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substance, a review of  such studies being made 
in monographs [1, 2].

Hydrogen peroxide enters the oxidation 
and reduction reactions, produces clathrates, 
and decomposes to yield oxygen and water. 
As an oxidant, hydrogen peroxide enters the 
reactions by the electron transfer, ionic or free 
radical mechanism. The mechanism of  its 
decomposition is quite complicated, comprises 
several reactions and depends on the presence 
of  other substances in the reaction system.

Hydrogen peroxide is currently an important 
type of  chemical products and is widely used as 
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1. INTRODUCTION
After the discovery of  the hydrogen peroxide 
molecule (H2O2) by a French chemist Louis 
Jacques Thénard in 1818, many studies 
were devoted to the reactions involving this 
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a catalyst, hydrogenation and epoxidation agent, 
foaming agent in the production of  porous 
materials, in functionalization of  aromatic 
compounds, as a bleacher and antiseptic, a 
reagent in the production of  solid sources of  
active oxygen such as sodium percarbonate, zinc 
and calcium peroxide, urea peroxohydrate, and 
others [3, 4].

Hydrogen peroxide is a bulky chemical; its 
annual output in Russia reaches ca. 100 000 
tons. It is produced by the technology of  liquid-
phase oxidation of  isopropyl alcohol (the Shell 
process), by the anthraquinone technology 
consisting in the reduction of  anthraquinone 
to anthraquinol and its subsequent oxidation 
to anthraquinol with the formation of  H2O2 as 
a by-product (the BASF or Solvay processes), 
and by the catalytic synthesis from elements.

Hydrogen peroxide as an oxidant is active 
over the entire pH range: its oxidation potential 
φo varies from 1.736 V at pH near 0 to 0.878 V 
at pH 14. Thus, when the peroxide transforms 
into hydrogen oxide in an acid medium, the 
system has the strong oxidizing nature [5]:
H2O2 + 2H+ ↔ 2H2О (φo = +1.77 V),
in a basic medium, the process occurs by the 
consecutive scheme of  ionic transformations 
from perhydroxyl ion to hydroxyl [6]:
H2O2 + ОH– ↔ HО2

– + H2О ↔ 3ОH– (φo = +0.88 V)
HO2

– + ОH– ↔ О2
– + H2О ↔ 4ОH– (φo = +0.40 V),

or with a release of  oxygen:
H2O2 → O2 + 2H+ + 2e– (φo = +0.68 V).

In any variant of  the reaction, its by-
products do not cause any contamination, 
and the liquid form of  hydrogen peroxide is 
convenient for use. One of  its applications is 
the oxidation of  carbon black [7-9].

Carbon black is employed as a filler for 
polymers and anode pastes, and also as a 
pigment, adsorbent and catalyst. Its synthesis 
proceeds at a temperature above 1000°С, 
which excludes its surface functionalization 
[10]. The most promising oxidants of  carbon 

black at low temperatures are active oxygen 
species: hydrogen peroxide, ozone, and singlet 
oxygen [11-14].

Investigation of  self-decomposition of  
hydrogen peroxide on the surface of  disperse 
carbon is of  interest not only for obtaining 
carbon black species but also for studying 
the interactions of  sp2 carbon with the 
strained hydrogen peroxide molecule whose 
decomposition on the carbon surface can 
give both the triplet oxygen species and the 
chemically active singlet oxygen species.

In this connection, it seems interesting 
to compare the chemical activities not only 
of  hydrogen peroxide but also of  singlet 
oxygen, ozone and other active oxygen species 
simultaneously interacting with the carbon 
surface (graphene layers).

The goal of  the study was to compare the 
catalytic activities of  different carbon black 
grades in the decomposition of  hydrogen 
peroxide and to elucidate the carbon surface 
properties that can exert an effect on the 
kinetic parameters of  the reaction.

2. MATERIALS AND METHODS
The study was performed with the channel 
carbon black K354 (Khazar Chemical Plant, 
the Republic of  Turkmenistan) and the furnace 
carbon black N121, N326 (Omsktekhuglerod 
PLC company), P161, P267-E and P366-E 
(Institute of  Hydrocarbons Processing SB 
RAS, Department of  Experimental Processes), 
and an aqueous solution of  medical grade 
hydrogen peroxide, specs GOST 177-88.

The hydrogen peroxide decomposition 
experiments were carried out in a volumetric 
setup. A carbon black sample and 17.5 cm3 of  
a 0.6 M (2%) aqueous solution of  hydrogen 
peroxide, whose pH value was adjusted by 
adding an aqueous solution of  ammonia, 
were placed in a flask that was mounted in a 
thermostat and connected to a burette for gas 
collection. The volume of  oxygen released at 
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different time intervals was reduced to normal 
conditions.

Upon termination of  the experiment, 
carbon black was separated from the 
suspension by microfiltration and washed with 
distilled water; after that, pH of  its aqueous 
suspension was measured according to GOST 
25699-6.-90 on a pH-150MI instrument 
(Izmeritelnaya Tekhnika PLC company), and 
the functional composition was determined by 
selective neutralization [15, 16] and differential 
potentiometry [17].

The interaction of  carbon black with 
hydrogen peroxide and activators (singlet 
oxygen or ozone) was carried out in a rotating 
flask under stirring of  carbon black grains with 
a 2% aqueous solution of  hydrogen peroxide in 
a weight ratio 1:1 in the air that passed through 
an ozonizer or a generator of  singlet oxygen at 
a temperature of  25 ± 2°С for 5 min.

Ozone was generated in an OZONER 
ozonizer (Formula Zdorovya) with an ozone 
output of  400 mg/h.

Singlet oxygen was generated in an 
AIRNERGY+ Basis Plus device (Airnergy AG, 
Germany) with photocatalytic activation (λ = 
634 nm) and a flow rate of  4 L/h.

The specific surface area (full NSA and 
external STSA) was measured by the low-
temperature nitrogen adsorption isotherm on 
a Gemini 2380 (Micromeritics) analyzer using a 
technique reported in [18].

The Raman spectra were recorded on a 
DXR Smart Raman (ThermoScientific) dispersive 
spectrometer at a laser excitation wavelength 
of  633 nm and laser power of  5 mW. The 
spectra were accumulated from 15 scans at 
accumulation time of  60 s. The degree of  
order of  the particles was characterized by 
the intensity ratio of  absorption bands ID/IG 
similar to [19].

The IR spectra were recorded on an IR 
Prestige-21 (Shimadzu) spectrometer with a 

resolution 4 cm–1 and accumulation from 50 
scans, and then processed using the ORIGIN 
software package (baseline correction and 
smoothing). Preparation of  a sample included 
sedimentation of  small particles on a BaF2 plate 
to obtain a specified homogeneous thickness 
of  the layer.

Nanostructure of  carbon black was 
observed on the images obtained by high 
resolution transmission electron microscopy 
(HRTEM) using a JEM 2100 (JEOL) electron 
microscope with an accelerating voltage of  200 
kV and a line-in-line resolution of  0.14 nm.

The XRD study of  carbon black samples 
was carried out on a D8 Advance (Bruker) 
powder diffractometer using CuKα radiation. 
The samples were scanned in an angular range 
of  10-70° (2Θ) with a scanning step 0.02° and 
accumulation time 1 s. The interplanar spacing 
and crystallite size along (002) plane were 
calculated by the Selyakov-Scherrer equation
d002 = λ/(2sin(Θi)),
Li = k∙λ/(Bi∙cos(Θi)),
where i = (002)–(100), respectively, Lc and La; 
λ is the wavelength of  CuKα radiation equal to 
0.154 nm; Θi° is the position of  reflection; k 
is the coefficient determined by the particle 
size: k = 0.89 for the (002) peak and 1.84 for 
the (100) peak; and Bi is the full width at half-
maximum of  the i peak (FWHM), rad.

The Fityk program was employed for data 
processing and deconvolution of  the peaks.

The oxygen content was measured on a 
Elementar Vario Cube analyzer of  C, H, N, S, O, 
Cl by thermal destruction at 1100°С.

3. RESULTS
Fig. 1 shows the HRTEM images of  carbon 
black.

One can see in Fig. 1 that the main 
morphological form of  the carbon black 
samples is represented by the globules 
whose structure includes the ordered crystal 
regions consisting of  3-4 graphene layers.
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Fig. 1. TEM image of  the particles of  carbon black samples.

The high-contrast images show that the 
graphene layers at the periphery of  the particles 
are curved toward their center because the 
particles are strained by the valence bonds with 
the edge atoms.

Table 1 lists the values of  interplanar 
spacing d002, length of  graphene layers La, 
fraction of  end carbon atoms D calculated 
from the data of  [20] by the formula
D = 29.602∙La

–0.809,
graphitization degree γ  of  the samples calculated 
by the formula

γ = (0.373 – d002)/(0.373 – 0.335)
and stack thickness Lc of  the tested samples.

According to Table 1, the lowest structural 
organization is observed for the particles of  
carbon black N121, P267-E and P161, and the 
highest for N326, P366-E and K354.

The samples being compared differ in their 
specific surface areas and roughness coefficients 
related to the pore length shorter than 2 nm [11]. 
The surface roughness coefficient was calculated 
by the formula
Kr = NSA/STSA.

The catalytic properties of  carbon black in 
the decomposition of  hydrogen peroxide were 
characterized by the activation energy Ea of  H2O2 
decomposition at pH of  a hydrogen peroxide 
solution equal to 4.4 and 9.2.

It is supposed that at pH above 8.7 the 
decomposition of  hydrogen peroxide switches 
from homogeneous to heterogeneous mechanism 
[2]. In a strongly basic region of  the pH scale, the 
authors of  [21] revealed an “energy well” for the 
process of  hydrogen peroxide decomposition in 
a pH range of  10.5-11.5.

In this connection, it should be noted that 
the carbon black surface is inhomogeneous with 
respect to isoelectric pH: it has iso-pH of  1 to 
4  in a strong acid medium, above 11 in a strong 
basic medium, and 3 to 10 in the middle range 
[22]. So, the presence of  carbon black may lead 
to different rates of  hydrogen peroxide self-
decomposition depending on the location of  
H2O2 molecules adsorbed on the carbon surface, 
and to different mechanisms of  the process.

NANOSYSTEMS

Sample 
grade

NSA,
m2/g

Kr d002,
nm

Lc,
nm

La,
nm

Fraction 
(D) of 
edge 

atoms,
%

Gra-
phiti-
zation 
degree

γ

Degree
of 

order,
ID/IG

P161 216 1.3 0.367 1.6 4.5 9 0.16

N121 117 1.1 0.373 1.4 3.8 10 - 1.4

P267-E 255 1.6 0.368 1.7 4.2 9 0.13

P366-E 311 1.5 0.359 1.76 3.3 11 0.37 1.4

N326 77 1.0 0.358 1.64 3.0 12 0.40 1.4

K354 102 1.2 0.356 1.97 3.0 12 0.45 1.3

Table 1
Main characteristics of the initial carbon black substructure
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The activation energy of  the reaction 
was calculated by a graphical method using 
the Arrhenius equation. The reaction order 
was equal to 1, which does not contradict the 
data reported in [23]. In a blank run (without 
carbon black) performed in a basic medium, 
Ea of  H2O2  decomposition was 73 kJ/mol, and 
in an acid medium, 87.3 kJ/mol. According to 
the literature, the least activation energies of  
hydrogen peroxide decomposition are observed 
at pH from 10.5 to 11.5 and are attributed to 
ionic transformations of  hydrogen peroxide 
molecules [6]. At pH above 12, the radical ion 

species are formed [24], thus making changes in 
the activation energy insignificant.

It is expected that on the main parts of  carbon 
black surface (basal planes and regions occupied 
by neutral functional groups like quinone, 
anhydride, carbonyl, aldehyde and pyrone ones) 
the decomposition of  H2O2 with a release of  
oxygen will be more pronounced than in the 
regions with acid (carboxyl) functional groups.

In the presence of  carbon black samples of  
different weight in the reaction vessel, a decrease 
in the activation energy of  hydrogen peroxide 
self-decomposition caused by the catalytic action 
of  the carbon surface was observed (Table 2).

In terms of  1g carbon black (5.4% in the 
reaction mixture), Ea of  the reaction at different 
рН values of  the reaction mixtures varied from 
50 to 20 kJ/mol (Fig. 2).

NANOSYSTEMS

Fig. 2. Activation energies of  hydrogen peroxide decomposition 
at pH 4.4 (dark markers) and 9.2 (bright markers) in the 
presence of  carbon black with different roughness coefficients Kr.

Fig. 3. Changes in pH of  an aqueous suspension of  carbon 
black N121 under the action of  hydrogen peroxide (1), ozone 

(2) and a mixture of  hydrogen peroxide and ozone (3).

Fig. 4. Changes in the content of  carboxyl groups upon 
interaction of  carbon black N121 with ozone (1) and a 

mixture of  hydrogen peroxide and ozone (2). 

Table 2
Experimental values of activation energy Ea for decomposition 
of H2O2 at different pH of the medium and weights of carbon 

black in the reaction vessel

Carbon 
black 
grade

Ea of the reaction upon introduction of carbon black 
sample of mass m(g) into reaction vessel

0.2642 0.3775 0.5285 0.7549
рН of hydrogen peroxide solution equal to 4.4

N326 68.3 62.3 58.8 56.6
N121 57.5 55.1 50.7 47.8
P161 55.5 50.8 48.5 44.5

P366-E 52.0 48.3 49.2 43.4
P267-E 35.0 39.5 27.5 33.0
К354 39.8 41.5 37.0 37.6

рН of hydrogen peroxide solution equal to 9.2

N326 57.8 56.9 49.8 46.2
N121 47.4 41.2 33.9 30.1
P161 41.1 39.1 33.7 28.6

P366-E 32.4 31.5 26.7 21.5
P267-E 34.5 36.6 29.6 22.3
К354 38.8 41.4 33.8 36.5

GALINA I. RAZDYAKONOVA, OLGA A. 
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Fig. 5. Changes in the content of  phenol groups upon 
interaction of  carbon black N121 with ozone (1) and a 

mixture of  hydrogen peroxide and ozone (2).
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As shown in Fig. 2, Ea of  the hydrogen 
peroxide decomposition varies with the 
carbon black sample. The catalytic activity 
of  carbon black increases with raising the Kr 
value. The effect of  Kr on a decrease in Еа 
value is most pronounced in an acid medium. 
This is caused by the formation of  phenol 
groups during the oxidation of  carbon black, 
which accelerate the reaction. The carboxyl 
groups shift pH of  the aqueous suspension 
of  carbon black to the acid region, thus 
inhibiting the decomposition of  hydrogen 
peroxide.

Indeed, when carbon black is oxidized by 
hydrogen peroxide in an acid medium with 

ozone as the co-agent, a much faster decrease in 
pH of  the aqueous suspension is observed (Fig. 
3), which is caused by the generation of  carboxyl 
groups (Fig. 4) due to a decreasing content of   
phenol groups (Fig. 5).

It seems that singlet oxygen does not activate 
hydrogen peroxide, in distinction to ozone; 
singlet oxygen is an additional reagent, but its 
curve of  the carbon black pH is similar to the 
ozone activation curve (Fig. 6).

The IR spectra of  the initial samples N121, 
P366-E and N326 (Fig. 7) show the absorption 
bands (a.b.) in the region of  1200-1300 cm–1 that 
are attributed to stretching vibrations of  the C-O 
bonds in ethers and lactones.

NANOSYSTEMS

Fig. 6. pH of  an aqueous suspension of  carbon black 
N326 (1, 2), P366-E (3, 4) and N121 (5, 6) versus the 
concentration of  hydrogen peroxide in the presence of  ozone 

(1, 3, 5) or singlet oxygen (2, 4, 6).

Fig. 7. The IR (a) and Raman (b) spectra of  carbon black N121: 1 – initial, 2 – oxidized by 30% hydrogen peroxide, 
3 – by 2% hydrogen peroxide with ozone; 4 – by 2% hydrogen peroxide with singlet oxygen.
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The bands corresponding to stretching 
vibrations of  the С-О bonds in alcohols and 
phenols are observed in the spectral region of  
1000-1200 cm–1. The IR spectrum of  the tested 
sample has an additional band at 1550-1600 cm–1, 
which corresponds to stretching vibrations of  
the C=C bonds in aromatic structures.

After the oxidative treatment, neither 
the disappearance of  existing a.b. nor the 
appearance of  new bands was observed in IR 
spectra of  the tested samples.

In the Raman spectra at λ0 633 nm, the 
intensity ratio of  D band to G band of  1.3-1.4 
for the initial carbon materials N121, P367-E, 
N326 and K354 testifies to an amorphous 
structure of  the samples under consideration. 
According to the Raman data, the intensity 
ratio of  D band to G band did not change after 
the oxidative treatment.

However, the oxidation process was 
accompanied by an increase in the oxygen 
content in carbon black and by changes in its 
substructure, as shown by XRD (Fig. 8).

Thus, the oxidative treatment of  carbon 
black results in a partial destruction of  the 
graphene layers and changes in the particle 
substructure.

The efficiency of  the oxidizing systems 
was estimated from the oxidation degree of  
functional groups for 5 min at a temperature of  
25°С (Table 3), i.e. from the ratio of  the sum 
of  carboxyl and lactone groups (which are the 
end groups in the oxidation cycle) to the initial 
phenol groups.

As follows from Table 3, the efficiency 
of  action of  the oxidizing systems on carbon 
black decreases in the following order:
P366-E: 30% H2O2 > 1О2 > (2% H2O2 + 1О2) 
> O3, (H2O2 2% + O3),
N121: 1О2 > 30% H2O2 > (2% H2O2 + 1О2) > 
O3, (H2O2 2% + O3),
N326: 30% H2O2 > 1О2 > O3 > (2% H2O2 + 
1О2) > (H2O2 2% + O3).

The highest oxidation level of  carbon black 
is reached due to increasing the number of  
carboxyl and lactone groups with the use of  
hydrogen peroxide in a concentration of  30% 
in the liquid-phase process and air enriched 
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Fig. 8. La, Lc and d002 parameters of  carbon black N326, 
N121 and P366-E versus oxygen content.

Table 3
Content of acid functional groups on the surface of 

initial and oxidized carbon black

Groups
Ini-
tial

Content of groups in carbon black,
mg-eq/g, after exposure to oxidants

O3 H2O2
30%

H2O2
2%+O3

H2O2
2%+1O2

1O2

N326
Phenol 0.037 0.001 0.020 0.017 0.014 0.014

Carboxyl 0.003 0.01 0.035 0.012 0.013 0.006

Lactone 0.006 0.013 0.042 0.003 0.006 0.028

Oxidation level 0.2 2 3.8 0.8 1.3 2.4

N121
Phenol 0.010 0.064 0.039 0.031 0.010 0.008

Carboxyl 0.002 0.003 0.021 0.008 0.002 0.003

Lactone 0.018 0.031 0.053 0.041 0.018 0.034

Oxidation level 2 0.5 1.8 1.5 2 4.6

P366-E
Phenol 0.025 0.025 0.006 0.025 0.014 0.028

Carboxyl 0.027 0.017 0.051 0.021 0.028 0.085

Lactone 0.026 0.019 0.02 0.015 0.014 0.034

Oxidation level 2.1 1.4 11 1.4 3 4.2

GALINA I. RAZDYAKONOVA, OLGA A. 
KOKHANOVSKAYA, VLADIMIR A. LIKHOLOBOV
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Fig. 9. The proposed scheme of  H2O2 interaction with the 
carbon surface according to [30].
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with singlet oxygen. Differential titration was 
employed to reveal the generation of  the 
most strong carboxyl groups (pKa ~ 2-3) using 
singlet oxygen as the co-agent of  the hydrogen 
peroxide oxidant [17, 25].

4. DISCUSSION
The decomposition of  hydrogen peroxide 
proceeds via its dissociation as a weak acid 
[26] by the scheme H2O2 ↔ H+ + ООН– 
(pKa = 11.6); so, it is most pronounced in a 
basic medium. However, the routes of  the 
process are chain reactions yielding active 
oxygen species (AOS), and in the case of  
heterogeneous catalysis they were studies only 
qualitatively [1]. Our study showed that a direct 
relationship between catalytic activity and 
specific surface area of  carbon black is absent. 
Surface roughness serves as a disturbing factor. 
An increase in the roughness may increase the 
fraction of  the end carbon atoms, which are 
more oxidizable. Indeed, the phenol groups 
(С-OH), which are formed upon treatment of  
carbon black, accelerate the decomposition 
of  hydrogen peroxide, whereas the carboxyl 
groups (СООН) inhibit the process, as was 
noted also by other researchers [27].

The catalytic decomposition of  hydrogen 
peroxide over the functional groups of  
graphene is described by the reactions on the 
phenol group:
AC-OH + Н2О2 → AC-OOH + H2O
and on the carboxyl group:
AC-OOH + Н2О2 → AC-OH + H2O + O2. [28].

The adsorption of  hydrogen peroxide 
molecules and the donor-acceptor interaction 
with electron transfer may occur on the 
basal plane of  graphene. This process leads 
to decomposition of  hydrogen peroxide by 
the radical mechanism similar to the Fenton 
reaction [29]:
AC + Н2О2 → AC+ + OH– + •OH,
AC+ + Н2О2 → AC+ H+ + •HO2.

Different mechanisms of  hydrogen peroxide 
interaction with the graphene layers of  carbon 
black are reflected in the scheme (Fig. 9).

According to this scheme, the hydrogen 
peroxide molecule is adsorbed on the surface 
and decomposed on the active sites, which are 
represented by neutral or weak-acid functional 
groups. The intermediate products formed on 
the surface are desorbed and diffuse into the 
liquid phase; they can form new intermediate 
products by the reaction with other hydrogen 
peroxide molecules. The new intermediates 
diffuse to the carbon surface, interact with it 
and release molecular oxygen.

Real surface of  carbon black contains the 
oxygen functional groups whose structure 
changes cyclically during the oxidation of  
carbon black, as shown in Fig. 10 where cycles 
of  the oxidation process are indicated in 
parentheses.

NANOSYSTEMS

Fig. 10. The proposed scheme of  carbon black 
functionalization.
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A partial destruction of  the carbon skeleton 
makes it difficult to control the oxidation of  
carbon black. Thus, to predict the structure of  
its final product, it is necessary to control the 
structure of  the initial material, the conditions 
of  the oxidation process, and the choice of  the 
effective reagent.

5. CONCLUSION
The catalytic activities of  different carbon 
black grades were compared in the 
decomposition of  hydrogen peroxide, and 
the most essential properties of  the carbon 
black surface affecting the kinetic parameter 
of  the reaction, its activation energy, were 
revealed.

The knowledge of  activation energies for 
the decomposition of  hydrogen peroxide 
by different carbon black grades will make it 
possible to optimize the selection of  the most 
efficient set of  available grades for their joint 
oxidation and optimization of  the functional 
composition of  the product and other process 
variables.
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