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Stability of non-aqueous solutions and catalytic reaction of benzoyl peroxide (BP) decomposition by
samples of carbon materials (CM) — apricot shell stone activated carbon KAU, its nitrogen- and oxygen-
containing (N-KAU, O-KAU) modified forms, and enzyme catalase have been examined. It has been
shown that catalytic activity of CMs, quantitatively estimated by Michaelis constants, is determined by the
surface functional groups nature rather than by structural-sorption characteristics. The catalytic activity
of nitrogen-containing CM in non-aqueous media is by an order of magnitude higher than that of enzyme
catalase. Catalyst capability to decompose benzoyl peroxide decreases in a sequence
N-KAU > catalase > KAU > O-KAU. A comparative analysis of the experimental data with the results of
guantum chemical calculations of the bond breaking energy in the BP molecule in different media,
electronic structure of model carbon nanoclusters (CNC) and energy parameters of BP decomposition
reaction has been carried out. It has been shown that the O-O bond is the weakest in BP molecule in spite
of the media polarity. Free radical of BP (CeHs-COO’, BP") more easily (both kinetically and
thermodynamically) interacts with nitrogen-containing graphite-like plane model CNC as compared to
pristine and oxygen-containing ones. The thermodynamic and kinetic characteristics of the interaction
between BP- radical and CNC surfaces are determined by their electron donor capabilities (ionization
potentials).

Keywords: KAU-type activated carbons, benzoyl peroxide, catalytic decomposition, Michaelis
constants, reaction mechanism, TPD MS method, quantum chemical calculations, DFT method

INTRODUCTION media [3]. The presence of nitrogen-containing
groups on the surface of CMs increases basicity of
the last and improves interaction between carbon
surface and acid molecules [4]. The incorporation
of nitrogen atoms in the CM structure affects its
catalytic properties. It has been found that
nitrogen-containing carbon materials are more
active in the process of H,S and SO, removal [5],
the nitrogen oxides reduction [6]. High specific
surface area and low cost of CM make them
attractive for use in the electrocatalytic processes,
including the fuel cells development [7].
Nanoporous CM can impact on a variety of
biologically important processes. Studies have
found that such materials can affect on
enzymatic processes (hydrolysis of proteins, fats,
esters, sucrose inversion, decomposition of
peroxide compounds, urea etc.), i.e. such
materials demonstrate enzyme-mimetic activity [8].

Carbon materials (CM) are widely used as
adsorbents and catalysts in chemical and
biotechnologies. They, for example, can catalyze
the chemical various type reactions, so are used
to accelerate the processes of reduction-
oxidation and acid-basic types (halogenation,
decomposition, dehydrogenation, hydrolysis,
etherification etc.) [1].

The catalytic activity of CM depends on the
structural parameters (specific surface area,
porosity character) and chemical heterogeneity of
the surface - heteroatoms incorporated into the
carbon matrix structure [2]. Functionalization of
CM surfaces by polar oxygen-containing groups
(carboxylic, anhydride, lactonic, phenolic)
increases  their acidity and leads to
hydrophilization of material that is important
when carbon catalysts are used in an aqueous
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Quantum chemical simulation of the
catalytic activity of CM made it clear [9-12] that
the reaction of hydrogen peroxide decomposition
over surface of a carbon nanocluster (CNC)
functionalized with heteroatoms O and N
occurred due to the transfer of electron density
from the cluster to the hydrogen peroxide
molecule in the formed complexes «CNC-
H,O2». In such systems the rate of decay is
controlled by the ionization potential (electron
work function or energy value of the highest
occupied molecular orbital) of carbon cluster.

Enzymatic activity in non-aqueous media
attracts much attention because it gives a number
of advantages: better solubility of the substrate,
possibility to change the reaction selectivity by
changing environment, rather than the enzyme
[13], lower risk of microbial contamination and
others [14]. It was found that catalase could act
as a biocatalyst in non-agueous media, which led
to the creation of enzyme electrodes for organic
phase to monitor H,O, content in non-agueous
media or in water-saturated chloroform. Use of
enzymatic activity in non-aqueous media allows
us to create biocatalysts for organic synthesis not
only hydrogen peroxide used in cosmetics and
medicines, but also other water-insoluble
peroxide compounds, i.e. tert-butyl and cumene
hydroperoxide, benzoyl peroxide (BP) and
m-chloroperbenzoic acid [15].

Advantages of enzyme reactions in non-
aqueous media make actual examination of
enzymatic catalase-mimetic activity of CM in
non-agqueous solutions, since the results of this
research will help to create new biocatalysts
based on the available resources with directed
action for biotechnology and biosensorics.

The aim of this work is the experimental
study of the BP solutions stability and the
process of its decomposition by various modified
forms of CM, comparing with the results of
quantum chemical modeling of homolytic
destruction of BP molecules in a vacuum and in
some polar solvents, BP radical (BP-) interaction
with pristine, modified and functionalized
graphite-like clusters, calculations of the
electronic structure of the latter, as well as
activation and thermodynamic characteristics of
the BP decomposition reaction.

EXPERIMENTAL

The catalytic activity of CM based on
activated carbon KAU and its modified forms
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have been determined in this paper. Oxygen-
containing sample O-KAU was prepared by
oxidation of KAU with nitric acid [16], nitrogen-
containing material N-KAU was obtained by
urea impregnation of O-KAU with following
heat treatment [17].

The investigated samples were characterized
[18]. Their structural and adsorption parameters
were obtained from nitrogen adsorption-
desorption isotherms at 77 K with prior
degassing at 473 K for 12 h (Autosorb-1-MP,
Quantachrome). The specific surface area (Sger)
was calculated using the Brunauer-Emmett—
Teller (BET) equation. The sorption volume of
pores (Vs) was determined by measuring benzene
adsorption in a desiccator [19]; elemental
composition - by Prehl and Dumas methods
[20, 21]. Qualitative and quantitative
characterization of functional groups on the
surface of CM samples was performed by
Boehm titration [22].

Powdered BP (Merck KGaA, contains 25 %
water) and ethyl acetate (Merck KGaA, for
liquid chromatography, 99.8 %) were used.
Number of solvents — ethyl acetate, acetone,
tetrachloromethane, butanol, acetic acid — was
used to determine the stability of peroxide in
non-aqueous media. Weighed portions of BP
were used to prepare solutions with desired
concentrations (from 1 to 10%). BP
concentration in solution was determined by
iodometric titration [23].

The kinetics of BP decomposition in non-
aqueous media was measured by the volumetric
method [24]. The BP decomposition was
performed in a thermostated cell with stirring.
The temperature of the reaction mixture was
measured with an accuracy of +0.5 K, ambient
temperature with accuracy of +1 K, the volume
of gases released in the reaction, with an
accuracy of £0.01 mL. The released gas volume
measurements were conducting for 120 min.
Each experiment was performed using 10 mL of
BP solution. Michaelis constant (Km, mmol/L)
was used for quantitative assessment of catalytic
enzyme-mimetic activity and for the comparison
of this value for pristine carbon, its modified
forms and catalase. Initial reaction velocity (Vo)
for different substrate concentrations was used to
determine the Michaelis constant [25].

Analysis of the BP decomposition reaction
products was done by temperature-programmed
mass spectrometry (TPD-MS) [26]. 0.1 g of the
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carbon sample was added to 50 mL of 5% BP
dioxane solution. The suspension was stirred
during 24 h. Than the sample was filtrated, dried
and analyzed by TPD-MS method. These
experiments were performed using a MX-7304A
monopole mass spectrometer with electron
impact ionization adapted for thermodesorption
measurements. 0.1-2.0mg of samples in
molybdenum/quartz ampoule was evacuated to
~5-10%Pa at 293 K. Then the samples were
heated at the rate of 0.15 K/s up to 1023 K. The
volatile pyrolysis products were passed through a
high-vacuum valve into the ionization chamber
of the mass spectrometer, where they were
ionized and fragmented by electron impact. The
mass spectra were recorded (within 1-210 Da)
and analyzed using a computer-based data
acquisition and processing setup. Owing to the
low heating rate, diffusion effects could be
neglected and the intensity of the ion current
could be considered proportional to the
desorption rate.

BP molecules stability in different solvents
was studied by theoretical modeling.
Calculations were done using US GAMESS [27]
by density functional theory with exchange-
correlation functional B3LYP [28, 29] involving
dispersion corrections [30] and the basic set
6-31G (d, p). Solvents environment was imitated
in approaching of continuum solvent model
(polarization continuum model) [31]. The
mechanism of influence of the CM electronic
structure on BP decomposition was investigated
by quantum-chemical calculations of energy
parameters of BP radical interaction with
graphite-like plane model of CNC. The CM were
modeled by following CNC: activated carbon

AC (CieH10), oxidized activated carbon O-AC
(C1602Hg), nitrogen-containing activated carbon
N-AC (C1sNzHig). The free energy of physical
adsorption  (AGus) was calculated  (with
appropriate thermodynamic amendments) as the
difference between total energy of physically
adsorbed complexes [BP"...CNC] and those of
individual radicals BP* and graphite-like CNC:

AGps= G’ [BP"...CNC] — G’ [BP] — G%% [CNC].
The activation energy was calculated as:
AGac= G%gs (transition state) — G%gs (reagents),
energy effect of reaction (AGreact) respectively:

AGreact = G%gg (reaction products) —
GY%qgs (reagents),

where GP%ags = Eior + ZPE + Go_0s k] Ewr— total
energy of corresponding optimized structure,
zero-point energy (ZPE) corrections, and value
Go-29sk — impressed by calculating of Hesse
matrix of each of these states.

Found energy minima and transition states
were tested in accordance with the Marrel-
Leydler theory by additional calculation of Hesse
matrix, allowing us to evaluate thermodynamic
(free energy of physical (AGpns) and chemical
(AGens) sorption) and kinetic characteristics of
this reaction (free activation Gibbs energy AGac)
at 298 K [32].

RESULTS AND DISCUSSION

BP destruction was studied for a series of
CM, which differ by structural-sorption
characteristics, surface chemistry - presence of
heteroatoms in the structure (Tablel and
Table 2) [18].

Table 1.Structural-sorption characteristics and elemental composition of the investigated CM

. Vs, Elemental composition, (wt. %0)
Carbon materials s SeeT, m?/g
em’/g C H 0 N
KAU 0.50 1070 99.4 0.2 0.1 0.3
0O-KAU 0.85 1850 96.3 1.1 2.1 0.5
N-KAU 0.90 1470 89.2 2.3 6.3 2.2

It has been found that for studied CM
structural-adsorption  characteristics  differ:
sorption pore volume Vs - from 0.50 to
0.90 cm®/g and specific surface area Sger — from
1070 to 1850m?(g (Tablel). Results of

elemental analysis of carbon samples have been
shown that during the oxidation number of
oxygen atoms increases in 20-fold. The results of
titration (Table 2) demonstrated that the surface
groups had mainly acid character. Total number
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of acid groups after carbon material oxidation nitrogen atoms in carbon structure. The content
increased in 20 times too. Phenolic, lactone and of nitrogen atoms is the smallest for KAU -
carboxyl groups prevail on the carbon materials 0.3 %, nitric acid oxidation doubles their number
surface. They can be involved in catalytic in carbon structure, and functionalization of
processes. The basic surface groups were defined O-KAU by urea impregnation (formation of
in N-KAU sample due to the presence of N-KAU) allow to introduce N-atoms up to 2.2 %.

Table 2. The content of surface groups on CM

Concentration of functional groups, mmol/g

Carbon S oo Basi
materials . . . um of acidic asic
Carboxylic Lactonic Phenolic groups (SEC*) groups

KAU 0.04 0.06 0.02 0.12 0.00
O-KAU 0.84 0.20 1.39 2.43 0.00
N-KAU 0.00 0.45 0.05 0.50 1.90

* static exchange capacity

Solvents can affect on the stability of BP equations coefficients in inverse coordinates and
[33, 34]. For differentiation of the processes of Michaelis constants calculation for all the
BP decomposition in solution and on a solid systems are listed in Table 3.
surface, stability of peroxide solutions in Obtained from dependencies, the coefficients
acetone, ethyl acetate, carbon tetrachloride, of determination (R? have been within
butanol and glacial acetic acid was studied. It 0.90-0.98 so indicating a good accuracy of
was found that during two hours BP decomposed Michaelis constants calculation. Analysis of the
on: 0% in ethyl acetate; 0.14 % in acetone; Km values allows us to place the investigated
0.23% in carbon tetrachloride; 1.37% in catalysts by their capability to decompose BP in
butanol; 1.90% in glacial acetic acid. BP followed order:

solution in ethyl acetate exhibited the highest
stability. Hence, this solvent was chosen as
optimal for investigation of BP catalytic
decomposition [18].

Calculation of the Michaelis constants was
done on the base of kinetic data for the initial
reaction velocity (Vo) at different BP
concentrations (C). A plot of Vo on C in double
inverse Lineweaver-Burk coordinates
(1/Vo=A'1/C + B) was built according to the
obtained results. Michaelis constants were 4 6 8 10 12 14
calculated as the value Ky = A/B. As an example, 1C, (molfy*

Fig. 1 shows the Lineweaver-Burk dependence
for the sample O-KAU. The results of the linear

N-KAU > catalase > KAU > O-KAU.

y=39903x+35595
R?=0.985

1

Fig. 1. Lineweaver—Burk dependence for O-KAU
sample

Table 3. The coefficients of linear equations in inverse Lineweaver—-Burk coordinates, Michaelis constants and
coefficients of determination (R?) for the investigated catalysts

Catalysts A, (g/L)-s B, (g/mol)-s Km, mmol/L R?
Catalase 2529 7318 346 0.966
KAU 5103 10687 477 0.905
0O-KAU 39917 35608 1121 0.985
N-KAU 10 547 18 0.898
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Thus, the carbon KAU and its oxidized form
O-KAU have been shown a weak catalytic
activity in comparison with those of nitrogen-
containing sample N-KAU and native catalase.
Presence of nitrogen atoms in CM increases their
catalytic activity while oxygen atoms reduce it.
In addition, enzyme-mimetic catalase activity of
nitrogen-containing carbon exceeds in order the
activity of native catalase in non-aqueous media.
The obtained result is important, because it
indicates ways to create effective enzyme-
mimetic catalysts based on cheap raw materials.

It has been found that the catalytic activity
(changing values of Kw) of the investigated CM
in the BP decomposition reaction does not
correlate with their structural and sorption
parameters (Sger, Vs) (Table 1), but depends on
the presence of heteroatoms (O, N) in the CM
structure, the nature and amount of oxygen-
containing surface groups. As it is seen in
Tables 1-3, substitution of carbon atoms by
nitrogen atoms in the sample N-KAU leads to
increasing catalytic activity, whereas oxidation
(increasing SEC, which characterizes the total
amount of surface oxygen-containing groups
[35-41]) significantly reduces the catalytic
capability of the sample O-KAU in BP
decomposition.  Similar  dependence  was
observed in [11, 12, 41] in the study of H.0;
decomposition by modified carbon materials
with nitrogen- and oxygen-containing surface
groups. This gives us reason to believe that, as in
paper [39], the catalytic activity of samples KAU
and N-KAU in PB decomposition reaction by
carbons with SEC < 1.0 mmol/g is determined
exclusively by their electron donor properties.
The mechanism of H,O, decomposition in such
systems is determined, evidently, by enthalpy
factor (ionization potential, electron work
function, magnitude of the energy of the highest
occupied molecular orbital Enomo of CM, and
strength of prereaction «CM-BP» complexes).

A significant reduction of catalytic activity
(Km =1121 mmol/L)  of  oxygen-containing
O-KAU is due to both a decrease in its electron
donor capability [37, 38] and presence of surface
oxygen-containing  groups  with  partical
properties [39, 40]. During carbon oxidation, as
shown in Table2, mainly carboxylic and
phenolic groups are formed on its surface, which
can make quite stable H-complexes with
peroxide molecule (for the H,O, molecule it was
proved in papers [9, 11]) and thus exclude the
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participation of carbon in the decomposition
reaction. So, with high probability we can say
that the catalytic activity of BP decomposition
by oxygen-containing CM depends on both the
formation of reactive complexes «CM...PB»,
where destruction of PB molecules and
inhibition of the BP degradation process occur
by the formation of H-complex «Oxidized
CM...BP». In such systems BP decomposition
process is evidently determined by entropy
factor.

It should be noted that the enzymatic
catalytic activity of the nitrogen-containing
carbon N-KAU in nonagueous medium is in one
order greater than that of native -catalase
(Table 3). It could be used for design of effective
enzyme-like  carbonaceous  catalysts  for
biotechnology and biosensorics.

Optimization of the spatial structure and
calculated energy parameters of BP molecules
and of all possible products derived due to bond
rupture has been provided by method
RSM/B3LYP-D3/6-31G (d, p). In particular, the
homolytic break of the O-O bond (Fig.2a,
pos. 1) forms two free radicals PhCOO" (BP?), its
molecular mass being 121 a.m.u. In turn, BP
through C-C bond (Fig. 2 b, pos. 4) can decay
onto phenyl radical Ph* (77 am.u.) with the
release of molecule CO; (44am.u.). BP
molecule can also decay by breaking O-C bond
(Fig. 2a, pos. 2) and forms two free radicals
PhCOOO" and PhCO", their relative molecular
masses are 137 and 105 a.m.u., respectively. The
first one can decay onto O, and free radical
PhCO'. It is also possible a rupture of C-C bond
(Fig. 2 a, pos. 3). There it may be formed phenyl
radical Ph® and radical PhCOOOCO’
(165 a.m.u.). The latter, like the previous one,
may decompose with rupture of O-O bond
(Fig. 2 c, pos. 5) so forming radical PhCOQO" and
CO; molecule.

The results of calculation are shown in
Table 4. It has been estimated that regardless of
the media calculation, the O-O bond in the
molecule BP (Fig.2 a, pos.1) is broken most
lightly, resulting in formation of two radical
PhCOO". C-C bond between the carboxyl group
and benzene ring (Fig.2a, pos.3) is much
stronger. O-C bond is the strongest (Fig.2 a,
pos. 2); it connects O-atom of peroxide group
and C-atom of carboxyl group. It should be
noted that radical PhCOOOCO" (Fig.2)
generally fails to be localized because the
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optimization of the structure of this radical is
happening with increase in interatomic distance
of O-O bond (pos. 5) to the value of over 2.5 A.
This means the bond rupture, resulting in
formation of PhCOO" radical and CO, molecule.

0
O
\O-E'O\ 3
)
g

(-]

a

Thus, when breaking C-C bond (pos. 3) it can be
formed three BP decomposition products: CO;
molecule, PhCOO" radical and Ph* radical, which
may engage in interaction with CM.

0]
/
¥o)
o 04
C O—%-O
4 \
0] //C-
0]

b c

Fig. 2. Possible ruptures of covalent bonds of BP (a) and respective products of its decomposition (b, c) by

homolytic mechanism

Table 4. Break energy of bonds in BP molecule in different media

Break energy, kJ/mol

. Dielectric Dipole
Media constant moment
1(0-0) 2(0-C) 3(C-C) 4 (C-C)
Ethyl acetate 6.1 1.81 92.55 319.5 120.6 22.4
Acetone 20.9 2.84 96.71 326.2 123.1 25.7
Carbon tetrachloride 2.2 0 101.3 329.7 123.7 25.9
Butanol 17.1 1.66 104.5 327.9 136.8 22.6
Acetic acid 6.19 1.74 114.9 335.6 147.2 20.5
Vacuum 105.5 392.2 123.5 18.2
The results of guantum-chemical surfaces with polar oxygen-containing groups —

calculations are confirmed by experimental TPD
MS spectra (Fig. 3), where the presence of BP
components decomposition is visible with
masses 122, 105, 77, 44 a.m.u. The absence of a
peak with mass 165a.m.u. in TPD spectra is
explained theoretically via predicted
thermodynamic instability of the corresponding
radical (Fig. 2 c).

The catalytic activity of CNC, simulated for
the surface of CM, was connected with its
electron donor properties via calculation of the
ionization potentials (Ip, eV). Based on the
elemental composition, structural and adsorption
characteristics, and the nature of surface groups
of studied CM (Tables 1 and 2), it is practically
impossible to imagine definite structures of both
O-containing (O-CM) and N-containing (N-CM)
model nanoclusters. The experimental data [18]
show that oxidation of CM (functinalization of
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carboxylic, anhydridic, lactonic) results in
decrease in the catalytic activity, whereas
introducing of nitrogen atoms into carbon matrix
increases their catalytic activity in the reaction of
BP decomposition. Nevertheless, it should be
noted that the electron donor capability of model
CNC containing both nitrogen and oxygen atoms
(CxNmOnHy) is strongly dependent on the
number and relative positions of heteroatoms and
can be more or less than the ionization potential
of pure carbon one [41]. The structure of pure
carbon graphite-like cluster is simulated for by a
polyaromatic structure (CisHio) including four
aromatic rings (relative calculated ionization
potential /p =5.246 eV). Oxidation with nitric
acid and modifying the surface with oxygen-
containing groups (carboxylic, carbonylic,
lactonic) or interaction of CM with a nitrogen-
containing reagent can result in the formation of
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oxygen-containing  (Ci6OnH10.q),  nitrogen- where m, n, p, g are integers from 0 to 6. Their
containing (Ci6-pNmH10.q) or mixed doped structures and ionization potentials are shown in
(C16pNmOnH10q)  graphite-like  nanoclusters, Fig. 4.
3.0
44
20
T \ 77

0 50 100 150 200
m/z

Fig. 3. Experimental TPD MS spectrum of thermal decomposition of BP

Nanoclusters (Cis-pNmH10-q) and (C16-pNmOnH10-g) with Ip < Ip (C1sH10):
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Fig. 4. Structures and ionization potentials Ip of nanoclusters (Ci6-pNmH10-g), (C16-00OnH10-q) and (C16.NmOnH10-q)
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It is seen that the structures (1-6) provide
nanoclusters (Ci6-pNmH10.q) and (Ci16.sNmOnH1o0-g),
where the ionization potential /p < Ipcierig = 5.246 eV.
N,O-containing nanoclusters (2-5) have higher
electron donor capability - their average value of
Ip = 3.08+£0.33 eV, and this is very close to the
value /p(6) =3.108 eV for structure Ci4N2H1o.
The structures (7-12) provide nanoclusters
(Cls.pOnHlo.q) and (Cls.meOnHlo.q), where
Ip > Ip(cisH10)- N,O- and  O-containing
nanoclusters of such types have lower electron
donor capability - their average value
Ip = 6.42+0.51 eV, and this is very close to the
value Ip(11) =6.370 eV for structure Ci60,Hs.
Therefore, in order to examine thermodynamic
and kinetic characteristics of the interaction
between free radical BP- (PhCOO") and graphite-
like planes of wvarious CM, we selected
nanoclusters C16H10, C1502H8 and C14N2H10,
respectively.

It has been found that the interaction of
graphite-like planes with radical PhCOO" occurs in
two stages. Firstly, a physically adsorbed complex
is formed; at the second stage a chemical bond is
formed between the reactants after overcoming the

energy barrier of transition state (Fig.5). In the
complex of transition state the radical is
coordinated to graphite-like planes through an
O-atom. The obtained thermodynamic (AGghs,
AGens) and kinetic (AGa) characteristics of
interaction between radical and CNC are presented
in Table 5.

As shown in the Table5, the structure of
physically sorption complex (PhCOO:... C1aN2H10)
is most durable, because this system has the most
negative value of physical adsorption energy AGphs.
Chemisorption of PhCOQ" radical on graphite-like
plane occurs due to the formation of activated
(transition) state (PhCOO"..CNC); a radical is
coordinated with the nanocluster plane by one of
the O-atoms from COO-fragment (Fig. 6).
Trustworthiness of existence of transition states is
confirmed by presence of a single imaginary
vibrational mode iy (Table 5), which characterizes
the direction of displacement of coordinates of
atomic nuclei at the transition from starting
materials to the reaction products. The absolute
value iw, is associated with the value of the
steepness of the energy barrier on the surface for
potential energy of reacting system.

Table 5. Thermodynamic — free energy physical (AGps) and chemical (AGehs) adsorption and Kinetic — Gibbs
activation free energy (AGac) interaction characteristics of BP- radical with CNC

CNC lonization AGphs, AGact, AGchs, Km=A/B, vty
potential, eV kJ / mol kJ / mol kJ / mol mmol/L cm?
C14N2H10 3.108 -18.7 4.8 -5.30 18 342.4
CisH1o 5.246 -13.5 37.6 -6.60 477 418.5
C1602Hs 6.370 -12.0 35.9 -6.67 1121 76.9
X Y1 Y2 Y3 Y4
RZ(Yi=aj+ biX) 0.983 0.854 0.912 0.927

physically sorbed
complex

Fig. 5. Scheme of interaction between BP- and O-CNC

activated complex
(transition state)

complex of
reaction products
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The results of quantum chemical calculations
show that under normal conditions the easiest
chemical adsorption of radical PhCOQ" is on the
N-containg nanocluster, as this requires the
lowest activation energy (AGae = 4.8 kJ/mol),
while for adsorption on the pure carbon or
O-containing nanoclusters the value AGae IS
higher for 31-35 kJ/mol. Table 5 also shows that
the thermodynamic effect of chemisorption on
N-containg nanocluster has the highest value
(-5.3 kJ/mol), in comparison with the same
values for other nanoclusters. This means that
desorption of PhCOQ' radical occurs most easily
from the surface of nitrogen-containing CM (for
example, catalyst N-KAU) and, perhaps, it easy
regenerate from the products of decomposition
and takes part of the next acts of chemosorption.

It should be noted that thermodynamic
(AGpns, AGens) and kinetic (AGa) features (Yi) of
BP- radical interaction with various type CNC in
solvents of various nature are defined by their
electronic donor capability (ionization potential,
X), as evidenced by very significant correlation
coefficient R? of the linear dependences
Yi=123 = ai + biX. Hence, we can assume that the
mechanism of BP destruction in non-agueous
solutions on the CM surface is identical to the
mechanism of hydrogen peroxide degradation in
aqueous solution [25, 37, 38, 41].

CONCLUSIONS

The stability of non-aqueous solutions of BP
and its catalytic decomposition by the samples of
carbon materials modified with nitrogen- and
oxygen-heteroatoms as well as by native enzyme
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catalase have been studied. It has been shown
that the catalytic activity of CM quantitatively
assessed by Michaelis constants is determined by
the nature of surface functional groups of the
carrier rather than by its structural and sorption
characteristics.

It has been found that the catalytic activity of
nitrogen-containing carbon materials in non-
aqueous media is in order higher than that of
enzyme catalase that gives opportunities to
prepare efficient enzyme-like catalysts based on
cheap raw materials of carbonaceous type. The
capability of catalysts to decompose BP was
ordered in the following row:

N-KAU > catalase > KAU > O-KAU.

A comparative analysis has been carried out
of the obtained experimental data with the results
of quantum chemical calculations of the rupture
energy of bonds in the molecule BP in different
media, electronic structure of simulated CNC
and energy  parameters  of  peroxide
decomposition. It has been found that in the
molecule BP, regardless of the media polarity,
the O-O bond is the weakest.

It has been shown that BP- radical
(CeHs-COO™) most  easily interacts  with
N-containing carbon nanocluster (N-CNC), in
comparison with the pure CNC and O-containing
one (O-CNC). It has been also found that
thermodynamic (AGprs, AGers) and Kinetic
(AGat)  characteristics of  BP-  radical
(CsHs-COQ") interaction with the surface of CM
is determined by its electron donor capability
(ionization potential).
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Po3kiiaganns nepoxkcuay 0eH30L1y HA MOBEPXHI ByIJielleBUX MaTepiajliB Ha OCHOBI
aKTHBOBaHOrO ByriList KAY
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B.b. Mansauus, A.I'. I'pedentok, B.C. Kyus, M.T. Kapreas

Incmumym ximii nosepxui im. O.0. Yyuixka Hayionanvuoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, bakalin2008@ukr.net

Jlocniooceno cmabinbHicms HE8OOHUX PO3UUHIE MA KAMATIMUYHY PeaKyilo pO3KIA0aHHA NepoKcudy OeH30iry
(I1B) spaskamu gyeneyesux mamepianie (BM) — akmusosanozo @yeinia 3 kicmouox abpuxoca KAY, iioco azom- ma
kucenvemicnumu  (N-KAY, O-KAY) moougpixosanumu @opmamu i ensumom xamanasow. Ilokazano, ujo
kamanimuuna axkmuenicme BM, kinekicHo oyinena 3a xoncmaumamu Mixaenica, euzHawaemvcs npuUpoooio
nogepxmesux —@QYHKYIOHANbHUX 2pyn HOCiA, a He 11020 CMPYKMYPHO-COPOYIUHUMU — XAPAKMEPUCTUKAMU.
Bemanoesneno, wo kamanimuuna akmusnicms azomemicnux BM 'y negoonomy cepedosuiyi Ha nopsoox euya, Hixe y
eH3umMy Kamanazu. 30amuicms Kamanizamopie po3KAA0amu NepoKCcUod OeH30imy 3MeHULYEMbCA 8 NOCHIO008HOCHI
N-KAY > kamanaza > KAY > O-KAY. IIposedero nopigHsanbHUll AHANI3 00ePIHCAHUX eKCHePUMEHMATbHUX OaHUX 3
pe3yrbmamamy K6AHMOBOXIMIUHUX PO3PAXYHKIE eHepaii pospugy 36’a3kie 6 moaekyni IIB 6 pisuux cepedoguwyax,
enekmponHoi 0y0osu MmooenvHux eyeneyesux Havoxknacmepie (BHK) ma ewepeemuunux napamempie peaxyii
posxaadants nepoxcudy. Becmanosneno, wjo 6 monexyni I1B, nezanexicHo 8i0 norapHocmi cepedosuiya, Haucaaouum
€ 38’30k O0-O. Bushaueno, wo mepmMOOuHaAMIYHI | KiHemuuHi Xapaxkmepucmuku 63aemoolii paoukana II5
(CeHs-COOr, IIh") 3 nosepxuero moodenvrnux BHK (uucmo eyeneyesux, azom- ma KUCEHbEMICHUX) SUSHAUAMbCA
IXHbOIO eNeKMPOHOOOHOPHOIO 30AMHICMIO (NOMEeHYIANoM [OHI3aYIT).

Knrouosi cnosa: piznosuou axmueoganozo eyeinni KAY, nepoxcud 6ewzoiny, xamanimuyne po3xkiadauus,
xoncmanmu Mixaenica, mexanizm peaxyii, memoo TIT[ MC, keanmogo-ximiuni pospaxynxu, DFT-uemoo

Pa3noxkenue nepokcuia 6eH301JIa HA MOBEPXHOCTH YIJIEPOJHBIX MATEPHATIOB
HA OCHOBEe AKTUBHUPOBAHHOIO yris KAY

AM. I'anspuuk, E.H. lemsinenxo, O.H. bBakaaunckas, T.B. Kyiauk,
B.b. Mansuuns, A.I'. I'peéeniok, B.C. Kyn, H.T. Kaprean

Hucmumym xumuu nosepxnocmu um. A.A. Yyiixo Hayuonanvroti akademuu nayk Yxkpaunsi
ya. lenepana Haymosa, 17, Kues, 03164, YVkpauna, bakalin2008@ukr.net

Hcenedosanvl cmabuibHOCmb HEBOOHBIX PACMBOPO8 U KAMAIUMUYECKAST PeaKyus pasiodcenuss nepoKcuod
6enzouna (I1B) obpasyamu yenepoouvix mamepuanos (YM) - akmusnozo yens uz abpurxocogeix kocmouex KAY, ezo
MoOuuyuposanHoiMu azom- u Kuciopoocooepxcawumu gopmamu (N-KAY, O-KAY), sH3umom ramanaszoil.
Iokazano, uymo Kamamumuyeckass aKmMuGHOCMb V2IePOOHbIX MAMEPUANos, KOIUYECMEEHHO OYEHEeHHAs No
KoHcmanmam Muxasnuca, onpedensiemcs npupoool NOBEPXHOCMHBIX (DYHKYUOHATbHLIX 2PYNN HOCUMEs, d He e20
CMPYKMYPHO-COPOYUOHHBIMU — XAPAKMEPUCIMUKAMU.  YCMAHOGIeHO,  4mo  KAmAalumuieckds  aKmugHOCHb
asomcodepyxcawux YM 6 He80oOHOU cpede Ha NOPAOOK 6bvluie, YeM y OH3uma Kamanaszel. Cnocobdnocme
Kkamanuzamopos pasnazams II5 ymenvwaemcsn 6 nociedosamenviocmu N-KAYV> xamanaza > KAY > O-KAYV.
Ilpogeden  cpasHumenvhvli  AHANU3 — NONYYEHHBIX — IKCHEPUMEHMANbHBLIX — OAHHLIX — C  pe3yIbmamamu
K8AHMOBOXUMUYECKUX PACYEMO8 IHEP2UU pA3pblea césa3u 6 moekyie 1B 6 pasHbix cpedax, 21eKmpOHHO20 CIPOeHUs.
MoOenbHbIX yenepoOHvlx Hanoxaacmepos (YHK) u suepeemuueckux napamempoe peaxyuu pasnodicenusi I15b.
Yemanoeneno, umo 6 monexyne BII, nezasucumo om nonspuocmu cpeovi, camou cirabou sensiemcs ceazv O-0.
Hokaszano, umo ceob6oonwiii paduxan IIB (CeHs-COO", IIB) necue (u KuHemuuecku, u mMepMOOUHAMUYECKU)
s3aumodelicmaeyem ¢ azomcooepicawel epagumonodo6Hol niockocmvio mooenvrno2o YHK, uem ¢ nosepxnocmoio
UCXO0HO20 U  (QYHKYUOHANUSUPOBAHHOZO —2eMePOAMOMAMY  KUCIOPOOd HAHOKLACMEPO8. YCmaHoeneHo, umo
mepmMoouHamMuYecKue U KuHemuyeckue xapaxmepucmuku e3acmooleucmeus IIb- ¢ nogepxnocmvio YHK
Onpeodensiomes ux 31eKmpoHOOOHOPHOU CHOCOOHOCMbIO (HOMEHYUATOM UOHUSAYULL).

Knwuesvie cnoea: pasmosuonocmu axmueupogannozo yena KAY, nepoxcuo 6enzouna, xamanumuyeckoe
pasnooscenue, koncmaumol Muxasnuca, mexanusm peaxyuu, memoo TII[ MC, xeanmoso-xumuyecKkue pacuemsi,
DFT-memoo
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