 5. UV-Vis spectra of pristine HNT (a) and nanocomposites HNT-1CeO; (b), HNT-3CeO, (c), HNT-5CeO; (d),
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(HNT-1Ce0), 294.7 nm (HNT-3Ce0,), 293.7 nm
(HNT-5CeQ,), 294.7nm (HNT-12CeO;) and
293.7nm (HNT-20CeO,) shifted to a long-
wavelength region with increasing the content of
nanoceria, which confirmed the observations
reported elsewhere [23].

The Ce**/Ce*" ratio was defined as the ratio of
the integral signal intensities (Fig. 6 a).
Mathematical processing of UV-Vis spectra of
nanocomposites allowed decomposing the peaks
of cerium oxide into two components,
corresponding to cerium in different valence
states: Ce’* and Ce*" as indicated elsewhere
[24-26]. Even though the lower wavelength limit
is 220 nm, extrapolating the experimental data to
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the unexplored region of the spectrum and its
deconvolution into the sum of Gaussian functions,
it is possible to distinguish a peak, which we refer
to Ce*' [27]. An increase in the content of cerium
oxide and, respectively, in nanoparticle diameter
results in an increase in the relative content of
Ce*" and a decrease in the relative content of Ce**
(Table 2). In the UV-Vis spectrum of cerium

50F

10F 215

0 1 1 1
200 300 400 500

A, nm

a

Fig. 6.

nanocomposites, the bands with a maxima located
near 207-223 nm are ascribed to Ce*" and the
bands with maxima around 310-337 nm to Ce’".
This analysis of UV-Vis spectra is not
quantitative; it only allows us to estimate the
relative content of the multivalent state of cerium
in nanoparticles.

340 -
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=
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(a) — UV-Vis spectrum of cerium(IV) oxide in HNT-5CeO; nanocomposites and its decomposition into

components, (b) — dependence of the peaks maximum position in the UV-Vis spectra of HNT, Ce**, Ce*", and
CeO; on the content of cerium(IV) oxide in nanocomposites

While the position of the band of Ce** shifts
to a longer wavelength (bathochromic shift), the
position of the maximum of the band of Ce*
shifts to shorter wavelengths (hypsochromic shift)
with increasing the content of CeO». The position
of the maximum of the total peak, due to the close
but differently directed contribution of the Ce*"
and Ce*" peaks, does not shift (Fig 6 b). At the
same time, an increase in the intensity and half-
width of the total peak is observed.

As was mentioned before, ceria nanoparticles
exhibiting enzyme mimetic activity (catalase and
superoxide dismutase). The catalytic activity of
pristine HNTs, synthesized nanocomposites with
different CeO, content (HNT-1CeO,, HNT-3CeOs,
HNT-5CeO,, HNT-12CeO,, and HNT-20Ce0,),
a commercial preparation of pure nanoceria and
catalase enzyme were determined and compared
in a model reaction of hydrogen peroxide
decomposition [28] in the pH range of 8.0 to 11.0.
The kinetic parameters were calculated based on
the Michaelis-Menten equation. Depending on
the maximum rate of decomposition of hydrogen
peroxide from the catalyst sample in the range of
0.000-0.025 g, a sample from the linear interval
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with a mass of 0.015g was selected. The
calculated catalytic activity of nanocomposites
HNT/CeO, was compared with the activity of the
enzyme catalase and nanosized cerium oxide
calculated by the authors [29, 30].

The activity of the enzyme under these
conditions - outside the range of its pH optimum
—is low. The catalytic activity of halloysite
nanotubes decreasing almost to zero with
increasing pH of more than 9. Consequently, the
activity of the synthesized nanocomposites in the
pH range of 9.5-10.5 is determined by the
presence and properties of the decorator —
nanosized cerium oxide (Fig. 7). The increase in
catalytic activity in the pH range 8.0-10.0 can be
associated with an increase in the number of
deprotonated ceranol (=Ce-O") groups on the
surface of cerium oxide involved in redox
reactions of hydrogen peroxide with Ce*' and
Ce* ions. Further increase in the pH leads to a
decrease in the catalytic activity of nanomaterials,
due to the formation of Ce** compounds with a
low dissociation coefficient on the surface of
cerium oxide [31].
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It was shown that enzyme catalase
demonstrates low catalytic activity in the selected
pH range. An extreme dependence of the activity
of deposited catalysts on the pH with a maximum
at pH range 9.5-10.5 was found (Fig. 6). The
catalytic activity of HNT (a carrier of the

Kag, mM!

decorator in the synthesized nanocomposites)
decreased with increasing pH. We can assume
that the activity of the synthesized nano-
composites at pH range 9.0—11.0 is determined by
the presence and properties of a decorator —
nanoceria.

Fig. 7. Dependence of the catalytic activity of materials (Kar) on the pH in the reaction of hydrogen peroxide decomposition:
1 —Catalase, 2 — HNT, 3— HNT-1Ce, 4 — HNT-3Ce, 5 — HNT-5Ce, 6 — HNT-12Ce, 7 — HNT-20Ce

An extreme dependence of the activity on the
content of the decorator with a maximum for the
sample of 3.19 % CeO, was found (Fig. 8). We
assume that this nanocomposite has both a small

250 ¢

200 p

1.50 F

K,, mM!

0.50 F

particle size and, consequently, a high surface
area, as well as a small ratio of Ce** to Ce** (1.17),
which leads to an increase in the catalytic activity
of the sample.

—e—pH 9.5
—o—pH 10.0
——pH 10.5

10 12 14 16 18 20

CeO, content, %

Fig. 8. Dependence of nanomaterials activity on the CeO, content
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In the CeO; content range from 0 to 3.19 %,
the catalytic activity of nanocomposites is almost
directly proportional to the content of the
decorator. An increase in the content of CeO,
leads to the aggregation of particles, a decrease in
their specific surface area, which leads to a
decrease in the number of surface defects (the
measure of which is the ratio (Ce*/Ce™) (Fig. 9).

3~

4+
IUVSCe /IUVSCe

Recalculation of the catalytic capability of
nanocomposites to 100 % of the content of the
decorator in them (Fig. 10) makes it possible to
analyze the factors that determine the activity of
nanoceria. In terms of 100 % cerium oxide content,
the best catalytic activity is shown by the sample
HNT-1CeO,, which contains 0.99 % of the
modifier and has a ratio of Ce*'/Ce’* 0.25
(Table 2).

0 1 1 1 |

CeO, content, %

Fig. 9. Dependence of the ratio of the ratio of Iyvsce*"/Iuvsce’” on the content of CeO»

0.99 % Ce0,

100

80

Tz, 60
-
E

"-_f'%AIO

20

0

3.19 % CeO,

Fig. 10.

The activity of nanoceria in nanocomposites
decreases with increasing Ce*'/Ce*" ratio (Fig. 11),
ie. with decreasing the number of oxygen
vacancies; activity decreases with increasing cerium
oxide content due to aggregation of nanocrystallites;
the activity decreases with increasing particle
diameter due to the reduction of the surface.

The activation energies (E,) of the reaction of
hydrogen peroxide decomposition by the
nanocomposites and pristine HNT in the
temperature range of 20-40°C at pH 10 were
obtained by plotting the logarithm of the rate
constant (k), versus the inverse temperature (1/7).

The dependence of the activation energy of the
decomposition reaction of hydrogen peroxide by
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The activity of nanocomposites at pH 10.0 in terms of 100 % content of cerium oxide
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100% Ce0,

nanocomposites HNT-cerium oxide on the content
of CeO; and the ratio of Iyvsce' /Iuvsce’ has shown
that the effective activation energy for pristine
HNT is 170kJ/mol (Fig. 12). The activation
energy decreased from 154 kJ/mol for the material
with the lowest modifier content to 112 kJ/mol for
the nanocomposite with the highest amount of a
modifier (Table 2). Despite expectations, the
effective activation energy of the decomposition
reaction of hydrogen peroxide does not decrease
with increasing defect of ceria nanocrystallites in
nanocomposites but decreases with increasing the
content of nanoceria (%) in nanocomposites

(Fig. 1).



A.M. Hrynko, A.V. Brichka, O.M. Bakalinska et al.

K, mM?

0 2 4 6

8

Ratio Ijyg oo/ Iyys ce™* (A), CeO, content % (e),
crystallite size (m)

Fig. 11.  The activity of nanocomposites at pH 10.0 as dependent on the ratio of Ce*"/Ce*" (A), CeO; content, %(e),
and CeO; nanocrystallites size, nm (m)
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Fig. 12. Dependence of the activation energy of the decomposition reaction of hydrogen peroxide by

nanocomposites of HNT-cerium oxide on the content of CeO; (®) and the ratio of Iyysce*/Iuysce’ (A)

CONCLUSION

A number of composite HNT-Cerium oxide-
based materials were synthesized via deposition
reaction using aqueous cerium nitrate solutions
without any stabilizers at room temperature. The
characteristics of the studied materials are
determined by physical and chemical analysis
methods. The content of cerium oxide in the
synthesized samples was 0.99, 3.19, 4.89, 12.17
and 19.15 wt. %. Electron microscopy showed
that the size of CeO; particles varied in the range
of 2.6-17.5 nm. According to the results of the
X-ray phase analysis, cerium dioxide has a cubic
structure. The characteristics of the porous
structure were determined based on low-
temperature  nitrogen  adsorption/desorption
isotherms. The specific surface area ranged from
31 to 54 m%g. IR spectroscopy determined the
type of interaction between the modifier and the
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matrix. The Iuvs cot/luvsce  ratio  in
nanocomposites was estimated from UV-spectra of
diffuse reflectance; it varied in the range of 0.25 to
2.55. The catalytic activity of the synthesized
materials and halloysite nanotubes was determined
by calculating the affinity constant from kinetic
data of the model reaction of hydrogen peroxide
decomposition in the pH range of 8.0 to 11.0 and
compared to the catalase enzyme and commercial
nanosized CeO,. The catalytic activity of pristine
HNT decreased with increasing pH. We can
assume that the activity of the synthesized
nanocomposites at pH range 9.0-11.0 is
determined by the presence and properties of a
decorator — nanoceria. The pH dependence of the
activity of the nanocomposites was shown to be
extreme with the maximum in the pH range of 9.5—
10.5. An extreme dependence of the activity on the
content of the decorator with a maximum for the
sample of 3.19% wt. CeO, was found.
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Recalculation of the catalytic capability of
nanocomposites to 100 % of the content of the
decorator in them makes it possible to analyze the
factors that determine the activity of nanoceria.
Under these conditions, the best catalytic activity

of the surface. The activation energy (£,) of the
reaction of hydrogen peroxide decomposition by
the nanocomposites and pristine HNT in the
temperature range of 2040 °C at pH 10 was
determined by kinetic data. The E, for pristine

HNT is 170 kJ/mol. It has been shown that the
increasing content of nanoceria in nanocomposites
leads to a decrease in the activation energy of the
reaction of hydrogen peroxide decomposition from
154 kJ/mol for the material with the lowest
modifier content to 112kJ/mol for the
nanocomposite with the highest amount of a
modifier.

demonstrates by the sample HNT-1CeO,, which
contains 0.99 % wt. of the modifier and has a ratio
of Ce*'/Ce®* 0.25. It has been found that the
activity of nanoceria in nanocomposites decreases
with: increasing Ce*"/Ce®" ratio, i.e. with
decreasing the number of oxygen vacancies; with
increasing cerium oxide content - due to
aggregation of nanocrystallites; and with
increasing particle diameter due to the reduction

Po3kiaganHs nepoKCcHIy BOAHIO HAHOKOMIIO3UTAMM IaJIOI3UTHI HAHOTPYOKHM/OKCHU/I LEePito
AM. I'punbko, A.B. Bpnuka, O.M. Bakajinceka, I'.O. Kaineniok, M.T. Kaprtess

Hayionanvuuii ynisepcumem «Kueso-Moeunsincoka akademisy
syn. Cxogopoou, 2, Kuis, 04070, Ykpaiua, alinagrinko2@gmail.com
Tucmumym ximii nogepxui in. O.0. Yyuxa Hayionanvhoi akademii nayxk Yxpainu
eyn. Oneca Myopaxka, 17, Kuis, 03164, Ykpaina, bakalin2008@ukr.net

Memooom ocadaicenHs 800HO20 po3UUHY HIMmpamy yepito 3a KiMHamHoi memnepamypu 6e3 cmabinizamopis, 3a
NPUCYMHOCMI HOCIA OYI0 CUHME308aHO psa0 HAHOMamepianié Ha OcCHO8i eanoizumuux Hanompyboox (I'HT),
dexoposanux CeQ,. Kinvkicms Haneceno2o Hanookcudy yepiio sapitoemuca 6i0 0.99 oo 19.15 mac. %. 3a oanumu
enekmpouHoi mikpockonii, posmip yacmunox CeQ; eapitoecmvcsi 6 mexcax 2.6—17.5 nm. Penmeenocmpykmypuuii
auaniz 3pasKie nOKA3ae KyoiuHy cmpykmypy Olokcudy yepito. Xapaxmepucmuky nopucmoi cmpyKkmypu u3Ha4anu 3a
HU3bKOMEMNEPamypHUMU izomepmamu adcopoyii/oecopbyii azomy. [lumoma nosepxus sminoemocs y megicax 6io 31
00 54 m?/2. IY-cnekmpockonicio 6usnaueno mun 63aemolii moougixamopa 3 mampuyero. Cnigsionowenns
Luvs e Tuvs ¢t 6 nanokomnosumax, eusnauene 3a Y D-cnexmpamu ougysnozo ¢iobumms, eapitocmocs 6 dianaszoni
8i0 0.25 0o 2.55. Kamanimuuny axmu@HiCmb CUHME308AHUX MAMepianié i GUXIOHUX 2aN0I3UMHUX HAHOMPYOOK
BUBHAYANU PO3PAXYHKOM KOHCMAHM a@@inHOoCmi 3 KiHeMUYHUX OAHUX MOOeTbHOI peakyii pO3KIA0aHHs NepoKcUdy
600HI0 6 dianazoni pH 6i0 8.0 0o 11.0 i nopigurosanu 3 pepmeHmom Kamaiazow ma KOMepYitiHumM HAHOPO3IMIPHUM
CeO;. Kamanimuuna akmusHnicme suxionux I'HT 3nuocysanaca 3i 30invuennam pH, wo do3zgonse npunycmumu, uo
AKMUGHICMb  CUHME308aHUX HaHokomnosumie 6 Oianasoni pH 9.0-11.0 eusnauacmvca HasgHicmio ma
eracmusocmamu O0ekopamopa — HaHoyepiio. Iloxazano, wo pH-3anexchicms axkmuHOCmi HAHOKOMNO3UMI8 €
eKCmpeManvHolo 3 makcumymom 6 Oianasoni pH 9.5-10.5. BcmanosneHo maxosic eKcmpemanbHy 3anediCHICb
akmusHocmi 6i0 emicmy 0ekopamopa 3 Maxcumymom 0ns 3paszka wjo micmumo 3.19 mac. % CeQ,. Ilepepaxynox
Kamanimuunoi 30amuocmi Hanoxkomnoszumis na 100 % emicm dexopamopa dae 3M02y npoananizyeamu paxmopu, wo
BUBHAYAIOMb AKMUBHICMb HAHOYePilo. 3a yux yMo8 HAuKpawyy KamanimuiHy aKmu@HiCmb OEMOHCMPYE 3PA30K
THT-1CeO;, axuii micmums 0.99 mac. % moougpixamopa ma mac cnissionowennsa Ce*"/Ce’* 0.25. Bcmanoeneno, wo
AKMUBHICMb HAHOYEPIIO 6 HAHOKOMNOZUMAX 3MEHULyembCsl: 3i 36inbuennam cnissionowenns Ce?*/Ce*t, mobmo 3i
3MEHUWIeHHAM KIIbKOCMI BAKAHCIU KUCHIO, 30 30i1bUleHAM 6MICHmy OKCUuoy uyepio — 3a PpAaxyHoK azpeeayii
HaHOKpucmanimie; 3i 30i1bUleHHAM OlaMempa YACTMUHOK uYepe3 3MeHUleHHS NoeepXHi. 3a KiHemuuHumu OaHUMU
suzHaueno enepeiro akmusayii (E,) peakyii posxradannsa nepoxcudy 600wio Hanoxomnosumamu ma euxionumu I'HT 6
inmepeani memnepamyp 20-40 °C npu pH 10. E, ona euxionux I'HT cmanosums 170 x/oc/mons. Tokazano, wo
30INbUEeHHA 8MICIY HAHOYEPIl0 68 HAHOKOMNO3UmMAx Npugooums 00 3MeHUeHHA eHepeii axkmusayii peaxyii
PO3KNA0aHHs. Nepokcudy 6o0HI0 6i0 154 k/[c/mons Ons mamepiany 3 HAUMEHWUM 6MICMOM OeKopamopa 00
112 kl]rc/mone 015t HAHOKOMRO3UMY 3 HAUOLILULOIO KITbKICMIO 0eKopaamopa.

Knwowuosi cnosa: nanouacmunxu oxcudy yepito, 2anioizumui HAHOMPYOKU, HAHOKOMUOZUMU, KAMAIIMUYHA
AKMUBHICMb, PO3KIAOAHHS NEPOKCUOY BOOHIO, eHep2is AKMusayii
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