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GENERAL DESCRIPTION OF THE WORK

General introduction

The development of efficient, sustainable, and economically viable catalysts and refractory
materials is a key challenge in modern materials science and heterogeneous catalysis, driven by
the need for cleaner fuels, stricter environmental regulations, and the transition toward renewable
carbon resources. Advanced catalytic systems must operate under mild conditions while
maintaining high activity, selectivity, and long-term stability.

Transition-metal carbides and boron-rich compounds exhibit a unique combination of metallic,
covalent, and ionic properties, providing high thermal stability, electrical conductivity, and noble-
metal-like catalytic behavior. These materials have emerged as promising, cost-effective
alternatives to precious metals in hydrogenation, hydroprocessing, oxidation, and biomass
conversion reactions.

However, conventional synthesis methods for carbides and borides are typically energy-intensive,
time-consuming, and require extreme temperatures or hazardous atmospheres, often offering
limited control over phase purity, particle size, and surface chemistry. Microwave-assisted
synthesis overcomes many of these limitations by enabling rapid volumetric heating, accelerated
reaction kinetics, reduced energy consumption, and access to nanostructured and metastable
phases.

This dissertation focuses on the development of microwave-assisted routes for synthesizing
lanthanide hexaborides, boron monophosphide, ftransition-metal carbides, including
mixed/synergistic carbide catalysts, and on establishing clear structure—property—performance
relationships. Particular emphasis is placed on catalytic applications relevant to clean fuel
production, especially in oxidative desulfurization and biomass upgrading related processes
(hydrogenation, hydrodeoxygenation).

Aim and objectives of the work

The main aim of this dissertation is to develop rapid, energy-efficient microwave-assisted
synthesis routes for refractory borides and transition-metal carbides and to investigate their
structure—property—activity relationships in heterogeneous catalytic processes.

To achieve this aim, the following objectives were addressed:

e Develop simple, rapid, and energy-efficient microwave-assisted synthesis routes for
series lanthanide hexaborides and boron monophosphide, and to evaluate their phase
formation, structural, and physicochemical characteristics.

e Optimize synthesis parameters using domestic microwave oven to obtain nanosized
powders with narrow particle size distributions and tailored surface properties, while
significantly reducing synthesis temperature and duration compared to conventional
furnace-based methods.

e Synthesize nanosized transition-metal carbides using microwave irradiation and
systematically investigate the influence of synthesis parameters on phase composition,
particle size, morphology, and surface chemistry.

e Design mixed and synergistic carbide catalysts based on multimetallic systems and
elucidate the role of metal-metal and metal—carbon interactions in governing catalytic
activity and selectivity.



e Establish correlations between surface properties (oxidation states, acidity, electronic
structure, and metal dispersion) and catalytic performance using comprehensive
physicochemical characterization.

e FEvaluate the catalytic activity, selectivity, and stability of the synthesized carbide
materials in key model reactions, including hydrogenation and aerobic oxidation.

The scientific novelty of the work

o Forthe first time, microwave-assisted solid-state synthesis was systematically applied to
the preparation of lanthanide-series metal hexaborides and boron monophosphide.

e Microwave irradiation was employed for the synthesis of transition-metal carbides,
including single-phase carbides as well as doped and mixed (multimetallic) carbide
systems.

e For the first time, a comprehensive and systematic correlation between synthesis
conditions and catalytic properties of the obtained carbides was established, revealing
the influence of microwave synthesis on particle size, surface active sites, and
microstructural features.

e For the first time, the high catalytic efficiency of mixed and synergistic transition-metal
carbides was demonstrated in aerobic oxidative desulfurization, both in model reactions
and in straight-run gasoline fractions.

e The synthesis and catalytic evaluation of molybdenum carbide with tunable activity and
selectivity, controlled by microwave synthesis parameters, were investigated in model
naphthalene hydrogenation reaction.

e A dual-functionality concept for carbide-based catalysts-combining acidic sites and
hydrogen-activating centers was experimentally validated.

The practical importance of the paper

The microwave-assisted solid-state synthesis strategy developed in this work demonstrates high
scalability potential and provides an energy-efficient route for the preparation of structurally
homogeneous nanomaterials with narrow particle size distributions and controlled surface
properties. The proposed approach enables the synthesis of highly active, selective, and stable
transition-metal carbide—based catalysts, whose performance was successfully validated under
continuous-flow conditions closely approximating industrial operation. Moreover, microwave
irradiation makes it possible to access thermodynamically “challenging” and kinetically hindered
inorganic systems, including lanthanide-series hexaborides and boron monophosphide, thereby
highlighting the versatility, robustness, and broad applicability of microwave-assisted solid-state
synthesis for advanced functional materials.

Content and structure of the work

The dissertation consists of an introduction, four chapters, conclusions and a list of references. It
is composed within 150 pages, includes 8 charts, 56 pictures and 316 references.

Publications

The main part of the dissertation has been published in six (6) articles in high-impact international
peer-reviewed journals, one of which was published without co-authors. The results of the studies
have been reported in international and local scientific conferences.
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THE MAIN CONTENT OF THE DISSERTATION

The primary description, clauses, reasoning and aim of the paper, its relevance, scientific novelty,
practical importance, obtained results, their discussion and corresponding conclusions are
presented in the dissertation.

Chapter 1. Literature review: Chapter 1 presents a comprehensive and up-to-date literature
review focused on microwave-assisted solid-state synthesis and functional refractory materials
such as hexaborides and transition metal carbides. The chapter critically discusses the
fundamental mechanisms of microwave-solid interactions (primarily at 2.45 GHz), emphasizing
the intrinsic differences between microwave and conventional thermal heating, including
volumetric energy absorption, selective heating, accelerated kinetics, and non-equilibrium effects.
The advantages and limitations of microwave processing are evaluated in comparison with
traditional solid-state, carbothermal, borothermal, and gas-phase methods. Particular attention is
given to transition-metal carbides (TMCs) as a strategically important class of catalytic materials
with noble-metal-like behavior, as well as to lanthanide hexaborides, boron monophosphide
highlighting their physicochemical properties, and the synthetic challenges associated with
conventional high-temperature routes. The review demonstrates that microwave irradiation offers
unique opportunities for overcoming kinetic and thermodynamic barriers, especially for the
synthesis of nanostructured carbides and borides, whose controlled preparation remains difficult
using classical heating techniques.

Chapter 2. Experimental section: This chapter details the experimental procedures applied
throughout this dissertation. Microwave-assisted synthesis method (MS) was carried out using
stoichiometric mixtures of metal oxides (transition-metal or lanthanide oxides) with appropriate
solid reactants such as carbon, boron, or phosphorus-containing (for synthesis of boron
monophosphide BP) precursors. The homogenized raw mixtures were placed into a silica (quartz)
flow-type microwave reactor (Figure 1) and irradiated under inert (N2 or He) atmospheres. The
reaction temperature in the incandescence zone was monitored in situ using an optical pyrometer
(Dostman HT 1800), ensuring reliable control of the synthesis process.

Figure 1: Quartz flow reactor A) Quartz lid equipped with gas purging system, B) quartz reactor,
C) Quartz reactor equipped with gas purging system, D) photo of quartz-flow reactor containing
raw mixture during microwave heating.

The obtained materials were comprehensively characterized using a combination of structural,
morphological, surface, and textural techniques, including XRD, SEM/EDS, TEM, XPS, N2
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adsorption/desorption and BET surface area measurements, temperature-programmed reduction
and desorption analysis (H2TPR, NH3TPD) methods. Transition-metal carbides were
subsequently evaluated in model and real catalytic reactions, such as hydrogenation and oxidative
desulfurization, using batch and flow reactor setups. Reaction products were analyzed mainly by
gas chromatography (GC-FID and GC-MS) with absolute calibration methods. Particular
emphasis was placed on establishing correlations between synthesis conditions, physicochemical
properties, and catalytic activity, selectivity, and stability, providing a rational basis for catalyst
design.
Chapter 3. Microwave-assisted synthesis and characterization of lanthanide hexaborides
and boron monophophide: In this chapter, the feasibility of synthesizing boron monophosphide
and lanthanide (rare-earth) hexaborides under microwave irradiation is demonstrated and
systematically discussed.
Boron monophophide (BP): Despite of the outstanding properties of boron monophosphide
(BP), its broad utilization is limited by the complexity of its synthesis. Boron monophosphide (BP)
nanopowder for the first time was synthesized by a microwave-assisted solid-state route using
readily available oxide and elemental
Figure 2. XRD patterns of dried sample boron precursors. Several precursor
systems, including (NH4PO4 + B,
BPO4 + B, and P205 + B, were initially
evaluated, among which the
stoichiometric P205 + B mixture was
identified as optimal. After thorough
homogenization, the powder mixture
was transferred into a quartz gas-flow
reactor and subjected to microwave
irradiation for 10 min under a continuous
nitrogen flow of 20 mL min 1 During
irradiation, the temperature in the
incandescent reaction zone was
Figure 3.SEM images of dried samples monitored using an optical pyrometer
and did not exceed 900 °C.
The synthesis proceeded
according to the reaction:
16B + 3P205” 6BP + 5B203.
Upon completion, the samples
were cooled under nitrogen,
washed with 10% NaOH
solution to remove residual by-
products, and subsequently
dried. The obtained materials
were comprehensively
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDS). XRD analysis confirmed the formation of single-phase boron
monophosphide (Figure 2), in full agreement with the PCPDF 110119 reference, exhibiting a zinc
blende-type cubic structure with a lattice parameter of a = 4.5380 A. SEM observations revealed
uniformly distributed nanoparticles with an average particle size of about 80 nm (Figure 3). EDS
analysis demonstrated a homogeneous distribution of boron and phosphorus with nearly equal
atomic ratios throughout the sample (Figure 4). Overall, the results confirm that microwave
irradiation enables the rapid, low-temperature synthesis of high-purity, single-phase boron
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monophosphide nanopowder with a narrow particle-size distribution. Lanthanide hexaborides:
Based on the characteristics of solid-
state reactions under microwave
irradiation and our previous experience
in the synthesis of transition-metal
borides and carbides, a series of
lanthanide hexaborides (R = La, Ce,
Pr, Nd, Sm, Gd, Ho, Er) were
synthesized via microwave-assisted
synthesis (MS). The reactions were
performed using stoichiometric
mixtures of lanthanide oxides and
elemental boron according to the
general equation:
R203+ 14B * 2RB6 + B203,
with the exception of the CeO2B
system. High-purity lanthanide oxides
and boron powders were homogenized
, and transferred into a quartz flow reactor,
Figure 4EDS maping results of dried samples purged with high-purity helium, and
irradiated in a modified domestic
microwave oven (2.45 GHz, 900 W). Microwave heating was applied for 100-120 s until
incandescence, followed by continued irradiation for 10 min. The temperature in the
incandescence zone reached approximately 900-1050 °C, as measured by an optical pyrometer.
After synthesis, the products were treated with dilute NaOH to remove residual B203, thoroughly
washed, filtered, and dried.
According to the results of the characterization of the synthesized RB6 powders, it was shown that
the series of lanthanides of our interest, from the point of view of microwave activated synthesis,
can be divided into two subgroups: before gadolinium, at which hexaboride phases are obtained
and after gadolinium when hexaborides are not formed, instead mixed boride phases were formed.
Prior to microwave synthesis (MS) experiments, thermodynamic calculations were performed
using the HSC Chemistry 10 software package. The calculated data are summarized in Table 1.
As shown, forthe most reactions between lanthanide oxides and boron, both the Gibbs free energy
and Enthalpy changes exhibit positive values, indicating that these reactions are
thermodynamically unfavorable under conventional conditions. This explains the need for
extremely high temperatures in conventional synthesis routes. In contrast, the unique interaction
between microwave irradiation and the reactants, enables the successful realization of these
thermodynamically challenging reactions and the formation of lanthanide hexaborides (RB6).

N  Reactions at 11000C AG kcallmole AH kcal/mole  Table 1. The value of the
1 La203+14B=2LaB6+ B203 +77,5 +70,8 enthalpy and the change
2 3Ce02+22B=3CeB6+2B203  -44.6 371 in the Gibbs free energy
3 Nd203+14B=2NdB6+B203 +39.8 +55.8 for the formation of
4 Sm203+14B= 2SmB6+ B203  +22.9 +38.8 hexaborides from the
5  Gd203+14B= 2GdB6+B203 +46.3 +77.0 corresponding  oxides

and boron at 1100 °C.
Phase formation, crystallinity, and purity of the synthesized powders were primarily evaluated by
X-ray diffraction (x Rd). The diffraction patterns were analyzed using the Joint Committee on
Powder Diffraction Standards (JCPDS) database and identified with MDI/JADE software. XRD
results revealed that lanthanide hexaborides are predominantly formed for R = La, Ce, Pr, Nd, Sm,
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and partially Gd. Specifically, intense diffraction peaks corresponding to cubic LaB6 (PDF# 34-
0427), CeB6 (PDF# 38-1455), SmB6 (PDF# 36-1326), PrB6(PDF# 38-1421), and NdB6 (PDF# 65-

Figure 5. XRD patterns of the obtained RB6: a-LaB6; b-CeB6;
SmB6; d-PrB6; e-NdB6;f-GdB6

1828) were observed. In
some cases (LaB6, PrB6,
NdB6), weak reflections
attributed to residual
borate phases such as
LaBO: (PDF# 12-0762),
PrBOs (PDF# 23-1384),
and Nd(BO:): (PDF# 23-
1260) were  detected
(Figure 5).

For the Gd20s/B system,
XRD analysis showed the
coexistence of GdBs
(PDF# 65-1823, 38-1424)
with a significant fraction
of GdBO: (PDF# 13-
0483), indicating a
reduction in hexaboride
phase stability. For
heavier lanthanides (Ho,
Er), hexaborides were no
longer  the dominant
phases; instead, mixed
boride phases such as
HoB4, HoB12, ErB4, and
ErB12 were formed,

confirming a clear limitation of hexaboride formation beyond Gd under identical microwave
conditions. All synthesized hexaboride phases exhibited sharp and well-defined diffraction peaks
(full width at half maximum “ 0.2°), indicative of high crystallinity and crystallite sizes exceeding
500 A. The influence of microwave irradiation time on hexaboride formation was investigated using
the La203B system under identical synthesis conditions. The reaction mixtures were irradiated for
0, 5, 10, 15, and 25 min, with the irradiation time counted from the onset of sample incandescence.

Figure 6. Comparative XRD patterns of LaB6 samples irradiated at
different time intervals (0; 5; 10; 15 and 25 minutes)-left; SEM
images of LaB6 samples irradiated at different time intervals: (a) -
0 min (initial mixture); b)-5 min.; ¢)-10 min. and d)-25 min.
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Comparative XRD
patterns (Figure 6) show
that the LaB6 phase
forms within the first 5
min of irradiation, and
neither peak intensities
nor peak widths change
significantly with further
heating, indicating rapid
phase formation and
structural stabilization at
early stages of
microwave synthesis.
SEM analysis confirmed



rapid crystal growth and well-defined cubic morphologies, with particle sizes typically in the 1-5
pm range (Figure 6).
Overall, the XRD and complementary analyses demonstrate that microwave-assisted synthesis
enables rapid formation of highly crystalline lanthanide hexaborides, while also revealing intrinsic
thermodynamic and kinetic limitations for heavier lanthanides.
Chapter 4. Microwave-assisted synthesis and investigation of catalytic properties of
transition metal carbides (TMC): This chapter addresses the microwave-assisted synthesis of
transition-metal-based nanocatalysts and their application in oxidative desulfurization and
biomass-related hydrogenation reactions. The impact of synthesis parameters and design strategy
on catalytic performance is systematically analyzed.
Microwave-Synthesized Tungsten Carbide as
an Efficient Catalyst for Aerobic Oxidative
Desulfurization: In recent years, tungsten carbide
has attracted increasing attention as a functional
catalytic material, particularly in oxidation-related
processes such as methanol oxidation and
hydrogen electro-oxidation. Despite its promising
catalytic properties, the practical application of
tungsten carbide remains limited by conventional
synthesis routes, which typically require high
10 30 50 70 %0 110 temperatures, prolonged treatment times, and
2Theta(deg) multistep  procedures, resulting in elevated
production costs.
Inthe present study, tungsten carbide supported on
activated carbon was synthesized via a rapid
microwave-assisted  route, enabling catalyst
preparation within 15 minutes. For the firsttime, it is
demonstrated that microwave-synthesized
tungsten carbide-based catalysts can be effectively
employed in aerobic oxidative desulfurization,
achieving efficient removal of diverse organosulfur
compounds under mild reaction conditions.
Tungsten carbide supported on carbon (WC/C) was
synthesized from WO3and Vulcan XC-72R carbon,
which acted as both carbon source and microwave
Figure 7. (A)-XRD patterns and (B)- susceptor. The precursor mixture was prepared
Raman spectra of the samples according to the reaction WO3 + 4C » w C + 3CO,
with a slight excess of carbon (2.5 wt%), thoroughly
homogenized, and transferred to a quartz flow reactor. After degassing under flowing high-purity
He (25 mL min 1), the mixture was irradiated in a modified domestic microwave oven (2.45 GHz,
900 W) using a stepwise heating protocol followed by sustained irradiation to incandescence for
900 s. The synthesis temperature reached approximately 1150 °C, as measured by an infrared
pyrometer. Helium flow was maintained during heating and cooling to prevent oxidation. The
obtained WC/C catalyst was passivated at room temperature and subsequently activated in air at
120 °C and 6 atm for 2 h prior to catalytic testing. Catalytic Tests: Aerobic oxidative
desulfurization was performed in a 40 mL steel autoclave using 0.5 wt% catalyst in a model sulfur-
containing (DBT) solution (500 ppm S in decalin). Reactions were conducted under air with
constant stirring (600 rpm) for 2 h at the desired temperature. After cooling, liquid products were
analyzed by GC-FID using absolute calibration to determine sulfur conversion. The target catalyst
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was obtained via rapid microwave synthesis of WC/C followed by controlled oxidative activation,
yielding W 2C/C*,

Figure 8. SEM micrographs of WC/C

(B) and W2C/C* (D) samples

42

40 38

Catalyst
WC/C

36 34
8inding Energy, *V

32

w1
60.5

28

XRD analysis showed that the as-synthesized
WC/C consists predominantly of hexagonal
tungsten monocarbide, with characteristic
reflections at 20 « 31.5°, 35.6°, 48.3°, 64.0°, and
73.0°, while only trace oxide-related signals were
detected. After activation, the XRD pattern revealed
the formation of a mixed surface-modified system
containing tungsten sub-carbide (W2C), metallic W,
and tungsten oxides, with W2C reflections
appearing at 20 « 34.4°, 37.9°, 39.4°, and 52.1°,
and WOZ2related reflections observed in the 20 “
26-38° and 53-69° ranges (Figure 7A). Raman
spectra of the same samples exhibited bands at
~133, 270, 324, and 804 cm 1, assigned to W-C
and W-O vibrational modes, alongside pronounced
carbon D and G bands at ~1322 and 1584 cirfi,
respectively, indicating preserved graphitic carbon
with moderate disorder (Figure 7B).

Nitrogen physisorption measurements showed
type-Il isotherms with H1 hysteresis loops for both
samples. The BET surface area decreased only
slightly from ~14 m2g for WC/C to ~12 m2g after
activation, indicating that oxidation primarily affects
surface chemistry rather than textural properties.
SEM analysis revealed a homogeneous granular
morphology with particle sizes in the range of ~50-
90 nm (Figure 8).

Waf

wa
0

38 36 34 32 30 28

fending Energy, *V

Tungsten forms, quant., at. %
W2 W3
8 31.5

Figure 9. XPS spectra of W 4f regions of WC/C (A) and W2C/C* (B) samples and distribution -
of tungsten forms on the surface of the W2C/C* Catalysts
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XPS analysis provided detailed insight into surface chemical states. Deconvolution of W 4f spectra

revealed three tungsten species with W 4f7/> binding energies at ~31.7—31.9 eV (carbide-like

WTWCx), ~32.9-33.6 eV (partially oxidized W4, assigned to WO:2 or tungsten oxycarbide), and

~36.1 eV (W6 ,WOs3) (Figure 9). Oxidative activation reduced the fraction of carbide-type tungsten

from ~60% to ~19%, while significantly increasing oxidized tungsten species.

The catalytic performance of microwave-synthesized tungsten carbide materials was evaluated in
the aerobic oxidative desulfurization (ODS) of
dibenzothiophene (DBT), a Kkinetically inert sulfur
compound commonly used as a benchmark substrate.
Comparative experiments demonstrated that pristine
WC/C exhibits limited activity, while oxidative
activation to form W:2C/C* markedly enhances DBT
conversion, highlighting the critical role of tungsten in
intermediate oxidation states for effective oxygen
activation. Control experiments with carbon alone
showed negligible activity, confirming that tungsten
centers govern the oxidation process (Figure 10).
Further catalyst optimized under varying reaction

Figure 10. Activity of catalysts in  conditions. Catalyst stability under the applied

aerobic oxidation of DBT.conditions:  experimental conditions was systematically evaluated

120 °C, catalystdosage 0.5wt %, 6bar  through reusability (recycling) tests. The results
demonstrate that the catalyst remains stable, retaining

100 its catalytic efficiency over six consecutive cycles, with
the conversion remaining essentially unchanged under

0 batch conditions (Figure 11). Notably, the W:C/C*
fu 60 catalyst achieved complete DBT oxidation within 3 h at
1 w0 120 °C, outperforming most reported tungsten-based
U ODS systems, while requiring only 15 min for catalyst
te 20 synthesis and 2 h for activation. This combination of
Q 0 rapid preparation, high efficiency, and operational
stability underscores the advantages of microwave-

1 2 3 4 5 6 - . . . o
Number of cycles aSS|sted. c_arblde_ synthesis _for aerobic _ oxidative
desulfurization. Microwave-assisted synthesis enables
) o ) rapid (“ 15 min) preparation oftungsten carbide and its
Figure 11. Oxidation of DBT with controlled activation to a W2C/C* catalyst containing
a regenerated catalyst. conditions: tungsten in an intermediate oxidation state (W4-),

W2C/C*-0.5 wt %, 120 °C, 6 bar,2h  \yhich effectively activates atmospheric oxygen. The
catalyst exhibits high activity and stability in aerobic
oxidative desulfurization, achieving 100% DBT conversion under mild conditions (120 °C, 6 bar
air, 0.5 wt % catalyst, 3 h), with minimal changes in textural properties and stable performance
over multiple reuse cycles.
Nanosized Mixed Fe-W Carbide Catalysts for Aerobic Oxidative Desulfurization of Fuels: In
our previous work, microwave-synthesized tungsten carbide was shown to be an efficient catalyst
for the aerobic oxidation of dibenzothiophene, with activity governed by surface tungsten species
in intermediate oxidation states (W4+). However, partial oxygen consumption during carbide
oxidation necessitated an additional activation step to achieve high catalytic performance. To
overcome this limitation, iron was introduced as an oxygen-activating component via electron-
transfer pathways. In this study, a nanosized mixed Fe-W carbide catalyst was synthesized for
the first time by a single-step microwave method (15 min) and applied to aerobic oxidative
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desulfurization. The FeWC catalyst exhibits high activity under mild conditions (120 °C, 2 h), does
not require post-activation, and maintains stability over multiple reuse cycles. The role of iron in
promoting radical-mediated oxygen activation and the influence of key reaction parameters are
systematically investigated. A mixed Fe-W carbide catalyst was synthesized by microwave
irradiation from a homogenized mixture of
WO3, FeO, and carbon. The precursor was
treated in a quartz flow reactor under nitrogen
and irradiated at 900 W, reaching ~1100 °C,
with atotal synthesis time of ~15 min, followed
by cooling under inert atmosphere.

Catalytic tests were carried out in a stirred
steel autoclave  using model  sulfur
compounds in decalin at 120 °C, air pressure
of 2-8 bar, and catalyst loading of 0.5 wt%.
Reaction products were analyzed by GC-FID.
The catalyst performance was further
evaluated in straight-run gasoline fractions at
130-170 °C using 2 wt% catalyst, with sulfur
Figure 12. XRD pattern of fresh and used removal quantified by energy-dispersive X-
FewC samples ray analysis and detailed fuel composition

assessed by GCxGC-TOFMS-FID.
X-ray diffraction analysis confirms that the
microwave-synthesized FeWC catalyst is
a multiphase system composed
predominantly of tungsten carbides and
metallic tungsten, accompanied by minor
oxide and mixed carbide phases. The
diffraction  pattern  exhibits  intense
reflections of hexagonal WC (JCPDS 89-
2727) at 20 = 31.5°, 35.6°, and 48.3°,
corresponding to the (001), (100), and
(101) planes, respectively, together with
orthorhombic W2C (JCPDS 89-2371)
characterized by reflections at 34.3°,
37.9°, 39.4°, 52.3° and 61.6°. Metallic a-
W (JCPDS 04-0806) is identified by peaks
at 40.2°, 58.2°, 73.4°, and 86.9°. In
addition, low-intensity  reflections  of
monoclinic WO2 (JCPDS 32-1393) and
WO3 (JCPDS 43-1035), as well as traces
of mixed Fe2W2C (JCPDS 72-1987) and
Fe304, are detected (Figure 12).
Importantly, XRD patterns of the fresh
and used catalysts are nearly identical,
indicating excellent phase stability after at least five oxidative reaction cycles. Transmission
electron microscopy reveals a nanosized “core-shell” morphology (Figure 13), where FeWC
nanoparticles are uniformly dispersed within an amorphous carbon matrix. Particle size analysis
shows a bimodal distribution with primary particles below 25 nm and agglomerates not exceeding
60 nm, with an average particle diameter of ~20 nm. High-resolution TEM images show lattice

Figure 13. Microphotographs of fresh FeWC (A-
C) sample and EDX mapping analysis
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fringes with an interplanar spacing of 0.24nm, corresponding to WC (100) planes, while graphitic
carbon layers with a spacing of ~0.34 nm ((002) graphite) surround the carbide cores. EDX
mapping confirms a homogeneous spatial distribution of W and Fe, whereas oxygen is
preferentially enriched at the particle surface, suggesting surface-localized oxide species.
Nitrogen adsorption—desorption measurements indicate a type Il isotherm, characteristic of
nonporous or weakly porous
materials (Figure 14). The BET
surface area of the fresh FeWC
catalyst is 12.3 m2 g 1, with a
microporous contribution of 2.5 m2
g and an external surface area of
99 m2 g! The average pore
diameter does not exceed 9 nm,
and no significant changes in
textural properties are observed
after repeated catalytic cycles,
confirming structural robustness.
In addition, a fresh and used

Figure 14. Nitrogen adsorption—desorption isotherms sample of the FeWC catalyst was
(A) and pore size distribution curves (B). analyzed by XPS to study the

h chemical composition and

Fres determine the relative oxidation

states in the obtained samples

(Figure 15). The W 4f spectra show

three distinct tungsten states at

binding energies of ~31.6 eV (WCX

/metallic W), 327 eV (W

attributed to WO2 or oxycarbide

species), and 35.6 eV W&+, WO3).

High-resolution Fe2p curves

indicate the coexistence of Fe2+

and Fe3+ species, with peaks at

~709.5 eV and ~710.8 eV,

respectively. Quantitative XPS

analysis demonstrates that

graphite carbon dominates the

surface composition (~79%), with

a slight decrease after reuse, while

the fraction of oxygen-containing

species and hydroxyl groups

increases. Notably, the Fe3+Fe2+

ratio approximately doubles after

catalytic operation, indicating the

active participation of iron species

Binding Energy. eV Binding Eneray. eV in redox cycling and electron
transfer during oxygen activation.

Figure 15. W4f and Fe2p profiles spectra of fresh and Simultaneously, the gradual
used FeWC samples: high-resolution curves of (A) decrease of WCx surface species

Cls, (B) O1s, (C) W4fand (D) Fe2p. suggests partial surface oxidation
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under reaction conditions, consistent with XRD observations. Overall, the combined XRD, electron
microscopy, adsorption, and spectroscopic results demonstrate that the FeWC catalyst consists
of stable nanosized carbide cores embedded in a conductive carbon matrix, with surface-localized
mixed-valence tungsten and iron species. This unique structural and electronic configuration
enables efficient oxygen activation without the need for a separate activation step, distinguishing
FeWC from conventional WC-based catalysts and underpinning its high catalytic performance in
aerobic oxidative desulfurization.
The catalytic performance of the mixed tungsten-iron carbide (FeWC) was evaluated in the
aerobic oxidative desulfurization of dibenzothiophene (DBT,

0 e 500 ppm S) using air as the oxidant. The catalyst design is
B0 0 e pes based on a synergistic concept compmmg _iron  sites
5 responsible for oxygen activation and radical initiation with
£60 1 ——WOj oxidized tungsten species capable of forming active
o * blank peroxo/dioxo complexes for sulfur oxidation. Unlike
A0 e monometallic tungsten carbide, where oxygen is partially

consumed for surface oxidation and requires a separate

201 . . . . . . .
activation step, incorporation of iron enables in situ oxygen

01 activation via electron transfer, eliminating the need for

0 12 3 preliminary catalyst activation. Under optimized conditions
Oxidation time, h (120 °C, 6 atm air), the FeWC catalyst achieved complete

Figure 16. Catalytic performance DBT removal within 3 h, demonstrating markedly higher
of various carbide materials. activity than monometallic systems, for which DBT

Reaction condition: total sulfur conversion did not exceed 22% for WC/C and 40% for Fe3C
500 ppm, 0.5 wt%, 120°C, 6 atm. under identical conditions (Figure 16). These results clearly
confirm the synergistic interaction between Fe and W
centers in the mixed carbide catalyst.
Reaction parameters were systematically optimized. The FeWC catalyst exhibited excellent
stability over five consecutive cycles, with unchanged DBT conversion (Figure 17A). FTIR analysis
confirmed structural integrity (Figure 17B), while UV-Vis spectroscopy with 8-hydroxyquinoline
showed no Fe leaching (Figure 17C,D), demonstrating the robustness of the mixed carbide
catalyst under oxidative conditions.

Figure 17. Recycle catalyst (A).
Reaction conditions: total sulfur 500
ppm, 0.5 wt.% catalyst, 120°C, 6 atm, 2
h, (B) FT-IR spectra of FeWC before
and after five runs, (C) Absorption
spectrum of standard solution, model
mixture before and after oxidative
reaction in the presence of FeWC, (D) 8-
hvdroxyquinoline-lron complex.
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The applicability ofthe FeWC catalyst was further validated in the aerobic oxidative desulfurization
of real straight-run petroleum fractions. A straight-run gasoline fraction (160-200 °C, 995 ppm S)
was treated via a two-stage oxidation—extraction protocol using air as the oxidant. Under the
optimal temperature of 150 °C enabled a reduction of sulfur content to 6 ppm after the second
oxidation stage, corresponding to >99% sulfur removal.
Fuel quality analysis demonstrated that key parameters such as density and water content
remained unchanged, while the octane number increased slightly (from 53 to 55), consistent with
the formation of trace oxygenated species. The FeWC catalyst also exhibited high efficiency in
straight-run diesel desulfurization, reducing sulfur content from 3800 ppm to 64 ppm (>98%) after
two oxidation cycles under comparable conditions. Overall, these results confirm the high
efficiency, selectivity, and industrial relevance of the FeWC catalyst for aerobic oxidative
desulfurization of real petroleum fuels under mild conditions.
Microwave-Assisted Synthesis of Nanosized Molybdenum Carbide and Its Catalytic
Performance in Naphthalene Hydrogenation: Molybdenum carbide is a well-established
transition-metal carbide catalyst
for high-temperature processes
and has attracted increasing
interest for low-temperature
catalytic applications. Notably,
molybdenum carbides exhibit
noble-metal-like activity in
hydrogen-involved reactions
while offering superior resistance
to catalyst poisoning.
Molybdenum carbide (Mo2C) was
synthesized by  microwave-
assistedmethod using MoO3 and
Vulcan XC-72R carbon
according to the stoichiometric
reaction MoO3 + 7C * Mo2C +
6CO. Row mixturewas
homogenized by magnetic
stirring and mortar grinding, and
transferred to a quartz flow
reactor. The reactor was purged
with  nitrogen  (99.99%) and
irradiated (1-8 min time intervals)
in a microwave oven at 900 W

until incandescence. The
reaction temperature (“ 1050-

to 20 30 40 Eel 60 70 a0 .
20,degree 1150 °C) was monitored by an

optical pyrometer, and nitrogen
flow (25 mL minl was
maintained throughout synthesis.
Catalytic hydrogenation of
naphthalene was performed in a 50 mL stainless-steel autoclave using 50-300 mg of catalyst and
a 1 wt% naphthalene solution in dodecane. After hydrogen charging, reactions were conducted
under stirring (350 rpm) at controlled temperature and pressure. Reaction products were analyzed
by GC-FID. Catalyst stability was evaluated through multiple reuse cycles with intermediate
washing and re-testing under identical conditions.
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Figure 18. A-The XRD patterns of series samples
obtained at different MW irradiation times; B-XRD patterns
of pure phase $-Mo02C after secondary MW irradiation



Under microwave
irradiation, the selective
formation of p-Mo2C was
achieved. To elucidate
phase evolution and its
impact on catalytic
behavior, a temporal
microwave synthesis
study was performed
using a stoichiometric
MoOs-C mixture irradiated
for 1, 2, 4, and 8 min

(Figure 18A). XRD

Figure 19. The SEM images of a series of samples obtained at different  analysis shows that
MW irradiation times: a -1 min (Mo2C-1 min); b - 2 min (Mo2C-2 min); ¢ = p-Mo2C (PDF# 35-
- 4 min (Mo2C-4 min-mono); d - 8 min (Mo2C-8 min) and e-secondary  0787) already forms

irradiated for additional 4 min (Mo2C-double).

after 1min,

constituting ~40-
50% of the sample, alongside MoO:
(PDF# 65-5787) and trace MoOs
(PDF#35-0609).

Figure 20. TEMimages for Mo2C-
4 min-mono (a) and Mo2C-double
(b) samples (the insets show
particle size distribution); (c, d)-
HR-TEM images of M0o2C-4 min-
mono and Mo2C-double samples
accordingly and (e,f) the
corresponding mapping analysis
of Mo, C and O elements for
Mo2C-4 min-mono and Mo2C-
double samples accordingly.

Increasing irradiation time enhances
carbide  formation  while  oxide
reflections diminish. After 4 min, a
predominantly p-Mo.C phase is
obtained with residual MoO:2, which
persists even after 8 min, indicating a
sequential reduction pathway MoOs
—>Mo002 —->Mo2C. The 4 min sample

is denoted Mo2C-4min-mono. Prolonged irradiation alone does not eliminate MoO: due to
inhomogeneity induced by rapid gas evolution during the initial irradiation stage, leading to partial
carbon migration from the reaction zone. To overcome this limitation, the Mo2C-4min-mono
sample was re-homogenized and re-irradiated for an additional 4 min, yielding a phase-pure p-
Mo2C material (Moz2C-double). XRD patterns (Figure 18B) show only characteristic p-Mo2C



reflections at 34.32°,
37.9°, 39.35°, 52.09°
61.52°, 69.5°, 74.6°, and
75.6°, corresponding to
the (100), (002), (101),
(102), (110), (103), and
(112) planes of the hcp
structure.
Both mono- and double-
treated samples exhibit
high crystallinity (FWHM
“ 0.22°). Crystallite sizes
estimated by the
Scherrer equation are
~15.6 nm (Mo2C-4min-
mono) and ~33 nm
(Mo2C-double),
consistent with TEM
results. SEM-EDS
analysis (Figure 19a-e)
reveals uniform particle
distribution and porous
microstructures formed
Figure 21. The wide and Mo3d, Cls, Ol1s XPS spectra for Mo2C-4 as early as 1 min
min-mono (a) and Mo2C-double (b) samples. irradiation, with
micropores of 12-15
nm, later confirmed by N:-adsorption/desorption analysis. Particle morphology remains largely
unchanged up to 4 min, while 8 min irradiation induces agglomeration. Taking all the above into
account further detailed investigation was conducted with the samples of M0o2C-4 min-mono and
Mo2C-double.
TEM images (Figure 20 a, b) show homogeneously distributed nanoparticles with spherical and
rod-like morphologies. Average particle sizes are 17 £ 2 nm (Mo2C-4min-mono) and 35 + 2 nm
(Mo2C-double), confirming XRD trends. HRTEM of Mo2C-double (Fig. 20c) shows lattice fringes
with d = 0.26 nm corresponding to p-Mo2C (010) planes. In contrast, Mo2C-4min-mono also
exhibits fringes at 0.34 nm assigned to graphitic carbon (002), indicating incomplete carburization,
consistent with residual oxides observed by XRD. EDX mapping (Figure 20 e, f) confirms
homogeneous Mo and C distribution, while oxygen is enriched at particle surfaces, more
prominently in Mo2C-double, in agreement with XPS results. Surface oxygen originates both from
residual oxides and rapid air oxidation forming surface oxycarbides.
To show the electronic structure and surface oxidation states of Mo, C, and O in the M02C-4min-
mono and Mo2C-double catalysts, XPS analysis was performed. The Mo 3d core-level spectra
(Fiure 21 a, b) display well-resolved Mo 3ds/2 and 3ds/2 doublets, revealing multiple molybdenum
oxidation states, including MoO, Mo3-, Mo4-, Mo5, Mo6, and Mo5- (2 < 6 < 4). The dominant
species follow the trend Mo6+ > Moo > Mo3+ > Mo4- > Mo5+- > Mo5-. Doublets at 228.6/232.1 eV and
229.3/232.4 eV are assigned to Moo and Mo3-, corresponding to Mo-Mo and Mo-C bonds in p-
Mo2C. Peaks at 230.7/234.0 eV indicate Mo4+ (MoO:2), while higher binding-energy components
at 232.0/235.1 eV and 233.0/236.0 eV correspond to Mo5+- and Mo6-, arising from surface oxidation
and residual oxide species; more pronounced in Moz2C-4min-mono, consistent with XRD data.
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The intermediate Mo5- state at 229.9/233.1 eV is attributed to surface oxycarbide species. Notably,
Mo5 and Mo5 contributions are significantly higher in Mo2C-double, latter suggests that
secondary irradiation of the sample increases the number of active sites for oxygen adsorption.
Furthermore, TEM analysis of the Mo2C-4min-
mono samples has shown that the Mo2C
nanoparticles are encapsulated by a carbon shell
(Figure 20 a and c). This carbon coating is
assumed to mitigate further oxidation when the
nanoparticles are exposed to air oxygen. Despite
these differences, BET surface areas of Mo2C-
4min-mono (10.7 m2g 1) and Moz2C-double (10.5
m2 g 1) are nearly identical, confirming that XPS
intensity variations originate from chemical effects
rather than surface-area differences. C 1s spectra
(Figure 21 a, b) include a carbide-related peak at
Figure 22. NH3-TPD profiles of Mo2C- 283.3 eV and higher-binding-energy components
4 min-mono and Mo2C-double at 285.1-289.3 eV attributed to C-C, C-O, O=C-
O, and O=C-OH species, confirming partial
surface oxidation. The O 1s spectra further support the presence of lattice oxides and adsorbed
oxygen species.
nH3TPD profiles (Figure 22) reveal four desorption peaks at ~80, ~230, ~450, and ~600 °C. The
first three peaks are attributed to Bransted acid sites, while the high-temperature peak
corresponds to Lewis acid sites. Mo2C-4min-mono exhibits stronger overall acidity, whereas
Mo2C-double shows a higher proportion of surface Lewis sites, consistent with its increased
concentration of intermediate Mo oxidation states observed by XPS.
Catalytic hydrogenation of naphthalene over P-Mo 2 C catalysts: Blank experiments conducted
at 350 °C and 4.0 MPa H: for 2 h confirmed that naphthalene hydrogenation does not proceed in
the absence of a catalyst (Figure 23), indicating a negligible non-catalytic contribution.

Figure 23. Synthesis time impact on catalyst performance (a); Effect of reaction temperature (b)
and hydrogen pressure on naphthalene conversion (c) over Mo2C-4 min-mono catalyst. Reaction
conditions for (a) and (b): naphthalene concentration 1 %, catalyst amount 100 mg (3.3 wt%),
350°C, hydrogen pressure 4.0 MPa, 1h., stirring 350 rpm, for (c): naphthalene concentration 1
%, catalyst amount 100 mg (3.3 wt%), 350°C, 1h., stirring 350 rpm.

The catalytic performance of p-Mo2C samples synthesized under different microwave irradiation
times was evaluated using naphthalene hydrogenation as a model reaction (350 °C, 4.0 MPa H2,
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1 h, 100 mg catalyst). In all cases, comparable overall naphthalene conversion was achieved,;
however, significant differences in product selectivity were observed (Figure 23a). Catalysts
synthesized for shorter durations (1-4 min) exhibited markedly higher selectivity toward decalin,
indicating deeper hydrogenation, whereas samples prepared for longer times showed suppressed
decalin formation. This behavior correlates with the phase and surface composition of the
catalysts. Shorter synthesis times preserve molybdenum oxide species with higher Mo oxidation
states, as confirmed by XPS and NH3TPD (Figures 21 and 22), which provide acidic sites
facilitating aromatic ring coordination. In contrast, prolonged synthesis (8 min) leads to oxide
depletion and particle agglomeration (SEM, Figure 19e), resulting in reduced conversion and
negligible deep hydrogenation. Thus, the coexistence of carbide (H2 activation) and oxide-derived
acidic sites enables dual functionality, consistent with previous reports on acidity-enhanced
naphthalene hydrogenation.
Although XRD shows phase-pure p-Mo2C for Mo2C-double samples (Figure 18B), XPS reveals a
higher fraction of intermediate Mo5#/Mo5+ species (Figure 21 b). Despite similar overall conversion,
these catalysts did not produce decalin, confirming that deep hydrogenation requires specific oxide
phases with higher Mo oxidation states integrated into the surface structure.
Reaction parameters further were systematically optimized using Mo2C-4 min-mono catalyst.
Lowering the temperature to 300 °C slightly reduced conversion, while at 250 °C hydrogenation
was negligible (Figure 23b), consistent with literature thresholds for Mo2C catalysts. Hydrogen
pressure strongly affected activity: optimal performance was achieved at 30-40 atm, whereas
conversion dropped
to ~55 % at 10 atm
due to reduced
hydrogen solubility
in dodecane (Figure

23c).

Catalyst loading
also influenced both
conversion and

selectivity  (Figure
24a). Increasing the
amount from 50 to

Figure 24. Influence of Mo2C-4 min-mono catalyst dosage on 300 mg raised
naphthalene conversion (a) and recycle/reuse of Mo2C-4 min-mono conversion from
catalyst (b); Reaction conditions: naphthalene concentration 1 %, ~80 % to 100 %
hydrogen pressure 4.0 MPa, 350 °C, 1h., stirring 350 rpm. and promoted

decalin formation.
At lower loadings (50 mg), naphthalene was selectively hydrogenated to tetralin, demonstrating
that product distribution can be tuned via catalyst dosage. Notably, such high tetralin selectivity is
typically associated with noble-metal catalysts (Pt, Pd), highlighting p-Mo2C as a cost-effective
alternative.
Recycling experiments confirmed excellent catalyst stability. Mo2C-4 min-mono retained both
conversion and decalin selectivity over at least five consecutive cycles without regeneration
(Figure 24b), demonstrating robust structural and catalytic stability.
Inthis study, catalyst efficiency is primarily evaluated based on the total conversion of naphthalene
under fixed reaction conditions. This approach enables a straightforward comparison of catalyst
performance by examining both naphthalene conversion and product selectivity under standard
conditions. The reactions were conducted under conditions commonly reported in the literature for
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naphthalene hydrogenation, facilitating direct comparison of the obtained conversion and
selectivity values with previously reported data.

Conclusions

1 For the first time, microwave-assisted solid-state synthesis was successfully applied to
the preparation of lanthanide-series hexaborides and boron monophosphide.

2. Microwave-synthesized transition-metal carbides were developed, and the decisive
influence of synthesis parameters on their phase composition, surface states, and
catalytic activity was clearly demonstrated.

3. Mixed carbide nanocatalysts (Fe-W-C) were synthesized for the first time, exhibiting a
pronounced synergistic effect in aerobic oxidative desulfurization reactions.

4. The FeWC catalyst demonstrated high efficiency in the aerobic oxidative desulfurization
of real petroleum fractions under mild conditions, maintaining excellent stability over at
least six reuse cycles.

5.  Hydrogenation studies over molybdenum carbide revealed that catalyst selectivity
(tetralin vs decalin formation) can be effectively tuned by controlling microwave synthesis
conditions.

6. Microwave-assisted synthesis was shown to be an efficient alternative to conventional
high-temperature furnace-based methods, enabling ultrashort synthesis times, controlled
nanostructures, and broad prospects for practical catalytic applications.
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ApTYyp MaHBenoBu4y ArosiH

MUKPOBOJIHOBbI CUHTE3 U KATANIMTUYECKUE CBONCTBA HAHOPA3MEPHbIX
KAPBENAOB HEKOTOPbIX MEPEXOAHBLIX METANNOB (M-M) N BOPUAOB METANNIOB
NAHTAHOBOIO PAOA

Pesiome
Llenbto paboTbl GbIN CUHTE3 rekcabopuaoB MeTas/IoB TaHTaHOBOro psifa U MoHodocduga 6opa,
a TaKke CMellaHHbIX W [ONuMpoBaHHbIX KapbuaoB nepexofHbix MetanioB (M 7~) ¢
MCNONb30BaHMEM MWKPOBOJIHOBOTO M37y4YeHus. [pUMEHEHHbI MeTo4 CuHTe3a MN0o3BOAW
nonyynTb HaHoasbl NOCAELHMX C Y3KUM pacrnpefefnieHMeM yacTtuy no pasmepam. onyyeHHble
MaTepuanbl  6blIM  UCCNefoBaHbl B ABYX HanpaB/ieHUsX: B KayecTBe reTepOreHHbIX
KaTanu3aTopoB M B KayecTBe TBEPAbIX Marepunasnos.
[nsa cuHTesa mncnosb3oBanach cneunanbHo MoauduumpoBaHa 6biToBas MUKPOBOSIHOBasA Neub,
4YTO MO3BOMIMMO O6GecneunTb MakcumanbHoe 06/yYyeHne peakuMoHHON CMecu B WHEPTHON
NpoOTOYHON cpefe. TemnepaTypa peakuUoHHON CMecu B YCNOBUAX MUKPOBOJSIHOBOrO 06yyYeHns
n3mepsinacb C NOMOLLbI0 AMCTaHLMOHHOIO MHgpakpacHoro Tepmometpa (Dostman HT 1800).
CTpyKTypa 1 TEKCTYpPHble OCOBEHHOCTU MOJSYYEHHbIX MaTepuasioB U3yvanncb MHOTOYNC/IEHHbIMY
umsnko-xumuyeckumm metogamm (XRD, SEM/EDS, TEM/EDX, XPS, H -TPR, NH3-TPD, BET un
ap.).
B pesynbtate paboTbl 6bIIM  CMHTE3MpPOBaAHbI  HaHOMasbl CrAefyllwux MaTepuanos:
rekcabopugpl/6opnabl MetTansnoB naHtaHa: RB6 (R=La, Ce, Sm, W, Pr, ~ , Ho, Er), BP, WC/C,
FeWwC, Mo2C.
MonyyeHHble maTepuanbl OblAM NPOTECTUPOBaHbI B KayecTBe KaTa/m3aTopoB B CrefyoLmx
peakuuax: ruapupoBaHue, AernapupoBaHue apeHoB, Aecynbdypusauns nyTem aspobHOoro
OKUCNEHNS OpraHnYeckux CoOeAnHEHNA cepbl, coaepXalunxca B AM3eNbHOM Tonavuee, U ap.
Bblnv nonyyeHbl cnegyowme pesynbTaTbl:
1. Bnepsble cuHTE3 psaga rekcabopuaoB naHtaHa u MoHodhocdmpa 6opa 6bl1 OCYLLECTBAEH C
MCcnoab30BaHMeM MUKPOBOJIHOBOTO CUHTe3a.
2. bbinn paspaboTaHbl kapbuabl NepexofHbIX MeTaoB, MOJlyYeHHble MUKPOBOJIHOBbIM
CYHTE30M, A/19 KOTOPbIX 6bI/I0 AOKa3aHO peluaroliee BAUSHME YCNOBUI CUHTE3a Ha UX dhas3oBblii
cocTaB ¥ NMOBEPXHOCTHYH aKTUBHOCTb.
3. Bnepsble 6blM  NOMAy4YeHbl CMellaHHble KapbuaHble HaHokatanusaTopbl (Fe-W-C),
OEMOHCTpUpPYHOLLME SIBHbIA CUHepreTnyecknii adphpekT B peakumax aspobHON OKUCAUTENbHOW
Aecynbdypusaumm.
4. Bblno nokaszaHo, 4TO Katanmsatop FeWC adchekTmBeH ANA aspobHOW OKUCUTENbHOM
Aecynbdypusaunn peasnbHblX HEPTAHbIX IpakLumii B MATKUX YCNOBUAX, AEMOHCTPUPYS BbICOKYHO
CTabuAbHOCTb B LWECTU LMKIax NOBTOPHOr0 MCNOMNb30BaHWUA Katanusatopa.
5. WccnepoBaHusa ruapvpoBaHMuM C WUCNOMb30BaHMEM kapbuga monubaeHa nokasanu, 4to
CeNleKTMBHOCTb kaTtanusaTtopa (TeTpanuH/gexkannH) MOXHO peryimpoBatb U3MEHEeHWeM YC0BUiA
CuHTE3a.
6. BblNO0 nokasaHo, 4YTO MMWKPOBOJIHOBLIA CUHTE3 fABNSAeTcA 3P(EeKTMBHON anbTepHaTMBOWA
TpaAMLMOHHbIM BbICOKOTEMMNEPATYPHbIM KnaccuyeckuMm MeTodam, obecrneyumBas CBEPXKOPOTKOE
BPEMSA CUMHTE3a W KOHTPOJIMPYEMble HAHOCTPYKTYPbl, YTO OTKpbiBaeT 60/blUMe NepcrnekTuBbI
NpYMeHeHMs.
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