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CATALASE MIMETIC ACTIVITY OF KAOLIN CLAY DECORATED
WITH NANOSIZED CERIUM OXIDE

A series of kaolin nanomaterials decorated with CeO, was synthesized by reaction of cerium nitrate
deposition in an aqueous medium without stabilizers at room temperature. Amount of deposited cerium
oxide in nanomaterial vary from 2.76 % to 7.37 %. The size of CeQO, nanocrystalls was established and vary
from 5.6 till 10.4 nm. X-ray analysis of samples shown that deposited cerium dioxide has a cubic structure.
1UVSCe4+/IUVSCe3+ ratio in nanocomposites were evaluated by UV diffuse reflection spectroscopy. The
catalytic activity of the synthesized materials, kaolin, pure cerium nanoxide was investigated in a model
reaction of hydrogen peroxide decomposition in pH range 8.5-0.5 and compared with the enzyme catalase
activity. It was proven that the activity of ceria oxide decorated catalysts correlates with modifier content.
The dependence of the samples Ce-5K, Ce-7K, Ce-9K and CeO, nano activity on pH is extreme with
maximum at pH 9.5—10. Catalase mimetic activity of the studied materials in terms of 100 % content of
cerium oxide CeQ, correlates with nanooxide particle dispersion and ceria surface defects evaluated as

IUVSCe4+/IUVSCe3+ ratio.

Keywords: kaolin clay, nanosized cerium oxide, catalase mimetic activity, hydrogen peroxide

decomposition.

Introduction

Nanotechnology — one of the most promising
fields in modern science and technology.
Nanomedicine applies the features and objects of
nanotechnology to diagnose and treat diseases, or
improve biological functions of the body.
Nanocrystalline materials like cerium dioxide
widely used in nano medicine biotechnology.
Nanoscale particles of CeO, are potent antioxidants
(protect against oxygen active forms like oxygen
ions, free radicals, organic and inorganic peroxide
compounds) in cell culture models [1], are also used
to treat severe skin burns [2], as potential therapeutic
agents for glaucoma and blindness [3], to protect
tissues from radiation damage [4], are promising for
prevention and treatment of Alzheimer’s disease,
Parkinson’s, Huntington, redox therapy of malignant
tumors [5]; for proliferation and growth of stem
cells. Studies have shown that nano-CeO, can be
active similar to the enzymes superoxide dismutase
or catalase [6].

The reason for CeO, intensive study and use is its
unique redox behavior. Nanoparticles of cerium
dioxide, unlike oxide particles of large size, have a
much larger number of surface defects [7]. These
defects are mainly surface oxygen vacancies, causing
a change in the local electron and valence environment,
which stabilizes the oxidation state Ce*".

The aim of this work is the modification of
kaolin by cerium dioxide for obtaining new
nanocomposites kaolin / cerium oxide, the study of

their physical and chemical properties, experimental
determination and comparison of the catalytic
catalase-mimetic activity of the synthesized
materials in a model reaction of hydrogen peroxide
decomposition with activity of the enzyme catalase,
kaolin and commercial pure cerium nanooxide at
different pH of the reaction medium.

Materials and methods

Synthesis of nanocomposites was carried out by
reaction of cerium nitrate deposition in an aqueous
media without stabilizers at room temperature:

4Ce(NO,), + 12NaOH + O, =
= 4Ce0,+ 12NaNO, + 6H,0.

Kaolin of P-2 “Dysten Limited” was used. The
precipitate nanocomposites was filtered, washed and
dried at 383 °C. Cerium oxide content in the samples
was established by atomic emission spectrometry
(ICPE-9000, Shimadzu). Nanocomposites were
characterized by TEM (Hitachi H-800) with the use
of electron diffraction in the selected area. The
particle size was determined on the images in the
dark field using the linear measurements of a sample
of more than 40objects for each sample.
Nanocomposites characterized by SEM (MIRA3
LMU, TESCAN)withenergodispersive spectroscopic
chemical analysis Oxford X-MAX 80 mm? device
with uncertainty of £ 1 %. Nanomaterials IR spectra
were registered at room temperature on spectrometer
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Thermo Nicolet IR Nexus FT-IR in 4000400 cm'!
diapason, in diffuse reflectance measurement mode
with uncertainty of =+ 1.8 cm!. Nanocomposites
UV-Vis spectra were registered on UV-VIS-NIR
spectrophotometer UV-3600, Shimadzu device in
diffuse reflection mode in the range of 220-800 nm
with uncertainty of £ 1 nm. The crystalline structure
of synthesized cerium nanooxide was determined by
electron- and X-ray diffraction. X-ray analysis was
performed on diffractometer DRON-4-07.

Catalase mimetic activity of investigated
materials was estimated by monitoring the
catalytic hydrogen peroxide (HP) decomposition.
Volumetric method used to determine the kinetic
of HP decomposition [8]. Foranalysis, quantitative
assessment and comparison of catalase mimetic
activity of nanomaterials and enzyme catalase,
Michaelis constant (Km, mM) have been applied.
Maximal reaction rate was calculated from kinetic
curves for different substrate (HP) concentration
(1-11 %). The graph of reaction speed dependence
from substrate concentration in inverse
Lainuivere—Berck coordinates allow to calculate
Michaelis constants. Affinity constants (Kaf,
reverse to Michaelis constant, mM™') has been
applied for easy interpretation of experimental
data. The influence of pH value (borate buffer
pH 8.5-10.5) on the catalytic activity was
investigated.

Results and discussion

Normally to obtain nanoscale inorganic
particles it is needed carefully select conditions of
synthesis — reagent concentration, speed of the
components addition and mixing, pH, temperature
of synthesis, templates application, and others.
Our experience shows that nanoscale particles of
ceria can be produced in a wide range of content
(20 %) from dilute solutions without a significant
influence of other factors [9—12]. Cerium oxide
content in the samples according atomic emission
spectrometry, are presented in Table 1. The results
of chemical analysis indicate that the content of
cerium oxide in the samples compared with the
calculated is lower, probably due to CeO, leaching
during filtration stage.
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Fig. 1. SEM (q, b, ¢, d) and TEM (e, f) images of kaolin
(a, b) and Ce-9K nanocomposite, d — distribution of CeO,
in material

It is known that the nanocomposite dispersion
and cerium oxide particles distribution in the kaolin
matrix affects the biological activity of the material.
SEM image demonstrate that the kaolin particle size
in samples ranging from hundreds of nanometers to
tens of micrometers (Fig. 1, a—d). Nanoscale
particles observed in images of nanocomposites
after modification. Analysis of the SEM and SEM
images of identical samples makes it possible to
argue that are cerium dioxide particles. Cerium
dioxide nanoparticles uniformly distributed in an
array of modified kaolin. TEM images of modified
kaolin (Fig. 1, e, f) are represented in bright and
dark fields. Much smaller in size and different

Table 1. CeO, content and its particle size, I, . */I ¢ .** in nanocomposite
Material CeO, content, % Av§rage particle Tovs e Muys ¢in UV.
diameter, nm spectra of nanocomposite

Ce-3K 2.76 £0.01 5.6 0.98
Ce-5K 4.55+0.02 6.9 1.33
Ce-7K 6.16 +0.02 8.6 2.11
Ce-9K 7.37+0.04 10.4 2.88

CeO, nano 100.00 31.0 -
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morphology objects are observed on large particles,
which is especially noticeable on TEM images in a
dark field.

Image analysis of nanocomposites with different
content of cerium oxide demonstrates the increase of
content and modifier particle size. The increase in the
concentration of the modifier under nanocomposite
synthesis process leads to the formation of particles
of larger size. The dependence of the average value
of particle diameters of cerium dioxide content is
practically linear (Fig. 2).
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Fig. 2. The dependence of the ceria oxide particle size
on its content in the nanocomposites according to electron
microscopy

The nanocomposites particles electron diffraction
study found the reflexes with d(hkl)=3.12 (111),
2.7(200), 1.89(220) and 1.64 A (311), which
indicate cubic structure of ceria (Fig. 3). Significant
blurring of the signal modifier can be explained by
the nanoscale effect and low crystallinity of the
cerium dioxide [9].

Fig. 3. Electronograms of CeO, particle in nanocomposite —
d(hkl) = 3.12 (111), 2.7 (200), 1.89 (220) i 1.64 A (311)

IR spectra of nanocomposites have no significant
differences from kaolin spectra (Fig. 4). We can see
absorption bands of hydroxyl groups at 3750-
3600 cm, adsorbed water at 3550-3400 cm!, and

below 1200 cm™! bands of kaolin frame Al-O and
Si—O connections. Cerium dioxide is not active in
IR spectra. Between the modifier and the matrix is
no chemical interaction which would impact on the
vibrational spectra of modified kaolin.
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Fig. 4. Nanocomposite IR spectra

Catalytic, biological, including physiological
activity of cerium dioxide defined as oxide crystallite
size and Ce*"/Ce* ratio. Three types of electronic
transitions are characteristic of cerium: between
configuration fed, intraconfiguration fef and
transitions with charge transfer. Question of the
contribution of different valence cerium atoms
(cerous — Ce (III) and ceric — Ce (IV)) in the total
broad band of cerium oxide UV spectra is debatable.
Two possible alternatives describes in the literature:
according to the first long-wavelength peak
attributed to Ce?*', short-wave peak to Ce*. For
example, in[13], a spectra with the absorption
bands of Ce** and Ce* at 330 and 240 nm,
respectively described. These bands are due to 4f—
5d transitions [14]. Similar dependence observed in
the emission spectra [15]. The absorption bands
maxima in the UV spectra of the cerium oxide glass
observed at 4.48 eV (277 nm) for the Ce* and
5.15¢V (241 nm) for Ce*'[16]. According to the
second point of view long-wavelength peak
attributed to Ce*" while short-wave peak to Ce**[17;
18]. These data are confirmed by XPS studies [19].
Three- and four valence cerium ions have different
spectral characteristics [18]. Probably, further
investigations help determine the contribution of
different valence cerium atoms. The ratio of the
peaks intensities is not an atomic ratio and serves as
a qualitative measure of the change in the
contribution of different valence cerium atoms.
Tetravalent cerium in the UV range have signal at
approximately 400 nm, which corresponds to the
charge transition O*(2p) — Ce*(4f). The signal
overlaps with an electronic transition 5d' — 4f' of
Ce’**ions. Normally, defects in the form of trivalent
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cerium determined the structure of ceria. Their
appearance is due to low energy Ce* « Ce*'
transition. It is possible that oxidation of cerium (III)
hydroxide is not complete during the synthesis of
nanocomposite. Ce** ions embedded in the crystal
structure of cerium dioxide instead Ce** as defects
and spectral shift O*(2p) — Ce*"(4f) observed about
250 nm [18]. We investigated UV diffuse reflectance
spectra of kaolin and synthesized cerium containing
nanocomposites (Fig. 5). A number of maximums
(most intense at 251.5 nm), which attribute to
impurities of iron, titanium, aluminum silicate and
others are identified on the spectrum of unmodified
kaolin. Modification of kaolin brings to the spectrum
signal of cerium dioxide. The maximums of intense
signal at 284.5 (Ce-3K), 290 (Ce-5K), 290.5
(Ce-7K) and 292.5 (Ce-9K) nm shift in the long-
wavelength side with rising of cerium oxide content
(Fig. 5), confirming the observations of the
authors [18].
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Fig. 5. UV spectra of kaolin («) and nanocomposites
Ce-3K (b), Ce-5K (¢), Ce-7K (d), Ce-9K (e)

Modifier (cerium oxide) profiles were determined
as the difference between the UV spectra of
nanocomposites and kaolin. The spectrum of

components for four- and trivalent cerium. With
increasing the size of the ceria particles in
nanocomposites modifier absorption maxima are
shifted to the red region to the values of 250 and
400 nm, which are characteristic of Ce* and Ce**
signal ceria. I, /1 ¢ . ratio was calculated as
the ratio of integrated intensities of signals (Table 1).
These data are necessary to find the correlation
between the structural parameters of the
nanocomposite and its catalytic (biological) activity.
Obviously, the number of ions Ce*" decreases with
increasing of cerium oxide content in
nanocomposites. We can assume that Ce*" is surface
defects and increase the size of the nanocrystals in
the nanocomposite led to CeO, crystallites surface
and number of surface defects decreases.

Literature data have shown that the preparations of
cerium exhibit enzyme-mimetic (superoxiddismutase-
and catalase-like) activity [6]. In the present work, the
authors evaluated and compared the catalytic ability of
the synthesized nanocomposites with the enzyme
catalase in the model reaction of hydrogen peroxide
decomposition from positions of formal kinetics of
enzymatic reactions — calculation of Michaelis
constant from kinetics data of substrate (hydrogen
peroxide) decomposition. Catalase mimetic activity of
kaolin, nanocomposites with different CeO, content
(samples Ce-3K, Ce-5K, Ce-7K, Ce-9K), commercial
pure cerium nanooxide (CeO, nano) and enzyme
catalase was investigated in model reaction of
hydrogen peroxide decomposition.

Since it is impossible to foresee the weight of the
catalyst which gives the maximum reaction rate, we
determined it experimentally from kinetic data of
the hydrogen peroxide decomposition by different
weight catalyst. Line interval of dependence of the
maximum rate of hydrogen peroxide decomposition
from catalyst sample mass was determined in the

modifier was decomposed by Gauss in two range 0-0.035g. For further experimental
Table 2. Michaelis constants (mM) and value of reliability approximation R?
Km, mM; (R?)
Catalyst pH=85 pH=9.0 pH=95 pH=10.0 pH=105
Catalase 476 480 526 520 645
(0.99) (0.99) (0.99) (0.98) (0.99)
CeO, 70 60 20 119 45
nano (0.98) (0.98) (0.98) (0.95) (0.99)
Kaolin 520 410 482 918 1738
(0.97) (0.98) (0.90) (0.99) (0.99)
202 194 193 189 219
Ce-3K 0.97) (0.99) (0.98) (0.95) (0.94)
Ce-5K 164 152 135 144 188
(0.92) (0.99) (0.99) (0.85) (0.93)
Ce-TK 160 143 108 98 133
(0.98) (0.97) (0.98) (0.99) (0.92)
Ce-9K 158 127 78 55 87
(0.99) (0.99) (0.98) (0.96) (0.99)
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determination of Michaelis constant data, 0.025 g
sample of catalyst was chosen from linear interval.
Similar determining were made for another
nanocomposites, nano-sized cerium oxide and the
enzyme catalase

Michaelis constant were calculated from kinetic
data of hydrogen peroxide (concentrations 1 %;
3 %; 5 %; 7 %; 9 %; 11 %) decomposition. The true
concentration of the original solution set by
titrimetric method. Optimal weight of the catalyst
was added to the 25 ml of resulting solution.
Changes in the concentration of hydrogen peroxide
at the time determined by periodic fixing the volume
of oxygen released from the reaction media by
volumometric method.

Dependence of Km on pH and reliability of
approximation value R? are in Table2 for
investigated catalyst, Kaf — pH in Fig. 6.

Kor, mMM'  —m—ce-9k
0,020 —-8—Ce -7K
—&— Ce - 5K
——Ce -3K
0,015 | - Ce - 0K
—C— Catalase
0,010
0,005
0,000 L L L L

8,0 8,5 9,0 9,5
pH

10,0 10,5 11,0

Fig. 6. The dependence of materials activity on pH

Nanosized CeO, is most active among the studied
catalysts. His Michaelis constant for pH 9.5 is 20 mM,
which is almost 26 times bigger than this value for the
enzyme catalase under these conditions. Activity of
cerium containing materials correlates with the content
of cerium oxide. The dependence of the activity
materials Ce-5K, Ce-7K, Ce-9K on pH is extreme
with maximum at pH 9.5-10. The analysis of the
values of affinity constants suggests a linear
dependence of the catalytic activity of the nanomaterial
on nanosized cerium oxide content in it (Fig. 6).

The activity of the studied materials, attributed
to the content of cerium oxide shows that the most
active material is Ce-3K sample containing 2.8 % of
modifier. Its activity in 1.45 times higher than the
commercial pure nanooxide cerium one. This can be
attributed to the size of cerium oxide nanocrystals
deposited in material. For Ce-3K sample CeO,
nanoparticles diameter is the smallest of all samples
and is 5.6 nm, while for the commercial CeO,
sample particle diameter is 31 nm (Fig. 7).
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Fig. 7. Linear dependence of nanomaterials activity
on CeO, content

It is very important to understand which
parameter of modifier (CeO,) in nanocomposite
correlate with its catalytic activity. For this purpose
we recalculate the activity of studied materials in
terms of 100 % content of cerium oxide. It was
shown that the most active material is Ce-3K
sample containing 2.8 % of modifier. Its activity in
1.45 times higher than the nanooxide cerium one.
This can be attributed to the size of cerium oxide
nanocrystals deposited in material. For Ce-3K
sample CeO, nanoparticles diameter is the smallest
of all samples and is 5.6 nm, while for the
commercial CeO, sample particle diameter is
31 nm (Fig. 8). Smoler nanocrystalites in
nanocomposite have higher dispersion and [ +/

o . UVSCe
Lysc Tatio (Table 1).
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Fig. 8. Catalytic activity of nanomaterials in terms
of 100 % content of nanosized CeO,
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Conclusions

A series of kaolin nanomaterials decorated with
CeO, was synthesized by reaction of cerium nitrate
deposition in an aqueous medium without stabilizers
at room temperature. Amount of deposited cerium
oxide in nanomaterial very from 2.76 till 7.37 %.
The size of CeO, nanocrystalls was established and
vary from 5.6 till 10.4 nm. X-ray analysis of samples
shown that deposited cerium dioxide has a cubic
structure. I, o "/~ ratio in nanocomposites
were evaluated by UV diffuse reflection
spectroscopy. The catalytic activity of the



34

MATICTEPIYM. 2016. Bumyck 63. Ximiuni Hayku

synthesized materials, kaolin, pure cerium
nanooxide was investigated in a model reaction of
hydrogen peroxide decomposition in pH range 8.5—
10.5 and compared with the enzyme -catalase
activity. It was shown that the activity of cerium
oxide decorated catalysts correlates with modifier
content. The dependence of the samples Ce-5K, Ce-
7K, Ce-9K and CeO, nano activity on pH is extreme

with maximum at pH 9.5-10. Catalase mimetic
activity of studied materials in terms of 100 %
content of cerium oxide CeO, correlate with
nanooxide particle dispersion and ceria surface
defects, evaluated as I . "/l ¢ " ratio. So,
synthesized nanocomposites are effective catalyst
and can be used in biotechnology and medicine for

peroxide substances decomposition.
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KATAJIA3OIIOAIBHA AKTUBHICTDb KAOJIIHY,
JEKOPOBAHOI'O HAHOPO3MIPHUM OKCHIOM I EPIIO

Psao nanomamepianie na ocnosi xaoniny, oexoposanux CeQ,, 6y10 CUNMEZ08AHO WLIAXOM OCAONHCEHHSA
Himpamy yepito y 600HOMY cepedosuuyi bez cmabinizamopies 3a kimamuoi memnepamypu. Kinoxicms oeno-
HOB6aH020 OKCUOY yepito 6 naromamepianax cmanosums 2,76—7,37 %. byno ecmanoeneno, ujo posmip CeO,
Y HaHOKpucmanimax eapiroemucs 6io 5,6 0o 10,4 Hm. PenmeenocmpykmypHutl aHaniz 3paskie nokasas, wjo
Oiokcuod yepito mae Kyoiuny cmpykmypy. Cnigsionowenns Ce’’/Ce’* 6 nanoxomnosumax oyinioganu 3a
donomoeorw YD-cnekmpockonii Ougysnoeo iooumms. Kamanimuyny akmusHicms CUHME308aAHUX Mamepi-
anie, KAOAHy ma 4ucmoz0 HaHOOKCUAY yepito O0CTIONCYBANU 8 MOOENbHIL peaKkyii pO3KIAOAHHS NEPOKCUDY
600HI0 6 inmepeani pH 8,5—10,5 i nopisurosanu 3 akmuenicmio epmennty kamanasa. byno nokazawno, wo
AKMUBHICMb  KAMANi3amopis, 0eKOPOBAHUX OKCUOOM Yepit, KOpenoe 3 8MICoM Moougikamopa.
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3anedxcnicmo axmuenocmi spaskie Ce-5K, Ce-7K, Ce-9K i nano-CeO, 6i0 pH excmpemanvha 3 Makcumy-
mom npu pH 9,5—-10. Kamanazonodibna akmusnicms euguenux mamepianig y nepepaxyuy na 100 % emicm
OKCUOY Yepilo Kopenioe 3 OUCREPCHICMIO YACMOK HAHOOKCUOY Ma NOGepXHeaUMU OedheKmamu, OyiHeHUMU 3a
sionowennsm I, */1, .. 7> Takum uunom, cunmesosani HaHOKOMNOZUMIUL € eqheKmueHUMU Kamanisamo-
pamu i Moxcymo 6ymu 6UKOPUCMAHi 8 OI0MexHoN02li ma MeOuyuHi 0sk PO3KAAOAHHS NEPOKCUOHUX CHOTYK.

KurouoBi ciioBa: kaoiiH, HAHOPO3MIPHHUI OKCHJI IIEPi0, KaTala30Mo1i0Ha aKTHBHICTb, IIEPOKCUIY BO-
HIO PO3KJIaTaHHS.
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BJIACTUBOCTI KOITOJIIMEPIB HA OCHOBI
OJIITOOKCHUITPOIIIVIEH®YMAPATY, IUMETAKPUJIAT
TPUETHUJIEHIJIIKOJIIO TA N-BIHUUIIITPOJIIJOHY/CTUPOJY

Cunmesosano Konoaimepu Ha OCHO8I onicookcunponinengymapamy (OOIID), Oumemaxrpunram
mpuemunenenixonto (TI'M-3) ma N-gininniponioony (BII) ma xononimepu ua ocnosi OQOIID, TI'M-3
i cmupony (CT) 3a piznoeo emicmy BII i CT. Jlocniosceno cmpyKmypy CUHmMe308aHUX KONONiMepie ma
suseneno eénaue BIl i CT na ixui gizuxo-mexaniuni ma menno@izuuni énacmusocmi. Bcmanoeaneno, wo
NOMPIlHI KONONiMepU 3i CMUPOIOM Maromv Oilbuli NOKA3HUKU MOOVIA NPYICHOCMI NPU CMUCHEHHI
8 nopigHanHi 3 kononimepamu 3 BII.

Kuarwuosi ciioBa: onirookcumnpomninerdymapar, N-BiHUIIIPOTiIOH, CTUPOI, KOMOTIMED.

Beryn

3aBnsiku 610CyMiCHOCTI Ta 3AaTHOCTI A0 Oione-
rpajamii HeHaCHYeHi OJIIrOeCTepH IIMPOKO BHKO-
PHUCTOBYIOTh IIPHU CTBOPEHHI MOJIIMEPiB MEANYHOTO
npu3HadeHHs [ 1-5].

Jlo mupoko 3acTOCOBYBaHUX HEHACUYCHUX OJIi-
rOecTepiB MpPHU CTBOPEHHI MarepiajiB MEIUYHOTO
MPU3HAYCHHSI HaJeXaTh MOJiNporniuieHpymaparu
(TIT1®D), sixi OTPUMYIOTH Ha OCHOBI JieTHIIhyMapaTy
Ta 1,2-mponanaiony [2]. HasBHiCTE HEHACHYEHOTO
MOJBIHHOTO 3B’sA3Ky 3abe3mneuye 3maatHicTh T1T1D

YTBOPIOBaTH MOHOINITHI 3IIUTI CTPYKTYpPH, TOAL SK
NPUCYTHICTh €CTEPHUX TPYyN HAJa€ 3AaTHOCTI IO
rizpomitTuyHoi Oioferpanaiii 3 yTBOpeHHIM 0iocy-
MICHHUX ()parMeHTIB.

BBemeHHSIM 10 CTPYKTYpH 3IIMTOI IOJiMEpPHOT
cuctemu Ha ocHOBI [1T1® pi3HUX 3a BIACTUBOCTIMHU
KOMITOHEHTIB MOXKHA OTPHMYBAJIH MOJIIMEPHI Mare-
piamu pi3HOr0 MEIUYHOTO MPH3HAYEHHS 3 TOKpa-
IIEHUMH BIIACTHBOCTSIMH.

Bigoma 3mmTa moniMepHa MaTpuill Ha OCHOBI
IMII® Tta pietnndymapary, OTpUMAaHA Wi Ji€0
Y®-onpomiHeHHs 3 BUKOPUCTaHHAM (DoToiHIIiaTOpa
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