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GENERAL DESCRIPTION OF WORK

Relevance of the research topic
Conversion of biomass- or coal-based syngas to higher alcohols (HAs) by using the carbon
monoxide hydrogenation process is estimated as one of the alternative routes to produce fuels and fuel

additives. According to literature, HAs (starting from C2+)1 are employed as octane performance
enhancers or directly as liquid fuel for internal combustion engines (ICE) and have the possibility to
substitute other hazardous compounds used as octane number improvers in ICE fuel. In this sense, the
utilization of these alcohols as components of alternative fuel systems or alternative fuels directly
addresses greenhouse gas emissions, toxicity, and other global climate challenges. Catalytic systems
for the higher alcohols synthesis commonly rely on molybdenum disulfide because of its high activity
and high sulfur tolerance for the water-gas shift reaction (WGS). Other catalytic systems are prone to
sulfur poisoning, which is a major issue when employing sulfur-rich syngas from biomass or coal. In
addition to being resistant to sulfur poisoning, the MoS,-based catalytic system may produce large
amounts of Cy, - Cs; alcohols when modified by alkali metals and promoted by group VIII metals (Co,
Ni, Fe, Rh).

According to several publications, promoted and modified MoS, catalysts supported on carbon
materials have higher catalytic activity than those based on metal oxides (Al,Os3, SiO,, MgO, ZrO,).
Amajority of these studies interpret the activity of carbon materials as a result of weak interaction

between carbon and the K-CoMoS” active phase, as well as of low acidity compared to metal oxides,
which has a positive effect on the selectivity towards alcohols.

TMS-based catalysts with high activity and selectivity can be synthesized using a variety of
supports that affect the morphology, electron properties, and dispersion of the formed active phase. In
fine chemical industry, activated carbons (AC) are broadly used as a catalyst support due to their
specific properties, such as high stability at high reaction pressures and temperatures, a larger surface
area and porosity, resistance to acidic and basic conditions, and minimal interaction between the
support material and active phase. In addition, because of the delocalized n electronics, electronic
conductivity is an important property of AC. Normal activated carbons, being microporous (<2nm),
cause pore plugging due to the formation of coke and deactivation of the sulfided catalyst, which
results in the transport limitation during the catalytic reaction. Internal diffusion issues can be avoided
by using mesoporous supports with pore diameters ranging from 2-50nm. A majority of HAS research
has been conducted using microporous AC supported catalysts with significantly smaller surface areas
(350-820 m? g!) than commercially available activated carbons (950 m? g** and higher), and long-
term activity of these supported catalysts does not meet commercial levels. The support's textural

Y In literature, higher alcohols are alcohols that have more than two carbon atoms.
Surisetty V. R., Tavasoli A., Dalai A.K. Synthesis of higher alcohols from syngas over alkali promoted MoS, catalysts
supported on multi-walled carbon nanotubes // Applied Catalysis A: General, 2009, 365, 243-251244.
% Hereinafter, K-CoMoS is the abbreviation for K-modified Co-promoted molybdenum sulfide active phase.
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properties, such as pore volume, surface area, and average pore diameter, can significant influence the
extent of adsorption, morphology, reduction and selectivity properties of the active phase.
Degree of development of the research topic

Several catalytic systems for the higher alcohols synthesis (HAS) from syngas are known, from
which the most promising are those based on MoS;, promoted by cobalt or nickel and modified with
alkali metals. Syngas conversion on unpromoted MoS; yields mainly hydrocarbons, whereas MoS;
modified with potassium and heavier alkali metals give mainly alcohols. The second transition metal
deactivates the sulfur-edge but promotes activity of the M-edge resulting in the increased selectivity
towards alcohols. Modification with alkali metals causes a decrease in the number of MoS; slabs,
which in turn leads to an increase in the catalyst affinity for sulfur and a decrease in Lewis acidity,
preventing hydrogenation and hydrodeoxygenation.

The most important properties of active carbons (AC) as catalyst supports compared to oxide
supports (Al,O3, SiO,, TiO,...etc.) are facile recovery of the active metal by combustion of the carbon
support, neutral nature (no strong acidic or basic sites), and cost efficiency. Several studies examined
the effect of textural characteristics of supports on the active phase of K-modified CoMoS and on
catalytic performance in HAS. Some of these studies experimented with microporous materials such as
metal oxides and multi-walled carbon nanotubes (MWCNT), while others utilized microporous
activated carbons.

Overall goal
. General Objectives

» To study the influence of textural characteristics of supports and catalysts on catalytic
performance of supported-K-CoMoS; catalysts for higher alcohol synthesis from synthesis gas.

» To integrate beneficial characteristics of Al,O3 and carbon by using carbon coated alumina
(prepared by pyrolysis) as a support for higher alcohol synthesis from synthesis gas over K-
modified CoMoS; catalysts.

» To develop the catalytic activity of K-modified CoMoS,/Al,O3 by coating alumina using
graphene nanosheets for higher alcohol synthesis.

» To enhance selectivity of higher alcohols over K-modified CoMoS; catalysts by using several
types of novel powder and fiber commercial activated carbons supports prepared from natural
sources.

» To study effects of distribution of the active phase inside of support pores, catalysts acidity, as
well as of the particles size and length of catalysts on catalytic activity of K-modified CoMoS;
catalysts for higher alcohol synthesis from synthesis gas.

e Specific objectives

» To coat y-Al,03 by carbon and graphene nanosheets with a thickness of 5-7 nm with a view to
integrate the beneficial properties of Al,O3 and carbon in one support (CCA).
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» To characterize the supported K-CoMoS, catalysts using N, adsorption and desorption
isotherms, X-ray fluorescence technique, field-emission scanning electron microscopy (FE-
SEM), energy dispersive x-ray technique (EDX), transmission electron microscopy technique
(TEM), and X-ray Photoelectron Spectroscopy (XPS)

» To study catalytic activity of supported sulfided catalysts in higher alcohols synthesis from
synthesis gas using a fixed-bed flow reactor catalytic system under optimum conditions.

» To compare the obtained results aiming at raising the selectivity of higher alcohols to be used
in internal combustion engines as a fuel or as octane number improvers.

Scientific novelty

The beneficial characteristics of Al,O3 and carbon (mesoporous carbon prepared by pyrolysis
and graphene) have been integrated. Carbon mesoporous materials were used as a support for HAS
from syngas over K-CoMoS; catalysts. The first use of nanostructured graphene-coated alumina as a
support for K-CoMoS; catalysts to produce higher alcohols from syngas has been reported. The effect
of different carbon-containing materials, used as supports for transition metal sulfide (TMS) based
catalysts, on catalytic properties for synthesis gas conversion to alcohols has been studied.

The most essential finding of this study is an unusual correlation between catalytic activity and
the micro- and mesopore structure of the catalyst support. It was found that catalysts supported on
microporous materials possessed higher catalytic activity in HAS synthesis from syngas than those
supported on mesoporous materials. We explained this phenomenon by the combined effect of catalyst
acidity and distribution of the active phase inside the pores. Catalysts containing large agglomerates of
the MoS,-based active phase supported on less acidic materials exhibit higher activity than catalysts
supported on more acidic mesopore structured materials due to the differences in active phase-support
interactions.

In order to increase the selectivity of higher alcohols synthesis from syngas over K-modified
CoMoS; catalysts, the role of novel powder and fiber ACs as supports for HAS from syngas over K-
modified CoMoS; catalysts has been studied. Fiber ACs have shown a filamentous morphology with a
strip axial arrangement and a few longitudinal grooves with many irregular particles distributed on the
fiber surfaces, thus leading to tangled MoS; slabs with the highest CO conversion and alcohols yield.

Theoretical and practical significance

This work makes a certain contribution to both applied and basic research aimed at creating
suitable supported K-CoMoS, catalytic systems that are stable and selective for production of higher
alcohols from syngas. A detailed analysis of the obtained experimental data showed the rationality of
integrating the beneficial characteristics of alumina and graphene and using the synthesized graphene
coated alumina as a support for HAS from syngas over K-CoMoS, catalysts. The established
correlations between textural characteristics and catalytic performance can be utilized for furthering
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research focused on the improvement of catalysts for HAS systems. The results obtained for catalytic
activity confirm the promise of using such systems in large scale processes. The work was carried out
in accordance with the work plan of the Department of Physical and Colloidal Chemistry, RUDN, in
cooperation with the Laboratory for Catalysis by Transition Metal Sulfide Catalysts at the Zelinsky
Institute of Organic Chemistry of RAS.

Methodology and research methods

Studies on catalytic activity of supported sulfided catalysts in the higher alcohols synthesis
from synthesis gas were carried out on a fixed-bed flow reactor. The gaseous products were analyzed
using a LHM-80 GC with a Thermal Conductivity Detector (TCD) and two one-meter packed columns
(molecular sieves CaA (Ar, CH4, CO) and Porapak Q (CO,, C».)); the liquid products were analyzed
using a Crystal-2000M GC with a flame ionization detector (FID) and a 50 m HP-FFAP capillary
column. Quantachrome Nova 1200e at 77 K and N, adsorption and desorption isotherms techniques
were used to study the support and catalyst textural characteristics. The analytical method of UV
spectrometry of pyridine adsorption was used to determine the acid-base properties of the supports and
sulfided catalysts. A Shimadzu EDX-7000 X-ray fluorescence spectrometer was used to analyze the
elementary composition of the sulfided catalysts. A scanning electron microscope (SEM) was used to
demonstrate the surface morphology of the supports and sulfided catalysts. A transmission electron
microscope (TEM) was used with two different LaB6 cathodes, one with an accelerating voltage of
200 kV and the other of 300-kV (FEI Company, USA) to characterize the morphology of the sulfided
catalysts. X-ray photoelectron spectroscopy (XPS) was employed to evaluate the chemical species
present on the surface of the K-CoMoS; supported catalysts.

Summarized statements of the thesis for the defense

- Results of the catalytic tests of supported K-modified CoMoS; catalysts in relation to higher
alcohols synthesis from syngas; investigation of the influence of different types of carbon
containing materials on catalytic performance.

- Results of improving K-modified CoMoS,/Al,O3 catalytic activity by coating alumina with
carbon and graphene nanosheets in the higher alcohol synthesis from syngas.

- Results of the catalytic performance of the K-modified CoMoS; catalyst supported on novel
fiber and powder activated carbons in the higher alcohols synthesis from syngas.

- Evolution of the effect of textural characteristics of supports and sulfided catalysts’ on the

catalytic performances.

Reliability
The accuracy and reliability of the results are guaranteed by the use of modern analytical
methods and state-of-the-art instruments available with the Peoples' Friendship University of Russia
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and Zelinsky Institute of Organic Chemistry of the Russian Academy of Sciences. Also, the
reproducibility of the results and their uniformity with each other, as well as with the literature reviews
ensure the reliability of the results.

Author’s personal contribution

The author actively participated in writing of the research proposal and planning of the
experiments, particularly in the collection and analysis of the appropriate literature on the research
topic. The author independently conducted all catalytic tests, analyzed the reaction products by GC
methods, took active part in the discussion of the obtained results, such as physicochemical and
catalytic characteristics of the samples, and in their presentation and interpretation. The author
prepared the thesis, contributed at most to the publications, and presented the abstracts at the
international conferences.

Approbation of the work

The obtained results of the current study within the framework of the dissertation research were
presented and discussed at a few international scientific conferences: 6th International Conference on
Chemical Materials and Process (ICCMP 2020), Warsaw, Poland, July 2-4, 2020, (online); 1st
International Electronic Conference on Catalysis Sciences, MDPI, USA, November 10-30, 2020,
(online); 7th Edition of International Conference on Catalysis, Chemical Engineering and Technology—
2021 (CCT 2021), Tokyo, May 17 — 18, 2021, (online); Catalysis for a Sustainable World Conference,
RUDN, December 22-24, 2020; 11th Edition of the International Conference on Catalysis, Chemical
Engineering and Technology, Japan, May 16-17, 2022, (online). 12th Russian Conference (with
international participation): Actual Problems of Petrochemistry, Moscow, Russia, 2021. The Sixth
International Scientific Conference “Advances in Synthesis and Complexing”. RUDN University,
September 26-30, 2022.

Completeness of the materials presentation

Based on the research results within the structure and scope of the dissertation, 15 printed
works were published, including 4 in the journals indexed in the Scopus and WoS databases, and 11
abstracts in the collections of international scientific conferences, three of which are indexed in the
RSCI.

Structure and scope of the dissertation

The thesis consists of the table of contents, lists of tables (17), figures (57) and abbreviations,
the introduction, literature review, materials and methods, results and discussion, conclusion,
recommendations, research outcomes, and references. The dissertation material is presented on 138
pages. The list of literary sources includes 165 references.
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THE MAIN CONTENT OF THE RESEARCH

In the Introduction the relevance of the topic is substantiated, the purpose and objectives of the
study are defined, the scientific novelty, practical and theoretical significance of the work, and the
main provisions submitted for defense are formulated.

In the first chapter a review of the literature is presented, including three sections in which the
current state of research on the subject of the dissertation work is considered. The first section presents
the overview of renewable energy resources and biomass availability in Russia, and the most important
methods for biomass conversion into syngas. The second section describes principles of HAS from
syngas and catalysts for HAS from syngas, and the corresponding literature The last section provides
information about Transition Metal Sulfide catalysts (TMS), the role of second transition metal
promoters, the role of alkali metals, and the role of supports, as well as the reaction mechanism for
HAS from syngas over K-CoMoS; catalysts. Based on the literature data, the purpose and objectives of
the scientific research have been formulated.

The second chapter Materials and Methods describes the method of preparation of the
supports and sulfided catalysts, physicochemical methods for characterization of the catalysts, the
syngas conversion installation, the method for conducting the catalytic experiment, and processing of
the experimental data.

CCA was prepared by impregnating 4g y-Al,O3; with about 15mL of a mixture of glycerol and
2-propanol (1:1) followed by pyrolysis under nitrogen (flow rate 1 L/min) at 200 °C for 40 min and
600 °C for 1 h, using a heating rate of 10 °C min™. Nanostructured GCA was synthesized using
combined sol-gel and sonochemical techniques. Activated carbon AG-3 (commercial trademark AI'-3)
was obtained from weakly coking coal crude and coal semi-coke with coal tar pitch binder by
preparation of dough, granulation, carbonization, and gas-vapor activation. Activated carbon BAW
(commercial trademark BAY) was manufactured from irregular shaped charcoal grit via gas-vapor
activation at 850-900 °C. Activated carbon DAC (commercial trade mark JIAC) was obtained from
anthracite (hard coal) by preparation of dough, granulation, carbonization, and gas-vapor activation.
Activated carbon OBK-1 (commercial trade mark YIIC-1) was manufactured based on carbonaceous
composition prepared from gas-vapor activation at 850-900°C. Fabric active sorption (TCA) is an
elastic sorbent obtained by heat treatment of technical fabric, which was previously impregnated with
chemical compounds. It was formed as canvases with dimensions: length 20 m, width 0.55 m,
thickness 0.6 mm. Non-woven activated material (AHM) was produced by heat treatment of a
nonwoven needle-punched material based on viscose fibers and mtilon fibers. The parameters of the
active layer are aerodynamic resistance 10 Pa, surface density 120 g m™, thickness 1.0-3.5 mm.

The catalyst precursors were prepared by incipient wetness impregnation. The supported
catalysts are denoted as Cat-Al,03, Cat-CCA, Cat-GCA, Cat-AG-3, Cat-BAW, Cat-DAC, Cat-OBK-1,
Cat-AHM, and Cat-TCA, where Cat denotes the active phase K-CoMoS,.
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Syngas conversion was carried out in a fixed-bed flow reactor using 3 g of sulfide catalyst, P =
5.0 MPa, T = 300-360 °C, mass flow rate 760 L h™(gcat) *, and a feed gas composition of CO:H:Ar =
45%:45%:10%. The catalysts were evaluated for 4h at each temperature (steps of 20 °C) at T = 300—
360 °C. Every 4 h gaseous products were analyzed using a LHM-80 GC with a Thermal Conductivity
Detector (TCD) and two one-meter packed columns (molecular sieves CaA (Ar, CH4, CO) and
Porapak Q (CO,, C,:)). Argon was used as an internal standard for gas chromatography (GC). The
liquid products (alcohols, aldehydes, esters, etc.) were analyzed using a Crystal-2000M GC with a
flame ionization detector (FID) and a 50 m HP-FFAP capillary column. Carrier gas was high purity
helium for both GCs. The selectivity in this reaction is calculated on a CO,-free basis approximation,
because the CO; is mainly formed in the course of water gas shift or Bell-Boudouard reactions and is
considered as a by-product, constantly affecting selectivity of target products. That is why CO, was
excluded from selectivity balance calculations.

In the third chapter Results and Discussion consists of three main sections in which .the
results are discussed in detail.

The first section explains the development of catalytic activity of the Kjp-modified
Co37Mo040S/Al,O5 catalyst by coating alumina with amorphous carbon and graphene nanosheets in the
higher alcohols synthesis from syngas. Alumina, carbon coated alumina (C=1.7%) and graphene
nanostructured coated alumina with different wt. % (0.4, 1.2, and 1.7%) were selected as supports to
prepare K-CoMoS; catalysts by simultaneous wetness impregnation of the metal precursors. Transition
electron microscopy was used to examine the morphology and structure of the sulfided catalysts (Fig.
1).

o 100m

Cat-Al,03 Cat-CCA Cat-GCAl
Figure 1. TEM images of the K-CoMoS; catalyst supported on Al,O3, CCA (1.7%), GCA1 (1.7%).

Fig. 1 shows highly dispersed molybdenum disulfide crystallites on various supports clearly
visible as threadlike fringes in multilayer particles of the K-CoMoS active phase with different
stacking degrees (indicated by arrows and circles). TEM images of Cat-GCAs (TEM images of Cat-
GCA2 (1.2%) and Cat-GCA3 (0.4%) are available in the thesis) show that graphene layers are ultra-
thin. These are similar to the TEM images of pure GCA published in literatures. Moreover, the
difference between the TEM images of Cat-GCAs indicates the effect of graphene nanosheets on
dispersion of the K-CoMoS active phases. A large black aggregate of species was observed in Cat-
GCAs images, which may be attributed to the nonhomogeneous coating of alumina by graphene

nanosheets. Cat-GCAL is characterized by a higher stacking number and average slab length compared
9



to the Al,O; and CCA samples (Table 1 and 2),based on the TEM images. These results can be
attributed to the weak interaction between the active phase and GCAL support (Table 1).

Table 1. Distribution of MoS; particles by the stacking number

Stacking Number 1 2 3 4 5 6 7 8
Cat-Al,O; | 435 |[435 (109 | 17 | 0.3 | 0.0 | 0.0 0.0
Relative content, % Cat-CCA 39.2 | 369|184 | 17 1.1 18 [ 0.7]03
Cat-GCA1 | 376 | 350|200 | 24 | 08 | 20 |14 | 0.8

Table 2. Distribution of MoS; particles by slab lengths

Particle length <2 2.4 4...6 6...8 | 8...10 | >10
Cat-Al,03 1.0 29.8 45.7 17.2 4.6 1.7
Cat-CCA 0.5 23.6 38.4 20.4 9.5 7.7
Cat-GCA1l 0.3 18.2 394 22.8 10.8 8.5

Relative content, %

Relative content of mono- and bi-layered crystallites increases in the order Cat-Al,03 < Cat-
CCA < Cat- GCAL. Meanwhile, content of 3, 4, 5, and 6, and 7 stacked slabs of Cat-GCA1 were found
to be higher compared to the counterparts. Only Cat-CCA and Cat-GCAlshowed high content of 8-
stacked slabs. The highest content of particles with the length of more than 10 nm was observed in
Cat-GCAL. Assumingly, the stacking degree of Cat-Al,O3 increases because amorphous carbon and
graphene nanosheets are placed between alumina and the K-CoMoS active phase (Fig. 2), which
weakens the interaction between them. All these factors promote growth of the number of vacancies in
the active phase, which decreases adsorption of hydride hydrogen and promotes production of higher
alcohols. We believe that coating of Lewis acid sites of alumina by graphene nanosheets led to the
decrease in the number of acid sites, which is favorable for the production of hydrocarbons. All
catalysts under study predominantly produced alcohols, especially those that contained carbon and
graphene. CO conversion of Cat-Al,O3 increased after covering of alumina by amorphous carbon
(1.7%) or graphene nanosheets (0.4, 1.2, and 1.7%).
It could be due to the important role of carbon and
graphene in stabilizing the structure of the K-
CoMosS active phase. Higher CO conversion over
Cat-GCAL (1.7 %) compared to Cat-CCA (1.7 %)
can be attributed to the characteristics of graphene
that exhibits high electron mobility, optical
transmittance, and high specific surface area

because of its two-dimensional and single-layer

Figure 2. The role of graphene nanosheets in the

uniform structure shaped from carbon atoms (sp*-

A carrier f ion of ia the K- -~ . .
GCA carrier for conversion of syngas via the hybridized) with a thickness of 5-7 nm.

CoMoS; catalyst.
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These properties of graphene supports led to the highest dispersion of the K-CoMoS active
phase and to the lowest metal-support interaction compared to carbon in CCA. The liquid products
generated by Cat-Al,O3, Cat-CCA and Cat-GCAs consisted mostly of methanol, ethanol, propanol-1,
butanol-1, amylalcohol-1, iso-butanol, and iso-amylalcohol. Ethanol, propanol-1, methanol, and iso-
butanol were predominant alcohols in the collected liquids and the byproducts comprised mainly
amylalcohol-1 and iso-amylalcohol. Propanol-2 and butanol-2 were not produced over all the
supported catalysts under study in all reaction conditions. The yield of ethanol showed a positive
correlation with graphene wt. % in GCA. Cat-GCA2 (1.2 %) had the optimum wt. % of graphene for
producing all alcohols, except for ethanol. This result can be explained by partial microporosity of
GCA2 (4 m? g*) compared to other supports. Such characteristics contribute to the formation of the
sites favorable for HAS because the active phase can be distributed inside of microspores and form
more edges and corners. The selectivity towards C;+, C,. and alcohols is presented in Fig. 3.

35

mCat-Al203 mCat-CCA (1.7%) m Cat-GCA (1.7%)
30

j4j1111-1ﬁ

MeOH EtOH PrOH-1 i-BuOH BuOH-1 i-AmOH AmOH-1

N
(93]

N
o

=
v

=
=]

Selectivity Free CO2 (%)

w

Figure 3. Selectivity of Cy., C,. and different alcohols (CO, excluded) for Cat-Al,Os, Cat-CCA (1.7%),
and Cat-GCA (1.7%). Reaction conditions: T = 360 °C, P = 5.0 MPa, CO: H,: Ar = 45:45:10 gas at 760
I'h™* geat™, catalyst loading 3 grams.

The selectivity for linear primary alcohols over Cat-Al,O3 improved when alumina was coated
by carbon and graphene nanosheets (Fig. 3), otherwise, the selectivity of Cy. and C,. over Cat-Al,03
decreased. These results can be explained by the decrease of the interaction between alumina and the
K-CoMoS active phase due to the intermediate carbon layer inhibiting hydride hydrogen adsorption.
GCAs were found to act better than CCA in increasing the selectivity for linear primary alcohols and
decreasing the selectivity for light hydrocarbons. Linear primary alcohols were synthesized by carbon
monoxide insertion, whereas branched alcohols were prepared by CHx B-addition and CO insertion.
The selectivity of supported K-CoMoS; catalysts for iso-alcohol follows the order of Cat-GCA < Cat-
Al,0O; < Cat-CCA. Graphene nanosheets exhibited opposite behavior with respect to iso-alcohols
because graphene nanosheets supported catalysts did not form a surface favorable for CHx B-addition
compared to CCA and Al,Os. Furthermore, the selectivity for n-propanol ranks directly after ethanol
over all supported catalysts because it was formed by both routes (CHx B-addition and CO insertion).
The selectivity for Cy+ was higher than for C,. over supported-K-CoMoS; catalysts because Couss
species tend to follow the pathway of alcohol more than CHs.. The observed catalytic performance of
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Cat-GCAL can also be explained by the “rim-edge” model depending on the particle distribution
obtained from the TEM images (Tables 1 and 2). According to the model, changing the
height/diameter ratio of the crystallite controls the relative quantity of active sites and consequently
affects catalytic performance.

The second section discusses the effect of textural characteristics on the catalytic performance of
supported-K10Co37Mo040S; catalysts in the higher alcohols synthesis from syngas, using four types of
supports: mesoporous materials (Al,O3 and CCA) and microporous activated powder carbons (AG-3
and BAW) to provide essential information for the design of better catalysts for the higher alcohols
synthesis (C1 - C5) from syngas. Prior to the study of catalytic activity, the catalysts were
characterized by XRF, N, physicorption, SEM, HRTEM, and XPS. Besides, acidity of the supports
and catalysts were analyzed by the pyridine adsorption procedure. The average sulfide slab length and
degree of stacking (determined from the TEM images (Fig. 4)) are presented in Table 3. Using carbon
as a support material significantly increases both the average slab length and the degree of stacking,
due to alumina having stronger interaction with the active phase (precursors).

-

Cat-A,03 Cat-CCA Cat-AG-3 Cat-BAW
Figure 4. HRTEM micrographs of sulfided K-CoMaoS,/Sup catalysts
The fringes observed in the images were approximately 0.65 nm apart, matching the
characteristic (0 0 2) basal planes of crystalline MoS,. To calculate the average dimension of the MoS,
phase (Table 3), the HRTEM statistics were done. From Table 3, the average dimension of the MoS;
phase varied from 6.6 to 24.5 nm, and the average stacking number in the MoS; crystallites varied
from 1.6 to 3.8. Carbon-contained catalysts were characterized with higher stacking number and
average slab length compared to alumina-based sample. CCA showed an increase in stacking as
compared to bare Al,Os. The number of stacked crystallites on BAW is larger than on AG-3.
Increasing the stacking degree leads to the growth of vacancies and corner sites in the active phase,
which decreases adsorption of hydride hydrogen.
Table 3. Morphological characteristics of supported-K-CoMoS; catalysts

e kg () Ao i Dierin s
K-CoMoS,/Al,04 6.6 1.6 0.24
K-CoMoS,/CCA 11.7 3.8 0.21
K-CoMoS,/AG-3 17 2.8 0.18
K-CoMoS,/BAW 24.5 3,2 0.12
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The data in Fig. 5 were obtained from HRTEM statistics. The ACs supported catalysts are
characterized by a higher stacking number and average slab length compared to the alumina and CCA
samples. These results can be attributed to the fact that active phase's interaction with the support
weakened and the formation of MoS; crystallites out of pores was observed.
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Figure 5. Distributions of slab lengths of MoS, particles and of stacking number of MoS, particles
for sulfided catalysts.

Relative content of mono- and bi-layered crystallites of Cat-AG-3 and Cat-BAW was almost
half of that of Cat-Al,03 and Cat-CCA. On the other hand, content of 3, 4, 5, and 6, and 7 stacked
slabs of BAW and AG-3 was found to be higher compared to the counterparts. Only Cat-BAW showed
high content of 8-stacked slabs. The highest content was observed for the particle length between 4-6
nm in all catalysts, except for Cat-BAW; the highest content has been determined for particles which
are lengthier than 10 nm. The dispersion results in Table 3 and Fig. 5 confirmed higher agglomeration
of BAW and AG-3.

13



Mo3dj, (MoS,)
\

\
\

Mo3dg, (Mos*)\
NN

Co2p,,, (CoMoS) Co2py, (C"“‘Sk)

\
Mo3ds;, (M0S,) \ Co2py, (CoMoS) |
! %, €02y (CosSy) 52 (COMO9)
N \
\ A \
v Co2 Co?*
Mo3ds;, (M0S,0,) cozny, (© 2,)\\ \ Pa (Co™)
0. 0 v
P12 N '

810 805 800 795 790 785 780 775

I T T T I T T T I T T T I T T T I T T T I
240 236 232 228 224 220
Binding Energy (eV) Binding Energy (eV)
K-COMOSQ/A|203

Mo3dg, (MoS,)
\
\

\ Co2py, (CogSg)
Mo3dg, (Mo&*)" \
5/2(\ )\\

\

Co2p,, (CoMoS) Co2ps, (COMoS)
. | \

\

\

\
\ \
\ CO\ZP;‘Z (CogSg) Co2py, (C02) Y\
\ \

240 236 232 208 224 220 810 805 800 795 790 785 780 775
Binding Energy (eV) Binding Energy (eV)
K-CoMoS,/CCA
Mo3d, (M0S,)
‘\‘ Co2py;, (CoMoS) Co2p,, (CogSg)
Mo3dg, (Mo®*) \ \
\ \‘ C02p,, (C0gSy)  C02py, (CoMoOS) s
MO3d3/2\(MOSxOy) Co2py, (CDQ*)\‘\ \‘\\ Co2py, (C°2+)“\\ '
Mo3dy, (M) NERVAY N ,
[ T 1T 7T I|"'|"'|"'| LI L I L I L L LB B BRI BN IR
240 236 232 228 224 220 815 810 805 800 795 790 785 780 775
Binding Energy (eV) Binding Energy (eV)

K-CoMoS,/BAW

Mo3d., (K-MoS,)  Mo3ds, (MoS,)
Mo3ds, (MoS,) A

Co2py, (Co,Se) Co2p;;, (CogSy)
Mo3ds,, (K-MoS,) Co2p,, (CoMoS) ‘ ‘
P 2 N

Co2py, (Co?) \ Co2py, (COMO\S) !

S 2 i\ Co2py, (Co?) 3

T T | T T T | T T T | T |
240 236 232 228 224 220
Binding Energy (eV)

815 810 805 800 795 790 785 780 775

Binding Energy (eV)
K-CoMoS,/AG-3
Figure 6. XPS Co 2p and Mo 3d spectra recorded for sulfided K-CoMoS,/Sup catalysts.

14



At Fig. 6, Sup = Al,03, CCA, BAW, AG-3. For the Co 2p spectra in blue are given: Co®* oxide
contributions; in green: CogSg contributions; in grey: CoMoS phase contributions; for the Mo 3d
spectra in blue are given: Mo®" oxide contributions; in pink: MoS,Oy contributions; in grey: MoS;
contributions. The chemical species present on the surface of K-CoMoS,/Sup catalysts were evaluated
by XPS. The Mo 3d spectra (Fig. 6) contain three Mo 3d doublets. The Mo 3ds/, and 3ds, doublet with
BE at 228.8 and 232.0 eV, respectively, corresponds to the Mo*" in MoS, phase species. The doublet
with BE equal to 230.0 and 233.2 eV is related to Mo>* in the MoS,0, oxysulfide species and, finally,
the doublet at 232.1 and 235.3 eV belongs to the Mo®* oxide species. The peak at BE of 226.1 eV is
assigned to S 2s. The spectral region of Co 2ps;, (Fig. 6) contains three peaks with their respective
satellites. The peak at BE of 778.6 eV is related to cobalt in the CoMoS species. The signals at 778.1
and 781.5 eV correspond to the CogSs particles and to Co®" in the oxidic environment, respectively. K-
CoMoS,/Sup catalysts are characterized with a comparable sulfidation degree: the relative amount of
cobalt in CoMoS phase was in the range of 19-34 rel. % and molybdenum in MoS; particles at the
level of 73-94 rel. %.
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Figure 7. Catalytic performance of K-CoMoS, catalysts on various support materials. Triangles: CO
conversion; Spheres: total alcohol selectivity; Squares: total alcohol yield.

The catalytic data presented in Fig. 7 show that, as the conversion increases, both total alcohol
selectivity and yield increase for the activated carbon- supported catalysts, whereas they decrease for
the alumina-based catalysts. The carbon supported catalysts showed a larger increase in activity with
temperature and a lower decrease in total alcohol selectivity. Cat-Al,O3 showed a large increase in
selectivity towards the undesired CO, by-product with increasing reaction temperature, from 9.2% at
300 °C to 24.7% at 360 °C. For Cat-BAW, it increased from 9.1% to only 14.4% over the same

temperature range. Actually, our data at 360 °C presented in Fig. 8 show an inverse logarithmic
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correlation (with R2 = 0.987) between the number of acid sites on the catalysts and CO conversion.
The activity values in this study are comparable to or better than those reported earlier, and the
selectivity values are superior to those reported earlier. Carbon-based support materials do not possess
significant acidity but loading with K-CoMoS, creates a small number of acid sites. Loading of
alumina with K-CoMoS; blocks most of the acid sites for pyridine adsorption. Strong interaction
between the active phase and different types of carriers can lead to different electronic states on
potassium and cobalt atoms.

Acidic sites on the support also influence catalytic activity. A high content of strong acid sites
was shown to lead to impeding the alcohol formation and accelerating hydrogenation reactions. As the
carbon (modified) supports do not show acidity, they should promote the formation of alcohol. And
exactly that was observed. Next to influencing the selectivity, acid sites also greatly hamper CO or H,
activation. One possible explanation might be adsorption of the main byproduct, water, on acid sites,
blocking access to active sites via steric hindering. However, it will require a dedicated study to
evaluate this hypothesis.
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Figure 8. Inverse logarithmic relation between Figure 9. Chain growth factors o; for steps i=1, 2, 3, 4
conversion at 360 °C and the number of acid sites over K-CoMoS, catalysts supported on Al,Os, CCA, AG-3
on the catalysts as determined from pyridine and BAW.
adsorption.

Fig. 9 shows the dependence of the HC chain growth factor ai on the carbon atom number (i) in
the chain of intermediate products. Cat-CCA had maximum al for the alcohol formation. Cat-Al,O3
showed maximum a2 and o3, and Cat-BAW had maximum o4. It has to be noted that in spite of high
values of al, 02 and a3 for alumina- and CCA-supported catalysts, their alcohol yield was lower than
for the AC supported catalysts. The yield of alcohols seems to increase with the micropore specific
surface area and volume and decrease with the mesopore specific surface area and volume.

Ethanol, propanol and methanol were found to be the main alcohol products for the tested
catalysts. Their yield increased with the increasing surface and volume of micropores and decreased
with the increasing surface and volume of mesopores. The yield of n-butanol is not related to porosity
of the carrier. n-Pentanol is a minor product. i-Butanol and i-pentanol displayed opposite trends
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compared to the main products, decreasing with the increasing micropore surface and volume and
increasing with the increasing mesopore surface and volume.

Microporous carriers inhibit isomerization due to steric constraints. The lowest selectivity
toward iso-alcohols over Cat-BAW attributes to low acidity of the catalyst because the acid sites
catalyze the isomerization reactions. Moreover, the highest yield of methanol, ethanol, propanol-1, i-
butanol, pentanol alcohol and i-pentanol alcohol was achieved at 360 °C for all catalysts. Propanol-2
and butanol-2 appeared only over Cat-CCA. Linear alcohols decreased in the order of Cat-BAW >
Cat-AG-3 > Cat-CCA > Cat-Al,Og; i-alcohols decreased in the reverse sequence: CatAl,O; > Cat-
CCA > Cat-AG-3 > Cat-BAW.

The third section represents a comparative study on catalytic performance of the K-modified
CoMoS; catalyst supported on novel fiber and powder activated carbons in the higher alcohols
synthesis from syngas. A series of K-modified CoMoS catalysts with compositions of 10% K, 3.6%
Co, and 12 wt % Mo supported over novel commercial activated carbons such as powder materials
(DAC and OBC-1) and fiber materials (fabric active sorption (TCA) and nonwoven activated material
(AHM)) were prepared and characterized by the Brunauer-Emmett-Teller method (BET), X-ray
fluorescence (XRF), scanning electron microscopy (SEM), SEM—energy dispersive X-ray (EDX), and
transmission electron microscopy (TEM).

From the SEM images given in the thesis, it can be observed that the fabric active sorption and
nonwoven activated ACs have filamentous morphology with a strip axial arrangement and that a few
longitudinal grooves and many irregular particles are distributed on the fiber surfaces. And otherwise,
a degree of entanglement of the strip axial arrangement in AHM was found to be more than that in
TCA. SEM images of the catalysts reveal that the surface of fiber activated carbon is smoother after
impregnation by the K-CoMoS active phase. Some axial wedge fractures are also observed, but the
longitudinal texture and porosity of fiber ACs are still retained.

Cat-DAC Cat-TCA
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Figure 10. TEM images of the supported K-CoMoS, catalysts.

Representative TEM micrographs of the supported K-CoMoS; catalysts are shown in Fig. 10.
MoS; slabs are clearly visible as threadlike fringes in multilayer particles of the K-CoMoS active
phase with different stacking degrees. The differences between the catalysts under study can be
attributed to the interaction between the K-CoMoS active phase and activated carbons. Moreover,
MoS; crystallites formed filamentous morphology on the surface of fiber activated carbons (TCA and
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AHM). The surface of AHM is more tangled compared with that of TCA, thus leading to the formation
of tangled MoS; slabs on AHM and long linear slabs on TCA with long rim sites. It is notable that
increasing the stacking degree leads to an increase in vacancies and corner sites in the active phase and
adsorption of hydride hydrogen, whereas increasing the rim sites of MoS, slabs promotes the
hydrogenation reaction.

The main reasons for syngas conversion results can be attributed to the clear differences in
surface morphologies of the supports and catalysts and the degree of interaction between the support
and the active phase. The results shown in Figure 11 a reveal that a positive correlation between CO
conversion and temperatures of the catalysts under study was observed. CO conversion increases in the
order Cat-TCA < Cat-OBC-1 < Cat-DAC < Cat-AHM. Moreover, we believed that these short and thin
layers of the Cat-AHM catalyst could increase a ratio of basal, corner, and edge sites on the catalyst
surface that form more active sites, which then improves catalytic activity, particularly in HAS. In
contrast, the lowest catalytic activity of Cat-TCA can be attributed to long linear slabs formed on the
strip axial arrangement surface of TCA based on commercial activated carbon.
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Figure 11. HAS results of supported K-CoMoS, catalysts. (a) CO conversion, (b) yield ratio between alcohols
and hydrocarbons.

Catalytic performance results in Figure 11 a—b of powder activated carbons (Cat-DAC and
Cat-OBC-1) corroborate the validity of the unusual finding discussed in Section 2, because
microporous Cat-DAC with fewer mesopores was found to be more active than Cat- OBC-1 with the
higher number of mesopores. From Fig. 11 b, the highest Y aicocs Was achieved at 340 °C for powder
ACs, whereas it was at 300 °C for fiber AC supported catalysts. It can be seen that Y ajcomcs displayed
the descending order of Cat-AHM > Cat-DAC > OBC-1 > Cat-TCA. The obtained results indicate that
modern novel commercial activated carbons are a promising support for HAS because K-CoMoS;
catalysts supported on novel commercial activated carbons (DAC, OBC-1, TCA, AHM) show the best
CO conversion and high alcohols yield in the optimum conditions compared with the literature data.
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CONCLUSION

1. The influence of the support in the reaction of higher alcohols synthesis from synthesis
gas on supported K-CoMoS; catalysts was studied. Gamma alumina, gamma alumina coated with
carbon (CCA), and two types of activated carbons — of mineral origin (AG-3) and birch wood (BAW)
were used as supports. Catalytic activity increased in inverse proportion to the logarithm of the number
of acid sites on the catalyst in order Al,O3 < CCA < AG-3 < BAW. The observed high selectivity for
the formation of alcohols on catalysts supported on activated carbon is due to the large linear size and
number of layers of the K-CoMoS, crystallite compared to the crystallites of the active phase of
catalysts supported on acid supports based on alumina.

2. It was shown that catalysts supported on microporous materials (AG-3 and BAW) are
more active in the synthesis of higher alcohols and their further conversion to other oxygenates than
similar catalysts supported on mesoporous highly acidic supports (Al,O3 and CCA ).

3. A relationship between the pore size and the acidity of the studied carriers has been
established. An explanation for this phenomenon is given in terms of differences in the acidity of
carriers and the formation of agglomerates consisting of hundreds and thousands of molybdenum
sulfide clusters on the surface of microstructured low acid carriers and the formation of highly
dispersed single clusters inside the mesopores of high acid carriers. The acidity enhances the strength
of the bond between the particles of the active phase and the carrier and, as a result, hinders the
formation of new vacancies in the catalytic cycle. Low acidity promotes the weakening of the bond
between the particles of the active phase and the support, and thus facilitates the formation of new
vacancies.

4. It is shown that, under certain conditions, large agglomerates of particles of the active
phase, weakly bound to the carrier, are more active than highly dispersed single clusters, strongly
bound to the carrier.

5. A positive correlation between the selectivity of linear primary alcohols and amount of
graphene was observed. Higher catalytic activity of Cat- GCA1 (1.7%) compared to Cat-CCA (1.7%)
is attributed to the particle distributions of Cat-GCAL, it shows the highest stacking number and slab
length.

6. The results obtained from catalysts supported on fiber activated carbons showed that the
short and thin layers of the Cat-AHM catalyst increase corner, basal and edge sites on the catalyst
surface that form more active MoS; crystallites, which then increases catalytic activity, particularly in
HAS. In contrast, the lowest catalytic activity of Cat-TCA can be attributed to long linear slabs formed
on the strip axial arrangement surface of TCA based on commercial activated carbon.
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Osman Mohamed Ezeldin Abdalla

"The role of carbon and nanocomposite hybrid materials as supports for transition metal sulfide-
based catalysts in higher alcohols synthesis from syngas"

The comparative study of the catalytic behavior of K-modified CoMoS,-catalysts supported on
Al,O3, carbon covered alumina (CCA) and graphene coated alumina (GCA) containing 0.4, 1.2, and
1.7% of graphene in synthesis gas to higher alcohols and other oxygenates has been carried out. The
supports and catalysts were characterized by N, adsorption-desorption isotherms, pyridine adsorption
UV procedure, SEM, EDX, and TEM. The acidity results have established that the homogenous
uniform coating of alumina by graphene nanosheets was observed in Cat-GCAL (1.7%). The catalyst
supported on GCA materials showed better results than the catalysts supported on alumina and carbon
coated alumina. The effect of different carbon-containing materials, used as supports for K-CoMoS,
catalysts; on catalytic properties for synthesis gas conversion to alcohols has been studied. The
supports used are y-Al,O3, CCA, and two types of commercial activated carbons: AG-3 and BAW.
SEM, HRTEM, XRF, XPS, UV-spectral analysis of Pyridine adsorption, and N, physisorption were
used to characterize the supports and catalysts. The obtained results show that increase of micropore
surface area and micropore volume of supported-K-CoMoS, catalysts leads to increased CO
conversion, total liquid yield, and selectivity to ethanol, methanol, and propanol-1 (simple linear-chain
alcohols). The role of powder ACs with different textural characteristics (Cat-DAC and Cat-OBC-1)
and fiber ACs (TCA and AHM) as supports for HAS from syngas over K-modified CoMoS; catalysts
were studied. The obtained results revealed that the CO conversion increases in the order Cat-TCA <
Cat-OBC-1 < Cat-DAC < Cat-AHM. Ethanol, propanol-1, and methanol being the most predominant
alcohol products in the collected liquid products with the by-products containing mainly butanol-1,
isobutanol, amyl alcohol, and isoamyl alcohol.
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C auccepranueii MOYKHO O3HAKOMHTBCS Ha caiite https://www.rudn.ru/science/dissovet u B
Y4eOHO-HayYHOM HH(OPMAIMOHHOM OHONIHOTEYHOM IIeHTpe Poccuiickoro yHHBEpCUTETa
Apy>k0b1 Hapo0B 1o aapecy: 117198, Mocksa, yin. Mukinyxo-Maknas 1. 6.

ABTtopedepar pazociaH «__ » 2022 rona.

VYueHblll ceKpeTapb TUCCEPTALMOHHOTO COBETA,
KaHJIUJaT XMMUYECKUX HAYK E.b. MapkoBa


https://www.rudn.ru/science/dissovet

OBIIASA XAPAKTEPUCTHUKA PABOTDI
AKmyanbHoCmMb MEeMbl UCCTIE006AHUA
KonBepcus cuHTe3-ra3a Ha OCHOBE OMOMACCHI WIIM YIUIA B BBICHIME CHHUPTHI C MCIIOJIb30BAaHHEM

nmponecca ruIJpupoBaHus OKHMCH YIJICpoJa ABJIACTCA OAHHUM U3 aJIbTCPHATHUBHBIX CII0c000B MMOJIy4YCHHA

TOIUIMB M TOIUTMBHBIX Ipucagok. CoriacHo TUTEPaTypHBIM JIaHHBIM BBICIINE CIIUPTHI HAUMHAS C C2+,1
UCTOJNB3YIOTCS B KauecTBe JO0ABOK, yIYYIIAIOMIMX OKTAHOBBIE  XAPAKTEPUCTHKH, WU
HEMOCPEACTBEHHO KaK JKHJAKOE TOIUIMBO [UIsl JBHUrareneid BHyTpeHHero cropanus ([ABC) wu
MOTEHIMAJIFHO MOTYT 3aMEHUTH JPYTrue, TOKCUYHBIC COCAMHEHUS, MPHUMEHSEMbIE I MOBBIIICHUS
okTaHOBOoro uyucia B tomuBe [IBC. B 3Toil CBs3M HMCHOJIB30BaHUME ITHUX CIHMPTOB B KadyeCTBE
KOMITOHCHTOB aJIbTEPHATUBHBIX TOIUTMBHBIX CUCTEM WJIH AIbTEPHATHBHBIX BUOB TOILIMBA HAMPSMYIO
peliaeTr npoOieMbl, CBA3aHHbIE C BBIOpOCAaMH MAapHUKOBBIX I'a30B, TOKCUYHOCTBIO, a TAKXKe C JPYTUMU
r7100aTbHBIMUA KIIMMAaTHYECKUMHU BbI30BaMU. KaTamuTHyecKre CUCTEMBI TSl CHHTE3a BBICIIUX CIIUPTOB
OOBIYHO OCHOBaHBI Ha IHMCYIb(UIEC MOIUOICHA M3-32 €r0 BBICOKOW aKTHMBHOCTH M YCTOWYMBOCTH K
BO3JICHCTBUIO cepbl B mapoBoil kouHBepcun CO - water-gas shift reaction (WGS). [pyrue
KaTIMTUYECKHE CUCTEMBI ITO/IBEP)KEHBI OTPABJICHUIO CEPOM, UTO SBIISIETCS OCHOBHOM MPOOIEMOi ipr
UCIOJIb30BAaHUU CHHTE3-Ta3a C BBHICOKHM COJIEpP>KaHHUEM Cepbl, MOJMyYaeMbIM U3 OMOMAcChl WM YTJIS.
[ToMrMO yCTOHYMBOCTH K OTPABIIEHUIO CEPO, KATATUTUUECKHE CUCTEMbI HAa OCHOBE MOS MO3BOJISIIOT
HOJTYy4uTh O0jee BhICOKHE BbIXOABI cUPTOB C14+-Cs: pu MOAN(UIMPOBAHUH ILEIOYHBIMHE METAIIaMU
u npomotupoBannu metaiiamu VIII rpynmet (Co, Ni, Fe, Rh).

[IpoMoTHpoBaHHBIE U MOAU(PHUIMPOBAHHBIE KaTanu3aTopsl MoS; Ha yriaepoaHON MHOIIOKKE
oOmagaroT OoJiee BBHICOKOM KaTATUTHUECKOW aKTUBHOCTBIO, YE€M KaTalU3aTOphl Ha OCHOBE OKCHIIOB
meramioB (Al,Oz, SiO,;, MgO, ZrO,). B GOJbIIMHCTBE HCCIACIOBAHHIA aKTUBHOCTH YIJICPOTHBIX
MaTepuaioB OOBICHIETCS CIa0bIM B3aUMOJCHCTBHEM yriepoia ¢ aKTUBHOU (a3oit K-CoMoS,%, a
Takxke Oojiee HM3KOW KHUCIOTHOCTBIO IO CPaBHEHHMIO C OKCHAAMHU METAJUIOB, YTO MOJOXKHUTEIHHO
BJIMSIET HA CEJIEKTUBHOCTD TIO CITUPTAM.

Karanuzatopsl Ha ocHOBe cynbdumoB mepexoansix meramioB (Transition metal sulfide-based
catalysts (TMS), oGmagaroiiye BbICOKOW aKTHBHOCTBIO M CEIIEKTHBHOCTBHIO, MOXHO IPUTOTOBUTH C
WCIOJIb30BaHUEM PA3UYHBIX HOCHUTENEH, OKa3bIBAIOIIUX BIUSHUE HA MOP(]OIOTHIO, JIEKTPOHHBIC
CBOMCTBa M JHCIEPCHOCTh oOpa3yrolelcs akTUBHOW (a3pl. B TOHKOM oOpraHMueckoM CHHTE3e
aKTUBUPOBAaHHBI yroab (AY) mHMpPOKO TPUMEHSIOT B KauyecTBE HOCHTENs Onarojaps ero
crienu(UIECKUM CBOMCTBaM: BBICOKOW CTAOMJIBHOCTH TPW BBICOKHX MABICHHSIX W TEMIepaTypax

pCaKknuu, OOJIBIION Jionaan MmoBCPXHOCTH U MOPUCTOCTH, YCTOﬁQHBOCTH K KHCJIOTHBIM U OCHOBHBIM

1B AHTJIOSA3BITHOM HaYQHOfI JiuTeparype€ noJ BbICIIMMH CIIMPTAMU IMOHHUMAKOT CIIUPTHI, KOTOPLIC HWMCIOT Ooiee JABYX
aTOMOB yTrJiepoJa
Surisetty V. R., Tavasoli A., Dalai A.K. Synthesis of higher alcohols from syngas over alkali promoted MoS, catalysts
supported on multi-walled carbon nanotubes // Applied Catalysis A: General, 2009, 365, 243-251244.
2 3nech u nanee K-CoMoS, — a66pesuatypa K-moauduumposansoro 6ucyabduaa MonubieHa, kobansTa
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YCIOBHSIM U MUHHUMAJIBHOMY B3aUMOJCHCTBUIO MEXIY MaTepHajoM MOJIOKKH M aKTUBHOM (hazoil.
Kpome Toro, nenokanu3anys m-3J1eKTPOHOB JIEIaeT 3JIEKTPOHHYIO IPOBOMMOCTb BaXKHBIM CBOHCTBOM
AY. OObluHBI aKTHBHUPOBAHHBIA Yroyib, OyIy4yd MHUKPONOPUCTBIM (<2 HM), YYyCTBUTENECH K
OJIOKMPOBAHUIO TIOp M3-3a 00pa30BaHUS KOKCAa M JAE3aKTHBALMIO CYJIb()UIHOIO KaTaau3aTopa, 4YTo
NPUBOAMT K AU(PPY3MOHHBIM OTpaHUYEHHUSAM B XOJI¢ KaTaIUTH4YeCKoi peakuuu. [Ipobiem, cBsi3aHHBIX
C BHyTpeHHeH nuddy3ueid, MOXKHO H30€KaTb 3a CUET NPUMEHEHHUS ME30IOPUCTBIX HOCUTENEH C
nuamerpoM nop 2 — 50 HM. bonpmmHCTBO MccnenoBaHuil cuHTe3a Bbicmiux cnuptoB (CBC)
IIPOBOJIMJIOCH HA MHUKPOIIOPHUCTBIX KaTaaU3aTOPax, HAHECEHHbIX Ha AY C CyIIECTBEHHO MEHbILEH
TIomaAEI0 moBepxHocTH (350 — 820 M*T™) Mo CpaBHEHHIO ¢ KOMMEPYECKHMH AKTHBHPOBAHHBIMH
yrismu (950 M2rt u OoJiee); BpeMsi aKTHBHOM paOOThI ATHUX KaTaJM3aTOPOB HE COOTBETCTBYET
KOMMEpYECKUM TpeOoBaHMSM. Pa3imuHble TEKCTypHBIE CBOWCTBA HOCHUTEIS, HalpUMep, 00beM Iop,
IUIOIIA/b IOBEPXHOCTH U CPEJHHUM TUaMeTp Mop, MOI'YT CYLIECTBEHHO BIMATH Ha CTENEHb alcopOLuy,

MOp(l)OJ'IOFI/IIO, a Tak)Ke Ha BOCCTAaHOBHUTENLHBIC U CEJICKTHBHBIE CBOMCTBA aKTUBHOM (1)8.351.

Cmenens pazpadomannocmu memul UCC1e006aHUA

N3BecTHO HECKOJIBKO KaTaIUTUYECKUX CUCTEM JJIsi CUHTE3a BBICILIUX CIIUPTOB U3 CUHTE3-Ta3a, u3
KOTOpbIX HamOosee MEepPCIEeKTUBHBIMU SBISAIOTCS CUCTEMBl Ha OCHOBE MOSj, MPOMOTHPOBAHHOIO
KOOaJIbTOM WJIM HHUKEJIEM U MOIU(UIIMPOBAHHOTO IIEIOYHBIMHA METaIaMH. B pe3yinbpraTte KOHBEpCHUU
CHHTE3-Ta3a Ha HENPOMOTHPOBAaHHOM MoS; 00pa3yroTcsi B OCHOBHOM YIJIEBOJOPOJIbl, TOT/Ia Kak
MoS,, MomupuIMpPOBaHHBIA KadueM W Ooyiee TSDKEIBIMH IIEJIOYHBIMHA METajulaMH, oOpa3yeT B
OCHOBHOM cHHpThl. IIpHucyTcTBHE BTOPOro MEPEXOJHOIO MeTalla B CTPYKType Karajau3aropa
MPUBOJUT K JI€3aKTUBALMKU S-pedpa, HO IpU ITOM CHOCOOCTBYET MOBBILIEHUIO aKTUBHOCTH M-pelpa,
YTO YBEJIUYMBAET CEJIEKTUBHOCTh M0 CcHUpTaM. MoaupuuupoBaHue LIETOYHBIMU MeETaUIaMU
MPUBOJUT K YMEHBLIEHUIO KOJMYECTBA KPUCTAIIMTOB MOSjy, 4TO, B CBOIO OuY€pe/b, BbI3bIBACT
YCUJIEHUE CPOJICTBA KaTalu3aTopa K CEpe U CHUIKCHHME JIbIOMCOBCKOM KHMCIOTHOCTH, HPEMSTCTBYS
TUJIPUPOBAHUIO U THJIPOJCOKCUT€HAINH.

HaubGonee BaXHBIMU CBOICTBaMM aKTUBHUPOBAHHBIX YIJ€ll B KauecTBE HOCHUTENEH s
KaTaJM3aTOPOB, BHITOJHO OTIIMYAIONIMMHU HX OT OKCHAHBIX motokek (Al,Os, SiOp, TiO4 u T.1.),
SBJIAIOTCSL JIETKOCTh BOCCTAHOBJIEHUS AaKTHBHOIO MeETajljla B pe3yJbTaTe CrOpaHHsl YIJIepOJHOTO
HOCHUTENs, HelTpanbHas mpupoja (OTCYTCTBHE CUJIBHBIX KHCIOTHBIX HJIM OCHOBHBIX IIEHTPOB) U
SKOHOMHUYHOCTb. BnusiHMe TEKCTYypHBIX CBOMCTB HocuTened Ha akTuBHyro ¢dazy K-
mojudunmposanHoro CoMoS; u Ha kaTanuTuuyeckue xapakrepuctuku B CBC Obuto HcciaeoBaHo B
psae paboT. B HEKOTOPBIX M3 HUX MPOBOAMIMCH SKCIIEPUMEHTHI ¢ MUKPOIIOPUCTHIMU MaTepuaIamH,
TaKUMHU KaK OKCHJIBI METaJIOB U MHOTOCTEHHbIE yriepogHble HaHOTPYyOkn (MWCNT), B apyrux

HUCIIOJIB30BaJICA MI/IKpOHOpI/ICTHﬁ aKTI/IBI/IpOBaHHHﬁ YToJib.



Ilenv oannoii pabomul
Lenbto maHHOM palOTHI ABISETCS MCCIENOBAHUE BIMSHUSA MPUPOJBI HOCUTENS HAa (GOPMHUpPOBAHUE U
(YHKIIMOHMPOBAHUE AKTUBHOM (Da3bl KaTaau3aTopa Ha OCHOBE MOJIMMETAJUINYECKHUX CYIIb(UI0B
MEPEXO/IHBIX METAIIJIOB B YCJIIOBUSAX KOHBEPCUU CUHTE3-Ta3a B CIIUPTHI.
JUist TOCTHKEHUS IOCTaBICHHOH 1€, PEIAIUCh CISIYIOIIUE 3a/1aUH:
» Cunrte3 ¥ PU3UKO-XUMHUICCKUE HCCIICTOBaHuUs (TTIOPOMETPHSI, SJIEMEHTHBIN aHanu3, [I19M, COM,
P®OC) Heckonpkux cepuil kaTann3aropoB Ha ocHoBe K-COMO0S;-akTrBHOI (ha3bl, HAHECEHHOM
Ha pa3InyHble HOCUTEH.
» V3yuenuwe BIMSHUS TPUPOJABI HOCUTENS Ha (YHKIMOHWPOBAHHE aKTUBHBIX IeHTpoB (AL[) B
KOHBEPCHH CUHTE3-Ta3a B CIIUPTHI.

» YcTaHOBIIEHHE KOPPEISIIUU B PSITY «COCTaB-CBOMCTBA-aKTUBHOCTBY CHHTE3HUPOBAHHBIX
KaTajan3aTopoB.

Hayunaa nogusna

BrniepBeie modydyeHBl W HCCIENOBaHBI O0pa3lbl OKCHIA QIIOMHHHUS, IOKPBITOTO CJIOEM
HAHOCTPYKTYPHUPOBAHHOTO rpad)eHa B KaueCTBE HOCHUTENS s KaTann3aTtopoB Ha ocHoBe K-COMOS; ¢
EJTBIO TTOJTyYEeHUS BBICIIMX CIIUPTOB M3 CHHTE3-Ta3a.

VYcranoBiena HeOOBIYHAS KOoppeisinuu MCXKIAY KaTaJINTHYEeCKOM aKTHUBHOCTBIO H MHKpPO- H
ME30IMOPHUCTON CTPYKTYpoil Hocutensi. KaTanu3aTtopsl, HaHECEHHbIE HA MHKPOIIOPHCTBIE MaTepuallbl,
o0manaroT 60JIee BEICOKOW KaTaTUTHIECKON aKTHBHOCTBIO B CHHTE3€ BBICIINX CIIUPTOB U3 CHHTE3-Ta3a,
4YeM KaTaln3aTopbl, HAHECCHHBIE Ha ME30IOPHUCTHIC MaTepPHAIbI.

I/I3y‘~I€HO BJIMAHUC PA3JIMYHBIX YTJICPOACOJACPKAIIUX MATCPHAIIOB, HCIIOJIB3YCMbIX B KadCCTBC
HOCHUTENEH JUIS KaTaau3aTopoB Ha OCHOBE CYIb(UIOB MEPEXOAHBIX METAUIOB, Ha KaTaJUTUYECKUE
CBOMCTBA IIprU KOHBCPCHUU CHUHTEC3-Ta3da B CIIUPTHI. I[J'If[ KaTaJIn3aTOpOB, HAHCCCHHBIX HAa HOCHUTCIU U3
BOJIOKHUCTOTO aKTUBUPOBAHHOTO YIJIsA, BIIEPBbIE IIOKAa3aHO, 4YTO KOPOTKHE U TOHKHUE CJIOU
KaTaJii3aTopa YBCIUYMUBAIOT KOJUYCCTBO YIJIOBBLIX, 0a3uCHBIX U pe6€pHLIX HCHTPOB HAa MOBCPXHOCTH
KaTajln3aropa, 4TO MNPUBOJUT K 0OOpa3oBaHUIO Oojiee AaKTUBHBIX KPUCTAUIMTOB MoS;, M, Kak

CJICACTBHUC, MOBLIIIAIOT KATAITUTHYCCKYIO aKTUBHOCTD.

Teopemuueckaa u npaKkmuueckan 3HAYUMOCMb PAOOM bl

JanHast paboTa BHOCHUT BKJaJl KaKk B IPUKIAJHBIEC, TaK U B (yHIAaMEHTAJIbHBIE HCCIEI0BAaHUSA,
HanpaBJIeHHbIE Ha CO3JaHUE CTAaOWIBbHBIX M CEJIEKTHBHBIX KaTaIMTHYECKUX CHCTeM Ha OcHOoBe K-
CoMo0S; mis mpom3BOJACTBA BBICIIMX CIUPTOB M3 CHHTE3-Ta3a. [loapoOHBI aHAM3 MOTYyYEHHBIX
HKCHEPUMEHTAIbHBIX JaHHBIX I10Ka3ajl PalMOHAJIBHOCTh OOBEAMHEHHs IMOJIE3HBIX CBOMCTB OKCHAA
AMIOMHUHMS U rpadeHa, a TakKe HCIOJIb30BaHUS OKCUIA ANTIOMHUHHS C Ipa(eHOBBIM MOKPHITHEM B
kayectBe Hocutenss B CBC wu3 cunte3d-raza Ha K-CoMoS;-katanuzatopax. Koppemsuus,
YCTaHOBJICHHAs] MEXJy TEKCTYPHBIMH XapaKTE€pPUCTUKaMH M KaTaIUTHYECKHMMH CBOMCTBAMHU, MOXET
ObITh MHCIIONB30BaHA B JaJIbHEHIINMX HCCIEOBAHUSAX, HANpaBICHHBIX HAa COBEPIICHCTBOBAHUE

katanmzaTopoB st cuctem CBC.



[TonydeHHble B AMCCEpTAIlMM PE3YyIbTATHl MOTYT OBITh HMCIOJB30BAaHBI B padOTax HAyYHBIX
KOJUICKTUBOB HMHCTHUTYTOB PAH, BbIcmux y4ueOHBIX 3aBeneHuit P®D u npyrux mpo@uiIbHBIX
VUpeXKICHUH, 3aHUMAIONIMXCS MpoljeMaMH KaTalu3a H  pa3paboOTKON HOBBIX XUMHUYECKUX
TEXHOJIOTHH.

Memoodonozusa u memoowt ucciedo6anus

Jlia uccrnenoBaHusl KaTaIMTUYECKOW aKTUBHOCTH HAaHECEHHBIX CYNIb(HUIHBIX KaTaau3aTOpOB B
CUHTE3€ BBICIIUX CIUPTOB M3 CHHTE3-Ta3a HCIOJIH30BAJIM MPOTOYHBIM PEakTop ¢ (PUKCHPOBAHHBIM
cnoeM. ['a3000pa3HbIe MPOAYKTHI aHATU3UPOBAIN Ha razoBoM xpomarorpape LHM-80 ¢ merekTropom
terwtonpoBogarocTr (JATII) u 1ByMst HacaJOYHBIMH KOJOHKAMH, KaXaas [inHoW |=1m, HemoaBmkHast
daza - monekysipubie cuta CaA (pasgencaue Ar, CHy, CO) u Porapak Q (pasmenenue CO,, Cs.);
KHUJKUE TPOAYKTHI aHAIM3UpOBaIM Ha ra3oBoMm xpomatorpade Crystal-2000M ¢ mmameHHo-
noHu3anuoHHbIM JeTektopoM (TN /1) u xamumnsproit konmonkoi HP-FFAP nmunoit 50 M. TexcrypHbie
XapaKTEPUCTHKK HOCHTENICH W KaTaau3aToOpoB u3ydanu ¢ momoiibio Quantachrome Nova 1200e mpu
77 K u uzorepm ancopbuuu u aecopoumu Nj. s omnpeneneHus KUCIOTHO-OCHOBHBIX CBOMCTB
HOCHTENCH U CyTb(OUIHBIX KAaTaIU3aTOPOB HCIOJIB30BATN aHATUTHYCCKUN MeToT Y D-CIIeKTPOMETPHH
azcopOIMu MUPUAMHA. OJEMEHTHBIM CcOCTaB Cyab(UIHBIX KaTalu3aTOpPOB HCCIEAOBAIM Ha
pertreHoduryopectieHTHOM criekTpomerpe Shimadzu EDX-7000. CkaHupyromuid 3JICKTPOHHBIN
Mukpockon (COM) ObUT UCMONB30BaH AJI JAEMOHCTpaluu MOPQOJIOTUU MOBEPXHOCTH HOCHTENEH U
CyTb(PHUIHBIX KaTaaU3aTOPOB. TpPaHCMUCCHOHHBIA AJIEKTPOHHBIM MHKpockon (TOM) ¢ aByms
pasnuuHbIME KaTogamu LaB6, onun ¢ yckopstonum Hanpspkenuem 200 kB, apyroit — 300 kB (dpupmbr
FEI, CIIA), ucnoib3oBajics Il XapaKTEPUCTUKH MOPQOJIOTHU CYIb(UIHBIX KaTalu3aTOpOB.
[IpucyTcTBHE XUMUYECKUX COCIMHEHMI Ha MOBEPXHOCTH HAHECEHHBIX KaTallM3aTOpOB Ha OCHOBe K-

CoMoS; orieHMBaJIM METOZIOM PEHTI€HOBCKOM (OTOAIEKTPpOHHOM criekTpockoruu (PDIC).

Ilonoscenus, ebtnocumble Ha 3auumy

- PesynbraThl KATATUTHYECKUX UCTIBITAHUN HaHECCHHBIX K-MOAM(HUIIMPOBAHHBIX KaTaIN3aTOPOB
Ha ocHoBe COMOS; B cHHTEe3¢ BBICHIMX CIUPTOB W3 CHUHTE3-ra3a; MUCCIICIOBAHUC BIUSHHUS
Pa3IMYHBIX BUOB YIIIEPOACOACPKAIINX HOCUTEICH Ha KATATUTHIECKUE XapaKTEPUCTHKH.

- PesynmbraThl 1O TOBBINICHHIO KATAIUTHYECKOH aKTUBHOCTH  K-MOAu(UIIMPOBAHHOTO
CoMo0S,/Al,0;3 mnyreM TOKPBITHS OKCHAA QIIOMHHHUS  YIJIEPOAOM H  TpadeHOBBIMU
HAHOJIMCTAMH B CHHTE3€ BBICIINX CIIUPTOB U3 CHHTE3-Ta3a.

- Pe3ynbraThl KaTATUTHYECKUX XapaKTepUCTUK Katanu3zaropa CoMoS,, moaudumnupoanHoro K,
HAHECEHHOI'0 Ha HOBOE BOJIOKHO W IMOPOIIKOOOpa3HbIH aKTUBUPOBAHHBIM YIoJib, B CHHTE3€
BBICIIMX CITUPTOB U3 CHHTE3-Ta3a.

- DBOJIIOLMS BJIMSHUSL TEKCTYPHBIX XapPaKTEPUCTUK HOCUTENICH W  CyJIb()HUIAPOBAHHBIX

KaTaJIM3aTOPOB Ha KaTAJIUTUYCCKUEC XapPaKTCPUCTUKU.



Cmenens 0ocmogepnocmu u anpoodayus padomaol

[TonydyeHHbIe pe3ynbTaThl HAYYHBIX UCCIEAOBAHMM, TPOBEACHHBIX B pAMKax JUCCEPTALIMOHHOM
pa6OTBI, GBIHI/I MNpEaACTaBJICHBI U OGCy)KI[a.HI/ICB Ha HCECKOJBbKHUX MCKAYHAPOIHBIX HAaYYHBIX
koHdepenrmsx: 6th International Conference on Chemical Materials and Process (ICCMP 2020),
Warsaw, Poland, July 2-4, 2020, (online); 1st International Electronic Conference on Catalysis
Sciences, MDPI, USA, November 10-30, 2020, (online); 7th Edition of International Conference on
Catalysis, Chemical Engineering and Technology—2021 (CCT 2021), Tokyo, May 17 — 18, 2021,
(online); Catalysis for a Sustainable World Conference, PYJIH, 22-24 nexa6ps 2020 r.; 11th Edition of
the International Conference on Catalysis, Chemical Engineering and Technology, Japan, May 16-17,
2022, (online); 12-s1 Poccuiickoii KoH(pepeHIHMH (C MEKIyHAPOAHBIM y4acTHEM) <AKTyaabHBIC
npoOiembl HeTexumum», Mocksa, Poccust, 2021 r.; The Sixth International Scientific Conference
“Advances in Synthesis and Complexing”, PY/IH, Mocksa, Poccus, 26-30 centsiops 2022 r.

Jluunwit 6xnad asmopa

ABTOp TNpUHUMAJl aKTHBHOE YydYacTHE B IIOCTAaHOBKE 3aJay JIUCCEPTAI[MOHHON paboThl U
IUTAHUPOBAHUM AKCIIEPUMEHTOB, B [10100p€ U aHAIM3€ Hay4YHOI JUTEpaTyphl IO TEME UCCIIEI0BAHUS.
Couckarenb CaMOCTOATENIBHO MPOBOAWII BCE KATAIUTHUYECKHE HKCIIEPUMEHTHI, aHaJU3HpPOBaI
MPOAYKTHI PEAKIIMH METOIOM Ta30BOM XpoMaTorpaduu, MPHHUMAI aKTHBHOE y4acTHE B 0OCYKICHHH,
MHTEPIIPETAIMH U MIPEICTABICHUH BCEX IMOJIYUEHHBIX PE3YJbTAaTOB, TAKUX KaK (PU3UKO-XUMHUYECKHUE U
KaTaJIUTUYECKHUE XapaKTePUCTUKH 00pa3lioB. ABTOp IOArOTOBIII JUCCEPTALIMOHHYIO padOTy K 3alUTe,
BHEC MaKCHMAaJIbHBIN BKJIA/l B HAIIMCAHWE HAYYHBIX CTAaTEl U TE3UCOB JOKIIAJIOB, & TAK)KE IMPEICTABIISI

pe3yabTaThl UCCIIEAOBAHUI HAa MEKAYHAPOIHBIX KOH()EPEHIIUSX.

Ilonnoma usnoscenua mamepuanoe ouccepmayuoOHHOU padbomul

[To wmartepuasiaMm auCCEpPTAIlMOHHOTO WCCIEIOBAaHUS B paMKaxX CTPYKTypbl M oObeMma
JMCCepPTAllMOHHON paldoThl OomyOinMKoBaHO 15 medaTHBIX paboTax, cpeiad KOTOpbIX 4 CTaTbu B
KypHaJlax, HHJEKCHPOBAHHbIX B 0a3zax naHHbIX Scopus U WoS, u 11 Te3ucoB A0KIAIOB,
ONyOJMKOBAaHHBIX B TPYAax MEXKIYHApOJIHBIX HAaydHBIX KOH(EpeHLUHsX, 3 U3 KOTOPBIX

npounaekcuposanbl B RSCL

Cmpykmypa u 00vem ouccepmayuu

Jluccepraniisi COCTOUT M3 BBEICHHS, JUTEPAaTypHOro 0030pa, SKCIEPUMEHTAJIbHOM 4YacTH,
pe3yabTaTOB M HX OOCYKIEHMs, 3aKJIIOYEHHUs, PEKOMEHJAallMi, HayyHBIX BBIBOJIOB, CIIMCKA
JUTEpPaTypHBIX HCTOYHUKOB. Marepuan AuccepTannM HW3J10KeH Ha 138 crpaHmnax, couxepxut 17
Tabmuiy, 1 57 pucyHkoB. CHHCOK JIMTEpaTYPHbIX HCTOYHHMKOB BKIIO4YaeT 165 HauMEHOBaHMA.

ABTOpedepar MOJHOCTHIO OTPAXKAET COAECPKAHNE TUCCEPTALIMU U CIICIIAHHBIE BHIBOJIBL.



OCHOBHOE COJAEP)KAHHUE PABOTbBI

Bo Bgedenuu mnpuBeneHO OOOCHOBAHME aKTyaJbHOCTH TEMbI, ONPEAEICHbI LENH M 3aJauu
UCCIIEIOBaHMsI, C(OPMYIMPOBAHBl Hay4YHas HOBH3HA, NMPAKTHUECKas U TEOPETHYECKash 3HAYUMOCTh
paloThI, B TAKXK€ MOJIOKEHUS, BBIHOCUMBbIE Ha 3aILUTY.

B nepeoit 2nase npencrasien 0630p nMUTEpaTyphl, BKIIOYAOMUN TpU pas3ziena, B KOTOPBIX
pPaccMOTPEHO COBPEMEHHOE COCTOSIHME MCCIIEOBAHUH 10 TEME JIMCCePTaLlMOHHOM paboTel. B nepBom
paszene MpuBeIeHO ONKCaHHe BO30OHOBIISIEMBIX SHEPIETUYECKUX PECYPCOB U IOCTYITHOCTA OMOMACCHI
B Poccum, a Taxke Hambosee BaKHBIX METOJIOB KOHBEpcHM OMOMacchl B CHHTE3-ra3. Bo BTopoMm
paznene obcyxnarorcs npuHiunel CBC u3 cunres3-raza u karanuzaropsl ais CBC u3 cunres-rasa, a
TaKXKe COOTBETCTBYyIOLIas JuTeparypa. B mocnenHem pasnene mnpuBeneHa HHQopMamus o
KaTalM3aropax Ha OCHOBE CYNb(UAOB mepexonHbix MetawioB (TMS), pomu mpomMOTOpOB BTOPBIX
NEPEeXOAHBIX METAJUIOB, POJIM LIEIIOYHBIX METAIOB M POJIM HOCUTEIS, a TAKKE O MEXaHU3ME PEaKIUU
nonydennss CBC wu3 cuHTe3-raza Ha karanm3atopax K-CoMoS;. Ha ocHoBanum nuTepaTypHBIX
JAHHBIX CPOPMYJIMPOBAHBI 1I€JIb U 3a/1a4l HAYYHOTO UCCIIEOBAHUS.

Bo eémopoit 2nase «Mamepuanvt u memoowsr» (3KCriepuMeHTaIbHAsI YacTh) OMUCAHBI METOIbI
IIPUTOTOBJICHUSI HOCHUTENIEH M CyIb(UAHBIX KaTalu3aTopoB, (U3MKO-XUMHUYECKUE METOJIBI,
WCTOJB30BaHHBIC ISl XapaKTepU3allil KaTalu3aTOpOB, METOABl M OINKCAHHE YCTAaHOBKH IS
IIPOBE/ICHUS KATAJUTUYECKOIO SKCIIEPUMEHTa U O0O0pabOTKM IOJYYEHHBIX HKCIEPUMEHTAIbHBIX
TaHHBIX.

OkcuJ aTiOMUHHS C yIJIepoaHbiM mokpbiTheM (carbon-coated alumina - CCA) Obin
npurotoBiieH nyrem npornutkd 4 v y- Al,O3 cmecbto 15 mi ramnepuna u 2-npomnanona (1:1) ¢
HOCIEAyOMUM NMPOJIU30M 110/ a30ToM (pacxon 1 n/mun) npu 200 °C B teuenue 40 mun u 600 °C B
Teuenue 1 4 mpu ckopoctH Harpesa 10 °C MIH ™. HaHOCTpYKTYpHBII OKCHJT QJIFOMUHUS C IIOKPBITUEM
u3 rpadena (graphene-coated alumina — GCA) OblI CHHTE3MPOBAH C HCIOIb30BAaHUEM KOMOWHAIIUN
30JIb-T€]Ib U COHOXMMHYECKOT0 METO/0B. AKTHBUpOBaHHBIA yronb AG-3 (ToproBas mapka AVY-3)
MOJy4aroT M3 CHIPOro CIa0O0KOKCYIOIIETOoCs YIJIi U YTOJBHOTO TOJYKOKCa CO CBS3YIOLUIMM U3
KaMEHHOYTOJIbHOW CMOJIBI IIyTE€M MPHUTOTOBIICHHUS TECTa, TPaHYJUPOBAHHSA, KapOOHW3AIUH U
ra3onapoBoi akTHBalMu. AKTHBHpoOBaHHBIH yronb BAW (toproBas mapka BAW) mnomywaror B
MIPOMBIIIJICHHOCTH W3 JIPEBECHOW KPOIIKH HEMPABMIIBHOW (POPMBI METOIOM Tra30mapoBOil aKTHBALIUU
npu temneparype 850 — 900 °C. Axtuuposanmnbiii yrons DAC (toprosas mapka DAC) npoussoast
U3 aHTpanuTa (KaMEHHOTO YTJIsl) IyTeM IMPHUTOTOBJICHUS TECTa, TPAHYIUPOBAHMS, KapOOHHM3AIMU U
ra3onapoBoi akTuBauuu. AkTuBupoBaHHbIN yroas OBC-1 (toprosas mapka YIIC-1) usrotosiausarot
Ha OCHOBE YIJIEPOJHMCTON KOMITO3WIIMH, TIOTYYEHHOW B pe3yibTaTe ra30napoBON aKTHBAIWU IIPH
temneparype 850 — 900 °C. AkrtuBnas copbuuonnas tTkanb (TCA) mpencrasiser cob6oii S1acTHUHbII
copbent. TCA monydarT TyTeM TEPMUYECKOW OOpabOTKM TEXHWYECKOW TKaHH, MPEIBAPUTEIHHO
NpONUTaHHOW XuMHueckuMH coequHeHussMu. TCA Obuia cdopmupoBaHa B BHJE TMOJOTEH C

pa3mepamu: juimHa 20 M, mmpuHa 0.55 M, Tommuaa 0.6 MmM. HeTkaHblii akTHBUPOBAHHBI MaTepual
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(AHM) Obu1 momyyaroT myTeM TepMHUYECKOM 00pabOTKM HETKAaHOTO UIJIONPOOMBHOTO MarepHaia Ha
OCHOBE BOJIOKOH BHCKO3bl M MTWUJOHA. I[lapaMeTpsl aKTHBHOIO CJOS: a’3pOJUHAMHUYECKOE
conporusienue 10 ITa, moBepxHOCTHAS MmIOTHOCTH 120 r/M7, Tommmma 1.0-3.5 M.

[Ipexypcopbl KaTanu3aTOPOB OBUIM MPUTOTOBICHBI METOJOM IMPOMUTKHU IO BIArOEMKOCTH.
Hanecennbie katamu3atopsl o0o3HaueHbl kak Cat-Al,O3, Cat-CCA, Cat-GCA, Cat-AG-3, Cat-BAW,
Cat-DAC, Cat-OBC-1, Cat-AHM u Cat-TCA, rae Cat o3nauaet aktuBHyro ¢azy K-CoMoS,.

KonBepcuto cuHTE3-Ta3a MpOBOAMIM B MPOTOYHOM PEAKTOPE C HEMOABMXKHBIM CJOEM (pHC.
2.3): 3 r cyneuanoro katanusaropa, P = 5,0 MIla, T = 300 — 360 OC, maccoBbiit pacxon 760 o 9
1(rm)'1, cocraB ucxoanoro raza CO:Hy:Ar = 45%:45%:10%. Karanu3aTopsl OllecHHBAJIA B TeYCHHE 4 4
MIpHU KaXK101 Temneparype (¢ marom 20 0C) B unTepBaie T = 300 — 360 OC. Kaxzpie 4 u razoo0pa3Hbie
npoaykTel ananusupoBasid MeronoM ['X wa LHM-80 c¢ nerekropom temnonpoBogunoctu (ATII) u
JIBYyMSI METPOBBIMM HAOWBHBIMH KOJOHKamMu (HemoaBWkHas (aza - wmoJekyasipHeie cuta CaA
(pa3nenenue Ar, CH4, CO) u Porapak Q (pasaenenue CO,, Cy.)). B kadecTBe BHYTPEHHETO CTaHIapTa
JUIS Ta30BOM XpoMaTorpauu UCMONb30BaIl aproH. JKuakue npoayKThl (CIIUPTHI, adbAeTHAbI, (UPHI
W T.JI.) aHaIu3upoBaiu Ha razoBoM xpomarorpade Crystal-2000M ¢ miamMeHHO-HOHU3AIHOHHBIM
nerexkropom (ITN) u 50-merpoBoii kanuuisipHol kononko HP-FFAP. B kadectBe raza-Hocutens
st 06oux ['X aHATM30B UCTIOIB30BANICS T'€IINH BHICOKON YHCTOTHI.

CenexkTUBHOCTh B JAaHHOW pEaKIMU paccuuThIBallach B 0a3MCHOM MpHOMMmkeHun Oe3 yudera
COg, Tak kak CO2 B ocHOBHOM 00Opa3zyercsi B xoje napoBoi kousepcun CO i peakuuu bynyapa u
CUMUTAETCS TMOOOYHBIM MPOAYKTOM, TIOCTOSIHHO BJIMSIONIMM Ha CEIEKTUBHOCTh IO IIEJIEBBIM
npoxaykTtam. [Tostomy CO;, ObUT UCKITFOUEH U3 PacyeTOB MOKa3aTeNnel CeNEKTUBHOCTH.

Tpemosa znaea (" Pezynomamot u ux oocyymcoenue'’’) CONepxUT Tpu OCHOBHBIX pa3zea.

B mepBom pa3nesie 00CYXHArOTCS IyTH TOBBIIMICHUS KaTATUTHUYECKOW akTUBHOCTH Kio-
MoaudunupoBanHoro karanuzaropa Co037M010S/Al,O3 myTeM TOKpBITHS —OKCHIA —ATOMHHHS
aMOp(HBIM YTIIEpOoOM U TpadeHOBBIMUA HAaHOJMCTaMHU B CHHTE3€ BBICIIMX CIIUPTOB M3 CHHTE3-ra3a. B
KauecTBE HOCUTENeW Juisi mpurotoBiieHus Karainu3atopoB K-CoMo0S; Obun BbIOpaHBI OKCHJ
AMIOMUHUS, OKCHJl ATIOMHUHHUS ¢ yriaeponusiM mokpbitieM (C=1.7%) u OKcua amoMUHUS C
rpadeHOBBIM HAHOCTPYKTYPHBIM MOKPBITHEM C Pa3IMYHBIM COJepkaHueM yriaepoaa macc. % (0.4, 1.2
u 1.7%). JIns u3yqenust MOp(OJIOTHH U CTPYKTYPBI CYJIbQHUIHBIX KaTAIN3aTOPOB OblIa UCIIOIB30BaHA

TPAHCMHCCHOHHAsI AJICKTPOHHASI MUKPOCKOIHS (PHCYHOK 1).

[

i

Cat-Al,03 Cat-CCA Cat-GCAl
Pucynok 1. TEM-uso6paxenus karamusatopa K-CoMoS,, nanecennoro na Al,O;, CCA (1.7%) uGCAl
(1.7%).



Ha pucynke 1 mokaszaHbl BBICOKOJIMCIEPCHBIE KPUCTAUTUTHI AMCYIb(PUAa MOTUOICHA Ha
Pa3IMYHBIX HOCUTEISX, B BHJIE HUTEBUIHBIX TOJIOCHl B MHOTOCJIOWHBIX YacTUIAX aKTHBHOW (a3bl K-
CoMoS ¢ pa3nuyHBIMH CTENEHAMHU YMAKOBKM (0003HAUeHBI CTpenkamMu W Kpyxkkamu). Ha TEM-
uzobpaxenusix obpasioB Cat-GCA (TEM-uzobpaxenus Cat-GCA2 (1.2%) u Cat-GCA3 (0.4%)
MPUBEACHB B JHUCCEPTAlMH) BUIHO, 4YTO TpaeHOBBIE CIIOW SIBJISFOTCS CBEPXTOHKHMH. OHU
aHanorudasl TEM-n3obpaxenusm «ancrtoro» GCA, onmyOiamkoBaHHBIM B jHTeparype. bonee Toro,
cyliecTBymomee paznuuue Mexnay 1 EM-uzo0paxenusmu oopasnoB Cat-GCA ykas3piBaeT Ha BIIHMSHUC
rpad)eHOBBIX HAHOJKMCTOB Ha JUCIepcHOCTh akTuBHOWM (a3zber K-CoMoS. Ha caumkax Cat-GCA
Habmromancst OONBIION YepHBIA arperatr MOJIEKYJ, YTO MOKET OBITh CBSI3aHO C HEOJHOPOJIHOCTBHIO
MOKPBITHSL OKCHUJIa aTFOMHHUS TpadeHOBbIMH HaHodMcTamMu. Ha ocHoBe nmanubix TEM ycranoBiieHo,
gyro Cat-GCAL umeeT cpeHIo0 JUIMHY KPUCTAUIUTOB U 00Jiee BEICOKOE YHCIIO CIIOEB 110 CPaBHEHUIO C
obpasmamu Al,O3 1 CCA (Tadauubl 1 u 2). DTH pe3yabTaThl MOTYT OBITH OOYCIOBIEHBI CIIAOBIM
B3aUMOJICHCTBHEM MEXYy akTuBHOU (a3oit u HocutesnieM GCAL (Tadamua 1).

Tabéauna 1. Pacnipenenenne yactun M0S; o uuciy cioes

Yuciio cioes 1 2 3 4 5 6 7 8
Cat-Al,03 435 | 435 | 109 | 1.7 0.3 0.0 | 0.0] 0.0
Cat-CCA 39.2 369|184 | 1.7 1.1 18 | 0.7 ]0.3
Cat-GCA1l 376 | 350|200 | 24 | 0.8 20 [ 14|08

OTHOCHUTEILHOE
conepxxanue, %

Ta6auna 2. Pacipenenenune yactun M0S; 10 AIMHE KPUCTAILTUTOB

JlinHa KpUCTauInTOB <2 2.4 4...6 6..8 | 8...10 | >10
OTHOCHTEILHOE Cat-Al,03 1.0 29.8 45.7 17.2 4.6 1.7
cozepxkanue, % Cat-CCA 0.5 23.6 38.4 20.4 9.5 7.7

Cat-GCAL | 03 | 182 | 394 | 228 | 108 | 85

OTHOCHUTENBHOE COJEpKAHUE MOHO- M JIBYXCIOMHBIX KPUCTAJUIMTOB YBEJIWYMBAETCS B Py
Cat-Al,0O3 < Cat-CCA < Cat- GCAL. IIpu s3ToM, comepkanue 3-, 4-, 5-, 6- u 7-CIIOMHBIX KPUCTAIIIUTOB
Cat-GCAl okaszajioch BbIlIE MO CpaBHEHMIO ¢ aHajmoramu. 8-CroliHble KpHCTaTUTBI ObLIH
obHapyxensl Toibko y Cat-CCA u Cat-GCA1. Haubosnbmiee conep:kanue yacTuil AIUHON Oonee 10
oM Habmronanoch y Cat-GCAL. [pennonoxkurensHo, B Cat-Al,O3 yBenmuuuBaeTcst CTENeHb YIIAKOBKH
CIIOEB, TOCKOJIBKY aMOp(HBIN yriaepon M rpadeHOBBIE HAHOIUCTBI HAXOIATCS MEXIY OKCHIOM
amrOMUHHS 1 akTHBHOH (pazoii K-CoMOS (pucyHok 2), 4To ocinadisieT B3auMOICHCTBIE MKy HUMH.
Bce 3T gakTophl crioCOOCTBYIOT YBEIMUEHUIO YKCIIa BAKAHCUIM B aKTUBHOM (a3ze, CHUXKas ajicopOLuio
THJIPUTHOTO BOJIOPOJia M YBENWYMBasg 0Opa30BaHUE BBICIIMX CIUPTOB. MBI MojiaraeM, 4To 3a CYeT
MOKPHITHSL JIFIOUCOBCKUX KHCIIOTHBIX IIGHTPOB OKCHJA ATIOMHHHS TPa@eHOBBIMH HAHOJIMCTAMHU

YMEHbIIAETCS KOJIMYECTBO KUCIOTHBIX IEHTPOB, UTO CIIOCOOCTBYET 00pa30BaHUIO YIJIEBOJOPOIOB.
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Bcee HCCIEAyEeMbIe KaTaJIU3aTOpPBI
NPEUMYIIECTBEHHO  OOpa3OBBIBAIM  CITUPTEHI,
O0COOCHHO Te, KOTOPBIC COACPXKAIMA YIIepPOoa H
rpapen. KomBepcus CO ma  Cat-Al,O;3
yBEIMYMBAIACH  TOCIEC  MOKPBITHS  OKCHIA

amoMuHus amopdHbeIM yraepoaoMm (1.7%) wiu

rpaderoBbiMu Hanosuctamu (0.4, 1.2 u 1.7%).
Pucynok 2. Ponp rpadeHOBBIX HaHOJHCTOB B

CTPYKTYpC HOCHUTCIA H3 OKCHUJa aJIIOMUHUA C

yriieponabiM  TokpbiTieM (GCA) mpu KOHBEPCHH  pajkHAS poms  yraepona W TpadeHa B
CHHTe3-Ta3a Ha KaTtanusarope K-CoMoS, (graphene —

rpadeH)

BO3MO)I(HO, HpH‘IHHOﬁ 9TOro ABJIACTCA

CTa0WIM3alid CTPYKTYpbl akTUBHOW (a3er K-
CoMoS. bonee Beicokyro koHBepcuto CO Ha Cat-
GCA1 (1.7 %) no cpaBuenuto ¢ Cat-CCA (1.7 %) MOXHO OOBSCHHTH TAKUMH XapaKTECPUCTUKAMH
rpadeHa, Kak BBICOKAs IOABIKHOCTH JJEKTPOHOB M OINTHYECKAas MPOITYCKArOIasi CIIOCOOHOCTH, a
Takke OoJjbllas yAeiabHas IUIOMIAJb IOBEPXHOCTH, OOYCJIOBJIEHHAs JIByMEPHOM M OJHOCIOMHOM
OJHOPOIHON CTPYKTYpOi, CPOPMHPOBAHHOW U3 aTOMOB YIJEpoJa (sz-FH6pHHH3Hp0BaHHOﬁ) c
TONIUHOW 5 - 7 HM. OTH CBOHCTBa TrpadeHOBBIX HOCUTENEW MPUBOAAT K CaMOW BBICOKOM
mucriepcHoctd akTuBHOM a3l K-COM0S u camoif HH3KOHM cTeneHM B3aWMOJICHCTBHS MeETalll-
HocuTenb Mo cpaBHeHHIO ¢ yraeponoMm B Cat-CCA. XXunkue nponaykThl, oOpa3oBaBIIMECS IpU
ucnoib3oBanun Cat-Al,O3, Cat-CCA u Cat-GCA, cocTosuii B OCHOBHOM W3 METAaHOJIA, DTAHOJIA,
nponaHona-1, OyraHona-1, aMuIOBOro crnupra, M30-OyTaHOJA M HM30-aMMJIOBOTO CIHUPTA. IDTaHOI,
nponaHon-1, MeTaHonm W W30-OyTaHON mpeoOiiafgany B OOPa30BaBIIMXCS JKUAKUX MPOAYKTaX, a
1100OYHBIE IPOAYKTHI COCTOSUTU MPEUMYIIECTBEHHO U3 aMUJIOBBIX ciMpToB. OOpa3zoBaHue MponaHoia-
2 u OGyraHosia-2 He HaOJII0JAlIOCh HU HAa OJIHOM M3 MCCIIE€OBAHHBIX HAaHECEHHBIX KaTaJu3aTOPOB IPH
BCEX YCJIOBUSAX PEaKIHH.

BrIxoj 3TaHONA TOJIOKHUTEIRHO Koppenupyer ¢ coaepxkanuem rpadpena B GCA. Cat-GCA2
(1.2 %) comepxut macc. % rpadeHa, ONTUMAIbHBIN AJIsi 00pa30BaHKs BCEX CIMPTOB, KPOME ITAHOIIA.
OTOT pe3yabTaT MOXKHO OOBACHUTH YacTUYHOU MuKponopucroctsio GCA2 (4 ler) II0 CPaBHEHUIO C
APYTUMH  HOCHUTENAMHU. Takue XapaKTepUCTUKU CIIOCOOCTBYIOT  (OPMHPOBAHHIO  IEHTPOB,
onaronpusaTHbix g CBC, nmockonbKy akTUBHas (aza MOXKET paclpeAensTbCs BHYTPH MUKPOIOp C
o0Opa3oBaHHEM OOJIBIIET0 KOJMYECTBA peOEPHBIX U YIIOBBIX LEHTPoB. CenekTUBHOCTH MO Ciy, Cor 1

CHHUpTaM IpeJCTaBIeHa HA PUCYHKe 3.
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Pucynok 3. CenexruHoctbh 1m0 Cy., Coi U pasnuunbiM ciuptam Kataauzatopos Cat-Al,Os, Cat-CCA (1.7%)
u Cat-GCA (1.7%). Ycnosus peakuu: T =360 °C, P = 5.0 MIla, CO: H,: Ar =45:45:10 npu 760 0 Gl A
3arpyska karanusaropa 3 rpamma. (Selectivity Free CO, — cenextuBHOCTB 0€3 yuera CO,)

CeJIeKTUBHOCTD 110 JMHEHWHBIM MepBUYHBbIM criupram Ha Cat-Al,O3 yBenuumuBamach, Korna
OKCHJI QJIFOMUHHUS ObLI MOKPBIT YIIIEPOAOM MK TpadeHOBBIMU HAHOIHUCTaMHU (PHCYHOK 3); B ciydae
OTCYTCTBHS MOKpBITHS, ceaeKTuBHOCTh 1m0 Ci+ m Cyr Ha Cat-Al,O3 cHmkamace. DT pe3ynbTaThl
MOJKHO OTHECTH Ha CUET OCJIa0JICHUS B3aUMOJICHCTBHUS MEKIY OKCHIIOM QIFOMHUHUS M aKTHBHOM (ha3oit
K-CoMoS; u3-3a MpOMEKYTOYHOTO YTIIIEPOIHOTO CIIOS, MPEMATCTBYIOMIETO aJCOPOIUU THIPHTHOTO
Bogopoaa. beuto o6Hapyxkeno, uto GCA 6onee spdextuBer, uem CCA, B OTHOIICHUU MOBBIIICHUH
CCJICKTUBHOCTH I10 JIMHCHHBIM TICPBUYHBIM CIIUPTAM H €€ CHIDKEHHH 10 JICTKHM YTJIEBOJOPOJIaM.
JluHeliHbIe TIEPBUYHBIC CHUPTHI CHHTE3UPYIOT IyTEM BHEIPCHHS MOHOOKCHIA yIJIepoja, TOraa Kak
pa3BeTBIIEHHBIE CIUPTHI Toiy4aroT nyteMm B-mpucoeamneHuss CHX u BHenpenuss CO. 3HaueHus
CCJICKTUBHOCTH HaHeceHHbIX KaTtanmu3atopoB K-COMO0S; mno wu3o-cnupry pacrojiaralorcs B
nocienoBarenbioctn Cat-GCA < Cat-Al,O3 < Cat-CCA. BnusiHue rpad)eHOBBIX HAHOJMCTOB Ha
BBIXOJIbI H30-CIIUPTOB HOCHJIO MPOTHBOIIOIOKHBIN XapakTep, MOCKobKy, B otianune or CCA u Al,03,
KaTaJu3aTopbl, HaHECEHHbIE Ha TpadeH, He (QOpPMHUPOBAIM IMOBEPXHOCTb, ONATONPUATHYIO s [3-
npucoeannenus CHX. bosnee Toro, cenekTUBHOCTh MO H-TMPOMAHONY CTOUT MO MOPSAKY Cpa3y Mocie
ATaHOJIa B DKCIEPUMEHTAX Ha BCEX HAHECEHHBIX KaTalM3aTopax, MOCKOJIBKY OH o0pa3yercss 000uMu
cnocobamu — kak PB-mpucoeannennem CHX, tak u BHenpenuem CO. Ha kaTanmmsatopax Ha OCHOBE
CoMoS; cexextuBuocTh 110 Cyq+ BoIIe, ueM 1o C,i, Tak Kak coequHeHnuss CoHsy CKIIOHHEI Clle10BaTh
XOJly pPEaKIH, CBOMCTBEHHOMY BbIcIIMM cruptaMm, a He CHs,. HaOmromaemble karamuTuueckue
xapakrepuctuku Cat-GCAl o0bscHsOTCS pedepHO-00pyueBoli Mojenbio (fim-edge) u 3aBHCAT OT
pacmpesieNieHus: YacTHll, ycTaHOBIeHHOro nmo TEM-u3obpaxenusm (Tadauusl 1 u 2). CornacHo 310l
MOJICJTN, U3MCHCHHE COOTHOIICHUS BBICOTHI U JIMAMETPa KPUCTALTUTA KOHTPOIUPYET OTHOCHUTEITBHOE
KOJIMYECTBO aKTHUBHBIX IIEHTPOB U, CJIEIOBATEIHLHO, BIUSIET HA KATATUTHUECKYIO aKTUBHOCTD.

Bo BTOpoM pa3ageie paccMaTpuUBaeTCA BIMSHHE TEKCTYPHBIX  XapaKTEPUCTHK  Ha
KaTaJTUTHYECKYI0 aKTUBHOCTh HaHeceHHOro karamuzaropa KioC037M010S; B cuHTE3e BhICIINX
CIUPTOB W3 CHHTE3-Ta3a MMPHU UCIOIH30BAHUHU YSTHIPEX THUIIOB HOCHUTEJICH: ME30TIOPUCTHIX MaTepHAIOB
(Al,03 u CCA) u mukponopucTbix akTuBupoBaHHBIX yried (AG-3 (AT-3) u BAW (BAY)). Ilepen
WCCIICIOBAaHNEM KAaTATUTHYCCKOH aKTUBHOCTH KaTaJIM3aTOPhl OBLIM OXapaKTEPH3OBAHBI C ITOMOIIBIO
P®A, ¢usnocopbuu Ny, COM, TOM u P®IC. KuciotHocts HOCUTeNel M KaTalu3aTOpPOB
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aHAJTM3UPOBAIN METOJOM ajcopOumu nupuauHa. CpeaHss ATUHA CYIb(QHUIHBIX KPUCTAJUIUTOB M
CTeneHb yMakoBKH cioeB (1mo TEM-m3o0paxenusm (pucyHok 4)) mpuBeneHbsl B Tadaume 3.
Vcnonp30Banue yriaepoia B Ka4eCTBE MaTepHaia MoAJI0KKHA 3HAYUTEIBHO YBEINYUBAET KaK CPETHIOI0

AJIWHY KpPUCTAJUIMTOB, TaK MW CTCIICHb YIIAKOBKHU CJIOCB. OT0 00BICHAETCA 0OoJiee CHILHBIM

B3aMMO/ICHCTBHEM OKCH/Ia ATFOMUHHUS C aKTUBHOU (a3oii (mpeKypcopamu).

iy -

Cat-A;03 Cat-CCA Cat-AG-3 Cat-BAW
Pucynok 4. TOM mukpodotorpaduu cynbdhuanbix karamuzatopoB K-CoMoS,/Hocurens
Habumronaemblie mosochl HaXOASTCS Ha paccTOsIHUM NpubnusutensHo 0.65 HM Apyr oT japyra,
9TO cOoOTBEeTCTBYeT XapakTepHbiM (0 0 2) 0Ga3sucCHBIMU IUIOCKOCTAM KpHcTandeckoro MoS;. s
pacuera cpemHero pasmepa (assl MoS; (Tadamma 3) Obula IpoBeJCHA KOJUYECTBCHHAs OIICHKA
nanHbelx TOM. PesynbTarel npeacTaBieHbl B Tadauue 3, U3 KOTOPBIX CIEAYET, YTO CPEeIHUN pasmep
da3er MoS; nMen auama3on ot 6.6 mo 24.5 HM, a CcpeIHEe YHCIO CIIOEB B KpucTaumuTax MoS;
BapbupoBaiock oT 1.6 1o 3.8. Jlns yriepoaconepkanmx KaTaan3aToOpoB XapakTepHO 0oliee BHICOKOE
YHCIIO CJIOEB U OOJbIIAst CPEAHSS AJIMHA KPUCTAIUTUTA MO0 CPAaBHEHHIO ¢ 00pa3lOM Ha OCHOBE OKCHJIA
amomunus. Haiigeno, uto umcino crmoeB y CCA Boime, uem y «unctoro» Al,Os;. Konnyecto
YIIAKOBaHHBIX KPHCTALIMTOB Y BAW Oonbie, yeM y AG-3. YBelIn4YeHHEe CTETIEHN YIIAaKOBKH CIIOCB
MPUBOJUT K POCTY YMCJIa BAaKAHCHI U YIJIOBBIX LIEHTPOB B aKTUBHOU (paze, 4TO CHIKAET aJICOPOIUIO
TUIPUAHOTO BOJIOPO/A.
Tabauna 3. Mopdonornueckne xapakTepucTUKU HaHeCeHHBIX KaranuzatopoB K-CoMoS; (Tadauna

otTjinyaercs no ogpopmiaeHuro otr Tadaun 1 u 2)

CpeI[HHH JJIMHa L_ CpeJ:[Hee YHUCJI0 CJIOCB I[I/ICHepCHOCTL HaCTuIg

(nm) N MoS, D
K-CoMoS,/Al;,03 6.6 1.6 0.24
K-CoMoS,/CCA 11.7 3.8 0.21
K-CoMoS,/AG-3 17 2.8 0.18
K-CoMoS,/BAW 24.5 3.2 0.12

JlanHble, TpeJCTaBIEHHbIE HAa PHCYHKe 5, ObUTM TONyYeHbl HAa OCHOBE CTAaTHCTUYECKOU
oOpabotku TOM. KaranuzaTopsl, HaHEeceHHbIe HAa AY, XapakTepusyloTcs 0ojiee BHICOKMM YHCIOM
CIIOEB M OOJBIIEH cpelHel ATUHOW KPUCTAIUTOB MO0 CPaBHEHHIO ¢ 00pa3liaMu OKCHJIa aIFOMUHUS U
CCA. DTu pe3ynbTaTbl MOXHO OOBSICHHTH OCITA0JICHHEM B3aUMOJICHCTBUS aKTHBHOW (a3wl C
HOCHTETIEM, a Takxke oOpa3zoBaHueM KpuctainToB MoS; u3 mop. OTHOCUTENBHOE COIEPKAHUE MOHO-
n Ou-cimoucTeix kpuctauuToB B Cat-AG-3 n Cat-BAW Obuto 1MouTH B JiBa pa3a MeHbIe, yeM B Cat-
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Al;0O3; u Cat-CCA, B TO BpeMs Kak coaepxanue 3-, 4-, 5-, 6- u 7-cnoiiHbix kpuctauiutoB B BAW u
AG-3 okazayioch BBIIIE IO CPAaBHEHHIO C aHaJIoTaMH. BrICOKOE coziepkaHne 8-CITOMHBIX KPUCTAJUTUTOB

Obu10 HaiieHo Tonpko y Cat-BAW.

50 500

Cat-Al203 i Cat-Al203
e % 2150
E‘ 40 | -‘=-;4nn
‘é 35 | ‘5350
; 30 | zso.o
25 §250
& 20 | &200
15 | 15.0
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5 50
. - 00 Lo | —
1 2 3 4 5 6 7 8 <2 2.4 4.6 6.8 8..10 >10
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50 50
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a5 | a5
® =®
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35 35
: . S
H H
B 2 kA
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; : B B
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1 2 3 4 5 6 7 3 <2 2.4 4.6 6.8 8..10 >10
Number of MoS2 slabs Particle size, nm
50 50
Cat-AG-3 Cat-AG-3
45 a5
® Ed
£ 40 € 40
% 35 % 35
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€ 25 T 25
K ©
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0 o L l
8..10 >10

1 2 3 4 5 6 7 8 <2 2.4 4.6 6.8
Number of MoS2 slabs Particle size, nm

- Cat-BAW :“
40
35
30

25

Cat-BAW

Relative content, %
Relative content, %

15

15
10 10
: L H =
0
0
1 2 3 4 5 6 7 8
<2 2.4 4.6 6..8
Number of Mo52 slabs

8..10 >10
Particle size, nm

PucyHnok 5. Pacnpenesnenue aiuH kpuctaiutoB MOS; u uncna cioeB B yactuiiax MoS; B CynbQUIHBIX
karanusatopax. (Relative content — otrHocuTensHOE comepskanue, Average stacking number — gucio crnoes,
Average particle length — mmaa gactu)

Jns Bcex KaTanu3aTtopoB, 3a wuckmoueHneM Cat-BAW, wacuMym OTHOCHUTENBHOTO
COJIEpKaHUsl YACTHI] HAOJIFOMAJICs I KPUCTAJUTUTOB JUTHHOU OT 4 1o 6 uHM; s Cat-BAW - mmunoii
6onee 10 M. PesynmpTaThl MO AMCIEPCHOCTH MpEJCTaBiCHbIE B Tabjuue 3 U Ha pPHUCYHKe 5,
MOATBEPKIat0T OoJiee BBICOKYIO arjomepariio B BAW u AG-3. Pe3ynabTaThl 10 AWCIEPCHOCTH B
tabnuie 3 1 Ha puc. 5, MOATBEPKAAIOT OoJiee BBICOKYIO arioMepanuio B BAW n AG-3. Ha pucynke 5
B KauecTBe HocuTens ucnoib3oBansl Al,Oz, CCA, BAW, AG-3.

XUMHUYECKUE JJIEMEHThI, mnpucyrcTByomue Ha mnoBepxHoctn K-CoMoS,/Hocurens,

aHanu3upoBasid MeTogoM POOC (pucyHok 6).
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Pucynox 6. POSC-cnextpsr Co 2p u Mo 3d, momyueHHble Uit CyabQHUIHBIX KaTanu3aTopoB K-

CoMoS,/aocurens
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Hns cnextpoB CO 2p 0003HAaUEHBI CHHUM IIBETOM: BKJIAIbI OKCHJIA C02+; 3€JIEHBIM: BKJIAJIBI
C0gSg; cepeiM: Bkiaabsl COMOS;; ams ciekrpoB Mo 3d 0603HaueHBI CHHAM I[BETOM: BKJIaJbI OKCHJIA
Mo®"; posoBbIM: BKiazb! MoS,Oy; cepbiM: Bkiagsl M0S,. Crnextpsr Mo 3d (pucynok 6) comepxar
Tpu ayosiera Mo 3d. [Iy6mner Mo 3ds, u 3ds, ¢ 228.8 1 232.0 3B, COOTBETCTBEHHO, OTHOCHTCS K Mo**
B ¢aze MoS,. Hybaer 230.0 u 233.2 3B cooTrBercTByeT Mo B OKCHUCYJIb(UIHOM COCIUHCHUH
MoS,Oy, a nybner 232.1 u 235.3 3B — Kk OKCUIHOMY COEIMHEHUIO Mo®". IMux 226.1 B oTHeceH k S
2s. CnekrpanbHas 06sacte Co 2psp COAEPKUT TPU MHUKA C COOTBETCTBYIOIIMMH careiuiuTamu. [luk
778.6 3B cBs3an ¢ kobansToM B CoMoS. Curnansr 778.1 u 781.5 3B orHocarcs k yactunam CogSg u
Co?* B kucioi cpene, coorBerctBeHHO. Karammzatopel K-COMOS,/HocHTENb XapaKTEpPHU3YIOTCS
COTOCTaBUMOM CTEIECHBIO CYJIb(PUPOBAHUA: OTHOCHUTEIHLHOE KOIMYECTBO KoOambTa B ¢daze CoMoS

HaXoWIOCh B nuamnaszone 19 — 34 orH. %, a Monubaena B yactunax MoS; Ha yposue 73 — 94 otH. %.

100.0% Yrneponusie MaTepHualbl

20 HOCUTEJNII He O0JIaJjaloT 3HAYUTENIbHOU

. KHUCJIOTHOCTBIO, OJHAaKO 3arpy3ka ¢ K-

70.0% \.

60.0%

CoMo0S; mnpuBomuT K 00pa3OBaHHIO
HEOOJBIIOr0 KOJIMYECTBA  KUCIIOTHBIX
neHTpoB. CwiIbHOE  B3aMMOJICHCTBHE
50.0%

MEXIy aKTUBHOW (Da30il M pasInIHBIMH

40.0% THUIIAMH HOCHTEJIEH MOKET IIPpUBCCTU K

30.0% Pa3iIMYHbIM  S3JICKTPOHHBIM COCTOSAHUAM

20.0% Ha aToMax Kalausa n KoOajbTa.

00 Kucnorasie OCHTPBI HOCHUTECIIA TaK¥XE

BJIMAIOT Ha KATAIMTUYECKYIO aKTUBHOCTD.

OM 300 320 340 360 bonbmioe  comepkaHue  LEHTPOB €

BBICOKOM KHCIIOTHOCTBIO IIPENATCTBYET

0o0pa3oBaHUIO CHOUPTOB U  YCKOPSIET

—8-A203sel —8-CCAsel AG-3sel  —@~BAW sel peakuuro  ruapupoBaHusa. Ilockonbky

——AI203 conv. ——CCA conv AG-3conv  —4—BAW conv yTJIepOHbIE (MOHHIMPOBAHHBIE)

Pucynok 7. KataiuTuyeckue XapakTEPUCTHKM HOCHUTEIM HE IPOSBIAIOT KHUCIOTHOCTH,

kaTanu3aropoB K-CoMoS; Ha pa3znuyHbIX MaTepuanax OHHU JOJIKHBI CIOCcOOCTBOBATH

HOIOKKH (TpeyronbHuku - koHBepcuss CO; ceprl - 00pa3oBaHUIO CIIUPTOB, 9TO u
0011ast CENIEKTUBHOCTD O CIIMPTaM; KBAJPAThI - OOIMii HAOIIOIAETCS B OKCIIEPUMEHTAX.

BBIXO/I CITUPTOB).

N3 pucynka 7 criemyer, 9To ¢ yBeIMUYEHHEM KOHBEPCHHU OOIIasi CEJIEKTUBHOCTHh M BBIXOJ TIO
CHOUPTaM YBEJIIMYMBAIOTCS ISl KAaTaJM3aTOPOB Ha OCHOBE AKTUBUPOBAHHOIO YIS, TOTJA Kak JUIst

KaTaJu3aTOpoOB Ha OCHOBE OKCHJA AJIOMHHHS OHM yMeHbIIaroTcs. KaTanuzatopsl ¢ yriepoJHbIMH
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HOCHTEIISIMU JICMOHCTPUPYIOT OOJIbIlIee YBEITUUCHHE aKTUBHOCTH C POCTOM TEMIIEPaTyphl U MEHbBIIIEEe
CHIDKEHHME 00mIeii cenekTuBHOCTH 1o crupram. Cat-Al,O3 mokas3siBacT 3HAYUTEILHOE YBEIUYCHUE
CEJIEKTUBHOCTH 10 HEeXearenbHOMY moboyHoMy npoaykty CO, ¢ pocTOM TeMIiepaTypsl peakiuu — ¢
9.2% npu 300 °C 1o 24.7% npu 360 °C. {na Cat-BAW stoT nokaszarens Bospacraet ¢ 9.1% 1o 14.4%
B TOM K€ TeMIlepaTypHOM auanasoHe. MakTuyecku, qaHHbIE, nonydeHnsie npu 360 °C (pucynok 8),
YKa3bIBalOT HAa OOpaTHYIO JIOrapu(pMUUYECKYI0 KOPPEIAIU0 (C R? = 0.987) mMexny KOIU4eCTBOM
KHCIIOTHBIX IICHTPOB Ha KaTanmu3aropax u konBepcueil CO. AKTHBHOCTh KaTaJIM3aTOPOB B HaIICH
paboTe comocTtaBUMa WJIM BHINIE, YeM B paHee OMyOJIMKOBAaHHBIX paboTaxX, a HaWJICHHBbIC 3HAYCHUS

CCJIICKTHMBHOCTH BBIIIC, YEM COO6H.[3.JIOCB paHee.

50

m Cat-AlO, T Chain growth factor o
m Cat-CCA |
45 ® Cat-AG-3 - 08
m Cat-BAW N
u T
2 ~ 06
< 40
5 g
2 04
£ a5+
O 02
30 . 00
25 ; . . S— A CCCA Cat-AG-3 Cat-BAW
10 15 20 25 30 35 40 4550 Cat-ALO; at-
Acidity (N, mmol g')
Pucynok 8. O6patnas norapupmudeckas Pucynok 9. KoadpdunuenTs! pocra nenu o
) 0 .
3aBUCHMOCTH MKy KouBepcuen mpu 360 "Cu  mst atanos i=1, 2, 3, 4 Ha karanu3atopax K-
KOJIMYECTBOM KHCJIOTHBIX IICHTPOB Ha CoMoS,, nanecennsix Ha Al,0O3, CCA, AG-3
KaTajau3aTopax, omnpeaesieHHas o aacopOnun u BAW.

IMUpUAUHA.

[TomMuMO BIUSHUS HA CENEKTUBHOCThH, KUCJIOTHBIE HEHTPHI TaKKe 3HAUYUTENbHO 3aTPYIHSIOT
aktuBaruio CO wim Hp. OnHEM U3 BO3MOXKHBIX OOBSICHEHUN MOXKET OBITH aJCOPOIMS OCHOBHOTO
M0OOYHOTO TPOaYKTa (BOJBI) HA KUCIOTHBIX IEHTPAX, OJOKHUPYIOMIET0 JOCTYI K aKTUBHBIM I[CHTPaM
32 CUET CTEPHUYSCKUX MpersTcTBHiA. OMHAKO IS OIEHKH ITOH THIOTE3bI MOTPeOyeTCcs OTAeIhbHOE
uccinenoanue. Ha pucynke 9 mokazana 3aBucUMOCTh K0d(pduirieHTa pocta menu YB o; or uncia
aToMOB yriepoaa (i) B Hemd NPOMEKYTOYHBIX MpoaykToB. Cat-CCA mokazan MakCUMajIbHOE
3HAYeHHe oy JuIs obpasoBanus crupToB. Karanmuzatopy Cat-Al,O3 coOTBETCTBOBaIM MaKCHMAJIbHbIC
op 1 o3, a Cat-BAW — makcumanbHOe 3HaueHue o4. Cleryer OTMETUTh, YTO, HECMOTPSI Ha BBICOKHE
3HAUYEHUS 01, O U O3 TSI KATalTU3aTOPOB, HAHECEHHBIX Ha okcuJl amomunus, 1 CCA, BBIXOJ CIpPTa HA
HUX OBII HWKE, YeM Ha Karanm3aTopax Ha Hocuteiae AY. [lo-BUAMMOMY, BBIXOJ CIIHPTOB
YBEJIMYUBAETCS C POCTOM YAEITHHOW MOBEPXHOCTH M O00BEMa MUKPOIOP M YMEHBIIAETCS C POCTOM
yACIBHOU MOBEPXHOCTH U 00beMa Me30TIOpP.

OCHOBHBIMH ~ CIIUPTOBBIMH  MPOAYKTaMH, TOJIYYCHHBIMH Ha HCCIEAOBAHHBIX HAMH
Karajgu3aTopax, OBLIM OSTaHOJ, MPOMAHON M MeTaHod. VX BBIXOJ BO3pacTaeT C YBEIHYCHUEM
MOBEPXHOCTU M 00BEMa MUKPOTIOP U YMEHBINAETCS ¢ YBETMUYCHUEM IMOBEPXHOCTH U 00beMa Me30Top.
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Bbixon n30-OyraHona He CBsi3aH C MOPHUCTOCTHIO HOCHUTEINS; BBIXOJA H30-TICHTAHOJA HE3HAUUTENICH.
Boixoapsl m30-OyraHosna M M30-TIEHTaHOJA JEMOHCTPHUPYIOT IPOTHUBOMNOJIOXKHBIE TEHACHLIUU IO
CPaBHEHHIO C BBIXOJIAMH OCHOBHBIX NMPOIYKTOB, YMEHBINASICh C YBEIMYEHUEM TOBEPXHOCTH U 00beMa
MUKPOTIOP U YBEJIMYUBASICH C YBEJIMUYEHUEM ITOBEPXHOCTU M 00bEeMa ME3010p.

MuKponopucTble HOCUTENU MPENATCTBYIOT U30MEPU3ALMM U3-3a CTEPUUYECKUX OrPaHUYEHUH.
Camass HM3Kasg CeNeKTHBHOCTh Mo u3o-cnupram Ha Cat-BAW cBsizaHa ¢ HU3KOH KHUCIOTHOCTBIO
KaTaJau3aTopa, IMOCKOJIbKY KUCJIOTHBIE LIEHTPBl KaTaIU3UPYIOT peakuuu uzomepuszauuu. Kpome toro,
camble BBICOKME BBIXOJbI METaHOJIa, 3TaHOJa, MpomaHosa-1, u30-OyraHona, MEHTaHOJIA U H30-
TneHTaHona OpuM momydensl npu 360 °C s Beex karammsatopos. IIpomanon-2 u GyTaHon-2 Gbud
cuHTe3upoBanbl ToJbko Ha Cat-CCA. BbIXoapl JMHEHHBIX CIHUPTOB yMEHbIIAIUCh B nopsiake Cat-
BAW > Cat-AG-3> Cat-CCA > Cat-Al,O3; BbIXObI H30-CIIUPTOB CHIKAIKUCH B 00OPAaTHOM TOPSIIKE:
Cat-Al,0O3 > Cat-CCA > Cat-AG-3 > Cat-BAW.

Tpernii pa3zgen upeacTaBisieT CcoO0OW CPaBHUTEIBLHOE WCCIICIOBAHUC KATATUTHUYCCKUX
xapaktepuctuk K-monudunupoannoro kartanuzaropa CoMoS; Ha HOBBIX BOJOKHHCTBIX H
MIOPOIIKOBBIX AKTHUBUPOBAHHBIX YIJIAX B CHUHTE3€ BBICUIMX CIUPTOB U3 cuHTe3-raza. Heckonpko K-
MoaudurpoBanHbIx katanuzaropoB CoMoS ¢ coctaBom 10% K, 3.6% Co u 12 mac. % Mo Ha ocHOBe
HOBBIX KOMMEPYECKUX aKTUBHPOBAHHBIX YIJICH, TaKMX Kak mopoiikoBbie Marepuaisl (DAC u OBC-1)
U BOJIOKHHCTBIE MaTepuainbl (akTuBHas copOumnoHHas TkaHb (TCA) u HeTKaHBI aKTHUBHUPOBAHHBIN
marepuan (AHM)), ObTM NPHUTOTOBJIEHBI M OXapaKTepU30BaHBI MeTojaMHu bpyHayspa-Dmmerra-
Tennepa (BOT), pentrenoBckoit Quyopecuenuuu (PDOCA), ckanupyromeil 31eKTpOHHOU
mukpockonuu (COM), COM-sHepromucnepcuonHoi pearrenorpadgun (EDX) u TpaHCMHUCCHOHHOM

ANIEKTPOHHON MHUKpOocKoruu (TOM).

COM-u300pakeHus: B MOJHOM TEKCTE JUCCEPTAI[MHU MTOKa3bIBAIOT, YTO aKTUBHAsI COPOLIMOHHAS
TKaHb W AKTUBUPOBAHHbIM HETKAHBI MaTepuall MMEIOT HUTEBHJIHYIO MOP(OJIOTHIO ¢ aKCHAIbHBIM
pAacIioIOKEHNEM «HHUTEH» W HECKOJIBKUMHU TPOJIOJIEHBIMUA KaHAaBKaMH C MHOKECTBOM HEPETYJISPHBIX
YaCTHIl, paclpe/ie]IeHHbIX MO MOBEPXHOCTH BOJIOKOH. CTeNeHb CIYTAHHOCTU aKCHAJIbHBIX HHUTEH B
HETKaHOM akTuBHpoBaHHOM Marepuasie AHM oka3amace Oosibliie, 4eM B aKTUBHOM COpPOIIMOHHOM
tkaHu TCA. COM-u3o00pakeHus] KaTaJu3aTOPOB MOKa3bIBAIOT, YTO IOBEPXHOCTb BOJOKHUCTOIO
aKTUBUPOBAHHOTO YTJISi CTAHOBUTCS OoJiee TIIAJAKOW IMOCie MPONHUTKHA akTuBHOW daszoii K-CoMoS.
Kpome Toro, HabiogaroTcsi HEKOTOpBIE aKCHAIbHbIE KIMHOBHJIHBIE M3JIOMBI, OJHAKO, MPOJOJbHAs
TEKCTypa M IMOPUCTOCTh BOJIOKHUCTBIX AY coxpanstorcs. PenpesenratuBnbie TEM-MuKpoCHUMKH
HaHeceHHBIX Katanu3aropoB K-CoMo0S; npanel Ha pucynke 10. Kpucrammutst MoS; uerko
MPOSIBIISIFOTCS B BUJIE HUTEBHUIHBIX TOJOC B MHOTOCIIOMHBIX yacTHhiax akTuBHOH (hazer K-CoMoS ¢
Pa3NUYHOM CTENEHbIO YIAaKOBKU CJIOEB. Paznnumne Mexay MccielOBaHHBIMM KaTalu3aToOpaMU MOXKET
OBITh OOYCIIOBIIEHO B3aMMOCHCTBHEM MEXIy akTUBHOHU (hazoit K-COMOS u akTHBHPOBAaHHBIM YTJIEM.
Kpowme Toro, kpucrammutsl MoS,; UMEIOT HUTEBHIHYIO MOP(OJIOTHIO HA MOBEPXHOCTU BOJIOKHUCTBIX

aktuBupoBaHHbix yried (TCA u AHM). IloBepxHocte AHM xapaktepusyercs Oosnblueit
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CIyTaHHOCTBIO 1O cpaBHeHHIO ¢ TCA, 4TO TMPHUBOIUT K OOpPA30BAaHUIO CITyTAaHHBIX KPHUCTAJIUTOB
MoS; na AHM, a na TCA — ynIMHEHHBIX JIMHEWHBIX KPUCTAIUIUTOB C JUIMHHBIMU IICHTPAMH Ha
«obpydax». OTMedaercs, 4TO YBEIWYCHHE CTEMECHW YIAKOBKU CIIOEB MPHUBOIUT K YBEIUYCHUIO
BAaKaHCHU W YTJIOBBIX LIECHTPOB B aKTUBHOU (has3e, TEM CaMbIM CHIKAsI CTETICHb aJICOPOIIMU THIPUIHOTO
Bogopona. [Ipm STOM yBenWuUeHUE KOJIUYECTBA «OOPYYEBBIX» IICHTPOB B KpucTauiutax MoS;

CIOCOOCTBYET MPOTEKAHHUIO PEAKIIMH THIPUPOBAHHUSL.

Cat-DAC Cat-TCA 50 am
/’///{_—-ﬁh\ - S
/\// IR \)
K 2\
Cat-A,03 Cat-CCA Cat-AG-3 Cat-BAW

Pucynox 10. TEM-mukpodororpaduu cynbhuansix karanuzaropos K-CoMoS,/HocuTers.

[Tonmy4yeHHble JaHHbBIE MO KOHBEPCUHU CHHTE3-Ta3a MOT'YT ObITh OOYCJIOBJIEHBI pa3iU4yUsIMHU B
MOp(OJIOTHH TOBEPXHOCTH HOCHTENEH W KaTallM3aTOpPOB, CTENECHBIO B3AaUMOICHUCTBUS MEXIY
HOCHUTEJIEM U aKTUBHOW (pa3oil. Pe3ynbTarhl, npeacraBieHHble HA pUCYHKe 11, CBUIETENbCTBYIOT O
HAIMYAHA TOJOXKHUTEIBHON Koppemsinuu Mexay kousepcuerd CO u TemmepaTypoll KaTaau3aTOpOB.
Kongepcuss CO yBenmuuBaercsa B nopsagke Cat-TCA < Cat-OBC-1 < Cat-DAC < Cat-AHM. Kpome
TOro, Mbl IIOJIaraeM, 4YTO KOpPOTKHE M TOHKME ciou Karanuzaropa Cat-AHM yBennumBaroT
COOTHOIIEHHUE YITIOBBIX, 0a3aJIbHBIX U PEOEPHBIX LIEHTPOB Ha MOBEPXHOCTH KaTaJln3aTopa, YTO BEJET K
00pa3oBaHUIO OOJIBIIEr0 YHMCIA AaKTUBHBIX LIEHTPOB M, CJIEI0BATEIbHO, MOBBIIIAET KATATUTHYECKYIO
akTuBHOCTh, B 4YacTHocth B CBC. U HaobopoT, camas HU3Kasg KaTaIUTHYECKash aKTHBHOCTD,
ycraHoBneHHast s Cat-TCA, moxer ObITh OOYCJIOBJI€Ha MPUCYTCTBHEM YIUIMHEHHBIX JIMHEHHBIX
KpUCTAJZIUTOB, 00pa30BaHHBIX Ha IOBEPXHOCTH akcuaidbHbIX «HUTel» TCA Ha oOCHOBe
KOMMEpUYECKOT0 aKTUBHUPOBAHHOrO yris. IlodydeHHble JaHHBIE MO KaTaIWTUYecKo 3¢ddekTnuBHOCTH
nopomkoBbix akTtuBHbBIX yrieil (Cat-DAC and Cat-OBC-1) (pucynok 11 a—b) moarsepxmaror
JOCTOBEPHOCTh ~ HEOOBIYHOI'O  pe3yibTara, ONHUCAHHOIO BO BTOPOM  pasjienie, MOCKOJbKY
Mukponopuctbiii Cat-DAC ¢ MEHBIIMM YUCIOM ME30MOop MoKa3an 0oJjiee BHICOKYIO aKTMBHOCTh, YEM

Cat-OBC-1, o6agaroniuii 00JIBITNM KOJIUISCTBOM ME30TIOP.
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Pucynok 11. PesynbpTaTel HaHeCeHHBIX KaTanu3aropoB K-CoMoS; B CBC:
(@) xomBepcus CO, (b) coorHomieHre BBIXOJ0B ciupToB M yrieBogopoao (CO conversion —
kouBepcust CO, Y ajcol/Hcs — COOTHOIIIEHUE BBIXO/1a CITMPTOB/YIIIEBOAOPOIOB).

W3 pucynka 11b ciemyer, uto s Karanm3aTopoB Ha OCHOBE IOPOIIKOBBIX AY caMblii
BBICOKHMU BBIXOA Y acomcs HaOmomaercs npu 340 °C, a ans kaTaim3atopoB, HAHECCHHBIX Ha
AY — mpu 300 °C. 3nadeHus Y ajco/HCs
nocnenoBareaprHocTu: Cat-AHM > Cat-DAC > OBC-1 > Cat-TCA.

BOJIOKHUCTBIC pacmoiararoréai B y6BIBaIOI_HeI71

Ha ocHose MOJIYYCHHBIX PE3YJIbTATOB MOXKHO CACIATh BbIBOJ, YTO COBPCMCHHBLIC HOBBIC
KOMMep‘{eCKI/Ie aKTI/IBI/IpOBaHHHe yrim ABIIAKOTCA HepCHeKTI/IBHI)IMI/I HOCUTCIISIMU IJIA CUHTE3a BBICIIINX
K-CoMoS,,

aktuBupoBannbie yrmu (DAC, OBC-1, TCA, AHM), mnoka3siBafoT caMble BBICOKHE 3HAYCHUS

CIIUPTOB, IIOCKOJIbBKY  KaTaJIM3aTOPbI HAaHCCCHHBIC Ha HOBBIC KOMMCPYCCKHC
KOHBCPCHUHU CO u BbIXOJa@ BBICHINX CIIMPTOB B OHNTUMAJIBHBIX YCJIOBHUAX II0 CPABHCHUIO C

JIUTCPATYPHBIMH JaHHBIMU.

OcHOBHBIE BBIBO/IbI

1. M3y4yeHo BiIUsSHHE HOCUTENS B peaKklMM CUHTE3a CIMPTOB M3 CHHTE3-Ta3a Ha HaHECeHHBIX K-
CoMoS; karanmzatopax. B kadecTtBe HOcHTeNs OBUIM HWCITOJIE30BAHBI OKCHJI ATFOMHUHUS, OKCHJT
amoMuHus ¢ yriaepoansiM nokpeitTieM (CCA) M 1Ba BUJa aKTUBHUPOBAHHBIX YIJIEH: MUHEPAJIBHOIO
npoucxoxaeaus (AG-3) m u3 Oepe3oBoii npeBecunbl (BAW). Karamutudeckass akTUBHOCTB
Bo3pactaia B psaay Al,O; < CCA < AG-3 < BAW 00paTHO MPONOPIHOHANBHO JOrapudgmMy ducia
KHCJIOTHBIX IIEHTPOB Ha KaTanu3atope. HaOmomaemast BRICOKast CEJIEKTHBHOCTh OOpa30BaHMsI CIIUPTOB
Ha KaTajau3aTopax, HAaHECEHHBIX Ha AaKTHBHUPOBAHHBIA Yrojib OOYCIOBJIEHAa OOJIBLIIMM JIMHEHHBIM
pasmMepoM u uncioM ciioeB kpuctaumra K-CoMO0S; o cpaBHEHHIO ¢ KPUCTAUTUTAMA aKTUBHOU (ha3bl
KaTaJIn3aTOPOB, HAHECEHHBIX HA KUCIIOTHBIE HOCUTEIN Ha OCHOBE OKCH/1a AIFOMUHMUSL.

2. bpuio moka3zaHo, 4TO KaTalu3aToOphl, HAHECEHHBIC Ha MUKponopucTbie MaTepuaibl (AG-3 u BAW),
NPOSIBJISIIOT OOJBIIYI0O aKTUBHOCTh B CHHTE3€ BBICIIMX CIUPTOB M JalbHEHIIEH HMX KOHBEpCUU B

npyTHe

BBICOKOKHCIIOTHBIC HOCUTENMH (okcu amtoMuaus 1 CCA).

OKCUI'€HAThl, YCM AaHAJOTMYHBIC KaTaJlu3aTOpPbl, HAHCCCHHLIC Ha MC3O0IIOPHUCTHIC

3. YcraHOBIEHAa 3aBUCUMOCTh MEXKIy MOPUCTOH CTPYKTYpPOH KaTaau3aTOpPOB M KHCIOTHOCTBIO
U3Y4YEHHBIX HOCUTENEH. Pa3nuuus B KUCIOTHOCTH HOCUTENEH ONPEENSIOTCS HAINYUEM arjloMepaToB,

COCTOSIIIUX M3 COTEH U ThICAY MOIHOAEH-CYIbGUAHBIX KIACTEPOB Ha IOBEPXHOCTH MHUKPO-
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CTPYKTYPUPOBAHHBIX HHU3KOKHCIOTHBIX HOCUTENICH, M BBICOKOJUCIIEPCHBIX EIUHMYHBIX KJIaCTEPOB
BHYTPU ME30II0P BBICOKOKHCIOTHBIX HOcuTenel. KUCIOTHOCTh yCHIIMBAaET MPOYHOCTHh CBA3H YaCTHUIL
aKTUBHOM (pa3bl C HOCUTENIEM H, KaK CIEICTBUE, 3aTpyIHsSET 00pa3oBaHWE HOBBIX BAaKaHCUU B
KaTaJUTHYeCKOM IuKie. Huskas KUCIOTHOCTh CrOCOOCTBYET OcCiaabIeHUIO CBSA3M YacCTHUI[ aKTUBHOM
(a3bl ¢ HOCUTEIEM U, TEM CaMbIM, 00JIerdaeT 0Opa3oBaHNEe HOBBIX BaKaHCHUU.

4. TlokazaHO, YTO KpYIIHbIE arjioMepaThl YacTHI] aKTUBHOU (a3bl, c1abo CBA3aHHBIE C HOCHUTEIEM,
0oJiee aKTHBHBI, YeM BBICOKOIMCIIEPCHBIC €AMHIUYHBIC KIACTEPhI, CHIILHO CBSI3aHHBIC C HOCUTEIIEM.

5. VYcraHOBIEHa KOPpEISIUS MEXKIY CEJIIEKTUBHOCTHIO JIMHEWHBIX MEPBUYHBIX CHHPTOB U
KonmuyecTBOM Tpadena. bomee Bbicokas karamutuyeckas axkTuBHOCTH Cat-GCAl (1.7%) mo
cpaBueHuo ¢ Cat-CCA (1.7%) cBsizaHa ¢ HauOONBIIMMM YHCIOM CJOEB W JJIUHOW IUIACTUH
kpuctamuToB ¢ Cat-GCAL.

6. [nga xaTanm3aTopoB, HAHECEHHBIX HA HOCHUTEIM M3 BOJIOKHUCTOTO AaKTHUBHUPOBAHHOTO YTJIf,
[I0OKA3aHO, YTO KOPOTKHE U TOHKUE CJIOU KaTaau3aTopa YBEJIMYHUBAIOT KOJIUYECTBO YIJIOBbIX, 0A3UCHBIX
U peOepHBIX IEHTPOB Ha IMOBEPXHOCTHU Karaiau3aTopa, YTO M MPUBOAUT K 0OpazoBaHuI0 Oojee
aKTHUBHBIX KPUCTAUTUTOB MOS7, 1, KaK CIIeJICTBUE, MOBBIIIAIOT KaTAIUTHYECKYIO0 akTuBHOCTH B CBC.
Camas HU3Kas KaTaJUTUYECKas akTUBHOCTh, ycTaHoBieHHas i Cat-TCA, MoxeT ObITh 00ycloBIIeHA
MPUCYTCTBUEM YAJIMHEHHBIX JIMHEHHBIX KPUCTALUIMTOB, 0OPAa30BAaHHBIX HA MOBEPXHOCTH aKCHAIBHBIX

«HUTEH» TCA, H3TOTOBJICHHBIX HA OCHOBC KOMMCPYCCKOI'0 aKTUBUPOBAHHOT'O YIJIA.
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Ocman Moxamen Uzeanun Adaasiia

"PoJib yriiepoaa 1 HAHOKOMIIO3UTHBIX THOPUAHBIX MAaTEePHAJIOB B KauecTBe HOCUTeJIeit
JIJISl KATAJIM3aTOPOB HA OCHOBE CYJIb(PHI0B MEePEeXOAHbIX METALJIOB B CHHTE3€ BbICIINX
CIIMPTOB U3 CHHTe3-ra3a’

Bbuto  BBINIOJHEHO ~ CpPaBHHUTENBHOE  MCCIIEOBAaHUE  KaTaJUTHYecKoro  mnoseneHus K-
MoaudummpoBanubix CoMoS;-karanu3atopoB, HaHeceHHbIX Ha Al,Os, okcuag amoOMuHUS C
yraepogasiM  nokpeiTHeM (CCA) u  okcun amomuHus ¢ rpadeHoBbiM  nokpeitueM (GCA),
comepxkammx 0.4, 1.2 u 1.7% rpadena B cuHTe3-Taze, C BBICIIUMU CIOUPTAMH M APYTUMHU
okcureHaramu. Hocutenn M KaTalm3aTopbl XapaKTEpPU30BAINUCH W30TEPMaMU aJCcOpOIUH-1ecopOnnn
N2, UV-meromom aacopbumu nupumuHa, SEM, EDX u TEM. Ilo pe3ynpTaTaM KHCIOTHOCTH
YCTQHOBJICHO, YTO pABHOMEPHOE TMOKPBHITHE OKCHAA AaTOMUHHS TpapeHOBBIMU HAHOJIUCTAMHU
nabmonanocek B Cat-GCAL1 (1.7%). Karanuzatop, Hanecennslit Ha Mmatepuansl GCA, mokazan nydiive
pe3yJIbTaThI, YeM KaTaJTu3aTOPhl, HAHECECHHBIC Ha OKCHJI ATFOMHHUS M OKCUJT ATFOMUHUS C YTIIEPOTHBIM
NOKpbITHEM. bBbUIO  HCCIenoBaHO BIMSHUE PA3JIMYHBIX  YIJIEPOJCOJEpXKAIUX MaTepHalioB,
UCTIOJIB3yEeMBIX B KauecTBe HocHuTenel katamu3aTopoB K-CoMOS; Ha ux KaTaluTHYecKHe CBOMCTBA B
KOHBEPCHHU CHHTE3-Ta3a B CIUPTHL. B kauecTBe HocuTesel ucnonb3oBaiuch y-Al,03, CCA u aBa Tumna
KOMMEpYECKHX aKTUBUpOBaHHBIX yrieid: AG-3 u BAW. [lnsg XapakTepuCTUKH HOCHTENEH U
karanusaropoB ucnonb3oBamu SEM, HRTEM, XRF, XPS, UV-cnekrpanpHblii aHanu3 aacopOouuu
nupuanHa 1 ¢usndeckyro copoumto Ny. TlomydeHHBIe pe3ynbTaTbl MOKa3bIBAIOT, YTO YBEIMYCHUE
IUTOIIAJM TOBEPXHOCTH M 00beMa MHKpPONOp HaHeCeHHbIX KaranuszaropoB K-CoMoS; mpuBogutr k
yBenmueHnto Kousepcuu CO, 00IIero BbIX0/1a JKUAKUX MPOAYKTOB U CEIIEKTUBHOCTH 110 OTHOIICHHUIO K
3TaHONly, METaHOIYy M MpomnaHoiy-1 (mpocTele CHOUPTHI C JMHEHHOM meneio). M3ydena poib
MOpOIKO00pa3HbIX AY ¢ pa3nuyHbIME TeKCTypHBIMU xapaktepuctrkamu (Cat-DAC u Cat-OBC-1) n
BoIOKHUCTHIX AY (TCA u AHM) B kauecTBe HOCUTENEH AJsi CHHTE3 BHICIINX CIHPTOB M3 CUHTE3-Ta3a
Ha katanu3atopax COMOS;, MoaudunupoBaHHBIX KanueM. [lomydeHHbIe pe3yIbTaThl MOKA3aIH, YTO
kouBepcust CO yBenunuuBaercs B psaay Cat-TCA < Cat-OBC-1 < Cat-DAC < Cat-AHM. Ilpu stom
ATAaHOJ, TPOMAHON-1 W METaHON SBJSIOTCS OCHOBHBIMH TPOAYKTaMH, a MOOOYHBIC MPOIYKTHI

COACPIKAT B OCHOBHOM 6yTaHOJ'I-1, I/I306YT2[HOJ'I, aMUJIOBBIN CIIUPT U HW30aMUJIOBBIM CIIUPT.
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Osman Mohamed Ezeldin Abdalla

"The role of carbon and nanocomposite hybrid materials as supports for transition metal
sulfide-based catalysts in higher alcohols synthesis from syngas™

The comparative study of the catalytic behavior of K-modified CoMoS,-catalysts supported on
Al,O3, carbon covered alumina (CCA) and graphene coated alumina (GCA) containing 0.4, 1.2, and
1.7% of graphene in synthesis gas to higher alcohols and other oxygenates has been carried out. The
supports and catalysts were characterized by N, adsorption-desorption isotherms, pyridine adsorption
UV procedure, SEM, EDX, and TEM. The acidity results have established that the homogenous
uniform coating of alumina by graphene nanosheets was observed in Cat-GCA1 (1.7%). The catalyst
supported on GCA materials showed better results than the catalysts supported on alumina and carbon
coated alumina. The effect of different carbon-containing materials, used as supports for K-CoMoS,
catalysts; on catalytic properties for synthesis gas conversion to alcohols has been studied. The
supports used are y-Al,O3, CCA, and two types of commercial activated carbons: AG-3 and BAW.
SEM, HRTEM, XRF, XPS, UV-spectral analysis of Pyridine adsorption, and N, physisorption were
used to characterize the supports and catalysts. The obtained results show that increase of micropore
surface area and micropore volume of supported-K-CoMoS, catalysts leads to increased CO
conversion, total liquid yield, and selectivity to ethanol, methanol, and propanol-1 (simple linear-chain
alcohols). The role of powder ACs with different textural characteristics (Cat-DAC and Cat-OBC-1)
and fiber ACs (TCA and AHM) as supports for HAS from syngas over K-modified CoMoS; catalysts
were studied. The obtained results revealed that the CO conversion increases in the order Cat-TCA <
Cat-OBC-1 < Cat-DAC < Cat-AHM. Ethanol, propanol-1, and methanol being the most predominant
alcohol products in the collected liquid products with the by-products containing mainly butanol-1,
isobutanol, amyl alcohol, and isoamyl alcohol.
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