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Abstract

The analytical survey over the literature data and results of the studies carried out by the authors into the
physicochemical characteristics and catalytic properties of highly dispersed massive polymetallic Ni-Mo—W and
Ni—Mo catalysts, and carbide-containing Mo,C/C catalysts of the core — shell type is presented. Catalytic carbon
systems in which the active centres are functional oxygen-containing surface groups are also considered. It is
shown that all the catalytic objects under consideration may be successfully synthesized by means of mechano-

chemical activation.
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INTRODUCTION

Mechanochemical activation (MCA) is widely
used to obtain heterogeneous catalysts, in partic-
ular for industrial applications [1]. Mechanochem-
ical activation provides a number of important
technological solutions and advantages for the
production of catalysts: an increase in the reactiv-
ity of initial substances and components, a de-
crease of the number of stages in the processes,
reduced energy consumption, absence of wastes.
In addition to simplification of the technological
soundness of synthesis and the possibility to
carry it out directly in activators, the advan-
tages of MCA also include the possibility to
prepare fine mono- and heterophase catalysts
in thermodynamically metastable state possess-
ing enhanced activity in comparison with the
equilibrium state.

The MCA of initial solid mixtures involves
grinding and plastic deformation of the compo-
nents (substances). This is accompanied by an in-
crease in the number of point contacts, their per-

manent renewal, defect reproduction and migra-
tion over the volume of the solids, so that the
mobility of a substance may be sufficient for mix-
ing at the molecular level to be achieved, and for
intensification of diffusion-controlled reactions.

In Russia, one of the first studies dealing with
mechanochemical processes is considered to be
the work carried out by F. M. Flavitsky who ob-
served solid-phase reactions proceeding during the
mechanical treatment of the powders. Later these
works were continued at the Leningrad State Uni-
versity, and then at the Tomsk State University.
Further development of the Siberian school of the
mechanochemistry of inorganic substances proceed-
ed in the Siberian Branch of the Academy of Scienc-
es, where the works were launched both in the area
of the theory of mechanochemical processes and in
the direction dealing with the use of mechanochem-
istry for solving applied tasks connected with miner-
al raw processing, inorganic synthesis, materials sci-
ence, adsorption and catalysis [1].

For the first time, R. A. Buyanov carried out
an investigation of mechanical catalysis under
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conditions when catalytic reaction and mechani-
cal action occurred simultaneously [2]. Some es-
sential and interesting catalytic transformations
were implemented: butane pyrolysis over magne-
sium oxide, hydrogenolysis of butadiene over
metal hydrides. R. A. Buyanov had developed a
new direction in mechanochemistry, which in-
volved mechanochemical reactions at high (up to
10 MPa) pressures of hydrogen, oxygen and am-
monia. A method called mechanical alloying, was
developed for obtaining hydrides of intermetallic
compounds, which turned out to be more effi-
cient hydrogenation catalysts than traditional
ones. The application of MCA to the synthesis of
more efficient iron-potassium dehydrogenation
catalysts was also studied thoroughly [3]. A team
supervised by R. A. Buyanov carried out a com-
plex of research works [4—17] involving MCA for
obtaining catalysts and supports based on alu-
minium oxide. Detailed studies of the transforma-
tions of aluminium hydroxide during MCA and
subsequent treatment operations were carried
out. A new crystal modification of aluminium ox-
ide, n-AlLO,, was discovered in the studies of
thermal transformations of activated hydrargil-
lite (gibbsite). Detailed studies of the processes
that take place during MCA of aluminium hy-
droxide species with different structures and
compositions allowed development of the new
methods of the synthesis of catalysts, supports
and sorbents based on aluminium oxide.

Procedures for the synthesis and technology of
aluminosilicates differing from each other in prop-
erties were developed in a series of works involv-
ing activated aluminium hydroxide. For instance,
it was established that MCA of a mixture of hy-
drargillite and silica gel results in the formation of
hydrated aluminosilicate, which is then trans-
formed under heating into aluminosilicate spinel,
and then into mullite [18, 19].

Only a small part of mechanochemical studies
carried out at the Boreskov Institute of Catalysis,
SB RAS (BIC, Novosibirsk) under R. A. Buyan-
ov’s supervision is listed above. In view of the
high efficiency of mechanochemical processes in
the synthesis of catalysts, researchers at the Cen-
tre of New Chemical Technologies BIC (CNCT)
started the studies into the effect of MCA param-
eters on the regularities of formation and on the
properties of fine bulk polymetallic Ni-Mo—W,
Ni—Mo catalysts for hydrogenization in petroleum
processing and polyfunctional carbide-containing
Mo,C/C-catalysts of the core — shell type, as

well as on the changes of structure, morpholo-
gy and catalytic activity of carbon materials.

A review of the results obtained in the devel-
opment of new mechanochemical technologies at
the CNCT is presented in the current communi-
cation:

— mechanochemical synthesis of bulk Ni-Mo—W
and Ni—Mo catalysts for hydrogenation processes;

— mechanochemical synthesis of carbide-con-
taining catalysts having the composition Mo,C/C;

— mechanochemical action on the transformation
of structure and morphology of carbon materials.

APPLICATION OF MECHANOCHEMICAL ACTIVATION
TO THE SYNTHESIS OF FINELY DISPERSED BULK Ni—Mo—W
AND Ni—Mo CATALYSTS

The use of MCA, which is a basis for the devel-
opment of waste-free technologies for the produc-
tion of various materials including catalysts, is
very promising. In addition to the positive ecolog-
ical effect, as a rule, the use of MCA in the syn-
thesis of catalysts leads to improvement of their
properties. One of the examples is an increase in
the selectivity of thiophene decomposition over
molybdenum disulphate [20]. This is a consequence
of the fact that MCA causes not only grinding but
also subsequent aggregation of the substances [21,
22], which is due to particle heating during ther-
mal shock up to the melting point, and the transi-
tion of substances into the viscous-plastic state.
The latter is accompanied by the formation of
many defects and by the formation of active par-
ticles and radicals, which determines the possibil-
ity of chemical interactions between initial re-
agents. An additional advantage of MCA is in the
fact that, as a rule, in this case the size of parti-
cles in the obtained catalyst does not exceed
1-2 pm [23], which is an order of magnitude
smaller than the particles of bulk catalysts ob-
tained according to the traditional wet technolo-
gies using water as a solvent. A decrease in parti-
cle size promotes a several times increase in the
external surface area, which undoubtedly enhanc-
es the activity of these kinds of catalysts when the
catalytic process is carried out in the slurry mode.

The effect of the conditions of MCA on the
interaction of Ni, Mo, W-containing compounds
for the synthesis of active components of bulk
catalysts for hydrogenation processes, for exam-
ple hydrodesulphurization, was studied. The com-
pounds chosen as the initial chemicals were [24,
25]: nickel hydroxocarbonate (NHC,
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nNi(OH), - mNiCO,), ammonium paramolyb-
date (APM, (NH,),Mo,0,, -4H,0), and ammoni-
um metatungstate (AMT, (NH,) H,W O, ).

Results of high-temperature X-ray studies of
the mixture with the composition Ni/Mo/W =
3 :1:1 after MCA under temperature change
from 30 to 550 °C are shown in Fig. 1. One can see
that at a temperature above 450 °C complex salts
are formed: NiMoO, (ICID, [31-902]) and NiWO,
(ICID, [72-480]). There are no peaks related to oxide
phases. Two peaks in the diffraction patterns
(26 = 39.4 and 46.7°) may be attributed to Pt
(ICID, [04-802]); its presence is due to the heater.
A well crystallized peak at 20 = 35.1° could not be
identified. Mosxxro It may be assumed that the
appearance of this peak is connected with forma-
tion of a complex ternary salt during MCA; this
salt includes the three metals (Ni, Mo, W).

It should be stressed that nickel molybdates
and tungstates as precursors are the best in pro-
viding the formation of highly active sulphide
catalysts for hydro-processes [26]. In addition, the
presence of a peak at 20 = 35.1° was also detected
in the diffraction patterns of non-sulphidized pre-
cursor of the bulk catalyst NEBULA [27]. The
above-listed facts allow us to suppose that the in-
troduction of MCA into the technology of the syn-
thesis of catalysts (for instance, hydrotreating)

will allow enhancement of their activity due to an
increase in the fraction of necessary phases and
development of their surface.

On the basis of analysis of the obtained results,
the mechanism of NHC, APM, AMT interaction
during MCA has been proposed. Nickel hydroxo-
carbonate is a stable low-active matrix, composed
of particles containing hydroxyl groups on their
surface, along with adsorbed water that remains
in the material (according to DTA results) up to
320 °C. It is known [21, 28] that water staying in
the material up to a temperature above 300 °C
promotes hydrothermal conditions and dissolution
of the reacting components during MCA. For
APM and AMT, the plastic flow mode starts to
manifest itself even after MCA for 5 min, so it
may be assumed that APM and AMT particles
become softened during this kind of treatment
and line up NHC particles entering the interac-
tion with the surface moisture and getting par-
tially dissolved in it. As a result of mechanochem-
ical reactions, new compounds with complicated
compositions are formed, for example NiMoO4,
NiWO,, as well as ternary salts.

Mechanochemical synthesis of the catalytic
system based on NHC and APM was investigated
[29—32]. It was demonstrated that MCA involves
solid-phase reactions with the formation of com-
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Fig. 1. Results of the evaluation of phase composition of a mixture of NHC, APM and AMT
with the composition Ni/Mo/W = 3 : 1 : 1 after MCA, according to X-ray diffraction patterns

recorded in a high-temperature chamber [25].
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plicated X-ray amorphous compounds of Ni-Mo;
their annealing at 520 °C leads to the formation of
crystal nickel molybdates, modifications a-NiMoO,
and -NiMoO,, which are active precursors of the
bulk catalysts for hydrocracking. Comparative
tests of the bulk and industrial supported sulphide
catalysts were carried out with the model reac-
tions of the transformations of 1-methylnaph-
thaline and dibenzothiophene (DBT). It was deter-
mined that the bulk catalyst prepared by means
of MCA exhibits higher activity than the support-
ed industrial catalyst. This is confirmed by the
higher yield of the products of thorough hydroge-
nation of 1-methylnaphthalene (decalin) and hy-
drogenolysis of DBT (benzene and cyclohexane)
over the bulk catalyst.

Technologies for the synthesis of dispersed
bulk catalysts [33, 34] through MCA were elabo-
rated. This method is the basis for the develop-
ment of waste-free technologies for the produc-
tion of bulk Ni—Mo catalysts with particle sizes
less than 10 pm.

MECHANOCHEMICAL SYNTHESIS OF CARBIDE-CONTAINING
MO,C/CATALYSTS OF THE CORE-SHELL TYPE

The use of carbon in catalysts has been inten-
sively expanding during the recent years due to
the introduction of new active components: metal
carbides, which demonstrate, in combination with
carbon supports, high activity and stability [35].
Carbides possess metal-like properties. The metal
nature of carbides provides their ability to ad-
sorb and activate such reagents as oxygen, hy-
drogen, ammonia, methane, and carbon oxide.
Therefore, the carbides of transition metals may
act as efficient catalysts. It is reported in reviews
dealing with Mo-carbide catalysts [36—38] that the
carbides of IV=VI group metals exhibit activity in
many reactions. It is known that molybdenum car-
bides are similar in their electron characteristics to
precious metals of IX and X groups [35]. Catalysts
based on molybdenum carbide (Mo,C) exhibit high
catalytic activity and selectivity in hydrogenation
[39], hydrodesulphurization [40], hydrodeoxygen-
ation [41], in the ring opening reactions [42], and as
electrocatalysts [43, 44].

Essential advantages of the catalysts based on
molybdenum carbide are their high stability in the
presence of catalytic poisons (CO and S) and low
cost in comparison with precious metals. In addi-
tion, in the case when metal carbide catalysts are

used for hydro-treatment of crude oil, the stage of
catalyst sulphidation may be excluded from the
process, which will undoubtedly make hy-
dro-treatment processes more economical.

By present, many methods have been devel-
oped to obtain the carbides of transition metals.
The traditional method of the synthesis of Mo,C
with large specific surface for the catalytic appli-
cation of the carbide is considered to be tempera-
ture-programmed reduction of molybdenum oxide
(MoO,) by hydrocarbon gases, such as C,H,, CH,,
CH,, C.H,, C,H [45] However, in view of compli-
cated synthesis conditions and high carbonization
temperatures, the carbide surface is contaminated
with polymeric carbon, which is formed through
pyrolysis of hydrocarbon gases. This has a nega-
tive effect on the catalytic properties of the syn-
thesized molybdenum carbide.

Taking into account the above-described con-
siderations, we developed a method to obtain mo-
lybdenum carbide by means of MCA [46]. Ac-
cording to this method, mechanochemical synthe-
sis of carbide-containing catalysts Mo,C/C was
carried out in AGO-2S planetary mill in the inert
medium. Milling bodies were balls 8§ mm in diam-
eter, made of stainless steel of ShKh-15 grade; the
ratio of sample mass to the mass of milling bodies
was 1 : 40, the acceleration of milling bodies was
60g—100g, time of MCA was 30—60 min [47].

The initial components for MCA were APM
(NH,);Mo,0,,-4H,0) or molybdenum oxide
(MoO,) and technical carbon of P145 grade.
Weighted portions for MCA were taken in the
stoichiometric ratio according to reactions:
(NH,);Mo,O,, - H,O - TMoO, + NH, + H,O (1)
MoO, + C - MoO, + CO (2)
3MoO, + 5C - Mo,C + 4CO 3)

The molybdenum salt was introduced into the
mixture for activation in the form of the aqueous
solution of APM using incipient wetness impreg-
nation of technical carbon.

After MCA, the samples were annealed in
the inert atmosphere at 800 °C for 30 min with
the heating rate of 5 °C/min.

Diffraction patterns for mechanically activat-
ed and annealed carbide-containing samples are
shown in Fig. 2. One can see that the composition
of the mixture after MCA for 30 min changes. First,
the peaks related to MoO, are present in the dif-
fraction patterns; second, the peaks of molybdenum
carbide are clearly detected in all diffraction pat-
terns. An increase in the time of MCA to 60 min
does not cause substantial changes in the phase
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composition in comparison with the phase composi-
tion of the samples subjected to MCA for 30 min.

With an increase in the acceleration of milling
bodies to 100g, the phases containing iron appear
in the sample: Fe,C, and FeMoO,. The peak relat-
ed to molybdenum carbide becomes more clear
and intensive on the diffraction patterns at 26 =
40°. Narrow peaks of Mo,C and Fe,C, are ob-
served in the diffraction patterns of annealed
composites.

The obtained results provide evidence that re-
actions (1)—(3) proceed to a rather high degree
of completeness under the chosen parameters of
MCA. The content of Mo,C in the composite cat-
alyst was determined quantitatively from the dif-
fraction patterns using the method of the addition
of the phase to be determined [48]; after MCA and
annealing, it was 7.2 mass %.

Taking into account the obtained results, opti-
mal technological parameters were chosen for the
mechanochemical synthesis of carbide-containing
catalysts. The chosen parameters providing the
synthesis of the material containing well crystal-
lized Mo,C and the minimal amount of admixtures
were: acceleration of milling bodies, 100g; time of
MCA, 30 min [49].

For carbide-containing catalysts, texture pa-
rameters were determined: total pore volume (V),
specific surface (Sg,.), average pore size (dpor), and
average particle size (dp) (Table 1).

It should be stressed that the specific surface
area after MCA and annealing is large: S;,.. =
125.3 m*/g, which is larger by 10—12 % than the
specific surface area of the solid carbide-forming
agent — technical carbon of P145 grade. The total
pore volume and average pore size of the cata-
lyst are smaller by a factor of 3.5—3.8 in compar-
ison with the initial carbon material. The latter
fact may be due to several reasons: first of all, to
the deposition of APM molecules on the surface
of pores in the carbon material during impreg-
nation, second, to the changes in morphology
and an increase in the degree of structural or-
dering of amorphous carbon material at the

TABLE 1
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Fig. 2. Diffraction patterns of the samples of carbide-containing
catalysts synthesized under different parameters of MCA.

stage of mechanochemical carbide formation,
followed by annealing [50].

For the purpose of obtaining the information on
the morphology and structure of carbide-contain-
ing composite catalyst, investigation of its morphol-
ogy was carried out by means of transmission elec-
tron microscopy (TEM) and X-ray energy-disper-
sive analysis (EDX) (Fig. 3, 4) [51].

One can see that the carbide-containing com-
ponent is characterized by the presence of ag-
glomerates of carbon particles with random
shapes, 0.1-2 um in size. High-resolution electron
microscopic images (see Fig. 4) exhibit the lattice
with parameters 0.261, 0.237, 0.228 nm, which are
characteristic of molybdenum carbide (PDF-2,
[35-0787]). The carbon matrix is mainly amor-
phous, with a graphene layer structure. However,

Texture characteristics of initial technical carbon (carbidizer) and carbide-

containing catalyst [49]

Material d, um V,em?/g S

m?/g d_,nm

z BET’ por’
TC P145 1-5 0.83 114 28.9
Carbide-containing 1-5 0.24 125.3 7.6

catalyst




20 O. N. BAKLANOVA et al.

Fig. 3. Electron microscopic image of the carbide-containing composite catalyst: a — nanoparticles in the carbon matrix;

b — structure of graphene layers.

Y EG
% Rl

Mo,C (100)

0.261 nm

Fig. 4. Electron microscopic images of the carbide-containing composite catalyst (a), the core — shell structure (b). Insert
shows the electron diffraction pattern corresponding to the core — shell structure.

along with this, ordered carbon formations con-
taining extended graphene layers parallel to each
other are observed. The average distance between
these layers is 0.350 nm (see Fig. 3, b and 4, b).

It has been established that the carbon matrix
contains nanoparticles of the core — shell type (see
Fig. 4) containing ordered graphene layers which
are formed around molybdenum carbide particles.

Fine carbide-containing catalysts were tested
in model reactions: hydrodesulphurization of
DBT, hydrogenation of 1-methylnaphthalene,

partial oxidation of methane, and deoxygenation
of guaiacol [50—52].

Catalytic tests showed that the composition of
the products of DBT hydrodesulphurization over
carbide-containing catalysts was essentially dif-
ferent from the composition of the products ob-
tained over traditional sulphide catalytic systems
[50, 51]. The products obtained over carbide-con-
taining catalysts contain insignificant amounts
of diphenyl, which is formed as a result of hy-
drogenolysis of C=S bond in DBT. It should be
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stressed that the major product of DBT and
heptane transformation over the carbide cata-
lyst is toluene, which is formed in the amounts
of 99.1 and 90.9 %, respectively. The prevailing
portion of toluene is formed from heptane, which
served as a solvent for model compounds under
experimental conditions. A decrease in the content
of n-heptane and an increase in the yield of tolu-
ene in reaction products were observed in the cat-
alytic tests in the presence of the carbide catalyst.

A similar behavior of carbide catalysts was
described by the authors of [53—55]. It is demon-
strated that catalysts containing molybdenum
carbide work successfully in the alkane aromati-
zation process.

It is known [54] that the most active catalysts
in the partial oxidation of methane are precious
metals, for example, rhodium supported in basic
oxides (MgO, La,O,) or on a-AlLO, The main
problem in the operation of the above-listed
catalysts is their carbonization and correspond-
ing deactivation. The use of molybdenum car-
bide in the partial oxidation of methane is
promising because methane decomposition over
this catalyst leads to the formation of CO and
H,[51]according to the target reaction:

CH,+1/2 0, = CO + 2H, (4)

In this situation, the side reaction involving
hydrogen oxidation to water is possible during the
partial oxidation of methane. Because of this, the
efficiency of catalyst performance will be deter-
mined by the completeness of the target reaction
(4) and the absence of the products of the side
reaction, in particular water and carbon dioxide.

The carbide catalyst obtained by means of MCA
was tested in the partial oxidation of methane.

The selectivity of reaction (4) with respect to
CO during the initial 60—90 min was 93—98 %.
With an increase in reaction time to 150 min, re-
action selectivity was decreasing monotonously to
reach 85—83 % for reaction time 150 min.

So, summarizing the results of catalytic tests of
the carbide-containing catalyst synthesized by
means of MCA we may conclude that this catalyst
is promising for operation in the reaction of partial
oxidation of methane, because the selectivity of the
target reaction with respect to CO is rather high.

Results characterizing the elemental composi-
tion, structure and morphology of fine car-
bide-containing catalysts synthesized using MCA
for deoxygenation processes are presented in [52].
The initial compounds introduced into the mix-
ture for mechanochemical activation to synthe-
size the catalysts for deoxygenation were: techni-

cal carbon P145, APM ((NH,)MoO,, -4H,0),
nickel nitrate (Ni(NO,), 6H,0) and zirconyl ni-
trate (ZrO(NO,),-2H,0). Mechanical activation
was carried out in the inert and oxidative envi-
ronment at the milling bodies acceleration of
1000 m/s* for 15—30 min, followed by annealing
of the mechanically activated product in the inert
atmosphere at a temperature of 800 °C.

Guaiacol is one of the major phenolic com-
pounds in pyrolytic bio-oil. It exhibits a higher
tendency to coking than other phenolic com-
pounds, and its complete deoxygenation is com-
plicated by the presence of hydroxyl and me-
thoxy functional groups. For this reason, guaiacol
was chosen as a model compound to evaluate the
catalytic activity of carbide-containing catalyst
synthesized by means of MCA.

The obtained MoC,/C systems were tested in
guaiacol hydrodeoxygenation. Catalytic tests were
carried out in a periodic autoclave reactor with a
mixer. The conditions of catalytic tests were: ini-
tial hydrogen pressure, 4 MPa; temperature,
320 °C; mixer rotation frequency, 1200 min'; test
time, 3 h; catalyst content in the raw material,
1.4 mass %. Raw material was a 5 mass % solution
of guaiacol in hexadecane.

It was determined in the catalytic tests that
guaiacol conversion over carbide-containing
catalysts was 70—73 %. The composition of deox-
ygenated reaction products was determined. It
was shown that reaction products could be di-
vided into two groups: 1) oxygen is completely
removed from two types of functional groups in
guaiacol molecule; 2) oxygen is partially re-
moved from one of the functional groups. The
major product of guaiacol transformation over
molybdenum carbide catalysts is phenol. The dis-
tribution of the products of deoxygenation re-
vealed the highest content of the products with
one functional group — 68 rel. %.

The studies showed that carbide-containing
compositions are highly efficient catalysts for re-
moving oxygen. Hydrodesoxygenation of guaiacol
over molybdenum carbide catalysts proceeds
through direct demethoxylation with the formation
of phenol as the major product.

EFFECT OF MECHANOCHEMICAL ACTIVATION ON CHANGES
OF THE SURFACE CHEMISTRY OF TECHNICAL CARBON
AND THE CATALYTIC PROPERTIES OF A CARBON CATALYST

During the past 20—25 years, the nature and
direction of the application of carbon materials
have changed substantially. The same is true for
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the possibilities of their industrial production in
the form of various structural modifications, in-
cluding nanodiamonds, nanotubes, fullerenes,
graphenes. Nevertheless, the largest amounts of
production and consumption are still related to
technical carbon (TC) as a class of carbon mate-
rials. Technical carbon and products based on it
are widely used in catalysis, adsorption, medicine
due to the stability of this material in oxidative
and aggressive media, its inert surface, controlla-
ble porosity and other parameters [56, 57].

The functional composition of the TC surface
providing the efficiency of its application as a
carbon catalyst is of special importance [58].

Elaboration of new catalytic materials based
on TC relies on the application of various meth-
ods and procedures of physical and chemical ac-
tion. This allows one to govern the morphology
and size of particles and aggregates, their porous
structure, and the amount of functional groups on
the surface through carbon modification with the
formation of carbon-carbon, carbon-oxide, car-
bon-carbide and other composites.

One of the methods to regulate the parame-
ters is MCA of TC in the oxidative environment
(in the air). Changes in the composition and struc-
ture of furnace TC of N375 grade during me-
chanical activation involving steel balls 2, 5 and 8
mm in diameter as milling bodies, with their ac-
celeration of 30g, 60g and 100g, were considered
in [59]. It has been demonstrated by means of IR
spectroscopy that MCA of TC with milling bodies
8 mm in diameter at the acceleration of 100g
leads to the appearance of additional intense ab-
sorption bands in the IR spectra at 1700—1703 cm™!,
related to the stretching vibrations of —C=0O bonds
in carboxyl, carbonyl, lactone surface groups. It was
established in the investigation of mechanically ac-
tivated carbon samples by means of acid-base titra-
tion that MCA of TC promotes the formation of
oxygen-containing functional groups in the amount
of 021-0.34 mg-equiv/g and an increase in the
acidity of the aqueous suspension to pH 3.

It is shown in [60] that an increase in the in-
tensity of MCA of N375 grade TC in the oxidative
environment is accompanied by an increase in
specific surface from 87 to 259 m?/g and a de-
crease in the total pore volume from 0.894 to
0.412 em?®/g due to the formation of fine pores 3—5
nm in size. According to the data of transmission
electron microscopy, MCA of TC involves the de-
struction of its aggregates and the appearance of
fine particles not larger than 2—5 nm in size.

Analysis of literature data shows [61—69]
that functionalized carbon materials, such as
graphite, carbon nanotubes, TC, are promising
in gas-phase reactions of direct or oxidative de-
hydrogenation of hydrocarbons as carbon cata-
lysts with the catalytic activity comparable with
that of supported traditional catalysts. It is
demonstrated that the active centres in carbon
catalysts are oxygen-containing —C=0O groups
within quinone and carbonyl groups.

In [70], an attempt was made to obtain carbon
catalyst through MCA of furnace TC of P399
grade in the oxidative environment for 3 min at
the acceleration of milling bodies 100g. Carbon cat-
alyst was investigated using a set of physicochem-
ical methods; it was established that MCA of TC
caused an increase in specific surface from 602
(initial P399) to 1054 m?/g, as well as oxidation of
carbon surface with the formation of oxy-
gen-containing groups in the amount of
0.23 mg-equiv/g. It was shown that carbon cata-
lyst obtained through MCA exhibited catalytic
activity in propane dehydrogenation and provid-
ed transformation degree at a level of 17.5-12.0 %
and selectivity with respect to propylene 90 %.

CONCLUSION

Literature data and the studies carried out by
the authors into the structure, composition and
properties of catalysts synthesized using mechano-
chemical activation are reviewed.

In 1980-1990, R. A. Buyanov with colleagues
carried out a number of important and original
fundamental studies of great practical significance
in the area of the scientific foundations of catalyst
preparation using MCA. Mechanochemical activa-
tion was applied to obtain heterogeneous catalysts
for butane pyrolysis over magnesium oxide, buta-
diene hydrogenolysis over metal hydrides.

A new direction of mechanochemistry was de-
veloped by R. A. Buyanov: mechanochemical re-
actions to be carried out at high (up to 10 MPa)
pressures of hydrogen, oxygen, and ammonia. The
method of mechanochemical alloying was devel-
oped for obtaining hydrides of intermetallic com-
pounds, which turned out to be more efficient
hydrogenation catalysts than the traditional ones.
The transformations of aluminium hydroxide
during MCA and subsequent treatments were
studied in detail. Those works dealing with the
application of MCA to the synthesis of catalysts
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continued during the recent 20 years, and new
results have been obtained.

The authors at the CNCT developed a mecha-
nochemical technology for the synthesis of fine
bulk Ni—-Mo and Ni—Mo—W catalysts. These cata-
lysts exhibited high activity and selectivity in hy-
drogenation processes involved in petroleum pro-
cessing.

A fundamentally new mechanochemical meth-
od of carbidization of Mo-containing compounds
was developed, with the formation of porous car-
bide-containing composites with a specific sur-
face area of 125 m?/g and a Mo,C content of
7.3 mass % in the composite.

Technological chemical parameters were es-
tablished for the composition of mechanically
activated mixture, the parameters of mechano-
chemical synthesis, and annealing conditions
providing the formation of carbide-containing
Mo,C/C-catalysts of various structures, includ-
ing the core — shell type.

Evaluation of the catalytic properties of fine
carbide-containing composites in the model reac-
tions of DBT hydrodesulphurization, hydrogena-
tion of 1-methylnaphthalene and partial oxida-
tion of methane was carried out. It is shown that
over carbide catalysts Mo,C/C and Ni—Mo,C/C
the conversion of DBT is 89—98 %, and the con-
version of 1-methylnaphthalene is 19—74 %.

The technology of modification was developed
for TC of industrial and special grades by means
of MCA in the oxidative medium. The effect of
MCA parameters, in particular the diameter of
milling bodies, their acceleration, and MCA time,
on the changes of the TC aggregate size, texture
parameters and functional composition of the ex-
ternal surface was tested. It was determined that
for the acceleration of milling bodies equal to
100g, the amount of oxygen-containing groups on
the TC surface increases several times, and the
pH of the aqueous suspension of TC decreases
correspondingly to 3.5—3.8.

The review also considers the problem concern-
ing functionalization of carbon materials and their
use as catalysts, in which the role of active centres
is played by oxygen-containing groups on the sur-
face of carbon material. It is shown that carbon
materials, such as graphite, active carbon, TC, car-
bon nanotubes, may be used as precursors for these
catalysts, due to the possibility to regulate their
texture characteristics and changes in the composi-
tion of carbon surface using different methods to
introduce oxygen-containing functional groups.

MCA is considered as one of the promising
methods to functionalize carbon materials. The
advantage of this method is the short time (5—
15 min) of action on carbon material. This allows
a decrease in the extent of destruction of the pri-
mary structure of TC and makes it possible to
obtain carbon material with a functionalized sur-
face, which exhibits high efficiency when used as
a catalyst.

Thus, the analysis of literature data and the
results of the authors’ scientific developments in
the area of the application of mechanochemistry
to the synthesis of catalysts showed that MCA in
the controllable gaseous medium is efficient for
the synthesis of new catalytic systems, including
those with the broad application of TC.

The work was carried out with financial support
from the Ministry of Science and Higher Education of
the Russian Federation within the framework of the
State Assignment to the Boreskov Institute of Catalysis
SB RAS (project No. AAAA-A21-121011890076-8).
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